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Epithelial–mesenchymal transition (EMT), first described by Dr. Elizabeth (Betty) Hay in the 1980s
during vertebrate embryonic development [1], has important implications in cancer aggressiveness [2].
EMT is a cellular biological process in which cells lose their epithelial characteristics such as cell
polarity and cell–cell adhesion and gain traits of the mesenchymal phenotype such as invasive and
migratory abilities [3]. Recent in vitro, in vivo and in silico investigations have highlighted that EMT
is a continuum of many hybrid states with various combinations of epithelial and mesenchymal
markers and traits, associated with high phenotypic plasticity, demonstrated by dynamic reversible
transitions as well as the gain of stemness, drug resistance and metabolic adaptability [4,5]. This revised
perspective has led to EMT and its reverse process mesenchymal to epithelial transition (MET) being
referred to as epithelial–mesenchymal plasticity (EMP). Classically, the EMP status of a cell has
been characterized by molecular markers associated with epithelial (E-cadherin and cytokeratin) and
mesenchymal (vimentin, N-cadherin and fibronectin) phenotypes. However, EMP characterization
based only on molecular markers is not sufficient. Thus, new recent methods of characterizing EMP
based on cellular morphology, biophysical traits, and functional properties (such as response to drugs)
has been proven to be useful to understand EMP from a multi-dimensional dynamic perspective.

In this Special Issue, the authors discuss the implications of the EMP seen in stemness,
drug resistance [6], immune-suppression [7–9], metabolic reprograming and the interaction of cancer
cells with the tumor microenvironment. We have diverse topics related to the transcriptional and
microRNA-mediated control of EMP networks [10,11], the multi-omics [12,13] and morphological
mapping of EMP [14], integrative approaches to link EMP with metabolic reprogramming and/or
autophagy [15,16], and the designing of novel ex vivo systems such as microfluidic setups and
3D polymer scaffolds to visualize the dynamics and heterogeneity of EMP in cancer cells [17,18].
This Special Issue, through a collection of review and research articles, represents the emerging
inter-disciplinary approaches being taken to elucidate the nonlinear dynamics of EMP and their
differential contributions to disease aggressiveness.

Phenotypic plasticity can often lead to non-mutational heterogeneity, thus further increasing the
“fitness” of cells in dynamic environments [5]. Such heterogeneity was seen in EMP as well in a study
with single cell-derived clonal progenies from established subpopulations in PMC42 breast cancer cells.
These progenies showed clonal diversity and intrinsic plasticity with varied functional traits such as
proliferation, stemness, therapy response, migration and invasion [19]. The migration and invasion
traits are not only cell-autonomous; instead, they can be affected by the effects of cancer cells on the
extracellular matrix (ECM) by degrading ECM proteins. Singh et al. showed how increased dermatan
sulphate (DS) in breast cancer cells can facilitate invasion and morphological changes by remodeling
the fibrillar matrix microenvironment [20]. Thus, cancer cells exhibiting varying degrees of EMP may
exhibit individual and/or cooperative cell migration; different relative levels of biomarkers for these
different migration modes were shown to be associated with aggressive cancer progression [16,21].
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EMP has also been shown to cross paths with metabolic reprograming—an important hallmark
of cancer [4]. Here, Liu et al. showed how Snail—a well-known EMT-inducer—can reduce the
oxidative metabolism of pancreatic cancer cells and increase glucose uptake and lactate production,
thus increasing glucose metabolism [22]. In another study by Huang et al. in colorectal cancer,
ATP synthase subunit ε was found to be upregulated and promote metastasis by inducing EMT [23].

Overall, this collection of articles represents the diversity of experimental and computational tools
and approaches, academic backgrounds and contributions that have been made by experts who have
contributed to our understanding of the mechanisms and implications of EMP in cancer progression.
We sincerely hope that this collection will serve as a valuable resource, enabling the cross-fertilization
of ideas, with the goal of characterizing the dynamics of EMP and their contribution to disease burden.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: MicroRNAs of the miR-200 family have been shown experimentally to regulate
epithelial-mesenchymal transition (EMT). Although EMT is the postulated mechanism of development
and progression of colorectal cancer (CRC), there are still limited and controversial data on
expression of miR-200 family and their target genes during CRC cancerogenesis. Our study included
formalin-fixed paraffin-embedded biopsy samples of 40 patients (10 adenomas and 30 cases of CRC
with corresponding normal mucosa). Expression of miR-141, miR-200a/b/c and miR-429 and their
target genes (CDKN1B, ONECUT2, PTPN13, RND3, SOX2, TGFB2 and ZEB2) was analysed using
quantitative real-time PCR. Expression of E-cadherin was analysed using immunohistochemistry.
All miRNAs were down-regulated and their target genes showed the opposite expression in CRC
compared to adenoma. Down-regulation of the miR-200 family at the invasive front in comparison to
the central part of tumour was observed as well as a correlation of expression of miR-200b, CDKN1B,
ONECUT2 and ZEB2 expression to nodal metastases. Expression of the miR-200 family and SOX2
also correlated with E-cadherin staining. These results suggest that the miR-200 family and their
target genes contribute to progression of adenoma to CRC, invasive properties and development of
metastases. Our results strongly support the postulated hypotheses of partial EMT and intra-tumour
heterogeneity during CRC cancerogenesis.

Keywords: colorectal adenoma; colorectal carcinoma; metastases; intra-tumour heterogeneity;
epithelial-mesenchymal transition; miR-200 family; target genes

1. Introduction

Colorectal cancer (CRC) is one of the most common cancers worldwide. Five-year survival for
patients with early CRC is approximately 90%, while for patients with advanced CRC, survival drops
to 8%–12%. The prognosis can improve significantly with the introduction of population screening
programs; however, 40%–50% of CRC patients still develop metastases [1,2]. Cancerogenesis of CRC is
divided into well-established discrete stages, from normal mucosa to invasive carcinoma. The majority
of CRC develops from precursor lesions—adenomas. The molecular pathways that are responsible for
transformation of normal mucosa to adenoma and CRC are well understood and include stepwise
accumulation of mutations (microsatellite instability or MSI pathway; chromosome instability or
CIN pathway), epigenetic changes (CpG island methylator phenotype, CIMP) and changes in gene
expression [3,4]. The majority of events occur before the formation of adenoma. Despite extensive
research, the role of epithelial-mesenchymal transition (EMT) remains one of the controversial aspects
of CRC development from normal mucosa to adenoma and carcinoma. EMT is believed to be one of
the key processes in development of metastases in CRC, being responsible for the increased motility of
cancer cells at the invasive front [5–7].

J. Clin. Med. 2019, 8, 1603; doi:10.3390/jcm8101603 www.mdpi.com/journal/jcm5
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EMT is one of the crucial processes in embryonal development, being essential for morphogenesis
and organ development [5]. In adult life, it contributes to physiological and pathological processes,
such as wound healing, tissue regeneration, organ fibrosis and development and progression of
malignant tumours. During EMT, epithelial cells undergo extensive changes that lead to separation of
cells, re-organization of the extracellular matrix and an increase in cell motility, and invasion [6–9].

EMT is difficult to observe at a molecular level due to the reversible nature of changes, present
only in a minority of cells [6,7,9]. Several markers of EMT have been described since its postulated
contribution to cancer development [5–10]. Besides up-regulation of transcriptional factors of EMT,
several miRNAs have been found to be involved in EMT regulation, the most frequent finding being
down-regulation of the miR-200 family (miR-200a, miR-200b, miR-200c, miR-141, miR-429), which is
an important feature of EMT [2,6]. Transcription factors of EMT and their regulators are thought to
support all cancer stages: from tumour initiation, establishment of precancerous lesion, accumulation
of genetic alterations and escape from tumour surveillance and development of metastases [11].

Despite numerous publications suggesting that EMT might be responsible for metastases
development in CRC [2,10,12], there is limited data about the involvement of EMT, including the
miR-200 family and their target genes [13], at early stages of CRC cancerogenesis. There is also limited
data on differential expression of the miR-200 family in different parts of the tumour, i.e., at the invasive
front of CRC in comparison to the central part of the tumour, suggesting intra-tumour heterogeneity
(ITH). ITH has emerged as an important phenomenon in cancer and it is related to different morphologic
and phenotypic profiles of tumour cell in various parts of the tumour, including cellular morphology,
gene expression and (epi)genetic/genomic aberrations, as well as metastatic potential. It is believed to
contribute to cancer progression, resistance to therapy and recurrences [14]. ITH of the miR-200 family
might contribute to a lower expression of epithelial markers and gain of mesenchymal markers at the
invasive front [13].

We therefore hypothesized that EMT in CRC might be responsible for malignant transformation
of adenoma to carcinoma, development of metastases to the regional lymph nodes and ITH. Our aim
was to investigate expression of the miR-200 family and their target genes in CRC cancerogenesis from
normal mucosa to adenoma and carcinoma without and those with nodal metastases. To the best of
our knowledge, there has been no research systematically exploring the involvement of the miR-200
family and their target genes in all stages of CRC development.

2. Experimental Section

2.1. Tissue Samples

Tissue samples from 40 patients with adenoma and CRC were included in the study. For routine
histopathologic examination, tissue samples were fixed in 10% buffered formalin and embedded
in paraffin (FFPE). CRC specimens were evaluated according to standard procedures and after
histopathologic examination, pTNM (pathologic Tumour Node Metastasis) classification was assessed
on the basis of the depth of invasion and extent of the primary tumour, the number of lymph nodes
with metastases, and the presence of distant metastases [15]. Samples were collected retrospectively
from the archives of the Institute of Pathology, Faculty of Medicine, University of Ljubljana. For all
patients, tumour samples and samples of normal mucosa (if available) were included. Patients treated
either by radiotherapy, chemotherapy or biologic drugs prior to surgery were excluded from the study.
On the basis of clinical and histopathological features, samples were divided into three groups: patients
with adenoma (n = 10), patients with carcinoma without nodal metastases (CRC N0, n = 13), patients
with carcinoma with nodal metastases (CRC N+, n = 17).

In all cases, EMT was evaluated based on the expression of E-cadherin, miR-200 family and
miRNAs target genes. For the purpose of the study, adenomas were compared to carcinoma and
normal colon mucosa. Carcinoma with regional lymph node metastases were compared to those
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without lymph node metastases. ITH was analysed comparing the invasive front of the tumour and
the centre of the tumour in both CRC N0 and CRC N+ groups.

The investigation was carried out following the rules of the Declaration of Helsinki. The study
was approved by the National Medical Ethics Committee (Republic of Slovenia, Ministry of Health).

2.2. Immunohistochemistry

FFPE tissue samples were cut at 4 μm for immunohistochemistry. All reagents were from Ventana
Medical Systems Inc. (Tuscon, AZ, USA) except where otherwise indicated. Commercially available
antibodies against E-cadherin (Dako Agilent, Santa Clara, CA, USA, M3612, clone NC4-38, dilution
1:10) were used. Deparaffinization, antigen retrieval and staining were performed in an automatic
immunostainer (Benchmark XT, Ventana, Tuscon, AZ, USA) using horseradish peroxidase (iVIEW
DAB Detection Kit, Roche, Basel, Switzerland) for colour development. The sections were then
counterstained with haematoxylin.

2.3. RNA Isolation from Formalin-Fixed Paraffin Embedded (FFPE) Tissue Samples

2.3.1. RNA Isolation from FFPE Tissue Slides

Tissue samples were cut at 10 μm from FFPE tissue blocks and four sections were used for
the isolation procedure. Total RNA isolation was performed using an AllPrep DNA/RNA FFPE kit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The concentration and quality
of the isolates were assessed with a spectrophotometer ND-1000 (Nanodrop, Thermo Fisher Scientific,
Waltham, MA, USA) at wavelengths 260, 280 and 230 nm.

2.3.2. RNA Isolation from FFPE Tissue Cores (Punched) Samples

For analysis of ITH, tumour samples were punched from FFPE tissue blocks (from invasive front
and central part of tumour) using a 600 μm needle. For the isolation procedure, 3 punches were used
from each tumour region. Total RNA isolation was performed using a MagMax FFPE DNA/RNA Ultra
kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol with one
modification. Protease digestion was performed overnight at 56 ◦C with shanking for 15 s at 300 rpm
every 4 min. The concentration and quality of the isolates were assessed with a spectrophotometer
ND-1000 (Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA) at the wavelengths 260, 280 and
230 nm.

2.3.3. RNA Quality Assessment

Reverse transcription (RT) followed by amplification of the GAPDH, a housekeeping gene (100 base
pairs), using quantitative real-time PCR (qPCR) and Sybr Green technology, was used as quality control.
All of the samples included in the study had passed amplification of GAPDH (initially quality control)
and those that did not amplify were not included in the study (we isolated at least twice as many
samples as are included within this manuscript). Second, for selected genes, we chose TaqMan primers
and probes that amplify and detect PCR products less than 100 bp long (Table 1).

2.4. Analysis of Expression of Family miR-200 and miR-205

miRNAs family miR-200 was analysed using qPCR based on the TaqMan methodology (Thermo
Fisher Scientific, Waltham, MA, USA). A pre-designed mixture of probes and primers specific for target
miRNAs expression was used. Prior to qPCR, three pools of RNA samples were created, obtained from
normal mucosa, adenomas and advanced CRC. After RT, the cDNA was diluted in five steps, ranging
from 4-point dilution to 1024-point dilution, and the probes were tested for qPCR efficiency. All the
qPCR efficiency reactions were performed on a RotorGene Q (Qiagen, Hilden, Germany) in triplicate.
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Table 1. Probes used for miRNAs and mRNAs quantification using quantitative real-time PCR (qPCR).

Probe Name Probe ID Number Length of PCR Product (bp 1)

B2M Hs 99999907_m1 75
CDKN1B Hs00153277_m1 71

IPO8 Hs 00183533_m1 71
ONECUT2 Hs00191477_m1 57

PTPN13 Hs01106214_m1 65
RND3 Hs01003594_m1 91
SOX2 Hs04234836_s1 86
TGFB2 Hs01555416_m1 67
WAVE3 Hs00903488_m1 57
ZEB1 Hs03680599_m1 63
ZEB2 Hs01095318_m1 58

RNU6B ID 001093 Nd 2

miR-141 ID 000463 nd
miR-200a ID 000502 nd
miR-200b ID 002251 nd
miR-200c ID 002300 nd
miR-205 ID 000509 nd
miR-429 ID 001024 nd

miR-1274b ID 002884 nd
1 bp, base pair; 2 nd, not defined.

2.4.1. Reverse Transcription (RT)

Looped primers for specific reverse transcription (RT) of miRNAs and a MicroRNA TaqMan RT
kit (Applied Biosystems, Foster City, CA, USA) were utilized following the manufacturer’s protocol.
RNU6B and miR-1247b were used as reference genes (RGs). MicroRNAs, miR-141, miR-200a, miR-200b,
miR-200c and miR-429 were tested relative to the geometric mean of expression of RNU6B and miR-1247b
(Table 1). Briefly, a 10 μL RT reaction master mix was performed with 10 ng of total RNA sample, 1.0 μL
of MultiScribe Reverse Transcriptase (50 U/μL), 1.0 μL of Reverse Transcription Buffer (10×), 0.1 μL
of dNTP (100 mM), 0.19 μL RNAase inhibitor (20 U/μL), and 2.0 μL of RT primer (5×). The reaction
conditions were: 16 ◦C for 30 min, 42 ◦C for 30 min, 85 ◦C for 5 min.

2.4.2. Quantitative Real-Time PCR (qPCR)

qPCR for miRNAs was carried out in a 10 μL PCR master mix containing 5.0 μL TaqMan 2×
FastStart Essential DNA Probe Master (Roche, Basel, Switzerland), 0.5 μL TaqMan assay and 4.5 μL RT
products diluted 100-fold. The qPCR reactions were performed on a RotorGene Q (Qiagen, Hilden,
Germany) in duplicate, as follows: initial denaturation at 95 ◦C for 10 min, 40 cycles for 15 s at 95 ◦C
(denaturation) and for 60 s at 60 ◦C (primers annealing and elongation). The signal was collected at the
endpoint of every cycle.

2.5. Analysis of Expression of miR-200 Family Target Genes

mRNA expression of protein-coding genes was analysed using qPCR based on the TaqMan
methodology (Thermo Fisher Scientific, Waltham, MA, USA). A pre-designed mixture of probes and
primers specific for target mRNAs expression was used. Prior to qPCR, four pools of RNA samples
were created, obtained from normal mucosa, adenomas, advanced CRC without and CRC with nodal
metastases. After RT and PreAmp, the pre-amplified cDNA was diluted in four steps, ranging from
5-point dilution to 625-point dilution, and the probes were tested for qPCR efficiency. All the qPCR
efficiency reactions were performed on a RotorGene Q (Qiagen, Hilden, Germany) in triplicate.
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2.5.1. Reverse Transcription (RT)

Target mRNAs of the miR-200 family, CDKN1B, ONECUT2, PTPN13, RND3, SOX2, TGFB2, WAVE3,
ZEB1 and ZEB2 (Table 1), were analysed relatively to the geometric mean of RGs, IPO8 and B2M.
mRNAs were reverse transcribed using a OneTaq RT-PCR Kit (New England Biolabs, Ipswich, MA,
USA) using random primers according to the manufacturer’s instructions. Reverse transcription
reactions were started with 3.0 μL (60 ng) of total RNA and 1.0 μL of Random Primer Mix incubated at
70 ◦C for 5 min. The 10 μL RT master mix included 5.0 μL of M-MuLV Reaction Mix, 1.0 μL of M-MuLV
reverse transcriptase and 4.0 μL of reaction mix after random priming. The reaction conditions were:
25 ◦C for 5 min, t 42 ◦C for 60 min and 80 ◦C for 4 min.

2.5.2. Pre-Amplification and Quantitative Real-Time PCR (qPCR)

Following RT, pre-amplification was performed using a TaqMan PreAmp Master Mix (Applied
Biosystems, Foster City, CA, USA) in 10 μL according to the manufacturer’s protocol. The resulting
PreAmp reaction was diluted 5-fold and 4.5 μL was used in a 10 μL reaction volume with a 5.0 μL of
2x FastStart Essential DNA Probe Master Mix (Roche, Basel, Switzerland) and 0.5 μL of TaqMan probe.
Thermal conditions were applied as follows: 50 ◦C for 2 min, initial denaturation at 95 ◦C for 10 min
and 40 cycles of denaturation at 95 ◦C for 15 s and annealing at 60 ◦C for 1 min. All qPCR analyses
were performed on a Rotor Gene Q (Qiagen, Hilden, Germany) in duplicate. The signal was collected
at the endpoint of each cycle.

2.6. Statistical Analysis of Experimental Data

The results were presented as relative gene expression. All Cqs were corrected for PCR efficiencies
and the expression of the gene of interest (GOI, CqGOI) was calculated relative to a geometric mean
of RGs (CqRG), named ΔCq. In CRC samples, mRNAs and miRNAs expression differences were
compared between tumours and adjacent normal tissue using ΔCq and the Willcoxon Rank test.
For comparison of relative quantification of mRNA and miRNA between independent groups of
samples (i.e., adenomas and normal mucosa), ΔCq and the Mann-Whitney test were used. The same
test was used for comparison of tumours with nodal metastases to those without nodal metastases,
except that ΔΔCq was used. For all correlations/associations, Spearman rank-order correlation was
used. Statistical analysis of data was performed using SPSS version 24 (SPSS Inc., Chicago, IL, USA).
Differences were considered to be significant at p < 0.05.

3. Results

3.1. Patients and Tissue Samples

The group of adenomas included 10 patients, the group of CRC without lymph node metastases
(CRC N0) included 13 patients and the group of CRC with lymph node metastases (CRC N+) included
17 patients. As a control group, microscopically normal colon mucosa from surgical margins from
30 patients with CRC N0 and CRC N+was used. Sex, age and location for each group are presented
in Table 2. Only cases with a clear-cut biopsy diagnosis were included. In the group of adenomas,
there were four tubular adenomas with high grade dysplasia, four tubulovillous adenomas with high
grade dysplasia and two tubulovillous adenomas with low grade dysplasia.

All tissue samples were fixed for 24 h in 10% buffered formalin prior to paraffin embedding.
After fixation and embedding, tissues were cut into 3–4 μm slides and stained with haematoxylin and
eosin for routine histopathological examination. For the purposes of our study, representative paraffin
blocks were collected from the archives of the Institute of Pathology, Faculty of Medicine, University
of Ljubljana.
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Table 2. Patients’ characteristics and results of immunohistochemistry for E-cadherin.

Group Age (Mean ± SD)
Gender

(Male:Female)
pTNM 1

No. of Cases with Weak
or Focal Loss of Staining

of E-Cadherin

Adenoma (n = 10) 61.00 ± 10.99 10:0 - 4
40.0%

CRC N0 (n = 13) 74.62 ± 11.09 4:9

pT1N0 (n = 1)
pT2N0 (n = 2)
pT3N0 (n = 8)
pT4N0 (n = 2)

7
53.9%

CRC N+ (n = 17) 70.88 ± 13.87 8:9
pT3N1 (n = 6)
pT4N1 (n = 4)
pT4N2 (n = 7)

9
52.9%

1 pathologic Tumor Node Metastasis classification [15].

3.2. Immunohistochemistry and Expression of E-Cadherin

E-cadherin staining was preserved in the normal colon mucosa and mostly in adenomas and
carcinomas. However, in a proportion of samples of adenoma and carcinoma, we observed focal loss
or weak staining of E-cadherin at the periphery of the lesion or the invasive front. All four cases of
adenoma with decreased E-cadherin staining showed high-grade dysplasia. The staining of E-cadherin
was also decreased in seven of 13 cases with CRC N0 and in nine of 17 cases with CRC N+. The results
are summarized in Figures 1 and 2 and Table 2.

 

Figure 1. (A) Tubular adenoma. HE, orig. magnification 100×; (B) Immunohistochemistry for
E-cadherin in adenoma (n = 10): diffuse, strong membranous reaction. Orig. magnification 100×.

Microscopic analysis of the CRCs and adenomas showed that all cases retained an epithelioid
morphology, even those with a decreased expression of E-cadherin. No spindle cell morphology was
found in any case of adenoma or CRC, either in the central parts or at the invasive front (Figures 1
and 2).
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Figure 2. (A) Moderately differentiated adenocarcinoma. HE, orig. magnification 40×; (B,C)
Immunohistochemistry for E-cadherin in adenocarcinoma (n = 30): strong membranous reaction
in central part of the tumour (B) and focally reduced staining at the invasive tumour front (C). Orig.
magnification 100×.

3.3. Undetectable Expression of Markers of EMT

The expression level of miR-205, ZEB1 (target of miR-200 family) and WAVE3 (target of miR-200b)
was beyond the detection limit when analysing the amplification efficiency on pooled samples.
These EMT markers were therefore omitted from further analysis. Expression of miR-205, ZEB1 and
WAVE3 was beyond the limit of detection in all groups, i.e., normal mucosa, adenoma, CRC N0 and
CRC N+.

3.4. Expression of the miR-200 Family and Its Target Genes in Adenoma Compared to Normal Colon Mucosa

The geometric mean of expression of RGs for miRNA was comparable between adenoma and
normal mucosa of patients with CRC N0, but different from the geometric mean of expression in
normal mucosa of patients with CRC N+. All the comparisons of adenoma to normal mucosa were
therefore performed only with normal mucosa of CRC N0. We also observed a statistical difference
for four out of five investigated miRNAs when comparing normal mucosa of CRC N0 with normal
mucosa of CRC N+. This observation further supported our selection of normal mucosa samples for
comparison of miRNAs and mRNAs expression to that in adenoma.

The expression of all miRNAs was up-regulated in adenoma compared to normal mucosa of CRC
N0. Up-regulation was statistically significant in the case of miR-141 (~12.2-fold, p = 0.001), miR-200b
(~14.3-fold, p < 0.001), miR-200c (~23.4-fold, p < 0.001) and miR-429 (~33.2-fold, p < 0.001). Results are
summarized in Figure 3a.

All investigated and expressed target genes, CDKN1B, PTPN13, RND3, SOX2 and ZEB2, were
down-regulated in adenoma compared to normal mucosa of CRC N0, except ONECUT2 and TGFB2,
which were up-regulated. Moreover, PTPN13, SOX2 and ZEB2 were expressed only in two out
of 10 samples of adenoma, so a calculation of statistical significance would not be appropriate.
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To summarize, down-regulation reached statistical significance only in the case of CDKN1B (~2.3-fold,
p = 0.015) and RND3 (~5.9-fold, p < 0.001), both targets of miR-200b. Results are summarized in
Figure 3b.

 
Figure 3. Expression of miR-200 family and their target genes in adenoma (n = 10), CRC N0 (n = 13)
and CRC N+ (n = 17) in comparison with normal mucosa (n = 13, n = 13 and n = 17, respectively):
(a) Expression of miR-200 family; (b) expression of target genes of miR-200 family. Legend: CRC,
colorectal carcinoma; N0, without nodal metastases; N+, with nodal metastases; * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001.

We also observed a statistically significant strong negative correlation between the expression of
CDKN1B and miR-200a (rs = −0.648, p = 0.043) in adenomas.

3.5. Expression of the miR-200 Family and Its Target Genes in Carcinoma without Nodal Metastasis Compared
to Normal Mucosa

Expression of all miRNAs was up-regulated in CRC N0 compared to corresponding normal
mucosa, except miR-200a, which was down-regulated. Up-regulation was statistically significant in the
case of miR-141 (~1.7-fold, p = 0.019) and miR-429 (~3.7-fold, p = 0.041). Results are summarized in
Figure 3a.
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In contrast to adenoma, investigated target genes CDKN1B, PTPN13, RND3, SOX2 and ZEB2
were up-regulated in CRC N0, except ONECUT2 and TGFB2, which were down-regulated. Statistically
significant up-regulation was observed for CDKN1B (~3.0-fold, p = 0.015) and for ZEB2 (~2.7-fold,
p = 0.011). Results are summarized in Figure 3b.

The Spearman coefficient of correlation showed that in CRC N0, expression of miR-200a was
in correlation with the expression of TGFB2 (rs = 0.900, p = 0.037), CDKN1B was in correlation with
miR-141 (rs = 0.683, p = 0.042) and RND3 to miR-200c (rs = 0.867, p = 0.002). All correlations were
positive and strong or very strong. Results are presented in Figure 4.

 

Figure 4. Correlations of expression of miR-200 family and their target genes in CRC N0 (n = 10):
(a) correlation between miR-141 and CDKN1B; (b) correlation between miR-200a and TGFB2;
(c) correlation between miR-200c and RND3.
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3.6. Expression of the miR-200 Family and Its Target Genes in Carcinoma with Nodal Metastasis Compared to
Normal Mucosa

The expression of all miRNAs, except miR-200a, was up-regulated in CRC N+ compared to
corresponding normal mucosa; up-regulation was statistically significant in the case of miR-200b
(~19.4-fold, p < 0.001), miR-200c (~2.7-fold, p = 0.003) and miR-429 (~3.2-fold, p = 0.006). Results are
summarized in Figure 3a.

Expression of miRNAs’ targets was more heterogeneous in CRC N+ than in adenoma and CRC
N0. PTPN13, ONECUT, SOX2 and RND3 were up-regulated, and TGFB2, ZEB2 and CDKN1B showed
down-regulation in CRC N+ compared to its corresponding normal mucosa. Statistical significance
was reached only in the case of CDKN1B (~1.5-fold, p = 0.017) and ONECUT (~13.1-fold, p = 0.018).
Results are summarized in Figure 3b.

The Spearman coefficient of correlation showed that miR-200a, miR-200c and miR-141 were
expressed in negative correlation with TGFB2 in CRC N+ (rs = −0.841, p = 0.005; rs = −0.765, p = 0.016;
rs = −0.668, p = 0.049; respectively).

3.7. Expression of miRNAs and Their Target Genes in Adenomas Compared to Carcinomas

We observed a statistically significant difference in the expression patterns of miR-200 family
and their target genes when adenomas were compared to CRC N0 or CRC N+. Four miRNAs were
differentially expressed between adenomas and either CRC N0 or CRC N+ (miR-200a, p = 0.026 and
p < 0.001, respectively; miR-200c, p = 0.001 and p < 0.001, respectively; miR-141, p = 0.007 and p < 0.001,
respectively; miR-429, p = 0.011 and p < 0.001, respectively); miR-200b was differentially expressed only
between adenomas and CRC N+ (p = 0.003). Results are summarized in Figure 5a.

In contrast to miRNA, the only miRNAs target gene that was differentially expressed between
adenomas and both CRC N0 and CRC N+ was CDKN1B (p < 0.001 and p = 0.001, respectively).
In adenomas, differential expression in comparison with CRC N0 was also observed for ZEB2
(p = 0.034) and SOX2 (p = 0.046), and in comparison with CRC N+, ONECUT2 (p = 0.006) and RND3
(p < 0.001). Results are summarized in Figure 5b.

3.8. Comparison of Expression of miRNAs and Its Target Genes in Carcinoma with Nodal Metastases to
Carcinoma without Nodal Metastasis

Expression in each carcinoma sample was normalized to its corresponding normal mucosa.
Groups of CRC N0 and CRC N+ were then compared with each other. It was shown that there was no
significant change in expression of investigated miRNAs between CRC N+ compared with CRC N0,
except for miR-200b. Results are summarized in Figure 6a.

Target genes of the miR-200 family, ONECUT2 showed up-regulation in CRC N+ compared with
CRC N0 (p = 0.028), whereas ZEB2 and CDKN1B showed down-regulation in CRC N+ compared with
CRC N0 (p = 0.038 and p = 0.001, respectively). Results are summarized in Figure 6b.

3.9. Tumour Heterogeneity-Expression of the miR-200 Family in the Central Parts of Carcinoma Compared to
the Invasive Front

In a subset of CRC N0 (n = 7) and CRC N+ samples (n = 8), there was enough material to
obtain tissue cores from the central parts and invasive front of the tumour. All miRNAs were mainly
down-regulated at the invasive front compared with central part of the tumour.

In the case of CRC N0, four out of seven samples showed down-regulation at the invasive front
compared with the central part of tumour, with no statistically significant change in expression. In CRC
N+, seven out of eight samples showed down-regulation at the invasive front compared with the
central part, with certain miRNA expression being absent, i.e., miR-200c. A statistically significant
difference in expression between the invasive front and central parts of the tumour was observed for
miR-200b (p = 0.028) and miR-429 (p = 0.028).
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Figure 5. Expression of the miR-200 family and their target genes in adenoma (n = 10) in comparison
with CRC N0 (n = 13) and CRC N+ (n = 17): (a) expression of the miR-200 family; (b) expression of
miR-200 family target genes. Legend: CRC, colorectal carcinoma; ΔCq, delta quantitation cycle; N0,
without nodal metastases; N+, with nodal metastases; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

Additionally, the expression of miR-200b was significantly differentially expressed when invasive
front (normalized to the central parts of the tumour) was compared between CRC N0 and CRC N+
(p = 0.046).

Results are presented in Figure 7 as a heat-map of FC between invasive front and central parts for
each sample.

3.10. Expression of E-Cadherin and Correlation of Its Expression to the Expression of miRNAs and mRNAs

All miRNAs showed down-regulation and all their target genes showed up-regulation in samples
of CRC when comparing those with focal or weak E-cadherin staining with those with preserved
staining. A statistically significant change in expression was observed in the case of all miRNAs
(p = 0.036 for miR-141, p = 0.003 for miR-200a, p = 0.014 for miR-200b, p = 0.003 for miR-200c, p = 0.034
for miR-429) and in the case of SOX2 (p = 0.05). Results are summarized in Figure 8a,b.
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Figure 6. Expression of the miR-200 family and their target genes in CRC N0 (n = 13) in comparison with
CRC N+ (n = 17): (a) expression of the miR-200 family; (b) expression of miR-200 family target genes.
Legend: CRC, colorectal carcinoma; ΔΔCq, delta quantitation cycle; N0, without nodal metastases; N+,
with nodal metastases; * p ≤ 0.05; *** p ≤ 0.001.

 

Figure 7. Heat-map of miR-200 family expression at the invasive front in comparison with central parts
of the CRC. Legend: C, central part of the tumour; CRC, colorectal cancer; exp, expression; FC, fold
change; IF invasive front; N0, without nodal metastases; N+, with nodal metastases.
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Figure 8. Expression of miR-200 family and their target genes in adenoma, CRC N0 and CRC N+ based
on E-cadherin expression: (a) expression of miR-200 family; (b) expression of target genes of miR-200
family. Legend: CRC, colorectal carcinoma; N0, without nodal metastases; N+, with nodal metastases;
1, preserved expression of E-cadherin (n = 6, n = 6 and n = 8 for adenoma, CRC N0 and CRC N+,
respectively); 0, weak or focal loss of E-cadherin (n = 4, n = 7 and n = 9 for adenoma, CRC N0 and CRC
N+, respectively); * p ≤ 0.05; ** p ≤ 0.01.

3.11. Correlations between miRNAs and Their Target Genes across All Samples

Numerous correlations were observed between the expression of miRNAs and the expression of
their target genes. Surprisingly, correlations between the expression of certain miRNAs and genes
that are not yet functionally validated as targets for that particular miRNA, were also observed.
All observed correlations are summarized in table (Table 3).
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Table 3. Statistically significant correlations between expression of miR-200 family and their target
genes and association with E-cadherin staining.

Correlations CDKN1B ONECUT2 PTPN13 RND3 SOX2 TGFB2 ZEB2 E-Cadherin

miR-200a −0.360 −0.395 / −0.325 / / / 0.474
miR-200b / / / −0.384 / / / 0.400
miR-200c −0.503 / / −0.337 / / / 0.484
miR-141 / / / −0.351 / / / 0.355
miR-429 / / / −0.347 / / / 0.363

E-cadherin / / / / 0.521 / / 1

Additionally, the expression of miR-200b (rs =−0.499, p< 0.001) and miR-429 (rs =−0.287, p = 0.014)
were in negative correlation with the severity of the disease (normal mucosa, adenoma, CRC N0
and CRC N+). When samples were divided into only three groups (normal mucosa, adenoma and
CRC), a correlation of the severity of the disease was observed with the expression of a higher number
of miRNAs and their target genes, namely miR-200b (rs = −0.620, p < 0.001), miR-200c (rs = −0.401,
p < 0.001), miR-141 (rs = −0.420, p < 0.001), miR-429 (rs = −0.522, p < 0.001), and CDKN1B (rs = 0.377,
p = 0.007), PTPN13 (rs = −0.426, p = 0.006), and RND3 (rs = 0.467, p = 0.016).

4. Discussion

EMT has emerged as an important mechanism in cancerogenesis but its role in CRC remains only
partially understood. Full EMT is usually observed only in well-controlled experimental conditions,
e.g., in cell lines, but it is rarely observed in human tumours [11,16]. We therefore hypothesized
that partial EMT, but not full EMT, is induced during CRC cancerogenesis. Our previous studies
showed that the use of a single or a few epithelial or mesenchymal markers as a tool for following
EMT as a whole is not appropriate [16]. We therefore used several EMT markers (E-cadherin, miR-200
family and their target genes) in correlation with morphology. Our results support the hypothesis that
EMT plays an important role in CRC, both in its development and progression, but only as partial
EMT. Our analysis was performed on normal mucosa, adenoma, and carcinoma, including CRC cases
with and without nodal metastases, and a comparison between the invasive front and central part of
the tumours.

We first analysed the expression of members of the miR-200 family, which have been demonstrated
as one of the key regulators of EMT in various experimental and human studies [11,16,17]. We found
that all five investigated miRNAs were significantly down-regulated in CRC in comparison with
adenoma. Both miR-200a and miR-200b down-regulation have already been described in CRC
samples [18–20]. However, the results on miR-141, miR-200c and miR-429 expression in previous studies
are controversial. Whereas, one study described decreased expression of miR-141 in CRC tissue [21],
another study reported up-regulation in CRC compared with adjunct normal mucosa [22]. Similarly,
miR-200c was observed as up-regulated in some studies [23–25] but down-regulated in others [26].
Furthermore, miR-429 has previously been described as both down-regulated [27] and up-regulated in
CRC tissue [28,29]. Our study also showed that all members of the miR-200 family were up-regulated
in adenomas and all, except miR-200a, in CRC compared with normal mucosa. In contrast to CRC,
there are limited data in the literature on expression of the miR-200 family in colorectal adenomas and
rare published studies have reported that miR-200a and miR-200c were not significantly changed in
adenoma tissue when compared with normal mucosa [30].

The finding of a partial EMT induction is further supported by immunohistochemical analysis
of E-cadherin, showing focal loss or weak expression in a proportion of adenoma and CRC, and its
correlation with down-regulation of all members of the miR-200 family. Similarly to previously
reported studies on E-cadherin expression [31], we found that staining was preserved in all cases
of CRC and adenoma, with prevailing membranous immunoreactivity. However, in contrast to our
results, a previous study reported that there was no difference between protein expression in tumours
and normal mucosa. Another study reported a similar observation as in our study, i.e., E-cadherin
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expression in all colorectal adenomas and CRC, although it presented with reduced expression in half
of them [32]. It has been previously described that miR-200a is down-regulated in cells with a reduced
expression of E-cadherin protein [18], whereas miR-200b decline was not statistically associated with
expression of E-cadherin [33]. However, there are limited data about the expression of other members
of the miR-200 family in correlation with E-cadherin protein expression. Our study thus suggests
that EMT is induced during CRC cancerogenesis through down-regulation of the miR-200 family,
resulting in a focal loss or weak expression of E-cadherin that might be often observed in partial EMT,
in which cells transiently acquire the maximum plasticity and attain hybrid epithelial/mesenchymal
phenotype [34].

Though these results strongly suggest induction of EMT in CRC, one criterion for full EMT was
not fulfilled, i.e., morphology. When we performed microscopic analysis of CRC and adenoma in
comparison with E-cadherin immunohistochemistry, we found that all cases retained an epithelioid
morphology, even those with decreased expression of E-cadherin. No spindle cell morphology was
found in any case of adenoma or CRC, either in the central parts or at the invasive front. Cell–cell
junctions connect epithelial cells, they are polarized, differentiating epithelia from other tissues.
In contrast, mesenchymal cells are not polarized and do not possess cell–cell junctions. They are
therefore able to migrate through the extracellular matrix, invade and resist apoptosis. During full
EMT, epithelial cells undergo extensive changes, they lose polarity, cell–cell junctions (i.e., loss of
functional E-cadherin) and reorganize their cytoskeleton, resulting in spindle shaped cells. All these
changes lead to a separation of cells and an increase in cell motility at the invasive front [2,5–12].

Interestingly, when we compared miR-200 family expression in the central parts of the tumours
and the invasive front, we found their down-regulation at the invasive front in 73% of cases. However,
the difference was significant only for miR-200b. This finding further supports the concept of ITH even
on the level of miRNAs [14]. miR-200b was found to be down-regulated in tumour budding cells at
the invasive front in 71% of cases [33] and is believed to have a tumour-promoting role in CRC by
targeting RND3 and CDKN1B [35]. In addition to miR-200b, several published data also described
decreased expression of miR-200c at the invasive front of the tumour in metastatic CRC cases [36–38].
Additionally, miR-200a/b/c were also found to be down-regulated at the invasive front of CRC cases
with degraded basement membrane [39] but there is limited data in the literature about the expression
of miR-141 and miR-429 at the invasive front. Down-regulation of the miR-200 family is believed to be
correlated with the loss of the epithelial and gain of the mesenchymal-like phenotype at the invasive
front, resulting in increased invasiveness of the CRC tumour cells, thus contributing to migration
through the extracellular matrix, colonization of the lymph node and metastatic potential [40]. There is
limited data on the expression of coding and/or non-coding genes at the invasive front in comparison
with the tumour centre. Previous studies [38,39] and our findings indicate an expression gradient
of the miR-200 family related to ITH. However, recent publications have reported ITH mainly in the
context of mutation, copy number variation and methylation status [41–43]. ITH includes spatial and
temporal ITH, morphological ITH, clonal ITH (derived from genomic instability), and non-clonal ITH
(derived from microenvironment interactions). Since ITH is believed to be closely related to cancer
progression, resistance to therapy, and recurrence, it is important to consider different types of ITH
when investigating mechanisms of cancer progression, prognosis and treatment opportunities [14].

One of the most important aspects of CRC is its metastatic capacities. We therefore analysed the
contribution of EMT to the development of nodal metastases. Since invasive properties and metastatic
potential are not equivalent functional terms [44], we compared CRC cases without with those witht
nodal metastases. We found statistically significant up-regulation of miR-200b in CRC with compared
with CRC without nodal metastases, implicating miRNAs and possibly EMT in the progression of CRC.
This observation and the observed potential invasive role of miR-200b in CRC suggest a contribution of
miR-200b to the invasive and metastatic properties of CRC. Expression of miR-200b and miR-429 were
also in correlation with the pTNM stage of CRC, further suggesting a role not only of miR-200b but
also miR-429 in CRC progression. It has already been reported that both miR-200b and miR-429 might
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contribute to the metastatic potential of CRC [20,29,45] and moreover, that up-regulation of miR-141
contributes to the development of distant metastases in breast cancer [46].

We also investigated target genes (CDKN1B, ONECUT2, PTPN13, RND3, SOX2, TGFB2, WAVE3,
ZEB1 and ZEB2) of the miR-200 family. Interestingly, only CDKN1B, ONECUT2 and ZEB2 were
differentially expressed in CRC without nodal metastases compared with CRC with nodal metastases.
ZEB2 and CDKN1B are targets of miR-200b and ONECUT2 is a target of miR-429. Our observation in
relation to CDKN1B is in accordance with a previously reported study showing that reduced expression
of CDKN1B is correlated with a poor prognosis for patients with CRC [47]. Using experimental models,
it has been shown that miR-429 reverses TGF-β-induced EMT by interfering with ONECUT2 in CRC
cells [26]. However, to the best of our knowledge, this is the first report of ONECUT2 involvement in
the human metastatic potential of CRC. In contrast, it has already been reported that ZEB2, which is
one of the first identified miR-200 family targets, promotes tumour metastatic potential and correlates
with a poor prognosis for human CRC [48–50]. We observed an inverse expression of miR-200b and
ZEB2 in CRC with nodal metastases compared with CRC without nodal metastases, further supporting
the postulated ZEB/miR-200 interaction in CRC cancerogenesis [50].

In addition to metastatic potential, all target genes were differentially expressed in CRC compared
with normal mucosa. Interestingly, this finding is opposite to that observed in adenoma compared
with normal mucosa. The majority of target genes (CDKN1B, PTPN13, RND3, SOX2 and ZEB2)
were down-regulated in adenoma compared to normal mucosa. Moreover, PTPN13, SOX2 and
ZEB2 showed detectable expression only in two out of 10 adenoma cases, whereas ONECUT2 and
TGFB2 were up-regulated. There is limited data on the expression of target genes of the miR-200
family in colorectal adenoma and, to the best of our knowledge, only CDKN1B and SOX2 have
so far been investigated, excluding studies on dysplastic lesions in inflammatory bowel diseases.
Immunohistochemistry for SOX2 has shown that it is expressed in a minority of adenoma cases and all
of them were with high-grade dysplasia [51,52]. Similarly, both of our cases that showed expression
of SOX2 (also showing expression of PTPN13 and ZEB2) were adenomas with high-grade dysplasia.
Our results thus suggest that an inverse expression of the miR-200 family and SOX2 might contribute
to the differentiation/proliferation of cells also during CRC cancerogenesis, as already described in
neurons [53]. CDKN1B was expressed in all cases of adenoma, however, limited published data have
reported that CDKN1B is not expressed in approx. 20% of adenomas and carcinomas [54] and that
its expression does not significantly change during the adenoma–carcinoma sequence/progression
of CRC [55]. The only gene that was in correlation to all investigated miRNAs was RND3, also
known as RHOE. RND3 plays a critical role in arresting cell cycle distribution, inhibiting cell growth
and inducing apoptosis and differentiation, and is implicated in processes such as proliferation and
migration through cytoskeletal rearrangement. Although it appears that this protein is differently
altered according to the tumour context, it has been demonstrated that aberrant RND3 expression
may be the leading cause of tumour metastasis and chemotherapy resistance with a pro-tumourigenic
role [56,57]. Accordingly, in tumour and adjacent normal tissues from 202 patients with CRC, including
80 nodal metastases, Rnd3 expression using immunohistochemistry was analysed. Its expression was
significantly correlated with depth of invasion, lymph node metastasis and distant metastasis. Most
importantly, disease-free and overall survivals were significantly poorer for patients with Rnd3-positive
tumours than for those with Rnd3-negative [58].

We were not able to detect expression of certain EMT markers. First, we were not able to detect
expression of miR-205 in the tissue samples of normal colon mucosa, adenoma or CRC. Although there
are some published studies on miR-205 expression in experimental models of CRC, only a few of them
have described expression in tissue specimens of patients with CRC [59–61]. In all of them, miR-205
was down-regulated, detected on fresh frozen tissues. Members of the miR-200 family have been
observed not only as regulators of EMT but also of EMT-transcriptional factors (EMT-TF), e.g., ZEB1
and ZEB2. However, ZEB1 was below the detection limit in our samples, whereas ZEB2 was expressed.
In the case of EMT-TFs, there is a possible difference in spatiotemporal expression, depending on the
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tissue context and tumour type [11]. Members of the same EMT-TF family can even have antagonistic
functions. Furthermore, it has been demonstrated that activation of any single EMT-TF is sufficient to
induce partial/incomplete EMT and an absence of specific EMT-TF cannot be considered to be proof of
the absence of EMT [44]. We were also not able to detect a target gene of miR-200b, WAVE3, involved
in actin cytoskeleton remodelling, participating in the control of cell shape [13].

One of the limitations of our study is a different comparison between adenomas and CRC,
and normal mucosa. In excised adenomas (because of endoscopic removal), normal mucosa is often not
present, or it is present in very small amounts. In contrast, in patients with CRC, the colon was resected
and all resected specimens contained normal mucosa. Each CRC sample was therefore compared to its
corresponding normal mucosa as paired tissue samples, using the Wilcoxon Rank test. In contrast,
adenomas were compared with normal mucosa samples of CRC resected samples as independent
groups of samples, using the Mann–Whitney test. The difference in genetic background, which should
be eliminated when comparing paired tissue samples, could lead to overestimation of changes in
expression in adenomas in comparison to normal mucosa. Another limitation is related to “normal”
samples, which very often present a significant problem in human research. As healthy colon is not
resected, truly normal mucosa cannot be obtained. In our study, “normal” samples were taken at least
20 cm away from the tumour and they showed no microscopic abnormalities. However, genetic and
protein aberrations may also be present in morphologically normal mucosa [62], although it seems
highly unlikely that EMT is activated in such samples. We therefore believe that, despite certain
limitations, these samples may be used as corresponding control samples to overcome differences in
the genetic background. Moreover, in addition to tumours, various inflammatory diseases, infarction
etc. are also an indication for colon surgery. However, when studying EMT, these resection specimens
are not suitable for “normal” control, since EMT can also be activated in these diseases.

5. Conclusions

Comparing the expression of the miR-200 family and their target genes in adenoma and CRC with
and without nodal metastases showed three patterns. The first pattern was observed in adenoma
in comparison with normal mucosa. The second, and opposite to the first, was observed in CRC
compared with adenoma and the third pattern was observed in cases of CRC with nodal metastases.
Interestingly, all investigated miRNAs were down-regulated in cases with a reduced E-cadherin
expression and were mainly down-regulated at the invasive front in comparison with central parts of
the tumour. Our results strongly support the postulated hypothesis of partial EMT and ITH during
CRC cancerogenesis.
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Abstract: Cancer epithelia show elevation in levels of sulfated proteoglycans including dermatan
sulfates (DS). The effect of increased DS on cancer cell behavior is still unclear. We hypothesized
that decreased expression of the enzyme Iduronate-2-sulfatase (IDS) can lead to increased DS levels,
which would enhance the invasion of cancer cells. Breast cancer sections shows depleted IDS levels
in tumor epithelia, when compared with adjacent untransformed breast tissues. IDS signals showed
a progressive decrease in the non-transformed HMLE, transformed but non-invasive MCF-7 and
transformed and invasive MDA-MB-231 cells, respectively, when cultured on Type 1 collagen scaffolds.
DS levels measured by ELISA increased in an inverse-association with IDS levels. Knockdown of IDS
in MCF-7 epithelia also increased the levels of DS. MCF-7 cells with depleted IDS expression, when
imaged using two photon-excited fluorescence and second harmonic generation microscopy, exhibited
a mesenchymal morphology with multiple cytoplasmic projections compared with epithelioid control
cells, interacted with their surrounding matrix, and showed increased invasion through Type 1
collagen matrices. Both these traits were phenocopied when control MCF-7 cells were cultivated on
Type 1 collagen gels polymerized in the presence of DS. In monolayer cultures, DS had no effect on
MCF-7 migration. In the context of our demonstration that DS enhances the elastic modulus of Type
1 collagen gels, we propose that a decrease of IDS expression leads to accumulation within cancer
epithelia of DS: the latter remodels the collagen around cancer cells leading to changes in cell shape
and invasiveness through fibrillar matrix milieu.

Keywords: dermatan sulfate; breast cancer; iduronate-2-sulfatase

1. Introduction

Breast cancer is the most common cancer occurring among women all over the world. Upon
transformation, malignant epithelial cells breach their basement membrane and migrate through their
surrounding stromal microenvironment [1]. The latter consists of resident cells such as fibroblasts and
macrophages and a complex mixture of extracellular matrix proteins, which are primarily fibrillar,
such as Type 1 collagen and elastin [2,3].

Migration may involve remodeling and degradation of collagen fibers by diffusible matrix
metalloproteinases secreted by cancer epithelia or by active motility, which involves attachment to,
and movement of cells along, matrix fibers with appropriate rearrangements of their microfilament
cytoskeleton [4,5]. Such distinct mechanisms lead to diversity in the morphology of cancer cell
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migrations, from unicellular amoeboid or mesenchymal to collective multicellular modes [6]. In
addition to negotiating their way through such collagen-rich matrices, cancer epithelia are able to
effect changes in the pattern and arrangement of their surrounding collagen-rich matrices. This has
been characterized historically by histopathologists as desmoplasia and consists of the alteration in the
fibrillar patterns of existent, and freshly synthesized, collagen [7,8].

Rearrangement of collagen fibers by cancer cells may take place through distinct mechanisms.
One such mechanism involves upregulation within cancer cells of lysyl oxidase (LOX), an enzyme that
catalyzes cross-linking of collagen with elastin fibers [9–11]. Expression of LOX is a strong predictor
for both migration and metastasis [10,12–15].

A second mechanism that cancer cells use to remodel their surrounding microenvironment is the
expression of sulfated proteoglycans (PGs), proteins with one or more variable linear chains of repeating
disaccharide units, known as glycosaminoglycans (GAGs) [16,17]. PGs are known to be elevated in,
and are under active investigation as biomarkers for, cancer progression [18]. PGs have the ability to
(re)constitute extracellular architecture through binding multiple proteins: both ligands and receptors
that regulate cancer growth. They critically regulate the tumor cell motile phenotype by affecting their
adhesive/migratory abilities and thus contribute to the metastatic cascade [18]. When cells are cultured
in 3D matrix scaffolds, dermatan sulfate proteoglycans (DSPGs) are predominantly upregulated [19].
Dermatan sulfates, a type of GAG, have a unique disaccharide motif: N-Acetyl Galactosamine (GalNAc)
and Iduronic Acid (IdoA), with potential sites for sulfation on either monosaccharide [20]. Decorin,
one of the best studied DSPGs, binds to collagen through its protein core. The highly charged
polysaccharide chains influence the material properties of the matrix by creating hydrogels through
attraction of water through their high negative charge. Alterations in sulfation and proportion of GAGs
such as chondroitin sulfate (CS) and dermatan sulfate (DS) have been reported in tumor transformation
and progression [21], suggesting a possible mechanism by which CS/DS influences cancer progression.
In contrast with CS, a potential role of DS in tumor progression is poorly understood.

DS GAGs get degraded in the lysosomes: the first step of degradation (hydrolysis of the C2-sulfate
ester bond at the non-reducing end of 2-O-sulfo-α-L-iduronic acid residues) is mediated by the enzyme
iduronate-2-sulfatase (IDS) through removal of sulfate groups from the glycan chain [22]. IDS belongs to
the family of arylsulfatases, evolutionarily related enzymes that can hydrolyze sulfate esters of a variety
of substrates such as sulfated GAGs, sulfo-lipids and -proteins, and steroids [23,24]. Mutations in the
gene encoding IDS manifests as an X-linked lysosomal storage disease called mucopolysaccharidosis
type II, also known as Hunter syndrome [25]. Deficiency in IDS leads to accumulation of DS in the
tissues leading to an exaggeration of their ability to remodel Type 1 collagen [26].

In this manuscript, we begin by asking whether DS are elevated in breast cancer epithelia
compared with untransformed breast cells, when cultivated in three-dimensional collagen scaffolds.
Upon confirming the same, we show that this may occur through the downregulation of the DS
degrading enzyme IDS, which in turn is elevated in non-cancerous epithelia located adjacently to tumor
tissue wherein, its levels are low. This is consistent with the emerging evidence on the misregulation
of several arylsulfatases upon malignant transformation of cells. Using a series of assays involving
epifluorescence- and two-photon- and second-harmonic generation microscopy, we show how the
deficiency of IDS in the cell line MCF-7 and the resultant accumulation of DS alters the interaction
between Type 1 collagen and cancer cells promotes the invasion of the latter through stiffer fibrillar
matrix environments.

2. Experimental Section

2.1. Antibodies and Reagents

The antibodies and reagents used in the study along with their source are as follows: goat
polyclonal Iduronate 2-sulfatse (IDS) antibody (AF2449, R&D, Minneapolis, MN, USA) (used for
immunocytochemistry (ICC) and immunohistochemistry), Mouse Anti-LAMP2 antibody (ab25631,
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Abcam, Cambridge, UK, used for ICC), Alcian blue 8GX (RM471) dye (HiMedia, Bangalore, India),
Dulbecco’s modified Eagle medium (DMEM) (HiMedia, Bangalore, India), Fetal Bovine Serum
(FBS) (Life Technologies, New York, NY, USA), penicillin-streptomycin (HiMedia, Bangalore, India),
trypsin (HiMedia, Bangalore, India), paraformaldehyde (Merck, Bangalore, India), Triton X-100
(HiMedia, Bangalore, India), anti-goat antibody conjugated with Cy3 (Invitrogen, New York, NY,
USA), anti-mouse antibody conjugated with Alexa fluor488 (Invitrogen, New York, NY, USA), DAPI
(4′,6-Diamidine-2′-phenylindole dihydrochloride) (Invitrogen, New York, NY, USA), Phalloidin
conjugated with Alexa fluor 488 and 660 (Invitrogen, New York, NY, USA), BSA (HiMedia, Bangalore,
India), Type I collagen (Gibco, New York, NY, USA), Propidium iodide (HiMedia, Bangalore, India),
TRIzol™ reagent (Invitrogen, New York, NY, USA), Turbofect (Thermo Fischer Scientific, Waltham,
MA, USA), Dermatan sulfatase (Sigma, New York, NY, USA), Papain from papaya latex (P3125, Sigma,
New York, NY, USA), 1,9-Dimethyl-Methylene Blue zinc chloride double salt (DMMB, 341088, Sigma,
New York, NY, USA), and Iodoacetic acid (I4386, Sigma, New York, NY, USA).

2.2. Cell Culture

Human breast cancer cells MDA-MB-231 (transformed, triple negative, invasive) and MCF-7
(transformed non-invasive) were grown and maintained in DMEM supplemented with 10% FBS and
1X penicillin-streptomycin at 37 ◦C and 5% CO2 atmosphere. MDA-MB-231 culture media was also
had Ham’s F-12 medium. Non-transformed HMLE cells were cultured in DMEM:F12 media (1:1)
supplemented with insulin, EGF and hydrocortisone. 3D Type I collagen-rich extracellular matrix
on-top and embedded cultures were prepared by seeding the trypsinized cells over and within a thin
layer of 1 mg/mL Type 1 collagen. Type-1 collagen scaffolds were prepared by adding 8 volumes of
acid-extracted unpolymerized Type 1 collagen (Gibco, USA) along with 1 volume of 10× DMEM and
an appropriate volume of 0.1 N sodium hydroxide to bring the final concentration of polymerizing
collagen to 1 mg/mL (pH: 7). The scaffolds were polymerized by incubating at 37 ◦C for 30 min in CO2

incubator. Subsequently, trypsinized cells were added on top or embedded in Type I collagen scaffolds
and then cultured for 2 days in serum-free defined medium. 293FT cells (Invitrogen), used for lentivirus
production, were grown and maintained in DMEM supplemented with 10% heat-inactivated FBS.

2.3. Lentiviral Vector Production and Transduction

Lentiviral Iduronate 2 sulfatase (IDS) shRNA vectors (TRCN0000051543-7) for IDS knockdown
and scrambled control shRNA were purchased from Sigma, USA. All lentiviral vectors were produced
in 293FT cells by cotransfection of the IDS or scrambled control shRNA lentiviral vectors along
with packaging plasmids (pLP1, pLP2, and VSVG, Addgene, Watertown, NY, USA) using Turbofect
reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer instructions. The
supernatant was collected 48 h and 72 h post-transfection and was centrifuged for 15 min at 3000× g
and 4 ◦C to remove cell debris, and then passed through a 0.2-μm filter. Vector supernatants were
concentrated 10–100 folds by using lenti-X concentrator (Takara Bio Inc., Kusatsu, Shiga, Japan) and
centrifugation at 1500 g for 45 min at 4 ◦C. The pellet was dissolved in media and frozen at −80 ◦C.
IDS shRNA stable cell lines were established by transducing MCF-7 cells with the purified virus, and
stable pools of cells were selected with 1 μg/mL puromycin.

2.4. RT-qPCR

RNA from the cell lines (MDA-MB-231, MCF-7, HMLE, MCF-7 transduced with shRNA #1, #2
and scrambled) grown in 3D matrix of Type 1 collagen (1 mg/mL) for 48 h were isolated using TRIzol™
reagent (Thermo Fisher Scientific, USA) as per manufacturer’s protocol. Isolated RNA was quantified
using UV-visible spectrophotometer (NanoDrop™). RNA (1μg) was reverse transcribed using Verso™
cDNA synthesis kit (Thermo Fisher Scientific AB-1453). All samples were processed at the same time
and resulting cDNA was diluted 1:10. Real time PCR with SYBR green detection system (Thermo Fisher
Scientific) was performed using StepOne Plus™ real-time PCR system (ABI) and IDS primers: Forward

29



J. Clin. Med. 2019, 8, 1562

5′-CGCGTTTCTTTCCTCACTGG-3′ and Reverse 5′-CCGACATGGTCACATAGCCA-3′ (Annealing
temperature: 60 ◦C). Appropriate no-RT and no template controls were included in each biological
repeat. 18S rRNA was used as internal control gene for normalization.

2.5. Alcian Blue Staining of Breast Tissues and Cell Lines

Adjacent breast and tumor sections were de-paraffinized and hydrated with distilled water.
Sections were then incubated in Alcian Blue (1%, pH 1.0) for 1 h, washed in running tap water and
then rinsed in distilled water. Finally, the sections were dehydrated through graded alcohols, cleared,
mounted and photographs were captured using Olympus Ix81 microscope equipped with a digital
camera. Pixel quantification of the Alcian blue stain was done using Image J software. For this, the
captured images were first converted to grayscale, inverted and then equal area was selected in the
luminal epithelia of healthy breast, and cancer epithelia for the comparison of Alcian blue pixels.
Similarly, HMLE, MCF-7, and MCF-7 cells transduced with lentiviral IDS shRNAs and scrambled
control vectors and MDA-MB-231 were grown on Type I collagen (300 μg/mL) for 48 h, fixed with 4%
formaldehyde, washed with PBS and stained with Alcian blue (1%, pH 1.0) overnight. Thereafter, cells
were washed with PBS, investigated for autofluorescence from the dye (green in color) through laser
scanning confocal microscopy using a LSM 880 with Airyscan (Carl Zeiss, Oberkochen, Germany)
microscope and analyzed by ZEN 2.1 (blue edition, Carl Zeiss, Oberkochen, Germany) software.
Thereafter, pixel quantification of the autofluorescence from Alcian blue stain was done in the captured
images using Image J 1.52a (National Institutes of Health, Rockville, USA) software. Scatter plots of
pixel intensity in the case of tissue and cell lines were plotted using GraphPad 5.0 (GraphPad Software
Inc, San Diego, USA) software.

2.6. Immunocytochemistry

About 5 × 103 cells (MDA-MB-231, MCF-7, HMLE, MCF-7 cells transduced with IDS shRNA #1 or
shRNA #2 or scrambled shRNA) were seeded on the top of Type I collagen scaffolds (1 mg/mL) per
well of 8-well chamber slide (Eppendorf, New York, NY, USA). After 48 h, the cells were washed with
phosphate-buffered saline (PBS) twice, fixed with 4% paraformaldehyde (for 20 min) and permeabilized
using 0.1% Triton-X100 (15 min) at room temperature (RT). The cells were then washed 3 times with PBS
and incubated with the blocking solution (1% BSA in PBS) for 1 h at RT. The cells were then incubated
with the primary antibodies, anti-IDS at 1 μg/mL and anti-LAMP2 at 1/100 dilution, for overnight at
4 ◦C, washed 3 times with PBS plus 0.1% Tween-20 thereafter for 15 min, and incubated with secondary
antibodies (Alexa561-tagged anti-goat and Alex488-tagged anti-mouse) and phalloidin conjugated
with Alexa 633 (each at 1/500 dilution) for 1 h at RT. Thereafter, cells were washed with PBS three times
and incubated with DAPI (1 μg/mL) and fluorophore-conjugated phalloidin for 10 min at RT, followed
by rinsing with PBS. The images of 3D cultures were obtained by laser scanning confocal microscopy
using a LSM 880 with Airyscan (Carl Zeiss, Oberkochen, Germany) microscope and analyzed by ZEN
2.1 (blue edition, Carl Zeiss, Oberkochen, Germany) software.

2.7. Immunohistochemistry

The 5-μm-thick tissue sections were made from paraffin embedded blocks of breast cancer patients
from Kidwai Memorial Institute of Oncology with informed consent of the patients. The slides were
first deparaffinized and were then subjected to antigen retrieval using citrate buffer. Thereafter, the
tissue sections were immunostained with goat anti-IDS antibody (1 μg/mL) overnight at 4 ◦C. The
sections were then incubated with Alexa 561-tagged anti goat secondary antibody at 1/500 dilution
for an hour at RT. Thereafter, cells were washed with PBS three times and incubated with DAPI
(1 μg/mL) for 10 min at RT, followed by rinsing with PBS and mounted with glycerol. All sections were
photographed using epifluorescence microscope (Olympus IX81, Center Valley, USA) and identical
exposure times.
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2.8. In Vitro Invasion Assay

The membrane on the top chamber (12-well insert; pore size 8 μm, HiMedia, Bangalore, India)
was coated with a mixture of 200 μg/mL of Type I collagen and allowed to polymerize in absence or
presence of 50 μg/mL of dermatan sulfate (Sigma, New York, NY, USA), overnight in CO2 incubator.
In the inserts where Type I collagen was polymerized in absence of dermatan sulfate (DS), 3 × 104 of
MCF-7 cells transduced with IDS shRNA or scrambled shRNA were seeded on the top chamber in
medium without serum and medium with serum was placed in lower chamber as a chemoattractant.
Similarly, in the inserts where Type 1 collagen was polymerized in presence of DS, 3 × 104 of wild type
MCF-7 cells were seeded. Appropriate controls were also maintained in each experiment. The cells
were incubated for 48 h and non-invasive cells were removed by cotton swab. The invasive cells were
fixed, stained for DAPI and analyzed using epifluorescence microscope (Olympus IX81, Center Valley,
USA). The number of invaded cells on each whole membrane was counted.

2.9. ELISA for DS Estimation

The in vitro quantitative determination of DS concentrations in lysates of HMLE, MDA-MB-231,
MCF-7 cells, MCF-7 cells transduced with IDS shRNA or scrambled shRNA, cultured in 3D matrix
of Type I collagen (1 mg/mL), was carried out using ELISA kit (Elabscience, Houston, TX, USA). The
micro ELISA plate provided in this kit was pre-coated with an antibody specific to Human DS and its
estimation was done according to manufactures recommendation. Briefly, a standard solution of DS
ranging from 20 ng/mL to 0.31 ng/mL was prepared. Next, 100 μL of standard or cell lysate (prepared
by digesting 3D collagen culture using papain and hence representing the microenvironmental sGAG
consisting of both intracellular and matrix-sequestered sGAGs) were added to each well of ELISA
plate and incubated for 90 min at 37 ◦C. Thereafter, liquid was removed and 100 μL of biotinylated
detection antibody were added to each well which was incubated for 1 h at 37 ◦C. Then, liquid was
aspirated, and washing was done 3 times with wash buffer. Next, 100 μL of HRP conjugate were added
and incubated for 30 min at 37 ◦C. After aspirating and washing 5 times with wash buffer, 90 μL of
substrate reagent was added and incubation was done for 15 min at 37 ◦C. After this, 50 μL of stop
solution was added and the color that developed was read at 450 nm immediately (Tecan infinite
M200 Pro™, Mannedorf, Switzerland). The four-parameter logistic (4PL) curve model was used to
analyze and quantify the DS levels. The DS levels were normalized to total protein as quantified using
Bradford assay.

2.10. Scratch Assay

The effect of DS on migration capacities of MCF-7 cells was assessed by in vitro wound healing or
scratch assay. Approximately 2 × 104 cells were seeded per well of an 8-well chamber slide and grown
to a confluence of 80–90% at 37 ◦C in an atmosphere of 5% CO2:95% air. A wound was created by
scraping the cells with a sterile 200 μL pipette tip in the middle of the culture well. After removing
cellular debris with sterile PBS, cells were incubated with 50 μg/mL of DS for 48 h. An untreated
control was also maintained. Thereafter, cells were stained with DAPI and wound closure photographs
were captured using Olympus Ix81 epifluorescence microscope equipped with a digital camera and
analyzed using Image J software.

2.11. Dimethylmethylene Blue (DMMB) Assay

Sulfated GAGs can be measured directly by use of a metachromatic dye, 1,9-Dimethylmethylene
blue (DMMB, 341088, Sigma, New York, NY, USA). The GAG-dye complex results in an absorption
spectrum shift that can be measured at between 515 and 530 nm, which is directly proportional to
the amount of sulfated GAGs. HMLE, MDA-MB-231 and MCF-7 cells cultured in 3D matrix of Type
I collagen (1 mg/mL) for 48 h were digested with papain (300 μg/mL) at 60 ◦C for 3 h. Thereafter,
iodoacetic acid was added to a final concentration of 10mM. A standard curve of chondroitin 4 sulfate
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ranging 0–10 μg/mL was also prepared. Then, 50 μL of lysate or standard were added to 50 μL of
DMMB dye in a microplate well and the plate was read at 525 nm in a microplate reader (Tecan infinite
M200 Pro™).

2.12. Experimental Setup for Two Photon Microscopy and Image Analysis

A mode-locked fiber laser (Coherent Fidelity HP) with operational wavelength 1040 nm, pulse
width of 140 fs and repetition rate of 80 MHz was used as the fundamental excitation to acquire second
harmonic generation (SHG) and two photon emission fluorescence (TPEF) images of the samples. The
incident beam was scanned using a galvo-scanner (GVS001, Thorlabs, Newton, MA, USA) with the
beam focused on the sample using a 60× water immersion objective (NA 1.2, Olympus, Shinjuku,
Japan). The SHG emission signal from the collagen and TPEF images from the cell of the same
field of view were collected separately using photomultiplier tube (R3896, Hamamatsu, Japan) in
epi-detection using two different filter sets with wavelength range of 520 nm ± 20 nm and 605 nm ±
55 nm, respectively. The incident power at the focus for cell and collagen was 2.5 mW and 7.5 mW,
respectively. The optical resolution of the multi-photon imaging was estimated to be ~600 nm. Four
different field of views of 50 × 50 microns size of cell and collagen surrounding the cell along and two
different field of views of the collagen far away from the cell were imaged.

2.13. Atomic Force Microscopy (AFM)

For AFM measurements, Type 1 collagen polymerized in the absence or presence of 50 μg/mL
was freshly prepared and incubated in PBS until acquisition. The apparent modulus of elasticity of the
cells was measured using an Atomic Force Microscope (XE Bio from Park Systems, Suwon, Korea).
We used a V-shaped cantilever with a spherical bead of diameter 5.2 mm made of silicon dioxide
attached to its bottom (AppNano HYDRA6V-200NG-TL; AppNano, Mountain View, CA, USA). The
stiffness of the cantilever was measured using a thermal tuning method available with the AFM and
was found to be 0.041 N/m. The relation between the deformation of the cantilever and the voltage on
the photodetector (A-B sensitivity) was calibrated by indenting the cantilever on the petri dish. The
calibration was done whenever the laser position on the cantilever was adjusted. We used a cantilever
speed of 0.8 mm/s while approaching as well as retracting from the cell. The point was designated as
the modulus of the cell. For obtaining the elastic modulus and the point of contact from the F-d curves,
we used the Hertzian contact model as follows. First, the approach region of the F-d curve when the
cantilever is not in contact with the cell is identified, and the force in this region is corrected to zero. In
this region, the F-d curve is linear and almost flat. A straight line is fitted to this region, and this line is
subtracted from the F-d curve to correct for the baseline force. The elastic modulus and contact point
are now obtained from the baseline-corrected F-d curve by fitting a Hertzian contact model for the
region between 0.2 and 2 nN.

2.14. Statistical Analysis

Data are presented as mean ± standard error of mean. Unpaired t-test was used to compare
between groups and one-way ANOVA with Tukey’s post-hoc test was used for comparison of more
than two groups. p < 0.05 was considered significant. All statistical analyses and graphs were plotted
using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. Sulfated Proteoglycans Are Elevated in Breast Cancer Epithelia in Vivo and in Culture

To assess the levels of sulfated proteoglycans (sPGs) between normal and malignant breast
epithelia, we stained five sets of sections of breast cancer and patient-matched adjacent tissue with
Alcian blue, a dye that specifically binds to sulfated mucopolysaccharides at pH = 1.0 [27]. The
tumor cells were found to stain to a greater extent for sPGs than the cells that constituted the normal
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acinar architectures in the adjacent areas (Figure 1A–C; blue represents sPGs). To confirm that
the sPGs were being secreted by cancer cells, the untransformed HMLE cells, non-invasive MCF-7
cells and the triple-negative invasive MDA-MB-231 cells were cultured on top of Type I collagen
matrix scaffolds, fixed and stained with Alcian blue. When compared to HMLE, MCF-7 and to a
greater extent MDA-MB-231 cells showed significantly higher signals for sPGs (Figure 1D, E; green
fluorescence represents sPGs (see Figure S1), results with another dye staining sGAGs, DMMB, are
shown in Figure S2, and a plot of individual cell autofluorescent signals is shown in Figure S3).
Alteration in material properties of the tumor microenvironment has been shown to profoundly affect
cancer invasion [28]; moreover, among sPGs, DS is increasingly shown to alter the fibrillar properties
of collagenous microenvironments and is also preferentially upregulated within 3D cultures [19].
Therefore, we next asked whether the enzymes regulating the levels of DS were responsible for the
elevated levels of sPGs.

Figure 1. Sulfated proteoglycans are elevated in breast cancer epithelia in vivo and in culture. (A) Breast
cancer (top) and patient-matched adjacent non-transformed (bottom) breast tissue sections were stained
with Alcian blue dye (blue), which detects sulfated proteoglycans (sPGs) at pH 1. Scale bar = 50 μm.
(B) 3D profile plots representing sPGs levels in tissue sections of breast cancer (top) and adjacent
normal breast (bottom) with bright colored peaks showing higher staining for Alcian blue in breast
cancer tissues (blue-low; white-high). (C) Scatter plot showing pixel intensities of Alcian blue staining
in breast cancer and adjacent normal breast tissue sections (n = 5). (D) Confocal micrographs of
Alcian blue autofluorescence (green signal) in stained immortalized breast epithelial cells HMLE (left),
non-invasive malignant MCF-7 (middle) and the triple negative invasive MDA-MB-231 cells cultured
on top of 1 mg/mL Type 1 collagen gels. Scale bar = 20 μm. (E) Scatter plot showing pixel intensities
of Alcian blue autofluorescence in stained HMLE, MCF-7 and MDA-MB-231 cells cultured on top of
1 mg/mL Type 1 collagen gels (lines in graphs represents mean ± SE of three independent experiments).
Significance was measured using one-way ANOVA (* p < 0.05) and student’s t test (** p < 0.01).

3.2. Decreased IDS Expression and High DS Levels in Cancer Epithelia

To ascertain whether DS were being secreted by cancer cells to a greater extent than untransformed
cells, ELISA was performed on the lysates of 3D Type I collagen cultures of HMLE, MCF-7 and
MDA-MB-231 cells. DS levels, normalized to total proteins were highest in MDA-MB-231, followed by
MCF-7 and lowest in HMLE lysates (Figure 2A).
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Figure 2. Levels of iduronate-2 sulfatase (IDS) are decreased in cancer epithelia in vivo and in culture.
(A) Scatter plot of dermatan sulfate (DS) levels normalized to total protein measured using ELISA in
HMLE, MCF-7 and MDA-MB-231 cells cultured in 3D Type 1 collagen scaffolds. (B) Scatter plot of IDS
mRNA levels in HMLE, MCF-7 and MDA-MB-231 cells cultured in 3D Type 1 collagen scaffolds, as
determined by real time PCR with 18S rRNA as internal control. (C) (left) Epifluorescence micrographs
of matched normal breast sections (top) and breast cancer tissues (bottom) stained for DNA (using
DAPI; blue), and IDS (using antibody; red), scale = 200 μm. (middle) 3D profile plots of IDS levels in
normal (top) and cancer (bottom) sections with bright colored peaks showing higher staining for IDS in
nontransformed cells. (right) Bar graph showing a statistically significant decrease in IDS levels in
breast cancer tissues compared with adjacent breast epithelial cells (50 cells, 5 fields, 2 sample sets).
(D) Confocal micrographs of HMLE, MCF-7 and MDA-MB-231 cells cultured on top of Type 1 collagen
scaffolds and stained for DNA (with DAPI; blue), F-actin (with phalloidin; pink), acidic compartment
(with antibody against LAMP2; green), and for IDS (antibody; red), scale = 20 μm. Significance was
measured using one-way ANOVA and student’s t test (* p < 0.05, ** p < 0.01, *** p < 0.001).

IDS mediates the first step of the degradation of DS, through hydrolysis of sulfate ester bonds
at the non-reducing end of 2-O-sulfo-α-l-iduronic acid [25]. Hypothesizing that the accumulation
of DS could be explained by a decrease in expression of IDS (based on reported decrease in mRNA
levels in human breast tissues with increased stage of cancer progression, specific histopathological
types, and increased lymph node metastasis in The Cancer Genome Atlas, Figure S4), we assessed
the transcript levels of IDS in breast cells cultured in Type 1 collagen scaffolds, using quantitative
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real-time PCR (qRTPCR): mRNA levels were highest in HMLE, followed by MCF-7 and lowest in
MDA-MB-231 (Figure 2B). The relatively higher levels of IDS have been earlier reported in the context
of non-invasive MCF-7 and T47D breast cancer cell lines [29]. We then performed immunohisto- and
cyto-chemical analysis to assess IDS protein levels in breast cancer epithelia in cancer tissues and
3D collagen cultures of cell lines, respectively. We found that IDS protein was highly expressed in
non-cancerous acinar epithelia with very sparse staining in cancer cells within the sections (Figure 2C).
In fixed and stained 3D cell cultures, HMLE showed highest levels of IDS, followed by MCF-7, with
sparse staining in case of MDA-MB-231. Given the known canonical localization of IDS in lysosomes,
we stained the acidic compartments of cells using LAMP-2. In both HMLE and MCF-7, the IDS signals
were colocalized with LAMP-2 (Figure 2D; no-primary antibody control for IDS staining is shown in
Figure S5). We then asked whether depletion of IDS within the non-invasive MCF-7 cells would affect
their morphological phenotype.

3.3. IDS Knockdown Leads to Higher DS Levels

Stable repression of IDS expression was carried out using cognate shRNA (two distinct clones),
through lentiviral transduction in MCF-7 cells. IDS knockdown was assessed using qRTPCR, which
showed that considerably lower mRNA levels in MCF-7 cells transduced for both shRNA clones
compared with control MCF-7 transduced with a scrambled shRNA in 3D Type I collagen cell cultures
(Figure 3A). Using immunocytochemistry, we also found a decrease in IDS protein levels in MCF-7 cells
transduced with either of the IDS shRNA clones, as compared to scrambled shRNA controls, when
the cells were cultured in Type I collagen (Figure 3B). It is pertinent to point out that we also noticed
a difference in cell shape concomitant with IDS perturbation: compared with the typical polygonal
shape of MCF-7 cells cultured on top of Type 1 collagen, IDS-depleted cells had a more spindle-like
appearance typical of mesenchymal cells. We then asked whether a decrease in IDS levels increases
sPG levels. IDS-depleted MCF-7 cells grown on Type 1 collagen, fixed and stained with Alcian blue,
showed significantly higher levels of sPGs, compared to scrambled shRNA transduced MCF-7 cells
(Figure 3C,D). We first assessed whether IDS knockdown also resulted in increased DS levels within
MCF-7 cells. This was confirmed using ELISA, in lysates of IDS-depleted MCF-7 cells compared with
scrambled shRNA controls when the cells were grown in 3D Type 1 collagen scaffolds (Figure 3E).

3.4. IDS Downregulation Increases Invasion of Mesenchymal MCF-7 Cells through Collagen Matrices

We next examined the effect of IDS depletion on the shape of MCF-7 cells cultured in 3D collagen
scaffold in greater detail using two-photon excitation fluorescence (TPEF) microscopy accompanied by
second harmonic generation (SHG) imaging with the help of F-actin stained cells. IDS-depleted cells
had numerous cytoplasmic projections from their surface which was found to be seen rarely in the case
of the polygonal control MCF-7 cells. In addition, collagen fibers, well organized around control MCF-7,
were found to be spatially coincident with cells upon IDS knockdown indicative of greater cell-matrix
interaction (Figure 4A). To further probe such interactive behavior, we cultured cells within transwells
coated with Type 1 collagen and assessed their propensity for invasion. IDS shRNA-transduced
MCF-7 cells showed significantly greater invasion compared to scrambled shRNA-transduced MCF-7
cells (Figure 4B). Kaplan–Meier plots for risk-free and overall survival showed that higher IDS levels
correlated with better prognosis among patients whose expression levels were curated within GEO,
EGA and TCGA databases [30] (Figure 4C,D).
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Figure 3. Decrease in IDS levels increases DS levels and alters the shape of MCF-7 cells. (A) Graphical
representation showing a downregulation of IDS mRNA levels in MCF-7 cells upon lentiviral
transduction of 2 shRNA clones, compared with scrambled control shRNA transduction, using
qRT-PCR. 18S rRNA was used as an internal control. (B) Confocal micrographs of MCF-7 cells with
scrambled- and IDS-specific shRNA transduction, stained for DNA (using DAPI, blue), F-actin (using
phalloidin, pink), acidic compartment (using anti-LAMP-2 antibody, green) and IDS (using anti-IDS
antibody, red). Depletion of IDS is accompanied with change in shape of MCF-7 cells from polyhedral
to a spindle-like morphology, scale = 10 μm. (C) Confocal micrographs of MCF-7 cells with scrambled-
and IDS-specific shRNA transduction, stained for DNA (using DAPI, blue), and sulfated proteoglycans
(using Alcian Blue, green), scale = 20 μm. (D) Scatter plot representation of the pixel intensities of
autofluorescent signals from Alcian Blue staining from 3C. (E) Scatter plot representation depicting
dermatan sulfate (DS) levels in control and IDS knockdown MCF-7 cells when cultured in 3D Type 1
collagen scaffolds, analyzed using ELISA. Levels are represented as scatter plots (mean ± SE of three
independent experiments). Significance was measured using one-way ANOVA (* p < 0.05).

3.5. DS-Type 1 Collagen Scaffolds Increase Invasion of Mesenchymal MCF-7 Cells

To assess whether the increased invasiveness of mesenchymal MCF-7 was a direct result of
elevated DS, or an indirect effect of the latter on Type 1 collagen polymerization, scratch assays were
performed wherein the ability of MCF-7 cells to fill a scratch were assessed in the presence or absence
of 50 μg/mL of DS added to the medium. In both cases, MCF-7 cells were unable to fill the scratch
(Figure 5A). On the other hand, in transwells coated with Type 1 collagen, which was polymerized
in the presence of 50 μg/mL of DS, MCF-7 cells showed greater invasion compared with controls
(Figure 5B,C). Assessed with TPEF microscopic imaging of F-actin, MCF-7 cells grown on top of
DS-spiked Type 1 collagen scaffolds also exhibited a more mesenchymal phenotype with several
cytoplasmic protrusions (Figure 5D).
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Figure 4. Low levels of IDS increase invasion of MCF-7 and correlate with poorer prognosis of breast
cancer patients. (A) Two photon micrographs of MCF-7 control cells (left) and with IDS knockdown
(right) showing phalloidin staining of actin cytoskeleton (top) and second harmonic generation signals
(bottom), scale = 10 μm. (B) Epifluorescence micrographs of the invasion of MCF-7 cells stained
for DNA (using DAPI), lentivirally transduced with scrambled shRNA and 2 shRNA clones against
IDS through transwells coated with Type 1 collagen. DAPI was used as indicator of invaded cells.
Graphical representation of the number of invaded cells shown in 4B. (C,D) Kaplan–Meier plots of
risk-free survival and overall survival, respectively, reveal a significant correlation between higher IDS
expression and better survival (lines in graphs represent mean ± SE of 2–3 independent experiments).
Significance was measured using one-way ANOVA (* p < 0.05).
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Figure 5. Increase in DS levels phenocopies IDS depletion and increases MCF-7 invasion.
(A) Epifluorescence micrographs showing lack of migration of MCF-7 within scratches made in
monolayers (left, control; right, upon treatment with 50 μg/mL Dermatan Sulfate (DS)). The cells
were visualized by staining DNA using DAPI. (B) Epifluorescence micrographs showing invasion of
MCF-7 through Type 1 collagen-coated transwells (top, control; bottom, transwells coated with Type 1
collagen scaffold polymerized in the presence of 50 μg/mL DS). The cells were visualized by using DNA
stain DAPI. (C) Scatter plot showing the number of invaded cells in 5B. (D) Two-photon micrographs
of MCF-7 cells cultured in 3D Type 1 collagen scaffold (left) and in 3D Type 1 collagen scaffolds
polymerized in the presence of 50 μg/mL DS (right) showing F-actin staining (using phalloidin, red)
(lines in graphs represent mean ± SE of three independent experiments). Significance was measured
using Student’s t test (* p < 0.05).

4. Discussion

The last decade has seen unprecedented advances in our understanding of the mechanical
cues exchanged between cancer epithelia and their matrix microenvironments [31]. Malignantly
transformed cells mount a complex response on their surrounding matrix glycoproteins that are
part of the basement membranes and the surrounding collagen-rich stroma. The response consists
of direct degradation of protein and glycan molecules through upregulation of proteases (such as
MMPs) and glycosidases (such as heparanases) [32,33]. Degradation may also be mediated through the
activation of tissue-resident fibroblasts which can remodel the matrix within the cancer niche [34,35].
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Distinct from degradation, cancer cells and activated fibroblasts also secrete unique matrix proteins
into their surrounding milieu. The proteins are referred to as the cancer matrisome and may serve as
unique signatures for diagnosis and prognosis of cancer [36,37]. The cancer matrisome differs from
untransformed cell secreted matrices not just in their proteomic composition but also in their glycan
content. The latter in turn alters the patterning and linkages between matrix proteins resulting in
specific mechanical changes in the cancer microenvironment [38]. What is the nature of such glycans
and how are they upregulated?

To address these questions, we examined the effect of a specific GAG: dermatan sulfate in
tumor environments. The rationale for choosing DS was twofold: Firstly, proteoglycans bearing
DS such as decorin alter collagen fiber patterns. Secondly, unlike heparan sulfates, the role of DS
still remains ill-understood in the context of carcinomatosis. In consonance with our hypothesis,
the expression levels of DS-degrading enzyme IDS were depleted in all histological types of cancers
when examined in the TCGA database and observed to be decreased in invasive malignant epithelia
compared with non-invasive or untransformed breast epithelia. This was concomitant with an increase
in DS levels within the extracellular milieu. The decrease in levels of IDS in non-invasive MCF-7 cells
not only increased their invasion, but also the shape of these cells on collagen matrices, polygonal
in control cells, underwent a change to a more mesenchymal type with cytoplasmic protrusions.
The incorporation of GAGs has been elegantly shown to alter cell-ECM interactions and induce the
acquisition of mesenchymal phenotype [39]. The transformation in cellular phenotype is therefore,
likely the consequence of the upregulation in DS levels and its alteration in polymerization pattern of
Type 1 collagen. This is because MCF-7 cells cultured in Type 1 collagen that was polymerized in the
presence of DS, also showed an increase in cell invasion and mesenchymal cell shape. To examine
the effect of DS on collagen polymerization, we examined the control and IDS-depleted MCF-7 cells
grown on Type 1 collagen scaffolds using SHG microscopy. We detected a clear separation between
control MCF-7 cells and surrounding collagen fibers. On the other hand, SHG signals of fibers were
intermingled with cells that had depletion of IDS, suggesting greater interaction between cells and
extracellular matrix (ECM). Our findings suggest that the presence of DS in Type I collagen changes
the rheological properties, making it more permissive to better cell-matrix adhesion and invasion. In
line with this, preliminary observations using atomic force microscopy indicate an increase in stiffness
of DS-spiked Type 1 collagen matrix when compared with unspiked control matrix (Figure S6).

Our observations suggest that DS secreted by transformed cells can alter the mechanical properties
and polymeric arrangement of surrounding collagen fibers leading to enhanced cell matrix interaction
and mesenchymal migration. Our findings raise several important questions. Does the alteration in
collagen polymer patterning as a result of increased DS further feedback on IDS expression? Important
observations by workers in the field show that fibroblasts grown in 3D embedded in collagen make
more DS than HS, with the latter bound to the collagen fibers [19]. However, it is not known if this
increase in DS is through the downregulation of IDS.

Second, in what way does DS alter the patterns of Type 1 collagen in order to bring about an
increase in invasiveness of cancer epithelia? DS consists of iduronic acid, which, being inherently more
flexible than glucuronic acid, can bind to its cognate binding partners much more strongly [40,41]. DS
is known to bind to growth factors [42]. Therefore, high levels of DS in the collagenous milieu may
also enhance the sequestration of growth factors in the vicinity of cells leading to better availability of
these ligands for cell proliferation and migration.

Finally, we asked how the presence of DS in the collagen allows the cells to stretch and change
its shape. It is possible that DS, while increasing stiffness of Type 1 collagen scaffold, also alters the
interfacial tension between the cells and matrices allowing for a greater optimal contact between the
cell and their surrounding fibers. The increase in sulfation of GAGs in concurrence with epithelial to
mesenchymal transition (EMT) has previously been reported. Maupin and coworkers, using a diverse
set of pancreatic cancer cell lines and Alcian blue, found that mesenchymal cancer cells show increased
sulfation. Inducing EMT in Panc-1 mesenchymal-like cell line with TGFβ also led to a significant
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increase in overall levels of sulfation by altering the expression of sulfotransferases [43]. Our study is
complimentary to these efforts in demonstrating that not only the increase in sulfotransferases, but also
a depletion of sulfatases may lead to EMT. Future experimentations will be devoted to elucidation of
the mechanochemical effect of DS on collagen fibrillogenesis as well as investigating the effects of DS
on expression of cell adhesion molecules and cytoskeletal elements that determine cell shape change.

5. Conclusions

We conclude by proposing that the progression towards invasiveness of transformed breast
epithelia is associated with an appropriate decrease in desulfation of dermatan sulfate (DS)
proteoglycans leading to their accumulation within their surrounding stromal collagen-rich matrix.
The accumulated DS modifies Type 1 collagen and potentiates the invasion of breast cancer cells.
Therefore, our findings potentially open a new window for therapeutic targeting of dermatan sulfates
in order to decrease the burden of cancer metastasis and invasion.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/10/1562/s1,
Figure S1: Bright field (left) and laser confocal (right) micrographs of the same field of Alcian blue-stained MCF-7
cells cultured on top of 1 mg/mL Type 1 collagen gels. Images show that the levels of green autofluorescence
signals correspond to the intensity of Alcian blue staining in the brightfield. Scale bar = 50 μm, Figure S2: Scatter
plot of DMMB assay depicting levels of sulfated glycosaminoglycans (GAGs) in HMLE, MCF-7 and MDA-MB-231
cells grown in 3D Type-I collagen scaffolds. (Data is mean ± SE of three independent experiments). Significance
was measured using one-way ANOVA (* p < 0.05, ** p < 0.01), Figure S3: Scatter plot showing pixel intensities
of Alcian blue autofluorescence in stained HMLE, MCF-7 and MDA-MB-231 cells cultured on top of 1 mg/mL
Type 1 collagen gels. Each spot represents autofluorescent signal from single cells from all three independent
experiments. Significance was measured using student’s t-test (** p < 0.01, (*** p < 0.001), Figure S4: Graphs
of stage-specific, histotype-specific, and lymph node-metastasis-specific mRNA levels of IDS in breast cancer
patients from TCGA presented in its graphical user interface UALCAN, Figure S5: Confocal micrographs of
MCF-7 cells with no primary antibody (negative control) grown on Type 1 collagen scaffolds and stained for
F-actin and DNA, Scale = 20 μm, Figure S6: Graph showing median elastic modulus of Type 1 collagen measured
by atomic force microscopy and its interquartile distribution, when polymerized without and in the presence of
50 μg/mL dermatan sulfate (DS).
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Abstract: The majority of the cancer-associated deaths is due to metastasis—the spread of tumors
to other organs. Circulating tumor cells (CTCs), which are shed from the primary tumor into
the circulation, serve as precursors of metastasis. CTCs have now gained much attention as a
new prognostic and diagnostic marker, as well as a screening tool for patients with metastatic
disease. However, very little is known about the biology of CTCs in cancer metastasis. An increased
understanding of CTC biology, their heterogeneity, and interaction with other cells can help towards a
better understanding of the metastatic process, as well as identify novel drug targets. Here we present
a novel ex vivo 3D system for culturing CTCs from breast cancer patient blood samples using porous
poly(ε-caprolactone) (PCL) scaffolds. As a proof of principle study, we show that ex vivo culture of
12/16 (75%) advanced stage breast cancer patient blood samples were enriched for CTCs identified
as CK+ (cytokeratin positive) and CD45− (CD45 negative) cells. The deposition of extracellular
matrix proteins on the PCL scaffolds permitted cellular attachment to these scaffolds. Detection of
Ki-67 and bromodeoxyuridine (BrdU) positive cells revealed proliferating cell population in the 3D
scaffolds. The CTCs cultured without prior enrichment exhibited dynamic differences in epithelial
(E) and mesenchymal (M) composition. Thus, our 3D PCL scaffold system offers a physiologically
relevant model to be used for studying CTC biology as well as for individualized testing of drug
susceptibility. Further studies are warranted for longitudinal monitoring of epithelial–mesenchymal
transition (EMT) in CTCs for clinical association.

Keywords: circulating tumor cells (CTCs); breast cancer; 3D culture; epithelial-mesenchymal
heterogeneity
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1. Introduction

Most of the cancer-related mortality is caused due to metastasis—the spread of cancer to secondary
vital organs [1,2]. This is a complex phenomenon involving dissemination of cells from the primary site,
intravasation into the circulatory system followed by extravasation, and finally successful colonization
in secondary tumor sites such as liver, lung, bone and brain [1,2]. Cancer that is diagnosed at the
primary site is relatively easier to manage compared to those with metastatic lesions. Circulating tumor
cells (CTCs) derived from either the primary or metastatic tumors serve as precursors of metastasis [3].
To begin to understand the biology of CTCs and their role in the metastatic process, it is important to
culture CTCs in a suitable microenvironment that recapitulates their physiological features.

CTCs represent an extraordinarily rare population in the milieu of billions of blood cells, and hence,
their identification and isolation pose critical impediments to their characterization [4]. In the past
decade or so, several technologies have come up to isolate and detect CTCs. Broadly CTC detection is
done by two methods, one involving pre-enrichment with markers, and the other without enrichment,
which is also known as direct detection of CTCs. The reported technologies for direct detection include
(1) line-confocal microscopy and (2) surface-enhanced Raman scattering nanoparticles (SERS) [5,6].
On the other hand, marker-based pre-enrichment methods include several techniques, for example,
Cell Search™, Dynabeads® CD45, EPISPOT (EPithelial ImmunoSPOT), ClearCell® FX1 System,
Herringbone CTC-Chip, CTC-iChip, DEPArray™ System, etc. [4,7–9]. However, pre-enrichment results
in the loss of CTCs that do not express the chosen markers. Further, several detection techniques
involve cell-fixation which does not allow subsequent CTC expansion for biological characterization
including stemness, drug resistance, etc. In addition, most of these methods detect only low numbers
of CTCs (<20%) [10]. Hence, there is an unmet need to establish a robust method with improved
efficiency for CTC enrichment to enable a better understanding of their biology.

Conventional two-dimensional (2D) culture system suffers from major limitations in terms of
altered cellular morphology, motility, polarity and other functional aspects. When grown on a 2D
substrate, cells lose their in vivo morphology and importantly their cell–cell and cell–matrix interactions.
Further, stiffness of materials typically used for 2D cell cultures, such as tissue culture polystyrene
(TCPS) and glass, are several orders of magnitude (GigaPascals) higher than the stiffness of human
tissues (kiloPascals) [11]. In addition, studies have also demonstrated altered signaling in cancer cells
when cultured in 2D platforms [12]. Therefore, we sought to develop a three-dimensional (3D) culture
system to enrich and expand the rare population of CTCs.

Three-dimensional culture systems have been widely explored to study breast cancer over the past
three decades. A variety of 3D gel-based matrices like collagen, Matrigel, laminin-rich extracellular
matrix (lrECM), fibrin, etc., have been routinely used to mimic cell-basement membrane interactions.
However, the abundance of ECM already present in these matrices reduces the secretion of native ECM
molecules by cancer cells [12,13]. To overcome these limitations, we recently developed a 3D porous
scaffold synthesized using a synthetic biomaterial, poly(ε-caprolactone) (PCL) that better mimics
the architecture and stiffness of breast tumors, and enables deposition of native ECM [13]. Our 3D
culture system showed improved cell–cell and cell–matrix interactions. Furthermore, global microarray
analysis revealed that cancer cells cultured in this 3D scaffold are able to maintain increased stemness
and epithelial–mesenchymal transition (EMT) properties, and show closer association to in vivo tumor
growth than conventional 2D cultures on TCPS [13]. Thus, this 3D porous PCL scaffold system offers a
superior model system to mimic the native tumor microenvironment.

In this study, we have exploited the 3D porous PCL scaffold to enrich CTCs derived from breast
cancer patient blood samples without any prior enrichment. We have previously shown that culture
of patient blood cells under hypoxic conditions for 14 days in laser ablated microwells helps in
the enrichment of CTC subpopulation from RBC lysed nucleated cell fraction [14] Using various
lineage-specific markers, we further showed gradual depletion of other blood cell lineages with
time [14] More recently, we used a similar strategy to expand CTCs in agar-microwells [15]. However,
being inert, agar does not allow deposition of extracellular matrix. Therefore, here, we established a 3D
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PCL scaffold-based method, which better mimics the native cellular in vivo environment and allows
ECM deposition, for culturing CTCs from RBC-depleted nucleated cell pellets of advanced breast
cancer patient samples under hypoxic conditions. We detected CK-positive and CD45-negative CTCs
in 12/16 patient samples using this culture method. We detected the deposition of thread-like and
sheet-like ECM on the scaffold providing a substratum for cells to adhere and proliferate. Our study
shows intra-patient and inter-patient heterogeneity with respect to the epithelial (E) and mesenchymal
(M) characteristics suggesting a dynamic EMT spectrum in CTCs. Thus, we established a unique model
system by creating in vivo-like functionality to culture CTCs from whole blood samples without prior
enrichment. Our model may provide a versatile system for studying CTC biology as well as in the use
of a number of downstream exciting applications for the clinical utility of CTCs.

2. Materials and Methods

2.1. Patients Sample, Blood Collection and Processing

Blood samples were collected from 16 chemo-naïve metastatic breast cancer patients. This study
was approved by the institutional review board at Indian Institute of Science (IISc) and at the Kidwai
Memorial Institute of Oncology (KMIO/MEC/017/23.March.2017, KMIO/MEC/018/23.March.2017,
KMIO/MEC/011.November.2016). All patients gave their informed consent for the completion of
the study. Among 16 patients (median age of breast cancer patients = 50.5), 31 patients were ER/PR
positive (81.25%), 2 patients were triple negative (12.5%), and 8 patients were HER-2 positive (50%).
Out of all these 16 patients with breast cancer, 1 patient had only brain metastasis (6.25%), 14 patients
had liver, lung and bone metastasis (87.5%), and 3 patient had contralateral axillary and lymph
node metastasis along with lung/liver/bone metastasis (Supplementary Table S1). Clinicopathological
information was recorded for each patient. Blood sample (~10 mL) was collected at a single draw in
chemo-naïve conditions. All the samples were collected in sterile EDTA-coated vacutainer tubes (BD)
and maintained at 4 ◦C until processing.

Blood samples were processed within 3–6 h of withdrawal to avoid blood clotting and to maintain
cell viability. In order to isolate nucleated cells, plasma and blood cells were separated from whole
blood by centrifuging at 1200 rpm for 10 min. Blood cells were then treated with chilled red blood
cell (RBC) lysis buffer (154 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) at a ratio of 1:5 with a
gentle-mixing followed by incubation at room temperature (25 ◦C) for 15 min. Next, the whole
content was centrifuged at 1200 rpm for 10 min at room temperature to remove lysed RBC fragments.
The leftover, largely nucleated cells following RBS lysis were resuspended in fresh Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich, Saint Louis, MO, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, Invitrogen, Carlsbad, CA, USA) containing antibiotics streptomycin sulphate and
benzylpenicillin at final concentrations of 100 μg/mL and 100 U/mL, respectively. Each processed
sample was split into multiple wells of a 96-well plate (~10 mL RBC-lysed blood was distributed into 5
or 6 wells).

2.2. Preparation of 3D Scaffold System

Fabrication of 3D PCL porous scaffolds is mentioned in detail elsewhere [13]. Briefly, sodium
chloride (Fisher scientific, Hampton, Hampshire, USA) crystals of a defined size range of 250–425 μm
were used as the porogen. PCL (average molecular weight Mn = 80,000 g/mol; Sigma) was dissolved
in chloroform and added on to the salt bed in 96 polypropylene plate. Finally, it was vacuum dried,
and the salt was leached in dH2O for three consecutive days with daily change of water to completely
leach the salt. Subsequently, the morphology, pore size and pore interconnectivity were confirmed
by scanning electron microscopy (SEM). Finally, scaffolds were made sterile using 70% ethanol wash
followed by UV exposure for 30 min before using for tissue culture.
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2.3. Culture of CTCs in 3D PCL Scaffolds

The RBC-lysed nucleated cells were seeded in scaffolds and maintained at 37 ◦C in 5% (v/v) CO2

and 1.1% O2 under humidified conditions. Each processed sample was split into multiple wells of a
96-well plate (~10 mL RBC-lysed blood was distributed into 5 or 6 wells). The culture medium (DMEM
+ 10% FBS) was changed after 72 h the first time after seeding, followed by every alternative day up to
14 days.

2.4. Immunophenotyping of Cells

Cells and scaffolds were fixed with 3.7% formaldehyde for 15 min and permeabilized with 0.2%
Triton X-100 for maximum 10 min followed by three washes with PBST (0.05% Tween 20 in 1× PBS)
each for 5 min. Blocking was done with blocking buffer (0.2% fish skin gelatin: FSG, 0.01% Tween 20,
0.2% sodium azide: NaN3) for 45 min. Primary antibodies were used at 1:200 dilutions for overnight
at 4 ◦C. Excess antibodies were removed by giving three washes with PBST each for 5 min. Secondary
antibodies were used at 1:200 dilutions and incubated at dark for 2 h at room temperature. In some
studies, Phalloidin conjugated with Alexa Fluor™ 488 and Alexa Fluor™ 546 were used for 2 h in
dark. Counterstaining for nucleus with Hoechst 33342 was done by incubating for 5 min in dark.
All the samples were imaged using epifluorescence (Olympus IX71) or confocal laser (Olympus
FV10i/Olympus FV3000/Leica SP8) microscope. Image processing was performed by ImageJ software.

2.5. Study of Cell Morphology by Scanning Electron Microscopy (SEM)

RBC-depleted nucleated cells from patient blood sample cultured in scaffolds were fixed with
2.5% glutaraldehyde for 12 h at 4 ◦C. The cell-laden scaffolds were then dehydrated in a gradient of
ethanol, 30, 50, 70, 90, and 100%, each for a period of 10 min. The samples were completely air-dried
and gold-coated by means of sputtering apparatus before observation to avoid charging under the
electron beam. The samples were analyzed using SEM microscopy (JEOL SEM, Peabody, MA, USA).

2.6. Bromodeoxyuridine (BrdU) Assay for Cell Proliferation in 3D PCL Scaffolds

2.6.1. Immunofluorescence-Based BrdU Assay

For immunostaining, RBC-depleted nucleated cells cultured in 3D PCL scaffolds (at day 7,
day 14) were permeabilized with 0.2% Triton X-100 on ice for 90 sec followed by fixation with 3.7%
formaldehyde at RT. Cells were denatured with denaturing solution (2N HCl, 0.5% Triton X-100) for
30 min at RT, followed by blocking (0.5% BSA, 0.5% Triton X-100) for 30 min at RT. Primary anti-BrdU
was used at 1:1000 dilution for 2 h at RT. Excess antibodies were removed by washing thrice with
PBST. Secondary antibody was used at 1:200 dilution for 1 h at RT in dark, followed by three washes
with PBST. Finally, counterstaining for nucleus was done with Sytox green (Invitrogen, Carlsbad, CA,
USA) for 5 min at RT in dark. Imaging was done in Leica SP8 confocal laser microscope. Images were
processed with ImageJ software.

2.6.2. Colorimetry-Based BrdU Assay

RBC-depleted nucleated cells from blood samples of breast cancer patients were cultured in 3D
PCL scaffolds for different day points (day 3, day 7, day 14) under hypoxic condition. MDA-MB-231
cells were cultured under a similar condition which was taken as control. Further, similar cells were
cultured in 2D culture system for 24 h under normoxia which was taken as the 2D control. On the
particular day point, BrdU label (1:2000 dilution in tissue culture media) was added and left for 48 h
for incubation inside the incubator. Scaffolds containing cells were then fixed and denatured using
fixative or denaturing solution (Calbiochem QIA58) by incubating for 30 min at room temperature (RT).
Primary anti-BrdU antibody was used at 1:100 dilutions for 1 h at RT. Excess antibody was removed by
using 1× wash buffer, provided with the kit. HRP conjugated secondary antibody was used at 1:1000
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dilution for 30 min at RT followed by three washes with wash buffer. Wells were flooded with ddH2O.
Next, the substrate (TMB-tetramethylbenzidine) was added in the well and was incubated in dark
for 15 min at 37 ◦C which resulted in a change of color of the solution to blue. Finally, stop solution
was added which turns the solution yellow colored. Absorbance was measured at dual wavelengths,
450 nm and 595 nm, within 30 min of adding stop solution.

3. Results

3.1. Culture of Breast Cancer Patient-Derived Cells in 3D PCL Scaffolds

In an attempt to establish CTC culture in 3D porous PCL scaffolds, blood samples were collected
from 16 chemo-naïve breast cancer patients clinically diagnosed with brain, liver or lung metastases
(Supplementary Table S1). Three-dimensional PCL scaffolds were fabricated as per the standardized
protocol [13] (Supplementary Figure S1A). Following the separation of plasma from blood cells and RBC
lysis, the nucleated cell pellet was resuspended in media and seeded in 3D PCL scaffolds (schematic in
Figure 1A). After 14 days, the scaffold culture was stained and imaged. Fluorescence micrographs
showed positivity for nucleus and F-actin, revealing the presence of nucleated cells (Supplementary
Figure S1B). These observations were corroborated with scanning electron microscopy with SEM
micrographs showing the presence of fewer cells after 3 days and 7 days of culture (Figure 2Ai,ii),
which gradually increased by 14 days of culture (Figure 2Aiii,iv). We also observed the presence of
cells attached to scaffolds by day 7 of culture (yellow arrow, Figure 2Aii) and the presence of cell
clusters by day 14 of culture in 3D PCL scaffolds (blue arrow, Figure 2Aiii) as well as intercellular
connections (red arrow, Figure 2Aiv). Interestingly, we noted the deposition of thread-like (Figure 2Bi)
and sheet-like (Figure 2Bii) extracellular matrix (ECM) in the scaffold culture. Immunostaining for
the ECM protein laminin confirmed ECM deposition by cells on the PCL scaffold (Figure 2C). These
observations suggested the significant capture and expansion of nucleated cells from the blood in 3D
PCL scaffolds.

Figure 1. Workflow of culturing breast cancer patient blood-derived cells in 3D poly(ε-caprolactone)
(PCL) scaffolds. Schematic showing the culture method of breast cancer patient blood samples for
culturing circulating tumor cells (CTCs).
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iii. iv.

Figure 2. Detection of cell clusters and extracellular matrix (ECM) deposition in 3D PCL scaffolds.
(Ai–iv) SEM micrographs showed the presence of increasing numbers of cells in day 3, day 7 and day
14 cultures of red blood cell (RBC)-depleted nucleated cell pellet of patient samples cultured in 3D
PCL scaffold (yellow arrows). Formation of clusters (iii) (blue arrow) and the presence of intercellular
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contacts (iv) (red arrows) was detected after 14 days of culture. Scale bar represents 20 μm. Images are
representative of 6 patient samples. (B) Scanning electron microscopy analysis revealed the deposition
of thread-like (i) and sheet-like (ii) ECM (green arrows). Images are representative of 4 patient samples.
(C) Cells were immunostained for ECM protein Laminin (red); nucleus counterstained with Hoechst
33342 (pseudocoloured green). Imaging was performed using confocal microscope and maximum
intensity projections are shown. Scale bar represents 100 μm. Minus primary antibody served as
negative control and did not show staining; data not shown.

3.2. Detection of CK-Positive and CD45-Negative Cells in 3D Scaffold Cultures

CTCs immunocaptured by epithelial cell adhesion molecule (EpCAM) antibodies in devices
including FDA-approved CellSearch are often identified as cytokeratin (CK)-positive and CD45-negative
cells [16–18]. Therefore, we sought to identify CK+/CD45− cells in 3D PCL scaffolds by dual staining.
We undertook immunostaining for panCK and CD45 concomitant with a nuclear counterstain (Hoechst
33342). Confocal microscopy confirmed the presence of panCK-positive and CD45-negative cells
derived from blood samples of breast cancer patients (Figure 3). Thus, the detection of CK-positive
and CD45-negative cells confirmed the presence of breast cancer patient-derived CTCs in the 3D PCL
scaffolds. In addition, we also observed CK+ cells surrounded by CD45+ cell.
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Figure 3. Identification of CK-positive and CD45-negative CTCs in breast cancer patient blood samples
cultured in 3D PCL scaffold. Immunostaining shows the presence of panCK+/CD45− CTCs in day 14
cultures of patient blood samples cultured in 3D PCL scaffolds. Top panel shows negative control (minus
primary antibody). Middle and bottom panels show immunostaining done on two different patient
samples. Yellow arrows indicate panCK+ and CD45 negative CTCs while blue arrows indicate CD45
positive leucocyte lineage cells. White arrow shows CK+ cells surrounded by CD45+ cells. Imaging
was performed using confocal microscope, and maximum intensity projections are shown. Inset
shows higher magnification. Scale bar represents 40 μm. Images are representative of 7 independent
patient samples.
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3.3. Cell Proliferation in 3D PCL Scaffolds

After establishing a novel 3D system to culture CTCs from patient-blood derived nucleated cells,
we tested whether this culture system facilitates cell proliferation. After testing the expression of Ki-67,
a proliferative marker, in actively dividing MDA-MB-231 cells as a positive control (Supplementary
Figure S2A,B) we checked the expression of Ki-67 in the RBC-depleted nucleated cells cultured in
the PCL scaffolds for 14 days. Fluorescence images revealed distinct nuclear localization of Ki-67
(Figure 4A), suggesting that these cells are actively proliferating in 3D PCL scaffolds. This observation
was confirmed in 2 independent breast cancer patient samples cultured in the scaffolds.

Nucleus MergedBrdU

Figure 4. Active cell proliferation in breast cancer patient-derived cells cultured in 3D PCL scaffolds.
(A) Fluorescence images of Ki-67 positive patient blood cells harvested after 14 days of culture in 3D

50



J. Clin. Med. 2019, 8, 1473

PCL scaffolds. Cells were stained for nucleus (Hoechst 33342, blue), Ki-67 (red). Images are
representative of 2 independent patient samples. (B) Patient-derived cells were exposed to a single
pulse of 50 μM BrdU on day 7 and day 14 of culture and harvested after 48 h for immunostaining for
BrdU incorporation. Fluorescence images show BrdU-positive cells (red), stained for nucleus (Sytox
green); blue arrows show the merge. Imaging was performed using confocal microscope and maximum
intensity projections are shown. Scale bar represents 40 μm (A,B). (C) Graph shows BrdU incorporation
in patient-derived cells over time (day 3, day 7, day 14) in culture as measured by colorimetry. Images
are representative of 2 independent patient samples.

To further confirm active cell proliferation, we performed BrdU-based cell proliferation assay. After
exposing day 7 and day 14 cultures to BrdU for 48 h, we did immunostaining using anti-BrdU-specific
antibodies. We detected around 10 out of 30 cells (per field) as BrdU-positive cells (blue arrows)
by 7 days of culture, whereas approximately 20 out of 30 cells were BrdU-positive by 14 days of
culture (Figure 4B). Further, we performed a colorimetry-based assay to validate the fluorescence-based
observation of BrdU incorporation. We exposed cells cultured in the 3D scaffold to BrdU label for 48 h
at different time points, including day 3, day 7 and day 14. The graph revealed a gradual increase in
BrdU incorporation (based on relative absorbance) (Figure 4C). Together, these data revealed active
cell proliferation in 3D PCL scaffolds.

3.4. Epithelial (E) and Mesenchymal (M) Heterogeneity in Patient-Derived CTCs

Since our CTC culture strategy did not involve a prior enrichment with epithelial markers such
as EpCAM, we exploited this system to investigate whether CTC subsets enriched by growing in
3D PCL scaffold showed the presence of epithelial (E) and mesenchymal (M)-type cells. For this,
we analyzed the expression of sets of epithelial and mesenchymal markers. We selected a series
of epithelial (panCK/CK18/ZO-1/E-cad) and mesenchymal marker (N-cad/Vimentin) markers which
were first confirmed across breast cancer cell lines (Supplementary Figure S3A,B). Immunostaining of
CTCs cultured in PCL scaffolds for the aforementioned markers revealed the presence of differential
expression of both E- and M-type markers within the same patient, as well as across different patients
(Figure 5). The result showed dual expression of both epithelial and mesenchymal markers suggesting
the existence of intermediate EMT phenotype (Figure 5). Notably, M-type marker expression was more
in most of the patient samples, suggestive of an intermediate mesenchymal phenotype, which well
correlated with our earlier observation where we saw intermediate mesenchymal scores for the breast
CTCs [19].
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Nucleus N-cad MergedE-cad

Nucleus Vimentin MergedE-cad

Nucleus N-cad MergedZO-1

Nucleus MergedCK-18

Figure 5. E-M characterization of CTCs derived from blood samples of breast cancer patients.
Immunostaining revealed the presence of epithelial (E)-type CTCs expressing E-cad, ZO-1, or CK18
(green), and mesenchymal (M)-type CTCs expressing vimentin or N-cad (red). Cells were stained for
nucleus (Hoechst 33342, blue). Imaging was performed using confocal microscope and maximum
intensity projections are shown. Scale bar represents 40 μm. Images are representative of 4 independent
patient samples.

To further address E-M heterogeneity, we first confirmed the dual expression of a combination of
E (pan-CK)- and M (vimentin)-type markers across breast cancer cell lines MCF 7 and MDA MB 231
(Supplementary Figure S4). Dual immunofluorescence of panCK and vimentin on day 14 cultures
of patient-derived CTCs showed the presence of heterogeneous expression of E and M markers
(Figure 6A). A detailed analysis of the images revealed 5 categories of cells ranging from E (exclusively),
E > M, E = M, M > E, M (exclusively) (Figure 6B) suggesting dynamic changes in epithelial and
mesenchymal composition, similar to a recent report [20]. This dynamic E-M heterogeneity and the
existence of intermediate/hybrid cells is supported by recent literature [21,22].
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Figure 6. E-M heterogeneity and intermediate phenotypes in breast cancer patient-derived CTCs.
(A) Co-staining for panCK and vimentin in patient-derived CTCs revealed the presence of marked
heterogeneity with respect to E and M marker expression. (B) Representative fluorescence images
of 5 different types of CTCs: E (exclusively), E >M, E =M, M > E and M (exclusively). Cells were
counterstained for nucleus (Hoechst 33342, blue), E-type markers (green), and M-type markers (red).
Imaging was performed using confocal microscope and maximum intensity projections are shown.
Scale bar represents 40 μm (A). Images are representative of 2 independent patient samples.

4. Discussion

CTCs are considered as surrogate markers for monitoring and evaluating patient treatment
responses. Current advances in technology have enabled us to isolate these rare CTC populations.
However, the real challenge lies in the successful expansion of these cells in culture conditions.
Our group has previously established laser-ablated microwells-based method for the rapid expansion
of CTCs [14]. Recently, we improvised the method using agar rather than tapered microwells to
culture these cells [15]. However, 2D culture methods are incompetent to mimic natural structural
organization. They also exhibit compromised morphology and differentiation. Also, deposition of the
extracellular matrix is critical for proper attachment and proliferation. Several 3D scaffolds either use a
material like agar, which fails to allow ECM deposition, or matrigel, which has an abundant ECM that
might not mimic the environment faced by CTCs at the secondary site. To overcome these concerns,
we developed a 3D culture method using 3D porous PCL scaffolds which allowed deposition of ECM
from the cells derived from patient samples and enabled the culture of CTCs.

When RBC-depleted nucleated cell pellets from whole blood from breast cancer patient samples
were cultured in the 3D porous PCL scaffolds, we observed cell clusters which were positive for F actin.
Our SEM micrographs revealed the presence of ECM deposition on the PCL scaffolds. This observation
was confirmed by immunostaining for Laminin protein, a component of the extracellular matrix. In this
study, SEM micrographs have revealed the formation of inter-cellular connections and tumor like
masses or tumoroids derived from nucleated patient-blood samples. CTCs are typically identified
based on the expression of epithelial markers such as keratins, EpCAM and the absence of common
leukocyte marker CD45 [23]. In accordance with this, we noted the presence of pan-cytokeratin
positive and CD45 negative cells in our 3D cultures. We cannot rule out the possibility that these are
epithelial tumor cells engulfed by fibroblasts and macrophages; further characterization needs to be
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done to rule this out. However, recent reports have suggested the existence of E-M heterogeneity
based on the expression of both epithelial and mesenchymal markers [24]. We further characterized
the epithelial and mesenchymal properties of CTCs in 3D PCL scaffolds. Our results indicated dual
expression of both epithelial (pan CK) and mesenchymal markers (vimentin), revealing the presence
of intermediate/hybrid EMT phenotype. Moreover, we also observed differential expression holds
true for several other markers including E-cadherin, ZO-1, N cadherin and vimentin as well. Further
investigation is required to validate the same with various histological subtypes of breast cancers
(based on ER/PR/HER2 status).

The breast cancer patient-derived CTCs effectively reflect inter- and intra-patient heterogeneity in
terms of E or M markers expression. Additionally, cell proliferation assays confirmed the expansion of
viable nucleated cells in 3D culture system. Although our data showed proliferating cell population,
and we have previously demonstrated the gradual depletion of other lineage cells [14], it still remains
to be confirmed if CTCs are indeed proliferating in these scaffolds by undertaking a co-staining staining
for Pan-CK, CD45, and Ki67. The proliferating cells as observed by Ki67 and BrdU positivity in
our study could include both CTCs as well as other cell types, such as cancer associated fibroblasts
and macrophages, which may provide a suitable microenvironment for the enrichment of CTCs.
Nevertheless, our study revealed visualization of viable cytokeratin positive/CD45 negative cells,
and the detection of ZO-1 alone and ZO-1/N-cad double positive cells in these scaffolds by the end
of 14 days in culture. Thus, our study shows that culture of RBC-lysed, nucleated cells from patient
blood in 3D-PCL scaffold can serve as a novel system for culturing CTCs. Taken together, our study
has demonstrated an easy but effective 3D culture method for in vitro culture and possible expansion
of CTCs. Hence, this could serve as an excellent platform for a deeper study of CTC biology and
metastasis. Taken together, we conclude that our novel ex vivo 3D culture system would provide a
more reliable system for future personalized drug-screening for cancer patients.
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this study.
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Abstract: Epithelial–mesenchymal plasticity (EMP), encompassing epithelial–mesenchymal transition
(EMT) and mesenchymal–epithelial transition (MET), are considered critical events for cancer
metastasis. We investigated chromosomal heterogeneity and chromosomal instability (CIN) profiles
of two sister PMC42 breast cancer (BC) cell lines to assess the relationship between their karyotypes
and EMP phenotypic plasticity. Karyotyping by GTG banding and exome sequencing were aligned
with SWATH quantitative proteomics and existing RNA-sequencing data from the two PMC42 cell
lines; the mesenchymal, parental PMC42-ET cell line and the spontaneously epithelially shifted
PMC42-LA daughter cell line. These morphologically distinct PMC42 cell lines were also compared
with five other BC cell lines (MDA-MB-231, SUM-159, T47D, MCF-7 and MDA-MB-468) for their
expression of EMP and cell surface markers, and stemness and metabolic profiles. The findings
suggest that the epithelially shifted cell line has a significantly altered ploidy of chromosomes 3 and
13, which is reflected in their transcriptomic and proteomic expression profiles. Loss of the TGFβR2
gene from chromosome 3 in the epithelial daughter cell line inhibits its EMT induction by TGF-β
stimulus. Thus, integrative ‘omics’ characterization established that the PMC42 system is a relevant
MET model and provides insights into the regulation of phenotypic plasticity in breast cancer.

Keywords: copy number variations (CNV); epithelial–mesenchymal transition (EMT); karyotyping;
mesenchymal–epithelial transition (MET); metabolism; proteomics; RNA-sequencing; seahorse
extracellular flux analyser; whole exome sequencing

1. Introduction

Breast cancer, a leading cause of cancer death in women, is recognized as a molecularly
heterogeneous disease [1,2]. Breast cancer cell culture systems and patient-derived xenografts
(PDX) recapitulate many of the intrinsic molecular subtypes of breast cancer [3]. Various experimental
techniques have been employed in these models, such as exome sequencing, copy-number analysis,
whole-transcriptome, epigenome and methylome analyses, and identification of biomarkers that
were mapped simultaneously to the genotypic and/or phenotypic behaviour in relevance to breast
cancer subtypes or mammary gland development [4–15]. The compendium of molecular profiles
defining up to 90 different breast cancer cell lines provides a valuable resource and has been studied
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extensively [10–13,15], not only for the discovery of new breast cancer genes [10], but also for
investigations of their subtype-specific pathobiology, cancer stem cell biology, biomarkers, and
response to different drug therapies [16]. Thus, cell culture systems provide important models
for studying the molecular mechanisms of neoplastic transformation and are extremely useful in
translational research.

Epithelial–mesenchymal plasticity (EMP), which encompasses epithelial–mesenchymal transition
(EMT) and its reversal (mesenchymal–epithelial transition; MET), including hybrid states within
this spectrum, is considered an important hallmark of cancer that drives metastasis [17–19]. EMT
provides carcinoma cells with the ability to undergo cellular morphogenesis, allowing clusters of
epithelial cells to form independent motile mesenchymal-like cells that can disseminate. MET is
thought to subsequently reinstate proliferation and allow collective outgrowth at the metastatic site.
The genetic and phenotypic heterogeneity of carcinoma cells across the EMP axis also has importance
in therapy-resistance seen after EMT [20–23]. The molecular and cellular analyses of EMT features in
breast cancer cell lines have also been analysed thoroughly and scoring tools have been developed to
quantify the extent of EMT [24–29].

EMP studies in cancer cell lines have been widely reported. Therein, EMP is either induced by
external stimuli, such as hypoxia [30], TGF-β [31], EGF [32], FGF [33], or by inducible expression or
repression of EMT-inducing transcription factors [34,35]. Transformed breast cancer cells obtained by
introducing oncogenes or cancer-associated genes into normal primary human mammary epithelial
cells, such as HMLE and D492 cells, have also been remodelled as HMLER and D492M, respectively, to
study cancer development including EMT [36–39]. To our knowledge, the PMC42 system is the only
breast cancer cell line model where a spontaneous MET event has led to a new stable variant [40]. In this
regard, the PMC42 system provides a unique case study to investigate the molecular and phenotypic
characteristics of a stable MET in carcinoma without the use of external stimuli or genetic manipulation.

The relationships between different levels of regulation (genomic, transcriptomic, metabolomic,
etc.) in the intrinsic endogenous plasticity (i.e., not exogenously induced) seen in several EMP systems
has not been systematically studied, although each has separately been implicated in EMP regulation.
Here, we interrogate and integrate the molecular portrait of PMC42, a unique human breast carcinoma
cell line originally established from the pleural effusion of a breast cancer patient in 1983 [41]. Original
cultures of PMC42 cells were reported to be heterogeneous, with at least eight different morphological
types identified by phase contrast and electron microscopy [41,42]. In earlier studies, PMC42 cells
were shown to grow both as a monolayer and as cords in suspension, and have shown features
of myoepithelial cells [41,43,44]. PMC42 cells obtained from Dr. Robert Whitehead [41,42] were
subsequently annotated as PMC42-ET. PMC42-ET exhibits a ‘Basal B’ (mesenchymal) transcriptome (E
Tomaskovic-Crook and T Blick, unpublished observation) [30] and PMC42-LA cells were a spontaneous
derivative cell line from PMC42-ET developed by Dr. Leigh Ackland [40,45]. Although epithelially
shifted to the extent that they can produce a functional epithelium in 3-dimensional (3D) cultures [45],
they still cluster transcriptomically with PMC42-ET cells (E Tomaskovic-Crook and T Blick, unpublished
observation) [30]. This makes these cell lines an ideal system to study MET. Comparison of the karyotype,
exome, transcriptome, proteome and metabolic phenotype of PMC42-ET and its epithelial “daughter”
cell line PMC42-LA were performed to gain insights into the dynamic events that contributed to this
spontaneous MET, in reference to EMP studies.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

Cells (BT-549, Hs578T, MCF-7, T47D, MDA-MB-157, MDA-MB-231, MDA-MB-468, SUM-159)
were obtained from the American Type Culture Collection (Manassas, VA, USA). PMC42-ET
and the derivative PMC42-LA cell line were derived from a breast cancer pleural effusion with
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appropriate institutional ethics clearance (Institutional Review Board of the Peter MacCallum Hospital,
Melbourne) [41–43,45].

Cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing glucose
(4.5 g/L), L-Glutamine (0.5 g/L) and sodium pyruvate (0.1 g/L) (Corning, Catalog number 10-013-CVR),
and supplemented with 10% foetal bovine serum (FBS; GibcoTM, Thermo Fischer Scientific, Waltham,
MA, USA) and antibiotics penicillin and streptomycin (GibcoTM, Life Technologies, NY, USA; Catalog
number 15140122), and maintained at 37 ◦C, 5% CO2, and 95% humidity. Cells were routinely tested
and were negative for Mycoplasma.

2.2. Preparation of Metaphase Spread and Karyotyping

After 60%–70% of confluency was achieved in 60 mm dishes, cells were treated with 10 μL of
demecolcine (10 μg/mL) for 3–4 h. Cells were harvested using trypsin (Corning™ 25053CI) and the
pellet was gently treated with hypotonic solution (75 mM KCl) for 40–60 min at 37 ◦C and fixed in
cold methanol/acetic acid (3:1). Two or three drops of suspended cells were applied to glass slides
and chromosomes were stained with DAPI and imaged by confocal microscopy (Olympus Fluoview
FV1200 Confocal Laser Scanning Microscope, Olympus Australia Pty. Ltd., Melbourne, Victoria,
Australia). Counting was performed manually in ImageJ. Karyotype assessment via G-band analysis
was performed by a commercial genotyping service (StemCore Facility, Brisbane, QLD, Australia) and
50 metaphases were analysed per cell line.

2.3. DNA Extraction, Whole Exome Sequencing and Processing of Sequencing Data

Genomic DNA was extracted from cells using Bioline Isolate II Genomic DNA kit (Cat: BIO-52067)
as per the manufacturer’s instructions. After quantifying the DNA and checking the purity, DNA
samples were shipped to GENEWIZ (Suzhou, China) for whole exome sequencing (WES) and
subsequent analysis.

Genewiz, Inc. (Suzhou, China) performed initial quality control assessments and subsequent
exome capture using the SureSelectXT HS Target enrichment kit (Agilent). All samples were paired-end
multiplex sequenced (2× 150 base pairs) on the Illumina Hiseq 2500 platform to a median target depth
of over 50×WES data have been deposited at NCBI under BioProject ID PRJNA557326.

Paired-end reads underwent quality control before alignment to the reference human
genome (hg19) using Burrows-Wheeler alignment (BWA, version 0.7.12-r1039) [46] and SAMtools
(version 1.6) [47]. Realignment and recalibration were performed using the Genome Analysis Toolkit
(GATK, version 3.5) [48]. Single nucleotide variants (SNVs) and insertions and deletions (indels) were
called using GATK with default settings. Annotation of variants (SNP and indels) was performed
using ANNOVAR [49,50]. Control-FREEC v 10.6 was used for detecting and filtering the CNV [51].

CRAVAT (Cancer-Related Analysis of Variants Toolkit), a tool specifically tailored to analyze
cancer-specific variants [52], was used for identification and prioritization of genes with a possible role
in cancer tumorigenesis in the PMC42 cell lines. Identification and annotation of cancer-specific driver
missense mutations was performed using CHASM (Cancer-specific High-throughput Annotation of
Somatic Mutations) [53,54]. To identify and prioritize pathogenic missense mutations, VEST (Variant
Effect Scoring Tool), a supervised machine learning-based classifier [55], was also applied. Both
CHASM and VEST computational scores are integrated in the CRAVAT suite.

2.4. RNA Extraction, cDNA Synthesis and RT-qPCR

Total RNA was extracted from cells using TRIzol (Life Technologies) and subsequent reactions
were carried out as per the Bioline Isolate II RNA Micro kit manufacturer’s instructions, and cDNA
was synthesized using SensiFASTTM cDNA Synthesis kit from Bioline. Real time-quantitative PCR
(RT-qPCR) was performed using the SYBR Green Master Mix in a ViiA7 Real-Time PCR system
(Applied Biosystems) and analysis performed using the QuantstudioTM Real-Time PCR software v1.1
(Applied Biosystems, Life Technologies). The primers sequences are listed in Supplementary Table S1.
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Hierarchical clustering of transcriptional profiles was performed using the Morpheus online tool [56].
Data were normalized against the overall mean expression of all measured genes [57].

2.5. Whole Transcriptome Sequencing and Analysis of PMC42 Cell Lines

mRNA transcript abundances for PMC42 cell lines were measured using RNA-seq as previously
reported [30]; data have been deposited at NCBI under bioproject ID PRJNA322427. Sequence
alignment to the hg19 reference genome was performed using TopHat [58] with default parameters.
Differential expression analysis was performed using CuffDiff [58] with default parameters. RNA
sequencing results were re-analysed for interrogation of fold changes across the two PMC42 cell lines
with respect to the chromosome number. Gene Set Enrichment Analysis [59] was also applied to
identify enrichment of gene signatures contained in the Molecular Signatures Database (MSigDB).
The filtered gene lists with p < 0.01 were also examined by Ingenuity Pathway Analysis®(IPA) for
functional annotation and gene network analysis. The GSVA method from the GSVA R/Bioconductor
package was also applied on the gene expression data for the PMC42-ET and PMC42-LA cell lines to
score samples against the TGFβ-EMT signature.

2.6. Data-Independent Acquisition (DIA) Mass Spectrometry of PMC42 Cell Lines

Cells were washed with ice-cold phosphate buffered saline (PBS), and lysed directly in cell lysis
buffer containing 4% (w/v) SDS, 10 mM dithiothreitol (DTT), 10 mM Tris-HCl along with Roche
compete protease and phosphatase inhibitors (Roche, Rotkreuz, Switzerland). Lysates were sonicated
to shear DNA, and protein concentration was quantified using the Pierce™ BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL, USA). On the basis of protein quantifications, each experimental
sample was aliquoted into 25 μg samples for processing using the FASP method [60]. Digestion was
performed overnight using Trypsin/Lys-C (Promega) mix in 1:50 of protein. Fragmented peptides
were then dissolved in 0.1% formic acid and processed for a final clean-up step using C18 Zip-Tips
(Millipore; Billerica, MA, USA).

Protein Pilot (V 4.1) software from SCIEX was used for peptide identification. The human protein
library was built using the UniProt database (release 2018_05, [61]) with the following settings: Sample
Type, identification; Cysteine alkylation, acrylamide; Instrument, TripleT of 5600; Species, human;
ID focus, Biological modification; Enzyme, trypsin; Search effort, thorough ID. False discovery rate
(FDR) was calculated within ProteinPilot software and peptides identified with greater than 99% and
a local FDR of 1% was applied for the peptide identification. PeakView Software was employed to
measure the peptide abundance with standard parameters [62] and manual inspection was carried
out to confirm the accuracy of the spectra. Six peptides per protein were used to measure the protein
abundance. The differences in protein abundance between PMC42-ET and -LA were calculated based
on the significance and fold-changes. MSstats was used to calculate protein level significance by
applying a linear mixed-effects model [63]. The model combines quantitative measures for a targeted
protein across peptides, charge states, transitions, samples, and conditions; the system detects proteins
that change in abundance among conditions more systematically than would be expected by random
chance, while controlling the FDR. In house scripts in Python and R were developed for further analysis.

2.7. Fluorescence Activated Cell Sorting (FACS)

Cells were lifted with Accutase®(Corning, Catalog # 25-058-CI) and stained with anti-human
CD44-FITC (BD Pharmingen) and anti-human CD24-PB (Exbio) antibodies at manufacturer’s
recommended dilutions in 0.1% BSA (Bovine serum albumin, Sigma) diluted in DPBS for 1 h in
a rotary shaker at room temperature. Cells were analysed in the presence of propidium iodide
(1 μg/mL) using a BD LSRFortessa (BD Biosciences). After doublet discrimination and compensation
for spectral overlap, data were analysed by using FlowJo Software (BD Biosciences). For TGFβR2
surface expression, cells were stained with primary antibody (RandD Systems, Cat# AF-241-NA) as
per manufacture recommended dilutions for 1 h and then with secondary goat antibody for 1 h.
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2.8. Immunocytochemistry

The cell lines were seeded at a density of 10,000 cells/well in 48-well plates (Thermo Scientific
NunclonTM Delta Surface-150687). During immunocytochemistry, the growth medium was discarded,
and cells were washed thrice gently with Dulbecco’s modified PBS (DPBS; pH 7.5). Briefly, cells
were fixed in 4% paraformaldehyde ± 0.1% Triton X-100 (depending on the desired permeabilization
conditions), rinsed with DPBS, and incubated with primary antibodies at 4 ◦C overnight. After rinsing
again in DPBS, cells were incubated with an appropriate fluorescence-conjugated secondary antibody
(Supplementary Table S2) and with diamidino phenyl indole (DAPI) as a nuclear stain (diluted to a
final concentration of 1 μg/mL) for 2 h at room temperature in the dark with gentle rotary shaking.
The plates were then washed thrice with DPBS and images were captured on a high-content imaging
platform (Cytell Cell Imaging System (GE Healthcare) or IN Cell Analyser 6000 (GE Healthcare,
Buckinghamshire, UK), as indicated), with approximately 6–9 fields of view taken per well. Images
were further analysed and quantified using the IN Cell Investigator software v1.0 (GE Healthcare).

2.9. Seahorse Metabolic Analyser

Collagen (Rat tail, type 1, Cat 354236, BD Biosciences)-coated Seahorse cell culture plates (Seahorse
Bioscience, 102601-100) were seeded at a density of 20,000 cells per well (XFe96 cell culture microplate;
Seahorse Biosciences, North Billerica, MA, USA). The cells were allowed to grow for 24–48 h at 37 ◦C in
5% CO2, after which the cells were washed and replaced with assay media (unbuffered DMEM or RPMI
supplemented with 10 mM glucose, 1 mM sodium pyruvate, 2mM L-glutamine, no sodium bicarbonate
at pH 7.4). The cells were incubated for 1 h at 37 ◦C in a non-CO2 incubator. Mitochondrial complex
inhibitors (1.2 μM oligomycin, 1.2 μM carbonyl cyanide p-(trifluoromethoxyl)-phenyl-hydrazone
(FCCP) and combined 1 μM rotenone with 1 μM antimycin A) were preloaded in the injection ports. For
basal rate measurements, ECAR (Extra Cellular Acidification Rate) and OCR (Oxygen Consumption
Rate) measurements were assessed. Experiments were performed in triplicates and the data were
normalized by cell number.

2.10. Statistical Analysis

All experiments were carried out at least three times unless otherwise indicated. Data were
analysed using GraphPad Prism version 7 statistical software (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Comparison of PMC42 Cell Lines with Other BC Cell Lines (Luminal, Basal A and Basal B)

Hierarchical clustering of RT-qPCR data of the 9 breast cell lines for EMP markers, inducers
and regulators, along with the BC clinically relevant ESR1, PGR and ERBB2 gene products, showed
substantial variation across the cell lines and revealed two major branches (Figure 1A). Luminal cell
lines MCF-7 and T47D, along with the Basal A MDA-MB-468 cell line formed one cluster, whereas the
PMC42 cell lines were more closely associated with the other cluster of four Basal B cell lines (BT-549,
SUM-159, MDA-MB-157, HS578T). Interestingly, when the heat map was computed on the basis of
log2 fold difference in expression of each gene with respect to PMC42-ET cells, the PMC42-LA cell line
clustered more closely with luminal MCF-7, T47D cells and Basal A MDA-MB-468 cells (Figure 1B).
This further illustrates that PMC42-LA has more predominant epithelial markers as compared to its
parental PMC42-ET cell line. Interestingly, we also observed the complete absence of expression of the
FoxA1 gene in PMC42-ET cell line.
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Figure 1. Gene expression heatmaps of selected breast cancer cell lines. (A) The normalized mRNA
expression values of the breast cancer cell lines obtained against the overall mean expression of all
measured genes were subjected to unsupervised hierarchical clustering using Morpheus (Gene-E
tool). In the average-linkage cluster algorithm, Pearson correlation was used to measure dissimilarity.
(B) Unsupervised cluster analysis of the relative expression values of breast cancer cell lines with
respect to PMC42-ET.

3.2. CD44+CD24−/low Phenotype Association with Breast Molecular Subtypes and Other EMT Markers

The CD44high/CD24low profile is a putative marker of cancer stemness and is also associated with
EMT phenotype [25]. The proportions of CD44+/high/CD24−/low cell populations across the PMC42 cell
lines were compared with five other breast cancer cell lines (MCF-7, T47D, MDA-MB-468, MDA-MB-231
and SUM-159) and the expression of these surface markers was simultaneously assessed by FACS
analysis (Figure 2A,B). Surprisingly, PMC42-LA cells were remarkably stem-like in relation to these
markers, as predominantly all cells gated within the CD44high/CD24low subpopulation, similar to
MDA-MB-231 and SUM-159 cells representing the most mesenchymal Basal-B subgroup [25], whereas
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75.2% of the more mesenchymal PMC42-ET cells were in the CD44high/CD24low state. In agreement
with previous reports [64], MCF-7 cultures (Luminal subgroup; [25]), had a small population of
CD24−/low/CD44+ cells (~20%) and the MDA-MB-468 cell line (Basal-A subgroup; [25]), had higher
expression of both CD44 and CD24 markers (96.4% of cells gated in CD44high/CD24high state). Compared
to MCF-7 and T47D, all other cell lines were mainly constituted by cells with high levels of CD44,
and except MDA-MB-468 also showed lower proportions of CD24 expression, consistent with their
mesenchymal subgrouping (Figure 2A,B).

Figure 2. Assessment of stemness and other EMP markers. (A) Proportions of the subpopulations
defined by the combination of the stem cell markers CD44 and CD24 in PMC42 cell lines and a panel of
breast cancer cell lines. (B) The relative expression of the stem cell markers CD44 and CD24 in a panel
of breast cancer cell lines representative of different molecular subtypes by flow cytometry. Mean ± SD
of three independent experiments is shown. (C) Immunofluorescence microscopy analysis of EMT
marker proteins. Cell lines were stained with antibodies against the epithelial marker EpCAM and
against the mesenchymal markers EGFR, vimentin and fibronectin. Scale bar, 100 μm.

The CD44+/high/CD24−/low cell populations across PMC42-ET, PMC42-LA, MCF-7 and
MDA-MB-468 were also assessed after stimulation of the cells with EGF or TGF-β for 72 h. Both MCF-7
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and MDA-MB-468 cell lines exhibited a 10%–20% increase in their CD44high/CD24low proportions
after treatment with EGF, but not with TGF-β. PMC42-ET cells, however, could be made potentially
stem-enriched with 93%–94% population of cells in CD44high/CD24low state after stimulation with
either EGF or TGF-β, which was due to increased CD44 expression (Supplementary Figure S1).

EMT-associated markers EGFR, EpCAM, fibronectin and vimentin were also evaluated using
immunofluorescence for the six breast cancer cell lines (Figure 2C). EGFR expression was highest for
MDA-MB-468 cells, in which EGFR is known to be amplified [65]. EpCAM expression at cellular
junctions was observed for T47D, PMC42-LA and MDA-MB-468 cell lines, and fibronectin expression
was only observed for SUM-159 cells. Vimentin expression was universally positive in SUM-159,
MDA-MB-231 and PMC42-ET cells, whereas on an average 10% and 20% of the cells were positive for
vimentin expression in MDA-MB-468 and PMC42-LA cells, respectively, as quantified using IN Cell
Investigator software, which is consistent with previous reports [39,40,66].

3.3. Comparative RNA-seq Analysis of PMC42 Cell Lines

RNA-seq results obtained previously for the EGF-induced EMT studies in PMC42 system [30] were
re-analysed to study the transcriptional differences between the two PMC42 cell lines. Comparative
analysis was investigated using the “Hallmark” geneset collection within the MSigDB of GSEA
and IPA. Negative enrichment for signatures related to EMT (p < 0.001, NES = −1.73), TNFA
signalling via NFκb (p = 0.007, NES = −1.55), inflammatory response signature (p = 0.004, NES = −1.52)
and hypoxia signature (p = 0.016, NES = −1.41) were observed in PMC42-LA with respect to its
parental cell line PMC42-ET using GSEA (Figure 3A). Using IPA for the comparative RNA-seq
analysis, the top-five significant upstream regulators we identified were focused on the inhibition of
TNF, TGFβ-1, EGFR and JNK gene in PMC42-LA, whereas estrogen receptor gene was considered
an activated regulator in PMC42-LA. IPA also reported a significant gene network indicating the
importance of TWIST2 downregulation and SPDEF upregulation in the epithelial PMC42-LA cells
(Supplementary Figure S2A).

3.4. Comparative Proteome Quantification of Alterations in the PMC42 Cell Line System

We next performed comparative proteomics and subjected protein extracts from the two PMC42
cell lines to mass spectrometry. Among a total of 2460 identified and annotated proteins in the PMC42
cell lines, 244 proteins were expressed at significantly different levels in the two cell lines (adjusted p
value < 0.01). Of these, 73 proteins were significantly upregulated, and 61 proteins were significantly
downregulated by a factor of 2-fold or more in the epithelial PMC42-LA cells. KEGG pathway analysis
indicated that differentially regulated proteins were involved in glycolysis/gluconeogenesis (ALDH1A3,
ALDH3A1, ALDOC) (p = 0.00073), proteasome (PSB3, PSB6, PSB7, PSMD1-4) (p = 6.06 × 10−8), protein
processing in endoplasmic reticulum (p = 3.06 × 10−6) and carbon metabolism (ALDOC, SUCA, G6PD,
HXK1, DLDH) (p = 0.00039), respectively. The volcano plot that shows the difference in protein levels
between PMC42-ET and PMC42-LA also highlights several EMT markers, among which mesenchymal
markers, such as VIM and EGFR, were upregulated by 4-fold (p < 2.51 × 10−5) and 2-fold (p < 5.83
× 10−5), respectively, in PMC42-ET cells (Figure 3B). Epithelial markers, such as KRT19 and F11R
(Junctional adhesion molecule A), were significantly upregulated in PMC42-LA by 4.75-fold (p <
0.00066) and 4.6-fold (p < 00093), respectively. IPA also deduced glycolysis (with a z-score of 3.5), aryl
hydrocarbon receptor signalling (with a z-score of 3.1) and ILK signalling (with a z-score of 1.6) as
significantly upregulated canonical pathways in the epithelial PMC42-LA cell line. Gene network
enrichment plot from proteomics analysis indicated a possible role of NFκb complex dysregulation
in PMC42-LA cells (Supplementary Figure S2B), which is also in agreement with the similar GSEA
findings from RNA-seq analysis.
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Figure 3. Comparative analysis of transcriptomic and proteomic data from PMC42 cell lines. (A) Results
from representative enrichment plots from Gene Set Enrichment Analysis (GSEA) (p < 0.05) are shown
from comparative transcriptome analysis. These data revealed a significant negative enrichment
for gene sets involved in EMT in PMC42-LA. (B) Quantitative proteome analysis of PMC42-LA in
comparison to PMC42-ET reflected in volcano plot shows that 73 proteins were significantly upregulated,
and 61 proteins were significantly downregulated.
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3.5. Karyotypic Heterogeneity Exists within and across the Sister Breast Cancer Cell Lines PMC42-ET and
PMC42-LA

Chromosomal instability (CIN), including numerical CIN (resulting in aneuploidy) and structural
CIN (resulting in partial chromosomal gains and losses and translocations) are inherent in cancer and
underpin many of the phenotypic manifestations that contribute to cancer progression. Hence, in
order to assess their possible contributions to the spontaneous MET seen in the PMC42 system, we
explored whether karyotype differences existed in the PMC42 cell lines using metaphase spreads and
karyotypic G-banding.

First, we determined the copy number status per chromosome. Chromosomal counts from
individual cells in each PMC42 cell line were plotted as a heatmap, where PMC42-ET and PMC42-LA
cells clearly are seen as two separate clusters (Figure 4A). CIN, and resulting aneuploidy, is a hallmark
of cancer, and despite this strong partition into 2 clusters, variable ploidy distribution was also reflected
within each of the PMC42 cell lines. We identified copy number differences of individual chromosomes
(Figure 4A). Significant differences in the ploidy levels between the cell lines are represented in Table 1,
where eight chromosomes show high chromosomal number differences across the two cell lines.
Tetrasomy was observed more often for chromosomes 3, 5, 7, 19 and 22 in PMC42-ET, whereas in
PMC42-LA, tetrasomy was observed for chromosomes 7 and 19. Loss of chromosome 22 was found in
100% of PMC42-LA cells, as only a single copy was present in each of 50 cells assessed for karyotyping.
The patterns of positive and negative chromosomal correlation with regards to their ploidy were also
studied for individual cells in the two PMC42 cell lines, where no strongly significant association was
confirmed for PMC42-LA, but positive correlations were observed between chromosomes 9 and 14,
and 17 and 20, respectively (r2 = 0.67 and 0.59, Pearson correlation) (p-value of 7.64 × 10−8 and 6.37 ×
10−6), and a negative correlation (r2 = −0.51) (p-value of 0.0001) was found between chromosomes 9
and 12, in the PMC42-ET cell line (Supplementary Tables S3 and S4). Overall, PMC42-ET was primarily
comprised of near-triploid karyotypes with a modal number of 68 chromosomes (range 59–75), whereas
PMC42-LA was primarily comprised of near-triploid karyotypes with a modal chromosome number
of 63 (range 52–64) (Figure 4B). The total chromosome numbers in the two cell lines are significantly
different (p < 0.0001) (Figure 4C). Two observations suggest an increased level of CIN in PMC42-ET
compared to PMC42-LA. First, PMC42-ET cells show a broader range of chromosome numbers, 17,
compared to 13 in PMC42-LA cells and more individual chromosome numbers deviate from the modal
number (Supplementary Figure S3A,B). Second, GSEA on our RNA-seq data shows a significant
depletion in the expression of 70 genes that are part of the well-established CIN70 signature [67] in
PMC42-LA cells compared to PMC42-ET cells (p = 0.027; Figure 4D). This suggests that CIN may have
promoted the transition from PMC42-ET to PMC42-LA.

Next, as expected, karyotyping revealed that the PMC42-LA derivative cell line harbours some of
the major structural rearrangements seen in the parental PMC42-ET cells. For example, one of the arms
of each of chromosomes 2, 3 and 8 is shorter or truncated, the p-arm of chromosome 9 is fused with the
long arm of chromosome 10, and chromosome 21 has a third copy of its p-arm fused with the long arm
of chromosome 7 (Figure 5A,B). Some characteristics, such as truncated arms of chromosomes 2 and 3,
trisomy 1 and trisomy 20, and a modal chromosomal number of 66, were consistent with initial reports
in 1983 [42]. In PMC42-LA cells only, we also observed a few (in the range of 1–4) marker chromosomes
whose derivative chromosomal origins cannot be recognized via karyotyping (Figure 5B, marked as
'mar' and Figure 5C, marked as 'UNC'). Ploidy distributions of each chromosome from 50 karyotyped
cells of each cell line also reflect the dynamics of copy number alterations at the chromosomal level
(Figure 5C).
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Figure 4. Chromosomal ploidy distribution of PMC42 cell lines. (A) Heatmap for copy number
distribution of chromosomes deciphered from 50 karyotypes from each of the PMC42-ET and PMC42-LA
cell lines (UNC: Unidentified Chromosome). (B) Distribution of chromosome numbers of PMC42-ET
and PMC42-LA cell lines. (C) Chromosome numbers analysed from PMC42-ET and PMC42-LA for
a total of 50 cells were compared for each cell line. Significance was determined by an unpaired
t test with Welch’s correction, with **** p < 0.0001. (D) CIN70 enrichment plot following Gene Set
Enrichment Analysis.
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Table 1. Ploidy alterations of 50 single cells from PMC42-ET and PMC42-LA were compared using
t-test.

Chromosome No. p-Value across ET vs. LA

22 5.28847 × 10−45

5 1.50398 × 10−28

13 7.71473 × 10−23

11 9.42164 × 10−20

3 3.33503 × 10−18

7 8.49205 × 10−14

8 3.73987 × 10−8

9 1.08547 × 10−6

10 0.012162341

X 0.0151172

14 0.022502942

18 0.083804992

12 0.260603283

1 0.278286015

15 0.531258862

2 0.678929758

6 0.717332498

16 0.748135128

4 0.75812698

17 0.771687988

20 0.814301536

21 0.823855275

19 0.928168854

Taken together, these results indicate that numerical chromosomal heterogeneity exists between
and within the PMC42 cell lines. In addition, PMC42-ET cells show features of CIN and PMC42-LA
cells harbour some specific structural abnormalities not observed in PMC42-ET cells. These changes
could underpin the transition of PMC42-ET cells to a more epithelial phenotype.

3.6. Cancer Driver Mutations in PMC42 Cell Lines

WES was performed to probe more deeply the genetic aberrations in the PMC42 system. After
applying selective filters for delineating deleterious mutations within exons, we identified 465 SNVs in
PMC42-ET and 475 SNVs in PMC42-LA (Figure 6A,B). We considered missense, non-sense, frame-shift
and splice site mutations that involve structural and functional alteration of the protein products
as deleterious. The number of Indels present in PMC42-ET were 83 and in PMC42-LA were 85.
Approximately 75.4% of the somatic mutations and 60% of the Indels were shared between the parental
and derivative cell line (Figure 6C,D). The results of deleterious SNV and Indels identified using WES
across PMC42-ET and PMC42-LA cells are shown in the supplementary document (Supplementary
Tables S5 and S6 for PMC42-ET and Tables S7 and S8 for PMC42-LA). CHASM score was computed
for all the missense mutations identified in the PMC42 cell lines to identify driver mutations. The
top 9 potential drivers that were common between the two PMC42 cell lines were TP53, MERTK,
DNMT3A, CPZ, PPM1H, PPIP5K2, C10orf76, DNAH7, CFTR (Figure 6E). We also compared the driver
mutations identified in the PMC42 cell lines with the TCGA mutations dataset using the CRAVAT
interface (Figure 6F). The TP53 mutation site (H36R) was reported earlier in the TCGA dataset, whereas
the other top 4 driver missense mutation locations identified were considered novel, as they were
not reported in the TCGA dataset (as observed from the CRAVAT interface). The deleterious genes
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identified in the PMC42 cell lines were also stratified in a gene-family matrix according to their known
role in cancers using the Broad Institute’s GSEA analysis. We identified three commonly mutated
tumour suppressor genes between two PMC42 cell lines (NF2 (attaining stop gain function), TP53,
TSC2) and an additional mutated tumour suppressor gene ATM in PMC42-ET only. Eight commonly
mutated oncogenes (ARNT (TF), EML4, GNAS, NTRK3 (PK), PER1 (TF), TCL1A (TF), TLX1, TTL) and 2
additional mutated oncogenes TAL1 and IL6ST in PMC42-ET only were also identified for their role
in tumorigenesis (Table 2; Table 3). Interestingly, the gene-family matrix derived for the deleterious
genes in the PMC42-LA cell line in reference to parental PMC42-ET cell line identifies mutations in 2
significant EMT-promoting transcription factors, SNAI2 (K188N) and SOX3 (R22P) (Supplementary
Tables S9 and S10) and other EMT genes, such as GSN (R397W), WNT1 (T363K), ITGA4 (R565W) and
NID2 (G426E) (Supplementary Table S7). In addition to that, the EMT-associated splice variation
regulator ESRP2 (R248S) was found to be mutated in the parental PMC42-ET cell line.

Figure 5. Karyotypic analysis of PMC42 cell lines. (A) A representative G-banded karyotype of the
near-triploid cell line PMC42-ET, showing structural and numerical changes. (B) A representative
G-banded karyotype of the cell line PMC42-LA. Arrows point to main chromosomal alterations. Marn

marker chromosome (C) Ploidy distribution of each chromosome is presented for PMC42-ET and
PMC42-LA from 50 karyotyped cells. P-values are indicated (as described in Table 1 using Student's
t-test), and data presented in box (median, first and third quartiles) and whisker (extreme value) plots
(UNC: Unidentified Chromosome).
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Figure 6. Assessment of whole-exome sequencing (WES) from PMC42 cell lines. Chromosome-specific
distribution of non-silent, missense, and inactivating mutations are displayed on Circos plots for
PMC42-ET (A) and the derivative PMC42-LA (B) cell lines, respectively. Representation of shared
and unique (C) SNVs and (D) indels discovered by WES for PMC42-ET and PMC42-LA. (E) CHASM
score was computed and (F) the top 10 potential driver mutations for PMC42-ET and PMC42-LA were
determined. The top 5 potential driver mutations for PMC42-ET and PMC42-LA were annotated for
their presence within protein sequences (indicated on the top of each gene) and compared for somatic
mutations identified in TCGA dataset (indicated on the bottom of each gene) for the same protein
sequences, using the software CRAVAT [68].
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3.7. Inference of CNV from Exome Sequencing Data

The estimated copy number ratios of chromosomal segments for PMC42-ET relative to PMC42-LA
are shown in Figure 7. Control-FREEC was used to determine the copy number ratio profiles and
to identify regions with significant amplification or loss. The copy number profiles deduced from
WES resulted in a total of 166 gain and 34 loss segments in PMC42-ET, relative to PMC42-LA. The
most significant losses are from 5p, 20p, Xq and whole chromosome 13, while the major gains are in
chromosomes 3, 5q, 7q, 10q, 11q, 20q and 21. The identified genomic regions of amplification or loss were
also consistent with our karyotyping studies. Copy number changes of the regions (i.e., amplification of
chromosomes 3, 5, 7, 9,11, 22 and loss of chromosomes 13 in PMC42-ET relative to PMC42-LA) detected
in the WES study were also identified in karyotyping. Additionally, WES data reflects amplification in
chromosomes 10q and 21, which might be due to nonreciprocal translocation events of an additional
chromosome 9 with chromosome 10q and chromosome 21 with 7q as shown in karyotype analysis.
WES helps in revealing the amplifications/losses at the gene level, whereas karyotyping reflects the
overall ploidy distribution better (as reflected in Figure 5), as it is a representation of single cells. The
amplified/lost regions from WES data for PMC42-ET with respect to PMC42-LA is also provided in
additional Supplementary Table S11.

3.8. TGFBR2 Ablation and Influence on EMT Induction in PMC42-LA

When analyzing the segments of genes that were completely lost in either of the PMC42 cell
lines, we identified two regions from PMC42-LA that were completely missing. The chromosome
1 region carrying genes FOXD2, FOXE3 and the chromosome 3 region containing genes GADL1,
RBMS3, TGFBR2 were completely lost from the PMC42-LA cell line. The specific functions of FOXD2
and FOXE3 genes are yet to be determined, however the role of TGFBR2 in EMT induction is well
established [27,69,70]. The surface expression of TGFβR2 in the PMC42 system was analysed in
comparison with several other cell lines (T47D, MDA-MB-468, SUM-159 and MDA-MB-231) using
FACS (Figure 8A). High TGFβR2 surface expression was seen in almost all the cells for Basal B cell
lines SUM-159 and MBA-MB-231, whereas only 40% of PMC42-ET cells expressed TGFβR2 on their
surface, and TGFβR2 expression was completely absent on PMC42-LA cells, which is in concordance
with our WES-deduced results. The surface expression of TGFBR2 on T47D cells was also negligible,
consistent with their low EMT-associated TGF-β enrichment score (TES) [27]. RNA-seq analysis of
the PMC42 cell lines was also interrogated using the algorithms as described [27] to obtain their TES
values and identify any evidence of intrinsic TGF-β-induced EMT. The PMC42-ET had a TES value of
0.594 which is relatively high compared to the PMC42-LA TES value of −0.015. The low/negative TES
value of PMC42-LA is also in concordance with the previously deduced TES values from Luminal and
Basal A cell lines (MCF7: −0.58977; T47D: −0.69277; MDAMB468: −0.66892), whereas Basal B cell lines
have relatively higher TES values (MDA-MB-231 0.130999; SUM159PT: 0.430126). TES values for the
various breast cancer cell lines are taken from Supplementary data file S10 of [27].

PMC42-ET and PMC42-LA cell lines were also tested for their EMT induction with EGF, TGF-β
and combined treatments using RT-qPCR (Figure 8B). E-cadherin was significantly downregulated
with combined EGF and TGF-β growth factor treatments in the PMC42-ET cell line compared to either
EGF or TGFβ alone, suggesting that TGF-β augments the previously reported EGF-induced EMT [30].
There was significant upregulation of mesenchymal markers vimentin, Slug and CD44 in both the
cell lines with EGF, and with combined EGF and TGF-β treatment in PMC42-ET cells, however there
were no effects of TGF-β treatments on PMC42-LA cells (Figure 8B,C). At an individual factor level,
assessed via transcriptomics, several modulators or mediators of TGF-β signalling were impacted
across PMC42 cell lines (e.g., AGR2, RhoA, TGFB1, CTNNB1, JUNB) were significantly downregulated
in PMC42-LA. Thus, the PMC42-LA cell line did not display any predisposition to undergo EMT-like
changes in mesenchymal gene expression with TGF-β treatment.
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Figure 7. Visualization of Control-FREEC v 6.0 output from PMC42 cell lines exome sequencing
data (Illumina HiSeq 2000). Copy number profiles for all chromosomes are shown of PMC42-ET in
comparison to PMC42-LA, normal copy number status is shown in green, copy number gains are
reflected in red and copy number losses are shown in blue.
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Figure 8. TGFBR2 ablation and influence on EMT induction in PMC42-LA. (A) Cell surface expression
levels of TGFβR2 in a panel of breast cancer cell lines representative of distinct molecular subtypes.
(B) PMC42-ET and PMC42-LA cells were treated for 5 days with 10 ng/mL EGF, 10 ng/mL TGF-β and
combined 10 ng/mL of EGF and TGF-β. qPCR analysis of epithelial and mesenchymal markers were
tested after EMT induction for 6 days with growth factor treatments. dCt values normalized against
L32 and as an average from triplicates are shown. Statistical method applied is a two-way ANOVA with
* indicating a p-value < 0.1, ** p-value < 0.01, *** p-value < 0.001 and **** p-value < 0.0001. (C) p-values
calculated using 2-way ANOVA against each gene expression are tabulated.

3.9. Inter-Data Relationships from CNV and RNA-seq with Proteome Data

Correlations were assessed between protein expression and gene expression, and between protein
expression and copy number variation, after applying the filter to only those proteins (n = 244) that
were significantly dysregulated. For the RNAseq-to-proteome comparison, the Spearman correlation
coefficient was 0.748 (Figure 9A), whereas the correlation was only 0.39 for CNV deciphered from WES
at the gene level compared to the proteome (Figure 9B). Assessment of impact of CNV changes at
whole differential RNA expression level reflects a Spearman’s correlation coefficient of r = 0.002805,
with a non-significant p value of 0.77 (Supplementary Figure S4). Undoubtedly, some of the gene
expression levels are influenced by changes in amplification or depletion of gene dosage at allele level,
but this is probably masked by the likelihood that gene expression can be significantly modulated by
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other factors, such as epigenetics or transcription factors. Interestingly, when extrapolating RNA-seq
and proteome results for the 244 differential expressed proteins, AGR2 shows relatively very high gene
expression in PMC42-LA compared to PMC42-ET. An essential role of induced AGR2 in re-acquisition
of epithelial markers has been reported [71], where activated Smad and Erk signalling cascades were
identified as mutually complementary pathways responsible for TGF-β-mediated inhibition of AGR2.
Since TGFBR2 expression is absent in PMC42-LA, AGR2 may be playing a crucial role in maintaining
the epithelial phenotype of PMC42-LA cells. This is consistent with a strong enrichment of ARG2
expression in the Luminal subgroup of breast cancer cell lines, and some enrichment in Basal A,
compared to Basal B (Supplementary Figure S3C).

Figure 9. Inter-data relationships from CNV, RNA-seq and proteome studies in PMC42 cell lines.
(A) Log2 fold change of mRNA and protein expression levels of 244 significantly differential expressed
proteins for PMC42-LA vs PMC42 ET were computed. Spearman’s correlation coefficient (r with
p-value) between log2 fold change of protein and mRNA expression is indicated at the bottom right.
Dotted horizontal bars indicate 2-fold upregulation and downregulation on the log2 scale for mRNA
expression. (B) Log2 fold change of 244 significantly differential expressed proteins were linked to
the genomic copy number and spearman’s correlation coefficient (r with p-value) is indicated at the
bottom right. (C) Correlation between relative peptide and transcriptome abundance in PMC42-ET vs.
PMC42-LA per genomic coordinate. Correlation analysis was performed in GraphPad Prism with R2

value of 0.7361 (p < 0.0001).
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3.10. The Differences in PMC42 Karyotypes are Reflected in Their Transcriptome and Proteome Ratios

The significant genomic differences in the PMC42 cell lines led us to ask whether the changes in
chromosome content mediated changes in transcriptome and proteome that could influence phenotype
determination. The relative transcriptome and proteome abundance for a given chromosome across
the two PMC42 cell lines were computed from log2-transformed fold changes of each transcript
and proteome. To reduce the noise from the transcriptomic abundance, transcripts that were not
expressed or for which normalized values were less than 10 in both the cell lines were discarded.
The results show remarkable concordance between the chromosome copy number content and the
corresponding transcript and protein abundance from chromosome 3 and chromosome 13 (Figure 9C).
PMC42-ET cells have four copies of chromosome 3 on average, whereas PMC42-LA cells have an
average of 2 copies, while PMC42-LA cells have three copies of chromosome 13 on average, whereas
two copies are present in PMC42-ET. Apart for chromosome 3, transcript and proteome abundance
from chromosomes 5, 7, 10 and 16 is also higher in PMC42-ET relative to PMC42-LA, which also
corresponds to their higher ploidy distribution in PMC42-ET, except for chromosome 16. Strikingly,
the discriminant gene analysis performed for chromosomes 13 and 3 also identified specific genes
on chromosome 13 (DNAJC15, SPG20, SLITRK6 and DACH1) that had significant overlap in GSEA
with genes down-regulated in TMX2-28 cells (breast cancer) which do not express ESR1 [Gene ID
= 2099] compared to the parental MCF-7 cells, which do [72], (p-value 1.6 × 10−5). Therefore, we
hypothesised that the gain in chromosome 13 upregulated the expression of various genes that drives
the signalling mechanism of ER in PMC42-LA, causing it to be represented as an upstream regulator in
our comparative IPA findings. The results show a high degree of concordance between the relative
transcript and proteome abundance across the PMC42 cell lines (r2 = 0.736).

3.11. Bioenergetic Profiles of PMC42 Cells in Comparison with Other Breast Cancer Cell Lines

Since glycolysis was one of the significantly attenuated pathways identified in proteome analysis,
we also evaluated the mitochondrial bioenergetic profiles of PMC42 cell lines by measuring their
oxygen consumption and glycolysis rates in comparison with the other four breast cancer cell
lines: MCF-7, T47D (Luminal), MDA-MB-468 (Basal A) and MDA-MB-231, SUM-159 (Basal B). The
extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), as indicators of lactic
acid production during glycolysis and mitochondrial respiration during OXPHOS, respectively, were
measured (Figure 10). Interestingly, the baseline ECAR status of PMC42-LA was lower than all other
cell lines evaluated (Figure 10A). Basal B/mesenchymal MDA-MB-231 and SUM-159 cell lines exhibited
higher ECAR as compared to all other cell lines. The higher OCR was seen in luminal MCF-7 and
T47D cell lines (Figure 10B).
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Figure 10. Metabolic profile of PMC42-ET, PMC42-LA and a panel of breast cancer cell lines
representative of distinct molecular subtypes. (A) Extracellular acidification rate (ECAR) and (B) Basal
oxygen consumption rate (OCR) measurements. (C) OCR: ECAR quadrant showing the bioenergetics
phenotype of cell lines using Seahorse analyser (data presented as mean ± s.d., n= 3).

4. Discussion

Although the requirement of MET in metastasis is somewhat controversial [21,73–75], the transition
of mesenchymally orientated cancer cells to a more epithelial state has been shown to allow cancer
cells to survive and seed in distant sites prior to development of a metastatic lesion [18,68,76–78]. The
comprehensive integrated analysis of the PMC42 system enhances our understanding of the regulation
of molecular events relevant to MET change in the context of breast cancer. In this study, utilization of
several omics (exome, transcriptome, proteome) platforms, along with karyotyping and metabolic
status, has allowed integrative insights not possible with isolated studies (Figure 11). The PMC42 cell
line model system comprises a mesenchymal, parental PMC42-ET cell line and an epithelial derivative
PMC42-LA cell line that exhibits profound morphological changes [40], decreased cellular proliferation,
distinct karyotype, depletion of TGFBR2 gene, distinct pathways mediated by TNF-alpha signalling,
and decreased metabolic bioenergetics.
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Figure 11. Graphical abstract reflecting the multiple outcomes from the comprehensive and
integrative—omics characterization and karyotyping of the PMC42 model system.

Our study identified common canonical driver mutations in TP53, MERTK and DNMT3A in
the PMC42 system, as well as a number of unique molecular alterations in the PMC42-ET and
PMC42-LA genes that are mutated (Supplementary Tables S5–S8) and have thus potentially impacted
the phenotypic heterogeneity seen. Some of the allelic heterogeneous mutations detected in PMC42-LA
have also been associated with EMT drivers or markers; we identified novel mutations in GSN (R397W),
WNT1 (T363K), SNAI2 (K188N), ITGA4 (R565W), SOX3 (R22P) and NID2 (G426E) (Supplementary
Table S7). SNAI2-null mice are reported to have retarded epithelial migration rates [79], and SOX3
has been implicated in the malignant behaviour of glioblastoma [80], EMT, and in the promotion of
migration and invasion of osteosarcoma cells [81,82]. A N161K mutation in SOX3 was found associated
with progression of SCLC along with other mutated SOX members [83]. The implications of genomic
variants for these other markers have not been studied or reported in context of EMT. These identified
mutations in EMT drivers evaluated at differential gene expression level reflected complete absence of
expression of WNT1 and 6-fold downregulation of ITGA4 in PMC42-LA cells.
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Comparison of transcriptome and proteome analyses across PMC42 cell lines, combined with
GSEA and IPA, were performed to gain insights into the biological processes dysregulated within our
model system. In our transcriptome studies, the expression of forkhead box A1 (FOXA1) gene, which
acts to control transcription of estrogen receptor-regulated genes and repress the basallike features
of breast cancer cells [84–87], was observed only in PMC42-LA. We observed upregulation in the
expression of several specific genes that favour the MET in PMC42-LA, including AGR2 and GRHL2.
The most prominent feature of GSEA analysis was the strong down-regulation of EMT in PMC42-LA
(p-value of < 0.001) (Figure 3). These results indicate that this model system is highly appropriate for
studies of EMP [40]. Interestingly, the combined analysis of both transcriptome and proteome across
PMC42 cell lines using IPA also indicated that EGFR and ER may be common upstream regulators
that are dysregulated between the two cell lines. The ability of EGFR signalling to drive EMT is
widely reported in literature [88–90] and is also considered an important driver of MDA-MB-231
invasion leading to formation of brain metastasis [91]. Studies from GSEA and IPA also highlighted
an involvement of the TNF-α pathway, mediated by NFKB (p-value 0.007), as a major attenuated
pathway between PMC42 cell lines. Significant assessment from in vitro studies have highlighted the
significance of various cytokines, such as TNF-α [92,93] and growth factors such as EGF and TGF-β
in mediating EMT changes, and how these targets can have therapeutic implications in combating
EMP [20,93,94].

Furthermore, our recent published work also investigated the dynamic interconversions observed
between the transitional epithelial and mesenchymal subpopulations delineated by EpCAM profiling
in the predominantly epithelial PMC42-LA breast cancer cells. The subtleties of this transition
vary in proportion of epithelial and mesenchymal phenotypes as determined from single cells
clonal propagation. Differences observed in the functional attributes of the single cell-derived
clones further explains the stochastic nature and the intrinsic cellular plasticity in PMC42-LA.
Interestingly, the implementation of whole exome sequencing across the EpCAM-high and -low
subpopulation indicates that observed intrinsic phenotypic plasticity in PMC42-LA was not attributable
to chromosomal instability [66]. Moreover, the PMC42-LA subline derived from PMC42-ET and
remaining phenotypically stable over two decades has maintained distinct karyotype with reduced
number of chromosomes and significant ploidy disparity reflected for eight of the chromosomes.

In this pattern of karyotypic differences reflected in the genomic copy number alterations across
the two cell lines, we observed that the allele fractions had significantly deviated in the PMC42-LA
daughter cell line (p-value < 0.0001). PMC42-ET has the higher chromosome number, consistent
with a relative increase of its transcriptome and proteome abundance (Figure 9C), a broader range
of chromosome numbers, and a higher CIN70 score (Figures 4 and 5). The gain of chromosome 13
and the loss of chromosome 3 in PMC42-LA were the most prominent changes reflected in both the
transcriptome and proteome (Figure 9C). Strikingly, the locus of TGFBR2 gene is also on chromosome 3.
Notably, we observe a potential link between the deletion affecting the TGF-β receptor gene TGFBR2 in
PMC42-LA and its negative TES scores assessed from transcriptome analysis. Moreover, the aberration
of TGFBR2 also made PMC42-LA cell line non-responsive to TGF-β1 stimulus for EMT mediated
changes (Figure 8C). Thus, changes in specific chromosomes in PMC42-ET, with the acquisition of new
mutations and genetic deletion of TGFBR2, may have contributed to the derivation of the MET observed
in the PMC42-LA cells. The assessment of the impact of copy number variations at single-gene level
across the whole differential mRNA analysis did not yield a significant association (Supplementary
Figure S4). Differential gene expression instead of solely based on amplification of gene copies can also
be modulated by other factors, such as gene epigenetics or transcription factors. Indeed, Ohshima et al.
had associated the gene expression level of various oncogenes with copy number and found that the R
value varied between 0.06 and 0.53 across different cancer datasets [95].

CD44 and CD24 are considered putative stem cell markers [96,97] and expression profiling of
selected breast cancer cell lines in this study correlates well with previously performed studies on
the same cell lines [64,98,99]. Expression of CD24 was equally low or negligible in both the PMC42
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cell lines and interestingly, we find higher expression of CD44 in PMC42-LA than anticipated. Many
studies have confirmed the CD44high/CD24low profile as a reflection of a mesenchymal state [25,39,100].
However, the epithelially shifted PMC42-LA reflected the increase in CD44high/CD24low profile as
compared to the parental PMC42-ET cells. There are other reports of ambiguity regarding functional
aspects of these markers [101], suggesting that further investigations of stemness and the regulatory
factors in this cell system are required.

Understanding the mechanistic basis of metabolic alterations and their role in tumorigenesis is
currently an area of intense research interest [102–106]. Despite glycolysis being one of the significantly
attenuated pathways in PMC42-LA cells identified through proteomics analysis, Seahorse experiments
indicated decreases in both oxidative metabolism and glycolysis in PMC42-LA cells relative to
PMC42-ET. This suggests that the observed metabolic alterations may be attributable to differences in
mitochondrial number, rather than proteome differences in metabolic genes required for glycolysis:
ALDH1A3, ALDH3A1 and ALDOC between cell lines. The analysis of metabolic phenotypes emphasises
the importance of using bioenergetics profiles to decipher phenotype assessment, rather than drawing
conclusions solely from mutational profiling, RNA-seq and/or proteome data [107,108].

5. Conclusions

In conclusion, the data we have presented herein underscore profound differences in the PMC42
system by allowing for a comprehensive integration of whole exome sequencing, RNA-seq, proteomics
and karyotyping data. The identification of novel somatic mutations and indels provide insights into the
differences between the two cell lines at genetic scale that potentially drive the phenotypic differences
from the genomic level. The loss of TGFBR2 gene from the derivative PMC42-LA cell line contributes
to a reduction in intrinsic TGFB signalling, and these cells are also refractory to TGF-β-induced EMT,
however this pathway did not emerge from GSEA analysis. Comparative RNA-seq also demonstrated
the PMC42 system to be an authentic MET model. The inter-data relationships illustrate a high
degree of concordance between the relative transcript and proteome abundance and chromosome copy
number variations across the PMC42 cell lines and identified putative targets to reverse MET. The
novel findings provide mechanistic insights into how genomic instability and karyotypic variations
have led to acquisition of new autonomous clonal karyotype and phenotype, which is still related
to, but distinct from the parental cell line. However, further metabolomics and epigenetics studies
might be more compelling to add into the paradigm to determine implications for mesenchymal to
epithelial plasticity changes. Overall, this investigation provides an example of the heterogenous
changes that may occur in expanding cancer populations and provides evidence for the levels on
which these changes occur to affect their phenotypic properties.
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Abstract: Epithelial to mesenchymal transition (EMT) induces cell migration, invasion, and drug
resistance, and consequently, contributes to cancer metastasis and disease aggressiveness. This study
attempted to address crucial biological parameters to correlate EMT and drug-treated cancer cells
traversing through microcapillaries, reminiscent of metastatic conditions. MDA-MB-468 breast
cancer cells induced to undergo EMT by treatment with 20 ng/mL of epidermal growth factor
(EGF) were initially passed through several blockages and then through a constricted microchannel,
mimicking the flow of invasive metastatic cells through constricted blood microcapillaries. EMT cells
acquired enhanced migratory properties and retained 50% viability, even after migration through
wells 10–15 μm in size and a constricted passage of 7 μm and 150 μm in length at a constant flow
rate of 50 μL/h. The hydrodynamic properties revealed cellular deformation with a deformation
index, average transit velocity, and entry time of 2.45, 12.3 mm/s, and 31,000 μs, respectively for a
cell of average diameter 19 μm passing through one of the 7 μm constricted sections. Interestingly,
cells collected at the channel outlet regained epithelial character, undergoing reverse transition
(mesenchymal to epithelial transition, MET) in the absence of EGF. Remarkably, real-time polymerase
chain reaction (PCR) analysis confirmed increases of 2- and 2.7-fold in the vimentin and fibronectin
expression in EMT cells, respectively; however, their expression reduced to basal level in the MET
cells. A scratch assay revealed the pronounced migratory nature of EMT cells compared with MET
cells. Furthermore, the number of colonies formed from EMT cells and paclitaxel-treated EMT cells
after passing through a constriction were found to be 95 ± 10 and 79 ± 4, respectively, confirming
that the EMT cells were more drug resistant with a concomitant two-fold higher expression of the
multi-drug resistance (MDR1) gene. Our results highlight the hydrodynamic and drug-evading
properties of cells that have undergone an EMT, when passed through a constricted microcapillary
that mimics their journey in blood circulation.

Keywords: metastasis; constricted microchannel; hydrodynamic parameters; breast cancer cells;
epithelial to mesenchymal transition; EMT; mesenchymal to epithelial transition; MET; cell viability

1. Introduction

Epithelial to mesenchymal transition (EMT) is a physiological phenotypic shift of epithelial
to mesenchymal cells, where the breakdown of cell–cell and cell–extracellular matrix connections
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permits the migration of cells to distant locations [1]. The role of EMT is well documented in normal
embryonic development, tissue regeneration, organ fibrosis, and wound healing [2]. Furthermore,
EMT is involved in tumor progression with metastatic expansion and the generation of tumor
cells with stem cell properties that play a major role in resistance to cancer treatment. Although
mesenchymal cells possess increased migratory capacity, invasiveness, and greater resistance to
apoptosis [3], the dynamics of EMT during invasion are yet to be fully elucidated to resolve the
mystery of cancer metastasis. On the other hand, the reverse transition, i.e., mesenchymal to epithelial
transition (MET), is attributed to the migrating mesenchymal cells once they reach their destination [4].
MET is thought to be crucial for the colonization of a metastatic niche by disseminated tumor cells.
EMT and MET are not binary phenomena, and tumor cells can be in multiple hybrid states and express
both epithelial and mesenchymal genes [5,6]. Such hybrid cells can move collectively as clusters
and may be stem-like and metastatic compared with cells with a complete EMT phenotype [7,8].
Experimentally, EMT can be induced by adding growth factors such as epidermal growth factor (EGF),
transforming growth factor beta (TGF-β), and hepatocyte growth factor (HGF); EGF and TGF-β induce
EMT via Smad2/3 and ERK1/2 pathways [9,10]. Various processes are involved in initiating an EMT,
including activation of transcription factor, expression of specific cell-surface proteins, re-formation
and expression of cytoskeletal proteins, creation of extracellular matrix (ECM)-degrading enzymes,
and changes in the expression of specific microRNAs [11]. The epithelial cells that undergo EMT and
invade the bloodstream from the primary site often display alterations in gene expression and lose
some epithelial characteristics, such as apical–basal polarity [12]. Important characteristics of EMT
include downregulation of epithelial markers including E-cadherin, occludin, and claudin. Contrarily,
increases in the levels of mesenchymal markers such as N-cadherin, vimentin, and fibronectin have
been associated with EMT. The expression pattern of these genes can be tracked to study the behavior
of the cells while transitioning from epithelial to mesenchymal or vice versa.

In most previous studies, the morphology and characteristics of cells undergoing EMT and MET
have been studied under static conditions [13,14]. Hence, the physiological conditions in which the
EMT cells traverse through the blood vessels or microcapillaries and undergo reverse transition at
the secondary site are a very important area of investigation. An attempt to find the percentage
viability and metastatic potency of the EMT cells after transiting through microcapillaries would reveal
important information that could address many of the questions related to the complex phenomenon
of cancer metastasis. Moreover, a detailed investigation of the treatment of cancer cells with drugs
at different stages of their flow from the primary site to a secondary site undergoing EMT to MET
transitions (through the capillaries) would be crucial for designing future theranostic devices aiming
at curative or palliative treatment. Hence the dynamics of the motion, deformation, and behavioral
changes of EMT cancer cells passing through microcapillaries still seem to be underexplored and
require further attention.

In this work, we attempted to address some of the questions related to the motion of EMT
cancer cells through microcapillaries. For this purpose, a 2.85 mm long microchannel was fabricated
using polydimethylsiloxane (PDMS), with an overall width of 184 μm. At a distance of 700 μm
from the inlet, four 30 μm square blockages were inserted, varying the gap between the blockages
in the range 10–15 μm. This complex configuration of the blocks and gaps helped us to mimic
the broken basement membrane via which cancer cells invade the blood capillaries. Further, at a
distance of 1000 μm from the blockages, a network of constricted channels each of width 7 μm,
which mimic the blood microcapillaries, were introduced. The motion of the EMT cells through this
complex network allowed the investigation of some hydrodynamic parameters along with some crucial
biological assays. The deformation index, entry time, and transit velocity of the cells at different
stages provide an understanding of the behavior of cells in microcapillaries. The EMT cells at the inlet,
and the cells that were collected from the outlet and regrown (MET), were examined by analyzing
several protein expressions, real-time polymerase chain reaction (PCR) analysis, and flow cytometric
analysis. The viability of the cells was calculated using dye staining assays. A comparison between the
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migrating ability of EMT cells and epithelial cells was made by performing a scratch assay. Moreover,
the metastatic potency of the EMT cells passing through the constricted channel was observed by
performing colony formation assays. Whereas paclitaxel treatment resulted in decreased viability
(IC50 = 98 nM) and colony formation ability of epithelial cells, paclitaxel-treated EMT cells showed a
lower response to drug treatment. Furthermore, a thorough investigation to identify the effectiveness
of drug treatment during various stages of cancer cell flow through microcapillaries was undertaken,
which may prove very beneficial for scientists, oncologists, and cancer therapeutics. Figure 1 shows a
graphical representation of the objectives of the present study.

Figure 1. Schematic representation of the motion of metastatic cancer cells from the primary site to a
distant secondary site through microcapillaries.

2. Experimental Section

2.1. Cell Culture

Breast cancer (MDA-MB-468) cells were obtained from National Centre for Cell Science, Pune, India.
These cells were maintained in a CO2 incubator (5% CO2) with humidified air. Cells were cultured in
DMEM (Dulbecco’s modified Eagle’s medium) containing 10% FBS (fetal bovine serum) and antibiotic
solution (penicillin and streptomycin). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide), hEGF (human epidermal growth factor), and a GenElute Mammalian Total RNA Miniprep
Kit were purchased from Sigma Aldrich. A cDNA synthesis kit and the cyanine dye SYBR Green were
purchased from BioRad Laboratories. Alexafluor 488-tagged anti-vimentin antibody was obtained
from Abcam.

2.2. EMT Induction in MDA-MB-468 Cells

Nearly confluent MDA-MB-468 cells were washed with phosphate-buffered saline (PBS),
trypsinized, and counted in a Countess cell counter (Thermo Fisher Scientific). Cells were seeded
in a six-well plate at a density of 2 × 105 cells per well in 2 mL of medium (10% FBS). The six-well
plates were incubated in a CO2 incubator for 24 h for complete attachment of the MDA-MB-468 cells.
After 24 h, the medium in each well was replaced with a serum-free medium and the cells were
again incubated for 12 h. Subsequently, the cells were treated with EGF at 10, 20, and 40 ng/mL in
a serum-free medium. The morphology of the untreated and EGF-treated cells was monitored and
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images were captured in a microscope (Nikon Eclipse Ti-U). These EGF treated cells (MDA-MB-468
cells) are henceforth referred to as EMT cells.

2.3. Fabrication of Microchannels

An Su8 master silicon wafer was prepared in the CeNSE Department of IISc Bangalore, India,
having imprints for 12 channels in the single master. All the channels were fabricated based on the
design shown in Figure 2A. PDMS solution was prepared by mixing SYLGARD 184 silicone elastomer
with a cross-linker in a ratio of 10:1. A nylon ring of inner diameter equal to the width of the Su8 master
was used to make the mold. PDMS solution was poured over the Su8 master bounded by the nylon
ring. Upon solidification of the PDMS layer, it was gently peeled off and individual channels were cut
out using a surgical blade. The inlet and outlet were punched out using a punching tool. The open
channels were then sealed by placing them over a glass slide after treatment with oxygen plasma.

Figure 2. Design of the microchannel. (A) Schematic representation of the microchannel (not to scale);
(B) magnified view of the 30 μm blockages; (C) magnified view of the series of constricted channels.
All dimensions in μm.

2.4. Experimental Setup

Semi-rigid polyethylene tubing of outer diameter 1.09 mm and inner diameter 0.38 mm (Prolab
Marketing, New Delhi, India) was connected to the inlet and outlet of the microchannel. The cells
suspended in DMEM were filled into a syringe from an Eppendorf tube and the syringe was fitted in
a syringe pump. The microscope and pump were connected to a power source. With activation of
the syringe pump, the cells and the suspending medium started to fill the connecting tube and flow
through the microchannel. In general, the average velocity of blood (usually measured in cm/s) varies
from 0.03 to 40 cm/s as the blood flows through the vena cava, capillaries, and aorta [15]. The cells
suspended in the medium were allowed to flow pass at a constant flow rate of 50 μL/h. The motion of
the cells were observed and recorded at a high frame rate of 30,000–50,000 fps using the video module
of Phantom PCC 2.8 software, manufactured by Vision Research (Wayne, NJ, USA). The videos were
then deconvoluted to obtain images at required time instants. The supplementary videos are shown at
a reduced speed of 200 fps for clarity.

2.5. Flow Cytometry for Vimentin Expression

MDA-MB-468 cells were seeded in a six-well plate at a density of 2 × 105 cells per well. After EMT
induction, the cells were washed with PBS, trypsinized, and collected in 1.5 mL tubes. The cells were
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fixed with 1 mL of formaldehyde (4% in PBS) at room temperature for 15 min. Thereafter, the cells
were centrifuged and washed with PBS. Subsequently, permeabilization of the cell membranes was
achieved by adding chilled methanol (90%) on ice. After 30 min of incubation on ice, the cells were
centrifuged and washed with PBS. Alexafluor 488-tagged anti-vimentin antibody was added to the
cells in 4% bovine serum albumin (BSA) solution, and then the cells were incubated for 30 min in
the dark. Subsequently, the cells were washed with ice-cold PBS, resuspended in PBS, and analyzed
immediately in a flow cytometer (Cytoflex, Beckman Coulter, Indianapolis, IN, USA).

2.6. Real-time Polymerase Chain Reaction (RT-PCR)

Vimentin and fibronectin are two important markers for mesenchymal transitions. The expression
of vimentin and fibronectin was examined using quantitative real-time PCR (qPCR) for MDA-MB-468,
EMT, and MET cells. The cells were collected at different stages of the experimental procedure, such as
at the inlet and outlet of the microchannel. For obtaining MET cells, the EMT cells that passed through
the channel were collected at the outlet and regrown. The cells were then lysed and total RNA was
isolated using an RNA isolation kit. Total RNA (1 μg) was then used to prepare cDNA using a cDNA
synthesis kit. qPCR was performed using the primers for vimentin, fibronectin, MDR1 (ABCB1),
and GAPDH (Table S1, Supplementary Information). SYBR Green was used as a reporter dye in
a Rotor-Gene Q (Qiagen) instrument. The relative expressions of vimentin and fibronectin were
calculated by the ΔΔCt method using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the
endogenous control.

2.7. Dual Staining

Trypan blue dye is used to stain membrane-compromised or dead cells, whereas live cells exclude
the dye. MDA-MB-468 cells were seeded in a 60 mm cell culture dish in the presence of DMEM and
treated with 20 ng/mL of EGF for 24 h. The EMT cells were then washed with PBS, trypsinized, and
suspended in DMEM in an Eppendorf tube. Equal volumes of trypan blue dye (10 μL) and the cells
were mixed and loaded in the counting chamber. The viable cells (%) were counted using a Countess
automated cell counter (Invitrogen). The images highlighting the live and dead cells were also captured
using the same instrument. The viability results represented data of triplicate experiments. Acridine
orange and ethidium bromide (AO/EtBr) staining was performed to study the viability of the cells
passing through the constricted microchannel at four different locations, i.e., at the inlet (1st), while
the cells flow through the blockages (2nd), followed by the 7 μm constricted microchannels (3rd),
and at the outlet (4th). Briefly, EGF-treated cells were stained with a mixture of AO (100 μg/mL) and
EtBr (100 μg/mL) in DMEM for 15 min. After washing with PBS, the cells were trypsinized, mixed
with AO/EtBr solution, and passed through the microchannel. When the cells had reached the outlet,
the flow pump was stopped and images of the cells at the above-mentioned sites were captured using
a Nikon Eclipse Ti-U microscope.

2.8. Confocal Imaging to Study the Morphology of Induced EMT Cells

Briefly, 2 × 105 cells were seeded in a 35 mm dish fitted with a coverslip. After attachment,
the serum-free medium was added. The cells were treated with 20 ng/mL of EGF for 24 h, then
calcein-AM staining was performed. Subsequently, the cells were fixed with 4% formaldehyde and
the nuclei were stained with DAPI (4’,6-diamidino-2-phenylindole). Images were obtained in the
confocal microscope.

2.9. Scratch Assay for Invasion Study

A scratch assay is generally used to observe interactions and migrations among cells. A scratch is
marked on a monolayer of cells and subsequent cell migration is captured microscopically at regular
time intervals. For this assay, MDA-MB-468 (parental) EMT cells were seeded on 35 mm Petri dishes,
whereas EMT cells were treated with 20 ng/mL hEGF. These culture dishes were then scratched with a
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sterile pipette tip to create a ‘wound’ in the respective dishes. Cell debris was removed by washing
with PBS and the plates were kept in an incubator at 37 ◦C under humidified conditions with 5% CO2

for 48 h. The images of the fresh wounds, and also the healing of the wounds, were examined under
a Nikon Eclipse Ti-U microscope at 24 and 48 h, respectively, and the corresponding images were
examined to differentiate their migration ability.

2.10. Cell Viability Assay

To study the viability of the paclitaxel-treated cells, MTT assays were carried out. MDA-MB-468
cells were seeded in a 96-well plate at a density of 5000 cells per well, then the cells were treated with
different concentrations of paclitaxel (0–200 nM) for 48 h. After completion of the treatment, the cells
were incubated with MTT solution (0.25 μg/mL) in PBS for 2 h. Finally, the MTT solution was aspirated
and 150 μL of dimethyl sulfoxide (DMSO) were added to each well. The absorbance of MTT was
recorded in a multiplate reader at 570 nm. The cell viability of the treated samples was calculated
assuming 100% viability in untreated wells. The results were represented accumulating data from
three sets of experiments.

2.11. Colony Formation Assay

The colony formation study was performed to investigate whether the EMT cells retained their
metastatic ability after passing through the channel. The experiment was designed in such a way
that we could compare the number of colonies of the epithelial, EMT, and MET cells along with their
paclitaxel-treated counterparts. Epithelial and MET cells were treated with 100 nM paclitaxel for 48 h
and a total of 200 cells were seeded for colony formation. In the case of EMT and paclitaxel-treated
(EMT + PTX) cells, the cells were treated with EGF or EGF + 100 nM paclitaxel, respectively, for 48 h.
After completion of the treatment, the cells were passed through the channel and collected in an
Eppendorf tube. The collected cells were counted and dispersed in DMEM in a 12-well plate at a
density of 200 cells per well. The plates were incubated for 10 days at 37 ◦C in an incubator, then the
grown colonies of the cells in each well were fixed with 100% methanol and stained with crystal violet.
The colonies from each well were counted at 10×magnification under a bright-field microscope (Nikon
Eclipse Ti-U, Tokyo, Japan). The results were accumulated based on triplicate experiments.

3. Results

3.1. Experimental Setup

The basic layout of the microchannel is shown in Figure 2A. The channel was 2.85 mm long
between the inlet and outlet sections and its width was 184 μm. At a distance of 700 μm from the inlet,
four square blockages of width 30 μm were present. The blockages were unequally spaced along the
width of the channel, creating unequal gaps. The gap between the walls of the channel and the first
blockage, from either side was 15 μm and the next two blockages were at a distance of 12 μm from the
first blockage, leaving a gap of 10 μm between the two center blockages.

At a distance of 700 μm from the blockages, the channel diverged into three parallel channels
of width 35 μm and length 300 μm, each of which further reduced to constricted microchannels of
width 7 μm and length 150 μm. The channel outlet was at a distance of 1 mm from the constricted
channels. Magnified views of the blockage section and the constricted channel section are shown
in Figure 2B,C, respectively. The motion of the cells through the blockage section represented their
invasiveness through the network of several capillaries. The locomotion of the cells through the entire
channel (from inlet to outlet) has been shown in Supplementary video S1.

3.2. EGF Induced EMT Transition in MDA-MB-468 Cells

EGF induced EMT transition of MDA-MB-468 cells can be monitored by overexpression of the
vimentin and N-cadherin that helps in the migration of EMT cells [16,17]. In our experiments, we used
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EGF to induce EMT to mimic the in vivo conditions. To study the amount of EGF required to convert
cells to the mesenchymal state, MDA-MB-468 cells were treated with 10, 20, and 40 ng/mL EGF.
After treatment for 24 h, the cells were observed under a microscope for morphological changes.
It was observed that untreated cells were in tight contact with each other, but after EGF treatment
the cells became rounded losing their contacts (Figure 3A,D). After confirming the morphological
changes, a flow cytometric assay was performed to study vimentin expression (for details, see the
Experimental section). The cells showed increased expression of vimentin when treated with EGF at
10, 20, and 40 ng/mL (Figure 3B), confirming an EMT. In addition, the viability of these EGF-treated
cells was studied using trypan blue staining. From microscopic observations, it was found that cell
death was higher in the case of 40 ng/mL EGF treatment.

 

Figure 3. Epithelial to mesenchymal transition (EMT) induction in MDA-MB-468 cells. (A) Changes in
the morphology of cells treated with increasing concentrations of epidermal growth factor (EGF); (B,C)
histograms from flow cytometry for vimentin expression (B), with corresponding mean fluorescence
intensity shown in a bar plot (C); (D) alteration in the cytoplasmic and nuclear morphology studied by
calcein-AM DAPI (4’,6-diamidino-2-phenylindole) staining.

Therefore, although the maximum vimentin expression was observed at 40 ng/mL EGF, we chose
20 ng/mL of EGF for further experiments. Wound healing assays revealed a greater migratory ability
of EMT cells than the untreated cells (referred to as ‘epithelial cells’) (Figure S1).
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3.3. Flow Dynamics of EMT Cells

Figure 4 shows the flow dynamics of the EMT cells when they pass through the gaps of various
sizes between the 30 μm blockages. Figure 4A illustrates the various time instants recorded during the
experiments while the cells passed through any gap. Time t1 was taken at the instant when the cell was
just about to enter the gap (the cell front touches the entry line). This was followed by time t2, which is
the instant when the entire cell had entered the gap (the rear of the cell touched the entry line). Finally,
we recorded time t3 when the cell was about to exit from the gap (the front of the cell touched the exit
line). Based on the values of t1, t2, and t3, the deformation index, entry time, and transit velocity of the
cell, while moving through the gaps, were calculated.

Figure 4. Flow dynamics of cells through blockages. (A) Stepwise motion of the cell through
a blockage; (B) microscopic view of invasion of cells through the gaps between blockages (C–E)
deformation index, entry time, and transit velocity of the cells through the gaps of varying sizes
between blockages, respectively.

A microscopic image of the cells passing through the gaps between the blockages is shown in
Figure 4B. Figure 4C shows the deformation index of the cells while passing through the gaps. The cell
sizes varied in the range of 14–28 μm diameter and the gap sizes varied as 10, 12, and 15 μm. Figure 4D
shows the entry time required for the cells of different sizes to enter the gap, and the velocity with
which the cells transit through the gaps has been shown in Figure 4E. It was observed that through the
10 μm gap, comparatively smaller cells (size less than ~20 μm) tended to pass through and, owing to
increased confinement, the deformation index and entry time of the cells passing through the 10 μm
gap were very high compared with the 12 and 15 μm gaps. The gaps of 12 and 15 μm allowed more
cells to pass through. For any particular cell size, the deformation index and entry time were minimum,
and the transit velocity was maximum in the 15 μm gap. Supplementary video S2 depicts the motion
of the EMT cells through the gaps between the blockages in the channel. It was observed that a cell of
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diameter 20 μm (approx) exhibited deformation index of 1.69, 1.31, and 1.21 with the corresponding
entry time of 37,428, 14,334, and 7667 μs, and possessed transit velocity of 0.227, 0.326, and 1.47 mm/s,
while traversing through the 10, 12, and 15 μm gap, respectively.

As mentioned earlier (Figure 2), each of the three constricted passages were of equal length
(150 μm) and width (7 μm). Figure 5 shows the flow dynamics of the cells through the constricted
7 μm microchannels. Time instants t4, t5, and t6 were observed when a cell passed through any of the
constricted paths. As shown in Figure 5A, t4 is the time instant when the cell front touched the entry
point in any channel, t5 is the time instant when the entire cell has just entered the constricted passage
and its rear touched the entry point, and t6 is the time instant when the deformed cell’s front touched
the exit point. The entry time was calculated by subtracting t4 from t5. The ratio of the maximum
elongation length (l) to the undeformed cell diameter (d) was calculated as the deformation index.
The average transit velocity was obtained by dividing the distance travelled (150 μm) by the time taken
(t6–t4). A microscopic view of the cells flowing through the constricted channels is shown in Figure 5B.
Figure 5C shows the deformation index of the cells through the constricted 150 μm long passage.
The cell sizes varied in the range of 14–28 μm. It was observed that the large cells underwent enhanced
elongation compared with small cells. The transit velocity and entry time of the cells are shown in
Figure 5D,E, respectively. It is noted that large cells took more time to accommodate themselves inside
the constricted passage, exhibiting an enhanced entry time and a lower transit velocity.

Figure 5. Flow dynamics of cells through a constricted 7 μm channel. (A) Stepwise motion of the
cells through the constricted channel; (B) microscopic image of cells passing through constricted
microchannel; (C–E) deformation index, entry time, and transit velocity of the cells through the 7 μm
constricted passage, respectively.

A typical cell of size 19 μm diameter showed a deformation index of 2.45, transit velocity of
12.3 mm/s, and entry time of 31,000 μs, while moving through one of the constricted sections of the
channel. The blue lines in the plots depict the general trend of the nature of the cells. These are the best
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fitted curves obtained from the data points in the graph. Supplementary video S3 depicts the motion
of the cancer cells through the constricted microchannels.

3.4. Epithelial to Mesenchymal and Mesenchymal to Epithelial Transitions

Epithelial cells possess tight contacts with neighboring cells, and thus express proteins required
for adherence (E-cadherin, occludin), whereas EMT-transformed cells become loosely attached, gaining
migratory properties. In our experiments, we used vimentin as a standard EMT marker to confirm the
epithelial or mesenchymal status of the cells [18]. The presence of EMT in MDA-MB-468 cells, and also
the viability of the cells at the outlet, can be used to study the behavior of these cells in blood vessels.

EMT was induced in presence of EGF. However, in the absence of EGF during movement,
downregulation of vimentin and fibronectin were observed in the cells collected at the outlet, which
defines possible reverse transition to MET. Therefore, EMT-induced cells were collected at the outlet of
the microchannel (referred to as MET cells) and studied for possible MET characteristics. From gene
expression studies (Figure 6), it was confirmed that EGF-treated cells showed a 2.7–fold higher
expression of vimentin protein compared with untreated epithelial cells, confirming the epithelial
to mesenchymal transition of MDA-MB-468 cells. Similarly, fibronectin expression also increased
two-fold (Figure 6A) [12]. These events are similar to those that occur at the primary site of the
tumor, where the expression of the epithelial marker decreases and mesenchymal marker protein
expression increases simultaneously during EMT [19]. We isolated these mesenchymal cells and
passed them through the microchannel, which mimicked the entry and movement of the mesenchymal
cells in blood vessels. In general, when the mesenchymal cells reach the bloodstream, they travel to
different parts of the body and start to be converted into the epithelial state. Hence, in our experiments,
cells passing through the microchannel were collected at the outlet and were grown to study their MET
characteristics. Surprisingly, vimentin and fibronectin expression reached its basal level as in epithelial
cells, confirming the complete mesenchymal to epithelial transition.

 
Figure 6. Gene expression studies by real-time PCR and flow cytometry. (A) Comparison of expression
of vimentin and fibronectin genes in epithelial, EMT, and mesenchymal to epithelial transition (MET)
cells; (B) vimentin expression studied at the protein level using anti-vimentin antibody in flow cytometry.

3.5. Viability of EMT Cells

As mentioned previously, the microchannel consisted of several obstructions, and the cells passing
through the channel underwent deformation and pronounced morphological changes, decreasing
the percentage of viable cells at the outlet [20]. Mesenchymal transformed MDA-MB-468 cells were
collected by trypsinization before starting the experiment. The fluorescent images in Figure 3D
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confirmed the membrane integrity of EMT cells. For studying the viability, we performed AO/EtBr
staining. Figure 7A shows the qualitative images of the cells at different sections of the channel. At the
inlet, all of the cells were evenly stained with AO, with a few red dots indicating EtBr fluorescence due
to dead cells. On passing the gaps of 10, 12, and 15 μm (between blockages), the cells were observed
to be mostly alive. However, once the cells had passed through the 7 μm constriction and reached
the outlet, almost 50% of the cells took up EtBr, confirming cell death. Similar events resulting in cell
apoptosis have been observed during migration and invasion through blood capillaries smaller than
their own diameter [21,22]. Quantitative estimation of the cell death during the flow was estimated by
trypan blue staining, which further confirmed the presence of live cells at the outlet of the channel.
Figure 7B indicates that around 50% of the cells were alive at the outlet.

Figure 7. Cell viability assessment. (A) Acridine orange and ethidium bromide (AO/EtBr)-stained
images at different sections of the channel; (B) comparison of the percentage of EMT cells viable after
passing through the constriction with the initial conditions and with cells maintained in the same
environment for the same period of time but not passed through the constriction. Cell condition 1
refers to the initial EMT cells, cell condition 2 refers to mock experimental control EMT cells kept in the
same environment without passing through the channel, and cell condition 3 refers to the cells collected
from the outlet of the microchannel; (C) image of stained cells obtained from the Countess automated
cell counter.

3.6. Clonogenicity of EMT Cells

The ability of a single cell to grow and form colonies was studied by clonogenic or colony
formation assay. Initially, MDA-MB-468 (epithelial) cells were treated with different concentrations
of paclitaxel (PTX) to study the antiproliferative properties of the PTX. From the MTT assay results
for 48 h treatment (Figure 8A), it was observed that PTX was able to inhibit the proliferation of
the cells in a dose-dependent manner and the IC50 of the PTX was found to be 98 ± 4 nM. Next,
epithelial, EMT, and MET cells were treated with PTX and an equal number of cells were seeded to
form colonies. All the cells treated with EGF, i.e., EMT and EMT treated with PTX, were passed through
the channel and seeded for colony formation. Epithelial and MET cells, and also their drug-treated
counterparts, were not passed through the microchannel. It was observed from Figure 8B,C that a
total of 150 ± 3 colonies were formed from untreated epithelial cells, whereas epithelial cells treated
with PTX showed 78 ± 5 colonies, confirming the antiproliferative effect of the PTX. Surprisingly,
the number of colonies formed in EMT cells induced by EGF was 95 ± 10, whereas EMT cells treated
with PTX formed 79 ± 4 colonies. Similarly, untreated MET cells formed 131 ± 6 colonies, whereas

99



J. Clin. Med. 2019, 8, 1194

MET cells treated with PTX developed 80 ± 8 colonies. From the results, it was concluded that both
epithelial and MET cells treated with PTX showed a decreased number of colonies due to the effect
of the drug. In contrast, EMT cells treated with PTX did not show a significant reduction in colony
formation. Early reports suggested that EMT cells become drug resistant by acquiring increased drug
efflux pumps, leading to a smaller amount of the drug being available for therapeutic action inside
the cells [23]. In this regard, we analyzed the expression of the MDR1 in the epithelial, EMT, and
EMT cells. MDR1 protein forms drug efflux pumps in the cell membrane to avoid cell death from
therapeutic drugs. The results of the real-time PCR analysis in Figure 8D show that the EMT cells
possess 2-fold higher expression of the MDR1 as compared to epithelial cells. The expression remains
similar for MET cells. Hence, the increased number of colonies in EMT cells after PTX treatment may
be attributed to the acquired resistance of the EMT cells due to increased MDR1 expression. To the
best of our knowledge, this is the first report in which the hydrodynamic behavior of EMT cells is
correlated with drug-resistant metastatic phenomena of breast cancer cells.

Figure 8. (A) MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay results of
the paclitaxel treatment of MDA-MB-468 cells for 48 h; (B) representative photograph of the colony
formation assay of epithelial and drug-treated epithelial cells; (C) comparison of the number of
colonies formed by the paclitaxel-treated epithelial, EMT, and MET cells with their respective controls;
(D) real-time PCR assay results showing MDR-1 expression in epithelial, EMT, and MET cells.

4. Discussion

The motion of the cells through the blockage section of the microchannel represents invasive
behavior of the cells through the basement membrane to enter the bloodstream. On the other hand,
the motion of the cells through the constricted channels represents their motion through the network
of blood capillaries. Our experimental design of microchannels and working protocols showed
stepwise movements of EMT cells similar to that of in vivo metastatic cells (Figure 5). Starting from
standardization of EGF dose (20 ng/mL), induction of EMT and susbsequent gene expression profiling
of vimentin and fibronectin were perfomed systematically (Figures 3 and 6) before conducting the
flow experiments. The scratch assays (Figure S1) supported the migratory ability of EGF induced EMT
cells, as evident from other reports [24]. It is to be mentioned here that during the initial stages of
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EMT, biochemical changes inside the cells cause alterations in the morphology of the cells, which was
observed in Figure 3 [25]. Normally, epithelial cells are tightly attached to the basement membrane;
however, during EMT, cells lose their contact with the attached surface and undergo migration
and invasion. Both the migratory and invasive properties are associated with the expression of the
genes from the signaling pathways involved. Certain epithelial marker proteins such as E-cadherin,
claudin, and occludin are downregulated in the mesenchymal state, whereas mesenchymal markers
(N-cadherin, vimentin, Snail) are upregulated [26]. Such alterations in vimentin and fibronectin
expression confirmed EMT formation (Figure 6). Interestingly, these EMT cells passing through the
gaps of various blockages and the constricted capillaries revealed some important hydrodynamic
parameters, like deformaton index and transit velocities, as depicted in Figures 4 and 5. Such parameters
are important to understand the ability of metastatic cells to move through several hindrances while
reaching the distant secondary site from the primary origin. It is quite intriguing that the cells undergo
deformation several times during such movement through microcapillaries. In reality, the cancer
cells pass through several such hindrances (as demonstrated in Figures 4B and 5B) while moving
from a primary site to reach a secondary site during metastasis. Such cancer cells get deformed on
multiple occasions during their movement through a system of capillaries. Importantly, having been
deformed some cells still remain viable for spreading cancer. Our experimental design has explained
deformability and survival behavior of EMT while passing through several barriers and constricted
portion of microchannel.

A significant population of EMT cells retained viability to spread cancer, as evident from the trypan
blue staining experiment (Figure 7). When the disseminated mesenchymal cells reach a secondary site
(site of metastases) by traversing the network of blood capillaries, they may undergo a reverse transition
(MET) as metastases largely recapitulate an epithelial-like pathology similar to the corresponding
primary tumor [27]. It is very important to understand that the environment faced by the cells at the
secondary site completely differs from the cells at primary site. In our microchannel, we considered the
outlet as a secondary site. This experimental design led us to analyze the morphology and properties
of the cells collected from the outlet. The real-time PCR and flow cytometry results for vimentin
and fibronectin expression described in Section 3.4 (Figure 6) have shown that the cells collected
from outlet completely returned back to the epithelial state after incubation in a growth factor-free
medium. As such, there was no evidence that some of the cells are residing at mesenchymal state.
Similarly, the MDR-1 expression of the MET cells also reached the basal levels, indicating the complete
mesenchymal to epithelial transition. The MTT assay provided the required drug concentration for
treating cells in various transition phages. The IC50 value of PTX treated MDA-MB-468 cells was
obtained by this assay. The same dose of PTX was further used to treat EMT and MET cells (cells
collected at the outlet). Finally, EMT alone, and EMT and MET treated with PTX separately, were
compared for their colony formation abilities. Virulence of EMT with increased number of colonies
and resistance to PTX treatment with high MDR1 expression (Figure 8) deciphered drug-resistant
behavior of metastatic EMT cells passing through microchannel. The strength of our study is not
only limited to movement of EMT cells mimicking in vivo conditions, but it also deciphers the drug
resistant properties of EMT, as well as reverse transition phenotype, in terms of gene expressions.

5. Conclusions

This paper describes the flow of EMT cells in constricted microcapillaries while retaining their
metastatic potential. The EMT induced MDA-MB-468 cells regained their epithelial nature with
potential ability to grow and divide after passing through the microchannel traversing through several
barriers. During such migration, the cells undergo deformation and transitions that were established
experimentally. Higher expression of EMT markers such as vimentin and fibronectin and enhanced
migratory ability of the cells, confirmed by the scratch assay, described their metastatic behaviors. While
exhibiting metastasis, cells invade through surrounding tissue layers to enter the blood circulation.
These aspects of the cell migration were studied in microchannels possessing barriers in the form of
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blockages and constricted passages to mimic in vivo conditions. In experimental setup, hydrodynamic
properties of the moving EMT cells were evaluated, which revealed pronounced deformability of the
cells. Surprisingly, the viable cells collected at the outlet were transformed into MET with the ability
to form colonies, similar to a condition for formation of secondary tumor in metastasis. Further, the
effect of a chemotherapeutic drug (paclitaxel) on the cells revealed higher expression of the multidrug
resistance MDR-1 gene in EMT cells, which possibly enhanced their drug resistance, than epithelial and
MET cells. Our experimental findings provide insight into flow dynamics of EMT cells and their drug
resistant behaviors during the progress of metastasis. The current information, resembling migration
properties of metastatic cells through tissues and blood vessels in vivo, would be beneficial to devise
therapeutic strategies in future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/8/1194/s1.
Table S1: Primer sequences used for real-time PCR study. Figure S1: Wound healing assay results revealing
migration of the EGF treated cells. Supplementary video S1 shows the flow of cells in the entire channel from the
inlet to the outlet reservoir. Supplementary video S2 shows the motion of cells through the gaps between the
blockages in the channel. Supplementary video S3 shows the motion of cells through the constricted passages in
the channel.
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Abstract: Metastasis remains the major cause of death from colon cancer. We intend to identify
differentially expressed genes that are associated with the metastatic process and prognosis in colon
cancer. ATP synthase epsilon subunit (ATP5E) gene was found to encode the mitochondrial F0F1 ATP
synthase subunit epsilon that was overexpressed in tumor cells compared to their normal counterparts,
while other genes encoding the ATP synthase subunit were repressed in public microarray datasets.
CRC cells in which ATP5E was silenced showed markedly reduced invasive and migratory abilities.
ATP5E inhibition significantly reduced the incidence of distant metastasis in a mouse xenograft model.
Mechanistically, increased ATP5E expression resulted in a prominent reduction in E-cadherin and
an increase in Snail expression. Our data also showed that an elevated ATP5E level in metastatic
colon cancer samples was significantly associated with the AMPK-AKT-hypoxia-inducible factor-1α
(HIF1α) signaling axis; silencing ATP5E led to the degradation of HIF1α under hypoxia through
AMPK-AKT signaling. Our findings suggest that elevated ATP5E expression could serve as a marker
of distant metastasis and a poor prognosis in colon cancer, and ATP5E functions via modulating
AMPK-AKT-HIF1α signaling.

Keywords: ATP5E; AMPK; EMT; Metastasis; Colorectal Cancer

1. Introduction

Colorectal cancer (CRC) is one of the leading causes of morbidity and mortality worldwide, with
about 1.4 million new cases reported in 2012 [1]. There was a global increase in CRC mortality, rising
from an estimated 608,700 deaths in 2008 to almost 700,000 deaths in 2012 [1,2]. As a major clinical
and public health concern, it is the third most commonly diagnosed cancer and the second leading
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cause of cancer-related deaths in both genders in the United States. Mortality resulting from CRC is
associated with the disease stage, more-advanced grade, and the presence of obstruction [3]. Among
these prognostic indicators, metastasis to distant organs (e.g., lung metastasis) is one of the most critical
causes related to mortality [4]. Approximately 50% of patients develop distant metastases within
2 years after surgery and have a poor prognosis. Identifying a reliable diagnostic marker could serve
to improve the management of patients with metastatic CRC.

Distant metastasis is one of the hallmarks of cancer and is comprised of a series of complex and
interconnected cellular signaling networks. The so-called epithelial-to-mesenchymal transition (EMT)
was shown to be the initiating and prerequisite cellular process for cancer cells to gain the ability to
metastasize. The EMT is characterized by cancer cells’ transformation from an epithelial phenotype to
a mesenchymal phenotype, often reflected by increased vimentin (a mesenchymal marker) expression
with a concomitant decrease in E-cadherin (an epithelial marker) expression [5,6]. Accumulating
evidence suggests a close link between initiation of the EMT and metabolic reprogramming within
cancer cells [7,8].

Bioenergetic proteins within mitochondria were found to possess the potential to be prognostic
markers associated with cancer progression [9,10]. Among the metabolic pathways, adenosine
monophosphate-activated protein kinase (AMPK) is considered a crucial energy sensor for regulating
and adapting to hypoglycemic states [11,12]. To curb catabolic activity in the setting of energy depletion,
phosphorylated (p)-AMPK interferes with Akt signaling through direct inhibition [13]. Furthermore,
inhibiting the phosphorylation of Akt activates glycogen synthase kinase-3β (GSK3β) and consequently
destabilizes Snail, which induces the expression of E-cadherin [14].

The Warburg effect is when cancer cells mainly generate their energy by glycolysis instead of
oxidative phosphorylation; it is utilized by normal cells due to impaired mitochondrial function [15].
In line with Warburg’s hypothesis, reports have shown that the β-catalytic subunit of H+-adenosine
triphosphate (ATP) synthase is downregulated in renal and colon carcinomas along with the
upregulation of glycolytic glyceraldehyde 3-phosphate dehydrogenase (GAPDH); the metabolic
phenotype in these cells is considered a tumor progression marker with prognostic value for early-stage
patients [16]. In addition, significant increases in ATP synthase α- and δ-subunits expressions were
observed in primary tumors compared to the normal mucosa, while downregulation of the α- and
δ-subunits led to decreased invasion in vitro in liver metastasis of primary CRC [17,18]. Based on these
premises, we hypothesized that metastasis is an energy-demanding process that prompts cancer cells to
acquire extra energy by upregulating energy-producing machinery. Increased ATP and ATP synthase
hence appear to be potential targets for cancer therapy [19,20]. As one of the major mitochondrial
enzymes, ATP synthase produces ATP and provides energy by driving phosphorylation of adenosine
diphosphate (ADP) through a transmembrane proton gradient [21]. The enzyme includes an F0 sector
composed of hydrophobic subunits for energy transduction, as well as an F1 sector composed of
hydrophilic α-, β-, γ-, δ-, and ε-subunits for its catalytic function [22,23]. As to the roles of ATP
synthase subunits in cancer development, little is known about the ε-subunit, which is encoded by
the human ATP synthase epsilon subunit (ATP5E) gene and is located in the stalk region of the F1
sector [24,25]. A mutation in ATP5E leads to an isolated ATP synthase deficiency and mitochondrial
disease, while the ε-subunit seems to be linked to incorporation of the c-subunit [26]. Knockdown
of ATP5E inhibited the biogenesis of ATP synthase, reduced the ATP synthase complex, produced
an insufficient ATP phosphorylating capacity, elevated the mitochondrial membrane potential, and
caused unexpected c-subunit accumulation [27]. In addition, ATP5E was proven to be required for
normal spindle orientation during embryonic divisions in Drosophila [28].

To date, the roles of ATP5E in CRC tumor development and disease progression remain unclear.
Therefore, we investigated the relationship among ATP5E expression, disease stage, and survival in
CRC patients. Moreover, we also investigated functional consequences of ATP5E alterations in CRC
tumor cells, and the signaling axis that causes the EMT.
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2. Experimental Section

2.1. Reagents, Cell Lines, and Lentiviral Transduction

Human CRC HCT116 and H3347 cells were obtained from American Type Culture Collection
(Manassas, VA, USA) and grown in Dulbecco’s modified Eagle medium (DMEM) and RPMI medium
supplemented with 10% fetal bovine serum (FBS). As previously described, stable knockdown clones
of HCT116 and H3347 cells were generated using short hairpin (sh)RNA directed against the ATP5E
gene constructed in a pGIPZ-puro vector obtained from OpenBiosystems (Huntsville, AL, USA) [29].
A plasmid carrying a non-silencing (NS) control sequence was used to create control cells. Puromycin
for stable clone selection was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. CRC Sample Selection and Immunohistochemical Analysis

The studied tissues were retrieved from the Department of Pathology, Taipei Municipal Wan
Fang Hospital (Taipei, Taiwan) with Institutional Review Board approval (TMU-IRB 99049). Surgical
specimens had been fixed in 10% buffered neutral formalin and embedded in paraffin. The histological
diagnosis, tumor size, tumor invasiveness, and lymph node status of all cases were reviewed and
confirmed by two pathologists (CLF and CLC). The final disease stages were determined according to
the Cancer Staging System of the American Joint Committee of Cancer (AJCC). Clinical data, including
the follow-up period, overall survival period, and disease-free survival period, were retrospectively
collected from the medical record of each patient. Patients were followed-up for up to 152 months.
Patients who died of postoperative complications within 30 days after surgery were excluded from the
survival analysis.

A tissue microarray (TMA) was used for the IHC analysis of ATP5E expression in this study.
A TMA containing CRC tissues and corresponding adjacent non-cancerous colon tissues was prepared,
as described previously [30]. Three 1 mm cores from different areas of a tumor tissue in a paraffin
block containing the tumor were selected in each case. If available, two 1-mm cores of adjacent
non-cancerous normal colon mucosa were also selected in each case. In total, 243 archival CRC samples
were assembled in the TMA. Antibodies used for IHC staining included anti-human ATP5E (1:100)
(Abnova, Taipei, Taiwan), p-AMPKα thr-172 (1:50) (Cell Signaling Technology, Danvers, MA, USA),
and E-cadherin (1:200) (BD Biosciences, Piscataway, NJ, USA). Immuno-detection was performed with
an EnVision dual-link system-horseradish peroxidase (HRP) detection kit (DAKO, Glostrup, Denmark).

A four-point staining-intensity scoring system was devised to determine ATP5E expression in CRC
TMA specimens, and staining-intensity scores ranged from 0 (no expression) to 3 (high expression).
The results were classified into two groups according to the intensity and extent of staining: In the
low-expression group, either no staining was present (staining intensity score = 0) or positive staining
was detected in fewer than 10% of cells (staining intensity score = 1); and in the high-expression group,
positive immunostaining was present in 10%–30% (staining intensity score = 2) or more than 30% of
cells (staining intensity score = 3). All of the IHC staining results were reviewed and independently
scored by two pathologists.

2.3. Animal Study

All animal work was conducted in accordance with a protocol approved by the Academia
Sinica Institutional Animal Care and Utilization Committee. Age-matched severe combined
immune-deficiency mutation and interleukin-2 receptor gamma chain deficiency (NOD SCID gamma)
female mice (6–8 weeks old) originally from Jackson Laboratory (Farmington, CT, USA) were used.
For the experimental tumorigenesis assay, 5 × 106 HCT 116 cells were re-suspended in 0.1 mL of
phosphate-buffered saline (PBS) and subcutaneously injected into the backs of SCID mice. Tumor
volumes were measured every week. If tumor masses occurred, they were harvested at the end of
week 3. For the experimental metastasis assays, 106 HCT 116 cells were re-suspended in 0.1 mL of
PBS and injected into the lateral tail vein of SCID mice. Mouse lungs were harvested at 2.5 weeks
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after the injection. The number of lung metastatic nodules was measured, and the intensity of green
fluorescence was quantified using a noninvasive bioluminescence system (IVIS-Spectrum, PerkinElmer,
MA, USA). Tissues were fixed in 10% buffered neutral formalin and embedded in paraffin. Sections of
4 μm in thickness were stained with hematoxylin and eosin (H&E) for the histopathological analysis.

2.4. Western Blot Analysis

A Western blot analysis was performed with the primary antibodies anti-ATP5E (1:1000) (cat. no.:
H00000514-M01, Abnova, Taipei, Taiwan), anti-pAkt ser 473 (1:1000) (cat. no.: 4060, Cell Signaling
Technology), anti-Akt (1:2000) (cat. no.: 4691, Cell Signaling Technology), anti-pGSK3β (1:1000) (cat. no.:
9336, Cell Signaling Technology), anti-GSK3β (1:1000) (cat. no.: 9332, Cell Signaling Technology),
anti-Snail (1:1000) (cat. no.: 3879, Cell Signaling Technology), anti-E-cadherin (1:1000) (cat. no.: 610182,
BD Biosciences), and anti-α-tubulin (1:104) (Sigma-Aldrich, St. Louis, MO, USA).

2.5. Measurements of Intracellular ATP Levels

HCT116 and H3347 cells were cultured as described above before being trypsinized and washed
twice with PBS for the ATP analysis. Cells (8 × 104) were applied to each well of white-wall 96-well
plates (Greiner Bio One, Frickenhausen, Germany). Intracellular ATP levels were quantified using a
CellTiterGlo Assay (Promega, Madison, WI, USA) and a Victor3 plate reader (PerkinElmer Life Science,
Waltham, MA, USA) following the manufacturer’s instructions.

2.6. Invasion and Migration Analyses

For the invasion assay, polycarbonate filters were pre-coated with human fibronectin on the lower
side and Matrigel on the upper side. Medium containing 10% FBS was added to each well of the lower
compartment of the chamber. Cells were re-suspended in serum-free medium containing 0.1% bovine
serum albumin and added to each well of the upper compartment. Cells were incubated for 16 h at
37 ◦C in 5% CO2. At the end of incubation, cells were counted under a light microscope (200×, ten
random fields from each well). All experiments were performed in quadruplicate. For the migration
assay, wounds were created in confluent cells using a pipette tip and then rinsed with PBS to remove
any free-floating cells and debris. Wound healing was measured at 0, 12, 24, and 36 h under a light
microscope (100×).

2.7. Statistical Analysis

All observations were confirmed by at least three independent experiments. Data are presented
as the mean ± standard deviation (SD). An analysis of variance (ANOVA) was used to evaluate
the statistical significance of mean values. A Cox proportional hazards regression was used to test
the prognostic significance of factors in univariate and multivariate models. The Kaplan-Meier
method was used for the survival analysis. All statistical tests were two-sided, and p < 0.05 was
considered significant.

3. Results

This section may be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.

3.1. Overexpression of ATP5E in CRC Is Associated with Distal Metastasis

We first analyzed expressions of ATP synthase subunits in the GSE23878 dataset containing
36 CRC tissues and 24 non-cancerous colon tissues. A hierarchical clustering analysis showed that
expression profiles of genes coding ATP synthase subunits were suppressed in tumor tissues compared
to normal tissues (Figure 1a). Interestingly, we found that ATP5E, which encodes the ATP synthase
epsilon subunit, was uniquely overexpressed in tumor tissues compared to normal tissues (Figure 1b).
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Next, we analyzed ATP5E expression in another microarray dataset from GSE41258 containing a panel
of CRC samples that progressed from normal colon to polyps, primary tumors, and metastatic tumors.
Surprisingly, ATP5E expression was significantly upregulated in primary tumors and increasingly
upregulated in liver metastasis and lung metastasis (Figure 1c). To validate our findings, we performed
an RT-PCR to detect mRNA expression levels of ATP5E in normal versus tumor tissues. In eight of nine
CRC samples (88%), its expression in the tumor portion was markedly higher than that of the normal
part (Figure 1d). We also performed an IHC analysis to examine ATP5E expression in 60 NT-paired CRC
specimens. Staining results revealed a significant trend of higher expression of ATP5E in tumor tissues
compared to normal tissues (Figure 1e,f, p < 0.01). To further determine the prognostic role of ATP5E,
we performed an IHC analysis of 243 CRC patients with known clinical follow-up information. Among
these patients (with median follow-up of 70 months for censored patients), there were 127 deaths,
and demographic information is shown in Supplemental Table S1. Figure 1g illustrates representative
scores for quantitating ATP5E expression based on its staining intensity. The Kaplan-Meier survival
analysis showed that high levels of ATP5E were significantly correlated with worse overall survival
and disease-free survival (Figure 1h,i, p < 0.01). Relationships of ATP5E expression levels with
clinicopathological characteristics of CRC are summarized in Supplemental Table S1. Furthermore,
univariate and multivariate COX regression analyses, including ATP5E scores, the tumor status, lymph
node involvement, metastasis, stage, and recurrence, showed that ATP5E is indeed an independent
marker of a poor prognosis in CRC patients (Supplemental Table S2).

3.2. ATP5E Regulates Migration and Invasion In Vitro and In Vivo

Based on the finding that ATP5E expression is associated with distant metastasis, we then
hypothesized that ATP5E expression may affect the invasiveness of colon cancer cells. Figure 2a shows
the endogenous expression of ATP5E in six colon cancer cell lines. To test whether ATP5E can modulate
the invasive/migratory abilities of colon cancer cells, we silenced ATP5E expression in HCT116 and
H3347 cells using a shRNA lentivirus (Figure 2b). A wound-healing assay showed that knockdown of
ATP5E resulted in a ~40% reduction of the migratory ability of HCT116 and H3347 cells (Figure 2c). In
addition, knockdown of ATP5E also diminished the migratory and invasive abilities of both cell lines
as evaluated by a Boyden chamber assay (Figure 2d,e). To evaluate the effects of ATP5E expression on
tumor metastasis in vivo, we intravenously injected HCT116 NS control cells and shATP5E cells into
NOD-SCID mice. As shown in Figure 2f, the number of lung tumor nodules in the shATP5E group
was 2.5-times lower than that in NS control mice (p = 0.0002). Furthermore, fluorescence microscopy
and photon counts also displayed significant differences between the NS control and shATP5E mice
(Figure 2g). A histopathological examination showed further evidence of decreased distant metastases
of HCT116 shATP5E cells compared to HCT116 NS control cells (Figure 2h).

3.3. ATP5E Expression Induces the EMT

Since repression of ATP5E inhibited cancer cell migration and invasion in vitro and in vivo,
we further investigated the possible mechanism that regulates CRC cell motility and invasiveness.
According to the literature, metastatic cancer cells often acquire a mesenchymal phenotype through the
EMT. To test whether ATP5E expression can modulate the EMT, we performed a Western blot analysis
to detect E-cadherin and Snail expressions upon ATP5E suppression or ATP5E overexpression. Figure 3a
shows that Snail expression decreased with concurrent induction of E-cadherin expression upon ATP5E
silencing. Complementarily, overexpression of ATP5E in CX-1 cells upregulated Snail and resulted in
E-cadherin suppression (Figure 3a). The IHC analysis in serial sections of CRC specimens also showed this
inverse correlation between ATP5E and E-cadherin (Figure 3b). To confirm mRNA expression patterns of
ATP5E and E-cadherin during CRC progression, we analyzed expressions of both genes from normal
colon specimens to polyps, primary tumors, liver metastatic tumors, and lung metastatic tumors in the
GSE41258 dataset. Interestingly, E-cadherin expression was frequently downregulated with concurrent
upregulation of ATP5E in metastatic tumors compared to primary tumors (Figure 3c).
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3.4. ATP5E Upregulation Connects the AMPK-AKT-HIF1a Signaling Axis to the EMT Phenotype in Lung
Metastatic Tumors

To elucidate the possible signaling pathways for EMT induction, we extracted differentially
expressed genes in lung metastatic tumors, which were predominately expression patterns of ATP5E
high/E-cadherin low, from the GSE41258 dataset and subjected them to an IPA Upstream Regulator
Analysis. With this approach, we found that the AKT-HIF1-α signaling axis was predicted to be
activated (Figure 4a). Moreover, downstream targets of AKT and HIF1α, including fibronectin and
E-cadherin, were differentially regulated (Figure 4b). While AMPK was not predicted to be activated
but based on the negative regulatory relationship between AMPK and AKT, we hypothesized that
phosphorylation of AMPK at thr-172 would be inhibited. To test this hypothesis, we performed a
Western blot analysis to detect the phosphorylation status of AMPK and AKT. Data showed that AMPK
was activated with concurrent inhibition of AKT activity upon ATP5E knockdown in HCT116 and
H3347 cells (Figure 4c). Moreover, ATP5E knockdown of HCT116 cells abolished stabilization of the
HIF1α protein in hypoxia (Figure 4d).

Figure 1. Overexpression of the ATP synthase epsilon subunit (ATP5E) in colorectal cancer (CRC) is
associated with distal metastasis and a poor prognosis. (a) Microarray expression patterns of genes
encode for ATP synthase in the GSE23878 dataset containing 36 CRC tissues and 24 non-cancerous
colorectal tissues. (b) Relative expression of the ATP5E gene in the GSE23878 dataset ranked from
lowest to highest. (c) Microarray expression patterns of the ATP5E gene were compared among 54
normal colon tissues, 49 polyp tissues, 186 primary tumors, 20 lung metastatic tumors, and 47 liver
metastatic tumors in the GSE41258 dataset. (d) RT-PCR analysis of ATP5E levels in normal colon tissues
(N) and tumor tissues (T) derived from nine patients. Data were normalized to the corresponding
MRPS28 level. (e) Representative IHC staining of ATP5E levels in normal colon and primary CRC
tissues. (f) Distribution of immunoreactivity scores in normal colon and primary CRC tissues (n = 60).
The scores were determined by the staining intensity x percentage of positive cells. (g) Representative
scores for ATP5E IHC staining in CRC patients. (h) Kaplan-Meier plot of overall survival for 243 CRC
patients, stratified by the ATP5E level. (i) Kaplan-Meier plot of disease-free survival for 243 CRC
patients, stratified by the ATP5E level.
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Figure 2. ATP synthase epsilon subunit (ATP5E) silencing inhibited invasion and migration in vitro and
distal metastasis in vivo. (a) Endogenous ATP5E protein expression in six colorectal cancer cell lines.
(b) Knockdown of ATP5E expression in HCT116 and H3347 cells by ATP5E shRNAs. The knockdown
efficiency was determined by an RT-PCR and Western blot analyses. (c) Wound-healing assay carried
out on HCT116 and H3347 cells. Relative wounded areas were compared between the non-silencing
(NS) control and shATP5E cells at 24 h. (d) Migration assay for the NS control and shATP5E cells of
the HCT116 and H3347 cell lines using Boyden chambers. (e) Invasion assay for the NS control and
shATP5E cells of the HCT116 and H3347 cell lines using Boyden chambers pre-coated with Matrigel
shown in the lower panel. (f) Representative lung images of mice injected with the NS control and
shATP5E cells are shown in the left panel. Total numbers of lung metastatic nodules in individual mice
2.5 weeks after a tail vein injection of HCT116 NS control or shATP5E cells are shown in the right panel.
(g) Green fluorescence and photon images of the lungs of mice injected with HCT116 NS control or
shATP5E cells. The color bar represents the fluorescence intensity. (h) Representative H&E staining of
lung sections at 12.5× and 400×. Red arrows indicate metastatic nodules.
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Figure 3. ATP synthase epsilon subunit (ATP5E) expression induces the epithelial-to-mesenchymal
transition. (a) Western blot analysis of E-cadherin and Snail expressions upon ATP5E knockdown and
overexpression. (b) IHC staining of ATP5E and E-cadherin in serial sections of colon cancer specimens.
(c) ATP5E and E-cadherin expression profiles of normal colon, polyp, primary colon tumor, liver
metastatic tumor, and lung metastatic tumor tissues in the GSE41258 microarray dataset.
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Figure 4. ATP synthase epsilon subunit (ATP5E) upregulation connects the adenosine
monophosphate-activated protein kinase (AMPK)-AKT-hypoxia-inducible factor-1α (HIF1a) signaling
axis to the epithelial-to-mesenchymal transition (EMT) phenotype in lung metastatic tumors.
(a) Upstream regulator analysis of differentially expressed genes in lung metastatic tumors from
the GSE41258 dataset. The orange circle indicates predicted activation, while the blue circle indicates
predicted inhibition. (b) Differentially expressed genes downstream of AKT and HIF1a extracted from
the GSE41258 dataset. (c) Western blot analysis of the phosphorylation status of AMPK and AKT upon
ATP5E inhibition in HCT116 and H3347 cells. (d) Western blot analysis of the HIF1a protein upon
ATP5E inhibition in hypoxia.

4. Discussion

In the present study, we determined the prognostic role of ATP5E expression in CRC patients
and the functional consequences of ATP5E in two colon cancer cell lines in vitro and in vivo. To our
knowledge, no previous investigation has determined the prognostic role of the ATP5E gene in human
CRC. We concluded that the ATP5E expression status was significantly associated with both disease-free
survival and overall survival. It was also inversely correlated with p-AMPK and E-cadherin expression
statuses in terms of patient survival.

The role of F0/F1-ATP synthase in human cancer was evaluated in recent studies [7,16,17,31,32].
Nevertheless, most studies demonstrated that expression of the b-subunit of F0F1-ATP synthase is
repressed in human cancer cells of the liver, colon, kidneys, lungs, breast, stomach, and esophagus
compared to their corresponding normal tissues, whereas proteins (genes) involved in glycolysis
are upregulated in most human tumors [16,31]. On the basis of these findings, it was hypothesized
that the metabolic phenotype of tumor cells shifts from oxidative phosphorylation to glycolysis.
However, results were obtained from a limited number of normal or tumor samples. Originally,
Warburg hypothesized that cancer cells develop a defect in mitochondria that leads to impaired aerobic
respiration and a subsequent strain on glycolytic metabolism, and these were supported by a number
of reports [7,15,16,31,32]. However, subsequent work showed that mitochondrial function is not
impaired in most cancers [33,34]. In addition, Shin et al. reported that downregulation of F0F1-ATP
synthase induces an increase in 5-fluororuracil resistance [35]. Notwithstanding, F0F1-ATP synthase
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is overexpressed in liver metastasis of CRC, and higher expression of the b-subunit in breast cancer
is related to poor outcomes for those patients [17,32]. In addition, ATP5A expression is upregulated
in metastasized tumors and liver metastasis compared to primary tumors and normal cells in the
colon [36]. High expression levels of ATP synthase 6 and the d-subunit of F0F1-ATP synthase were also,
respectively, found in tumor samples of thyroid papillary carcinomas and lung adenocarcinomas [37].
Overexpression of the a- and b-subunits of F0F1-ATP synthase were correlated with metastasis in
melanoma cell lines and lung and lymph node metastases related to primary tumors [38]. The major
interpretation of these results is the direct impacts of increases in ATP synthase subunits on cellular
energy transduction, which may obscure an extra contribution to the apoptotic potential resulting
from the increase in mitochondrial oxidative phosphorylation. To accomplish the multistep cascade of
metastasis, tumor cells may need an active supply of energy. Additionally, tumor cells have high levels
of ATP and ATP synthase for their energy sources.

The role of F1F0-ATP synthase in cancer progression or metastasis has not yet been well
characterized. In previous reports on clinical cancer samples, decreased expression of the b-subunit
in colon and lung cancers was correlated with a poorer prognosis [7,16]. Data were reported in
limited samples of the early stage, pT1+pT2, lung adenocarcinomas, and Duke’s stage B2+B3 colon
adenocarcinomas. Those results were contrary to our findings. Our results demonstrated that high
expression of ATP5E was correlated with a poor prognosis in our pool of all subjects. Also, highly
significant differences in overall survival and disease-free survival appeared between subjects in AJCC
stages 3+4 and in stages 1+2 with higher ATP5E expression and those with lower ATP5E expression
(Supplemental online Figure S1). Our findings concurred with the concept that cancer cells require more
energy to trigger metastasis. Especially, Eukaryotic translation initiation factor 4E–binding protein 1
(4E-BP1) is a key downstream effector of mTOR complex 1 (mTORC1), which regulates mitochondrial
activity and improves metabolic homeostasis [39,40]. Therefore, we observed the phosphorylation
status of 4E-BP1 has been reduced in ATP5E knockdown stable cells (Supplemental online Figures S2
and S3). Recent studies focused on ATP and ATP synthase as targets for anticancer therapies in animal
and cell line models [19,20]. Combined all evidences, we hypothesized that ATP5E dysfunction in
colon tumorigenesis is correlated with ATP production, mitochondrial function, and then interacts
with several oncogenic pathways

AMPK is a member of a protein kinase family that is activated during energy deficiencies in order
to restore ATP levels [12]. Increasing the AMP/ATP ratio induces phosphorylation of AMPK by LKB1.
However, p-AMPK expression (negative or positive) is not associated with survival in CRC. Only after
combining with the p-MAPK3/1 status did the prognostic effect of p-AMPK significantly differ. Notably,
p-AMPK expression is associated with superior CRC-specific survival among p-MAPK3/1-positive
cases [37]. According to our findings, the high expression level of p-AMPK was significantly associated
with good overall survival (p = 0.041) and disease-free survival (p = 0.049) (Supplemental online Figure
S1). The Akt signaling pathway was also interfered with by activated AMPK with a direct interaction,
which might result in a reduction of glycolysis through decreases in both hexokinase activity and
transcription of glycolytic enzymes [13]. Since activation of the Akt pathway was implicated in
induction of the EMT, we hypothesized that silencing of ATP5E and increasing the AMP/ATP ratio
should induce activation of AMPK to inhibit Akt, which resulted in downregulation of Snail and
subsequent upregulation of E-cadherin (Supplemental online Figure S4) [14]. Accordingly, we found
that reducing expression of the ATP5E gene induced activation of AMPK, and thereby inhibited Akt
and GSK3β phosphorylation. This signaling gave rise to decreased stability of Snail and subsequently
increased the E-cadherin expression level (Figure 4B). In addition, patients with low ATP5E expression
and high E-cadherin expression had better survival than those with high ATP5E expression and low
E-cadherin expression. These results suggested that ATP5E is crucial for CRC prognosis.

Many cancer cells maintain a high level of anaerobic carbon metabolism in the presence of oxygen,
which is a manifestation of the Warburg effect [15]. Macrolide inhibitors, such as oligomycin, of
mitochondrial F0F1-ATP synthase selectively kill metabolically active tumor cells that do not fit in the
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Warburg effect phenomenon. Oligomycin A has also been used to inhibit mitochondrial F0F1-ATP
synthase in cancer metabolism research. Taken together with our results, the phenomenon of the
Warburg effect still remains to be established in detail.

F0F1-ATP synthase (F0F1) synthesizes ATP in mitochondria coupled with proton flow driven by
the Protonmotive force (PMF) across membranes. Based on previously studies, ATPase inhibitory factor 1
(ATPIF1, IF1) inhibits ATPase activity of mitochondrial F0F1-ATP synthase [41]. Under aerobic conditions,
ATPIF1 make ATP from ADP and phosphate using a PMF generated by respiration, as a source of energy
to drive their rotary mechanism. On the other hand, IF1-deficinet cells can maintain ATP after PMF loss
by glycolysis. Therefore, we screened the expression between ATPIF1 and ATP5E in the TCGA clinical
cohort (TCGA_COAD). The results showed that ATP5E was highly expressed in tumor part compared
with normal adjacent tissues. In contrast, ATPIF1 is reduced in the tumor part than in the normal group.
ATPIF1 and ATP5E form a significant negative correlation in clinical patients (Supplemental online Figure
S5). However, extrinsic conditions influence (pH, ion concentration, etc.) the self-association and structure
of IF1 [42]. In further experimental design, we will evaluate the mitochondrial membrane potential
(� Ψm) and identify the detailed interplay between ATP5E and ATPIF1.

5. Conclusions

We showed that a high ATP5E expression level was associated with a poor prognosis, including
disease recurrence, overall survival, and disease-free survival in CRC. Additionally, we used CRC
cell lines to investigate the roles of ATP5E in tumor growth and metastasis both in vitro and in vivo.
These findings point out the potential therapeutic implications, as they indicate that mitochondrial
ATP synthase inhibitors may enhance the anticancer efficacy of metabolic drugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/7/1070/s1,
Table S1: The demography of patients with Colorectal Cancer; Table S2: The relationship between ATP5E
expression and the clinical-pathological characteristics of colorectal cancer; Figure S1: Kaplan-Meier analysis
of overall and disease-free survival in stage I-II and stage III-IV colon cancer patients, stratified by ATP5E
expression; Figure S2: Relative intracellular ATP level upon ATP5E knockdown in HCT116 and H3347; Figure S3:
Kaplan-Meier analysis of overall and disease-free survival in combination with ATP5E status and E-cadherin
status; Figure S4: Kaplan-Meier analysis of overall and disease-free survival in combination with ATP5E status
and E-cadherin status; Figure S5: A negative correlation between ATP5E and ATPIF1 (A) Heat-map showed the
expression of ATP5A1, ATP5E and ATPIF1 in the TCGA colon adenocarcinoma clinical cohort. (B) Quantitation
the expression level of ATP5E and ATPIF1 in normal adjacent tissues and primary tumor group, respectively. (C)
Correlation plot performed the significant negative association between ATP5E with ATPIF1.”

Author Contributions: M.H., C.L.C., and A.T.W. conceived and designed the study. C.L.C. and Y.C.H. collected
CRC. samples and clinical information. Y.H.J., Y.C.C., and H.F.T. performed the experiments and acquired the
result data. M.H., Y.H.J., C.L.C. and Y.C.H. reviewed the statistical analysis. Y.C.H., Y.H.J., Y.J.H. and Y.C.C.
drafted the manuscript. M.H., C.L.C., and A.T.W. critically revised the manuscript and supervised the study.
All authors read and approved the final manuscript.

Funding: This research was supported by Academia Sinica (AS-SUMMIT-108) to Michael Hsiao and Ministry
of Science and Technology (MOST106-2320-B-038-035-MY3) to Chi-Long Chen. Yan-Jiun Huang was supported
by TMU106-AE1-B47.

Acknowledgments: We would also like to thank the Genomics Research Center Instrument Core Facilities for
their support for the Affymetrix microarray, IVIS spectrum, and Aperio digital pathology analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012.
Int. J. Cancer 2015, 136, E359–E386. [CrossRef] [PubMed]

2. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA Cancer J. Clin.
2011, 61, 69–90. [CrossRef] [PubMed]

3. Griffin, M.R.; Bergstralh, E.J.; Coffey, R.J.; Beart, R.W., Jr.; Melton, L.J., 3rd. Predictors of survival after
curative resection of carcinoma of the colon and rectum. Cancer 1987, 60, 2318–2324. [CrossRef]

115



J. Clin. Med. 2019, 8, 1070

4. Sargent, D.J.; Patiyil, S.; Yothers, G.; Haller, D.G.; Gray, R.; Benedetti, J.; Buyse, M.; Labianca, R.; Seitz, J.F.;
O’Callaghan, C.J.; et al. End Points for Colon Cancer Adjuvant Trials: Observations and Recommendations
Based on Individual Patient Data from 20,898 Patients Enrolled Onto 18 Randomized Trials from the ACCENT
Group. J. Clin. Oncol. 2007, 25, 4569–4574. [CrossRef] [PubMed]

5. Bates, R.C.; Mercurio, A.M. The epithelial-mesenchymal transition (EMT) and colorectal cancer progression.
Cancer Biol. Ther. 2005, 4, 365–370.

6. Thiery, J.P. Epithelial–mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454.
[CrossRef] [PubMed]

7. Cuezva, J.M.; Ortega, Á.D.; Willers, I.; Sánchez-Cenizo, L.; Aldea, M.; Sánchez-Aragó, M. The tumor
suppressor function of mitochondria: Translation into the clinics. Biochim. Biophys. Acta Mol. Basis Dis. 2009,
1792, 1145–1158. [CrossRef]

8. Ward, P.S.; Thompson, C.B. Metabolic Reprogramming: A Cancer Hallmark Even Warburg Did Not
Anticipate. Cancer Cell 2012, 21, 297–308. [CrossRef]

9. Moreno-Sanchez, R.; Rodriguez-Enriquez, S.; Saavedra, E.; Marin-Hernandez, A.; Gallardo-Perez, J.C. The
bioenergetics of cancer: Is glycolysis the main ATP supplier in all tumor cells? BioFactors 2009, 35, 209–225.
[CrossRef]

10. Zu, X.L.; Guppy, M. Cancer metabolism: Facts, fantasy, and fiction. Biochem. Biophys. Res. Commun. 2004,
313, 459–465. [CrossRef]

11. Bujak, A.L.; Crane, J.D.; Lally, J.S.; Ford, R.J.; Kang, S.J.; Rebalka, I.A.; Green, A.E.; Kemp, B.E.; Hawke, T.J.;
Schertzer, J.D.; et al. AMPK Activation of Muscle Autophagy Prevents Fasting-Induced Hypoglycemia and
Myopathy during Aging. Cell Metab. 2015, 21, 883–890. [CrossRef]

12. Hardie, D.G.; Carling, D.; Carlson, M. The AMP-Activated/SNF1 Protein Kinase Subfamily: Metabolic
Sensors of the Eukaryotic Cell? Annu. Rev. Biochem. 1998, 67, 821–855. [CrossRef]

13. Daignan-Fornier, B.; Pinson, B. 5-Aminoimidazole-4-carboxamide-1-beta-D-ribofuranosyl 5’-Monophosphate
(AICAR), a Highly Conserved Purine Intermediate with Multiple Effects. Metabolites 2012, 2, 292–302.
[CrossRef]

14. Zhou, B.P.; Deng, J.; Xia, W.; Xu, J.; Li, Y.M.; Gunduz, M.; Hung, M.C. Dual regulation of Snail by
GSK-3beta-mediated phosphorylation in control of epithelial-mesenchymal transition. Nat. Cell Biol. 2004, 6,
931–940. [CrossRef]

15. Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [CrossRef]
16. Cuezva, J.M.; Chen, G.; Alonso, A.M.; Isidoro, A.; Misek, D.E.; Hanash, S.M.; Beer, D.G. The bioenergetic

signature of lung adenocarcinomas is a molecular marker of cancer diagnosis and prognosis. Carcinogenesis
2004, 25, 1157–1163. [CrossRef]

17. Chang, H.J.; Lee, M.R.; Hong, S.-H.; Yoo, B.C.; Shin, Y.-K.; Jeong, J.Y.; Lim, S.-B.; Choi, H.S.; Jeong, S.-Y.;
Park, J.-G. Identification of mitochondrial FoF1-ATP synthase involved in liver metastasis of colorectal cancer.
Cancer Sci. 2007, 98, 1184–1191. [CrossRef]

18. Moreno-Sanchez, R.; Rodriguez-Enriquez, S.; Marin-Hernandez, A.; Saavedra, E. Energy metabolism in
tumor cells. FEBS J. 2007, 274, 1393–1418. [CrossRef]

19. Geschwind, J.-F.H.; Ko, Y.H.; Torbenson, M.S.; Magee, C.; Pedersen, P.L. Novel therapy for liver cancer:
Direct intraarterial injection of a potent inhibitor of ATP production. Cancer Res. 2002, 62, 3909–3913.

20. Gong, Y.; Sohn, H.; Xue, L.; Firestone, G.L.; Bjeldanes, L.F. 3,3’-Diindolylmethane is a novel mitochondrial
H(+)-ATP synthase inhibitor that can induce p21(Cip1/Waf1) expression by induction of oxidative stress in
human breast cancer cells. Cancer Res. 2006, 66, 4880–4887. [CrossRef]

21. Mitchell, P. Coupling of Phosphorylation to Electron and Hydrogen Transfer by a Chemi-Osmotic type of
Mechanism. Nature 1961, 191, 144–148. [CrossRef]

22. Walker, J.; Fearnley, I.; Gay, N.; Gibson, B.; Northrop, F.; Powell, S.; Runswick, M.; Saraste, M.; Tybulewicz, V.
Primary structure and subunit stoichiometry of F1-ATPase from bovine mitochondria. J. Mol. Biol. 1985, 184,
677–701. [CrossRef]

23. Walker, J.E.; Lutter, R.; Dupuis, A.; Runswick, M.J. Identification of the subunits of F1F0-ATPase from bovine
heart mitochondria. Biochemistry 1991, 30, 5369–5378. [CrossRef]

24. Gabellieri, E.; Strambini, G.B.; Baracca, A.; Solaini, G. Structural mapping of the epsilon-subunit of
mitochondrial H(+)-ATPase complex (F1). Biophys. J. 1997, 72, 1818–1827. [CrossRef]

116



J. Clin. Med. 2019, 8, 1070

25. Tu, Q.; Yu, L.; Zhang, P.; Zhang, M.; Zhang, H.; Jiang, J.; Chen, C.; Zhao, S. Cloning, characterization and
mapping of the human ATP5E gene, identification of pseudogene ATP5EP1, and definition of the ATP5E
motif. Biochem. J. 2000, 347, 17–21. [CrossRef]

26. Mayr, J.A.; Havlickova, V.; Zimmermann, F.; Magler, I.; Kaplanova, V.; Jesina, P.; Pecinova, A.; Nuskova, H.;
Koch, J.; Sperl, W.; et al. Mitochondrial ATP synthase deficiency due to a mutation in the ATP5E gene for the
F1 epsilon subunit. Hum. Mol. Genet. 2010, 19, 3430–3439. [CrossRef]
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Abstract: Epithelial to Mesenchymal Transition (EMT) is a multi-state process. Here, we investigated
phenotypic state transition dynamics of Epidermal Growth Factor (EGF)-induced EMT in a breast
cancer cell line MDA-MB-468. We have defined phenotypic states of these cells in terms of their
morphologies and have shown that these cells have three distinct morphological states—cobble,
spindle, and circular. The spindle and circular states are the migratory phenotypes. Using quantitative
image analysis and mathematical modeling, we have deciphered state transition trajectories in different
experimental conditions. This analysis shows that the phenotypic state transition during EGF-induced
EMT in these cells is reversible, and depends upon the dose of EGF and level of phosphorylation
of the EGF receptor (EGFR). The dominant reversible state transition trajectory in this system was
cobble to circular to spindle to cobble. We have observed that there exists an ultrasensitive on/off
switch involving phospho-EGFR that decides the transition of cells in and out of the circular state.
In general, our observations can be explained by the conventional quasi-potential landscape model for
phenotypic state transition. As an alternative to this model, we have proposed a simpler discretized
energy-level model to explain the observed state transition dynamics.

Keywords: epithelial to mesenchymal transition; morphology; phenotypic state transition;
quantitative imaging; mathematical modeling; ultrasensitive switch; quasi-potential landscape

1. Introduction

Epithelial to Mesenchymal Transition (EMT) is a phenomenon in which epithelial cells lose contact
between neighboring cells and become semi-adherent, thereby acquiring migratory mesenchymal
phenotype [1,2]. EMT is one of the possible mechanisms of cancer metastasis [3–5]. During EMT, cells
switch between multiple phenotypes [6–9]. In general, change in the phenotype of a cell is considered
as a transition of the cell from one state to another [10]. Cues from external signals [11,12] and the
noise in the cellular system [13] can drive cellular state transition.

The metaphor of Waddington’s epigenetic landscape [14] is widely used to understand the
directional state transition during differentiation [15]. In the generalized landscape model, cells move
through a quasi-potential landscape with basins of attractions. The attractors are at lower potentials
and are the preferred destination of cells. Each of those attractors is a particular phenotypic state [15].

The concept of potential landscape has been used to understand the phenotypic state transition
dynamics of EMT [10,16]. Several authors have developed dynamical models of gene regulatory
networks involved in EMT and created the potential landscape models based on those networks [17–19].
These studies have shown that the potential landscape of EMT has multiple attractors indicating that
EMT is a multi-state transition process.

Cellular state transition studies also help us to understand the lineages of different phenotypes.
Gupta et al. [13] investigated phenotypic heterogeneity in a breast cancer cell line and had shown
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that stem-like cells emerge from non-stem-like cells through stochastic state transition. Su et al. [20]
investigated the state transition dynamics in drug-induced resistance in melanoma. Using single-cell
gene expression study, Mojtahedi et al. [12] showed that differentiation of progenitor cells to erythroid
or myeloid lineage involves critical state transition. Hormoz et al. [21] used single-cell analysis to infer
state transition paths in mouse embryonic stem cells and showed that these cells go through stochastic
and reversible transitions along a linear chain of states.

Cellular states are commonly defined in terms of expression of molecular markers [13,20,22]
or genome-wide expression profile [23]. Zhang et al. [9] have shown that TGF-β1-induced EMT in
MCF10A cells involves transitions between three states defined by the relative expression of E-cadherin
and Vimentin. Several other authors have also categorized phenotypic states during EMT in terms of
expression of molecular markers and have developed mathematical models of multi-stable systems to
explain the emergence of these phenotypes [6–8]. Here, the assumption is that the levels of expression
of molecules reflect the phenotypic state of a cell. However, the state of a cell can also be defined
by quantitative phenotypic features. For example, Kimmel et al. [24] used cell motility to define
phenotypic states and investigated state transition behaviors in mouse cells.

In the present work, we have used the morphology of a cell to define its phenotypic state
and investigated the dynamics of morphological state transition during Epidermal Growth Factor
(EGF)-induced EMT. The key phenotypic signatures of EMT in cell culture-based models are the loss of
cell-cell contact, change in morphology, scattering, and migration of cells [1,25]. These phenotypic
features can be measured quantitatively and can be used to study phenotypic state transition [26–28].

We induced EMT in MDA-MB-468 cells using EGF. MDA-MB-468 is a triple-negative
adenocarcinoma cell line of basal A type [29,30]. EGF-induced EMT of MDA-MB-468 cell is a well-
established model for EMT [31–36]. We observed three distinct cell states based on the morphology
of MDA-MB-468 cells. We call these cell states as cobblestone, spindle, and circular. We show that
the spindle and the circular cells are the migratory cells. We have used quantitative image analysis
to measure the population distributions of cells in these three states during EMT and estimated the
state transition paths using a population dynamic model. Our model and estimation strategy can be
used for any state transition system with aggregate data at discrete time points. We show that the
state transition paths followed by MDA-MB-468 cells depend upon the dose of EGF and a critical
state transition decision is controlled by an ultrasensitive on/off switch. As an alternative to the
quasi-potential landscape model, we propose a discretized energy-level model to explain the observed
state transition dynamics.

2. Methods

2.1. Cell Lines and Culture Conditions

Human breast cancer cell line MDA-MB-468 was procured from National Center for Cell Sciences,
Pune, India and cultured in Dulbecco’s modified eagle medium (DMEM, Himedia, Mumbai, India)
supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C in
a humidified incubator with 5% CO2. For experiments with EGF (Shenandoah biotechnology 100-26,
Warwrick, PA, USA) treatment, cells were maintained in reduced serum media (0.5% FBS in DMEM)
for 12 h, followed by treatment in reduced serum media.

2.2. Phalloidin-FITC Staining

Cells were grown in 96 well plates. After EGF treatment, cells were fixed with 4% paraformaldehyde
for 10 min at room temperature. Cell membrane was permeabilized using 0.1% Triton X-100 in PBS, and
the cells were stained with 0.1 μM of FITC Phalloidin conjugate in PBS for 1 h. Cells were counterstained
with 30 μM DAPI in PBS for 5 min at room temperature. Cells were washed twice with PBS followed
by imaging using an Epi-fluorescence microscope (Nikon Eclipse Ti-U, Nikon Instruments Europe BV,
Amsterdam, The Netherlands).
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2.3. Immunofluorescence

Cells were grown in 12 well glass chamber slide (Ibidi 81201, Grafelfing, Germany). After treatment,
cells were fixed with ice-cold methanol and acetone in 1:1 ratio at −20 ◦C for 10 min. Cells were
incubated with permeabilization buffer for 10 min at room temperature, followed by incubation with
blocking buffer (1% BSA, 0.3 M glycine in PBS containing 0.1% Tween20) for 30 min at room temperature.
Cells were stained overnight with fluorophore-conjugated primary antibody at 4 ◦C. Cells were washed
twice in PBS followed by imaging using a confocal microscope (Zeiss LSM 880, Carl Zeiss Microscopy,
LLC, Thornwood, NY, USA). Details of the antibodies used are given in Supplementary Table S3b.

2.4. Quantitative PCR

RNA was isolated using TRI reagent (Sigma, St. Louis, MO, USA) followed by Turbo DNAse
(Thermo Fisher Scientific, Waltham, MA, USA) treatment to get rid of genomic DNA contamination.
RNA was reverse transcribed using Verso cDNA synthesis kit (Thermo Fisher Scientific, Waltham,
MA, USA). qPCR was performed using Quantifast SYBR Green (Rotor-Gene Q, QIAGEN, Hilden,
Germany). All experiments were done in triplicates and normalized to cyclophilin A. Data analysis
was done using LinRegPCR [37]. Primers used in qPCR are listed in Supplementary Table S4.

2.5. Quantitative Image Analysis

Cells were grown in 96 well plates. After treatment, cells were fixed with 4% paraformaldehyde
for 10 min at room temperature. Cell membrane was permeabilized using 0.1% Triton X-100 in PBS, and
the cells were stained with HCS cell mask red dye (Thermo Fisher Scientific, Waltham, MA, USA) at a
final concentration of 0.001 μg/μL for 1 h. Cells were imaged using Epi-fluorescence microscope (Nikon
Eclipse Ti-U, Nikon Instruments Europe BV, Amsterdam, The Netherlands). Ten non-overlapping
fields of view were taken for each experimental condition. Image segmentation, object identification,
and extraction of geometric features were accomplished using CellProfiler [38]. Classification of cells
was carried out using CellProfiler Analyst through machine learning algorithm provided with it [39].
A set of rules was generated by training the tool with images that contain all possible cell types. Using
those rules the experimental images were classified. Supplementary Figure S11 shows the quality of
the training and the accuracy of the predictions from the trained data set.

2.6. Migration Assay

Cells were grown in transwell inserts in 24 well plates (Polycarbonate cell culture inserts with
8-micron pore size, Thermo Fisher Scientific, Waltham, MA, USA) with reduced serum media in both
the insert as well as the plate. After 24 h of EGF treatment, transwell inserts were placed in a fresh
plate with reduced serum media. After 6 h, cells lying within the insert were removed using a cotton
swab and cells that had migrated to the other side of the membrane were fixed with 100% ice-cold
methanol. Cells were stained with HCS cell mask red dye (Thermo Fisher Scientific, Waltham, MA,
USA), and the migrated cells were imaged using a confocal microscope (Zeiss LSM 880, Carl Zeiss
Microscopy, LLC, Thornwood, NY, USA).

2.7. Western Blotting

Cells were grown in 35 mm dishes. MDA-MB-468 cells were treated with different doses of EGF
for different time points as mentioned in the results section. Whenever required, cells were treated
with pathway inhibitor Gefitinib (Abcam ab142052, Cambridge, UK). After treatment, cells were lysed
in RIPA buffer containing PMSF (1 mM), sodium orthovanadate (1 mM), sodium fluoride (50 mM)
and EDTA (1 mM). Total protein was estimated by Lowry’s method [40]. An equal amount of lysate
from each sample was resolved by SDS PAGE and transferred to PVDF membrane by wet transfer.
The membrane was blocked by 3% BSA in TBST for 2 h, followed by overnight incubation with primary
antibody at 4 ◦C. Target proteins were detected by chemiluminescence (SuperSignal West Dura kit,
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Thermo Fisher Scientific, Waltham, MA, USA) using HRP conjugated secondary antibody. Developed
blots were imaged using a gel documentation system (ChemiDoc XRS+, BioRad, Hercules, CA, USA).
Detected bands were quantified by densitometry using ImageJ [41]. Target proteins were normalized
with respect to loading control. Details on the antibodies used are provided in Supplementary Table S3a.

2.8. Flow Cytometry

Cells grown in 35 mm dishes were treated with different doses of EGF for different time points as
mentioned in the results section. Cells were trypsinized and re-suspended in PBS followed by methanol
fixation (final concentration of 80% methanol). Fixed cells were kept in −20 ◦C for 15 min. Cells were
incubated with blocking buffer (0.5% FBS in PBS) for 2 h at room temperature. The cells were stained
overnight with primary antibody at 4 ◦C. Subsequently, the cells were stained with the Alexa Fluor 488
conjugated secondary antibody and analyzed in CytoFLEX (Beckman Coulter, Brea, CA, USA). The
positive population was estimated by Overton histogram subtraction. Cells stained with only secondary
antibody was used as a control in histogram subtraction. Data analysis was done using FCS Express 5 (De
Novo Software, Glendale, CA, USA). Details of the antibodies used are given in Supplementary Table S3c.

2.9. Live and Dead Cell Estimation

We have used the method developed by Dengler et al. [42] and Wan et al. [43]. Cells were grown
in 96 well plates. After treatment, propidium iodide (PI) was added at a final concentration of 1 μg/mL
into each well without removing the media. Cells were incubated at 37 ◦C for 10 min. Dead cells with
compromised membrane would take up PI. Fluorescence was measured using a microplate reader
(Infinite M200 PRO, Tecan, Mannerdorf, Switzerland) at λex = 530 nm and λem = 620 nm. Fold change
in dead cells was estimated with respect to time t = 0 sample. Similarly, the change in the total cell
population was also estimated. After treatment, staining solution (final concentration: 30 μg/mL of PI,
0.1 M EDTA, 0.5% Triton X-100) was added into each well without removing the media. Cells were
incubated for 6 h at room temperature followed by fluorescence measurement. Percentage live and
dead cells were estimated from this data. A standard curve was plotted to check the linear regime of
the assay (Supplementary Figure S12).

2.10. Cell Viability Assay

MDA-MB-468 cells were seeded in 96 well plates. Cells were treated with different doses
of Gefitinib for different time points. Subsequently, the viability of the cells was measured by
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay [44]. DMSO was used as a
solvent for Gefitinib. The percentage of cell viability was calculated relative to cells treated with an
equivalent amount of DMSO in media (without Gefitinib).

2.11. Mathematical Model

A state transition model was developed to understand the dynamics in EGF-induced cell state
transition. Experimental observations of cell state distribution and fold change in total cell population
upon EGF treatment were used as input to the model. From the model we estimated the fraction of
cells moving from one state to another state in a particular time interval. Details of the model and the
estimation procedure are given in the Supplementary Text (Section S1 to S3). Parameter estimation
and analysis of the model were done using MATLAB 2018a. The estimated parameters are given in
Supplementary Tables S1 and S2.

2.12. Data Analysis

SigmaPlot was used to generate graphs and for statistical analyses. Mean of multiple data points
are plotted with error bars representing standard deviations. Wherever applicable, suitable statistical
tests were performed and are mentioned in respective figure legends/text.

122



J. Clin. Med. 2019, 8, 911

3. Results

3.1. EGF-Induced EMT

We treated MDA-MB-468 cells with different doses of EGF to induce EMT. Cells were stained with
Phalloidin to visualize the change in F-actin distribution and cell morphology. MDA-MB-468 cells
grow as a monolayer of cobblestone-shaped cells attached to each other. Upon EGF treatment, the
morphology of these cells changed, and they lost cell-cell contacts (Figure 1a).

Quantitative PCR showed that EGF-treated cells had higher expression of Vimentin, Fibronectin,
Snail1, and Zeb1 (Figure 1b). Immunofluorescence imaging confirmed the increased expression of
Vimentin and Snail1 post-EGF-treatment (Figure 1c). Our observations in changes in morphology
and gene expression are in accordance with earlier reports of EGF-induced EMT in MDA-MB-468
cells [32,34,45].

Figure 1. EGF induces EMT in MDA-MB-468 cells. (a) Cytoskeletal reorganization and change in
morphology. After 24 h treatment with different doses of EGF, cells were stained with Phalloidin and
DAPI. Green and blue colors represent the cytoskeleton and DNA content respectively. (b) Expression
profile of EMT related genes. Cells were treated with 10 ng/mL of EGF and the fold change in expression
was measured by qPCR. Averages of three measurements are shown with error bar representing
standard deviation. Observed changes in expression of all the genes were statistically significant
(Kruskal-Wallis analysis of variance, p < 0.01). (c) Immunofluorescence imaging of Vimentin and Snail1.
Cells were treated with different doses of EGF for 24 h and stained with Fluorescent-dye conjugated
anti-Vimentin and anti-Snail1 antibodies. Scale bar in images: 50 μm.
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3.2. Morphological States of MDA-MB-468 Cells

Cells were stained with HCS cell mask red dye and imaged using a fluorescence microscope to
observe EGF-dependent change in morphology (Figure 2a). We observed that in our experimental
system, MDA-MB-468 cells had three distinct morphologies. We call these cells cobblestone, spindle,
and circular cells (Figure 2b). Cobblestone cells were polygonal with cell-to-cell contact. Spindle cells
and circular cells were scattered and loosely adhered. All these three cell types were in monolayer, and
none of them were floating over the medium.

Through image analysis, we estimated the percentage of each cell types in a population. It was
observed that the population distribution of these cells changed with the dose of EGF (Figure 2c).
We considered these three morphologies as three phenotypic states.

 
Figure 2. EGF-induced change in morphology of MDA-MB-468 cells. Cells were treated with different
doses of EGF for 24 h, and the change in morphology was imaged by fluorescence microscopy.
(a) Representative images for each dose of EGF show the dose-dependent effect of EGF on the
morphology. Scale bar: 100 μm. (b) Cells with three distinct morphologies were observed. These are
named as cobblestone, spindle and circular. Typical cell types in each category are highlighted by the
yellow line. (c) EGF-induced change in population distribution. The graph represents quantitative data
from image analysis. Each data point represents the mean of three independent experiments and error
bars indicate standard deviation.
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3.3. Functional Characterization of Three Cell States

We have done experiments to categorize the cell types based on their physiological functions.
Through image analysis, we quantified the extent of scattering of cells upon EGF treatment. For each
cell, we measured the number of nearest neighbors. For scattered cells, the number of nearest neighbors
would be lesser than that of cells in a cluster. As shown in Supplementary Figure S2, the number of
nearest neighbors for circular and spindle cells were lesser than that of cobble cells. The circular cells
were found to be more scattered than spindle cells. The median number of nearest neighbors for the
spindle and circular cells were one and zero, respectively.

We checked the migratory potential of these cells using the Boyden Chamber assay (Supplementary
Figure S3). In the absence of EGF, very few cells migrated to the other side of the membrane, and
they were spindle and circular. This shows that spindle and circular cells are inherently migratory
phenotypes. We performed the same experiment in the presence of different doses of EGF. As shown
earlier (Figure 2c), EGF treatment favored the formation of circular and spindle cells. In the Boyden
Chamber assay for EGF-treated cells, a large number of cells migrated to the other side and they
were again circular and spindle types. Therefore, circular and spindle cell states are the migratory
phenotypes, while cobble cell state is a non-migratory phenotype.

Franchi et al. [46] have earlier shown that membrane filters used as inserts in cell culture
experiments affects the morphology of MCF-7 cells. However, we did not observe such an effect of
membrane insert on the morphology of the cells in our Boyden chamber assay.

3.4. Dose-Dependent Temporal Dynamics of State Transition

The time-dependent changes in the distribution of cells in three morphological states for different
doses of EGF are shown in Figure 3. The population of cells remained in a steady state distribution in
the absence of EGF (Figure 3a). The steady state distribution had the majority of cobble cells (79% ± 4%)
and a minor proportion of spindle (13% ± 2%) and circular (8% ± 2%) cells.

At moderate doses of EGF (5 and 10 ng/mL), we observed reversible population dynamics with
an initial rise in circular cells, followed by an increase in spindle cells and eventually the population
distribution returned towards the initial state (Figure 3c,d). However, at a lower dose of EGF (1 ng/mL),
a marginal increase in the spindle cell population was observed, but changes in population distribution
were not statistically significant (ANOVA, p > 0.01). At a high dose (25 ng/mL EGF), cells mostly
remained in the circular state till 60 h (Figure 3e).

3.5. Trajectories of Cell State Transition

The population dynamics observed in our experiments can emerge when cells jump from one
phenotypic state to another depending upon the external cue. We used a mathematical model to
estimate the state transition trajectories from the imaging data. Usually, cell state transition models
are time-homogenous steady-state models that do not consider the death and birth of cells [13,20,47].
However, we have observed that our experimental system was not conserved and there was a change
in the total number of cells with time (Supplementary Figure S4a). Further, reversible change in
population distribution observed in our experiments ruled out the assumption of steady-state and
time homogeneity.

We created a discrete-time population dynamics model that considers all possible state transitions
along with birth and death of cells (Supplementary Text S1–S3). This is a generic model that can
be used for any experimental system where aggregate population data is collected at discrete time
intervals. We estimated the cell state transition parameters for each time interval by fitting the model
to image analysis data (Supplementary Tables S1 and S2).
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Figure 3. Dose- and time-dependent effect of EGF on population distribution. MDA-MB-468 cells
were treated with different doses of EGF for different durations, and cells were imaged by fluorescence
microscopy. The graph represents quantitative data from image analysis. Each data point represents
the mean of three independent experiments and error bars indicate standard deviation. (a) In the
absence of EGF; (b) 1 ng/mL EGF; (c) 5 ng/mL EGF; (d) 10 ng/mL EGF; (e) 25 ng/mL EGF.

Figure 4a shows the state transition diagram for cells treated with 10 ng/mL of EGF. From the
estimated state transition parameters, we have calculated the normalized flux of cells through each
path at each time intervals. Normalized flux represents the fraction of live cells moving through a
particular path in a particular time interval. As shown in Figure 4a, the main flux of cells was in the
cobble→ circular→ cobble path (solid black arrow).

For cells treated with 10 ng/mL of EGF, a substantial increase in the population of spindle cells
was observed at 36 h (Figure 3d). The state transition model shows that this increase was due to
the transition of some cells from the circular state to the spindle state in the interval of 24 h to 36 h
(Figure 4a, blue line) and contributions of other state transition paths were minor.

The 24 to 36 h time interval is crucial as two branching processes were observed in this
interval—circular→ cobblestone and circular→ spindle. To further investigate, we had additional
observations at three hour intervals in this period (Supplementary Figure S5).

The state transition diagram for this expanded time interval is shown in Figure 4b. At 24 h, the
majority of cells were in the circular state. At subsequent time intervals, a portion of these cells moved
to spindle state. These cells in the spindle state followed two paths - either they stayed in the same
state or moved to cobblestone state. Therefore, the reversal from circular to cobblestone state had a
transition through the spindle state.
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Figure 4. Cell state transition diagram of MDA-MB-468 cells treated with 10 ng/mL of EGF. Each line
represents one state transition path. State transition parameters were estimated from the quantitative
imaging data. Numerical values over the lines indicate the normalized flow of cells through those paths.
Pointed black arrows show the dominant transition path and pointed blue arrows indicate the next
dominant transition path. (a) State transition trajectories for observations at 12 h intervals till 60 h post-EGF
treatment and (b) State transition trajectories for observations at 3 h intervals in the period of 24 to 36 h.

The key inferences from this state transition analysis are—(a) cell state transition in EGF-induced
EMT of MDA-MB-468 cells is reversible, (b) the dominant state transition path for cells treated with a
moderate dose of EGF is cobble→ circular→ spindle→ cobble, and (c) spindle cells are predominantly
formed from circular cells. Therefore, the emergence of spindle cells requires the transition of cells
from cobblestone to circular state.

We also constructed the state transition diagram for cells treated with 25 ng/mL of EGF
(Supplementary Figure S6). At this high dose of EGF, the dominant state transition path was cobble→
circular. Since there was no reversal to cobble state, we did not observe any substantial increase in the
spindle cell population in this experiment.

Our state transition model considered all possible paths of state transition along with cell death
and birth. However, it can be hypothesized that the observed changes in the population distribution
were due to preferential death and birth of cells in specific states and there was no cell state transition.
To check the validity of this alternative hypothesis, we created a null model that consider birth and
death of cells, but do not consider any cell state transition (Supplementary text, Section S3).

The estimates from this model for the change in cell number and the extent of cell death did not
match with our experimental observations (Supplementary Figure S7). Instead, this model predicted
very high and unrealistic cell death (Supplementary Figure S7a). Therefore, we rejected the null model.

127



J. Clin. Med. 2019, 8, 911

3.6. Dynamics of EGF Signaling Drives the State Transition

The signal given by EGF gets encoded first in the temporal dynamics of phosphorylation of its
receptor EGFR. In MDA-MB-468 cells, EGF induced a transient change in phosphorylation of EGFR,
with a very fast rise followed by a gradual decline (Figure 5a). It was observed that the level of EGFR
phosphorylation and the rate of its decay depend upon the dose of EGF.

 
Figure 5. Temporal dynamics of phospho-EGFR in EGF treated MDA-MB-468 cells. (a) Cells were
treated with different doses of EGF and phosphorylation of EGFR was measured at different time points
by Western blotting. The experiment has been repeated three times and images of a representative
experiment are shown. (b) MDA-MB-468 cells were given two pulses of EGF, and phospho-EGFR
levels at different time points were measured by Western blotting. (c) Population distribution of
MDA-MB-468 cells treated with two pulses of EGF. The graph represents data from quantitative image
analysis. Each data point represents the mean of three independent experiments and error bars indicate
standard deviation.

We also used flow cytometry to detect phosphorylation of EGFR. The temporal dynamics of EGFR
phosphorylation observed in this experiment was similar to the results of Western blot experiments
(Supplementary Figure S8). In all cases, the distributions of cells were broad but unimodal, indicating
the absence of any distinct subpopulation. With EGF treatment, the whole population of cells moved
to a higher level of EGFR phosphorylation and then with time, shifted back to a lower level.

In our experiments, we have observed that the circular and spindle cells were scattered and
migratory. Lu et al. [48] have shown that EGF signaling promotes cell invasion and metastasis through
dephosphorylation of Focal Adhesion Kinase (FAK), a key molecule involved in cell adhesion to
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the extracellular matrix [49–51]. In untreated MDA-MB-468 cells, phosphorylation of FAK was high
(Supplementary Figure S9). In EGF-treated cells, phospho-FAK declined and returned to its high level
only when the phospho-EGFR level dropped (compare Supplementary Figure S9 with Figure 5a).
Therefore, the temporal dynamics of phospho-FAK was correlated with the temporal dynamics of
phospho-EGFR and the population dynamics of cells.

From the observations of phospho-EGFR dynamics and the population distribution data, we can
hypothesize that the cells move to circular state only when phospho-EGFR shoots very high. On the
other hand, the transition to spindle cell state happens in the decay phase of phospho-EGFR dynamics.
Subsequently, most of the cells return to the cobblestone state when phospho-EGFR reaches the basal
level. In case of prolonged phospho-EGFR activation (like in 25 ng/mL EGF treated cells), cells remain
stuck in the circular state for a longer duration.

To further understand the relationship between the dynamics of phospho-EGFR and cell state
transition, we treated cells with two pulses of 10 ng/mL of EGF (at t = 0 and t = 12 h). In comparison to
one dose of EGF, two pulses of EGF generated a higher phospho-EGFR level for a longer duration
(Figure 5b). Similarly, when two pulses of EGF were given, most of the cells stayed in the circular state
for a much longer duration than one dose of EGF (Figure 5c). These observations strengthened our
hypothesis that high phospho-EGFR level is required to move cells to circular state and to keep those
in that state.

3.7. An Ultrasensitive Switch-Like Response in State Transition

To further substantiate the hypothesis that the level of phospho-EGFR controls the cell state
transition, we have plotted proportion of the circular cells against the level of phospho-EGFR in
different experimental conditions (Figure 6). This figure resembles an ultrasensitive on/off switch
wherein a small change in the input signal triggers a drastic change in the response [52]. The grey
shaded region in Figure 6 represents the ultrasensitive region, where a slight shift in phosphorylation
of EGFR will have a large impact on the circular cell population.

 
Figure 6. Ultrasensitive switch-like response during state transition. The plot shows the relation
between the fraction of cells in circular state and phosphorylation of EGFR. Normalized level of
phospho-EGFR was estimated by densitometry of Western blot images. Data were fitted to the Hill
function (Hill coefficient t = 8.6). Ultrasensitive systems have a Hill coefficient greater than one. The
dashed line represents the response coefficient [53]. The gray shaded region represents the ultrasensitive
region where the response coefficient is greater than 1.

We perturbed this on/off switch using Gefitinib, an EGFR inhibitor. First, we treated cells with a
high dose of EGF (25 ng/mL), which induced the phosphorylation of EGFR, thereby turning the switch
ON. After 12 h, we added Gefitinib (0.2 μM) and turned the switch OFF. The dose of Gefitinib was
much below its IC50 value (Supplementary Figure S10).
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On EGF treatment, most cells initially became circular (Figure 7c). However, when Gefitinib
was added at 12 h, cells started to revert from the circular state to the spindle and cobblestone state
(Figure 7a). Additionally, phosphorylation of EGFR dropped, and Phospho-FAK increased immediately
after Gefitinib treatment (Figure 7a). These observations confirmed that there exists an ON/OFF switch
involving phospho-EGFR that decides whether a cell will be in the circular state or not.

 
Figure 7. Blocking EGFR turns the ultrasensitive switch OFF. MDA-MB-468 cells were treated with
different experimental conditions—(a) EGF (25 ng/mL) at t = 0 and Gefitinib (0.2 μM) at t = 12 h,
(b) EGF (25 ng/mL) and Gefitinib (0.2 μM) together at t = 0, (c) only EGF (25 ng/mL) at t = 0, and (d)
only Gefitinib (0.2 μM) at t = 12 h. For all the experimental conditions, EGFR, phospho-EGFR, FAK
and phospho-FAK were measured by Western blotting and the corresponding population distribution
was estimated through quantitative image analysis. EGF treated samples were used as positive
control for phospho-EGFR in (b) and (d). The bar graph represents quantitative data from image
analysis. Each data point represents the mean of three independent experiments and error bars indicate
standard deviation.

4. Discussion

Epithelial to mesenchymal transition involves the transition of cells through multiple phenotypic
states. In this work, we have identified state transition trajectories in an in vitro model system for
EMT using quantitative imaging and mathematical modeling. We used EGF to induce EMT in our
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experiments and have elucidated the link between the temporal dynamics of EGFR phosphorylation
and the cellular state transition dynamics.

Phenotypic state transition happens through two mechanisms—by stochastic fluctuation and by
the instruction of an external cue [12,54,55]. Both of these are understood in terms of a quasi-potential
landscape with multiple attractors representing distinct phenotypic states. In the first mechanism,
cells move from one phenotypic state to another due to stochastic fluctuation [13]. This leads to a
steady state distribution of cells in different phenotypic states. In our work, we have categorized cells
in three morphological states. In untreated condition, the relative proportions cells in these three states
remained almost constant throughout our observations.

An external cue changes the potential landscape pushing cells from one state to another [12,56].
This gives directionality to state transition and deviates the population distribution way from the
steady-state distribution. For a time-varying input signal, the changes in the landscape will depend
both on the strength of the signal and time.

In our experiments, we have observed both of these time- and dose-dependent effects. For
moderate doses of EGF, activation of EGFR was short, leading to a reversible population dynamics.
On the other hand, a high dose of EGF caused prolonged activation of EGFR and cells followed the
unidirectional path cobble→ circular.

We have observed that the spindle cells emerged primarily from the circular ones during the
decay phase of EGFR phosphorylation. During this phase, the dominant course of state transition was
circular→ spindle→ cobble; whereas, during the activation phase of EGFR, the path was cobble→
circular. This means that the changes in the quasi-potential landscape during EGFR activation phase is
different from that in the decay phase. The idea of signal-dependent change in the quasi-potential
landscape and associated population dynamics is further substantiated in our experiments where two
pulses of EGF were given, and cells were treated with an EGFR-inhibitor.

We have observed that transitions in and out of the circular state are linked with the phosphorylation
status of EGFR and the relation is ultrasensitive. An ultrasensitive switch helps a cell in making all or
none decision [57,58]. One of the canonical pathways activated by EGF is the MAPK pathway. MAPK
pathway is known to have ultrasensitive switch-like behavior [59]. Melen et al. [60] have shown that
during embryonic development of Drosophila cell state change triggered through EGFR activation has
ultrasensitive behavior.

As discussed above, our observations on the state transition dynamics in EGF-induced EMT in
MDA-MB-468 cells are in accordance with the concept of the quasi-potential landscape for phenotypic
states. However, our observations can be explained by another formulation of state transition. In this,
let us consider the phenotypic states as discrete, and each of those corresponds to a discrete energy
level. We have observed that, in the absence of EGF, cells had at an apparent steady-state distribution
of states– Cobble: Spindle: Circular = 0.79:0.13:0.08. In quasi-potential models, the steady state
probability of a cell being in particular state is linked to the potential of that state according to the
relation U = − ln(p), where U and p are the dimensionless potential and steady state probability
respectively [15,18,61]. Therefore, we can calculate the potential for each of the cellular states in our
experimental system as Ui = − ln( fi), where fi is the fraction of cells in the ith state at steady state,
i = cobble, spindle, circular [62]. This allows us to draw a state diagram with phenotypic states arranged
vertically as per their potentials (blue horizontal lines in Figure 8). This diagram is similar to the
Jablonski diagram [63] used to represent state transition in molecular spectroscopy.

EGF treatment causes rapid activation of EGFR. During this fast activation, cells move to the
circular state that has the highest potential (green arrow Figure 8). This is equivalent to transition
from the ground state to an excited state in the Jablonski diagram. On the other hand, the decay of
phospho-EGFR is a slow process, and the relaxation in the energy level of a cell is also slow. Therefore,
a cell at the circular state does not jump directly to the lowest potential, but first jumps to spindle state
that has the second highest potential (red arrows Figure 8).
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Figure 8. State diagram to understand state transition dynamics. Each morphological state corresponds
to a specific discrete energy level in this diagram. These energy levels are shown by blue horizontal
lines. Corresponding potentials (U) were calculated from the steady-state population distribution of
cells in different states. State transitions are probabilistic and only the dominant state transition paths
are shown here using green and red lines. All these state transitions were observed within 60 h of
observations in cells treated with 10 ng/mL of EGF.

All state transitions are still probabilistic. The dose of EGF decides the probability of transition of
a cell from the lowest potential to the highest one and the rate of relaxation. For a low dose of EGF,
cells fail to move to the circular state; whereas a moderate to high dose of EGF forces most of the cells
to the circular state. Similarly, the dose of EGF controls the rate of decay of phospho-EGFR and in
turn, controls the speed of relaxation of cells from circular state to the lower potential states. Therefore,
within 60 h, we have observed the circular→ spindle→ cobble transition in cells treated with 10 ng/mL
of EGF, but have not observed the same for 25 ng/mL EGF treatment.

This formulation of discrete energy states has certain advantages over the conventional potential
landscape model. Cell-based experiments like those in this paper never give complete empirical
information about the shape of the potential landscape. Therefore, understanding the changes in
the potential landscape with time and external cues is difficult. Generating a potential landscape is
difficult when discrete states are defined using structural or functional aspects of a cell rather than the
expression of specific markers. Our formulation does not have these limitations. As shown, one can
calculate the potentials corresponding to discrete phenotypic states from steady-state data and then
draw the state diagram that can be used to explain state transition trajectories. Further, this model is
much simpler than the landscape model and readily amenable to stochastic modeling to explain the
state transition behaviors.

Most of the previous studies on state transition in EMT were focused on specific molecular
networks. Accordingly, cellular states were defined in terms of expression of specific molecular
markers. Even though EMT is a complex process involving a large number of molecules, such studies
on specific networks involving a handful of molecules are essential for understanding EMT. However,
irrespective of our focus on a particular molecular network, EMT involves specific phenotypic changes
in cells. These phenotypic changes can be measured quantitatively, and the measurement techniques
can be scaled up for high-throughput experiments. In our work, we have used morphologies of
cells to define phenotypic states. We have shown that quantitative image analysis can be used to
study the dynamics of morphological state transition in an in vitro experiment. One can implement a
similar strategy to study EMT in terms of other phenotypic features of EMT like migration potential of
cells. Such studies involving direct characterization of quantitative phenotypic traits would augment
molecular marker-based investigations.
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Abstract: Dynamic interconversions between transitional epithelial and mesenchymal states underpin
the epithelial mesenchymal plasticity (EMP) seen in some carcinoma cell systems. We have delineated
epithelial and mesenchymal subpopulations existing within the PMC42-LA breast cancer cell line by
their EpCAM expression. These purified but phenotypically plastic states, EpCAMHigh (epithelial)
and EpCAMLow (mesenchymal), have the ability to regain the phenotypic equilibrium of the parental
population (i.e., 80% epithelial and 20% mesenchymal) over time, although the rate of reversion
in the mesenchymal direction (epithelial-mesenchymal transition; EMT) is higher than that in the
epithelial direction (mesenchymal-epithelial transition; MET). Single-cell clonal propagation was
implemented to delineate the molecular and cellular features of this intrinsic heterogeneity with
respect to EMP flux. The dynamics of the phenotypic proportions of epithelial and mesenchymal states
in single-cell generated clones revealed clonal diversity and intrinsic plasticity. Single cell-derived
clonal progenies displayed differences in their functional attributes of proliferation, stemness marker
(CD44/CD24), migration, invasion and chemo-sensitivity. Interrogation of genomic copy number
variations (CNV) with whole exome sequencing (WES) in the context of chromosome count from
metaphase spread indicated that chromosomal instability was not influential in driving intrinsic
phenotypic plasticity. Overall, these findings reveal the stochastic nature of both the epithelial and
mesenchymal subpopulations, and the single cell-derived clones for differential functional attributes.

Keywords: copy number variations (CNV); epithelial-mesenchymal transition (EMT); intratumoral
heterogeneity; mesenchymal-epithelial transition (MET); phenotypic plasticity; single cell-derived
clones; whole exome sequencing

1. Introduction

Cellular heterogeneity within and among cancers is the subject of considerable research, with
evidence of genetic and phenotypic heterogeneity in both normal and neoplastic cells across different
tissue types [1–4]. The proportion of cancer cells in distinct states is often correlated with tumor
type and grade [5–9]. The degree of heterogeneity (whether inter-tumoral or intra-tumoral) is also
considered as a significant predictor of metastatic potential [10–12]. In breast cancer, molecular profiling
of patient tumors led to the identification of transcriptional breast cancer subtypes, categorized as Basal,
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Luminal A, Luminal B, Her2+, Claudin-low and Normal-like [13–16], with further sub-classification of
the triple negative breast cancers (TNBC) into 10 distinct groups [17]. Cancer cells in these differing
phenotypic states exhibit important differences in their functional properties and clinical course [18–20].

Cellular plasticity allowing lineage transition is generally silenced in adult tissues except in
undifferentiated stem cells [21]. Epithelial mesenchymal plasticity (EMP) is not restricted to transition
across binary epithelial and mesenchymal states. In fact, cancer cell plasticity can be described as the
continuum that exists between the forward process, epithelial-mesenchymal transition (EMT), as well
as the reverse process, mesenchymal-epithelial transition (MET; reviewed in [22,23]). The activation
of plasticity programmes in cancers arises as a pathological consequence of genetic and epigenetic
changes in the tumor cells, and/or in response to exogenous stimuli including inflammation, hypoxia,
or paracrine signaling ligands, such as transforming growth factor-β (TGF-β) and epidermal growth
factor (EGF), that are primarily secreted by the tumor-associated stroma. Within individual tumors,
carcinoma cells often exhibit a spectrum of phenotypic states along the EMP axis, or can often adopt a
hybrid epithelial/mesenchymal (E/M) phenotype [22,24,25].

EMP-specific cellular phenotypes can be isolated using EpCAM, Integrin-β4 or CD44/CD24
expression in basal-like cell lines representing TNBC [26–29], or by using E-cadherin in mammary
carcinoma in mouse PyMT models [30]. Similar work has also shown that basal, luminal and
stem-like cancer cell subpopulations, isolated from different breast cancer cell lines, can stably retain
intra-tumoral heterogeneity, and that all three populations of cells are able to initiate tumor formation
in vivo [29]. The different pathological subtypes of breast and oral cancer cells have also been observed
to transition between these states; non-cancer stem cells (CSCs) in the tumor tissue can spontaneously
undergo EMT and dedifferentiate into new CSCs, thereby gaining tumorigenic potential [28,29,31,32].
Therefore, this plasticity has the capability to alter the whole cancer landscape, attenuate the oncogenic
signaling networks, lead to acquisition of anti-apoptotic features, defend against chemotherapeutics,
and reprogram angiogenic and immune cell functions [31,33–36].

Phenotypic diversity in cancer, attributed to both genetic and non-genetic dysregulation, also
obscures many of the fundamentally important facets of cancer. Publicly-available cancer datasets, such
as TCGA, Geo, ICGC and other resources, carry data obtained from high-throughput transcriptomic
analyses, such as microarray, and RNA sequencing performed on whole cancer tissue biopsies.
This provides population averages of gene expression levels, which limits its use for quantitatively
investigating changes within the heterogeneous cellular subpopulations, highlighting the paramount
importance of single cell analysis in these studies.

Studies have been performed at the single-cell level to evaluate gene-expression and genomic
sequencing of distinct cell populations present within varying neoplasms in the breast, liver, kidney,
and colon [37–40], allowing insight into the dynamics of clonal evolution in cancers [41]. The divergent
modes of cancer spread were deduced through whole genome and single-nucleus sequencing of 68
samples from 7 high-grade serous ovarian cancers to infer the phylogenetic clades of the purified
clones [42]. Population-wide, barcoded, single-cell RNA-sequencing data are emerging and herald
a major refinement of our understanding of heterogeneity and plasticity [43–45]. Further studies
are ongoing to investigate different cancer subtypes at the single-cell level. Variation in phenotypic
plasticity within sub-clones has also been studied in breast cancer cell lines utilizing DNA barcode
labeling [46], as well as in primary glioblastoma through estimation of copy-number variation of
single cells obtained from single-cell RNA sequencing [47]. Dynamics of single cell transitions were
also studied in breast cancer cells subjected to paclitaxel treatment to discern specific transcriptional
variants responsible for the cell survival, as well as for the ability of cells to recover to their original
state [48].

We have employed the PMC42-LA breast cancer cell model, an epithelial subline derived
from its mesenchymal parental line, PMC42-ET [49–52]. The phenotypic heterogeneity that exists
along the epithelial–mesenchymal axis was examined and validated in vitro, as well as in a mouse
xenograft model. We performed clonal propagation of single cells and interrogated the phenotypically
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distinct clonal progenies for differential facets of plasticity along the EMP axis in a number of
assays. We investigated whether the intrinsic plasticity observed is due to genomic/chromosomal
instability through whole exome sequencing of sorted epithelial and mesenchymal states in PMC42-LA.
Understanding the cellular dynamics of phenotypic states and how they transition within carcinomas
is of particular significance in tumor pathobiology and could provide insights into the predictions of
clinical outcomes, such as response to therapies and patient survival.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

PMC42-ET (ET) cells were derived from a breast cancer pleural effusion by Dr. Robert Whitehead,
Ludwig Institute for Cancer Research, Melbourne, Australia, with appropriate institutional ethics
clearance (Institutional review board of the Peter MacCallum Hospital, Melbourne) and patient
consent [53–55]. The PMC42-LA (LA) subline was derived further from the parental PMC42-ET cells
by Dr. Leigh Ackland, Deakin University, Melbourne, Australia, [49,53–55] and was found to have
more epithelial features than the parental PMC42-ET [51,56].

PMC42 cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing
glucose (4.5 g/L), L-Glutamine (0.5 g/L) and sodium pyruvate (0.1 g/L) (Corning, Catalog
number—10-013-CVR), and supplemented with 10% fetal bovine serum (FBS; GibcoTM, Thermo,
Victoria, Australia) and antibiotics, penicillin and streptomycin (GibcoTM, Life Technologies Catalog
number—15140122). Cell number and viability was determined by 0.4% trypan blue dye exclusion
and loaded onto the TC20TM Automated Cell counter (Bio-Rad). Cells were routinely confirmed
negative for Mycoplasma (MycoAlertTM mycoplasma detection kit, Lonza Catalog number LT07-318).
Morphological assessment was performed using an Olympus CKX41 inverted microscope and by
Crystal Violet staining [57].

2.2. Fluorescence Activated Cell Sorting (FACS) and Flow Cytometry

Cells were harvested with Accutase®(Corning, Catalog # 25-058-CI) and stained with anti-human
CD44-FITC (BD Pharmingen), anti-human CD24-PB (Exbio) and anti-human EpCAM-APC (Biolegend)
antibodies, as per manufacturer-recommended dilutions for 1 h at room temperature on a rotary
shaker. Cells were analyzed in the presence of propidium iodide (1 μg/mL) using a BD LSR Fortessa
(BD Biosciences). After doublet discrimination and compensation for spectral overlap, samples were
analyzed using FlowJo Software v10.0.7 (BD Biosciences). For sorting, anti-human EpCAM-PerCP/Cy5.5
(Biolegend) antibody was used and cells were sorted using a BD FACS Aria IIu sorter (BD Biosciences).

2.3. Single Cell Cloning

Single cell sorting was carried out in 96-well plates from the whole population as well as
after selecting the subpopulations (10%) of cells with the lowest and highest expression of EpCAM
respectively, across PMC42-LA on the Astrios flow sorting machine (Beckman Coulter) (Figure 3). The
wells were microscopically examined to ensure only single cells were seeded per well across three
96-well plates. Wells were propagated to generate single cell clones in equal proportions of media
with PMC42-LA cell-conditioned media. Conditioned media was sourced from 1-week old cultured
PMC42-LA cells and was double-filtered prior to its use.

Plates were maintained at 37 ◦C in a 5% (v/v) CO2-humidified atmosphere and were examined
every week for the presence of single colonies. After 4 weeks, 36 (12 selected from each 96-well plate)
clones were transferred from the 96-well plates into 12-well plates via Passage 1, and then into T25
flasks via Passage 2, and subsequently profiled for EpCAM. The phenotypic stability of four selected
clones was monitored throughout the study using EpCAM profiling by flow cytometry.
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2.4. RNA Extraction, cDNA Synthesis and Reverse Transcriptase-quantitative PCR (RT-qPCR)

Total RNA was extracted from cells using TRIzol (Life Technologies) and subsequent reactions
were carried out as per the Bioline Isolate II RNA Micro kit manufacturer’s instructions. cDNA was
synthesized using the SensiFASTTM cDNA Synthesis kit from Bioline. RT-qPCR was performed using
the SYBR Green Master Mix in a ViiA7 Real-Time PCR system (Applied Biosystems, Carlsbad, CA,
USA) and analysis performed using QuantstudioTM Real-Time PCR software v1.1 (Applied Biosystems,
Life Technologies). The primer sequences are listed in Supplementary Table S1.

2.5. Western Blotting

Total cell lysates were prepared for each of the EpCAM subpopulations, the four selected
PMC42-LA clones, and and parental PMC42-LA cell line by lysing the cells in the presence of RIPA
Buffer (10 mM Tris-HCl pH 7.6, 10 mM NaCl, 3mM MgCl2, 1% nonidet P-40, 1 X Protease Inhibitor tablet
(Roche)) on ice. Next, protein levels were quantified using the Pierce™ BCA Protein Assay Kit (Sigma)
and 30 μg of total protein from each sample was prepared with sample reducing buffer (2 M Urea,
2% SDS (sodium dodecyl sulfate), 0.125 M Tris HCl, 0.1M DTT (dithiothreitol) and bromophenol
blue) at a ratio of 3:1 (lysate: reducing buffer) and resolved on an SDS gel with Tris/Glycine/SDS gel
running buffer. The samples were subsequently transferred onto nitrocellulose membranes (BioTrace
NT, Pall Life Sciences, New York, NY, USA) using a Transblot apparatus (Bio-Rad) and blocked using
1:1 Odyssey®blocking buffer (LI-COR): 1X PBS prior to probing with mouse anti-E-cadherin mAb
(clone 36/e-cad, BD Biosciences), mouse anti-vimentin mAb (clone V9, Dako), and mouse Pan-actin
mAb (clone ACTN05, Thermo Scientific). Membranes were then scanned on the Odyssey imaging
system (Li-Cor, Lincoln, NE, USA) to obtain a visual representation of the amount of protein present in
the samples.

2.6. Immunocytochemistry

The EpCAM sorted subpopulation, parental PMC42-LA cells and the single cell-derived clones
were seeded at a density of 10,000 cells/well in 48-well plates (Thermo Scientific NunclonTM Delta
Surface-150687). During immunocytochemistry, the growth medium was discarded, and cells were
washed thrice gently with Dulbecco’s modified phosphate-buffered saline (DPBS; pH 7.5). Briefly, cells
were fixed in 4% paraformaldehyde ± 0.1% Triton X-100 (depending on the desired permeabilization
conditions), rinsed with DPBS, and incubated with the designated primary antibodies at 4 ◦C overnight.
After rinsing in DPBS, cells were incubated for 2 h at room temperature in the dark on a gentle rotary
shaker with appropriate fluorescence-conjugated secondary antibody (Supplementary Table S2) and
with diamidino phenyl indole (DAPI) as a nuclear stain (diluted to a final concentration of 1 μg/mL).
The plates were then washed thrice with DPBS and images captured on a high-content imaging
platform (Cytell Cell Imaging System (GE Healthcare, Buckinghamshire, UK), IN Cell Analyzer 6000
(GE Healthcare, Buckinghamshire, UK) or PerkinElmer Operetta®(PerkinElmer, Waltham, MA, USA)
as indicated) with approximately 9 fields of view taken per well. Images were analyzed and merged
using the respective software; IN Cell Investigator software v1.0 (GE Healthcare) or Harmony®v4.8
(PerkinElmer).

2.7. Cell Viability Assays

Cells were seeded at 5000 cells/well in a 96-well plate. After overnight incubation, the culture
media was changed to include predetermined concentrations of selected drugs (doxorubicin,
docetaxel, eribulin) for 72 h. For proliferation rate assessment with and without growth factor
EGF, the cells were cultured, and readings were obtained every consecutive 3 days using MTT
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (Promega) assay. Cell viability for the
drug assays was assessed by the resazurin-based Alamar Blue assay (#R7017, Sigma-Aldrich, St. Louis,
MO, USA) and the florescence intensity in each well was measured after 1 h using a top-reading
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florescent plate reader (FLUO Star Omega, BMG LABTECH) with excitation at 544 nm and emission at
590 nm. Untreated cells served as a negative control. The experiments were performed in triplicate.

2.8. Incucyte®Migration and Invasion Assay

The cells were seeded in 96-well Essen ImageLock plates (Essen BioScience) to achieve a confluent
density (∼5 × 105 per well). After 24 h, cells were treated with mitomycin C (Roche Catalog #
10107409001) for 3 h and scratch wounds were made simultaneously in all culture wells using an Essen
WoundMaker. For the Invasion assay using Incucyte, wells were coated with 100 μg/mL basement
membrane extract (Cultrex, Trevigen-3433-010-01) in DMEM overnight before cell seeding and, after
wound creation, wells were washed to remove dislodged cells and 50 μL of 1 mg/mL of reduced growth
factor basement membrane extract diluted in culture mediamedium was added to fill the wound with
extra cellular matrix (ECM). The plate was placed in a 37 ◦C humidified incubator for 1 h to allow the
basement membrane to settle, then 50 μL of culture media ±20 ng/mL EGF was added so that the final
concentration added was 10 ng/mL. The plates were scanned in the IncuCyte live-cell imaging system
(Essen BioScience) at 2-h intervals for 72 h. The data were analyzed with the IncuCyte scratch wound
assay software module (Cat No. 9600-0012) and version 2014A.

2.9. In Vivo Tumorigenesis

Severe combined immunodeficiency (SCID) mice (eight–ten weeks of age), were purchased from the
Animal Resource Centre (ARC, Perth) through the Bio Resources Centre (BRC), St. Vincent’s Hospital,
Melbourne, Australia. The in vivo experiments were conducted at the BRC facility. PMC42-LA
cells were transduced with the BL2T vector (modified by Dr Bryce van Denderen, St. Vincent
Institute (SVI) from L2T clone containing the firefly luciferase 2 and tomato fluorescent gene [58].
The L2T clone was kindly provided by Dr. Michael F. Clarke, Stanford University, CA, USA).
Approximately 2 × 106 BL2T PMC42-LA cells were injected into the mammary fat pad of three SCID
mice. Nine months post-inoculation, mice were euthanized and the tumors were extracted, mounted
with optimal cutting temperature compound (OCT; TissueTek, Sakura Finetek US), snap-frozen
in liquid nitrogen-cooled 2-butanol, and stored at −80 ◦C prior to cryostat sectioning. Before
sectioning the tumors onto glass slides, the specimens were processed from OCT to be formalin-fixed,
paraffin-embedded. Standard histopathological assessment of the xenografts was performed by
haematoxylin and eosin (H&E) staining, and double immunofluorescence staining for EpCAM and
vimentin was performed in the Histology core facility at Translational Research Institute, Brisbane,
Australia using the BenchMark®ULTRA automated slide stainer (Ventana Medical Systems, Inc.,
Tucson, AZ, USA). In order to avoid murine stromal contamination in the implanted tumors, all the
sections were stained with human-specific V9 mouse monoclonal antibody against vimentin (Roche).

2.10. Preparation of Metaphase Spread

After 60%–70% cellular confluency was achieved in 60 mm dishes under standard culture
conditions, cells were treated with 10 μL of demecolcine (stock: 10 μg/mL) for 3–4 h. Cells were
harvested using trypsin (Corning™ 25053CI) and the cell pellet was gently treated with hypotonic
solution (75 mM KCl) for 40–60 min at 37 ◦C and fixed in cold methanol/acetic acid (3:1). Two or three
drops of suspended cells were applied to glass slides and chromosomes were stained with DAPI and
counted using confocal microscopy (Olympus Fluoview FV1200 Confocal Laser Scanning Microscope,
Olympus, Japan).

2.11. DNA Extraction, Whole Exome Sequencing and Processing of Sequencing Data

Genomic DNA was extracted from FACS-sorted EpCAMHigh and EpCAMLow PMC42-LA
subpopulations using the Bioline Isolate II Genomic DNA Kit (Cat: BIO-52067), as per the manufacturer’s
instructions. After quantifying the DNA and checking the purity, DNA samples were shipped
to GeneWiz, Inc. (Suzhou, China) for whole exome sequencing and subsequent analysis. They
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performed initial quality control assessments and subsequent exome capture using the SureSelectXT
HS Target enrichment kit (Agilent Technologies, Santa Clara, CA, USA). All samples were paired-end
multiplex sequenced (2× 150) on the Illumina Hiseq 2500 platform to a median target depth of
over 50×. Paired-end reads underwent quality control before alignment to the reference human
genome (hg19) using Burrows-Wheeler alignment (BWA, version 0.7.12-r1039) [59] and SAMtools
(version 1.6) [60]. Realignment and recalibration were performed using the Genome Analysis Toolkit
(GATK, version 3.5) [61]. Single nucleotide variants (SNVs) and indels were called using GATK
with default settings. Annotation of variants (SNP and Indels) was performed using ANNOVAR
(http://www.openbioinformatics.org/annovar/) [62]. Control-FREEC v 10.6 was used for detecting and
filtering the copy number variations (CNV) [63].

2.12. Statistical Analysis

All experiments were carried out at least three times unless otherwise indicated. Data were
analyzed using GraphPad Prism version 7 statistical software (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. EpCAM Expression is Downregulated in Mesenchymal Cells

EpCAM expression as determined by publicly available gene array data is significantly lower in
Basal B human breast cancer cell lines, which exhibit enhanced mesenchymal-like features, than in the
Luminal and Basal A subgroups (Figure 1A) [64,65]. In the PMC42 system, which clusters with the Basal
B cell lines (Eva Tomascovic-Crook, SVI, personal communication), the epithelially shifted PMC42-LA
subline has significantly higher expression of EpCAM than the more mesenchymal, parental PMC42-ET
cell line (Figure 1B). We found that the PMC42-LA subline comprises an EpCAMLow (mesenchymal)
subpopulation in a discrete ratio of 20:80. The presence of an EpCAMLow population suggests an
inherent and stable heterogeneity in this subline, which we further characterized on the basis of
molecular and phenotypic characteristics and plasticity. EpCAMHigh and EpCAMLow subpopulations
were isolated and analyzed for morphology and expression of epithelial and mesenchymal markers
(Figure 1D,E and Supplementary Figure S1D). Crystal violet staining of single cell-seeded, sparsely
cultured colonies emphasized their distinct morphology. The EpCAMLow subpopulation cells displayed
distinct spindle-like shapes compared to the cobblestone colonies observed in the EpCAMHigh

subpopulation (Figure 1C). Unsupervised hierarchical clustering of the ΔCt values from RT-qPCR of
representative epithelial and mesenchymal markers revealed that the EpCAMHigh population aligned
more closely with its parental population, and showed EpCAMLow to be a distinct subpopulation with
more mesenchymal features (Figure 1D). The EpCAMLow cells expressed mesenchymal transcripts
including vimentin, fibronectin, Notch1 and Neuropilin-1 with concomitant low levels of epithelial
transcripts; E-cadherin, claudin-3, claudin-4 and CD24 in EpCAMLow cells were 2-fold lower as
compared to parental PMC42-LA cells (Figure 1E). Higher expression of Snail, Slug and Zeb1 was also
confirmed in the EpCAMLow subpopulation (Figure 1E). No significant difference was found in mRNA
expression of the proliferation marker transcripts despite mesenchymal cell cultures expanding much
more slowly than epithelial cells, as shown by the proliferative rate assessment in EpCAMHigh and
EpCAMLow subpopulations, respectively. An initial lag was also observed in the proliferative rate of the
EpCAMLow subpopulation (Figure 1F). These results led us to ask further whether isolated epithelial
and mesenchymal states proliferate and remain in their purified phenotypic states, or whether the two
phenotypes each have the capability to transition back towards the PMC42-LA mixed phenotype.
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Figure 1. (A) EpCAM assessment in gene expression data of 50 breast cancer cell lines and five
non-malignant breast cell lines, including three subtypes of luminal, basal A and basal B/mesenchymal.
Data are from Array Express (accession no. E-MTAB-181) (Heiser et al., 2012) and are normalized
log2-transformed values; **** P < 0.0001 (one-way ANOVA, with Tukey’s multiple comparisons). (B)
Histogram plots depicting differences in the surface levels of EpCAM protein across PMC42-ET and
PMC42-LA cell lines. Negative control represents PMC42-LA unstained cells. The EpCAM expression
is markedly low in the PMC42-ET parental cell line and the PMC42-LA cell line showed 15%–20%
proportion of the population as EpCAMLow. (C) Crystal violet staining of the colony images of PMC42
LA population and its subpopulations to emphasize the distinct mesenchymal phenotype of the
EpCAMLow subpopulation when grown sparsely. (D) Hierarchical clustering performed using the
Morpheus (Gene-E tool) of the normalized (ΔCt) values. (E) Gene expression analysis of 22 genes related
to EMT markers and proliferation marker in EpCAM sorted subpopulations relative to expression
in the parental (unsorted) PMC42-LA cell line. Data are represented as the mRNA fold difference ±
standard error of the mean (SEM) (Results are from n = 3 independent biological experiments). (F)
Proliferation rate for EpCAMLow and EpCAMHigh subpopulations were evaluated by MTT assay (data
are representative of n = 3 independent biological experiments).
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3.2. Cell-State Dynamics in PMC42-LA Breast Cancer Subpopulations

Following isolation of subpopulations of cells that were validated to show distinct epithelial and
mesenchymal characteristics, respectively, we sought to determine the potential involvement of EMT
and MET in the persistence of these two subpopulations in PMC42-LA cultures. FACS-sorted
EpCAMHigh and EpCAMLow PMC42-LA subpopulations exhibited an average profile of 80:20,
respectively. The outlying 10% of the cells in each direction were selected, resulting in subpopulations
which were 98%–99% pure, based on post-sort quality control assessment. Sequential EpCAM profiling
using FACS was performed every two weeks for eight weeks to evaluate the proportions of epithelial
and mesenchymal cells as determined by their EPCAM expression status. For the EpCAMHigh

subpopulation, we observed a rapid progression toward parental equilibrium within two–three weeks.
In contrast, the time taken for a return to equilibrium for the EpCAMLow subpopulation was more
than eight weeks (Figure 2A). PMC42-LA parental cells and the EpCAM-sorted subpopulations were
also imaged for vimentin expression after two passages using immunocytochemistry and high-content
imaging, with representative images collated and analyzed using Harmony software (Figure 2B). In the
EpCAMLow subpopulation, ~57% of cells were positive for vimentin expression, compared to 18%–21%
vimentin-positive cells in both the PMC-42 LA parental and EpCAMHigh populations (Figure 2C),
which validated the results obtained using FACS (Figure 2A). These data revealed that this cell system
tends to show a reversion to the parental phenotype transition; hence, single cell sorting and clonal
propagation was then performed to gain insight into the dynamics of such inherent cellular plasticity
and to investigate the subtleties of this transition beginning from a single cell (Figure 3).

3.3. PMC42-LA Tumors Exhibit Small Proportion of EMP

We also looked for evidence of plasticity in the PMC42-LA cells in vivo. Standard histopathological
assessment of PMC42-LA xenografts was performed initially by H&E staining. The tumor was
composed of a large central necrotic area surrounded by viable tissue at the periphery of the tumor
(Figure 4A). To assess whether PMC42-LA derived tumors also display a similar proportion of
epithelial mesenchymal heterogeneity as found in vitro, a xenograft tumor was immunostained for
both EpCAM (red) and vimentin (green) (Figure 4B). Consistent expression of EpCAM was observed
across the cell junctions. Overall, quantification from differential staining revealed 3.6% of the cells were
vimentin-positive. Vimentin-positive cells (green), which indicate EMT, were clearly seen as clusters in
distinct areas of the tumor, specifically at the tumor periphery and at inter-tumoral regions along the
tumor-necrosis border. Use of the human-specific V9 anti-vimentin antibody clearly distinguishes the
presence of EMT in cancer cells from surrounding mouse stroma.
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Figure 2. (A) Bar charts showing the proportion of cells in EpCAMlow and EpCAMhigh state as
intermittently assessed by FACS every two weeks from in vitro culture of FACS isolated EpCAM low
and high subpopulations. Data analyzed using repeated measures ANOVA for temporal dynamics
signify P = 0.0001 for EpCAM high transitions and P < 0.0001 for EpCAM Low transitions. (B)
Immunofluorescence images captured on Operetta high-content imaging system and clustering of nine
images at 10× resolution from the center of the well for vimentin expression. (C) Bar graph quantifying
the number of cells positive for Vimentin expression across PMC42-LA parental and EpCAM sorted
subpopulations using Operetta Harmony software. Significant differences were calculated using a
paired t-test, **** P < 0.0001.
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Figure 3. (A) Schematic depicting the results of phenotypic equilibrium achieved across sorted and
passaged EpCAM subpopulations. (B) FACS based single cell sorting and clonal propagation to
examine the proportion of epithelial and mesenchymal cells using EpCAM profiling. Single cells
were randomly selected across the whole cell population, as well as after gating for epithelial and
mesenchymal selection, and seeded in 96-well plates. The progeny of the cells were EpCAM profiled
after Passage 2 to identify variation across phenotypic plasticity.

Figure 4. (A) Hematoxylin and eosin staining of xenograft PMC42-LA tumor; (i) low magnification at
4× (ii) high magnification at 10×. (B) Representative images (20×) of EpCAM (red), Vimentin (green),
and nucleus (blue) staining in PMC42-LA derived tumor from mice. Ubiquitous expression of EpCAM
was observed across the cell junctions whereas ~4% vimentin-positive cells were distributed randomly
across the whole tumor sectioned slide as well as being present around the necrotic area of tumor. N,
necrotic area. Scale bar, 50 μM.
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3.4. Generation of Single Cell Clones

Phenotypic Plasticity Exists across Single Cell-Derived Clones

After three weeks in culture, a number of single cell clones were selected, fixed and co-stained
for EpCAM and vimentin. Interestingly, in clones derived from the parental PMC42-LA population,
differential intrinsic E/M plasticity was observed, with some clones exhibiting spontaneous EMT
as evidenced by vimentin staining (Figure 5A). Single-cell clones also demonstrated morphological
diversity, with some exhibiting tightly associated cell junctions and tight cobblestone morphology
consistent with an epithelial phenotype, while others exhibited spindle-like and elongated features,
consistent with a mesenchymal phenotype. Some of the single-cell clones derived from PMC42-LA
parental cells also exhibited mixed morphologies, where colonies of both tight clusters and elongated
cells could be observed (Figure 5B).

Clones derived from the EpCAMLow subpopulations were validated as having a mesenchymal
phenotype when compared to their parental PMC42-LA line, proving the EpCAM profiling by FACS to
be a robust method to distinguish and isolate cells along the EMP axis for temporal propagation. Twelve
random clones were selected for EpCAM profiling, where 33% of the clones displayed an epithelial
phenotype, 25% of the clones displayed a mesenchymal-enriched phenotype, and the remaining 42%
of the clones retained a heterogeneous mixture phenotype (Figure 5C). All clones displayed EpCAM
profiles that were distinct from the parental population (80:20), highlighting the phenotypic plasticity
and stochastic EMP processes that exist in subpopulations of cancer cells.

3.5. Characterization of the Four Selected Clones across EMP Axis

Four clones (Clones A–D) selected according to their differential EpCAM proportions (Figure 5D,E)
were further assessed for their intrinsic phenotypes along the EMP axis. Two clones were selected based
on predominant EpCAMHigh (epithelial) and EpCAMLow (mesenchymal) phenotype (Clone A and
Clone B), while an additional two were selected due to their mixed nature, containing 75:25 (Clone C)
and 60:40 (Clone D) of EpCAMHigh and EpCAMLow states, respectively. The expression level of 18
EMT marker genes was assessed to score the selected clones according to their EMP status (Figure 6A).
Hierarchical clustering for EMP markers reflected the close alignment of Clones A and C with the
PMC42-LA parental line, while Clones D and B clustered as a separate clade, exhibiting differential
levels of plasticity features at the transcriptomic level with regard to their EMP status. The expression
levels of mesenchymal markers were significantly higher for Clone B. Clone C and Clone D display
intermediate/mixed phenotypes (consistent with their EpCAM profiling, Figure 5D). PMC42-LA cells
are responsive to EGF stimulation for proliferation and EMT induction [57], so clones were also
evaluated for the effect of EGF. EGF treatment induced a transcriptionally measurable EMT in Clones A,
C and D, but not Clone B, which exhibits a high basal expression of mesenchymal genes, suggesting EGF
cannot drive the EMT beyond this point in this system (Supplementary Table S3). Clones were assayed
for their proliferation rates and the mesenchymal phenotype Clone B demonstrated significantly
lower proliferation rates compared to parental PMC42-LA cells. With EGF stimulation, increases in
proliferation were observed for parental and the clonal progenies except for Clone A (Figure 6B).

Immunofluorescence staining revealed a marked difference in the spatial localization and
expression of markers for EMP status across the different clones. PMC42-LA and Clone A possessed
a predominantly epithelial morphology with segments of EpCAM and E-cadherin expression on
the cell junctions, which were missing from Clone B. Each clone, as well as a parental cell line has
vimentin-positive cells, however the percentage varies for each clone (Figure 6D). The number and
intensity of vimentin-positive cells was higher for Clone B (also supported by Western blot analysis
(Figure 6C)) whereas Clone D showed constitutively higher expression of N-cadherin on the cell
junctions as compared to parental and other clones. There were subtle differences between the parental
PMC42-LA cells and the clones in the cytoskeletal arrangement and focal adhesion formation of the
cells clustered in colonies as depicted by phalloidin and paxillin staining, respectively (Figure 6D).
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Figure 5. (A) EpCAM expression on the cellular junctions and concomitant vimentin-positive cells
growing out from an individual cell derived clone (pictures were taken after three weeks of single-
cell clonal propagation). (B) Morphological assessment of epithelial clustered colony, mesenchymal
segregated cells, and mixed epithelial and elongated colonies obtained from clonal propagation of
single cells after gating for EpCAMlow and EpCAMhigh cells after the first passage. Scale bar, 200 μM.
(C) FACS profiling for EpCAM results in distribution of EpCAM low and high cells at variable ratios
across various single cell-derived clones. (D) Histograms depicting the proportion of EpCAM high and
EpCAM low cells in the four selected clones as overlap with parental EpCAM profile (red). (E) Staining
intensity of EpCAM for the clones and parental PMC42-LA cells assessed by median fluorescence
intensity unit (n = 4). Significant differences were calculated by one-way ANOVA and nonparametric
Dunnett’s multiple comparisons test. * P < 0.05, ** P < 0.01.
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Figure 6. (A) Hierarchical clustering of the ΔCt values for the transcriptome data with
epithelial-mesenchymal transition (EMT) marker genes for the four clones and PMC42-LA cell line.
(B) Proliferation rate assessment for the selected clones and parental PMC42-LA with and without
epidermal growth factor (EGF) stimulation (n = 3). Significant differences were calculated by two-way
ANOVA and Sidak’s multiple comparisons test. *** P < 0.001 (C) The expression of E-cadherin and
vimentin as determined by immunoblotting for the clones and parental PMC42-LA cells. Pan Actin was
used as the loading control. (D) Immunofluorescence microscopy analysis of changes in the localization
and expression levels of EMT influencing marker proteins. Selected clones and parental PMC42-LA
subline were stained with antibodies against the epithelial markers E-cadherin and EpCAM, against
the mesenchymal marker Vimentin and N-cadherin, against paxillin to detect focal adhesion plaques,
and with phalloidin to visualize the actin cytoskeleton. Scale bar, 100 μm.

149



J. Clin. Med. 2019, 8, 893

3.6. Clone D Demonstrates Enhanced Migratory and Invasive Capacity Compared to Other Clones, but Similar
to the Parental Cell Line

Analyzing collective cell migration in a scratch wound assay, we found that Clone D migrated
comparably to the parental cell line, whereas Clones B and C were significantly slower to repair
the wound. Only the parental PMC42-LA cells and Clone D showed an increased rate of wound
closure with EGF treatment relative to their unstimulated counterparts (Figure 7A,B). At the end
time point of the assay, i.e., after three days, cells were fixed and stained with vimentin antibody.
Vimentin-positive cells were observed along the wound edge of all the clones and the parental
PMC42-LA cells (Supplementary Figure S2A). Interestingly, Clone B with high endogenous vimentin
expression did not possess a strong migratory phenotype in this assay. Using Matrigel to mimic
invasion through the basement membrane and into ECM, the parental cell line PMC42-LA and Clone
D displayed the strongest invasive phenotype, and only clone D and the parental PMC42-LA cells
were more invasive after EGF stimulation compared to untreated cells. The invasive capacity was thus
similar for the clones and parental cell line compared to that of the migratory phenotype, despite a
drastic reduction in the extent of wound closure after 72 h (reduced by ~20% in the absence of EGF)
(Figure 7C).

3.7. Variation in Stemness Traits across the Clones and PMC42-LA

Next, the parental cell line and its derivative clone were assessed for their stemness properties
using CD44 and CD24 markers. Interestingly, a biphasic population distribution for CD24 expression
was observable for the PMC42 parental line but not in any of the sub-clones. The median fluorescence
intensity of CD44 was lower for Clones B, C and D compared to the parental line and Clone A
(Figure 7D). Low CD24 expression also correlated positively with lower EpCAM expression in Basal B
cell lines (Supplementary Figure S1C) [65]. Clone B, with the lowest EpCAM expression showed 73.3%
of cells within the CD24 low fraction, whereas the remaining clones possessed a CD24 low fraction
(Q1: representing CD44 high, CD24 low) of less than 25% (Figure 7D). The EpCAMLow subpopulation
also had a marked increase (~10%) in their CD44High/CD24Low “stem-like” population relative to the
parental cell line (Supplementary Figure S1A,B), and is consistent with RT-qPCR results showing
consistent CD44 expression but 2-fold downregulation in CD24 expression compared to parental
PMC42-LA cells (Figure 1E).

3.8. Variable Drug Resistance of Single Cell-Derived Clones of PMC42-LA

The chemotherapeutic sensitivity of PMC42-LA and sub-clones was also investigated with
doxorubicin, eribulin and docetaxel. The half maximal inhibitory concentration (IC50) of parental
PMC42-LA and the selected clones was determined using serial 3-fold dilutions of each drug, followed
by Alamar Blue assay. The IC50 of parental PMC42-LA was calculated as 98.94 nM for doxorubicin,
0.83 nM for eribulin and 0.79 nM for docetaxel (Supplementary Figure S2). The sub-clones showed
variable response to the different chemo-treatments (Figure 8A). This assay revealed that Clone D
was significantly more resistant than the other clones and the parental cell line across all three drug
treatments. These data demonstrate that in this cell system, the epithelial or mesenchymal enriched
sub-clones were surpassed by Clone D (with mixed phenotype states of 60 epithelial: 40 mesenchymal
cells) in their chemo-resistance phenotype.
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Figure 7. (A) In vitro migration capacity of PMC42-LA cells and clone cell lines. The capacity to migrate
with and without EGF treatment was measured by live cell imaging in a scratch wound healing assay
(IncuCyte ZOOM). Microscope images of migrated PMC42-LA cells and clones are shown after 48 h.
Yellow lines denote the original scratch wound. The variation in the density of wound closure with
and without EGF treatment is clearly depicted across clones. (B) Percentage of relative wound density
obtained from IncuCyte™ Scratch Wound Cell Migration. (C) Invasion assay after 48 h represented as
bar graph. Data are presented as the mean ± std dev of three independent experiments. Significant
differences were calculated by two-way ANOVA and Sidak’s multiple comparisons test. * P < 0.05,
** P < 0.01, *** P < 0.001, **** P < 0.0001 (D) Zebra plot showing the flow cytometry surface staining
of CD44 and CD24 expression markers on parental and clonal progenies of PMC42-LA. (E) Staining
intensity of CD44 assessed by median fluorescence intensity unit (n = 4). (F) Staining intensity of
CD24 assessed by median fluorescence intensity unit (n = 4). Significant differences were calculated by
one-way ANOVA and nonparametric Dunnett’s multiple comparisons test. * P < 0.05, ** P < 0.01.
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Figure 8. (A) Plot of heatmap on the basis of computed IC50 values of the drugs eribulin, doxorubicin,
and docetaxel for PMC42-LA and the four selected clones. (B) Measurements of central tendency from
distribution of chromosome number across PMC42 LA, EpCAM sorted subpopulations and four clones.
Student t-test was applied to calculate p-value. (C) Metaphase spreads of PMC42-LA chromosomes
stained with DAPI and imaged with confocal microscopy. (D) Visualization of Control-FREEC v6.0
output from PMC42-LA sorted EpCAM subpopulations whole exome sequencing data (Illumina
HiSeq 2000). Copy number profiles for all chromosomes are shown for EpCAMlow subpopulation in
comparison to EpCAMhigh; normal copy number status is shown in green, copy number gains are
represented in red, and copy number losses are represented in blue.
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3.9. Chromosomal Instability (CIN) Reflected across EpCAM-Sorted Subpopulations

In order to determine the extent to which CIN may be associated with the intrinsic plasticity of
PMC42-LA cells, we performed metaphase spreads and counted the abnormal chromosome numbers
from parental PMC42-LA cells, EpCAMLow and High subpopulations, and the four single cell-derived
clones from PMC42-LA. The EpCAMLow and EpCAMHigh subpopulations showed a significant
deviation in their chromosome ploidy distribution, whereas numerical chromosomal aberrations per
clone did not differ significantly from those of parental cell line PMC42-LA (Figure 8B,C).

In order to deeply examine the influence of chromosomal instability, whole exome sequencing
(WES) of the sorted EpCAMLow and EpCAMHigh subpopulations and PMC42-LA cells was undertaken;
however, comparing the copy number variation (CNV) data deciphered via WES for the EpCAMLow

subpopulation to the EpCAMHigh subpopulation did not reveal any significant differences in the ploidy
(Figure 8D). The data analyzed showed that the EpCAMLow and EpCAMHigh sorted subpopulations
were not very different genetically.

4. Discussion

4.1. Dynamic EMT and MET Changes Observed in EpCAM-Profiled Subpopulations

Our findings established that epithelial and mesenchymal subpopulations, defined by their
EpCAM expression, exist within the PMC42-LA breast cancer cell line, which maintains on average an
EpCAM+/High epithelial and EpCAMLow mesenchymal population ratio of 80:20; whereas, the panel
of other luminal cell lines (MCF7, T47D) and basal cell lines (MDA-MB-231, Sum159, HCC38), FACS
profiled using EpCAM, displayed a uniform distribution of EpCAM high and EpCAM low states.
Bidirectional transitions observed between the sorted epithelial and mesenchymal subpopulations
in PMC42-LA suggest that intercellular regulation may exist to direct a phenotypic equilibrium
inherent to the parental cell line. The time taken to achieve such a stable equilibrium from the purified
mesenchymal subpopulation was longer than eight weeks and contrasts with studies with the SUM159
and SUM149 cell lines, where a phenotypically stable equilibrium was observed to occur rapidly after
six days of growth [29]. CD44low non-CSC populations, isolated from five different basal breast cancer
cell lines, also reported a return to CD44high state in vivo [66]. The dynamic EMT and MET was also
observed in parental and HCC38 cells delineated by EpCAM profiling [26], in Zeb1 driving CD44Low

to CD44High cellular plasticity [58] and in mammary carcinoma mouse MyPT models delineated by
E-cadherin profiling [30]. Autocrine signaling is also speculated to play a significant role in EMP
dynamics [67]. Recently, the exhibition of hysteretic patterns in TGF-β driven EMT also illustrated
bi-stability of cellular states in tumor mammary epithelial cells, related to a higher propensity for
metastatic colonization [68].

4.2. Inherent Phenotypic Plasticity and Differential Functional Attributes of the Single Cell-Derived Clones

The inherent plasticity was also evaluated in the sub-clones after isolating the single cells by
their epithelial and mesenchymal traits as determined by their relative EpCAM high or low states.
The proportion of epithelial and mesenchymal states varied across as well as within the sub-clones
(Figures 3B and 5C) and also illustrates/renders the possibility of bi-directional phenotypic transitioning
(interconversion between epithelial and mesenchymal states). None of the clones profiled for EpCAM
displayed a similar distribution of EpCAM high and low states (80:20) as present in the parental
PMC42-LA line, suggesting that stochastic fluctuations and inter-clonal cooperativity creates a special
equilibrium [69,70], which can be of extreme relevance in mediating metastasis [71]. This plasticity
across the EMP spectrum also elicits variable cellular behaviors, which may impact their tumorigenicity,
therapy resistance, and proliferation.

The distinct clonal progenies derived from the parental line PMC42-LA displayed marked
phenotypic heterogeneity. The presence of sub-clonal variants that exhibit phenotypic diversity across
the epithelial-mesenchymal axis from populations of single cells in prostate and breast cancer, has also

153



J. Clin. Med. 2019, 8, 893

been verified recently, from in-vitro settings [42,46,72]. Observations based on assessing the four
clonal populations in this study for their proliferation, transcriptional EMP status, migration, invasion,
stemness, and chemoresistance demonstrated dynamics of intra-tumoral variability in the clones at a
functional level. The presence of vimentin proved that the cells on the wound edge exhibited enhanced
EMT consistent with cellular movement. However, the lower migratory phenotype in the mesenchymal
Clone B led us to suspect that this context may require crosstalk as well as additional stimulation, or
possess a defect in the way polarity proteins and extracellular proteins required for movement are
trafficked [73,74]. The apparent differences observed in the expression and localization of various
mesenchymal markers, such as marked increased in N-cadherin expression on the cell junctions in
the Clone D also suggest multifactorial regulatory circuits, not only at the RNA or epigenetic level,
but also at the protein level, that can impact intratumoral heterogeneity [75]. The level of CD24
was ~2-fold lower in the EpCAMLow population compared to the parental PMC42-LA cells, and
was thus enriched for stem cell-like properties through enhancing their CD44(high)/CD24(low) ratio.
Low CD24 expression also correlated positively with lower EpCAM expression in Basal B cell lines
(Supplementary Figure S1C) [65]. The marked differences apparent in sub-clones for their proportion
of CD44High/CD24Low cells also highlight the additional clonal diversity at stemness level, and its
relation to tumorigenic potential warrants further investigation. The differential expression of stemness
markers was also consistent with the stochastic behavior of the sub-clones, in their response to next
evaluated chemo-sensitivity.

Interestingly, in our PMC42-LA single cell-derived clones, the relatively slow proliferating clone
with enriched mesenchymal traits (Clone B) did not possess high chemo-resistance against the panel
of drugs tested, while counterintuitively, Clone D (with mixed phenotype states of 60 epithelial:40
mesenchymal) had more survival benefit as compared to the parental line and other clones. These
results are in line with similar observations found in single cell-derived prostate cancer clones, where
mesenchymal features (capable of undergoing EMT) did not necessarily enhance therapy resistance [72].

4.3. Chromosomal Instability Doesn’t Attribute to Intrinsic Phenotypic Plasticity

We also observed that copy number variations from whole exome sequencing of EpCAM low
versus high subpopulations did not correlate with significant differences seen at the chromosome
level in ploidy analysis of metaphase spreads between the epithelial and mesenchymal subpopulation
in comparison to PMC42-LA. Very few changes were seen at the somatic mutation or CNV level,
and further validation from WES studies may be warranted. As presented in Supplementary Tables S4
and S5, several microRNAs (e.g., MIR-3648, MIR-3687) were highly amplified in copy number in the
EpCAMLow subpopulation. These results indicate that intrinsic plasticity is contributed by factors other
than CIN. Studies examining the contribution of genetic mutations to phenotypic plasticity within
tumors and cell lines have resulted in inconsistent conclusions [76–79]. Determinants of metastatic
competency investigated by sequencing of primary tumors and metastases from various cancers, such
as colorectal cancer and ovarian cancer, have been unable to link specific genetic alterations with
tumor dissemination per se [42,80]. Intra-tumoral heterogeneity beyond genetic determinants also had
clinical implications in chemotherapy response [81–83]. Both intra-tumoral heterogeneity and intrinsic
cellular plasticity warrant consideration as important non-genomic factors that may contribute to
dynamic cellular behaviors. Various factors at the cellular or sub-cellular level, such as oscillations of
gene expression by epigenetics, alternate splicing, or other unknown factors can also propagate cancer
progression [84]. Most recently, the contribution of conformational dynamics of intrinsically disordered
proteins, such as oncoproteins, reprogramming transcription factors (TFs) and EMT-TFs in cancer
cells was also recognized [85–88]; these can also endow the cells with phenotypic diversity and robust
survival potential during chemotherapy regimens. The computational models have also provided
a rationale in decoding these intrinsic dynamics/the cell state transition of EMT based on epigenetic
regulation and gene regulatory networks [89–92]. Further, the identification of tumor transition states
occurring during EMT via phenotypic markers [25] and using a theoretical experimental framework
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approach to determine the plastic interplay of cell phenotypes [93] can herald a major refinement of
our understanding of the intra-tumoral heterogeneity and plasticity within the tumor.

This work provides insight into the paradigm of the dynamic heterogeneity that exists within
cancer cell populations and defines the contribution of intrinsic plasticity that endows the functional
and phenotypic diversity to allow cancers to adapt within the tumor environment. It thus becomes
imperative to develop approaches that allow us to estimate and model these dynamic processes that
drive intra-tumoral heterogeneity and cellular plasticity. Tailored approaches need to be developed in
such a way that therapy should not only reduce the tumor burden and prevent metastasis, but also
address intra-tumoral heterogeneity to prevent adaptive responses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/6/893/s1,
Figure S1: (A) FACS analysis of cell surface markers CD44 and CD24 in parental and EpCAM sorted low and
high cells of PMC42-LA. (B) Percentages of the CD44+CD24Low cells assessed through FACS in PMC42-LA
and EpCAM sorted low and high subpopulations. (C) CD24 assessment in gene expression data of 50 breast
cancer cell lines and 5 non-malignant breast cell lines, including three subtypes of luminal, basal A and basal
B/mesenchymal. Data are from Array Express (accession no. E-MTAB-181) (Heiser et al., 2012) and are normalized
log2-transformed values; * P < 0.05, ** P < 0.01 (one-way ANOVA, with Tukey’s multiple comparisons). (D)
Immunofluorescence microscopy analysis of EpCAM high and low sorted subpopulations of PMC42-LA cells
using Cytell. Cells were stained with antibodies against E-cadherin, Vimentin, and EpCAM. (Scale bar, 100 μM),
Figure S2: (A) Immunofluorescent staining for vimentin (green) reveals all cells in the vicinity of wound closure are
vimentin positive for parental cell line and the clones. Scale bar: 100 μM. (B) Growth inhibitory effect of Eribulin,
Doxorubicin, Docetaxel in PMC42-LA cell line after 72 h exposure. Table S1: List of Primers used in RT-qPCR
annotated with their Gene Symbols and forward and reverse primer sequences information, Table S2: Antibodies
used in this study along with their clone, supplier and catalog number information, Table S3: Fold change
regulation of various EMT markers in PMC42-LA and single-cell derived clones after 10 ng/ml of EGF treatment
for 3 days, Table S4: Copy Number Variations reflected in EPCAM_High vs. EpCAM_Low subpopulation of
PMC42-LA cells, Table S5: SNVs identified in EpCAM_Low subpopulation wrt EpCAM_high subpopulation of
PMC42-LA cells.
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Abstract: The zinc finger transcription factor Snail is a known effector of epithelial-to-mesenchymal
transition (EMT), a process that underlies the enhanced invasiveness and chemoresistance of
common to cancerous cells. Induction of Snail-driven EMT has also been shown to drive a range
of pro-survival metabolic adaptations in different cancers. In the present study, we sought to
determine the specific role that Snail has in driving EMT and adaptive metabolic programming in
pancreatic ductal adenocarcinoma (PDAC) by overexpressing Snail in a PDAC cell line, Panc1, and in
immortalized, non-tumorigenic human pancreatic ductal epithelial (HPDE) cells. Snail overexpression
was able to induce EMT in both pancreatic cell lines through suppression of epithelial markers
and upregulation of mesenchymal markers alongside changes in cell morphology and enhanced
migratory capacity. Snail-overexpressed pancreatic cells additionally displayed increased glucose
uptake and lactate production with concomitant reduction in oxidative metabolism measurements.
Snail overexpression reduced maximal respiration in both Panc1 and HPDE cells, with further
reductions seen in ATP production, spare respiratory capacity and non-mitochondrial respiration in
Snail overexpressing Panc1 cells. Accordingly, lower expression of mitochondrial electron transport
chain proteins was observed with Snail overexpression, particularly within Panc1 cells. Modelling of
13C metabolite flux within both cell lines revealed decreased carbon flux from glucose in the TCA
cycle in snai1-overexpressing Panc1 cells only. This work further highlights the role that Snail plays
in EMT and demonstrates its specific effects on metabolic reprogramming of glucose metabolism
in PDAC.

Keywords: SNA1; metabolomics; glucose metabolism; tumor metabolism; epithelial-mesenchymal
transition; pancreatic adenocarcinoma

1. Introduction

Originating from the ductal cells of exocrine pancreas, pancreatic ductal adenocarcinoma (PDAC)
is arguably the most lethal type of common cancer, and its dismal prognosis has remained relatively
unchanged over the past three decades [1,2]. Decades of intensive research and clinical investigation
have yielded a wealth of knowledge of pancreatic cancer pathophysiology, but effective treatment
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strategies are still in urgent demand to battle against the rise in pancreatic cancer-related mortalities [2].
The main causes of PDAC-related mortality are the frequent occurrence of metastatic spread and
resistance to currently available therapeutic interventions, both of which are partially underlined
by a complex process termed the epithelial-mesenchymal transition or EMT [3,4]. The cellular
transition from epithelial to mesenchymal phenotype involves profound changes in gene expression
patterns, which impart cells with a series of functional properties such as increased migratory potential,
invasiveness, resistance to apoptotic stimuli and stemness [5]. In response to EMT-inducing signals
commonly existing in the tumor micro-environment, a network of intracellular pathways is activated
to convey the message to the EMT executioners for transcriptional regulation [6].

The zinc finger transcription factor Snail was the first identified and is the best characterized EMT
effector, and it primarily controls EMT via repressing E-cadherin expression [7,8]. To orchestrate the
EMT process, Snail is able to upregulate the mesenchymal genes N-cadherin, vimentin, fibronectin,
the matrix metalloproteases (MMPs) and other EMT-inducing transcription factors including Twist1,
Zeb1 and Zeb2 [7,9]. In PDAC, the functional significance of Snail-induced EMT has been exemplified
by observations of clinical samples and experimental manipulations. Immunohistochemical staining
of PDAC surgical specimens has revealed strong Snail expression in 35–80% of samples, which was
tightly associated with lymph node invasion and distant metastasis [10,11]. Highly metastatic PDAC
cell sublines have also been reported to possess EMT-like phenotype and Snail upregulation when
compared with the bulk of tumor cells [12]. Such observations are confirmed by studies using cultured
cells where Snail overexpression in Panc1, AsPC-1 and BxPC-3 cells led to overt EMT with alterations
in morphology and gene expression and increased transwell invasion capacity [13–15]. Conversely,
experimental knock-down of Snail in PDAC cell lines results in increased E-cadherin expression and
translocation to the membrane and reduced tumorigenicity [16].

Over the past decade, metabolic reprogramming has been recognized as a hallmark in oncogenic
transformation in PDAC and other cancers [17–19]. The well-known aerobic glycolysis or Warburg
effect (upregulated glucose uptake and lactate production) has been shown to confer proliferative
and survival advantages in multiple cancer types by supplying sufficient bioenergetic precursors
and NADPH [20]. PDAC cells also display elevated glutaminolysis to maintain redox balance and
scavenge extracellular fatty acids/amino acids to survive in a hostile microenvironment with limited
fuel supply [18,21–23]. Heterogeneity exists between metabolic profiles of different cancer types
and between different cancer cell populations within the same tumor, owing to the context-specific
oncogenic signaling events and micro-environmental factors present [24,25]. The process of EMT
involves major changes to the gene expression network and cellular phenotype. It is, therefore, likely to
be accompanied by metabolic alterations to accommodate the shift in cell’s priority from proliferation
to invasion of neighboring tissues and to adapt to changes in the environment. Indeed, a wide range
of metabolic alterations have been observed with induction of EMT status in breast, lung, ovarian,
cervical and prostate cancers, although the nature of the metabolic reprogramming varies widely
across the studies [26–40]. We have previously shown augmentations of glucose consumption and
lactate output in Panc1 cells undergoing tumor necrosis factor-α (TNFα)- and transformation growth
factor-β (TGFβ)-induced EMT, with differential molecular changes observed in the two models [41].

Alongside changes to cell metabolism in our previous study [41], we also observed the induction
of Snail expression concurrently with change in EMT status in Panc1 cell upon treatment with
TGFβ or TGFβ combined TNFα. In view of the importance of Snail-dependent EMT in underlying
PDAC-related lethality, we sought to induce EMT in Panc1 and the non-tumorigenic human pancreatic
ductal epithelial (HPDE) cells [42] via Snail overexpression to investigate the metabolic consequences.
Specifically, we chose to compare the effects of Snail overexpression in a pancreatic cell line already on
the EMT spectrum (Panc1) to that of a purely epithelial pancreatic cell line (HPDE) to study the specific
consequences of Snail induction at different points across the EMT differentiation spectrum. Here we
report that EMT in both cell lines is associated with elevated glucose uptake and lactate excretion,
as well as downregulation of proteins in the mitochondrial electron transport chain (ETC).
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2. Experimental Section

2.1. Antibodies and Reagents

Antibodies used are listed as follows: Snail (3879), Vimentin (5741), LDH-A (2012, Cell Signaling
Technology, Danvers, MA, USA); E-cadherin (sc-21791), N-cadherin (sc-7939), Beta-actin (sc-47778,
Santa Cruz, TX, USA); Hexokinase II (ab37593), Total OXPHOS Human WB Antibody Cocktail
(ab110411, Abcam, Cambridge, UK). All other reagents were from Sigma-Aldrich (Sydney, NSW,
Australia) unless stated otherwise.

2.2. Cell Culture

Panc1 cells from ATCC were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
4.5 g/L glucose supplemented with 10% fetal bovine serum and penicillin-streptomycin. The human
pancreatic ductal epithelial (HPDE) cell line [42] were a kind gift from Dr. Phoebe Phillips at Lowy
Cancer Institute, UNSW Australia. HPDE cells were cultured in keratinocyte serum-free (KSF) media
(ThermoFisher Scientific, Waltham, MA, USA) containing 1.6 g/L glucose supplemented with epidermal
growth factor (5 ng/mL), bovine pituitary extract (50 ug/mL) and penicillin-streptomycin.

2.3. Overexpression of the SNAI1 Gene

Plasmid containing human SNAI1 (encoding Snail) cDNA (Addgene plasmid 23347) was a
kind gift from Bob Weinberg [43]. Stable SNAI1-expressing Panc1 cell line was generated using
retroviral-mediated pBabe-puro-Snail infection. Briefly, 8 × 105 Hek293-FT cells were seeded on 10 cm
culture dishes and allowed to attach overnight before being transiently transfected with gag/pol and
VSV-G packaging plasmids, along with the pBabe-puro-Snail plasmid or empty pBabe-puro vector.
The culture media for Hek293-FT was refreshed 12 hours later and media containing viral particles
were harvested 24 hours and 48 hours after media refreshment. The 24 hours and 48 hours media
was combined and applied to target cells at 40% confluence with polybrene (8 μg/μL) for 24 hours.
A pooled cell population was used for experiments following puromycin selection.

2.4. Cell Morphology

Pictures of cells were taken using a phase contrast microscope (Nikon Eclipse TS100, Nikon,
Tokyo, Japan) attached to a camera (Nikon digital sight) under 40× or 100×magnification.

2.5. Western Blotting

Cells (1 × 106) growing on 6-well plates were lysed in RIPA buffer containing protease inhibitors
as described previously [44]. After denaturation, samples (20 ug protein) were resolved by 10%
polyacrylamide gel electrophoresis (187 V, 1 h) and transferred to PVDF membranes (65 V, 65 min).
For immunoblotting, membranes were blocked in 5% skim milk in tris-buffered saline containing Tween
20 (TBST), incubated with primary antibodies overnight at 4◦C, washed with TBST and incubated with
secondary antibodies in 5% skim milk in TBST for an hour. After washing, membranes were developed
with enhanced chemiluminescence reagents (Western Lighting Plus-ECL, Perkin Elmer, Waltham, MA,
USA) and visualized under Las4000 imager (GE Healthcare, Chicage, IL, USA). Densitometry was
performed using ImageJ software by obtaining the optical density of each band.

2.6. Quantitative PCR

Total RNA was extracted using the Roche High Pure RNA Extraction kit according to
manufacturer’s instructions (Roche, Basel, Switzerland). RNA (1 μg) was then reverse-transcribed
using the Roche Transcriptor first strand cDNA synthesis kit. The resulting cDNA was mixed with
primers (primer sequences sourced from Sigma KiCqstart or the Primer Bank [45]) and SYBR-Green
(Roche, Basel, Switzerland) in 96-well plates. Quantitative PCR was performed using Roche 480
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Light Cycler to obtain Ct values for each gene of interest and a housekeeper beta-actin. Analysis was
conducted using the ΔΔCT method.

2.7. Wound Healing Assay

Cells were grown in 6-well plates and scratch wounds were created by scraping confluent cell
monolayers with a sterile pipette tip on 3 sites on each well. The cells were then incubated under
normal conditions with refreshed media under the Nikon Tie inverted time-lapse microscope for
24 hours. Migration at 24 hours was quantified by measuring the area closed between two moving
borders of the cells from each scratch. Values from the 3 wounds on each of the triplicate wells were
averaged and 3 independent experiments were carried out.

2.8. Measurement of Cell Proliferation

Cells were seeded in 6-well plates at a density of 1.5x105 per well. After 4 days, cells were rinsed
with PBS and immersed in 0.5% crystal violet (w/v)/50% methanol (v/v) solution and left to fix for
20 min. After fixation, cells were gently rinsed to remove all the crystal violet solution and allowed to
dry overnight. The next day, fixed cells were solubilized with 1% SDS at 37◦C and 50 μL of the solution
was taken for absorbance measurements at 570 nm using a plate reader as an indication of cell number
of the well.

2.9. Glucose Uptake Assay

Glucose uptake was assessed using the glucose analogue 2-deoxyglucose (2-DG). Cytochalasin B
(25 μM) was applied to control wells for 15 min before the assay and during the assay to give a measure
of background glucose uptake.

After washing with PBS, cells in 6-well plates were incubated in Ringer solution (140 mM NaCl,
20 mM HEPES, 5 mM KCl, 2.5 mM MgSO4, 1.2 mM CaCl2, pH7.4) containing 10 μM 2-DG and
0.5 μCi/mL radio-labelled 3H-2-DG for exactly 8 min. Following incubation, cells were washed with
cold PBS and lysed in 1 M NaOH. The amount of 3H radioactivity in lysates was counted using a
beta-counter (Tri-Carb liquid scintillation counter, Perkin Elmer, Waltham, MA, USA) from which
background was subtracted. Protein concentrations of lysates were measured using BCA assay
(Pierce BCA protein assay kit, Thermo Fisher Scientific, Waltham, MA, USA) for normalization.

2.10. Lactate Assay

Lactate concentrations in cell culture media (72 hour after plating) were determined in a reaction
mixture containing hydrazine hydrate (0.4 M, pH 9.0), EDTA (10 mM, pH 9.0) and NAD+ (0.5 mM).
Samples and standards were added into 96-well plates followed by lactate dehydrogenase (10 units/well)
and the amount of lactate was assessed by measuring the amount of NADH formed at 340 nm after
2 hours of incubation at 37◦C (a timepoint when lactate conversion is complete).

2.11. Bioenergetic Profiling of Oxygen Consumption and Extracellular Acidification in Snail Overexpressing
and Control Cells

Cells were seeded at 2 × 104 per well on a XF96 seahorse cell plate (Agilent Technologies,
Santa Clara, CA, USA) in their respective growth media. The next day, cells were washed with
Seahorse assay media containing 25 mM glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, pH 7.4
equilibrated in the same media at 37 ◦C for 30 min in a CO2-free incubator. Bioenergetic profiling
was performed by monitoring oxygen consumption and extracellular acidification rates at basal
levels, followed by sequential injections of 1 μM oligomycin (an ATP synthase inhibitor), 0.5 μM
Carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) (a mitochondrial uncoupler) and 1
μM rotenone (a Complex I inhibitor) using the Seahorse XF96 Analyzer. The time-course of energetic
profiles, as well as basal oxygen consumption, basal extracellular acidification rate and maximal oxygen
consumption were calculated from the primary data.
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2.12. Glucose Oxidation

Glucose oxidation was measured in cells seeded in 6-well plates (1 × 106 cells per well). Briefly,
cells were washed with PBS and incubated in DMEM containing 1 g/L D-glucose and 2 μCi/ml
14C-glucose for 1 hour at 37 ◦C. After incubation, the culture media was added to 1 M perchloric
acid and the CO2 released was absorbed in 1 M NaOH solution over 2 hours. The CO2 produced
was quantified by counting 14C content in the NaOH solution using a beta-counter (Tri-Carb liquid
scintillation counter, Perkin Elmer, Waltham, MA, USA).

2.13. Measurement of Half-Maximal Inhibitory Concentration

The half-maximal inhibitory concentration (IC50) was measured by crystal violet assay. Cells
were seeded at 1 × 104 cells per well into a 96-well plate in triplicate and allowed to attach overnight.
The next day cells were treated either with serial dilutions of gemcitabine or paclitaxel. The IC50 was
measured after 48 hours by crystal violet assay as described above (n = 3 biological replicates), with
cell viability being expressed relative to vehicle control (phosphate buffered saline for gemcitabine,
0.1% ethanol for paclitaxel). The IC50 was then calculated by non-linear regression by fitting the
log-transformed drug concentration against relative cell viability.

For comparison under different glucose conditions, cells were allowed to adhere overnight in
high glucose DMEM (i.e., 4.5 g/L glucose) before being treated with serial dilutions of gemcitabine
spiked with an IC75 dose of paclitaxel in media containing either high or no glucose.

2.14.13C metabolic Tracer Experiment and Metabolomics

Triplicates of Panc1 and HPDE cells were cultured in 6-well plates in their respective glucose-free
DMEM and KSF media as described earlier. Approximately 4.5 g/L and 2.9 g/L of uniformly labelled
13C6-glucose was added to DMEM and KSF media respectively and cells were cultured for 5 hours.
To measure the accumulation and 13C enrichment of extracellular pyruvate and lactate, 50 μL culture
media was harvested hourly. The collected media were centrifuged (300 x g, 4◦C) for 5 min and
the supernatant stored at −30 ◦C until analysis by gas chromatography mass spectrometry (GCMS)
using an extraction and derivatization described previously [46]. To measure 13C enrichment of
intracellular metabolites, cells were quenched at the end of the 5-hour culture, and metabolites
were then extracted and derivatized for GCMS analysis [41]. GCMS of derivatized metabolites was
conducted using g a HP-5ms capillary column (0.25 mm i.d. × 30 m × 0.25 μm; Agilent J&W, Agilent
Technologies, Santa Clara, CA, USA) installed in an Agilent HP 6890-5973 gas chromatography/mass
selective detector.

2.14. 13C Flux Analysis

Flux modelling was performed to explain the activity of catabolic pathways used by Panc1 and
HPDE to metabolize glucose. Metabolic fluxes, which is a measure of metabolite flows, can be estimated
by quantitatively fitting a metabolic model to the metabolite data [46]. A simple 13C metabolic flux
analysis model was used, comprising of glycolysis, pentose-phosphate pathway and TCA cycle [47].
The metabolite data used for the fit included the isotopomer abundances of extracellular pyruvate
and lactate, and the enrichment fractions of intracellular pyruvate, lactate, malate, 2-oxoglutarate,
citrate, succinate, alanine and aspartate measured by GCMS [48]. Fluxes were then estimated by
least-square optimization such that simulated results gave the best fit to the experimental data. Due to
the lack of absolute abundance data for intracellular metabolites, metabolite data were simulated
under the assumptions of both metabolic (i.e., constant fluxes) and isotopic steady-state (i.e., maximum
intracellular 13C enrichment) [46]. Flux changes due to Snail overexpression was quantified by
Monte-Carlo analysis [46]. In this bootstrapping approach, the dataset was repeatedly corrupted with
Gaussian noise 200 times, and fluxes were re-estimated each time. The resulting flux distributions were
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then used to quantify flux changes. Full 13C flux analysis results are provided within the Supplementary
Material, Table S1.

2.15. Statistical Analysis

Unless indicated otherwise, results comparing vector infected and Snail over-expressing Panc1
or HPDE cells were analyzed by student t-test and expressed as means ± standard error of the mean
(SEM). Statistical significance was set at p < 0.05.

3. Results

3.1. Comparison of Basal Levels of EMT Markers in Panc1 and HPDE Cells Establishes EMT Status in
Panc1 Cells

Prior to generation of Snail overexpressing Panc1 and HPDE cell lines, we first sought to determine
their basal levels of EMT status. To achieve this, we performed immunoblotting on both Panc1 and
HDPE cells cultured under normal conditions to look at basal markers of EMT status, including
E-cadherin, N-cadherin, and vimentin (Figure 1). These preliminary immunoblotting experiments
confirmed that Panc1 cells are natively somewhere along the EMT spectrum, displaying both markers
of epithelial cell type (E-cadherin) as well as markers of mesenchymal status. Conversely, HPDE cells
only displayed markers of epithelial status, indicating little to no induction of EMT.

Figure 1. Immunoblotting of basal levels of EMT markers E-cadherin (E-cad), N-cadherin (N-cad),
and vimentin in Panc1 and HPDE cells. β-actin was used as loading control.

3.2. Snail Overexpression Induced EMT in Panc1 and HPDE Cells

To study the metabolic changes associated pancreatic cells either already on the EMT spectrum or
pancreatic cells with little EMT induction, we overexpressed the principal EMT-inducing transcription
factor Snail in the PDAC cell line Panc1 and in non-tumorigenic HPDE cells respectively. Cells were
infected with either the empty retroviral pBabe-puro vector (vector) or vector containing human SNAI1
(Snail). Two weeks after puromycin selection, surviving cells of the Snail clones in both cell lines
displayed distinct morphology compared to the vector control in that they were more spindle like and
dispersed, suggesting the dissociation of tight junctions (Figure 2A or Figure 2E). In Panc1, the increase
in Snail (15-fold, p < 0.01) was coupled with marked reductions of E-cadherin levels (p < 0.001) in
Snail-overexpressed cells, while levels of mesenchymal markers (N-cadherin and vimentin) presented
little change (Figure 2B). In HPDE cells, N-cadherin and vimentin, as well as Snail, were only present
at negligible levels in vector control but were remarkably induced upon Snail overexpression (80-fold
increase, Figure 2F). The overexpression of Snail in HPDE also resulted in significant decreases in
E-cadherin levels (Figure 2F).

To assess the functional effect of Snail overexpression in terms of migratory capacity, vector control
and Snail-overexpressed cells were subjected to wound healing assays. Migration as indicated by the
area of wound closure over 24 hours surprisingly did not differ between vector and Snail Panc1 cells
(Figure 2C), while Snail resulted in increased percentage of wound closure over 24 hours in HPDE
cells (p < 0.05, Figure 2G). The proliferation of cells over a 4-day period, measured by crystal violet
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assays, was slightly but significantly (p < 0.01) slowed down by Snail overexpression in Panc1 but not
in HPDE cells (Figure 2D or Figure 2H).

Figure 2. Snail overexpression induced EMT in Panc1 (A–D) and HPDE (E–H) cells. Vector control (V)
and Snail-overexpressing (S) cells were generated in Panc1 via retroviral-mediated infections. (A,E)
Representative cell images were taken under bright field microscopy. (B,F) Cell lysates were resolved
by SDS-PAGE and immunoblotted with anti-E-cad, anti-N-cad, anti-vimentin, and anti-Snail antibodies
with β-actin used as a loading control. (C,G) Cell migration as measured by wound healing assay. (D,H)
Cell proliferation as measured by crystal violet assay. Results are shown as mean ± SEM with n = 3.
* p < 0.05, ** p < 0.01, *** p < 0.001 for difference between vector control and Snail-overexpressing cells.

3.3. Snail Overexpression Resulted in Increased Glucose Uptake and Lactate Secretion in Panc1 Cells

The upregulation of aerobic glycolysis, or increased glycolysis and lactate production in the
presence of sufficient oxygen, has been frequently observed during tumorigenesis and in some cancer
cells undergoing EMT [26,27,32,34–36]. It was also one of the most pronounced changes seen with
TGFβ-induced EMT in Panc1 cells, during which Snail was induced [41]. Here the overexpression
of Snail in Panc1 cells also resulted in the upregulation of glucose uptake by nearly 2-fold (p < 0.01,
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Figure 3A). There were no associated changes in SLC2A1 (encoding Glut1), SLC2A3 (encoding Glut3)
or HK2, the enzyme converting glucose to glucose-6-phosphate (Figure 3D–F). Snail overexpression in
Panc1 cells also caused a 2-fold increase in secreted lactate over a 3-day period (p < 0.01, Figure 3B).
Using the Seahorse XF96 Analyzer system, lactate production was measured in a more acute setting
as the basal extracellular acidification rate sampled over 20 min (Figure 3C). The basal extracellular
acidification rate (ECAR; i.e., first 20 mins of assay) was slightly higher in Snail overexpressing Panc1
cells (p < 0.05, Figure 3C,D), while no difference was reported in maximal glycolysis after inhibition of
mitochondrial ATP production by oligomycin. This lack of difference maximal glycolysis meant that
Snail-overexpressing Panc1 cells had lower glycolytic capacity (i.e., the difference between maximal
and basal glycolysis; p < 0.05; Figure 3C,D). Despite the changes in lactate production, no alterations
were seen in LDH-A levels or LDH-B, MCT1 expressions whereas MCT4 expression was enhanced
slightly (p < 0.05) (Figure 3F–I).

Figure 3. Effects of Snail overexpression on glucose uptake and lactate production in Panc1 cells. (A)
Rate of glucose uptake measured using by 3H-2-Deoxy-Glucose uptake over an 8 min period. (B) Lactate
assay performed on cell culture media after 72 hours of culture. (C) Extracellular acidification rate
(ECAR) measured using the Seahorse XF96 Analyzer at basal levels for 30 min followed by sequential
injections of 1 μM oligomycin, 0.5 μM Carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP)
and 1 μM rotenone at 30 min intervals. (D) basal and maximal glycolytic activity and glycolytic capacity
calculated from Seahorse data, (E) Fold-change in total RNA for SLC2A1 (encoding Glut1) and SLC2A3
(encoding Glut3) measured by qPCR using β-actin as housekeeper, (F) Immunoblotting results for
hexokinase II (HK2) and lactate dehydrogenase A (LDH-A) with β-actin as loading control. (G–I) Fold
change in total RNA detected for lactate dehydrogenase-B (LDH-B) and monocarboxylate transporter 1
(MCT1) and 4 (MCT4). Results are shown as mean ± SEM with n = 3. * p < 0.05, ** p < 0.01 for difference
between vector control and Snail-overexpressing cells.
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3.4. Snail Overexpression Resulted in Increased Glucose Uptake and Lactate Production in HPDE Cells

HPDE cells overexpressing Snail displayed elevated glucose uptake to a level comparable to
Panc1 cells (2-fold, p < 0.001, Figure 4A). The augmentation of glucose uptake was accompanied by
reduced SLC2A1 (Glut1) expression (p < 0.001, Figure 4D) and a 4-fold increase in SLC2A3 (Glut3)
expression (p < 0.01, Figure 4E). The level of HK2 did not differ between vector and Snail clones
(Figure 4F). Although levels of lactate production in vector control HPDE cells were higher than that
observed for vector control Panc1 cells, Snail-overexpressing HPDE cells also showed an increase in
lactate accumulation in the culture media (Figure 4B). This increase in lactate output was also apparent
over the 30-minute period in which basal ECAR was measured using the Seahorse XF96 Analyzer
(Figure 4C,D). Similar to Snail overexpressing Panc1 cells, there was no difference observed in maximal
glycolysis rate leading to an overall decrease in glycolytic capacity in Snail overexpressing HPDE cells
(p < 0.05). Among the lactate production (LDH-A and B) and secretion (MCT1 and 4) mRNA measured,
only LDH-B transcript displayed a nearly 2-fold increase (p < 0.001) (Figure 4F–I).

Figure 4. Effects of Snail overexpression on glucose uptake and lactate production in HPDE cells. (A)
Rate of glucose uptake measured by 3H-2-Deoxy-Glucose tracer over an 8 min period. (B) Lactate assay
performed on cell culture media collected after 72 hours of culturing. (C) Extracellular acidification rate
(ECAR) measured using the Seahorse XF96 Analyzer at basal levels for 30 min followed by sequential
injections of 1 μM oligomycin, 0.5 μM Carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP)
and 1 μM rotenone at 30 min intervals. (D) basal and maximal glycolytic activity and glycolytic capacity
calculated from Seahorse data. (E) Fold-change in total RNA for SLC2A1 (encoding Glut1) and SLC2A3
(encoding Glut3) measured by qPCR using β-actin as housekeeper. (F) Immunoblotting results for
hexokinase II (HK2) and lactate dehydrogenase A (LDH-A) with β-actin as loading control. (G–I) Fold
change in total RNA detected for lactate dehydrogenase-B (LDH-B) and monocarboxylate transporter
1 (MCT1) and 4 (MCT4). Results are shown as mean ± SEM with n = 3. ** p < 0.01, *** p < 0.001 for
difference between vector control and Snail-overexpressing cells.

3.5. Snail Overexpression Impacted on Oxidative Metabolism in Both Panc1 and HPDE Cells

Following the observations of enhanced aerobic glycolysis, we next investigated the overall and
glucose-specific oxidative metabolism in Panc1 and HPDE cells. Using the Seahorse XF96 Analyzer,
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OCR at basal levels were not different in either the Panc1 or HPDE Snail overexpressing cells compared
with their respective vector controls. Maximal OCR (after addition of the mitochondrial uncoupler
FCCP that elicits maximal respiration) was significantly reduced upon Snail-overexpression-induced
EMT in both Panc1 (p< 0.001) and HPDE (p< 0.05) cells (Figure 5B or Figure 5E). Notably, the maximally
stimulated OCR in Snail-overexpressed Panc1 cells was nearly halved in comparison to vector control
and was not higher than its basal level (Figure 5A). Alongside decreases in maximal respiration in Snail
overexpressing Panc1 cells (p < 0.001), significant decreases were also observed in ATP production
(p < 0.05), spare respiratory capacity (p < 0.001), and non-mitochondrial respiration (p < 0.01, Figure 5B).
These observations were in line with significant (p < 0.05) decreases in the content of mitochondrial
ETC subunits V, III, II and I in Snail-overexpressing Panc1 cells (Figure 5C). Glucose-specific oxidation
measured using 14C-labelled glucose tracers was, however, not altered in Panc1 (Figure 5D).

Figure 5. Effects of Snail overexpression on oxidative metabolism in Panc1 and HPDE cells.
(A,E) Oxygen consumption rate (OCR) was measured using the Seahorse XF96 Analyzer at
basal levels for 30 min followed by sequential injections of 1 μM oligomycin, 0.5 μM Carbonyl
cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) and 1 μM rotenone at 30 min intervals. Basal
and maximal (following FCCP injection) values of OCR from the time-course data were used for
statistical analysis. (B,F) Basal respiration, ATP production, maximal respiration, spare respiratory
capacity, proton leak and non-mitochondrial respiration calculated from Seahorse trace data for Panc1
and HPDE cells respectively. (C,G) Immunoblotting results for ETC complex I, II, III, V antibodies,
with β-actin used as loading control. Densitometry on western blots was performed using image J.
(D,H) Glucose oxidation was measured using the U-14C-Glucose tracer over one-hour period. Results
are shown as mean ± SEM with n = 3. * p < 0.05, ** p < 0.01 for difference between vector control and
Snail-overexpressing cells.

In contrast to Panc1, the OCR at basal level and after addition of oligomycin, FCCP and rotenone
remained unaffected by Snail overexpression in HPDE cells (Figure 5E). Snail overexpressing HPDE
cells displayed a lower maximal respiration compared with vector control (p < 0.05), and a trend
towards decreased spare respiratory capacity (Figure 5F). The decrease observed in maximal respiration
observation was in line with reductions in the levels of ETC complexes in HPDE cells upon Snail-driven
EMT (p = 0.088 for complex III; p < 0.01 for complex I), albeit to a lesser extent than Panc1 (Figure 5G).
Glucose specific oxidative activity was unaltered in Snail overexpressed cells, as indicated by the 14CO2

produced from 14C-glucose substrate (Figure 5H).

3.6. 13C Flux Analysis Validated Observed Changes in Aerobic Glycolysis and TCA Cycle Activity

A modelling approach was used to provide a coherent interpretation of metabolic fluxes using
metabolite data obtained for Panc1 and HPDE cells with or without Snail overexpression (Figure 6A).
Fluxes were estimated by fitting the metabolic model to the measured accumulation rate of extracellular
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lactate and pyruvate, and to the 13C enrichment pattern of intracellular metabolites (Figure 6B,C).
Despite similarities in the enrichment fractions (Figure 6B), our analyses accounted for the fact that
media used between the two cell lines (i.e., DMEM and KSF media) were different. In DMEM, glucose
was 95% labelled and lactate was present, whereas in KSF media glucose was only 59% labelled
and had no lactate (Figure 6A or Figure 6C). Similarly, only DMEM contained free alanine (results
not shown), which explained the significant dilution of 13C-enriched intracellular alanine in Panc1
compared to HPDE (Figure 6B). The assimilation of unlabeled pyruvate was added ad-hoc to better fit
metabolite data from HPDE cells.

 

Figure 6. Metabolomics and flux analysis of the effects of Snail overexpression on glucose metabolism
in Panc1 and HPDE cells. (A) 13C metabolic flux analysis model used to interpret metabolite
data. Input substrates shown as gray. Average glucose 13C-enrichment in DMEM and KSF media
shown to highlight differences in starting label. (B) 13C-enrichment of intracellular metabolites,
showing measured fractional enrichments (left bars) and simulated results from the best fit (right
bars). Data are shown with mean ± 1 SD with n = 3. (C) Abundance and 13C-enrichment trajectories
of extracellular lactate and pyruvate. “m3” represents fraction of lactate and pyruvate labelled at all
three carbons. Results from the best fit are shown as red dotted lines. Error bars represent ± 1 SD. (D)
Box-and-whiskers plots show estimated fluxes. PDH, PC and MEM fluxes normalized to glutamine
uptake flux. MEC flux expressed as a fraction of total ME flux. All flux changes were significant,
unless indicated otherwise. Enzyme: MEC (cytoplasmic malic enzyme), MEM (mitochondrial malic
enzyme), PC (pyruvate carboxylase), GLS (glutaminase), glycolysis (pyruvate kinase), PDH (pyruvate
dehydrogenase). Metabolites: PYR (pyruvate), LAC (lactate), ALA (alanine), AKG (2-oxoglutarate),
MAL (malate), ASP (aspartate), CIT (citrate), SUC (succinate), R5P (ribose 5 phosphate), AcCoA
(acetyl-CoA), GLN (glutamine). NS p > 0.05.
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Flux results confirmed that aerobic glycolysis increased in Snail overexpression, for both Panc1
and HPDE cells (Figure 6D). Basal lactate secretion rates were lower in Panc1 than HPDE cells; this is
consistent with the results from the enzymatic lactate assay and ECAR (Figure 3B–D and Figure 4B–D).
Likewise, the reduction of basal OCR in Panc1 but not HPDE (Figure 5A,E) was reproduced by the
estimated pyruvate dehydrogenase fluxes (Figure 6D). Only Panc1 cells with Snail overexpression
showed a net consumption of extracellular pyruvate (Figure 6C), although all cultures were secreting
pyruvate from glucose.

Flux modelling revealed a few features not immediately observed from metabolite data. The
overexpression of Snail in Panc1 cells reduced TCA cycle activity to a greater extent than HPDE cells.
This was achieved by lowering both pyruvate dehydrogenase flux and complete oxidation of glutamine,
with the latter indicated by a reduced mitochondrial malic enzyme activity and a concomitant shift
towards cytoplasmic malic enzyme flux (Figure 6D). This metabolic configuration was required to
reproduce the reduced enrichment of intracellular pyruvate and lactate, which could not be solely
accomplished by the reversible exchange between the respective intracellular and extracellular pools.
Overall, 13C flux analysis showed that Snail overexpression increased aerobic glycolysis and altered
carbon flow in the TCA cycle, more so in Panc1 cells than in HPDE.

3.7. Snail Overexpression in Panc1 Cells Does Not Increase Resistance to Gemcitabine or Combination
Gemcitabine-Paclitaxel Therapy

Given the known role of EMT in chemoresistance in PDAC [10], we sought to determine if
Snail-overexpression and subsequent EMT induction in Panc1 cells could increase resistance to
chemotherapies commonly used in PDAC treatment. To this end, we determined the half-maximal
inhibitory concentration (IC50) of gemcitabine, paclitaxel and gemcitabine combined with an IC75 dose
of paclitaxel (Table 1). Overexpression of Snail in Panc1 cells did not result in an increased resistance to
gemcitabine alone or in combination with an IC75 dose of paclitaxel, but Snail-overexpressing Panc1
cells were slightly more sensitive to paclitaxel monotherapy. We hypothesized that Snail overexpression
may give PDAC cells enhanced chemoresistance under the low nutrient microenvironment conditions
typically found in PDAC tumors as a result of the dense stromal/desmoplastic reaction [49], but no
statistically significance differences were observed between the IC50 of Snail-overexpressing and vector
controls treated with combination therapy under limiting glucose conditions.

Table 1. The half-maximal inhibitory concentration (IC50) of gemcitabine, paclitaxel and combination
gemcitabine with an IC75 dose of paclitaxel in vector control and Snail overexpressing Panc1 cells.
Combination treatment was given under both high and no glucose media conditions.

Panc1 Gemcitabine Paclitaxel *
Gemcitabine + IC 75 Paclitaxel

High Glucose No Glucose

Vector 1.8 (1.2–2.9) × 10−7 3.3 (2.4–4.6) × 10−9 1.3 (0.5–4.2) × 10−7 1.3 (0.3–5.3) × 10−7

Snail 1.4 (0.8–2.9) × 10−7 2.0 (1.3–3.1) × 10−9 3.0 (1.1–8.6) × 10−7 6.3 (0.4–52.2) × 10−7

IC50 (M) with 95% confidence interval. Vector compared with Snail overexpression: * p < 0.05.

4. Discussion

The occurrence of EMT in response to micro-environmental factors partially underlines the
malignant phenotype and chemoresistance of PDAC. High levels of Snail, a potent EMT-inducing
transcription factor, closely correlate with lymph node invasion and distant metastasis in human PDAC
samples [10–12,50–52]. Attenuation of Snail expression in PDAC cell lines resulted in the reversal
of EMT, together with decreased sphere and colony formation capacity [16]. It has been shown in
several studies that PDAC cells overexpressing Snail underwent EMT and exhibited EMT-associated
invasive behaviors both in vitro and in vivo [10,13–15]. In the present study, stable overexpression of

172



J. Clin. Med. 2019, 8, 822

Snail in the PDAC cell line Panc1 and non-tumorigenic HPDE cells resulted in pronounced EMT-like
phenotypic change as evidenced by alterations in morphology, epithelial/mesenchymal markers and,
in the case of HPDE, enhanced migratory capacity (Figure 2). There were also several adaptations in
glucose and oxidative metabolism observed with snail overexpression in both cell lines. Despite these
alterations to metabolism, Snail-overexpression in PDAC cells did not result in enhanced resistance
to gemcitabine or combination gemcitabine/paclitaxel therapy when cultured under either high or
limited glucose conditions (Table 1).

Over the past decade, metabolic reprogramming has been increasingly recognized as a hallmark
of oncogenic transformation in PDAC and other cancers [17–19]. A small body of literature has also
emerged in the last 5 years uncovering additional metabolic alterations related to EMT in breast,
lung, ovarian, cervical and prostate cancers, but the actual changes vary considerably across different
EMT models and cancer types [26–40]. The EMT events were mostly accompanied by elevated levels
of more than one EMT-inducing transcription factors, with Snail being a principal player in the
majority of cases [28–33,36]. In the context of PDAC, Snail was highly induced in Panc1 during TGFβ
induced EMT, which was associated with upregulated aerobic glycolysis [41]. The induction of EMT
by Snail overexpression in the current study was also accompanied by augmented glucose uptake,
lactate production and increased levels of basal glycolytic activity, with changes in the expression
of transporters and enzymes involved in these processes, namely increased MCT4 expression in
Panc1 and higher GLUT3 as well as LDH-B expression in HPDE cells (Figures 3 and 4). In addition,
marked downregulations of mitochondrial ETC subunits content and, particularly in the case of Panc1,
impaired overall oxidative metabolism were evident.

A direct role of Snail in regulating the glycolytic process has been reported in several occasions.
Dong et al. (2013) observed an inverse correlation between levels of Snail and the gluconeogenic
enzyme FBP1 in breast cancers [27], hence favoring glucose flux through glycolysis rather than
the reverse direction. In basal-like breast cancer, an aggressive subtype containing abundant EMT
features, the Snail-G9a-Mnmt1 complex was shown to directly bind to the FBP1 promoter, leading
to DNA methylation and transcriptional silencing of the gene [27]. The Snail-mediated suppression
of FBP1 was thought to promote glucose uptake and lactate production via improving insulin
sensitivity and decreasing PDH (the enzyme catalyzing the conversion of pyruvate to acetyl-CoA
and therefore mitochondrial oxidation) activity [27]. In the same vein, Snail levels were high in the
more aggressive and castration-resistant subtype of prostate cancer, in which Snail depletion reduced
glucose consumption and lactate production [38]. Snail was found to regulate metabolism through
miRNA-126-mediated RPS6KB1/HIF1α/PKM2 signaling [38]. In Madin Darby Canine Kidney (MDCK)
cells, Snail overexpression resulted in increased activity of phosphofructokinase, a rate-limiting
glycolytic enzyme promoting the opposite process to FBP1 [37]. Increased PDK1 expression and the
consequent reduction of PDH activity also pointed to the diversion of glycolytic flux towards lactate
synthesis [37]. The glycolytic switch was also observed in the breast cancer cell lines MCF-7 and
MDA-MB-231 when Snail was induced by Wnt signaling or E-cadherin knock-down [39].

The augmentations of glucose uptake, lactate production, and basal glycolytic activity seen in both
Panc1 and HPDE, despite differences in molecular changes, could contribute to EMT-related functional
properties especially increased migratory and invasive potential. Enhanced aerobic glycolysis has
been associated with invasive cancers and several glycolytic enzymes have been shown to stimulate
migration via signaling effects [53–55]. The strongest argument in favor of the glycolytic dependency of
migration came from observations that mesenchymal prostate and breast cancer cells exhibited higher
aerobic glycolysis, cytoskeletal remodeling and faster migration than epithelial counterparts while
no difference in mitochondrial ATP production was found [56]. Migration was attenuated only by
inhibition of glycolysis but not mitochondrial respiration [56]. As cell migration is an energy-expensive
process involving major remodeling of the cytoskeletal network [57,58], one benefit of the profound
upregulation of the glycolytic pathway in PDAC EMT models is presumably to maintain a steady and
rapid supply of ATP for cellular migration. The increased lactate secretion by tumor cells could result
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in an acidic peri-tumor microenvironment which induces MMP-9 expression and the release of other
proteolytic enzymes to degrade components of the ECM [59,60]. This is of particular importance in
PDAC, which exhibits a prominent desmoplastic reaction involving extensive proliferation of stromal
cells and ECM deposition, constituting a physical barrier for tumor cell extravasation [49]. The flow
of H+ along its concentration gradient to adjacent normal tissues could also lead to toxic effects in
normal cells such as stromal cells but not cancer cells that developed resistance to low pH environment
during carcinogenesis [61]. In addition, lactate has been reported to directly enhance tumor cell
motility and contribute to tumor immune escape by inhibiting monocyte migration and cytokine
release [62]. However, overexpression of Snail within a metastatic subclone of PC-3 prostate cancer
cells reduced both glucose and lactate consumption and increased oxidative metabolism, indicating
that expression of EMT features may not always coincide with a higher glycolytic phenotype across all
cancer types [63].

There was evidence of downregulation of ETC complex subunits in both cell lines with Snail
overexpression. These changes were more pronounced in Panc1 cells compared to HPDE and
translated into a functional deficit where both the maximal OCR and the flow of carbons into
the TCA cycle decreased in Panc1 cells. The inhibition of oxidative phosphorylation by Snail
was implicated in Dong et al. (2013) where Snail-mediated reduction in FBP1 resulted in the loss
of mitochondrial transcription factor B1M (TFB1M), leading to defects of protein translation in
ETC complex I components [27]. As complex I and III are the main sites of ROS production,
the downregulation of complex I level caused by Snail was accompanied by ROS reduction [27].
Lee et al. (2012) showed the direct binding of Snail to promoters of three Cytochrome c oxidase (COX)
subunits of ETC complex IV [39]. Complex IV activity and mitochondrial respiration were impaired
as a result but no change in ATP status was seen, possibly owing to the compensatory increase in
glycolytic ATP production [39]. Given that cell migration is an energy consuming process and the
increased wound closure was only observed in HPDE cells overexpressing Snail that exhibit only
a small change in maximal respiration (Figure 5F), one could speculate that the large decrease in
maximal respiration and ATP production seen in Panc1-Snail cells limited their migratory capacity.
This phenomenon was observed in other models of EMT induction where loss of oxidative metabolism
impedes cell migration [64]. The dissociation of mitochondrial ETC content and basal/maximal OCR
in HPDE cells with or without Snail might be attributed to decreased electron donation to the ETC
complexes and increased energy consumption in other EMT-related processes. Alternatively, that fact
that Panc1 cells are already on the EMT spectrum prior to Snail induction may limit any additional
gain in migratory capacity (Figure 1).

There have been indications in the literature that the process of EMT promotes chemoresistance
in various carcinomas including PDAC [65–68]. While the induction of several transcription factors
and increased stemness were suggested as possible mechanisms, it is not clear if EMT-associated
metabolic programming or increased glycolysis plays a role [66,67]. In the present study, Snail-induced
EMT changes did not alter Panc1 sensitivity to gemcitabine or combination gemcitabine paclitaxel
treatment despite marked enhancement of glycolysis and slight reduction on proliferation (Table 1 and
Figure 1). Further work is required to probe the effects of EMT-related metabolic reprogramming on
chemo-sensitivity in additional PDAC cell lines and with other first-line chemotherapeutic agents.

5. Conclusions

Collectively, Snail overexpression in the PDAC cell line Panc1 and in non-tumorigenic HPDE cells
resulted in the induction of EMT and a range of accompanying metabolic changes. In both cell lines
Snail overexpression resulted in increased glucose uptake and lactate production, as well as reductions
in mitochondrial ETC protein content. Additionally, Snail overexpression caused decreased carbon flux
from glucose in the TCA cycle in Panc1 cells only, with no change in Snail-overexpressing HPDE cells.
Despite the induction of EMT status and detection of metabolic reprogramming of glucose metabolism
in Panc1 cells Snail-overexpression did not result in enhanced resistance to gemcitabine or combination
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gemcitabine/paclitaxel therapy. This work highlights the role that Snail plays as an effector of EMT and
its role in the induction of metabolic reprogramming in PDAC. Further research to uncover specific
changes in metabolic enzymes, pathways and energetic profiles that are essential to EMT in PDAC is
required to allow therapeutic interventions from a metabolic angle.
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Abstract: Bladder carcinoma is highly heterogeneous and its complex molecular landscape; thus,
poses a significant challenge for resolving an effective treatment in metastatic tumors. We computed
the epithelial-mesenchymal transition (EMT) scores of three bladder carcinoma subtypes—luminal,
basal, and non-type. The EMT score of the non-type indicated a “mesenchymal-like” phenotype,
which correlates with a relatively more aggressive form of carcinoma, typified by an increased
migration and invasion. To identify the altered signaling pathways potentially regulating this
EMT phenotype in bladder cancer cell lines, we utilized liquid chromatography-tandem mass
spectrometry (LC-MS/MS)-based phosphoproteomic approach. Bioinformatics analyses were carried
out to determine the activated pathways, networks, and functions in bladder carcinoma cell lines.
A total of 3125 proteins were identified, with 289 signature proteins noted to be differentially
phosphorylated (p ≤ 0.05) in the non-type cell lines. The integrin pathway was significantly enriched
and five major proteins (TLN1, CTTN, CRKL, ZYX and BCAR3) regulating cell motility and invasion
were hyperphosphorylated. Our study reveals GSK3A/B and CDK1 as promising druggable targets
for the non-type molecular subtype, which could improve the treatment outcomes for aggressive
bladder carcinoma.

Keywords: urothelial cancer; phosphoproteomics; activated pathways; ingenuity pathway analysis;
molecular subtypes

1. Introduction

Advanced cancer therapeutics demands a detailed understanding of the altered mechanisms operating
in malignant disease. Notably, in bladder carcinoma, the current treatment regimens and interventions are
mostly determined by the clinicopathological characteristics of the tumor. Bladder carcinoma is categorized
into two clinicopathologically distinct subgroups: non-muscle-invasive bladder cancer (NMIBC) and
muscle-invasive bladder cancer (MIBC). At diagnosis, 75% of bladder carcinoma is NMIBC, whereas 20%
to 25% is MIBC. About 50% to 70% of NMIBC, including Ta- and T1-stage tumors, frequently recur [1],
whereas 10% to 15% progress to MIBC (T2, T3, and T4 stages) [2]. Unlike most other carcinomas, carcinoma
in situ (Tis) tumors, a superficial tumor, progress very rapidly to MIBC. Emerging evidence suggests
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that tumor heterogeneity alters treatment response and confers resistance, leading to recurrence.
Thus, a detailed understanding of the clinicopathological subgroups and their molecular alterations is
of paramount interest, especially for targeted therapy. Identification of distinct molecular subtypes of
NMIBC and MIBC could highlight clinically relevant signaling pathways.

Clinical staging is still not precisely defined for bladder carcinoma because of its highly
heterogeneous nature. The advent of whole-genomic and transcriptomic approaches has transformed
our understanding of cancer heterogeneity. Whole-genome sequencing and expression profiling,
have uncovered molecular subtypes that relate to distinct clinical entities in various cancers. For instance,
several studies have identified intrinsic subtypes of MIBC that resemble the intrinsic subtypes of breast
cancer [3–5]. Comprehensive studies have defined the molecular subtypes in bladder carcinoma, mainly
by analyzing gene expression data, specific mutations, and copy-number changes with recent analyses
suggesting that specific genetic alterations in fibroblast growth factor receptor 3 (FGFR3), tumor protein
P53 (TP53), retinoblastoma 1 (RB1), Erb-B2 receptor tyrosine kinase 2 (ERBB2), nuclear-factor, erythroid
2 like 2 (NFE2L2), and lysine demethylase 6A (KDM6A/UTX) are enriched in different molecular
subtypes and are clinically actionable [6–8].

So far, the intrinsic subtypes of bladder carcinoma have been categorized into two to seven classes
by different groups. A broad stratification of high-grade bladder carcinoma was described by the
University of North Carolina (UNC), where the subtypes (luminal and basal-like) reflected the hallmarks
of breast cancer [4]. This study classified luminal and basal subtypes of bladder carcinoma using a
47-gene signature. Another similar molecular classification (MD Anderson) using gene expression
profiling, restricted to MIBCs, found three subgroups: basal, luminal, and p53-like MIBCs [5];
the inclusion of the “p53-like” subtype was based on the mRNA expression of p53, which can predict
MIBC chemoresistance. The Cancer Genome Atlas (TCGA) research network also categorized the
intrinsic subtypes of bladder carcinoma into four clusters (Clusters I–IV) based on an integrated analysis
of the mRNA, miRNA, and proteome expression profiling of 129 tumor samples. However, the most
extensive classification by LUND University was conducted on gene expression profiling data for
308 tumor tissue samples, and resulted in five intrinsic types of carcinoma, designated Urobasal A,
Genomically unstable, Urobasal B, Squamous cell carcinoma-like, and Infiltrated [9]. The LUND
molecular subtypes were further characterized into seven gene signature (subdividing Urobasal A and
Genomically instable subtypes into two groups each), based on the differential expression of genes
associated with biological processes [10]. Using a 117-gene signature, Hedegaard et al. [11] classified
only NMIBCs into three subclasses (Class I–III) with basal- and luminal-like characteristics as well
as clinical features. A later meta-analysis on the molecular subtypes (established by UNC, MDA,
TCGA and LUND) revealed some consensus patterning among the molecular subtyping strategies [10].
However, there remain inaccuracies in the current staging systems, and the clinicopathological features
may also influence treatment selection [12]. Such inadequacies are to be expected due to the low sample
size in these studies and a large, collaborative study is needed to identify the molecular signatures
before assigning treatment with conventional chemotherapy.

In a study by Warrick et al., bladder carcinoma cell lines were used to study the molecular subtypes
in a relevant in vitro model. A detailed analysis was carried out on the publicly available data for the
27 bladder carcinoma cell lines (CCLE database) [13] as per the TCGA study. The panel of bladder
carcinoma cell lines was classified into three subtypes based on gene expression clusters: luminal,
basal, and “non-type” [14]. The non-type subtype displayed low expression of both luminal and basal
markers. We further included these three subtypes for our deeper understanding of the molecular
events involved in bladder carcinoma.

We employed liquid chromatography tandem-mass spectrometry (LC-MS/MS)-based approach
to identify differentially expressed proteins in all three distinct subtypes. We also sought to evaluate
pathways enriched in luminal, basal, and non-type subtypes. We undertook an extensive quantitative
phosphoproteomic analysis of six bladder carcinoma cell lines (RT112, SW780, VMCUB-1, T24, J82, and
UMUC3) and compared the phosphoproteomic data of bladder carcinoma cell lines with a non-neoplastic
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bladder cell line (TERT-NHUC) [15]. The six cell lines were previously assigned to luminal (RT112 and
SW780), basal (VMCUB-1), and non-type (UMUC3, J82 and T24) molecular subtypes [14]. To our
knowledge, this is the first phosphoproteomic profiling of bladder carcinoma and it may provide a global
platform to identify the complex kinase-driven signaling events in bladder carcinoma.

2. Experimental Section

2.1. Cell Culture

Bladder carcinoma cell lines, SW780, RT112, VMCUB-1, T24, J82, and UMUC3 were cultured in
dulbecco’s modified eagle’s medium (DMEM; with high glucose, HIMEDIA), supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were maintained in a humidified
incubator at 37 ◦C and 5% CO2. The non-neoplastic bladder cell line (TERT-NHUC) was cultured in
KGM-Gold Media (Lonza Group, Allendale, NJ, USA) supplemented with hydrocortisone, transferrin,
epinephrine, gentamicin, amphotericin B (GA-1000), bovine pituitary extract (BPE), recombinant
human epidermal growth factor (rhEGF), and insulin in a humidified incubator at 37 ◦C and 5% CO2.

TERT-NHUC cells were kindly provided by Prof. M.A. Knowles, University of Leeds, UK [15].

2.2. Cell Lysis, Protein Extraction, and Digestion

Cell lines were grown to 70% confluence, starved in serum-free medium for 12 h, and then
lysed in cell lysis buffer (2% SDS, 5 mM sodium fluoride, 1 mM β-glycerophosphate, 1 mM sodium
orthovanadate in 50 mM triethyl ammonium bicarbonate (TEABC)). Protein concentration was
estimated using the BCA method (Pierce; Waltham, MA, USA). Equal amount of protein from each cell
line was used for protein digestion. Cell lysates were reduced and alkylated using 5 mM dithiothreitol
(DTT) and 20 mM iodoacetamide (IAA), respectively. Samples were then digested overnight at 37 ◦C
using trypsin (1:20) (Promega; San Luis Obispo, CA, USA).

2.3. TMT Labeling

Before labeling, peptides were reconstituted in 50 mM TEABC (pH 8.0). Equal amounts of peptides
from each condition were used for 10-plex Tandem Mass Tag (TMT) labeling (Thermo Fisher Scientific,
Rockford, IL, USA). Labeling was carried out as per the manufacturer’s protocol. TERT-NHUC was
labeled with the channel 126, and SW780, RT112, VMCUB-1, T24, J82, and UMUC3 were labeled with
130N, 130C, 129C, 131, 128C, and 128N, respectively. The reaction was quenched by the addition of
8 μl of 5% hydroxylamine for 15 min at room temperature, and the samples were dried.

2.4. Basic pH RPLC (bRPLC) and TiO2-Based Phosphopeptide Enrichment

TMT-labeled peptides were pooled and fractionated using an Agilent 1100 high-pH reverse-phase
liquid chromatography (RPLC) system with a flow rate of 1 mL/min, as described earlier [16].
Briefly, labeled peptides, resuspended in 1 mL of bRPLC solvent (10 mM TEABC pH 8.4),
were fractionated using high-pH, reverse-phase XBridge C18 columns (5 μm, 250 × 4.6 mm; Waters
Corporation, Milford, MA, USA), with an increasing gradient of bRPLC solvent B (10 mM TEABC in
90% ACN, pH 8.4). A total of 96 fractions were collected in a 96-well plate containing 0.1% formic
acid. The fractions were then concatenated into 12 pools, vacuum-dried, and subjected to TiO2-based
phosphopeptide enrichment [17]. The enriched phosphopeptides were eluted thrice into microfuge
tubes with 40 μL of 2% ammonia solution containing 10 μL of 20% trifluoroacetic acid. The peptides
were then dried, resuspended in 30 μL of 0.1% TFA, and desalted using C18 Stage Tips (Thermo Fisher
Scientific). The eluted peptides were then subjected to LC-MS/MS analysis.

2.5. LC-MS/MS Analysis

Phosphoproteomic analyses were performed on an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific) interfaced with an Easy-nLC II nanoflow liquid chromatography system
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(Thermo Fisher Scientific), as described earlier [18]. Briefly, each fraction was reconstituted in Solvent
A (0.1% Formic acid) and loaded on trap column (75 μm × 2 cm) packed with Magic C18 AQ (Michrom
Bioresources, Inc., Auburn, CA, USA). Peptides were resolved on an analytical column (75 μm × 15 cm)
at a flow rate of 350 nL/min using a linear gradient from 5% to 60% ACN in a 120 min run. MS data
were acquired using scan range of 400–1,600 m/z at mass resolution of 120,000, and MS/MS data were
acquired using resolution of 30,000 at m/z of 400. HCD fragmentation for MS/MS analysis was carried
out with isolation width of 2 m/z and normalized collision energy of 34%. Data-dependent acquisition
was carried out where the most intense precursor ions were detected.

2.6. Data Analysis

The MS-derived data were searched using Mascot and Sequest HT search engines with Proteome
Discoverer 2.0 (Thermo Fisher Scientific). Phosphopeptide-enriched fractions from each replicate were
searched against the RefSeq protein database (version 70), National Institutes of Health, USA with
carbamidomethylation of cysteine residues as a fixed modification. Oxidation of methionine;
the phosphorylations of serine, threonine, and tyrosine; and the deamidation of asparagine and
glutamine were selected as dynamic modifications. Trypsin was set as the protease and a maximum
of one missed cleavage was allowed. Precursor mass tolerance was set to 20 ppm, and a fragment
mass tolerance of 0.05 Da was allowed. All peptide-spectrum matches (PSMs) were identified at a
1% false-discovery rate (FDR). Posterior error probability was calculated for individual PSMs using
a percolator, providing statistical confidence for each spectral match. The probability of phosphorylation
for each site was calculated by the phosphoRS node in Proteome Discoverer. Only phosphopeptides
with >75% site localization probability were considered for further analysis. A 2-fold cut-off was used
for dysregulated phosphopeptides compared to TERT-NHUC cell line.

2.7. Scratch Wound Assay

For each cell line, 3 × 105 cells were seeded into the wells of a 6-well plate. The experiment was
conducted in triplicate. When the cells had reached 90% to 95% confluency, a scratch was made with
a 20-μl pipette tip. Cells were washed gently with media, incubated with PBS, and then imaged.
Cells were maintained in DMEM supplemented with 2% FBS. Cells were observed and imaged at 0 and
24 h. The rate of migration was calculated using ImageJ macros (v1.50i; National Institutes of Health,
Maryland, USA). A t-test was used to calculate significance and the area covered by the migrating cells
was plotted in a bar graph.

2.8. Invasion Assay

The transwell system was used to measure invasion, as reported earlier [19]. Briefly, 20,000 cells
per 500μl of serum free media were seeded onto the Matrigel-coated PET membrane (BD Bio Coat
Matrigel Invasion Chamber; BD Biosciences, CA, USA) in the upper compartment, while the lower
compartment was filled with complete growth media. Plates were maintained at 37 ◦C for 48 h.
After the incubation period, the upper membrane surface was wiped with a cotton-tip applicator to
remove non-migratory cells. Cells that migrated to underside of membrane were fixed and stained
using 4% methylene blue in 50% methanol. The number of cells that penetrated was counted for
randomly selected viewing fields at 10×magnification using CX 41 Olympus Polarizing Trinocular
microscope. The counting of cells was done using ImageJ multi-point cell counter (v1.50i; National
Institutes of Health, Maryland, USA). The experiment was conducted in replicates.

2.9. Kinome Map

The kinome map was built using the KinMap tool (http://www.kinhub.org/kinmap/index.html).
The list of identified kinases was searched and the relevant kinases are highlighted on the kinome map.
Dysregulated kinases (hyper- or hypo-phosphorylated in any cell line) are also depicted.
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2.10. Clustering the Molecular Subtypes

All quantified peptides (across all cell lines and in both replicates) were considered to identify
differentially phosphorylated peptides. Fold-change was calculated by taking the intensity ratios with
TERT-NHUC as the control. A t-test was used to determine the differentially phosphorylated peptides
in the non-type subtype as compared with the luminal/basal subtype and the control cells. Differentially
phosphorylated peptides (p ≤ 0.05) were further considered for supervised clustering using Perseus
data analysis tool v1.5.8.5, Martinsried, Germany (http://www.biochem.mpg.de/5111810/perseuss) [20].

2.11. Ingenuity Pathway Analysis

Pathway analysis was completed for significantly dysregulated phosphopeptides in the non-type
subtype using the Ingenuity Pathway Analysis tool (IPA Build: 460209M; Version: 39480507; IPA,
Qiagen, Redwood City, CA, USA). The Core Analysis module in the IPA Ingenuity Knowledge Base
reference repository was used to predict relationships of differentially phosphorylated molecules in our
dataset. IPA was used to overlay our input dataset with that of the knowledge base. Canonical pathway
analyses identified the top canonical pathways significantly enriched in our datasets. The “integrin
pathway” was enriched in the total quantified dataset across all tested cell lines and with a confident
phosphosite assignment. Significantly enriched functions and networks were also obtained. The IPA
analysis results were schematically replicated using Adobe Illustrator (vCS5.1; Adobe Systems, San Jose,
CA, USA).

2.12. Kinase-Substrate Enrichment Analysis

Kinase-substrate enrichment analysis was done using the online KSEA tool (https://casecpb.
shinyapps.io/ksea/) [21]. Proteins with differentially phosphorylated sites in the non-type subtype
were used for the input file, and analyzed using PhosphoSitePlus and NetworKIN as the background
datasets. The p-value cutoff (for plot) and number of substrates cutoffwere set to 0.05 and 5, respectively.

2.13. Motif Analysis

Motifs enriched in the non-type subtype were analyzed using the motif-x algorithm v1.210.05.06
(http://motif-x.med.harvard.edu). The “phospho-window” (7 amino acid residues on either side of
the phosphorylated residue) was extracted from the RefSeq database. Significance threshold was set
to p < 0.001. The minimum occurrence of the motif was set to 20 for pSer peptides and 10 for pThr
against an IPI (International Proteome Index) human proteome background with the central character
as “s” and “t”, respectively.

2.14. Immunohistochemistry

High-grade and low-grade bladder cancer FFPE tissue sections were obtained from Kidwai
Institute of Molecular Oncology after informed patient consent. IHC was carried out on both the
cases. Briefly, sections were deparaffinized and antigen retrieval was carried by incubating sections
in antigen retrieval buffer (0.01 M Trisodium citrate buffer, pH 6) for 20 minutes. Endogenous
peroxidases were quenched using (1:1) methanol: chloroform solution followed by washes with PBS
plus 0.05% Tween-20. The sections were blocked using 5% goat serum to avoid non-specific binding of
primary antibody for 30 minutes. Further sections were incubated with primary anti-Talin1 (S425)
(Abcam, Cambridge, United Kingdom) antibody at 1:200 dilutions overnight at 4 ◦C in a humidified
chamber. Next day, the sections were washed thrice with wash buffer and incubated with appropriate
horseradish peroxidase conjugated rabbit secondary antibody for 30 minutes at room temperature.
Excess secondary antibody was removed using wash buffer followed by addition of DAB substrate.
The signal was developed using DAB chromogen (DAKO, Glostrup, Denmark) and counterstained by
hematoxylin. The immunohistochemical labeling was assessed by an experienced pathologist. Images
were taken at 10× on Olympus DP-21 microscope.
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3. Results

3.1. EMT Scores of the Molecular Subtypes of Bladder Carcinoma Cell Lines

EMT (−1.0 to +1.0) scores were computed to estimate the EMT phenotype of the molecular
subtypes of bladder carcinoma cell lines (Supplementary Table S1) [3]. To compute the EMT score in
bladder carcinoma cell lines, we adopted a similar approach to that used in ssGSEA [22]. Empirical
cumulative distribution function (ECDF) was estimated for Epithelial and Mesenchymal gene sets.
The 2KS test was employed to compute the difference between the Mesenchymal ECDF (ECDFMes)
and the epithelial ECDF (ECDFEpi). The EMT signature specific to bladder was curated and applied
to single sample gene set enrichment analysis (ssGSEA) to provide a gross assessment for the EMT
phenotype for each cell line. The BinReg EMT signature was used to predict the EMT phenotype
in the cell lines [3,23]. A cell line with a positive EMT score exhibits a more “mesenchymal-like”
phenotype, whereas a negative EMT score reflected a more “epithelial-like” phenotype. EMT scores
suggested that non-type cell lines were “mesenchymal-like”, whereas the luminal and basal cell lines
had an “epithelial-like” characteristic (Figure 1a).

3.2. Non-Type Bladder Carcinoma Has Increased Migration and Invasive Ability

We performed functional assays to determine and compare the tumorigenic properties of the
non-type cell lines with the luminal/basal subtype. Using matrigel invasion assay, we estimated that
the non-type were significantly more invasive as compared to the luminal (p = 6.9 × 10−14) and basal
subtypes (p = 0.03) (Figure 1b,c). We found increased migration of non-type bladder carcinoma cell
lines as compared to luminal (p = 0.002) and basal (p = 0.007) subtypes (Figure 1d,e).

3.3. Phosphoproteomic Analysis of Bladder Carcinoma Cell Lines

Phosphoproteomic profiling was conducted for six bladder carcinoma cell lines (RT112, SW780,
VMCUB-1, J82, T24, and UMUC3) and the non-neoplastic bladder cell line (TERT-NHUC) using an
established workflow for the enrichment of phosphopeptides (Figure 2). To increase the reliability
of our phosphoproteomic analyses, we have included technical replicates in our study. The MS data
were processed and searched against databases using SEQUEST-HT and MASCOT algorithms using
the Proteome Discoverer 2.0 platform. Using an FDR cutoff of 1%, 10,979 phosphopeptides were
identified, corresponding to 3125 proteins (Supplementary Table S2). The probability of Ser/Thr/Tyr
phosphorylation sites on each peptide was calculated by the phosphoRS algorithm using a cut-off of
>75%. We identified 4846 unique phosphopeptides corresponding to 2270 proteins (Supplementary
Table S3), with a total of 4878 phosphosites identified: 4271 Ser residues, 574 Thr residues, and 33 Tyr
residues (Figure 3a).
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Figure 1. (a) Epithelial-mesenchymal transition score of the molecular subtypes of bladder carcinoma
cell lines. (b) Invasion assay. Cells which invaded through the Matrigel were stained using methylene
blue and imaged at 10× magnification. (c) Quantitative analysis of the number of cells which have
invaded in each molecular subtype. (d) Scratch wound assay. Migration rate of the molecular subtypes
of bladder carcinoma cell lines (magnification: 10×). (e) Quantitative analysis of scratch wound assay
of the molecular subtype of bladder carcinoma.
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Figure 2. Workflow illustrating the quantitative phosphoproteomics analysis of bladder carcinoma cell
lines. For sample processing, proteins were extracted from the bladder carcinoma and non-neoplastic
cell lines and digested using trypsin. Each cell line was tagged using the tandem mass tags TMT labeling
kit and lyophilized and enriched using the phosphopeptide enrichment protocol (titanium dioxide
enrichment). The samples were run on Orbitrap Fusion Tribrid Mass Spectrometer and MS2-based
quantitation was achieved. The files were searched against Mascot and Sequest HT search engines.
PhosphoRS node was used for the phosphosite assignment. Data was acquired in technical replicates.
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Figure 3. (a) Pie chart depicting the phosphosites identified in the study. Identification of the unique
phosphosites (percentage of unique serine, threonine, and tyrosine sites identified in the study is
mentioned). (b) Kinome map depicting the identified kinases in the dataset. Kinases are highlighted as
in the inset legend. The map was built using the KinMap tool.

3.4. Kinases Enriched in the Phosphoproteomics Dataset

A total of 151 kinases were enriched in the phosphoproteomic analysis of the bladder carcinoma
cell lines. Of these, 35 were CMGC (which refers to the CDK, MAPK, GSK3, and CLK set of families);
26 were of the homologs of yeast Sterile 7, Sterile 11, and Sterile 20 kinases (STE); 24 were from the
protein kinase A, G, and C families (AGC); 20 were calmodulin/calcium regulated kinases (CAMK);
16 were tyrosine kinases (TK); 12 were tyrosine-like kinases (TLK); seven were casein kinases (CK1);
and 11 were atypical kinases. In our dataset, 16 kinases were hyperphosphorylated and 14 were
hypophosphorylated (in at least one cell line) (Figure 3b).
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3.5. Unique Phosphorylation Signature Identified for the Non-Type Subtype of Bladder Carcinoma

In a recent detailed analysis, Warrick et al. used agglomerative methods (using the expression
of a subtype-specific gene list from the TCGA study) to characterize molecular subtypes of bladder
carcinoma cell lines [14]. Based on that report, we selected six bladder carcinoma cell lines to identify
differential changes in the signaling pathways of the non-type molecular subtype (Table 1).

Table 1. General characterization and molecular subtypes of the bladder carcinoma cell lines.

Cell Line Source a Molecular
Subtype b

Derived from
Male/Female

Grade

SW780 UCC Luminal Female Grade 1
RT112 UCC Luminal Female Grade 2

T24 EC Non-type Female Grade 3
J82 EC Non-type Male Grade 3

UMUC3 UCC Non-type Male -
VMCUB-1 EC Basal Male Grade 2

a UCC, urothelial cell carcinoma; EC, epithelial carcinoma; b Molecular subtypes are from Warrick et al., 2016 [14].

Unsupervised hierarchical clustering was employed to cluster quantified phosphopeptides across
normal and malignant bladder cell lines (Supplementary Table S4). The luminal subtype showed
distinct clusters (RT112 and SW780), whereas the non-type cell lines (J82, UMUC3 and T24) were
clustered along with the basal type (VMCUB-1) (Supplementary Figure S1). Thus, we sought to use the
phosphorylation pattern or signature in the non-type subtype to explain what drives the mesenchymal
phenotype. 375 differentially phosphorylated peptides corresponding to 289 proteins were identified
in the non-type cell lines as compared to the luminal/basal subtype (p ≤ 0.05) (Supplementary
Table S5). Supervised clustering of the 375 differentially phosphorylated peptides revealed distinct
phosphopeptide signature. Two distinct clusters were observed: the non-type cell lines were clustered
away from the luminal/basal cells (Figure 4).

Figure 4. (a) Supervised clustering of the molecular subtypes of bladder carcinoma cell lines. A t-test
conducted on the quantified data (across all cell lines) indicated that 375 peptides (corresponding to 289
proteins) were differentially phosphorylated in the non-type cell lines (T24, J82, and UMUC3) as compared
with the luminal/basal subtype (SW780, RT112, and VMCUB-1) (p ≤ 0.05). (b) Canonical pathways
enriched in the non-type subtype of bladder carcinoma. IPA analysis identified the “integrin pathway” as
the most significantly enriched pathway in the aggressive non-type bladder carcinoma subtype.

188



J. Clin. Med. 2019, 8, 703

3.6. Ingenuity Pathway Analysis (IPA) Identifies Aberrant Activation of Pathways in the Molecular Subtypes of
Bladder Carcinoma

IPA of 46 hyperphosphorylated peptides identified significant enrichment of “integrin pathway”
components (p = 6.29E-04; z-score = 2.00) (Figure 4b). Five proteins involved in cell motility had
significantly increased phosphorylation in the non-type subtype as compared with the basal and
luminal subtypes as well as the TERT-NHUC (control) cells (Supplementary Table S6). TLN1 was
3-fold hyperphosphorylated in the non-type and 2-fold in the basal. We further checked the
hyperphosphorylation of TLN1 (S425) in bladder tumor sections. Immunohistochemical staining
showed hyperphosphorylation of TLN1 (S425) in high-grade tumors as compared to low-grade tumors
(Supplementary Figure S2). TLN1 is a major mediator of the integrin activation and crosstalk. It also
stabilizes extracellular matrix-actin linkage [24]. CTTN and CRKL were 1.5-fold hyperphosphorylated
in the non-type subtype. CTTN phosphorylation is reported to mediate and accompany integrin
mediated cell adhesion to the extracellular matrix [25]. The translocation of CRKL to the focal adhesion
activates integrin induced downstream signaling through Src family of kinases and further mediates cell
migration [26]. ZYX and BCAR3 were 1.5-fold hyperphosphorylated in the non-type subtype whereas
0.5-fold hypophosphorylated in the luminal subtype. ZYX regulates cellular movement and binds
strongly to the focal adhesions. Integrins bind its cytoplasmic tail to ZYX through alpha-actinin [27].
BCAR3 along with its binding partner BCAR1 leads to changes in cellular morphology, motility,
and adhesion by the transduction of integrin signaling [28]. To check the global phosphorylation status
in aggressive non-type we carried out a pathway analysis with the set of all the phosphopeptides
quantified across all cell lines (2806 phosphopeptides). The analysis displayed integrin pathway
enrichment which comprises global proposition of the other proteins (the other proteins which are
identified/dysregulated in our study) (p = 5.06E-04; z-score = 5.303) with the total inclusion of 49
proteins in the signaling network (Figure 5).

 

Figure 5. Schematic diagram of enriched integrin signaling pathway in non-type subtype of bladder
carcinoma cell lines. Ingenuity pathway analysis lead to the identification of integrin signaling to
be most enriched in the aggressive molecular subtype. The dysregulated proteins, the number of
phosphopeptides, and the phosphosites identified are highlighted in the pathway.
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For the luminal subtype, there was an enrichment of “phospholipase C signaling” components
(p = 6.29E-03; z-score = 2.00), including four differentially phosphorylated proteins—Rho guanine
nucleotide exchange factor 16 (AREGEF16), actin-related protein 2/3 complex subunit 1B (ARPC1B),
cdc42 effector protein 1 (CDC42EP1), and stathmin1 (STMN1). The basal subtype showed enrichment
of “signaling by Rho family GTPase” components (p = 3.68E-03; z-score = 2.00), and included the
differential phosphorylation of neuroblast differentiation-associated protein (AHNAK), AREGEF16,
myristoylated alanine-rich C-kinase substrate (MARCKS), and proto-oncogene tyrosine-protein kinase
Src (SRC) (Supplementary Figure S3).

3.7. Regulatory Interaction Network Enriched in the Non-Type Subtype

Network analysis appeared to link key molecules not identified in our study which may be
important regulators of the network along with the non-type subtype specific phosphoproteins.
The most enriched network in the non-type subtype contained 25 proteins from our dataset (score
= 46) (Supplementary Figure S4a). The primary hub proteins included protein kinase A catalytic
subunit (PRKACA), Rac-alpha serine/threonine protein kinase (AKT) and nuclear factor NF-kappa-B
(NFκB). PRKACA interacts with protein kinase A regulatory subunit 1A (PRKAR1A), ADP ribosylation
factor guanine nucleotide exchange factor 2 (ARFGEF2) and A-kinase anchor protein (AKAP11). AKT
interacts which TBC2 domain family 4 (TBC2D4) and interferon-induced, double-stranded RNA
activated protein (EIF2AK2), desmoplakin (DSP), SRC, and integrin beta-4 (ITGB4). NFκB interacts
with TGFβ-activated kinase 1 (TGFB1), MAP3K7-binding protein 2 (TAB2), TBC2D4, casein kinase II
subunit beta (CSNK2B), EIF2AK2, CDC42, CDC42EP1, DNA polymerase alpha subunit B (PLOA2),
sentrin-specific protease 1 (SENP1), PKA, and immunoglobulin G (IgG). Cell motility was the most
enriched function determined by the IPA analysis. 21 proteins related to cell motility were enriched in
the non-type subtype of bladder carcinoma (Supplementary Figure S4b).

3.8. CDK1 (Cyclin-Dependent Kinase 1) and GSK3A/GSK3B (Glycogen Synthase Kinase 3A and 3B) Are the
Predicted Activated Kinases in Non-Type Subtype of Bladder Carcinoma Cell Lines

Eight kinases—GSK3A, GSK3B, CDK1, ribosomal protein S6 kinase alpha-1 (RPS6KA1), ribosomal
protein S6 kinase alpha-1 (RPS6KB1), serine/threonine protein kinase Sgk 1 (SGK1), TGFβ receptor
type-2 (TGFBR2), and 5′-AMP-activated protein kinase catalytic subunit alpha-2 (PRKAA2)—were
predicted to be significantly enriched (Supplementary Table S7). GSK3A (p = 0.003; z-score = 2.7) and
GSK3B (p = 0.01; z-score = 2.3) were predicted to be activated and responsible for the phosphorylation
of four downstream proteins (tuberin (TSC2), AKAP11, MAP1B, and TBC1 domain family 4 (TBC1D4)).
GSK3A was predicted to independently phosphorylate translocon-associated protein subunit alpha
(SSR1), whereas GSK3B was predicted to be upstream of neurogenic locus notch homolog protein 2
(NOTCH2) and transcription factor RelB (RELB). CDK1 was also predicted as the upstream activated
kinase (p = 0.01; z-score = 2.06) for 23 proteins at single, double, or triple phosphorylation sites
(Supplementary Table S8). RPS6KA1, RPS6KB1, and SGK1 were predicted as the negatively regulated
kinases (p = 0.01; z-score = −2.10) (Figure 6a–c).
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Figure 6. (a) Predicted upstream kinases enriched in the non-type subtype of bladder carcinoma cell
lines. Graph showing the positively regulated upstream kinases (red bars) predicted to be activated
in the non-type subtype. (b) Substrates of GSK3A/3B and (c) CDK1 enriched in non-type molecular
subtype depicted by a schematic diagram. The respective phosphosites of the substrates identified
are also highlighted. (d) Motif analysis of differentially phosphorylated peptides of non-type subtype
bladder carcinoma. Serine and threonine motifs identified in the non-type subtype of bladder carcinoma.

3.9. Active Proline-Directed Motifs Identified in the Non-Type Molecular Subtype

In the non-type subtype, five serine and one threonine phosphorylated motifs were significantly
differentially phosphorylated (among the 289 signature proteins). A maximum fold change of 36 was
calculated for the pSDxE serine phosphorylated motif. The consensus motifs PxpSP and pSP motifs
also showed a high fold change in phosphorylation of 7.5-fold. Supplementary Table S9 enlists the
differentially phosphorylated protein sites matching to the consensus motifs. Only one motif for
the threonine sites (pTP) was identified in the dataset (10-fold enriched among 24 phosphopeptides)
(Figure 6d).

191



J. Clin. Med. 2019, 8, 703

4. Discussion

A molecular subtype is an “intrinsic” feature that defines both clinical and biological stratification
of a given tumor. The molecular subtypes of bladder carcinoma have not been extensively studied.
In addition, switching between molecular subtypes and the multifocal characteristics of these tumors
are two phenomena that preclude our understanding of the biological and clinical properties
of these tumors. Most of the studies have defined the molecular subtypes by analyzing gene
expression data based on the enrichment of specific genetic alterations and gene expression profiles.
However, a comprehensive and quantitative phosphoproteomics study on bladder carcinoma has
still not been reported. Here we provide compelling data that suggests the cellular signaling
pathways that contribute to the mesenchymal phenotype in the non-type molecular subtype of
bladder carcinoma. Our study identified 10,979 phosphopeptides corresponding to 3125 proteins
from a panel of bladder carcinoma cell lines. This study offers new biological insight and identifies
potential kinases that could be targeted in bladder carcinoma. We combined bioinformatics approaches
with phosphoproteomic analyses of bladder carcinoma cell lines to generate highly enriched cellular
signaling pathways. This provided the groundwork for defining the molecular subtypes in bladder
carcinoma cell lines, which may help to identify and develop new therapeutic approaches within these
model systems. Importantly, the study needs to be extended on large cohort of bladder tumor sections
to validate a prognostic and predictive role of the subtype specific signature. This would aid in the
clinical assessment of bladder carcinoma patients for appropriate treatment regimen based on the
molecular subtypes. The computed EMT score suggests that the non-type molecular subtype is more
“mesenchymal-like,” whereas the luminal/basal subtypes are “epithelial-like.” The non-type subtype
cell lines show an increased migratory and invasive phenotype, reflecting typical characteristics of a
mesenchymal-like phenotype. Non-type carcinomas may; thus, more readily invade the bladder wall,
and this knowledge may provide the necessary evidence to spur a change in the field of muscle invasive
bladder carcinoma, particularly in terms of their recurrent nature. Recently, existence of hybrid EMT
state has also been reported by various groups [29,30]. A study by Jolly et al. showed that hybrid
epithelial/mesenchymal cells adhere higher tumor-initiation capabilities and metastatic potential [31].
Another study by Yadavalli et al. computed the EMT score using transcriptomic datasets. The EMT
scores distributed between −0.3 to +0.5, for cancer CTCs suggestive of intermediate phenotypes [32].
In our study, we observed the distribution of EMT scores in the aggressive non-type subtype were
distributed between +0.35 to +0.65.

We identified the enrichment of the integrin signaling pathway in the non-type molecular subtype,
with differential phosphorylation in five major proteins: TLN1, CTTN, BCAR3, CRKL, and ZYX.
Integrins are a family of cell adhesion receptors that mediate cell–matrix and cell–cell interactions [33–35].
A major function of the integrins is to regulate the intracellular signaling cascades that lead to cell
proliferation, survival, motility, and migration [36–38]. TLN1 is an adaptor protein critical to integrin
signaling. In the non-type molecular subtype, TLN1 is significantly hyperphosphorylated at S425 in
the head domain (band 4.1, ezrin, radixin, moesin homology domain) (Supplementary Figure S5), a
site also known to be hyperphosphorylated in prostate cancer [39]. TLN1 S425 is phosphorylated by
cyclin-dependent kinase 5 (CDK5), which controls the metastatic potential in prostate cancer [40]. S425
acts on integrin β with an “inside-out” mechanism; however, we did not identify a change in integrin
β1. Cell migration is stimulated by TLN1 coupled to the integrin cytoplasmic domain: TLN1 connects
ligand-bound integrins with the actin cytoskeleton, and this is needed for the catalysis of the focal
adhesion-dependent pathways [41] to initiate cell movement. The phosphorylation of TLN1 at S425
limits focal-adhesion turnover, which, in turn, stabilizes the lamellipodia contributing to the sustained
cell migration [42]. TLN1 overexpression is also correlated with advanced and aggressive oral squamous
cell carcinoma [43]. In concordance with the reported studies, we also observed a hyperphosphorylation
of TLN1 (S425) in high grade tumor sections. In our unpublished global proteomics data of bladder
carcinoma cell lines, TLN1 is >1.5-fold overexpressed in the non-type cell lines; however, its role
in bladder carcinoma and whether it contributes to the “mesenchymal-like” phenotype is unclear.
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CTTN is an actin-binding protein significantly hyperphosphorylated at S418, S405, and T401 in the
non-type molecular subtype. CTTN promotes cell migration by lengthening lamellipodia, increasing
the number of filopodia, and increasing protrusion time [44]. CTTN is phosphorylated at S418 and
S405 by the serine/threonine extracellular signal-regulated kinases (ERK1/2) [45], which, in turn,
stimulates binding of the Arp2/3 complex to N-WASP via its SH3 domain [46]. CTTN phosphorylation
is required for actin regulation and is responsible for lamellipodia formation and associated with
enhanced cancer cell migration [47]. In bladder carcinoma, CTTN may be involved in the regulation
of actin-based extravasation through invadopodia formation [48]. CRKL is another adaptor protein
that is overexpressed in many cancers, including bladder carcinoma [49]. It regulates cyclin D1 and
modulates ERK1/2 phosphorylation. In bladder carcinoma cell lines, CRKL is hyperphosphorylated
at S107; however, the function of this phosphorylation is unclear. The two other differentially
phosphorylated proteins identified in our study are ZYX and BCAR3. ZYX is a LIM domain protein
with distinct actin polymerization activity. It also modulates cell adhesion and the expression of
integrins, controlling cell motility in lung carcinoma. ZYX may also regulate EMT during lung cancer
development and may regulate cell–cell adhesion, integrin α5β1 expression, and ECM adhesion [50].
ZYX is overexpressed in breast cancer and positively correlated with breast carcinoma metastasis [51].
Its depletion reduces cell proliferation, motility, and in vivo tumorigenic activity. BCAR3, on the other
hand, binds to the C-terminal of its partner p130Cas (BCAR1) and co-ordinates the activation of SRC,
a non-receptor tyrosine kinase [52]. The BCAR3–SRC activation axis is governed by PTPα, binding
to its SH2 domain to recruit the BCAR3/Cas complex. T789 phosphorylation of PTPα is required
for integrin induced-adhesion signaling [53]. The functional roles of ZYX (S259) and BCAR3 (T50)
phosphorylation have not been studied in bladder carcinoma, but these proteins may contribute to
invasion, as both proteins are involved in cell motility. However, EMT is regulated at several levels
through transcriptional controls, epigenetic modifications, translational modifications, and alternative
splicing [54–58].

Phospholipase C has a decisive role in skin cancer development [59], and its overexpression in
gastric-mucosa cells perhaps offers an opportunity to differentiate gastric cancer and inflammatory
lesions [60]. Thus, its overexpression in luminal bladder carcinoma is not unexpected, and may be
the result of early pro-inflammatory signaling. Our pathway analysis also identified an enrichment
of Rho signaling in the basal cell line. Activated Rho proteins can alter cell behavior as well as cell
morphology. In breast cancer, Rho family GTPases regulates cell motility by cytoskeleton remodeling
and altering focal adhesions [61]. High RhoA and RhoC expression is correlated with poor tumor
differentiation, muscle invasion, and lymph node metastasis in bladder carcinoma [62]. The basal
subtype of bladder carcinoma is relatively more aggressive than the luminal subtype, and activated
Rho protein signaling may contribute to this aggressive clinical outcome [63].

In our IPA analysis, NFκB was highlighted as the regulatory hub molecule of the most enriched
network in the non-type subtype. This transcriptional regulator largely affects the expression of
cytokines, chemokines, adhesion molecules, and controls various mechanisms, including inflammation,
proliferation, transformation, angiogenesis, invasion, and chemoresistance [64]. Interestingly,
β1-integrin contains a unique NFκB-binding site in its promoter region, suggesting a potential
regulatory role of NFκB in integrin signaling [65]. Thus, NFκB may regulate the expression of integrins
and enhance signaling downstream, affecting cell proliferation and motility.

The non-type significantly enriched in golgi vesicle (0.09%), cytoskeleton (5.1%) and in nuclear
compartment (75.2%). In addition, ubiquitin-specific proteases (4.9%), cytoskeleton protein binding
(4.5%), and signal transducers (1.1%) were significantly active in non-type bladder carcinoma cell
line (Supplementary Figure S6). Through our kinase-substrate enrichment analysis, we predicted
that the two most activated kinases were GSK3A and GSK3B, two highly conserved serine/threonine
protein kinases. The roles of these two kinases in cancer remain controversial, with little evidence in
the literature to support their role in the disease. The Y216-phosphorylated active form of GSK3B
is significantly decreased in squamous cell carcinoma [66] and in lung cancer, inhibiting GSK3B
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increases the expression of the transcriptional repressor Snail, which suppresses E-cadherin and
promotes EMT [67]. A potent GSK3 inhibitor LY2090314 has been tested in clinical trials against
metastatic pancreatic cancer (NCT0163230) and acute leukemia (NCT01214603) [68]. Others have
reported that pharmacological inhibition of GSK3B can induce apoptosis by sorafenib in melanoma
cell lines and leukemic cells [69,70]. Yet, in ovarian cancer, GSK3B activity was linked with cell
proliferation, and overexpression of its active form can induce CDK1 expression and facilitate cell
proliferation [71]. CDK1 is a major mitotic regulating kinase involved in the G2/M phase of the cell
cycle, and is upregulated in several cancers and also associated with clinicopathological factors [72–74].
Various CDK inhibitors have been trialed for the treatment of breast cancer and chronic lymphocytic
leukemia [75–77]. Nevertheless, the role of CDK1 in bladder carcinoma has yet to be elucidated.
GSK3A/B and CDK1 could be potential druggable targets for the aggressive non-type bladder carcinoma.
Intriguingly, we identified enrichment of proline-directed motifs (pSP/ pTP) in our dataset, which are
known to be active mostly in proliferating cells and phosphorylated by CDK1 during mitosis [78].
We also identified the pSer and pThr motifs that recognize acidic casein kinase II in our dataset [79],
yet the importance of these motifs in bladder carcinoma remains unclear.

5. Conclusions

We present the first comprehensive phosphoproteome of bladder carcinoma cells and offer
a potential starting point for further mechanistic studies. Our phosphoproteomic data and bioinformatic
analyses suggest two key activated kinases (GSK3A/B and CDK1) as potential druggable targets for
the aggressive subtype of bladder carcinoma. We provide a glimpse of the dynamic process of
phosphorylation in bladder carcinoma and also the differentially regulated phosphoproteins in this
aggressive molecular non-type subtype.
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Abstract: Molecular stratification of high-grade serous ovarian carcinoma (HGSC) for targeted
therapy is a pertinent approach in improving prognosis of this highly heterogeneous disease.
Enabling the same necessitates identification of class-specific biomarkers and their robust detection
in the clinic. We have earlier resolved three discrete molecular HGSC classes associated with distinct
functional behavior based on their gene expression patterns, biological networks, and pathways.
An important difference revealed was that Class 1 is likely to exhibit cooperative cell migration
(CCM), Class 2 undergoes epithelial to mesenchymal transition (EMT), while Class 3 is possibly
capable of both modes of migration. In the present study, we define clinical stratification of HGSC
tumors through the establishment of standard operating procedures for immunohistochemistry
and histochemistry based detection of a panel of biomarkers including TCF21, E-cadherin, PARP1,
Slug, AnnexinA2, and hyaluronan. Further development and application of scoring guidelines
based on expression of this panel in cell line-derived xenografts, commercial tissue microarrays,
and patient tumors led to definitive stratification of samples. Biomarker expression was observed to
vary significantly between primary and metastatic tumors suggesting class switching during disease
progression. Another interesting feature in the study was of enhanced CCM-marker expression in
tumors following disease progression and chemotherapy. These stratification principles and the
new information thus generated is the first step towards class-specific personalized therapies in
the disease.

Keywords: high-grade serous ovarian carcinoma; epithelial-to-mesenchymal transition; molecular
stratification; biomarkers; scoring system; immunohistochemistry

1. Introduction

Personalized therapeutic decisions in cancer necessitate the development of accurate stratification
schemes based on mutations and/or association of tumor sub-groups with specific biomarkers and
biological functions, besides well-elucidated principles for their detection [1]. Recent resolution
of four gastric cancer molecular groups identified predictive amplifications for subtype-specific
treatment [2], including PDCD1LG2 locus for use of nivolumab and pembrolizumab in the Epstein-Barr
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virus-associated group, EGFR for cetuximab, panitumumab, nimotuzumab, or matuzumab treatment
in the chromosome instability group and Aurora kinase A/B inhibitors for treatment of the
genomically stable (GS) subgroup [3–6]. Immunohistochemical (IHC) has become a significant
tool in clinical diagnostics and is frequently utilized to classify malignant cells [7]. In gastric
cancer, a panel of six biomarkers was used in tumor stratification [8,9]. In a similar approach,
cancers of the endometrium [10,11], lung [12], triple-negative breast [13], esophagogastric junction
carcinomas [14] were stratified into discrete molecular classes using tumor-specific IHC-based
biomarkers. Multiplexed IHC for the concurrent detection of a number of biomarkers in lung cancer is
increasingly becoming point-of care in treatment [15]. Such translation of molecular information
implies the feasibility of similar applications in other tumor types. High-grade serous ovarian
cancer (HGSC) represents aggressive tumors characterized by swift metastatic progression and poor
patient prognosis [16]. Despite radical surgery and initial response to platinum and taxane based
chemotherapy, most patients relapse following median progression-free survival of ~18 months [17,18].
Clinical outcomes vary considerably emphasizing an imminent need to improve therapeutic options.
Large-scale molecular analyses have recently identified diverse molecular pathways, mutations, gene
expression, morphologies, cell(s) of origin, etc. leading to a systematic understanding of HGSC
despite its heterogeneity [19–23]. Our earlier analyses of gene expression datasets also resolved three
classes in HGSC that were associated with discrete mechanisms of metastases [24]. Development of
targeted therapies now necessitates the establishment of a robust diagnostic pipeline for HGSC
stratification. As a first step towards this aim, the present study evaluates the application of six
markers using immunohistochemistry (IHC) and histochemistry (HC), the establishment of standard
operating procedures (SOPs) and development of a reference human tissue library for these markers
along with scoring guidelines for interpretation of marker expression. Further evaluation and
application were performed in xenografts and commercial tissue microarrays (TMAs), along with
the determination of thresholds for clinical classification in resected primary tumors and secondary
metastases and/or cell blocks prepared from ascitic fluid of chemo-naïve and chemo-treated patients
were also achieved (Supplementary Figure S1). These efforts define the establishment of diagnostic
principles for application in clinical practice.

2. Materials and Methods

2.1. Sample Collection and Preparation

Formalin-fixed and paraffin-embedded (FFPE) tissue collection and processing using routine
methods following surgery, after obtaining informed consent, were approved by the respective
Institutional Review Board of NCCS with project identification code IEC/22/12/2014. All subjects
gave their informed consent for inclusion before they participated in the study. The study was
conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics
Committee of the National Centre for Cell Science IEC/22/12/2014. In all, retrospective 96 primary
high-grade serous ovarian adenocarcinoma patient cases with information of name, age, grade, stage,
and treatment status were selected, who had undergone surgery at the Armed Forces Medical College
(Pune, India; 2008–2015), Tata Medical Centre (Kolkata, India; 2013–2014), Jehangir Hospital (Pune,
India; 2003–2005), Command Hospital (Pune, India; 2010–2011) and Inlaks & Budhrani Hospital
(Morbai Naraindas Budrani Cancer Institute, Pune, India; 2013–2015).

2.2. Animal Studies

Animal experimentation was in accordance with the rules and regulations of the National Centre
for Cell Science (NCCS) Institutional Animal Ethics Committee. The study was approved with project
number IAEC/2011/B-163. Xenografts were raised as described earlier [24]. In brief, 2.5 × 106 cells of
cell lines OVCAR3, OV90, OVMZ6, A4, CP70, PEO14, and CAOV3 were injected subcutaneously in
non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice. Animals were maintained
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under pathogen-free conditions and assessed every 2 days until the tumor diameter was ~1 cm,
whereupon animals were sacrificed and tumors harvested.

2.3. Immunohistochemical (IHC) and Histochemical Staining (HC)

IHC and HC were performed in 5 μm sections of FFPE blocks fixed by drying at 60 ◦C for at least
1 h in an oven using standard protocol, deparaffinized in xylene and hydrated in ethanol-distilled
water gradient. Heat-induced epitope retrieval (HIER) was carried out for 30 min at pH = 9/pH
= 6 (Himedia, India). For peroxidase inactivation, sections were incubated in 3% H2O2 for 30 min
(Qualigens, MA, USA), followed by 1× Blocking Solution for 10 min (Biogenex, CA, USA) and
overnight incubation in primary antibody (Abcam, MA, USA; E-cadherin ready-to-use, Biogenex,
CA, USA; Santa Cruz Biotechnology Inc.Texas, USA; Abcam, MA, USA). Sections were washed and
incubated with anti-rabbit HRP-conjugate (Jackson ImmunoResearch Laboratories, Inc., PA, USA) or
anti-mouse HRP-conjugate (Jackson ImmunoResearch Laboratories, Inc., PA, USA) for 1 h, and color
developed with DAB (Thermo Pierce, MA, USA); hematoxylin used as a counterstain. These sections
were dehydrated and mounted in DPX (Qualigens, MA, USA). Negative controls were prepared
in the absence of primary antibody. IHC methods were standardized for each marker as Standard
Operating Procedures (SOPs; Supplementary Dataset 1). SOPs were developed considering the
positive and negative expression tissue controls, and secondary antibody control for each batch of
IHC run. For HC-based HA detection, test sections were exposed to freshly prepared hyaluronidase
(1 mg/mL; Sigma-Aldrich, MA, USA); control slides were incubated in phosphate buffer for 1 h at 37 ◦C.
Sections were washed in running water for 10 min and stained with Alcian blue for 30 min (pH = 2.5,
Fluka, MA, USA), counterstained with Nuclear Fast Red Solution for 2 min (Sigma-Aldrich, MA,
United States), and dehydrated and mounted in DPX (Qualigens, MA, USA). Positive experimental
controls included testis (TCF21, PARP1), liver (E-cadherin), lymphocytes (Slug), gall bladder (ANXA2),
and small intestine (hyaluronan); negative controls included heart (TCF21, E-cadherin, Slug, ANXA2)
and mucosa of the small intestine (PARP1). Slides for human tissues, xenografts, and TMA were
reviewed independently; a consensus was reached to establish tissues for reference score.

2.4. Statistical Analysis

Each observer scored the biomarkers for frequency, intensity, and localization. Computation of
these scores led to the derivation of biomarker and class indices, which compared between groups by
Pearson correlation using SPSS (version 20, SPSS Inc., Chicago, IL, USA) for Windows to delineate
classes. Student’s t-test and ANOVA were determined in Microsoft Excel 2016; p < 0.05 was
considered significant.

3. Results

3.1. Selection of Class-Specific Biomarkers, Development of SOPs for Detection, a Reference Human Tissue
Library and Guidelines for Scoring

A strong correlation of the transcription factors TCF21 and Slug with Class 1 (Cooperative Cell
Migration/CCM-class) and Class 2 (Epithelial-to-Mesenchymal/EMT-class) tumors respectively [15]
lent consideration to their inclusion in this study. E-cadherin was selected as a feature of cell-cell
adhesion to substantiate CCM class-specific purported biological functions and PARP1 for defects
in homologous recombination. Known associations of EMT with AnnexinA2 (ANXA2) and its
interactions with Slug, and extra-cellular matrix components including hyaluronan (HA) and its
synthesizing genes (HAS1 and HAS2) suggested HA as a candidate marker (Supplementary Table S1,
Supplementary Figure S2). Class 3 tumors lacked any unique biological features, hence no specific
markers were assigned for their identification. An inability to correlate variations in Vimentin protein
levels with either of the transcription factor present in these groups refrained its inclusion. The final
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screening biomarker panel thus comprised of TCF21, E-cadherin, PARP1, Slug, ANXA2, and HA
(Figure 1A).

Figure 1. Class associations and marker scoring guidelines; (A) rationale for class-specific
biological function based putative marker selection, MET: Mesenchymal-to-epithelial transition,
HR: Homologous Recombination mediated DNA Damage Repair, EMT: Epithelial-to-mesenchymal
transition; (B) schematic of scoring guidelines for IHC based staining of nuclear markers (TCF21,
PARP1, Slug), A: Absent, W: Weak, I: Intermediate, S: Strong, Mis: Mislocalised, N: normal localization.
A similar approach was used for scoring of membrane markers (E-cadherin, ANXA2) except that
sub-cellular location was scored either 1 (cytoplasm) or 2 (cell membrane), while extracellular
expression of hyaluronan fibers (evaluated as blue color developed by Alcian blue staining that
is lost on hyaluronidase) was scored 1 in distant tumor stroma, and 2 in tumor epithelial cell nests.
Scoring and analyses of marker expression in xenografts and TMAs; (C) Tissues and markers for Scoring
of Frequency–0: A4 (TCF21), 1: OV90 (Slug), 2: OVCAR3 (PARP1), 3: A4 (Slug); scoring of intensity
and localization-CAOV3 (TCF21), different regions representing scores of 0–3 (intensity) and 0–2
(localization), Scale bar is 50 μm; (D) Representative micrographs of HGSC xenografts for: Row 1-H&E
(hematoxylin and eosin) stained section while Rows 2,3,4,7,8 represent IHC-based identification of
TCF21, Slug, E-cadherin, PARP1, and ANXA2; Rows 5 and 6 represent HC-based identification of
HA fibers in untreated and hyaluronidase digested xenograft sections respectively, scale bar is 50 μm;
(E) class Indices of xenografts; (F,G) scatter plots of CICCM vs. CIEMT in xenografts and high-grade
serous ovarian carcinoma (HGSC) cases in TMA respectively. DP-double positive; CCM-cooperative
cell migration.
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Evaluation of any novel marker in tumor stratification necessitates the establishment of standard
operating protocols (SOPs) to address pre-analytic (slide coating, tissue selection, fixation, processing),
analytic (clone and antibody selection, buffers and instruments for antigen retrieval, antibody/enzyme
concentration, duration of incubations at each step, etc.), and post-analytic parameters (interpretation,
analyses and reporting of expression in the reference and control tissues). These were established
for our panel (Supplementary Dataset 1), along with the development of a reference library based
on the Human Protein Atlas (HPA) [25] using appropriate normal human tissues. Three specific
metrics associated with IHC/HC detection viz. frequency, intensity, and localization were applied in
developing universal guidelines for marker scoring (Figure 1B depicts a schematic for transcription
factor marker scoring, while a reference score sheet is provided in Supplementary Figure S3).
The subjectivity of analyses due to inter-personal observation variation was minimized by collecting
independent scores from five observers followed by a comprehensive pathology review to arrive at
a consensus in case of difference in opinions. Specific scoring guidelines for each marker that were
thereby agreed on and corresponding healthy tissue included the following:

(i) Score for Marker Frequency (SFreq)-percentage expression in total tumor cells of tissue section on
a scale of 0–3 (0: absent, 1: 1–10%, 2: 11–50%, and 3: ≥51% marker-positive),

a. TCF21: cardiac myocytes, ovarian stromal cells, and germinal cells of testis represented
SFreq 0, 1, and 3 respectively; SFreq = 2 could not be identified in healthy tissues.

b. E-cadherin: cardiac myocytes, liver hepatocytes, and prostate epithelial cells represented
SFreq 0, 2, and 3 respectively; healthy tissues representing SFreq = 1 could not be identified.

c. PARP1: mucosa of the small intestine, cardiac myocytes, germinal basal cells of testis
represented SFreq as 0, 1, and 3 respectively; healthy tissues representing SFreq = 2 could not
be identified.

d. Slug: cardiac myocytes, smooth muscles of the appendix, lymphocytes of the small intestine
represented SFreq 0, 1, and 2 respectively; healthy tissues representing SFreq = 3 could not
be identified.

e. HA: cartilage and sub-mucosa of the small intestine represented SFreq as 2 and 3 respectively;
healthy tissues representing SFreq = 0 or 1 could not be identified.

f. ANXA2: cardiac myocytes, the somatic muscle of the small intestine, epithelial cells of the
gall bladder represented SFreq 0, 1, and 3 respectively; healthy tissues representing SFreq = 2
could not be identified.

(ii) Score for marker intensity (SInt)-intensity of brown stain for IHC and blue for HC in positively
stained tissue sections. A scale of 0–3 was established, 0: absent, 1: weak, 2: moderate, and 3:
strong intensity of marker-positive cells,

a. TCF21: cardiac myocytes, ovarian stromal cells, germinal basal cells of testis represented
SInt 0, 1, and 2 respectively; SInt = 3 could not be identified in healthy tissues.

b. E-cadherin: cardiac myocytes, epithelial cells of the small intestine, epithelial cells of
prostate represented SInt 0, 2, and 3 respectively; healthy tissues representing SInt = 1 could
not be identified.

c. PARP1: mucosa of the small intestine, cardiac myocytes, and germinal basal cells of testis
represented SInt 0, 1, and 2 respectively; healthy tissues representing SFreq = 3 could not
be identified.

d. Slug: cardiac myocytes, smooth muscle of the appendix, and lymphocytes of the small
intestine represented SInt 0, 1, and 2 respectively; healthy tissues representing SInt = 3 could
not be identified.

e. HA: Intensity for hyaluronan was measured as blue color intensity developed by Alcian
blue in comparison to hyaluronidase digested tissue section. Sub-mucosa of the small
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intestine and cartilage tissues represented SInt 1 and 2 respectively; healthy tissues
representing SInt = 0 or 3 could not be identified.

f. ANXA2: cardiac myocytes and epithelial cells of gall bladder represented SInt 0 and 2
respectively; healthy tissues representing SInt = 1 or 3 could not be identified.

(iii) Score for Marker Localization (SLoc)-representing sub-cellular location of marker in the tissue
section on a scale of 0–2, 0: Absent, 1: mislocalized (cellular localization does not correspond
to known functionality, for example, cytoplasmic location for TCF21, PARP1, Slug, E-cadherin,
ANXA2 or HA), 2: normal localization (for example, nuclear expression of TCF21, PARP1 or Slug,
membrane for E-cadherin, membrane or cytoplasmic for ANXA2 and extracellular expression
of HA.

a. TCF21: cardiac myocytes, liver hepatocytes, germinal basal cells of testis represented SLoc

0, 1, and 2 respectively.
b. E-cadherin: cardiac myocytes, prostate epithelial cells represented SLoc 0 and 2 respectively;

healthy tissues representing SLoc = 1 could not be identified.
c. PARP1: mucosa of the small intestine, germinal basal cells of testis represented SLoc 0 and

2 respectively; healthy tissues representing SLoc = 1 could not be identified.
d. Slug: cardiac myocytes, the somatic muscle of the appendix, lymphocytes of the small

intestine, represented SLoc 0, 1, and 2 respectively.
e. HA: cartilage represented SLoc of score 2; healthy tissues representing SLoc = 1 could

not be identified. A further consensus was reached in the pathology review to
consider extracellular staining in tumor nests that is eliminated following hyaluronidase
treatment as a proper localization, while distant stroma-associated HA was considered
as mislocalization.

f. ANXA2: cardiac myocytes, stromal cells of the gall bladder, epithelial cells of the gall
bladder represented SLoc as 0, 1, and 2 respectively.

3.2. Establishment of Scoring Guidelines for Stratification Using a Panel of Xenograft

Initial validation of the biomarker expression and scoring scheme was achieved using HGSC
cell line derived xenografts generated in NOD/SCID mice (Figure 1C,D). TCF21 localization in
xenograft sections was either dominantly nuclear (CAOV3 and PEO14), cytoplasmic (OVMZ6, OV90,
and OVCAR3), or negligible (CP70 and A4); similarly, Slug was nuclear (OVMZ6, OV90, and A4),
cytoplasmic (CAOV3 and CP70), or absent (OVCAR3 and PEO14). Moderate intensity of E-cadherin at
the cell membrane was observed in ~50% tumor cells in CAOV3 and OVCAR3 xenografts but was
lower in OVMZ6, CP70, OV90, A4, and PEO14 xenografts. Significantly, high-intensity expression
of nuclear PARP1 was evident only in OVCAR3 xenografts; while other xenografts had significantly
lower expression. High frequency, moderate intensity of HA was observed in CAOV3, OV90, and A4
xenografts, while OVCAR3 and PEO14 expressed HA at low to moderate frequency with weak
intensity. Significant expression of ANXA2 was evident only in OVMZ6 and A4 xenografts. Consensus
marker scores consolidated by the pathologist panel for each marker and xenograft (SFreq, SInt, SLoc;
Table 1) were used to derive specific Biomarker Indices (BI; Equation (1)). Class-indices representing
class-specific metrics of consolidated marker expression were derived from class-specific BI (CICCM

and CIEMT; Equations (2) and (3) respectively; Table 1).

BI =
1
3

(
observed SFreq

max SFreq

)
+

1
3

(
observed SInt

max SInt

)
+

1
3

(
observed SLoc

max SLoc

)
(1)

CICCM =
BITCF21 + BIE−cadherin + BIPARP1

3
(2)
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CIEMT =
BISlug + BIHA + BIANXA2

3
(3)

Table 1. Scores, biomarker and class indices (BI and CI respectively) for cooperative cell migration
(CCM) and epithelial-to-mesenchymal transition (EMT) markers in xenografts.

CCM Markers

Cell Line Derived
Xenograft

TCF21 E-cadherin PARP1 CICCM

SFreq SInt SLoc BITCF21 SFreq SInt SLoc BICDH1 SFreq SInt SLoc BIPARP1

CAOV3 2 2 2 0.78 3 2 2 0.89 0 0 0 0 0.56
OVMZ6 2 1 1 0.5 0 0 0 0 0 0 0 0 0.17

CP70 0 0 0 0 0 0 0 0 0 0 0 0 0
OV90 2 1 1 0.5 1 2 1 0.5 0 0 0 0 0.17

A4 1 1 1 0.39 0 0 0 0 0 0 0 0 0.13
OVCAR3 2 3 1 0.72 2 2 2 0.78 2 2 2 0.78 0.76

PEO14 1 2 2 0.67 0 0 0 0 0 0 0 0 0.22

EMT Markers

Cell Line Derived
Xenograft

Slug HA ANXA2 CIEMT

SFreq SInt SLoc BISlug SFreq SInt SLoc BIHA SFreq SInt SLoc BIAnxA2

CAOV3 3 1 1 0.61 3 2 2 0.89 0 0 0 0 0.5
OVMZ6 2 1 2 0.67 0 0 0 0 3 2 2 0.89 0.52

CP70 1 1 1 0.39 0 0 0 0 0 0 0 0 0.13
OV90 1 1 2 0.56 3 3 2 1 0 0 0 0 0.52

A4 3 3 2 1 3 2 2 0.89 3 1 2 0.78 0.89
OVCAR3 0 0 0 0 2 1 2 0.67 0 0 0 0 0.22

PEO14 0 0 0 0 2 1 2 0.67 0 0 0 0 0.22

Class indices represent class-specific metrics of consolidated markers expression; CICCM and
CIEMT computed for xenografts ranged from (0–0.76) and (0.22–0.89) respectively (Table 1; Figure 1D).
The distribution of median CIEMT vs. CICCM (±10%) values were further applied in class identification.
Thus, OVCAR3 represents CCM-class; A4, OVMZ6, and OV90 the EMT-class; CAOV3, PEO14,
and CP70 being double positive (DP; Figure 1E). Such inclusiveness of expression of the six markers
quantifies molecular heterogeneity in mixed/unclassified tumors and assigns biological functions to
the ambiguous Class 3 through relative marker expression.

3.3. Evaluation of Stratification Guidelines in TMAs

The above biomarker scoring and class identification guidelines were applied to commercial
TMAs (duplicate cores per sample) which included two normal ovary and 13 HGSC tumor cases
among other ovarian cancer subtypes. Availability of limited consecutive slides (n = 5) led to
screening of only four of the six biomarkers (TCF21, E-cadherin, Slug, and HA) and equations (ii)
and (iii) were appropriately modified in consideration of a four marker-based class identification
(Supplementary Figure S4; Supplementary Table S2). Biomarker score averages for clinical cases
represented on TMAs were considered for computation of BI and CI values (of each core in duplicate
showed a near-similar expression for all biomarkers). We observed that a majority of HGSC TMA-cores
expressed high-intensity cytoplasmic TCF21, moderate nuclear expression of which was present in
~5–10% of tumor cells. Except in four cases, Slug expression was weak to moderate cytoplasmic
and nuclear localization was evident in only 5–10% tumor cells. Moderate expression of E-cadherin
at cell membranes was observed in nearly 50% of tumor cells, and extracellular HA fibers also
stained at a moderate intensity in tumor cell nests. Consolidation of biomarker scores of each case,
computation of BI and CI values followed by plotting the distribution of CICCM vs. CIEMT values of
TMA cores indicated three cases to represent CCM-Class while the remaining belonged to DP-Class;
and EMT-Class remained unrepresented (Figure 1F).
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3.4. Evaluation of Clinical Samples Associates CCM-Markers with Metastases and Chemotherapy

The variance in frequencies of class profiles between xenografts and TMAs emphasized the
pertinence of screening larger numbers of clinical samples in validation. Towards assessing clinical
representation, we obtained and stratified 160 tumor samples pathologically diagnosed as HGSC from
96 patients. These included primary (ovary (T), fallopian tube (FT)) and metastatic tumors (omentum
(O), peritoneal ascites-derived cell blocks (A); Supplementary Table S3). BI and CI scores with CICCM

and CIEMT values for each tumor were computed from marker scores (Supplementary Tables S4–S8)
followed by evaluation of CI distribution towards class assignment as performed for xenografts and
TMA. Data analysis of this clinical cohort was conducted in tumor groups as given Table 2.

Table 2. Distribution of clinical cohort in tumor groups.

Group Analyses Samples (n)

A Between-group analyses of tumors in chemo-naïve tumors (T vs. FT vs. O) 6

B
Within the group of single tumors derived from either ovarian or FT sites,

omental deposits or cell blocks from tumor ascites in chemo-naïve (CN) cases
and chemo-treated (CT) cases

CN–51 (T), 8 (FT), 27 (O), 4 (A);
CT–52 (T), 2 (FT), 17 (O), 2 (A)

C Within groups of primary tumor & omental tumors pairs from either
chemo-naïve (CN) or chemo-treated (CT) cases

CN–17;
CT–16

D Between-group analyses of tumor samples of the same case before and
after chemotherapy 6

Examination of ‘Group A’ tumors representing different sites of metastases and stages of tumor
progression in six chemo-naïve cases revealed consistent class-associations across different sites in
two cases (B/2774/12 and B/3136/09), while suggesting class switching in the remaining four cases
wherein marker expression was altered in following metastases (Figure 2A). One of the latter four
cases expressed CCM-markers in ovarian tumors; FT and omental tumors were DP-Class (B/1627/13).
The ovarian tumor of case B/825/10 expressed EMT-markers that switched to DP-Class in FT and
omental tumors. Ovarian and omental tumors of the remaining two cases segregated into DP-Class,
while FT tumors expressed either CCM (B/749/13) or EMT (B/1716/09) markers. Overall, the three
tumor sites predominantly segregated into CCM or DP Class; only one case of ovarian and FT tumors
was represented as EMT-Class (Figure 2B; Supplementary Tables S9 and S10).

CI-based class-assignment in ‘Group B’ tumors stratified chemo-naïve ovarian tumors into DP,
CCM or EMT classes (33.3%, 29.4%, and 29.4% respectively; Figure 2C,E), while treated ovarian tumors
exhibited dominant representation of CCM-Class with lower frequencies of EMT and DP classes (48.0%,
23.0%, and 19.2% respectively). Chemo-naïve FT tumors stratified into CCM, EMT or DP Class (n = 2,
1, and 8 respectively; Figure 2C,E), while those after treatment belonged to either CCM or DP Class.
Omental tumor deposits were predominantly DP-Class, with a marginal increase in the frequency
of CCM and EMT markers in treated samples (Figure 2D,E), while chemo-naïve as well as treated
ascites cell blocks presented more frequently with the CCM-class (Figure 2D,E). Overall, ‘Group B’
patient tumors show predominantly CCM or DP expression (Supplementary Table S11) as compared
with either xenografts (mostly EMT-class) or TMAs (CCM and DP class). These findings support
metastasis/chemotherapy-induced HGSC tumor expression towards a CCM subtype.
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Figure 2. (A) Scatter plot of CICCM vs. CIEMT distribution for chemo-naïve cases with tumors detected
in ovary (Ov), fallopian tube (FT), and omentum (O) (left panel), and a reference case-chart (right
panel), (B) graphical representation of class-specification of Group A tumors, (C) scatter plots of
CICCM vs. CIEMT distribution for single chemo-naïve or -treated (red and blue shapes respectively)
tumors from-ovary � & fallopian tube �, (D) omentum ◦ and ascites cell blocks �, (E) graphical
representation of Group B tumors (chemo-naïve-N; chemo-treated-T). EMT-epithelial to mesenchymal
transition; DP-double positive; CCM-cooperative cell migration.

3.5. HGSC Tumors at Different Sites Exhibit Molecular Heterogeneity and Class-Switching

Class switching during tumor progression from ovarian to omental sites was further examined in
‘Group C’ samples that comprised of tumors from either chemo-naïve (n = 17) or -treated cases (n = 16).
Almost half of the cases in both groups did indeed exhibit metastases associated class-switching
(Figure 3(Ai,Aii); Supplementary Figure S5A), although lack of a specific direction to the switch
possibly suggests the involvement of other factors in the determining marker expression.

The last analytical set of Group D tumors comprised of six ovarian, ascites, and/or omental
tumor pairs before and after therapy (Figure 3B; Supplementary Figure S5B). Considering the limited
cases that represent unique behavior, we have discussed them on a case to case basis. Cases 1 and 2
strongly conformed to CCM-class after disease progression as well as treatment, while the remaining
four cases exhibited class-switching. Chemotherapy in Case 3 resulted in enhanced expression of
CCM-markers over a DP-profile in untreated ovarian tumors, while Case 4 was associated with
heterogeneity of marker expression following treatment. Case 5 was the most complex of all six and
showed considerable marker heterogeneity between different tumor sites. Case 6 exhibited progression
and therapy-associated class-shift towards the CCM class from a DP ovarian tumor. These findings
further support the class-switching of HGSC tumors upon metastases and/or chemotherapy.
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Figure 3. Class switching detected in cases with (A) ovarian and omental tumors tissues of (i)
chemo-naïve (n = 17) and (ii) chemo-treated (n = 16) patient cohort; (B) class switching in tumors
collected from patients (n = 6) prior to chemo-treatment (filled shapes) and post chemo-therapy (empty
shapes) as determined through ascites (diamond), primary tumor (triangle), and omentum (circle).
EMT-epithelial to mesenchymal transition; DP-double positive; DN-double negative; CCM-cooperative
cell migration.

3.6. Disease Progression is Inclined Towards Enrichment of CCM-Markers

To evaluate the effects of therapy and disease progression vis-à-vis metastases and stage
advancement on stratification, we further compared the means of CICCM and CIEMT (M-CICCM and
M-CIEMT respectively) of ovarian, FT, and omental tumors from the same patient in chemo-naïve (CN)
vs. chemo-treated (CT) groups. M-CICCM of CN ovarian-omental (T-O) tumors (Group ‘C’) was lower
than that of CN ovarian-FT-omental (T-F-O) tumors (Group ‘A’), while M-CICCM of CT T-O tumors was
enhanced (Figure 4A, Supplementary Table S12). Interestingly, M-CIEMT of ovarian as well as omental
tumors were similar between CN T-O vs. T-F-O tumors, and between CN T-O vs. CT T-O groups
suggesting minimal effects of either disease progression or therapy on expression of EMT-markers.
Towards elucidation of individual biomarker contribution likely to contribute to these differences,
we analyzed their expression through means of BI (M-BI) during stage progression in CN HGSC cases
represented on TMAs (T1 to T2) and in patient tumors. Nearly steady M-BI of TCF21, increased Slug,
E-cadherin, and HA levels were revealed in the TMAs, with Slug expression being maximal at the T2
stage (p < 0.007; Figure 4B). Similar analyses of Group ‘B’ cases with available tumor stage information
in CN (31-T, 1-FT, 17-O) and CT cases (35-T, 7-FT, and 9-O) were performed. CN T samples expressed
comparable M-BI levels of TCF21 and HA, higher E-cadherin and PARP1 and lower Slug and ANXA2
at T3 over T1 stage; CT T samples had almost comparable M-BI profiles as CN tumors (Figure 4C,
Supplementary Figure S6). Limited FT and O tumors at stages T1 and T2 restricted their analyses;
CN- and CT-O tumors at stage T3 expressed comparable levels of markers. Group C CN O samples
at stage T3 were associated with decreased TCF21 and E-cadherin concurrent with increased PARP1,
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ANXA2, and HA M-BI profiles (Figure 4D). CT T tumors had low M-BI scores for TCF21, PARP1,
and HA in comparison to O and similar levels of E-cadherin, Slug, and ANXA2. CT T samples in
this group displayed steady levels of TCF21 and PARP1, lower E-cadherin, Slug, and ANXA2 and
increased HA levels over CN tumors; while treatment was associated with higher BI levels of TCF21,
PARP1, and HA and lower levels of E-cadherin, Slug, and ANXA2 in the O tumors. This suggests that
selected biomarkers play a significant role during disease progression.

Figure 4. HGSC progression-associated marker expression. (A) Plot comparing CICCM with CIEMT

of tumors of Groups B and C respectively; (B) plot comparing biomarker (BI) scores for TCF21,
E-cadherin, Slug, and HA in chemo-naïve ovarian tumors present in TMA for stages T1 and T2;
(C) plot for chemo-naïve (left) and treated (right) paired ovarian (T)-omental (O) tumors; (D) plot for
chemo-naïve (CN) and treated (CT) tumors at stages T1, T2, and T3 in ovarian � and omental ◦ tumors.

Class-switching in paired samples led us to examine similar effects of a chemotherapeutic
challenge (paclitaxel) in the three classes representing cell lines derived xenografts viz. CCM-Class
(OVCAR3), EMT-Class (A4, OVMZ6), and DP-Class (CAOV3, PEO14). Distribution of CICCM and
CIEMT values revealed a DP to CCM (CAOV3, PEO14) and EMT to DP (A4, OVMZ6) class switch.
An outlier was the OVCAR3 xenograft (CCM class) that despite an increased CI score, provided no
evidence of class switching (Figure 5A,B).
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Figure 5. (A). Paclitaxel exposure alters scoring marker panel in HGSC cell line derived xenografts.
Representative images of HGSC xenograft (control and paclitaxel treated) sections for Row 1-HE
(hematoxylin and eosin), Rows 2,3,4,7,8 represent IHC-based detection of TCF21, Slug, E cadherin,
PARP1, and ANXA2, Rows 5 and 6 represent HC-based identification of HA fibers in untreated
and hyaluronidase digested sections respectively, scale bars-50 μm; (B) scatter plots of CICCM vs.
CIEMT derived from xenograft (control-grey and paclitaxel treated-red) scoring. EMT-epithelial to
mesenchymal transition; DP-double positive; CCM-cooperative cell migration.

3.7. Correlation Between Transcript- and Protein-Based Stratification

Proteome-based profiling of TCGA samples has been reported earlier (Figure 6A) [26,27].
Comparison of tumor samples common to our earlier study and the five proteomic subtypes (n = 61;
Refs. 24 vs. 26) indicated correlation between CCM and proliferative groups, while EMT tumors
were dominantly mesenchymal, with a few being either immunoreactive or differentiated (Figure 6B);
surprisingly, the stromal class had negligible associations. A similar comparison of tumor samples
common to the transcript study and two proteomic subtypes (n = 34) [24,27] correlated the CCM-Class
with TCGA-A/Epithelial cluster and EMT-Class with TCGA-B/mesenchymal cluster (Figure 6C).
These observations indicate some degree of variation that could arise from differences between
transcriptomic and protein abundances.
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Figure 6. Comparison of HGSC stratification approaches. (A) Proteomics-based TCGA HGSC tumors
stratification in 5 sub-groups by Zhang et al. 2016 (169 cases) and Coscia et al. 2016 (84 cases) and
transcriptomics based HGSC stratification into three classes (Gardi et al. 2014); (B) comparison of Gardi
et al. 2014 vs. Zhang et al., 2016; (C) comparison of Gardi et al. 2014 vs. Coscia et al. 2016.

4. Discussion

Molecular histology is a convenient tool in biomarker discovery, evaluation, and validation
that could facilitate personalized therapeutic choices [28,29]. In the present study, we focused on
evaluating our previous molecular stratification [24] through the establishment of reproducible SOPs
and scoring guidelines for six biomarkers in xenografts (TCF21, E-cadherin, PARP1, Slug, ANXA2,
and HA; Phase 0), and partial validation in TMAs (Phase I) and clinical samples (Phase II). In a routine
pathology analysis, incorrect biomarker sub-cellular localization is usually ignored or considered an
artifact. This is in contrast to several cells and macromolecular studies that attribute altered cellular
functions to mislocalized proteins especially in the context of transformation that suggests different
biological functions [30,31]. The inclusion of this parameter for biomarker evaluation was hence
considered essential in the present study along with frequency and intensity. Results were interpreted
based on individual scores and by deriving a relation between them. Individual biomarker scores were
consolidated to derive CCM and EMT class specific indices that were applied for tumor stratification.
The dominance of EMT-class in cell line-derived xenografts, DP-class in TMAs representing human
cases and CCM-class in clinical tumor samples were observed. These differences might reflect on
the purported cell culture driven mesenchymal phenotype [32,33] and expression of EMT markers
in xenografts. The results suggest cross-talk between transcription factors TCF21 with Slug in
regulating intrinsic cellular states and tumor subtypes. Importantly, we achieved tumor stratification
through the incorporation of features of intermediate phenotypes that effectively accounts for tumor
heterogeneity. Phenotypic transitions captured through different cell lines representing different
phenotypes is a significant step towards understanding tumor heterogeneity. The existence of cellular
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plasticity has been attributed in cancers of the lung [34], ovary [35], pancreas [36], and prostate [37],
that substantiates the presence of phenotypic heterogeneity in tumors. Likewise, restricted tissue
sampling and representation of heterogeneity in TMAs could lead to incomplete tumor evaluation [38].
Therapy-influenced heterogeneity of molecular expression reported earlier in multi-drug resistant
cancers [39–42] was noted as occasional class switching in the present study wherein tumors in the same
patient stratified into different classes either during disease progression or following chemotherapy.
We believe that these effects reflect the influences of a new/altered niche on molecular expression
in the same tumor [43,44]. Analyses of a larger patient cohort could clarify the interplay of protein
expression during treatment procedures.

Any improvement in the accuracy of current triaging using new biomarkers thereby is
a likely value-addition in optimizing the selection of the right therapeutic drugs and regimens
in patients. Our findings now set the stage for evaluation of class-specific inhibitors in this
direction. Olaparib, Niraparib, Veliparib, and Rucaparib that are in different phases of research
and clinical trials for cancers including HGSC may be evaluated in the CCM-Class for PARP1 as
a potential therapeutic target [45,46] (ClinicalTrials.gov Identifier: NCT00535119, NCT00664781,
and NCT00516373). In contrast, the PI3K-Akt signaling pathway driven EMT in ovarian cancer [47]
suggests evaluation of PI3K inhibitors like BKM120 or BYL719 in patients presenting with this class of
tumors; Phase I clinical trials for both these molecules is underway for recurrent TNBC and HGSC
[ClinicalTrials.gov Identifier: NCT01623349]. While tumors segregating in Class 3 need further research
for molecular target identification, the DP-class may be evaluated for efficacy of either PARP1 or PI3K
inhibitors or a combination of both [48–51]. Thus, we hope that CCM-Class and EMT-Class tumors
would respond specifically upon treatment with PARP1 inhibitors and PI3K-Akt inhibitors, respectively.
However, this has to be substantiated by specific clinical studies. In conclusion, the current study
establishes the diagnostic principles and possibilities for molecular stratification in HGSC to address
a few missing steps in achieving a bench to bedside translation.
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Abstract: The evolution of therapeutic resistance is a major cause of death for cancer patients.
The development of therapy resistance is shaped by the ecological dynamics within the tumor
microenvironment and the selective pressure of the host immune system. These selective forces often
lead to evolutionary convergence on pathways or hallmarks that drive progression. Thus, a deeper
understanding of the evolutionary convergences that occur could reveal vulnerabilities to treat
therapy-resistant cancer. To this end, we combined phylogenetic clustering, systems biology
analyses, and molecular experimentation to identify convergences in gene expression data onto
common signaling pathways. We applied these methods to derive new insights about the
networks at play during transforming growth factor-β (TGF-β)-mediated epithelial–mesenchymal
transition in lung cancer. Phylogenetic analyses of gene expression data from TGF-β-treated
cells revealed convergence of cells toward amine metabolic pathways and autophagy during
TGF-β treatment. Knockdown of the autophagy regulatory, ATG16L1, re-sensitized lung cancer cells
to cancer therapies following TGF-β-induced resistance, implicating autophagy as a TGF-β-mediated
chemoresistance mechanism. In addition, high ATG16L expression was found to be a poor prognostic
marker in multiple cancer types. These analyses reveal the usefulness of combining evolutionary and
systems biology methods with experimental validation to illuminate new therapeutic vulnerabilities
for cancer.

Keywords: evolution; systems biology; autophagy; lung cancer; epithelial–mesenchymal transition;
tumor invasiveness; metabolism
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1. Introduction

Mammalian cells respond to external stimuli through a coordinated system of signaling and
gene expression circuitry. The inputs to this system are often the ligands for receptors, which initiate
signaling cascades that ultimately lead to changes in gene expression. A cell can receive, process,
and integrate multiple simultaneous inputs and respond to them with a coordinated phenotypic
response [1,2].

Deregulation of the cellular signaling/response circuitry is a fundamental theme in cancer at
both the tissue and single-cell levels. Indeed, deregulated intracellular signaling/gene expression
circuitry is fundamental to many cancer hallmarks [3], including sustaining proliferation [4,5], evading
growth suppression [5], inducing angiogenesis [5], tumor-promoting inflammation [5], invasion [6],
and metastasis [7–9].

One well-studied signaling/expression circuit that is frequently dysregulated in cancer is the
transforming growth factor β (TGF-β)/SMAD axis. The TGF-β/SMAD axis is a critical developmental
pathway that controls differentiation and proliferation [10]. TGF-β/SMAD signaling is also important
in wound healing and fibrosis (reviewed in [11,12]). One of the major phenotypic outputs of
TGF-β/SMAD signaling is the phenotypic switch from an epithelial to a mesenchymal state, known
traditionally as epithelial–mesenchymal transition (EMT) (reviewed in [13]). In the context of
cancer, TGF-β-mediated EMT promotes downregulation of cell–cell adhesion and upregulation of
migration and invasion [14,15]. This pro-invasive phenotype is usually activated at the expense of
proliferation [15,16]: TGF-β induces potent cell cycle arrest through SMAD-mediated transcriptional
activation of the cell cycle repressor, p21 [17]. TGF-β also reprograms cellular metabolism [18] and
induces autophagy [19]—a process in which a cell self-digests its proteins and organelles. In addition
to its cell autonomous role in promoting invasiveness, TGF-β also acts non-cell autonomously to create
a tumor microenvironment more permissive to tumor growth [20,21]. These mechanisms can often
drive resistance to chemotherapy and multiple targeted therapies [22,23].

However, the abovementioned effects of TGF-β/SMAD-induced EMT are typically studied
in isolation with focus on a few nodes of the pathway, thereby neglecting the effects of crosstalk
among multiple signaling pathways. Such crosstalk can often generate feedback loops with nonlinear
dynamics, giving rise to emergent, complex, and non-intuitive behavior [24]. Hence, a systems biology
approach, integrating computational and experimental components, can be essential to elucidating
the dynamics of underlying interconnected cellular circuitry and identifying the fundamental
organizational principles driving tumor progression [25]. Here, we used such an approach,
incorporating multiple systems biology tools to analyze the dynamics of TGF-β-mediated EMT and to
experimentally validate the computationally derived insights (Figure 1).

Cancer progression is an evolutionary process of selection over time [26,27].
Therefore, we postulated that tools developed for tracing evolutionary histories may provide
new insights. One of the most commonly used methods of inferring ancestral relationships is
phylogenetics. Phylogenetics uses a data matrix of character states to infer evolutionary relationships
between groups [28]. Although phylogenetics was originally developed to reconstruct ancestral
relationships between species, phylogenetic inference has also been applied to diverse datasets for
which no underlying ancestral relationships exist, such as geography, linguistics, or astrophysics [28].

Given the flexibility of phylogenetics as a clustering tool for multiple data types and contexts,
we hypothesized that analysis of time course gene expression data could provide crucial information
about how circuits are integrated to lead to a given phenotype. We identified a convergence of
gene expression data on amine metabolism pathways following TGF-β-induced EMT, and validated
upregulation of ammonia production using wet bench experimentation. Interestingly, we also
identified ATG16L1, a regulator of autophagy, as a central node in an ammonia production
gene network, suggesting connections between elevated amine metabolism, EMT, and autophagy.
ATG16L1 was also found to be upregulated during TGF-β-induced EMT. Finally, using high-
throughput drug screens, we showed that siRNA-mediated inhibition of the autophagy regulator,
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ATG16L1, rescued TGF-β-mediated chemoresistance. Together, this iterative combination of
systems-based analyses and experimental validations suggests that TGF-β-mediated EMT converges
on a gene expression network to induce autophagy and altered metabolism that can be targeted to
overcome chemoresistance.

Figure 1. An integrated framework of iterative, systems-level analysis and experimental validation
provides new insights. Large amounts of raw data, generated by new experimentation or
re-analyzed from public databases (1), are analyzed by clustering approaches to easily visualize data
topology (2). This visualization fosters a new, deeper understanding that informs a new hypothesis (3).
Experimental validation of the new hypothesis generates new data (4), which is analyzed and visualized
as a system (5).

2. Materials and Methods

2.1. Cell Culture

All cell lines were obtained from the Duke Cell Culture Facility. The Duke Cell Culture Facility
routinely tests for mycoplasma and performs cell line authentication by short tandem repeat analysis.
Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with fetal bovine serum (FBS) and
1% penicillin–streptomycin in a standard 37 ◦C tissue culture incubator with 5% CO2. Cell confluence
during vehicle and TGF-β treatment was measured using the IncuCyte Zoom live cell analysis system
(Sartorius, Goettingen, Germany).

2.2. RNA Extraction, Reverse Transcription, and RT-qPCR

RNA extraction, reverse transcription, and RT-qPCR were performed as previously described [29].

2.3. Western Blotting

Cells were prepared and lysed in 1× radioimmunoprecipitation assay (RIPA) buffer (Thermo,
catalog number: 89900, Waltham, MA, USA) mixed with 1× protease and phosphatase inhibitor
cocktail (Roche, San Jose, CA, USA). The composition of the RIPA buffer was 25 mM Tris·HCl
pH 7.6, 150 mM NaCl, 1% Nonidet P-40 (NP-40), 1% sodium deoxycholate, and 0.1% sodium
dodecyl sulfonate (SDS). Cell lysates were incubated at 4 ◦C for 20 min. and centrifuged at
14,000g for 5 min. Cleared lysates were mixed with 4× Laemmli loading buffer and incubated
at 95 ◦C for 3 min. Lysates were separated in 4–12% NuPAGE Novex Bis-Tris gels (ThermoFisher,
Waltham, MA, USA). Proteins were transferred to nitrocellulose membrane (GE Healthcare Life
Sciences, Pittsburgh, PA, USA) in 1× NuPAGE Transfer Buffer (ThermoFisher, Waltham, MA, USA)
for 2 h at 75 V at 4 ◦C in the cold room. Membranes were blocked at room temperature using Starting
Block T20 TBS Blocking Buffer (ThermoFisher, Waltham, MA, USA). Primary antibodies were added
to the blocking buffer and incubated at 4 ◦C overnight. Membranes were washed two times for
5 min. each with phosphate-buffered saline (PBS) and incubated with LI-COR goat anti-mouse or goat
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anti-rabbit secondary antibodies diluted 1:20,000 in Starting Block buffer. Membranes were visualized
using the Odyssey Fc imager (27402864, LI-COR Biosciences, Lincoln, NE, USA). Primary antibodies
used included glyceraldehyde-phosphate dehydrogenase (GAPDH) (C2415, Santa Cruz Biotechtology;
1:1000, Dallas, TX, USA), ATG16L1 (8089T, Cell Signaling; 1:1000, Danvers, MA, USA) and LC3 A/B
(12741T, Cell Signaling; 1:1000, Danvers, MA, USA).

2.4. Ammonia Production Assay

A total of 200,000 cells were seeded in 6 cm dishes. At each time point, cells were washed with
PBS, scraped, and lysed in Ammonia Assay Buffer provided in the Abcam ammonia assay kit (ab83360,
Abcam, Cambridge, UK) after the end of each treatment time point. Ammonia production assays were
performed after collecting all time points using the protocol recommended by the manufacturer.

2.5. Cytoscape Analysis

Gene networks were analyzed by importing all available human data on each gene in the Universal
Interaction Database Client using Cytoscape version 3.5.1 (https://cytoscape.org/). All relevant
networks of genes were merged to visualize interactions among genes.

2.6. Phylogenetic Reconstructions from Gene Expression Data

Distance-based dendograms were created by first constructing a distance matrix calculated based
on the entire microarray dataset for each dataset to be analyzed, using the genes as the characters,
the raw expression value for each gene as the set of character states, and the samples as the taxa.
The Neighbor Joining method [30] was used for reconstructing phylogeny with distance matrices.
To perform analysis based on maximum-likelihood (ML) and parsimony, the continuous gene
expression data was converted into categorical variables. For example, for GSE23038, we used the
passage 0 sample as an ‘outgroup’, and converted the gene expression data for all other samples into
either upregulated, downregulated, or constant relative to passage 0. The reliability of the parsimony
method is generally considered to increase with an increasing number of informative characters [31–33].
Therefore, cut-off thresholds of up- and downregulation were determined by calculating the maximum
number of informative sites given different cut-offs, and a threshold was selected that provided
the highest number of informative sites in each dataset. ML and parsimony analyses were then
performed based on converted data. ML analysis after data conversion was performed online on a
free phylogeny platform, PhyML 3.0 (14), whereas distance and parsimony tree constructions were
performed using the APE [34] and Phangorn [35] packages implemented in R (15). Bootstrap tests of
100 pseudoreplicates were performed for all phylogenies to assess the branch support. Tree files were
visualized in FigTree (Andrew Rambaut; http://tree.bio.ed.ac.uk/software/figtree/).

2.7. High-Throughput Screening

A549 cells were screened with the NCI Approved Oncology Drugs Set VI in the presence of vehicle
(4 mM HCl and 2% bovine serum albumin (BSA)) or 4 ng/mL recombinant human TGF-β (R&D
Systems, Minneapolis, MN, USA). Briefly, A549 cells were dispensed using liquid handling into 384 well
plates with no drug, dimethyl sulfoxide (DMSO), or 1 μM drug at cell plating densities of 250 or
1000 cells/well. Plates were incubated at 37 ◦C, and cell viability was assayed by CellTiterGlo (Promega,
Madison, WI, USA) after 72 h. Relative drug resistance or sensitivity was calculated as the fold change
difference in CellTiterGlo value between vehicle-treated and TGF-β-treated wells. To perform the screen
in the context of ATG16L1 knockdown, 20 nM siRNA targeting ATG16L1 was delivered to A549 cells
by reverse transfection using RNAiMax and incubated at 37 ◦C for 24 h. After 24 h, the drug screen
was performed −/+ TGF-β, as described above. All screens were performed in the Duke Functional
Genomics Shared Resource. Raw data for the screens are provided in Supplementary Files 1 and 2.
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2.8. Correlation of ATG16L1 with Clinical Outcomes

Kaplan–Meier curves were generated based on patients stratified by ATG16L1 expression level using
R2: Genomics Analysis and Visualization Platform (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi) and
GEPIA (http://gepia.cancer-pku.cn/). The scan option was used to automatically select the cut-off values
in the R2 platform, and default settings were used for GEPIA.

2.9. Statistical Analyses

All assays were performed in triplicate, and all experiments were repeated a minimum of
two times. The real-time polymerase chain reaction (qRT-PCR) and ammonia production assays
were analyzed using a one-way ANOVA with Tukey’s post-hoc correction for multiple comparisons
in JMP14.0 (SAS, Cary, NC, USA). Drug screen data was analyzed by linear regression and analysis
of variance in JMP14.0. Pathway analyses were performed in FuncAssociate (http://llama.mshri.on.
ca/funcassociate/) [36], which calculates an adjusted p-value as a fraction of 1000 simulations having
attributes with the single hypothesis p-value. For Kaplan–Meier survival curves were analyzed by
log-rank tests. All p-values <0.05 were considered statistically significant.

3. Results

3.1. Phylogenetics Analyses Provide a Simple and Reliable Tool to Visualize Gene Expression Dynamics

To test the feasibility and effectiveness of using phylogenetics as a clustering tool to analyze
gene expression data, we tested if phylogenetic trees could recapitulate the temporal order of gene
expression data collected at different time points. To do this, we constructed dendograms from
publicly-available microarray data for immortalized prostate cells collected every 10 passages from 0
to 80 passages (GSE23038, [37]).

We first used distance-based trees to infer temporal relationships among the samples.
Distance-based trees use a data matrix comprised of gene expression values as a continuous variable
without the need for binning gene expression data into categorical variables of being upregulated,
unchanged, and downregulated. Distance-based construction of a rooted tree with root at passage 0
produced a tree topology that, with the exception of passage 70, clustered samples according to their
temporal order from passage 10 to 80 (Figure 2A).

We also analyzed GSE23038 [37] using maximum-likelihood and parsimony
phylogenetics methods. The raw data matrix was converted into three character states based
on a neutral evolution model, JC69, before being used as input for these two methods of
tree construction. Importantly, for all three methods, trees constructed using gene expression data
recapitulated the known temporal structure of the data with robust bootstrap support (Figure 2A–C,
bootstrap values indicated above branches). A comparison of the three cladistical methods with
clustering revealed that hierarchical clustering was unable to accurately reconstruct the temporal order
of passages (Figure 2D,E).

Similarly, we performed phylogenetic clustering on additional datasets where samples had been
analyzed longitudinally, including GSE17708 [38], microarray data from A549 lung adenocarcinoma
cells treated with TGF-β over a period of 72 h, and GSE12548, microarray data from human ARPE-19
retinal pigment epithelium cells treated with TGF-β and TNF-α over 60 h [39]. For both of these
datasets, phylogenetic clustering reconstructed the temporal order of treatments with strong bootstrap
support (Figure 3A,B).
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Figure 2. Phylogenetic reconstruction provides a simple visualization tool to view temporal changes
in gene expression data. (A) Distance-based phylogeny of GSE23038; serial passage of normal
prostate cells immortalized with hTERT using gene expression data as a continuous variable.
(B) Maximum-likelihood and (C) maximum parsimony trees constructed based on gene expression
data transformed to categorical variables. (D) Single and (E) complete linkage hierarchical clustering
provides similar groupings of passage numbers, but lacks the temporal structure.

Figure 3. Phylogenetic clustering enables reconstruction of longitudinal data based on gene expression.
(A) Distance, maximum parsimony, and maximum-likelihood dendograms of GSE17708; microarray
analysis of A549 cells treated with TGF-β over 72 h. (B) Distance, maximum parsimony,
and maximum-likelihood phylogeny construction of GSE12548; TGF-β and TNF-α treatment of human
retinal pigment epithelium cells over 60 h.
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3.2. Analyzing Dynamics of TGF-β Treatment through Visualization of Tree Structure Reveals Two Distinct
Temporally-Resolved Clades

A major advantage of clustering is its ability to easily visualize relationships between large
datasets and to derive novel insights. For example, re-analysis of microarray data from A549 cells
treated with TGF-β over 72 h (GSE17708) revealed two distinctive patterns in the resulting phylogenies.
First, early time points (0–8 h) were haphazardly organized in clades and subclades, where replicates
of samples were admixed, indicating that phylogenetic analyses were not able to provide a clear signal
based on the expression data that would predict timing of treatment (Figure 4A). Second, the later
time points (≥8 h) were well resolved, suggesting the presence of a clear signal emerging in the gene
expression data following long-term treatment with TGF-β (Figure 4A).

Figure 4. Visualization of tree topology reveals altered metabolism during epithelial–mesenchymal
transition (EMT). (A) The topology of the maximum-likelihood reconstruction of GSE17708 showed an
admixed clade at early time points in A549 cells with TGF-β treatment, with a clearly-resolved clade of
later time points after eight hours as the phenotypic signal switched from epithelial to mesenchymal.
(B) Consistent with the tree topology, changes in EMT biomarkers E-cadherin and vimentin were
not apparent until after eight hours of treatment. * indicate p < 0.05 as compared to the 0 h time
point (C) Growth curves of A549 cells treated with vehicle (blue circles) or TGF-β (red ×) analyzed
by IncuCyte time-lapse imaging revealed TGF-β-induced growth inhibition at 48–72 h. (D) Pathway
analysis of genes contributing to the bifurcation of early (<8 h) and late (≥8 h) time point clades
revealed TGF-β-induced changes in amine metabolism pathways at the later time points as compared
to the early time points. (E) Ammonia production assays validated the prediction that TGF-β induces
upregulation of ammonia production.

Consistent with a convergence of signal at later time points, RT-qPCR analysis of the
epithelial marker, E-cadherin, and the mesenchymal marker, vimentin, demonstrated that E-cadherin
suppression and vimentin activation were not apparent until this bifurcation of early admixed time
points vs. resolved late time points (Figure 4B). Likewise, our time-lapse imaging analysis of growth
rate between vehicle-treated and TGF-β-treated A549 cells showed that differences in growth rate
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between the two conditions were not observed until approximately 72 h after the initiation of treatment
(Figure 4C; Supplementary movies 1 and 2), consistent with reports demonstrating that EMT induces
cell cycle arrest [40,41]. These experimental results suggest that the timing of both gene expression
and phenotypic traits associated with EMT are consistent with the convergence of an emerging signal
at later time points within the dendograms.

Next, we extracted genes that were differentially expressed across the two major clades of early
and late treatment times. Pathway analysis of these genes showed that multiple amine metabolism
pathways were significantly altered during TGF-β treatment (Figure 4D). To experimentally test if
ammonia metabolism was altered during TGF-β treatment, we performed ammonia production assays
on A549 cells from which the publicly available data were originally generated. Importantly, we found
that ammonia production was altered significantly upon TGF-β treatment at later time points,
with little change in ammonia production during earlier time points (Figure 4E). Together, these
analyses demonstrated the utility of simple visualizations, such as phylogenetic trees and clustering
dendograms, to yield new testable hypotheses.

3.3. Gene Expression Networks Couple Ammonia Production to Autophagy

Previous research has identified a connection between upregulation of ammonia production and
induction of autophagy [42]. Based on this connection, we tested if TGF-β-induced EMT led to an
increase in autophagy markers. In support of this hypothesis, TGF-β treatment led to upregulation of
autophagy markers LC3A/B and ATG16L1 (Figure 5A,B). To better understand the connections
between ammonia production and autophagy, we used Cytoscape to construct gene regulatory
networks related to amine metabolism genes and autophagy regulators. We constructed gene networks
that included the ammonia production genes identified by the pathway analysis, along with the
autophagy markers LC3A/B and ATG16L1, that we identified in our western blots to be activated upon
TGF-β treatment. Although we found few gene–gene interactions among amine metabolism genes
alone (Figure 5C), when we added the autophagy regulator ATG16L1 to this network, it connected the
entire set of previously-isolated amine metabolism subnetworks (Figure 5D). Our results suggest that
TGF-β-mediated EMT is associated with increased amine production and upregulation of autophagy.
It remains to be tested in this system if the ammonia production induces autophagy, as has been
demonstrated previously in both yeast and mouse embryonic fibroblasts [42], or if TGF-β-induced
autophagy upregulation leads to more ammonia. However, our results demonstrate a connection
between TGF-β-mediated EMT, altered amine production, and upregulation of autophagy.

3.4. Autophagy Inhibition Re-sensitizes Cells to TGF-β-Induced Chemoresistance

Our data revealed that TGF-β-induced EMT leads to ammonia production and upregulation
of autophagy. Interestingly, both EMT and autophagy are known to be involved in chemoresistance.
EMT can drive chemoresistance in multiple cancers [43–46]. Likewise, autophagy is a pro-survival
mechanism in response to cellular stresses, such as hypoxia and nutrient deprivation, and is
increasingly implicated in resistance to cancer treatments [47,48]. Integrating our observations
with these reports, we hypothesized that EMT-induced drug resistance is mediated, at least in part,
by elevated levels of the autophagy regulator, ATG16L1.

To test this hypothesis, we used high-throughput drug screens of 119 FDA-approved
small-molecule anticancer agents. To do this, we first tested if TGF-β-mediated EMT led to
chemoresistance. We screened A549 cells treated with either vehicle or TGF-β and plated at both low
and high density. After 72 h of incubation with each drug, the overall cell viability was analyzed
with CellTiterGlo. We first performed quality control analyses of the screens. Linear regression
of the empty and DMSO-treated wells showed virtually no relationship between the CellTiterGlo
value and the position on the plate when comparing the same plate setup across multiple plates
(R2 = 0.0862), suggesting that the screen results did not suffer from plate effects (Figure S1). By contrast,
the correlation coefficients in drug-containing wells were greater than 0.8 between high and low cell
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density for both vehicle- and TGF-β-treated conditions, suggesting high reproducibility across replicate
plates when drug is present in the well (Figure S1).

Given the lack of apparent plate effects and strong reproducibility between replicate screens,
we investigated whether TGF-β induced chemoresistance. Consistent with our hypothesis, TGF-β
treatment increased resistance to 60% (71/119) of the compounds tested, as evaluated by an increase
in CellTiterGlo absorbance as compared to vehicle-treated control wells (Figure 6A). Analysis of
these compounds by pathway targets showed that TGF-β induced resistance to both broad spectrum
chemotherapies, such as microtubule-targeting agents and topoisomerase inhibitors, as well as multiple
targeted therapies, including those against HER2 and EGFR (Figure 6B).

Figure 5. Epithelial-mesenchymal transition induces activation of autophagy and links to an amine
production gene network. (A) TGF-β-induced epithelial-mesenchymal transition led to up-regulation
of autophagy markers ATG16L1 and MAP1LC3A (LC3A/B). (B) Densitometric quantification of the
western blotting data in A. (C) Cytoscape networks of amine production genes identified in Figure 4
showed few interactions between sub-networks. (D) Addition of the autophagy regulator, ATG16L1
(yellow circle), acted as a central hub to connect all amine metabolism sub-networks.

Next, to investigate the importance of autophagy in promoting TGF-β-induced therapy resistance,
we performed siRNA-mediated knockdown of ATG16L1, the autophagy marker we identified as
upregulated in TGF-β-treated cells. We first tested knockdown efficiency using four independent
siRNAs and selected by Western blot analysis siRNA_1 for subsequent drug screens (Figure 6C).
We then screened A549 with the same 119 drugs +/– TGF-β and treated with either a non-silencing
siRNA or siRNA_1 targeting ATG16L1. Remarkably, ATG16L1 knockdown re-sensitized cells to 29/71
(41%) of drugs for which TGF-β treatment led to increased resistance (Figure 6D). Interestingly, these
drugs included current standard-of-care therapies for small-cell lung cancer (SCLC), doxorubicin,
and topotecan, as well as anti-VEGFR therapies, regorafenib, and axitinib, both of which have shown
promising clinical benefits in early stage clinical trials against advanced non-small-cell lung cancer
(NSCLC) [49,50], and cabozantinib, a tyrosine kinase inhibitor that has shown efficacy along with,
or in combination with, erlotinib in the treatment of EGFR wild-type NSCLC patients [51]. Analysis by
pathways showed that, on average, autophagy inhibition re-sensitized cells to multiple targeted
therapies, including c-MET, c-RET, FLT3, TAM2, and dihydrofolate reductase (DHFR) (Figure 6E).
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Together, our results support the hypothesis that TGF-β-mediated therapy resistance is driven, in part,
by the autophagy regulator ATG16L1, suggesting the potential use of autophagy inhibitors as a
concurrent or adjuvant therapy to counter resistance.

Figure 6. ATG16L1 knockdown rescues TGF-β-mediated chemoresistance. (A) A screen of
119 FDA-approved small molecule inhibitors demonstrated a broad increase in chemoresistance
following TGF-β treatment. Each black dot represents one compound. Dots above the 1 were
differentially resistant in TGF-β-treated cells as compared to vehicle-treated cells; dots below the 1 were
more sensitive in the TGF-β-treated cells as compared to vehicle-treated cells. (B) Analysis of drug
screen data by targets and pathways identified increased TGF-β-mediated resistance to several common
chemotherapies, such as microtubule-associated and topoisomerase inhibitor therapies, and targeted
therapies in lung cancer treatment, such as c-MET, VEGF, and EGFR (purple bars). (C) Knockdown
of ATG16L1 by siRNAs was validated by western blotting. siCtrl = non-silencing siRNA; si_1, si_2,
si_4, and si_5 are independent siRNAs targeting ATG16L1 (D) A549 lung adenocarcinoma cells −/+
TGF-β and −/+ siATG16_1 were screened against 119 FDA-approved compounds to identify drugs
for which ATG16L1 rescued TGF-β-mediated therapy resistance. ATG16L1 knockdown re-sensitized
cells to multiple therapeutic agents. (E) Pathway level analysis of compounds where TGF-β-mediated
resistance was rescued by ATG16L1 knockdown.

To determine if ATG16L1 was related to clinical outcomes, we analyzed ATG16L1 expression
in gene expression datasets from patient tumors. Analysis of Kaplan–Meier curves showed that low
ATG16L1 expression is prognostic for improved overall survival in patients with lung and clear cell
renal cancer (Figure 7A–C) and improved relapse-free survival in patients with colorectal cancer
(Figure 7D). Together, these analyses indicate ATG16L1 as an important prognostic marker of clinical
response and cancer cell aggression.
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Figure 7. ATG16L1 is a prognostic biomarker of survival and progression in carcinoma patients.
(A) Low ATG16L1 expression is prognostic for improved overall survival in lung adenocarcinoma patients.
(B) Low ATG16L1 expression significantly predicts improved overall survival in kidney renal
clear cell carcinoma patients. (C) Lower ATG16L1 expression in lung adenocarcinoma from The
Cancer Genome Atlas dataset is prognostic for improved overall survival; data analyzed using
GEPIA—http://gepia.cancer-pku.cn/. (D) Low ATG16L1 expression trends with better relapse-free
survival in colorectal carcinoma patients.

4. Discussion

The progression of cancer from an indolent, slow-growing primary tumor to metastatic and
therapy resistant disease is, at its foundation, an evolutionary process. Genetic and genomic
dysregulation promotes heterogeneity in tumor cell populations [52], which provides raw materials
for selection of the fittest cancer cells. During this process, mutations [53], epigenetic alterations [54],
and gene expression changes [55] are selected that enable survival of individual cancer cells
under the diverse environmental pressures not only within the tumor, but also during metastatic
progression [56,57] and the emergence of therapy resistance [58].

Here, we combined methods rooted in evolutionary theory, such as phylogenetic inference, with
pathway and network analyses, as well as experimental techniques, to yield new insights. By taking
this novel approach to analyze a well-established system—TGF-β-induced EMT—we identified
mechanisms of therapy resistance. Specifically, we found that EMT leads to increased production
of intracellular ammonia. Ammonia is a by-product of protein breakdown and serves an important
function in maintaining homeostasis in electrolyte concentration [59]. Recent evidence, however, also
suggests that ammonia production is involved in regulating autophagy and pro-survival circuits that
contribute to chemoresistance [42,60]. Importantly, autophagy can lead to increased aggressiveness in
cancer, perhaps as an adaptive response to cellular stress. In our present study, downregulation of the
autophagy regulator, ATG16L1, partially reversed EMT-induced therapy resistance, suggesting the
potential benefits of concurrent uses of autophagy inhibitors with standard-of-care therapies.

TGF-β has also been reported to induce metabolic reprogramming of stromal cells, such as
cancer-associated fibroblasts (CAFs), where CAFs overexpressing TGF-β ligands show increased
autophagy and HIF-1α activation and concomitantly reduced oxidative phosphorylation [61].
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The scaffolding/regulatory protein caveolin-1—a functional regulator of TGF-β signaling—can play
a key role in coordinating these responses [62,63]. Thus, the nexus of TGF-β signaling, increased
autophagy, and metabolic reprogramming may be a common design principle of multiple cell types.

Interestingly, inhibition of autophagy consistently led to re-sensitization to c-Met inhibitors
during EMT. The c-Met oncogene is one of the two most highly-mutated tyrosine kinase receptors
in NSCLC, and resistance to tyrosine kinase inhibitors (TKI) invariably follows after treatment [64].
Indeed, resistance to erlotinib is common in lung cancer, and ATG16L1 knockdown re-sensitized cells
to increased EMT-induced erlotinib resistance. EMT has been shown as an important contributor to this
resistance as TKI resistance NSCLC cell lines has a more mesenchymal phenotype, higher expression
of mesenchymal markers, such as Zeb-1 and vimentin, and downregulation of E-cadherin [65].
Recent evidence has shown that c-Met promotes anoikis resistance and cell growth via activation of
autophagy regulators, such as ATG5 and Beclin-1 [66]. These observations suggest that autophagy
may be an important resistance mechanism and a combinatorial use of autophagy inhibitors with TKIs
may increase therapeutic efficacy of TKIs and possibly prolong or reverse resistance.

5. Conclusions

By integrating systems biology and experimental methodologies we have revealed new
connections between EMT, autophagy, ammonia production, and chemoresistance. These studies
demonstrate the power of coupling tools from evolutionary biology with systems-level informatics
analysis and experimental validation to yield novel insights. Future work is aimed at better
understanding the mechanistic connections between autophagy, ammonia production, and EMT
to design new therapies to treat chemo-resistant disease.
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Abstract: Genetic and phenotypic heterogeneity contribute to the generation of diverse tumor
cell populations, thus enhancing cancer aggressiveness and therapy resistance. Compared to
genetic heterogeneity, a consequence of mutational events, phenotypic heterogeneity arises from
dynamic, reversible cell state transitions in response to varying intracellular/extracellular signals.
Such phenotypic plasticity enables rapid adaptive responses to various stressful conditions and
can have a strong impact on cancer progression. Herein, we have reviewed relevant literature
on mechanisms associated with dynamic phenotypic changes and cellular plasticity, such as
epithelial–mesenchymal transition (EMT) and cancer stemness, which have been reported to
facilitate cancer metastasis. We also discuss how non-cell-autonomous mechanisms such as cell–cell
communication can lead to an emergent population-level response in tumors. The molecular
mechanisms underlying the complexity of tumor systems are crucial for comprehending cancer
progression, and may provide new avenues for designing therapeutic strategies.

Keywords: cellular dynamics; epithelial-to-mesenchymal transition; cell plasticity; cancer stem cells;
mathematical modeling; population homeostasis

1. Introduction

Genetic and phenotypic tumor heterogeneity can act as a major bottleneck for the clinical
management of cancers [1]. Genetic heterogeneity has been a long-standing focus in cancer progression
research [2]. However, non-genetic factors such as phenotypic plasticity [3–5] and collective effects
resulting from cell–cell communication [6–9] have gained recent attention for their proposed roles
in tumor aggressiveness. Two major interconnected axes of phenotypic plasticity that have been
extensively studied across multiple carcinomas are the epithelial–mesenchymal transition (EMT) and
cancer stem cell (CSC) plasticity [10–14]. Initially, EMT was hypothesized to be an irreversible event
similar to oncogenic transformation and was referred as “epithelial–mesenchymal transformation” [15].
However, during the last decade many studies have demonstrated beyond doubt its dynamic
reversible nature in cancer. “Epithelial–mesenchymal plasticity” (EMP) has recently become commonly
used terminology, encompassing bidirectional transitions among epithelial (E), mesenchymal (M),
and one or more hybrid E/M phenotypes [16]. EMP is a “motor of cellular plasticity” [17], as it
accompanies cell changes in immune response [18,19], tumor-initiation potential [8,20–22], metabolic
reprogramming [23,24], senescence [25], cell proliferation [26,27], and drug resistance [14,28]. Similarly,
the “cancer stem cell (CSC) model” initially portrayed CSCs as a small, fixed population which emerge
from tissue-specific stem cells at the apex of hierarchical cellular differentiation in tumors. However,
recent findings have demonstated the transitionary nature of CSC populations and their different
origins from differentiated cell types [29,30]. Thus, EMP and stemness can give rise to dynamic
phenotypic heterogeneity in tumors by virtue of their reversibility and plasticity.
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Various technological advancements and interdisciplinary cross-fertilization of ideas have led us
through these paradigm shifts and emphasized the importance of unraveling the operating principles of
cell state transitions along the axes of EMP and/or CSCs. Herein, we have reviewed how investigations at
a single-cell level through reporter cell lines, real-time imaging, flow/mass cytometry, high-throughput
dynamic measurements—integrated iteratively with mechanism-based mathematical modeling and
data-based statistical modeling—have revealed unprecedented insights into the emergent dynamics of
cancer progression, at both an intracellular and cell population level.

2. Dynamics of EMT

EMT is a nonlinear and reversible trans-differentiation process of an epithelial cell into a
mesenchymal phenotype, encompassing changes in multiple phenotypic characteristics such as
apico-basal polarity, cell–cell adhesion, cytoskeleton remodeling, cell–matrix adhesion, and cell
migration and invasion [31,32]. EMT-inducing transcription factors include ZEB1/2, SNAI1/2,
and TWIST, among others. The loss of epithelial molecules such as E-cadherin and the gain of
mesenchymal markers such as vimentin and alpha smooth muscle actin (αSMA) represent typical
molecular features of EMT [16]. Furthermore, EMT is critical for embryonic development and wound
healing, and is involved in pathological conditions such as cancer [16,33]. In cancer progression, EMT has
been associated with metastasis, drug-resistance, immune evasion, and reduced patient survival/poor
prognosis [14,17,34]. While the dynamics of EMT and its reverse mesenchymal-to-epithelial transition
(MET) have been studied in developmental contexts for a long time [16,35], they have only recently
received attention in the field of cancer [36–40].

EMT and MET have been canonically thought of as “all-or-none” responses, typically because
only a few markers were used as a readout at the start and end points of the transition, with
little attention to the dynamics and intermediate states. Recently, advanced live-cell imaging [41,42],
transcriptomic profiling at multiple timepoints during EMT and/or MET [43,44], flow cytometry [45–47],
high-throughput single-cell RNA-seq [48–50], morphological quantification [51,52], and mass cytometry
analysis [53], coupled with mechanism-based mathematical modeling of EMT networks [54], have
been used to reveal insights into the dynamics and intermediate states of EMT/MET. While these new
sophisticated experimental tools and measurements allow the dynamics of EMT/MET to be tracked in
multiple cells using a cohort of markers, mathematical models offer a framework in which to elucidate
the mechanisms underlying these dynamics and generate hypotheses that can be experimentally
tested. Thus, mathematical models can help to interpret experimental data, unveil complex dynamic
patterns, predict cellular responses, and eventually contribute to the design of further expeirments [55].
Remarkably, mathematical models have decongested the understanding of EMT by predicting the
existence of stable intermediate EMT or hybrid epithelial/mesenchymal (E/M) states [56–58]. Cells
in these hybrid E/M phenotypes have been identified in cell lines in vitro and in vivo in primary
tumors, circulating tumor cells, and metastases across multiple cancers [46,59–62]. These hybrid E/M
phenotypes may be maintained by “phenotypic stability factors” such as NUMB, OVOL2, GRHL2,
and NRF2 [57,63–65], a combination of EMT- and MET-inducing signals such as TGF-β and all-trans
retinoic acid (ATRA) [66,67], or via cell–cell communication through mechanisms such as Notch–Jagged
signaling [68]. Strong evidence for the functional implications of these hybrid E/M phenotype(s) has
been reported in both preclinical and clinical settings [46,69]. Examples include (a) their role in tumor
formation in mice [20,60], (b) mediating collective cell migration and invasion through aggregates or
clusters of circulating tumor cells (CTCs) [70], and (c) the correlation of hybrid E/M signatures with
poor patient prognosis in many cancers [71].

Further, these mathematical models have also predicted the co-existence of multiple phenotypes in
an otherwise genetically identical population [56]. Such non-genetic heterogeneity has been observed
in multiple cell lines, wherein cells harboring both epithelial and mesenchymal signatures were
found to co-exist alongside populations predominantly expressing either epithelial or mesenchymal
markers [45,46,72]. The relative frequency of these phenotypes can vary depending on the genetic
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background and other factors, such as the micro-envrionmental milieu or markers used for
identification [47,73–75]. Nonetheless, the co-existence of different cell subpopulations may enable
cooperation among them during metastatic progression [8,9,76,77]. For instance, in vitro and in vivo
mixing of more epithelial (PC-3/Mc) and more mesenchymal (PC-3/S) subpopulations of prostate
cancer cells was reported to enhance local invasive potential and metastastic colonization of the
former [8]. Other studies have documented the influence of paracrine signals from EMT-like cells on
non-metastatic cell populations via activation of Hedgehog/GLI signaling to facilitate metastasis [9].
While the exact molecular mechanisms and emergent outcomes of such co-operation are yet to be
experimentally determined, these processes are reminiscent of survival strategies observed in diverse
ecological systems, such as quorum sensing in bacterial colonies, division of labor, and bet-hedging [78].

Intriguingly, the co-existence of these distinct phenotypes can be explained by the presence of
multiple “attractors” or stable states in the multi-dimensional landscape of epithelial–mesenchymal
plasticity. An attractor represents a stable cell phenotype which cells starting with varying levels of
molecules can converge towards, depending on the crosstalk among different nodes of an interaction
network. The concept of attractors is borrowed from a Waddington’s landscape which depicts how
a stem cell progresses from an undifferentiated state to a differentiated one [79]. In this framework,
a stem cell—represented by a ball—rolls down the rugged landscape and eventually enters one of the
valleys at the foot of the hill (Figure 1a). These valleys are the attaractors of a system [80]. Systems
with more than one attractor are called “multistable” and have been experimentally observed in
other biological contexts as well, such as during development, where one progenitor cell can give
rise to two or more differentiated cell fates [81]. These attractors are governed by the complex,
interlinked EMT regulatory networks operating at multiple levels—transcriptional, translational,
post-translational, and epigenetic [80,82] (Figure 1a). The presence of these attractors raises the
possibility that isogenic cells can respond differently to the same dose and duration of identical
EMT-inducing stimuli. This cell-to-cell variability can arise due to multiple factors including cell cycle
stage, stochasticity/fluctuations in biochemical reaction rates, concentrations of various molecular
species, etc. [83]. Indeed, NMuMG mammary epithelial cells exposed to specific durations and
concentrations of TGF-β were observed to respond largely in a bimodal manner—one subpopulation
readily lost E-cadherin expression while the other remained epithelial; a similar trend was observed
consistently across a larger panel of cell lines [47]. Notably, this bimodality existed only at intermediate
concentrations or durations of TGF-β treatment; all cells maintained an E-cadherinhigh state at very
low concentrations, and all of them switched to E-cadherinlow at very high concentrations (Figure 1b).
Such dose-/time-dependent bimodality indicates that isogenic cells can attain more than one phenotype
under the same experimental conditions. The phenotype attained by an individual cell depends
on its genetic and epigenetic background, which determines how “poised” a cell is to alter its
biophysical and/or biochemical traits in response to varying extents of stimuli capable of eliciting an
EMT response [32].

Multistability, or the presence of multiple attractors, can also drive non-genetic heterogeneity
during chemotherapeutic responses and lead to resistance, a feature associated with EMT [28].
For instance, the treatment of a clonal cell population with apoptosis-inducing stimulus TRAIL
(TNF-related apoptosis-inducing ligand) for the same duration and dose was shown to negatively
affect viability only in a fraction of cells, while the rest survived [84]. This heterogeneity was attributed
to a high variance in protein levels for a common set of apoptotic regulators. Such variability may
contribute to treatment failure and provide a long-standing reservoir of cells that can gain drug
resistance by virtue of newly acquired genetic alterations [85,86]. With this increased appreciation of
the complexity associated with EMT/MET processes, we should practice caution in defining the exact
parameters that should be referred to as EMT/MET (or various shades of these transitions) in vitro and
in vivo to minimize further ambiguity.
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Figure 1. Non-genetic heterogeneity and hysteresis during epithelial–mesenchymal transition (EMT).
(a) Representation of a Waddington’s landscape with attractors of different EMT states. (b) Epithelial
cells (left panel) from an isogenic population may respond differently to the same dose of EMT-inducing
signals such as TGF-β (middle panel), while all of them may undergo a complete EMT at a higher
dose of the signal (right panel). (c) Asymmetry in the “forward reaction” and “backward reaction”,
i.e., the concentration of the EMT-inducing signal at which all cells switch from being epithelial to
mesenchymal (downward blue arrow) is not the same as the one at which all cells switch in the other
direction (upward red arrow).

The presence of multiple attractors in a given system allows another interesting dynamic property:
Cells exhibiting a particular phenotype (E, M, or hybrid E/M) can transition spontaneously to another
phenotype under the influence of “intrinsic noise” or “extrinsic noise” in biological systems [87].
Such “spontaneous switching” between E and M states was recently demonstrated in mouse prostate
cancer cells: The cell population was first sorted based on EpCAM and vimentin levels through
fluorescence-activated cell sorting, and then cultured independently. Cells of each of the three
sub-populations (EpCAM+ Vim−, EpCAM+ Vim+, and EpCAM− Vim+), when cultured independently,
were able to switch to the other two subpopulations [75]. Similar observations were made in a
PMC42-LA breast cancer cell line where EpCAM levels were used to segregate cells as epithelial
(EpCAM+) or mesenchymal (EpCAM−) [73]. These subpopulations underwent phenotypic transitions
and reverted to the phenotypic distribution seen in the parental population. The authors demonstrated
that these transitions were not driven by chromosomal instability, thus emphasizing a non-genetic
mechanism underlying these phenotypic transitions. In vivo evidence for “spontaneous induction” of
EMT was also reported recently in MMTV-PyMT mice [88]. However, the quantification of transition
rates among different phenotypes has yet to be done rigorously. Mathematical models can play a
crucial role in identifying the underlying context-dependent cues that can give rise to various EMT
population distributions [89]. Future studies integrating experimental and theoretical approaches,
similar to the attempts made for CSC dynamics, may pave the path to a holistic comprehension of
these processes [12].

3. Hysteresis/Cellular Memory Effects during EMT Dynamics

Another hallmark of multistable systems is the possibility of cellular memory or hysteresis
(Figure 1c). As discussed earlier, isogenic cells exposed to the same strength and duration of a signal
may respond differently because they are placed in different attractors. Therefore, the response of
a cell not only depends on the stimuli received in real time, but also on the history of input stimuli
encountered previously that may have driven them to occupy specific attractors [90]. This property
is typically described as “cellular memory”. One of the first reports connecting multistability to
cellular memory in mammalian systems exposed HL60 cells to increasing concentrations of DMSO
for 7 days to differentiate them into neutrophils (forward reaction), and subsequently these fully
differentiated neutrophils were resuspended in decreasing concentrations of DMSO for the same
duration (backward reaction). Interestingly, the fraction of cells expressing CD11b—the surface marker
for neutrophils—was different in the two trajectories for the same concentration of DMSO treatment.
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This asymmetry in response was attributed to underlying multistability: Because every cell had
multiple possible attractors—CD11bhi and CD11blo—their likelihood of acquiring one phenotype or
the other depended not only on the DMSO received instantaneously, but also on all DMSO treatments
received in the past [90]. Similar observations were recently made in cells undergoing EMT and their
reverse MET [47,53]. HCC827 lung cancer cells treated with increasing concentrations of TGF-β to
induce EMT (forward reaction) followed by progressively decreasing concentrations of TGF-β to induce
MET (backward reaction) exhibited assymmetric transition trajectories, as measured by 28 markers at a
single-cell level. Furthermore, some cells did not revert to the epithelial phenotype even when TGF-β
was completely withdrawn, indicating cellular memory [53]. The irreversibility of EMT has also been
reported elsewhere [91–93], most likely due to “extreme” EMT induction. Nonetheless, the mechanisms
of such irreversibility have yet to be identified comprehensively. However, preliminary evidence
suggests that epigenetic treatments may help disrupt such irreversibility and permit the to reversion of
cells to an epithelial phenotype [94,95], as many canonical epithelial genes such as E-cadherin can be
epigenetically silenced during EMT progression [96,97].

Compared to EMT, molecular mechanisms mediating MET are relatively less characterized [98].
GRHL2—a transcription factor that activates CDH1 (E-cadherin) and CLDN4 (Claudin-4)—and
OVOL1/2 can repress EMT-associated transcription factors and drive MET [99–101]. However,
the overexpression of OVOL2, GRHL2, or E-cadherin may not always be sufficient to drive complete
MET [95,102–104]. These observations reinforce the aspect that cells may navigate through different
paths in the multi-dimensional landscape of EMP to undergo EMT or MET in a context-dependent
manner; thus, the dynamics of EMT and MET need not be always symmetrical.

The bidirectional communication between computational and experimental approaches has been
pivotal in gaining new insights into the dynamics of carcinoma EMT and MET. These insights
have been suggestive of potential therapeutic strategies, particularly for reducing metastatic
aggressiveness that exhibits a greater dependency on cellular plasticity than genetic mutations [105].
Firstly, driving tumor cells into a “locked” or “irreversible” mesenchymal state may compromise
their ability to colonize distant organs, as observed in previous reports [8,20,46,106]. Secondly,
mutually inhibitory feedback loops have been identified as regulators of multiple facets of cellular
plasticity in cancer progression—EMT/MET [17,107], mesenchymal–amoeboid transition (MAT),
and amoeboid–mesenchymal transition (AMT) [108], matrix-detached and matrix-attached states [109],
and metabolic switching between oxidative phosphorylation and glycolysis [110]. Congruently,
such feedback loops have also been observed to mediate various cell-fate decisions during embryonic
development [111]. Disruption of such feedback loops may reduce cellular plasticity and curb
metastatic potential in vivo [47]. Finally, the mechanisms responsible for maintaining the hybrid E/M
phenotype(s)—considered more aggressive and metastatic in contrast to “extremely epithelial” or
“extremely mesenchymal” ones [20,112]—can be targeted to reduce metastasis. These hybrid E/M cells
exhibit higher tumor-initiating or cancer-stem-cell-like (CSC-like) properties than extremely epithelial
or extremely mesenchymal populations [13,20], a notion supported by accumulating clinical evidence
wherein co-expression of epithelial and mesenchymal markers tends to be associated with a poor
patient survival across cancer types [71].

While an iterative interplay between mathematical models and experimental data has unraveled
key design principles of the dynamics of cellular plasticity and heterogeneity during EMT/MET,
many open questions remain. For instance, it remains to be identified how many hybrid E/M
phenotypes exist and what the similarities and differences in their functional attributes are. While
mathematical models of different regulatory networks have a common prediction that EMT/MET
is not a binary process, different numbers of hybrid E/M states with varying molecular signatures
have been predicted [113–115]. Which combination of molecular markers is most appropriate to
experimentally identify these hybrid E/M phenotype(s) needs to be commonly agreed upon [71].
A robust identification of such markers could help affirm/falsify the predictions from these models,
and fuel this interdisciplinary approach to classification of the ‘”common organizing principles”

239



J. Clin. Med. 2019, 8, 1542

underlying the “myriad phenotypic complexities” [116] associated with various aspects of tumor
progression, including metastasis.

4. Phenotypic Interconversions of Cancer Stem Cell Populations

Cancer stem cells (CSCs) are cells with self-renewal capacity that lead tumor initiation and give
rise to the differentiated cells which constitute phenotypically heterogeneous tumors [29,117,118].
The notion of their existence has been around for over a century, but it gained more attention
when the first CSC-specific markers were identified in hematological and solid tumors [119–121].
These populations have been reported to originate from normal stem cells, progenitor cells and
differentiated cells that undergo a dedifferentiation process during malignant transformation (Figure 2a).
Several markers have been described to define CSC populations in different cancer types; for instance,
CD24−/low/CD44high markers delineate a common CSC population for breast cancer, colorectal cancer,
ovarian cancer, liver cancer, and others [122]. Interestingly, this population is characterized as the
mesenchymal-like CSC population in breast cancer [123]. ALDH (aldehyde dehydrogenase) activity
is another pan-CSC marker which can be employed for dissecting epithelial-like or E/M-hybrid-like
CSCs [123], suggesting the existence of different CSC subsets within the same tumor depending on
their EMT state. Indeed, CSCs can also exist in a quiescent or highly proliferative state, as has been
reported since early seminal studies [124].

Figure 2. Origins and dynamics of cancer stem cells (CSCs). (a) CSCs can originate from normal
cells during malignant transformation, induced by oncogenic events. Separately, additional genotoxic
insults on malignant cells can lead to a dedifferentiation process of differentiated tumor cells into
CSCs. Black and white cells are differentiated cells and colored cells are CSCs. (b) EMT/MET generates
stem cell properties in cancer cells; however, extreme EMT can cause a loss of stemness potential.
Therefore, cell plasticity and reversibility are important features in reversion to hybrid E/M states.
(c) Microenvironmental signals can induce stemness in non-CSCs, e.g., cytokines such as IL-6 or TGF-β.
In addition, tumor cells can hijack the niche of normal stem cells, inducing dedifferentiation and
stemness in cancer cells. (d) Tumor cell populations tend to maintain their inherent proportion of CSCs.
Differentiated phenotypes and lineages in tumours, either luminal and basal, can switch to CSCs when
these are depleted or diminished due to experimental approaches or anticancer treatments.

The CSC phenotype is a dynamic state rather than a fixed population, as confirmed by lineage
tracing in breast cancer models [125] and in human colorectal xenotransplants [30], wherein a
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continuous turnover of CSCs has been observed. Other in vitro models have also shown that CSCs
can arise from non-CSCs [12,126,127]; for instance, cells undergoing EMT can convert from non-CSCs
to CSCs [22] (Figure 2b). A recent study using lineage tracing and RNA-seq demonstrated that
EMT occurs continuously during early tumorigenesis in individual clones [128], thus enabling CSC
properties. EMT implies a transdifferentiation from an epithelial to a mesenchymal phenotype;
therefore, it is not surprising that cells first dedifferentiate—increasing stemness—prior to their
entry into the mesenchymal-like state. Thus, consistent with in silico predictions from mechanistic
mathematical models [21], stemness has been observed to peak in the hybrid E/M state(s) rather
than terminal epithelial or mesenchymal states [20,46]. Interestingly, in breast cancer, non-CSC
to CSC conversions have been observed to occur more often in the basal-like subtype than in the
luminal-like subtypes. This difference is due to the maintenance of bivalent or “poised” chromatin
marks on the ZEB1promoter—an important EMT inducer—able to quickly respond to environmental
signals [129]. Indeed, such poised marks have also been demonstrated for crucial cell-fate regulators in
the differentiation of embryonic stem cells [130].

Dynamic reversible processes such as EMT can mediate interconversion among CSCs and
non-CSCs. Besides EMT, cancer cells can also take alternate routes to acquire CSC properties, which
include undergoing a dedifferentiation process by oncogenic transformation [127,131], acquisition of
new mutations [132,133], reversible senescence [134], and in response to inflammatory signals from the
microenvironment [11] (Figure 2a–c). In colorectal differentiated tumor cells, NF-κB signaling has been
shown to activate the Wnt pathway to induce dedifferentiation, re-expression of Lgr5, gain of stem
cell properties, and increased tumor initiation ability [135]. In addition, cancer cells can outcompete
resident stem cells and occupy their supportive niches to acquire stem cell properties [11,136,137].
Interestingly, the depletion of Lgr5+ cells ceases tumor growth of CRC, yet tumor growth is restored by
the spontaneous reappearance of Lgr5+ cells in a dedifferentiation event in the primary tumor but
not in the metastatic liver site, suggesting the absence of a CSC-supportive niche in the liver [30,138].
Overall, these studies indicate that the CSC state is a dynamic and plastic condition coordinated by
tumor intrinsic and extrinsic processes.

Phenotypic plasticity can explain the continuous appearance of CSCs reported in clonal evolution
studies [125,139]. In fact, not all cancer types follow the hierarchical CSC model, as reported in
melanoma and pancreatic studies by the lack of clonal expansion [139–142]. This observation can
be a consequence of highly plastic tumors that continuously interconvert CSC states in equilibrium.
In pancreatic cancer, CD133+ tumor-initiating cells are transiently and continouously generated, since
their presence is required for tumor generation [139]. Therefore, the CSC phenotype—transient or
sustained—seems to be crucial for tumor and metastasis initiation.

5. Dynamic Equilibrium within Cancer Cell Populations

Some studies have demonstrated a dynamic equilibrium between CSC and non-CSC populations
(Figure 2d) [143,144]. Similarly to complex systems, tumors can maintain a phenotypic equilibrium for
functional redundancy and feedback control [145]. A pioneering study demonstrated how a mixed
population of CD44high and CD44low cells sorted from HME (normal human mammary epithelial cells)
restored the parental stem-cell-like population. CD44high cells were observed to undergo differentiation
while the CD44low population transitioned into the stem-cell-like CD44high phenotype, implying the
existence of homeostatic control at population level. An alternate explanation could be different growth
rates among stem-cell-like and differentiated cells; further investigation is required to deconvolute
these different hypotheses [127]. Another landmark study combined the use of mathematical models
and experimental approaches to characterize the equilibria of CSC and non-CSC populations [12].
Two breast cancer cell cell lines (SUM149 and SUM159) used in this study comprised different
distributons in terms of luminal-like (L), basal-like (B), and stem cell-like (S) subpopulations. When
these three subpopulations were segregated and cultured separately, all subpopulations returned to
the original equilibrium of the parental cell line (SUM149 or SUM159, respectively), reminiscent of
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observations made in PMC42-LA systems [73]. Thus, de novo CSCs emerged independent of the
starting point—L or B cells. These findings were later explained using a mathematical model proposing
that phenotypic distributions in a given population (cell line) can be maintained due to stochastic
cell-state transitions [12]. Another study using these cell lines showed how the aberrant regulation of
cell fate determinants such as Slug can alter the balance of interconversion between luminal and basal
cell populations [126]. Therefore, a perturbation in key regulatory genes can alter the relative stability
of various possible attractors, and consequently generate different phenotypic distributions [146,147].

The population dynamics of cancer cells can also be influenced by extrinsic input fluctuations
from microenvironmental signals. For instance, Zeb1 is epigenetically controlled, with bivalent
histone marks allowing quick responses to TGF-β signals, impacting the dynamic equilibrium among
CD44low-non-CSCs and CD44high-CSCs [129]. Thus, epigenetic marks can directly govern cell state
transitions by affecting the transcriptional accesbility of genes involved in cellular plasticity [148].
TGF-β signaling also participates in maintenance of the equilibrium of non-CSC and CD133+ CSCs,
as reported in breast and colon cancer cells in vitro [144]. It is of note that TGF-β signaling also
modulates the dynamic heterogeneity in embryonic stem cells by altering the balance of Nodal and
BMP pathways [149]. In breast and prostate cancer, inflammatory cytokines such as IL-6, which
are also involved in EMT [150], establish a dynamic balance of CSCs and non-CSCs. IL-6 secretion
maintains the balance of newly generated CSCs and the CSC differentiation to non-CSCs [131].
In agreement with these studies, stochastic simulations estimated the rates of interconversion between
epithelial-proliferative and mesenchymal-quiescence states in breast CSCs. Similarly, disrupting
the inflammatory feedback loop signals of IL-6, Stat3, and NF-κB has been predicted to serve as a
therapeutic intervention able to eliminate both types of CSCs [151]. This model prediction has yet to
be experimentally tested.

6. Non-Cell Autonomous Effects of the EMT Process and CSC Identity

Tumors have been postulated to display collective behavior and can be viewed as a community of
social cells [78,152]. Indeed, swarm-like behavior has been proposed to facilitate optimal utility of
tissue space and induce motility beyond a threshold of tumor population density [153]. This collective
behavior could be the result of the synchronized EMT evident in migrating individual mesenchymal cells
documented in developmental and cancer models [35,88,154]. Synchronized EMT in cell populations
can be observed in embryonic cells that ingress and form the mesoderm in the invagination and
epiboly steps of gastrulation. The origins of this spatiotemporal synchrony are often assigned to the
“organizer” group of cells, such as the Nieuwkoop center and Spemann organizer, which demarcate the
onset of EMT in Xenopus embryos [155]. The signal gradients emanating from these node organizers,
Wnt/β-catenin, and Nodal/TGF-β dictate the space and time of EMT during gastrulation [155,156].
In cancer, such structures have not yet been determined, as EMT is not likely to be restricted to
a particular time or space; instead, it can occur spontaneously during different stages of disease
progression and depending on microenvironmental changes.

The current observations of EMT in cancer have been mainly based on detecting morphologically
visible invasive cells at tumor margins. Recent evidence suggests continuous EMT in the early stages
of tumor development in different clones [128], even in preneoplastic stages [157]. Tumor marginal
invasion has been captured by intravital microscopy (IVM), showing the occurrence of spontaneous
EMT in individual cells of MMTV-PyMT breast tumors [88,158]. Another intravital imaging study
implicated TGF-β in coordinating the local switch from attached groups of cells to cells displaying
individual motility [159]. Overall, EMT might be synchronized at a population level in cancer.

Interestingly, E-cadherin has been reported to function as a sensor of cell population density,
providing a mechanism by which cell populations may reach phenotypic equilibria through EMT in
tissues. Mechanistically, E-cadherin can sense low cell densities and increase the availability of growth
receptors, thus favoring downstream EGFR/ERK signaling and β-catenin stabilization to stimulate
growth [160–162]. Computational studies have modeled “anti-social” behavior of E-cadherin-negative
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cells, typical of EMT-like cells, and predicted that their presence could disrupt existing population
dynamics, depending on external environmental factors such as calcium levels [160]. This instance
is a good example of “secrete-and-sense cells”, by which an EMT event could alter homeostasis and
influence the entire population.

7. Spatiotemporal Dynamics of EMT and CSCs

Cellular phenotypes displaying varying levels of EMT and/or CSCs have been witnessed in vitro
and in vivo; one recent focus has been the identification of their spatial localizations within a tumor.
One of the first reports on spatial heterogeneity in EMT proved a higher nuclear localization of
β-catenin at the invasive edge of primary colorectal carcinomas, while a more cytoplasmic and
membranous staining was evident in central tumor areas [163]. Concurrently, membranous E-cadherin
was largely retained in central tumor areas but lost at the invasive edge [164,165]. More recently,
subsets of CSCs (CD44+/CD24− and ALDH+) with varying EMT status (mesenchymal and hybrid
E/M, respectively) have been described in breast cancers [123,166], with the mesenchymal subset
located at the invasive edge and the hybrid E/M subset located in the tumor interior. This spatial
distribution can be attributed to gradients of EMT-inducing signals and cell-to-cell communication in
tumors [167]. In both aforementioned cases, the mesenchymal subpopulation at the invasive edge of
primary tumors has been reported to be quiescent, while the central tumor subpopulation tends to be
proliferative [123,163], consistent with the “go-or-grow” (i.e., migrating cells have low proliferation
rates) paradigm, as witnessed in in vitro analysis of EMT and cell cycle regulators [26,168]. Single-cell
transcriptomic analysis of primary head and neck tumors has further strengthened the finding of
prominent mesenchymal features at the invasive edge [48]. Thus, a primary tumor may contain
spatially distributed cells with varying extents of EMT [68,167].

Spatiotemporal patterns of EMT and non-EMT cells have been observed in vitro as well. EMT-like
cells can induce EMT across the population by paracrine and/or juxtacrine signaling and generate an
equilibrium of EMT-induced and non-EMT cells in tumor cell clusters [47,68]. The processes by which
a cell population reaches these equilibria in a spatiotemporal manner require further investigation,
and this is another example where mathematical modeling could reveal the underlying mechanisms.

This spectrum of heterogeneity has also been observed beyond the primary tumor in disseminated
circulating tumor cells (CTCs) from patients across cancer types [59,69,169,170]. CTCs can migrate
either as individual cells or in units of two or more cell clusters [169]. Various spatiotemporal patterns
in EMT phenotypes may influence frequencies and size distributions of CTC clusters [171], which are
considered the primary harbingers of metastasis [172]; thus, an understanding of their characteristics,
such as size distribution, frequency, ability to traverse capillaries [173], and molecular profiles of
their tumor and/or stromal cell populations [174], holds promise in highlighting new therapeutic
vulnerabilities. Connecting these traits of CTC clusters to spatiotemporal dynamics of EMT in a
primary tumor has yet to be undertaken comprehensively. Since these CTC clusters can contain
various non-cancerous cells such as platelets and fibroblasts, their presence may have many functional
consequences in accelerating metastasis; for instance, macrophages may facilitate transendothelial
migration and neutrophils may drive cell cycle progression during circulation [175,176]. Thus, future
efforts should focus on the mechanistic underpinnings of various modes of cell-to-cell communication,
coordination, and cooperation among tumors and stromal cells during the various steps of the
metastasis–invasion cascade.

8. Conclusions

Dynamic cell plasticity increases the phenotypic heterogeneity of tumors and thus tumor versatility
at the population level. This phenomenon increases the complexity of the mechanisms underlying
carcinogenesis, metastasis, and its treatment. The study of non-static systems is technically challenging,
but the emergence of new techniques able to study single cell phenotypes and cell state transitions
through reporter cell lines, real-time imaging in combination with mathematical modeling, and big
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data analysis sheds light on the existence of dynamic behaviors. Future studies need to focus on
decoding the molecular mechanisms responsible for such emergent behaviors at cellular and population
levels. An individual renegade cell has long been considered to be the unit of cancer progression.
However, with accumulating evidence about collective phenomena at a tissue level, such as engineering
of the primary tumor and/or metastatic niche [136,177], collective migration [175], and metabolic
synergy [178], we must focus on non-cell autonomous mechanisms of cellular plasticity in the tumor
microenvironment [179]. In addition, new studies should attempt to elucidate the nonlinear dynamics
of cell-to-cell communication and co-operation in tumor progression. Such an integrative and dynamic
understanding will steer us towards outsmarting cancer through innovative approaches such as
blocking cellular plasticity bidirectionally and designing adaptive therapies that take into account the
evolution of resistance [180].
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Abstract: Invasion, or directed migration of tumor cells into adjacent tissues, is one of the hallmarks
of cancer and the first step towards metastasis. Penetrating to adjacent tissues, tumor cells form
the so-called invasive front/edge. The cellular plasticity afforded by different kinds of phenotypic
transitions (epithelial–mesenchymal, collective–amoeboid, mesenchymal–amoeboid, and vice versa)
significantly contributes to the diversity of cancer cell invasion patterns and mechanisms. Nevertheless,
despite the advances in the understanding of invasion, it is problematic to identify tumor cells with the
motile phenotype in cancer tissue specimens due to the absence of reliable and acceptable molecular
markers. In this review, we summarize the current information about molecules such as extracellular
matrix components, factors of epithelial–mesenchymal transition, proteases, cell adhesion, and actin
cytoskeleton proteins involved in cell migration and invasion that could be used as invasive markers
and discuss their advantages and limitations. Based on the reviewed data, we conclude that future
studies focused on the identification of specific invasive markers should use new models one of which
may be the intratumor morphological heterogeneity in breast cancer reflecting different patterns of
cancer cell invasion.

Keywords: cancer; invasion; invasive front; epithelial–mesenchymal transition; heterogeneity

1. Introduction

Metastasis is a key feature of cancer and a “final chord” of the tumor progression [1]. The ability for
metastasis enables tumor cells to leave the primary site and disseminate throughout the body, causing
severe organ failure and leading to death. Understanding the mechanisms underlying metastasis is
extremely important for the development of highly effective cancer therapies [2].

Metastasis is a complex process of stepwise events collectively termed the metastatic cascade and
consisting of local invasion of tumor cells, intravasation to blood vessels, survival in the circulation,
arrest at distant organs, extravasation into the parenchyma of distant tissues, micrometastasis formation,
and metastatic colonization (macrometastasis) [1,2]. Invasion is the first step in the metastasis of tumor
cells. From the morphological point of view, the invasion is a process during which malignant cells
detach from the tumor mass, acquire the ability to actively move, and invade surrounding tissues

J. Clin. Med. 2019, 8, 1092; doi:10.3390/jcm8081092 www.mdpi.com/journal/jcm255



J. Clin. Med. 2019, 8, 1092

through the adjacent basement membrane [3]. The interface of tumor and host tissue, in other words,
the deepest rim of cancerous tissue grown in adjacent non-cancerous tissues, is called an “invasive
front (edge)” [4]. Tumor cells constituting the invasive front are phenotypically different from cells in
other tumor parts. Invasive front cells are believed to have a locomotor phenotype and demonstrate a
variety of types and mechanisms of movement [5,6]. Tumor cells can move collectively or individually.
The type of invasion depends on the molecular changes in tumor cells and the tumor microenvironment
features [7–10]. The distinctive features of collective cell invasion include physical and functional
relationships among tumor cells due to adhesion molecules as well as the presence of leader cells that
are characterized by the mesenchymal phenotype and the ability to form lamellipodia, pull follower
cells, and destroy the extracellular matrix (ECM) through production of proteases [11–13]. Interestingly,
according some reports, invasive leaders do not express molecular features of epithelial–mesenchymal
transition (EMT) [14], but exhibit a basal epithelial gene program, that is enriched in cytokeratin-14
and the transcription factor p63 [15,16].

Individual invasion can occur through mesenchymal and amoeboid cell migration
mechanisms [17]. Sometimes, an intermediate amoeboid/mesenchymal (filopodial) cell migration mode
is distinguished [18]. In mesenchymal movement, tumor cells exhibit a pronounced fibroblast-like
phenotype, high expression of integrins, synthesis of proteolytic enzymes, and activity of small
GTPases Rac1 and Cdc42 that are necessary to form lamellipodia and actomyosin contractions [7,12].
In amoeboid movement, cells are not capable of proteolysis and adhesion of the ECM but demonstrate
the enhanced activity of the actomyosin machinery and the formation of cell membrane protrusions
(blebs), which allow cells to squeeze through tight spaces in the surrounding matrix. Amoeboid
movement directly depends on Rho/ROCK cell signaling and activity of type II myosin [13,17,19].
Tumor cells can transit from one cell migration phenotype to another via mesenchymal–amoeboid
(MAT) and amoeboid–mesenchymal transition. The key role in these transitions is played by the balance
of GTPases Rho and Rac, changes in expression of focal adhesion molecules and proteases, and ECM
stiffness [13]. Importantly, the Rho/Rac feedback loop, particularly balanced relative high RhoA and
Rac1, is also responsible for the hybrid amoeboid/mesenchymal phenotype in migrating cells [20].

EMT plays a key role in tumor dissemination. During EMT, tumor cells lose the epithelial
phenotype and acquire the mesenchymal features and resistance to antitumor treatment; EMT also
promotes immortalization and is involved in the prevention of apoptosis [21,22]. EMT is induced not
only by molecular changes in tumor cells but also by cytokines and growth factors secreted by immune
and stromal cells of the tumor microenvironment [23–26]. EMT may be incomplete (partial) when
tumor cells still retain epithelial features but already acquire mesenchymal traits. During partial EMT,
cells are described as a hybrid, with an intermediate epithelial/mesenchymal phenotype [27]. Partial
EMT has been reported for both single tumor cells and tumor buds (groups of up to five cells) that
are a variant of collective invasion [28]. The phenomenon “tumor budding” is regarded as a specific
“signal” indicating the onset of cancer invasion and metastasis. The presence of tumor buds in the
invasive front was found to be associated with increased metastasis and poor prognosis in various
cancers [28–34].

Tumor cells can acquire the ability for migration not only through EMT but also through the
so-called collective–amoeboid transition (CAT) when cells detach from the tumor mass and acquire
an amoeboid phenotype rather than a mesenchymal phenotype. CAT is known to be regulated by
the core regulatory circuits underlying EMT (miR-200/miR-34) and MAT (Rac1/RhoA) [35] and can be
promoted by hypoxia-inducible factor 1 (HIF-1), which is accompanied by a decrease in E-cadherin
expression [36]. However, CAT still remains a poorly understood phenomenon.

Active migration of tumor cells is not the only mechanism for invasive tumor growth. There is
the so-called passive invasion when cells penetrate adjacent tissues under pressure from other tumor
cells during proliferation (expansive growth) or due to an increase in the ECM density caused by the
production of fibronectin and collagen by cancer-associated fibroblasts [37,38]. The fact that many
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circulating tumor cells are apoptotic [39,40], may be considered as indirect evidence of passive invasion,
whereas active invasion is associated with viable cells [37].

Despite the fact that the mechanisms and types of cell migration and invasion have been described
and studied quite well, there are currently no highly efficient and validated molecular markers for
identification of migrating/invading tumor cells in tumors and, therefore, for assessment of their
invasive potential. These markers could be used to identify patients at the high risk of distant metastasis
and to prescribe therapy aimed at interrupting the metastatic process. In addition, these markers might
represent targets for future therapeutics that block invasion and metastasis.

In this review, we systematized information about molecules that might be potential markers of
tumor invasion and discussed the advantages and limitations of their use in clinical practice.

2. Potential Markers of Cancer Cell Invasion

The literature reports numerous studies describing various molecules that may act as markers of
tumor cell invasion. Conventionally, they may be subdivided into several groups: ECM components,
EMT, cell–cell and cell–ECM molecules, proteases, and actin cytoskeleton proteins (Table 1).

2.1. ECM Components

The first barrier to tumor cell invasion is the basement membrane that is a 100–300 nm thick
ECM structure consisting of laminins, type IV collagen, and other non-cellular components, on which
epithelial cells proliferate and differentiate [41–44]. Impaired integrity of the basement membrane is
a histological marker indicating that carcinoma has acquired invasive properties [12,41,43]. A key
component of the basement membrane, laminin-5, consists of α3, β3, and γ2 chains and plays a
significant role in migration and invasion of tumor cells [43,45–48]. The interaction between laminin-5
and tumor cell integrins leads to the release of proteases and degradation of the basement membrane
and ECM [43,47,49–51]. The laminin-5 γ2 chain monomer, which is considered as one of the most
characteristic markers of invasion is found in the invasive front of different cancers [51,52]. For example,
laminin γ2 expression combined with MMP-7 and EGFR expression in the invasive front is associated
with gastric cancer aggressiveness [43]. In gastric cancer, cytoplasmic expression of laminin γ2 in
tumor cells is related to lymph node metastasis and advanced stage [53]; in gallbladder cancer, stromal
laminin γ2 expression is associated with a poor prognosis [54]. Laminin γ2 is also expressed in the
invasive front of breast, pancreatic, colon, lung, and other cancers [46,51,52,55,56].

Table 1. Potential markers of cancer cell invasion.

Markers Functions Expression at the Invasive Front Limitations

ECM components

Laminin-5, γ2
chain

ECM components, triggering
MMP production through
interaction with integrins

Breast, pancreatic, colon, lung,
and other cancers [46,51,52,55,56] Expression not only in the

invasive front, but in other regions
of the tumor [43,46,57–59]Fibronectin Oral and head and neck cancers

[60,61]

Tenascin C Modulation of cell adhesion Melanoma, breast, lung, liver,
and gallbladder cancers [57,62]

EMT molecules Snail, Twist,
vimentin

EMT induction and
regulation Various cancers [63]

Snail and Twist: Unstable
molecules [64,65], total expression

in breast tumors [66]. Vimentin
may not be expressed in invasive

carcinomas [67]

Cell–cell and
cell–ECM
interaction
molecules

Cadherin-catenin
complex Adherens junctions

Colorectal, oral, and basaloid
carcinomas (loss of E-cadherin

and nuclear localization of
β-catenin) [68–71]

In some tumors, loss of
E-cadherin is not indispensable

for invasive growth [72]

Integrins
Cell–ECM adhesion,

involvement in MMP
production

Melanoma (αvβ3), colon (αvβ6),
head and neck (αvβ6), and lung

(α6β4) cancers [73–76]
Involvement in other biological

processes [77,78]

Galectin 1 Modulation of cell–cell and
cell–ECM interactions

Oral and lung cancers,
glioblastoma [47,79,80]

L1CAM Cell adhesion Colorectal and pancreatic
cancers [81,82]

Dualistic role in cancer
progression [83]
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Table 1. Cont.

Markers Functions Expression at the Invasive Front Limitations

Serine proteases
and MMPs

uPA Proteolysis of plasminogen
to plasmin Oral and skin carcinomas [84,85] Involvement in other biological

processes [86,87]

MMPs ECM proteolysis

Melanoma (MMP-2), colorectal
(MMP-7), gastric (MMP-7),

endometrial (MMP-2, 9), ovarian
(MMP-2, 9), and head and neck
(MMP-2, 9) cancers [56,88–94]

Actin cytoskeleton
proteins

Ezrin

Actin polymerization,
cytoskeletal dynamics

Lung cancer [95,96]
Involvement in other biological

processes. Contradictory data on
the role in cancer progression [96]

WAVE2 Breast cancer [97] -
Cortactin Oral and laryngeal cancers [98,99] -
MENAinv Breast cancer [100] -

Fascin-1 Liver, colon, cervical,
and endometrial cancers [101–104] -

Other proteins Ki-67 Cell proliferation Breast, oral, and endometrial
cancers [6,105–107]

Contradictory data on the level of
Ki-67 expression at the invasive

front [56,69,108]

FGFR2 Cell division, growth and
differentiation

Colorectal and cervical
cancers [109,110]

Involvement in other biological
processes [111]

ECM, extracellular matrix; EMT, epithelial–mesenchymal transition; MMPs, matrix metalloproteinases.

After penetrating the basement membrane, invading cells enter the ECM. Fibronectin is the
major ECM component that plays a key role in the stimulation of cell growth, adhesion, and cell
migration. On the one hand, fibronectin forms a physical barrier for migrating cells; on the other hand,
its interaction with tumor cell integrins, mainly with α5β1, triggers ECM proteolysis through secreting
MMP-2 and MMP-9 [42,112]. Fibronectin was demonstrated to be involved in the regulation of cell
invasion and migration in various cancers [113] and expressed at the invasive front of oral and head
and neck squamous cell carcinomas [60,61].

The tenascin C protein also belongs to ECM glycoproteins; however, it is mainly active during
embryogenesis. In the adult body, tenascin C is found only in some types of connective tissue (tendons,
ligaments, etc.). Interestingly, tenascin C is often expressed in the invasive front of breast, lung, liver,
and gallbladder cancers, as well as melanoma, and is associated with a poor prognosis particularly
decreased recurrence-free and overall survival and a high rate of metastasis [57,62].

Despite the proven association of basement membrane and ECM components with invasiveness,
their role as markers of tumor invasion is ambiguous. For example, laminin γ2 expression is not
always observed in the invasive front. According to Sentani [43], cytoplasmic laminin γ2 expression in
the invasive front of gastric cancer occurs only in 25% of cases, and stromal expression is observed in
8% of cases. According to García-Solano [58], laminin γ2 expression in tumor buds at the invasive
front of colorectal adenocarcinoma is found only in 17–57% of cases. In addition to the invasive front,
laminin γ2 is also found in the basement membrane and cytoplasm of tumor cells, outside the invasive
front [46]. Fibronectin and tenascin C are also expressed not only in the invasive front [57,59].

2.2. EMT Factors

EMT is common to almost all cancers, but the transition is rarely implemented in full [67].
Partial EMT is mainly typical of tumor cell clusters. However, there is evidence that single migrating
cells may be in partial EMT. During partial EMT, tumor cells show co-expression of molecules of
epithelial (E-cadherin, EpCAM, cytokeratin 7, miR-200, miR-34, etc.) and mesenchymal (N-cadherin,
vimentin, ZEB, SNAIL, etc.) phenotypes. Cells in a partial EMT are capable of both adhesion and
migration [27,28,67].

Overexpression of EMT markers is often observed in the invasive front of various cancers [63].
Nevertheless, molecules involved or associated with EMT are characterized by a low diagnostic value in
assessing the invasive potential of tumors. Snail and Twist transcription factors are unstable molecules
and undergo rapid proteasomal degradation [64,65]. In contrast, according to our data, Snail and
Twist are totally expressed in breast tumor, without any selectivity in the invasive front [66]. Vimentin,
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which is considered a marker of the final EMT stage, may not be expressed in invasive carcinomas at
all [67]. Furthermore, EMT is not always necessary for invasion and metastasis. In Snail and Twist
knockout mice, tumor dissemination and the number of metastases are comparable to those in control
mice [114]. Therefore, the presence of EMT cannot always answer the question whether the tumor cell
migrates at a given time.

However, it should be understood that EMT is a complex process in which each step is thought to be
regulated by a distinct set of transcription factors and molecular circuits overlapping to each other and
generating specific phenotypes [115,116]. The picture is complicated by the fact that EMT transcription
factors control other cellular events, including apoptosis and stemness [116]. Moreover, induction
of an EMT transcription factor is known to be sufficient to induce single-cell dissemination without
orchestrating the molecular EMT program and with retaining epithelial identity [16,117]. Thus, further
studies are needed to explore molecular mechanisms underlying each EMT module, namely cell motility,
and to find markers that could be used to assess the invasive potential of tumor cells. In addition, it is
necessary to consider the fact that cells are capable of amoeboid and hybrid amoeboid/mesenchymal
movement. Therefore, a perfect method for determining the invasive phenotype in tumor cells is the
simultaneous assessment of markers of mesenchymal and amoeboid migration.

2.3. Cell–Cell and Cell–ECM Interaction Molecules

Adhesion molecules, such as integrins and the cadherin-catenin complex, are the key components
of tumor invasion. Changes in the activity of cadherins, which are proteins involved in the formation
of cell–cell contacts, is a characteristic feature of invasive growth. E-cadherin, which forms adherens
junctions in an epithelial cell layer, is repressed by Snail, Slug, and Twist transcription factors during
EMT [64]. The loss of E-cadherin and the nuclear localization of β-catenin, involved in signaling to
the actin cytoskeleton [118], were observed in tumor cells at the invasive front in various cancers [69].
Nuclear accumulation of β-catenin in tumor cells in the invasive front and in vessels was found to be a
powerful predictor of liver metastasis in colorectal cancer [70,71]. However, the loss of E-cadherin
expression is probably not an indispensable prerequisite for invasiveness of tumor cells [72] and,
therefore, cannot be used as a marker for invasive growth, at least for some cancers. Moreover,
in some tumors, a loss of E-cadherin has been shown to be detrimental to invasion and metastasis. For
example, the presence of E-cadherin is a specific feature of a highly aggressive form of breast cancer,
inflammatory carcinoma, and needed for successful invasion and metastatic colonization of bone by
tumor cells [119]. In this regard, analysis of more effective markers is needed to assess the invasive
tumor potential, along with markers of amoeboid movement, as mentioned above.

The key event initiating production of metalloproteinases is the interaction of integrins with ECM
components. The main ligands for integrins are fibronectin (α5β1, αvβ3, and α4β1 integrins), collagens
(α1β1, α2β1, and α11β1), and laminins (α2β1, α3β1, α6β1, and α6β4) [41,64,120–123]. For example,
α3β1 integrin activates MMP-9 synthesis through interaction with laminins and triggers reorganization
of the actin cytoskeleton [124]; α6β1 is involved in tumor invasion via activation of the urokinase
plasminogen activator (uPA) receptor and MMP-2 [125]. Laminin-5 is the best-characterized ligand for
α3β1 integrin. α6β4 integrin is involved in the regulation of tumor cell migration through activation
of the Rho-A signaling cascade [121]. Binding of fibronectin to α5β1 integrin activates MMP-1 and
stimulates migration through the ILK/Akt and GSK3β/Snail/E-cadherin signaling pathways [121,126].
Fibronectin-mediated migration is also associated with αvβ3 integrin. αvβ3 integrin is involved in
activation of MMP-2 [127] and, under stress conditions, can trigger a ligand-independent signaling
cascade leading to activation of NF-κB and Slug, acquisition of a stem phenotype, and promotion of
migration [126].

Expression of integrins changes during tumor progression and is often elevated in the invasive
front of tumors: αvβ3 in melanoma [75], αvβ6 in colon and head and neck cancers [73,76], and α6β4
in non-small cell lung cancer [74]. Furthermore, high expression of integrins in tumor cells may
promote metastasis. For example, α2β1 enhances metastasis of rhabdomyosarcoma in nude mice after
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intravenous or subcutaneous injection [128], whereas α3β1 promotes lung metastasis through binding
to laminin-5 in an exposed basement membrane in the pulmonary vasculature [50].

Signaling pathways activated by different integrins may lead to the same biological effects,
while an individual contribution of each of the integrins is different. In neuroblastoma, tumor cell
migration can be activated either via FAK-mediated α5β1 integrin signaling or via a FAK-independent
pathway involving α4β1 integrin. Both signaling pathways lead to the induction of Src family protein
kinases [129,130].

The use of integrins as markers of invasive growth is complicated by the fact that the same
integrins can participate in both invasion and other biological processes [78]. For example, α6β1
integrin, apart from involvement in tumor invasion, also participates in Ca2+ signaling [131] and
platelet adhesion upon damage to the vascular wall [132].

There is evidence that changes in expression of other cell interaction proteins may be a marker of
invasive tumor cells. Galectins, membrane glycoproteins, bound to integrins, laminins, and fibronectin,
are used by cells to interact with each other and with the ECM [47,133]. Galectin-1 is involved in
the regulation of cell adhesion and migration, on the one hand, through stimulation of MMP-2 and
MMP-9 and, on the other hand, through activation of a small Rho GTPase Cdc42, which promotes the
formation of actin filopodia. Increased expression of galectin-1 is associated with high invasiveness
of lung adenocarcinoma and observed in the invasive front of oral squamous cell carcinoma and
glioblastoma [47,79,80]. However, galectins have effects not only on tumor cells but also on immune
cells promoting inflammation or dampening T cell-mediated immune responses [77]. The L1 cell
adhesion molecule (L1CAM), which is involved in β-catenin/TCF signaling, is necessary for cell
migration and invasion. Normally, L1CAM is present only in the nervous tissue, but its expression is
induced in tumor cells. Increased expression of L1CAM was found in many cancers, including the
invasive front of colorectal and pancreatic cancers [81,82]. Nevertheless, L1CAM can have a static
function as a cell adhesion molecule and its expression is associated with good cancer prognosis [83,134].

2.4. Serine Proteases and Matrix Metalloproteinases

One of the main systems responsible for ECM proteolysis is the plasminogen activation system
that triggers a powerful serine protease, plasmin. The central component of this system is the uPA and
its receptor (uPAR), the interaction of which stimulates proteolysis of plasminogen to plasmin [135,136].
uPA is believed to play a significant role in tumor invasion and metastasis [135–137]. Experiments in
model animals demonstrated that inhibition of uPA and/or the uPA/uPAR interaction slows down
metastasis [135]. In contrast, expression of uPAR is associated with tumor invasion and is found in
stromal and tumor cells in the invasive front of oral and skin squamous cell carcinomas [84,85].

Metalloproteinases are involved in proteolytic degradation of the basement membrane and ECM.
MMP-7 activates MMP-2 and MMP-9 gelatinases exhibiting proteolytic activity against collagen
IV, laminins, proteoglycans, and fibronectin [138]. Expression of MMPs is observed during cancer
cell invasion [13,41]. MMP-7-positive tumor cells are predominantly found in the invasive front of
gastric cancer, while their number is much higher in aggressive and late-stage tumors [90,91]. MMP-7
is also expressed in the invasive front of colon cancer and correlates with tumor stage [56,91,92].
Elevated MMP-2 and MMP-9 levels are observed in the invasive front of melanoma, endometrial cancer,
and ovarian cancer [89,93]. High MMP-2 and MMP-9 expression is also observed in the invasive front
of head and neck squamous cell carcinoma [88,94]. Assessment of MMP-2 and MMP-9 expression in
the invasive tumor front may be helpful in the differentiation of verrucous carcinoma and squamous
cell carcinoma of the oral cavity [139].

However, increased expression of uPA and MMPs is not a unique feature of invasive tumor
cells and may be observed in other physiological processes. The components of the uPA system
can be involved in the early stages of tumor formation and can increase cell proliferation, inhibit
apoptosis, etc. [86]. MMPs are mediators between tumor cells and the microenvironment [87]. MMP-9
produced by inflammatory cells is involved in the proteolytic activation of anti-inflammatory cytokines
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TGF-β2 and TGF-β3, and MMP-2 and MMP-14 participate in the activation of TGF-β1 [87,140,141].
MMP-2, MMP-9, and MMP-14 indirectly modulate TGF-β activity by cleaving an ECM component,
the latent TGF-β binding protein 1 [87,142]. MMP-7 inhibits apoptosis and reduces the efficacy of
chemotherapy by cleaving Fas ligands on the surface of cells exposed to doxorubicin [87,143]. MMP-2
and MMP-9 are also involved in the regulation of angiogenesis and lymphangiogenesis [87]. MMP-9
secreted by inflammatory cells modulates bioavailability of VEGF to the VEGFR2 receptor [87,144].
Experiments in mice demonstrated the role of MMP-9 in triggering the angiogenic switch and in
vasculogenesis [87,145,146]. Therefore, the multifunctionality of MMPs reduces their significance as
markers of invasive growth.

2.5. Actin Cytoskeleton Proteins

Proteins involved in actin cytoskeleton remodeling play an important role in the mechanisms of
tumor cell migration and invasion [147]. The ezrin protein is a connecting link between actin filaments
and membrane proteins involved in cell–cell adhesion and migration [148]. Ezrin was demonstrated to
be localized together with the podoplanin in filopodia, stimulating cellular invasion [149], and expressed
in the invasive front of lung cancer [95]. Many studies reported that upregulation of Ezrin is a negative
prognostic factor in various cancers. However, there is an opposite data indicating the involvement of
negative or reduced expression of Ezrin in cancer progression [96]. This contradiction can be explained
by the fact that Ezrin is implicated in the regulation not only of cell motility but also of cell adhesion,
ion channels, cell proliferation, etc. [150].

The WAVE2 protein is involved in actin filament reorganization and lamellipodia formation and
was shown to colocalize with Arp2 at the invasive front of breast cancer [97,147].

Cortactin regulates cortical actin cytoskeleton dynamics by stabilizing F-actin networks and
promoting actin polymerization via activating the Arp2/3 complex [47,151]. According to in vitro
and in vivo experiments, cortactin promotes invasion of head and neck tumors [151], and its high
expression is found in the invasive front of oral and laryngeal tumors [98,99].

The MENA protein regulates actin polymerization and cell migration. An elevated level of the
MENAinv isoform, which is involved in the formation of invadopodia due to phosphorylation of
cortactin and activation of the N-WASP/Arp2/3 complex, is found in invasive cells of human tumors
and animal tumor models and is associated with a high risk of metastasis [100,152,153].

Fascin-1 is an actin-binding protein involved in filopodia formation. It is highly expressed in
nervous tissue and is normally absent in epithelial cells. However, a high level of fascin-1 is found in
many malignant neoplasms of the liver, gallbladder, stomach, intestines, lung, breast, etc., and is a
marker of poor prognosis [154,155]. Increased expression of fascin-1 is found in the invasive front of
liver, colon, cervical, and endometrial cancers and is associated with a high risk of metastasis [101–104].

2.6. Other Proteins

In the invasive front, there are highly proliferating tumor cells, which probably facilitate the more
efficient dissemination of the tumor. Expression of Ki-67, a cell proliferation marker, was shown to be
elevated in the invasive front of oral and endometrial cancers [6,105,106]. In breast cancer, nuclear
expression of Ki-67 is two-fold higher in the invasive front than in other parts of the tumor and is
associated with metastasis to bones and liver [107]. Increased proliferation of tumor cells in the invasive
front is also indicated by elevated expression of FGFR2 that is involved in the induction of signaling
pathways affecting division, growth, and differentiation of cells, as demonstrated in colorectal and
cervical cancers [109,110]. However, there are also contradictory data on negative expression Ki-67
or the absence of differences in its level between the invasive front and the tumor center in oral and
colorectal cancers [56,69,108]. Moreover, FGFR2 is a multifunctional protein that regulates different
biological processes such as proliferation, differentiation, etc. [111].

At first glance, the prevalence of cell proliferation in the invasive front is in contradiction to the
data that invading tumor cells are enriched in EMT markers [63] because EMT typically associates
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with cell cycle arrest [156]. However, in the invasive front, EMT-cell cycle connection can be broken.
In other words, instead of “go-or-grow”, tumor cells follow “go-and-grow” behavior [115,157].

The search for tumor invasion markers is an important issue aimed at assessing the risk of cancer
metastasis. The role of the discussed molecules as invasive markers is controversial in most cases.
Most of these molecules are involved not only in invasive growth but also in processes not related
to cell migration. Nevertheless, some molecules such as WAVE2, cortactin, MENAinv, and fascin-1
are promising candidates for future studies of their roles as cancer cell invasion markers. In any case,
the search for more specific markers of invasive growth is needed. In this regard, we think that the
emphasis on intratumor morphological heterogeneity typical of many cancers may be very productive.
In particular, investigation of the molecular make-up of various invasive tumor structures may enable
identification of new molecules associated with invasion of tumor cells.

3. Intratumor Morphological Heterogeneity as a Model for Studying Cancer Cell Invasion

Based on more than 10-year morphological studies and detailed analysis of various structural
features of invasive carcinoma of no special type of the breast (IC NST, previously classified as invasive
ductal carcinoma), we have concluded that there are two types of tumors: Nonstructural and structural
(Figure 1). Nonstructural breast carcinomas are characterized by a monomorphic pattern and are
represented by large solid areas connected to each other, with thin layers of stromal elements (Figure 1).

Structural tumors are characterized by a polymorphic pattern and a pronounced phenotypic variety
of the infiltrative (invasive) and stromal components (Figure 1). In other words, structural tumors
demonstrate significant morphological heterogeneity. In initial attempts to determine the potential
morphological IC NST features associated with cancer progression, we identified five main types of the
invasive component in the tumor: Tubular, alveolar, solid, and trabecular structures, and discrete groups
of tumor cells [158–161]. The tubular structures are tube-shaped and lumen-containing arrangements
of single rows of rather monomorphic tumor cells with round monomorphic nuclei. The alveolar
structures are clusters of round or slightly irregular tumor cells of different sizes, often with polymorphic
nuclei. The number of cells in alveolar structures varies from 5–20. The solid structures are represented
by large masses differing in size and shape, which consist of either small tumor cells with moderate
cytoplasm and monomorphic nuclei or large cells with abundant cytoplasm and polymorphic nuclei.
Although solid groups of tumor cells are a characteristic feature of nonstructural breast tumors, they
are also observed in structural carcinomas. The trabecular structures are represented by either a single
row of tumor cells (≥5 cells) or arrangements consisting of two rows of closely related monomorphic
cells with moderate cytoplasm, which are parallel to each other. The discrete groups consist of small
cell clusters (up to five cells) and single tumor cells (Figure 1). The size and shape of these cells and
nuclei vary significantly [158–161].

Different morphological structures were shown to represent transcriptionally distinct tumor cell
populations differing in the number of CD44+CD24− cancer stem cells, epithelial and mesenchymal
features, and enrichment of cancer invasion signaling pathways [160]. Tubular and alveolar structures
are similar in gene expression and demonstrate co-expression of epithelial and mesenchymal markers.
The solid structures retain the epithelial features but demonstrate an increase in the mesenchymal traits
and collective cell migration hallmarks. Trabecular and discrete groups are enriched in mesenchymal
genes and cancer invasion pathways. CD44+CD24− cells are less common in the discrete groups and
more abundant in the alveolar and solid structures [160]. Taken together, these data suggest that
different morphological structures demonstrate varying degrees of EMT: From low in tubular, alveolar,
and solid structures to advanced in trabecular and discrete groups of tumor cells [160].

The intratumor morphological heterogeneity of breast cancer is not an occasional phenomenon
and is strongly associated with disease prognosis and therapy efficacy. Breast tumors with either
alveolar or trabecular structures are characterized by a high rate of lymph node metastasis [161,162].
In neoadjuvant chemotherapy (NAC), tumors with alveolar or trabecular structures often demonstrate
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a poor response [162,163] and an increased risk of distant metastasis [162]. NAC-treated patients with
alveolar or trabecular structures in breast tumors have decreased metastasis-free survival [162].

Figure 1. Two types of breast carcinomas based on a structural pattern. Nonstructural breast carcinomas
are represented by large solid fields of cells connected to each other. Structural breast carcinomas are
characterized by a phenotypic variety of the infiltrative (invasive) component, represented by certain
types of morphological arrangements of tumor cells: Tubular structures, solid structures with small
sprouts, solid structures with large torpedo-like sprouts, alveolar structures, torpedo-like structures,
trabecular structures, and discrete groups of tumor cells. The images of hematoxylin and eosin-stained
sections were obtained from the database of the Department of Pathological Anatomy, Siberian State
Medical University, Tomsk, Russia.

In a longitudinal study of the morphological, molecular genetic and clinical features of breast
cancer, we have clearly seen that the differences are present not only in the structural pattern of
tumor tissue. It has become obvious that breast carcinoma is characterized by pronounced intratumor
morphological heterogeneity when morphologically similar and almost identical structures can exhibit
completely different expression profiles, and it may not be ruled out that this phenomenon may
somehow affect the behavior of tumor [66]. This conclusion prompted us to differentiate in more detail
the previously described morphological structures.

A morphological analysis of structural IC NSTs revealed significant diversity and variability
in solid groups of tumor cells, among which we identified two different variants: Solid structures
with large torpedo-like sprouts and solid structures with small bud-like sprouts (Figure 1). The first
variant is represented by various differently-sized, merging solid areas of tightly packed tumor cells
connected with each other. In these structures, there are elongated, mostly triangular sprouts consisting
of two–three parallel cell rows. The base of torpedo-like sprouts is always pointed out to the body of
solid structures, while the tip, consisting of one–three tumor cells, penetrates to different depths to the
stroma. Importantly, torpedo-like sprouts can be presented as structures independent of solid groups
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of tumor cells (Figure 1). Another variant of solid structures is represented by the large masses of
tumor cells. However, a distinctive feature is that any edge of a solid structure comprises rounded or
spherical bud-like sprouts consisting of five–seven atypical cells penetrating to the stroma (Figure 1).

Thus, the structural diversity of the infiltrative component and the pronounced intratumor
morphological heterogeneity in IC NST represent an attractive model for investigation of tumor cell
invasion. The solid structures both with large torpedo-like and small bud-like sprouts, as well as
trabecular structures, may be considered as a morphological manifestation of collective cell invasion.
Discrete groups of tumor cells, mainly single tumor cells, are an example of individual cell invasion.

4. Conclusions

Invasion is a key event towards the acquisition of the metastatic phenotype by tumor cells and an
attractive target for anticancer therapy aimed at the prevention of metastasis. In in vitro studies, EMT
has been proved to play an important role in the appearance of migrating and invading tumor cells.
However, the cell movement mechanisms working in vitro are frequently not related to the invasive
growth in vivo. Molecules that have been identified in vitro to be involved in cancer cell invasion do
not demonstrate selective expression at the invasive front or at the tips of invasive structures where
tumor cells are rather motile. Moreover, the expression of these molecules does not often demonstrate
clinical significance for the prediction of cancer metastasis risk. Thus, the question how to identify
invading tumor cells in human cancer specimens remains unanswered. In this regard, new effective
models should be developed to investigate the mechanisms of cancer cell invasion. In our opinion,
one of these models, at least in case of breast cancer, can be intratumor morphological heterogeneity
which is a manifestation of different patterns of tumor cell invasion. The investigation of the molecular
make-up of invasive structures of tumor cells and their microenvironment may provide valuable
information about new molecules involved in the invasive growth and may identify novel prognostic
markers and therapeutic targets.
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Abstract: A major transcriptional and phenotypic reprogramming event during development is the
establishment of the mesodermal layer from the ectoderm through epithelial-mesenchymal transition
(EMT). EMT is employed in subsequent developmental events, and also in many physiological and
pathological processes, such as the dissemination of cancer cells through metastasis, as a reversible
transition between epithelial and mesenchymal states. The remarkable phenotypic remodeling
accompanying these transitions is driven by characteristic transcription factors whose activities
and/or activation depend upon signaling cues and co-factors, including intermediary metabolites.
In this review, we summarize salient metabolic features that enable or instigate these transitions, as
well as adaptations undergone by cells to meet the metabolic requirements of their new states, with
an emphasis on the roles played by the metabolic regulation of epigenetic modifications, notably
methylation and acetylation.

Keywords: epithelial-mesenchymal transition; metabolism; plasticity; epigenetics; drug resistance

1. Introduction

Cells undergoing switches from epithelial to mesenchymal states experience radical changes
in motility, proliferation, morphology and interactions with their environment. Epithelial cells that
undergo EMT lose cell-cell contacts, undergo extensive cytoskeletal remodeling and exponentially
increase their motility and their ability to invade, through extracellular structures as individual cells [1].
At the same time, they adjust their rate of proliferation to the degree of motility, such that highly motile
cells with strong acquired mesenchymal phenotypes may exhibit a diminished proliferative potential [2],
while cells at “intermediate” states of EMT may retain or increase their proliferation rates relative to
their initial epithelial states [3]. This suggests a balance between motility and proliferation [4,5], that
may depend on the relative availability of common resources that can be spent on either motility or
on proliferation. Indeed, cells can undergo EMT (or also mesenchymal–epithelial transition (MET))
to different extents [6], adopting a range of phenotypes. While “extreme” EMT can lead to stable
mesenchymal phenotypes prone to enter pre-senescent states [5], “intermediate” forms of EMT endow
cells with features shared with stem cells, including self-renewal or survival under stress and in
non-adherent growth conditions [7,8].

Here we will review relevant interconnections between EMT and metabolism, with a particular
emphasis on the modulation by metabolites of epigenetic readouts, including EMT.
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2. Metabolic Reprogramming in EMT

As tumor cells proliferate, they require a constant availability of nutrients, and oxygen through
cell metabolism for transformation into energy and the molecular components of progeny cells, which
include nucleic acids, sugars, proteins, lipids and a myriad of small organic and inorganic molecules.
On the other hand, highly motile disseminating tumor cells, or even tumor cells surviving in circulation,
prioritize energetic yield over the production of building blocks, to ensure survival and fuel the cellular
processes associated to cell motility [1].

While the generation of building blocks is most efficient through precursor, and reducing
equivalent production by glycolysis and through precursor intake, the generation of energy in the form
of adenosine triphosphate (ATP) is at its most efficient through mitochondrial oxidative phosphorylation
(OXPHOS) [9]. However, when certain conditions, such as oncogenic signaling or hypoxia, force
growth in spite of an absence of any optimal conditions for mitochondrial function (limited oxygen),
cells resort to the activation of mechanisms that favor the derivation of glycolysis towards building
block production at the expense of feeding mitochondrial functions (the Warburg effect).

The metabolic dichotomy established between highly proliferative and highly motile phenotypes
is exemplified by a wide variety of observations. For instance, while epithelial cells display
fragmented mitochondria dependent on the function of DRP1 mitochondrial fission protein, SNAI1
and TGF-β1-induced mesenchymal cells display mitochondria with predominant mitofusin-dependent
fused/tubular morphologies in mammary stem cells [10]. Notably, mitochondrial fusion is associated
with enhanced oxidation and tricarboxylic acid (TCA) cycle activity [11–13], and then the reversal of
mitochondrial fusion leads to a decreased mitochondrial function and a reversal of EMT [10]. In line
with this, TGF-β1 induces a shift from glycolysis to OXPHOS by its repression of PDK4, which counters
the function of the pyruvate dehydrogenase (PDH) complex to introduce pyruvate into the mitochondria
to feed the TCA cycle, as observed in lung cancer cells [14]. Other models of induced EMT, however,
appear to favor a diversion of metabolic fluxes away from mitochondria. For example, in basal-like
breast cancer, SNAI1 represses fructose-1,6-bisphophatase 1 (FBP1), promoting glucose uptake and
the diversion of glycolytic carbons towards biosynthetic pathways, including the pentose phosphate
pathway (PPP), and impairing the activity of the respiratory chain complex I [15]. Similarly, SNAI1
also represses phosphofructokinase platelet (PFKP) [16] and several subunits of cytochrome C oxidase
(COX) [17] in breast cancer cells, further reinforcing a strongly glycolytic metabolic phenotype. Along
the same lines, the silencing of aldolase A (ALDOA) or of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) prevent EMT in various cancer cell models [18,19].

The first challenge that cancer cells face when undergoing the invasion-metastasis cascade resides
in acquiring motile and invasive capacities in order to reach the bloodstream. The motile phenotype is
driven in part by lipid rafts, cholesterol and sphingolipid-rich membranous structures that modulate
cell adhesion by partnering with CD44, and are required for ECM degradation and invadopodia
formation [20]. Sphingolipids themselves are also part of other oncogenic signaling cascades that
lead to motile phenotypes [21]. Finally, different enzymes in fatty acid metabolism are also recruited
for the metastatic process [22]. For example, ATP citrate lyase (ACLY) is required for low molecular
weight cyclin E (LMW-E)-mediated transformation, migration, and invasion in breast cancer cells [23].
Similarly, fatty acid synthase (FASN) is also involved in invasion by promoting EMT in breast and
ovarian cancer cells [24,25], and by interacting with wingless-related integration site (Wnt) signaling in
metastatic colorectal cancer cells [26].

Upon detachment from an adherent layer, healthy non-hematopoietic cells are unable to uptake
sufficient glucose, which subsequently leads to ATP shortage, a state that activates anoikis [27,28].
Circulating tumor cells (CTC) display metabolic adaptations specifically devoted to evade anoikis, and
to favor anchorage-independent growth, a prerequisite state for metastatic dissemination [29].

Another possible trigger of anoikis is elevated levels of reactive oxygen species (ROS), which also
contribute to inhibit ATP production [30]. Therefore, many of the adaptations displayed by CTCs
may also be directed to scavenge or diminish the generation of ROS. One of these adaptations may
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be the reinforcement of a highly-glycolytic phenotype, since relying on glucose to generate ATP can
decrease cellular ROS levels by two distinct mechanisms: First, diminished ROS-generating OXPHOS
(Crabtree effect; [31]); and, second, increased NADPH production capacity through an enhanced
flux through the PPP [32]. In contrast, invasive ovarian cancer cells grown under attachment-free
conditions increase the pyruvate uptake for TCA cycle anaplerosis, which favors the adoption of a
more oxidative metabolic state and a motile phenotype [33]. Similarly, the colorectal cancer cell line
SW620, derived from a lymph node metastasis, exhibits an increase in EMT markers and invasiveness,
and an enhanced mitochondrial metabolism to the detriment of aerobic glycolysis, when compared to
its primary tumor counterpart, SW480 [34].

Not surprisingly, signaling cascades governing metabolic networks and EMT often display a
remarkable level of overlapping. A prominent case is illustrated by glycogen synthase kinase-3 β

(GSK3β), which targets the EMT transcription factor SNAI1, but is directly phosphorylated and
inactivated by Akt. GSK3β phosphorylates SNAI1, targeting it for proteasomal degradation. Thus,
Akt activation directly impacts SNAI1 levels through GSK3β, coupling the metabolic and the EMT
phenotypes [35]. Importantly, this inhibition of GSK3 activates glycogen synthesis and glucose
transport [36]. Thus, the induction of mesenchymal phenotypes by the inhibition of GSK3 and the
subsequent SNAI1 (SNAIL) activation is associated with enhanced glucose transport and glycogen
accumulation, which may represent a strategy to accumulate carbon and energy reservoirs to sustain
cell motility.

3. Metabolism and the Epigenetic Control of Epithelial-Mesenchymal Plasticity

The transitions in EMT and MET are orchestrated by transcription factors, such as ZEB1/2, SNAI1/2,
TWIST1/2, and microRNAs, including the miR-200 family and miR-205, whose expression is contingent
upon epigenetic states determined by CpG island methylation and histone marks [37]. Enzymes that
carry out epigenetic modifications commonly use key metabolites as either substrates or allosteric
regulators [38] (Figure 1). Thus, cellular metabolic states can affect epigenetic regulatory proteins
through metabolic signaling pathways. Intermediary metabolites involved in epigenetic regulation
include acetyl-CoA, S-adenosyl methionine (SAM), α-ketoglutarate (α-KG), ATP, nicotinamide adenine
dinucleotide (NAD+) and flavin adenine dinucleotide (FAD). Importantly, the cellular concentrations
of many of these substrates can limit enzyme reaction rates [39]. As such, the availability and balance of
metabolic resources can significantly modulate chromatin remodeling and transcription factor activities.
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Figure 1. Metabolic requirements of protein and DNA methylation and protein acetylation.
S-adenosyl-methionine (SAM) acts as a methyl donor for histone and DNA methylation. SAM
is produced through one-carbon metabolism. Demethylation can require the tricarboxylic acid (TCA)
cycle intermediate α-KG as a co-factor, and can be inhibited by other TCA cycle products: Succinate,
fumarate or 2-hydroxyglutarate (2-HG). Histone demethylation by lysine-specific histone deacetylase
1 (LSD1) can also require the flavin adenine dinucleotide reduced form (FADH2), whose pools are
dependent upon fatty acid oxidation and the TCA cycle. Histone acetylation requires acetyl-CoA,
obtained from citrate or fatty acid oxidation in the TCA cycle. Histone deacetylation by sirtuin (SIRT)
histone deacetylases is NAD+-dependent. NADH pools derive from multiple metabolic pathways,
including glycolysis, pyruvate oxidation by pyruvate dehydrogenase (PDH), the TCA cycle, fatty acid
oxidation, amino acid oxidation and OXPHOS. The metabolites involved in different pathways are
shaded in different colors: Glycolysis (green), one carbon metabolism (yellow), pentose phosphate
pathway (purple), TCA cycle (blue), NADH and FADH2 (pink) and glutaminolysis (orange).

3.1. Methylation

All methylation reactions require the one-carbon donor SAM, which is synthesized in the
methionine cycle from methionine and ATP by methionine adenosyl-transferase (MAT). The transfer of
the methyl group from SAM to the substrate produces S-adenosyl homocysteine (SAH), which in turn
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is converted to homocysteine, and finally regenerated to methionine after the donation of a methyl
group from 5-methyl-tetrahydrofolate (5-MTHF) [40]. Methyl moieties are transferred from SAM to
acceptor cytosine residues on DNA or lysine and arginine residues on histones in reactions catalyzed by
DNA or histone methyltransferases, respectively (Figure 2). The availability of methionine determines
the levels of histone and DNA methylation by modulating SAM and SAH [41]. These modifications
are sensitive to the abundance of SAM or the [SAM]:[SAH] ratio, since SAH can act as an inhibitor
of methyltransferases, and the Km and Ki for SAM and SAH, respectively, fall within physiological
ranges [40]. The intracellular methionine concentration is also dependent on the expression of the cell
surface amino acid transporter LAT1 (SLC7A5), which forms a heterodimer with SLC3A2 [42], and
whose expression is regulated by MYC and the Akt-mTOR pathway [43–45].

Figure 2. Mechanisms of histone and DNA methylation/demethylation and histone
acetylation/deacetylation. S-adenosyl-methionine (SAM) acts as a methyl donor for histone and DNA
methylation, yielding S-adenosyl homocysteine (SAH). DNA methylation is performed by DNA methyl
transferases (DNMT), whereas histone methylation is performed by histone methyltransferases (HMT).
Histone demethylation can be mediated by flavin adenine dinucleotide (FAD)-dependent lysine-specific
demethylase 1 (LSD1); or by Jumonji C domain (JmjC) demethylases, that use α-ketoglutarate (α-KG)
as a substrate, yielding succinate. JmjC demethylases can also be inhibited by other TCA cycle
products: Succinate, fumarate or 2-hydroxyglutarate (2-HG). DNA demethylation can occur through
the activation-induced deaminase/apolipoprotein B mRNA editing enzyme, catalytic (AID/APOBEC),
or by ten-eleven translocation (TET) enzymes. TET dioxygenases use Fe(2+) and α-KG as co-factors,
and their activity can also be inhibited by fumarate, succinate and 2-HG. Histone acetylation by
histone acetyl-transferases (HAT) requires acetyl-CoA. Histone deacetylation can occur by class I and II
histone deacetylases (HDAC I/II), and by class III histone deacetylases, also termed as sirtuins (SIRT).
Sirtuins use nicotinamide adenine dinucleotide (NAD+), which is converted into nicotinamide and
O-acetyl-ADP-ribose (O-AADPR).

SAM levels are also dependent on serine metabolism. Serine is a one-carbon donor to the folate
cycle, and allows the regeneration of methionine for SAM synthesis. Serine conversion to glycine
by serine hydroxymethyl transferase (SHMT) generates 5,10-methylene-THF, which is subsequently
reduced by methylene tetrahydrofolate reductase (MTHFR) to 5-methyl-THF within the folate cycle [40].
Methionine is regenerated by the donation of a methyl group to homocysteine by 5-methyl-THF.
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3.1.1. DNA Methylation and Demethylation

The m5C methyltransferases (C-5 cytosine-specific DNA methylases) catalyze the methylation
of the C-5 carbon of cytosines in CpG islands to produce C5-methylcytosine [46]. Given the known
switch in global DNA methylation associated with gene promoters and gene bodies that takes
place during embryonic development, a relevant question is whether DNA methylation patterns are
subjected to systematic changes during specific processes that determine cell-fate, including EMT.
Although no changes in bulk DNA methylation are observed during EMT induced by TGF-β1 [47,48],
differentially-methylated regions (DMR) were found to be induced in Madin-Darby Canine Kidney
(MDCK) and human breast cancer cells [48]. In the latter study, unmethylated sequences tended to
become methylated, and affected both intergenic and intragenic regions, as well as promoters and gene
bodies. As expected, methylation in promoters is associated with transcript downregulation, mainly
affecting cell adhesion, catabolism and protein transport and methylation, while methylation in gene
bodies was associated with transcript upregulation, which affected signaling pathways, developmental
processes, wound-healing and cell differentiation.

DNA can be indirectly demethylated through the deamination of 5mC by AID/APOBEC
enzymes to give 5-hydroxymethyluracil [49], or through the oxidation of 5mC to 5-formylcytosine
and 5-carboxylcytosine, catalyzed by ten-eleven translocation (TET) enzymes [50,51] (Figure 2).
Activation-induced deaminase/apolipoprotein B mRNA editing enzymes, catalytic (AID/APOBEC)
are zinc-dependent cytosine deaminases that function in antibody diversification and mRNA editing,
with relatively weaker deamination-coupled demethylation activity on 5mC [49]. TET enzymes are
dioxygenases that use Fe(2+) and α-KG as co-factors. The deaminated or oxidized adducts are repaired
by thymine DNA glycosylase (TDG) and base excision repair [52–54]. The carboxyl and formyl groups
of 5-formylcytosine and 5-carboxylcytosine can be enzymatically removed without the excision of the
base [53].

3.1.2. Histone Methylation and Demethylation

Histone methylation on lysine or arginine residues is catalyzed by lysine-specific (SET-domain or
non-SET-domain) and arginine-specific histone methyltransferases (PRMTs) [55]. Histone methyl-ation
at specific residues is associated with either the activation or the repression of transcription, depending
on tethering “reader” proteins bearing domains that recognize specific histone modifications at specific
lysines or arginines, which, in turn, recruit protein complexes that enable or repress transcription
through chromatin remodeling [55]. Histone demethylation is catalyzed by two main classes of enzymes,
flavin adenine dinucleotide (FAD)-dependent amine oxidases and Fe(2+) and α-α-KG-dependent
hydroxylases. Both operate by the hydroxylation of a methyl group, followed by the dissociation of
formaldehyde [56].

3.1.2.1. FAD-Dependent Demethylation

Lysine-specific histone demethylase 1A (LSD1), also known as lysine (K)-specific demethylase 1A
(KDM1A) [56], catalyzes the FAD-dependent demethylation of mono- and dimethyl groups, but not
trimethyl groups, at histone H3K4 and H3K9, generating formaldehyde and H2O2. FAD is derived from
riboflavin (vitamin B2), and serves as a coenzyme in many oxidative reactions including mitochondrial
fatty acid β-oxidation and in the respiratory chain (Figure 2). The catalytic activity of LSD1 may
be directly connected to the cellular metabolic state via the fluctuation of the FAD/FADH2 ratio
depending on the FAD oxidation processes, such as fatty acid β-oxidation and the TCA cycle. LSD1
is an integral component of the Mi-2/nucleosome remodeling and deacetylase (NuRD) complex [56],
that can function as a co-repressor or a co-activator, but dependent on the interaction with specific
chromatin regulatory complexes. When forming complexes with co-repressors, such as SNAI1, LSD1
demethylates H3K4me1/2 and represses transcription [57,58]. When associated with the androgen or
estrogen nuclear receptors, LSD1 demethylates H3K9me1/2 [59,60], and activates the transcription of
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pro-invasive and ECM remodeling genes. In contrast, it has also been found that LSD1 inhibits the
invasion of breast cancer cells in vitro, and suppresses breast cancer metastatic potential in vivo [61].

3.1.2.2. α-KG-Dependent Demethylation and Hydroxylation

The α-KG-dependent histone demethylases bear a Jumonji C domain (JmjC) [62]. Histone
demethylation through the JmjC oxygenases occurs through a hydroxylation reaction, in which α-KG,
oxygen, and Fe(2+) are used to produce succinate and CO2 (Figure 2). The JmjC histone demethylases
regulate chromatin states through the removal of mono, di-, and tri-methylation marks upon specific
lysine residues on histones. Different JmjC enzymes demethylate different methylated lysines on the
histones, which imparts specific transcriptional outcomes (activation vs. repression) on each target
gene [63].

Aside from JmjC demethylases, α-KG is a common substrate for several hydroxylases, including
TET DNA hydroxylases [64] and prolyl hydroxylases, that regulate the stability of hypoxia-inducible
factors (HIFs) [65]. Such hydroxylation reactions also require the co-factors Fe(2+) and vitamin
C, as an electron donor that reduces ferric iron, Fe(3+), to ferrous iron, Fe(2+). This α-KG is an
intermediary metabolite of the TCA cycle, produced by the isocitrate dehydrogenase (IDH)-catalyzed
oxidative decarboxylation of isocitrate. This α-KG can also be produced in the reaction of glutamate
and pyruvate, catalyzed by glutamate pyruvate transaminases (GPT1/2). Additionally, the reversible
transfer of an amino group (NH3

+) from glutamate to oxaloacetate, that has been catalyzed by glutamate
oxaloacetate transaminases (GOT1/2) also results in the formation of α-KG and aspartate. Another
non-TCA source of α-KG derives from glutaminolysis, in which glutamine transported into the cell is
converted to glutamate and NH4+ in a deamination reaction catalyzed by glutaminases (GLS1/2). A
second deamination reaction, catalyzed by mitochondrial glutamate dehydrogenase (GDH), reversibly
converts glutamate to α-KG [66].

Importantly, succinate, fumarate, (D)-2-hydroxyglutarate (2-HG), and (L)-2-HG areα-KG structural
analogs that competitively inhibit the hydroxylases which use α-KG as a substrate [65,67] (Figure 2).
As a consequence, the relative concentrations of these metabolites are critical for histone and DNA
methylation in the nucleus, and thus gene expression, as well as the regulation of HIF-1α levels. A
compromise in SDH or FH activities leads to the accumulation of succinate or fumarate, respectively,
causing the inhibition of DNA and histone demethylation [68,69]. Inactivating mutations in SDH are
associated with pheochromocytomas and paragangliomas, sporadic renal cancer and gastrointestinal
stromal tumors [69]. Accumulation of succinate causes epigenetic silencing of miR-200 and eventually
EMT [70]. Similarly, loss-of-function FH mutations lead to hereditary leiomyomatosis and renal cell
cancer (HLRCC), paragangliomas and pheochromocytomas [71–73]. Fumarate is accumulated in
FH-deficient cells, inhibiting TET-dependent demethylation of miR200, which leads to its silencing and
consequent EMT [68,70]. As a consequence of the competitive inhibition of α-KG by succinate and
fumarate on proline hydroxylase activity, SDH or FH deficiencies promote the stabilization of HIF-1α
in normoxic conditions, driving the expression of HIF target genes, including VEGF and GLUT1, that
promote angiogenesis and glucose metabolism in renal and bile duct cancer cells [74].

IDH1 (cytosolic and peroxisomal) and IDH2 (mitochondrial) mutations occur frequently in a
variety of human cancers, including malignant gliomas, AML, intrahepatic cholangiocarcinoma,
chondrosarcoma, and thyroid carcinomas [75,76]. In addition, IDH2 mutations occur with high
frequency in rare malignancies, such as angioimmunoblastic T cell lymphoma and solid papillary
carcinoma with reverse polarity [77]. IDH-active site mutations confer a neomorphic activity that
catalyzes the conversion ofα-KG to D-2-hydroxyglutarate (D-2HG, or R-2HG) [76]. Under physiological
conditions, cellular D-2HG accumulation is limited due to the actions of the endo-genous D-2HG
dehydrogenase, which catalyzes the conversion of D-2HG to α-KG. Similar to high succinate or
fumarate levels, high D-2HG levels competitively inhibit α-KG-dependent dioxygenases, causing the
inhibition of JmjC and TET demethylases and histone and DNA hypermethylation, clinically associated
with the increased methylation of patient tumor DNA in AML and gliomas, and in gliomas, a CpG
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island hypermethylator phenotype [76]. This is accompanied by an inhibition of normal differentiation
processes and a promotion of tumorigenesis [78,79].

D-2HG levels have also been found elevated in breast cancer with wild-type IDH, driven by
glutamine anaplerosis [80–82]. In colorectal cancer cells, D-2HG (but not its enantiomer L-2HG,
produced from the reduction of α-KG by lactate dehydrogenase A, LDHA, or malate dehydrogenase,
MDH) directly induces EMT in colorectal cancer cells by promoting H3K4me3 marks at the ZEB1
promoter and its transcription [83]. In this study, colorectal cancers with higher levels of D-2HG
are associated with an increased frequency of distant metastasis, as well as an increased trend for a
higher tumor stage. Further, hypoxia, independently of HIF, induces the LDH- and MDH-mediated
production of the L-2HG enantiomer, which reinforces the hypoxic response, at least in part, through the
stabilization of HIF-1α [84]. Accumulation of L-2HG, favored by acidic (low pH) conditions [85], slows
glycolysis and mitochondrial respiration by reducing the rate of NAD+ regeneration [86], and promotes
the same repressive chromatin marks that characterize the differentiation blockade of IDH-mutant
malignancies. This provides a mechanistic link between hypoxic niches and stem-cell populations.

3.2. Acetylation

Protein acetylation is another major covalent modification directly linked to metabolite abundance
that regulates gene programs as a result of histone acetylation and subsequent chromatin remodeling.
The acetyl donor for acetylation reactions is acetyl-CoA, a central metabolic intermediate. The
acetylation of histone lysines neutralizes the positive charges that govern the tight arrangement of
nucleosomes and their interaction with DNA. As a result, chromatin becomes open to the access of
bromodomain-containing proteins that dock at specific acetylated sites, and function as epigenetic
readers or effectors, with critical roles in gene regulation.

3.2.1. Histone Acetylation and Deacetylation

The acetylation of the side-chain amino group of lysine residues on histones, and in some cases
also other proteins, is mediated by histone acetyltransferases (HATs), or lysine acetyltransferases
(KATs) [87]. HATs transfer the acetyl group from the acetyl-CoA cofactor to the ε nitrogen of a lysine
side chain within the histones. In addition to charge neutralization and nucleosome remodeling, these
histone modifications function as recognition sites for proteins bearing bromodomains (histone mark
“readers”) that further reinforce the chromatin remodeling initiated by acetylation [88], leading to
outcomes such as ATP-dependent H2A/H2B dimer eviction or complete nucleosome disassembly, and
consequent transcriptional regulation.

Histone acetylation is balanced by deacetylation catalyzed by HDACs, of which there are three
major families in mammals: Class I, class IIa, class IIb and class III or sirtuins [87]. Unlike the
constitutively nuclear class I HDACs, class IIa HDACs do not display an intrinsic HDAC activity,
which is acquired only when in complex with class I HDACs, once they enter the nucleus [87].
The cytoplasmic-nuclear shuttling of class IIa HDACs is regulated by LKB1/AMPK-mediated
phosphorylation, which results in the retention of phosphorylated forms in the cytoplasm, while
dephosphorylated forms shuttle to the nucleus, where they act as scaffolds for the class I HDACs that
then exert transcription regulatory activities [89]. Therefore, the function of these HDACs is sensitive
to nutrient availability and cellular energy status. The unrelated class III HDACs, or sirtuins [90], are
NAD+-dependent deacylases localized in the nucleus (SIRT1, 3, 6 and 7), cytoplasm (SIRT2 and SIRT1)
and the mitochondria (SIRT 3, 4 and 5). SIRT4 and SIRT6 also have ADP-ribosyl transferase activity,
and SIRT5 demalonylase and desuccinylase activity.

3.2.2. Regulation of Acetyl-CoA Pools

Global histone acetylation levels are sensitive to the availability of acetyl-CoA in the cell, which
fluctuates in response to nutrient availability or metabolic reprogramming. In proliferating cells
in culture, glucose fuels the majority of acetyl-CoA production used for acetylating histones. In
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mammalian cells, acetyl-CoA is produced within the mitochondria, the cytosol, and the nucleus [91].
Acetyl-CoA generated in mitochondria condenses with oxaloacetate to produce citrate, which is oxidized
in the TCA cycle to provide ATP through OXPHOS. Citrate can be exported from mitochondria to
the cytosol via the mitochondrial tricarboxylate transporter (SLC25A1), to regenerate acetyl-CoA
and oxaloacetate by ATP-citrate lyase (ACLY). Because acetyl-CoA cannot be directly transported
across mitochondrial membranes, citrate export and cleavage by ACLY is a major mechanism by
which acetyl-CoA is generated outside of the mitochondria. Within the cytosol, acetyl-CoA is used in
biosynthetic processes, including the synthesis of fatty acids and cholesterol. In addition to ACLY,
another major source of acetyl-CoA outside of the mitochondria is ACSS2, which is localized to the
cytosol and nucleus. ACSS2 is involved in the capture and use of exogenous acetate, as well as in the
recycling of acetate produced by histone deacetylase (HDAC) reactions [92]. Additionally, the PDC can
translocate to the nucleus under certain conditions, such as mitochondrial stress, where it contributes
to provide acetyl-CoA for histone acetylation [93].

Since glucose is the preferred source of acetyl-CoA in proliferating cells, glucose limitation or
glycolytic inhibition suppresses both acetyl-CoA and histone acetylation levels [94]. However, some
cells can use carbon sources other than glucose to produce acetyl-CoA, such as exogenous acetate, in
particular under metabolic stress conditions in hypoxia or fasting [95]. Acetate can be converted to
acetyl-CoA by ACSS2, which is translocated to the nucleus in low oxygen and glucose conditions [96,97],
thus mediating the recycling of the acetate produced by the HDAC reactions, instead of incorporating
exogenous acetate. Therefore, nuclear ACSS2 may primarily rely on a locally-generated acetate pool for
histone acetylation, while cytosolic ACSS2 promotes the use of exogenous acetate for lipid synthesis.

3.2.3. Regulation of NAD+/NADH Pools

NAD+ is a hydride-transfer acceptor, serving a wide variety of metabolic transformations, as it
interconverts between its oxidized form (NAD+) and its reduced form (NADH) [98]. NAD+ directly
participates in compartment-specific central metabolic pathways, such as glycolysis, PDH, the TCA
cycle, fatty acid oxidation, amino acid oxidation and OXPHOS. In glycolysis, NAD+ is converted to
NADH in the glyceraldehyde-3-phosphate dehydrogenase step. This process occurs in reverse for
gluconeogenesis in the liver. NAD+ is also a precursor substrate for NADP+ and NADPH, which
participate in biosynthesis and reactive oxygen detoxification. NADPH is a key reducing substrate to
convert oxidized glutathione to reduced glutathione, a key protectant for cells to resist the toxicity
of ROS.

In the nucleus, apart from its role in histone deacetylation, NAD+ is used by PARP, with essential
functions in DNA damage repair, as well as by cyclic ADP-ribose synthases [99]. NAD+ is actively
consumed during these enzymatic processes, serving as the donor of ADP-ribose in the reaction. The
majority of PARP activity is distributed between PARP-1 and PARP-2. As the Km of PARP-1 for NAD+
is below its nuclear concentration, it is unlikely that the activity of PARP-1 is significantly affected
by the fluctuations of NAD+. However, PARP-1 activity can reduce the effective concentration of the
NAD+ available for other enzymes. As such, consumption of NAD+ by constitutive activation of
PARP-1 hampers SIRT1 activity [99,100]. The PARP-2 dissociation constant for NAD+ is within the
range of the physiological changes in NAD+ concentration (Km = 130 μM), and thus PARP-2 can
directly compete with SIRT1 for NAD+ [101].

To summarize, the regulation of the expression of specific genes and entire gene programs by
histone acetylation is orchestrated by metabolic inputs at multiple levels, including the availability
of nuclear acetyl-CoA and the expression, activity and localization of HATs, bromodomain proteins
and histone deacetylases, which in turn are also regulated by cellular metabolic states. Many of the
genes thus regulated by metabolic inputs control the expression of proteins pertaining to the same or
separate metabolic circuits, forming complex regulatory loops that enable a rapid fine-tuning of cell
metabolic adaptations in response to a multiplicity of scenarios, from shifts in nutrient availability
to environmental or oncogenic stress. Thus it is no surprise that changes in global or locus-specific
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histone acetylation have a significant impact on epithelial-mesenchymal plasticity, and conversely,
these shifts utilize changes in histone acetylation.

In early embryonic development, mesoderm specification is accompanied by a downregulation of
class I HDACs, and an induction of global histone acetylation by a treatment with the HDAC inhibitor
trichostatin A (TSA) drives differentiation to the mesodermal lineage [102]. Consistently, treatment
of epithelial tumor cells with TSA or other HDAC inhibitors, such as suberoylanilide hydroxamic
acid (SAHA) or valproic acid (VPA), can induce EMT in certain cancer cells, with an upregulation of
EMT factors such as ZEB1, ZEB2 or SLUG (SNAI2) [103–107]. This might explain the disappointing
outcomes in the clinical trials of HDAC-targeting monotherapies for solid tumors [108]. However,
HDACs are required to initiate or maintain EMT in other circumstances [109–114].

A possible explanation for these discrepant observations is the timing, dosing or the potency
of HDAC inhibitor administration. As global histone acetylation generally enables open chromatin
conformations associated with active transcription, the inhibition of HDACs or an abnormal
accumulation of acetyl-CoA, as reported for hepatocellular carcinoma [115], would favor the expression
of transcription factors necessary to initiate EMT in response to appropriate signals [116,117]. These
factors tend to be transcriptional repressors for epithelial target genes, such as CDH1, for which
function they recruit HDACs [118–123]. During EMT, the early repression of epithelial genes is later
followed by a transcriptional activation of mesenchymal genes [124], which requires an open chromatin
conformation enabled by the gain of histone acetylation. At least for SNAI1, the late wave of the
transcriptional activation of mesenchymal genes is not associated with the binding of the EMT factor
to their promoters [125]. These observations suggest that, in its early stages, EMT is established on
cycles of transient histone acetylation and deacetylation at specific genes. The progressive stabilization
of EMT is achieved through the deposition of any marks of stable chromatin repression [124] and,
eventually, heritable DNA methylation of epithelial genes and regulators, such as the microRNA-200
family [125,126]. Cells that are in plastic, “intermediate” EMT states display bivalent marks associated
with the promoters of EMT factors and effectors [124,127].

The effects of metabolism on the putative regulatory roles of the NAD+-dependent sirtuins on
epithelial-mesenchymal plasticity is even less well understood than for class I and II HDACs [128].
Many reports generally provide evidences that one or more sirtuins favor EMT [129–133]. The ultimate
mechanism of this function may be the recruitment of SIRT1 to the CDH1 promoter by ZEB1 to the
deacetylate histone H3 suppressing E-cadherin transcription [133–135], with the possible participation
of other epigenetic regulators, such as MPP8, a methyl-H3K9 binding protein [136]. If this is the case, a
depletion of NAD+, which occurs upon extensive DNA damage and an activation of PPAR with the
consumption of NAD+, or during hypoxia, would be expected to blunt the activity of sirtuins and to
impair EMT.

Figure 3 summarizes the descriptions provided in this section of some of the major directions
that metabolic networks take to enable the epigenetic modifications necessary for the execution of the
transcriptional programs orchestrating epithelial-mesenchymal plasticity.
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Figure 3. Relevant examples of crosstalk between metabolism, epithelial-mesenchymal plasticity and
epigenetics. Epithelial-mesenchymal transition (EMT)-transcription factors (EMT-TFs) are regulated by
histone and DNA methylation and by histone acetylation. These processes are, in turn, modulated
by the intracellular levels of the metabolic products of the tricarboxylic acid (TCA) cycle. EMT-TFs
also cooperate with histone deacetylases to repress the expression of cell adhesion molecules that
modulate the EMT phenotype. Metabolic cues such as hypoxia, oxidative stress or nutrient availability
can activate EMT-TFs through various signaling axes, such as HIF-1α, Akt, GSK-3β or NF-κB.
Conversely, the expression of EMT-TFs can be directly modulated by metabolic enzymes, such as
phosphoglucoisomerase (PGI) or pyruvate kinase isoform M2 (PKM2). In turn, EMT-TFs regulate
central metabolic pathways, by activating or repressing the transcription of metabolic enzymes and
metabolite transporters, such as phosphofructokinase platelet (PFKP), cytochrome c oxidase (COX),
fructose-1,6-bisphophatase 1 (FBP1), or glucose transporter 3 (GLUT3).

4. EMT, Metabolism and Hypoxia

Hypoxia, nutrient starvation and lactate acidosis can each regulate gene expression at the
transcriptional and posttranscriptional levels in vitro. Intratumoral hypoxia occurs when the partial
pressure of O2 is <5%, as tumor growth outpaces neoangiogenesis, generating heterogeneous
O2 gradients throughout the tumor. Tumor hypoxia promotes chemoresistance and radiation
resistance [137]. Both the stabilization and activation of HIF-1α promote adaptation to hypoxic stress
by modulating tumor cell metabolism, survival, angiogenesis, migration, invasion and metastasis.
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High HIF-1α expression is associated with poor prognosis in many cancers [138]. Hypoxia
induces ameboid motility [139] and invasive phenotypes, mediated by HIF-1α in multiple cancer
types [140,141]. Interestingly, the enhanced motility and invasion elicited by hypoxia is not necessarily
accompanied with an increased proliferation in ovarian cancer cells [142].

In normoxia, HIF-1α is a substrate of hydroxylation on specific prolines, catalyzed by
oxygen-sensing prolyl hydroxylase domain (PHD) enzymes. Hydroxyprolyl-modified HIF-1α is
recognized by the Cul2 subunit of the VHL E3 ubiquitin ligase, which mediates the polyubiquitylation
and proteasome-mediated degradation of HIF-1α [143]. Low O2 levels are accompanied with low
PHD activity, and as a consequence, HIF-1α is stabilized during hypoxia. Loss-of-function mutations
that affect the VHL ubiquitin ligase function, occurring in the von Hippel-Lindau disease [144], lead to
an aberrant accumulation of HIF-1α. Since PHDs are αKG-dependent oxygenases [145], low levels of
α-KG or high levels of its structural analogs and competitors succinate or fumarate (see Section 3.1.2.2)
inhibit PHD enzymatic activity, causing the stabilization and accumulation of HIF-1α and leading to a
state of pseudohypoxia.

As a transcription factor, HIF-1α activates the expression of the EMT factors SNAI1 [146],
ZEB1/2 [147], TCF3 [148,149] and TWIST1 [150] to repress E-cadherin expression. It also elicits the
expression of lysyl oxidase [151] and matrix metalloproteases for extracellular matrix remodeling, as
well as angiogenic factors to promote the vascularization of the hypoxic areas and erythropoietin to
boost red blood cell production in the bone marrow [138].

The major effects of HIF-1α activation on metabolism are to (1) stimulate glycolytic energy
production by promoting the expression of the glucose transporter GLUT1 (SLC2A1) and glycolytic
enzymes (such as hexokinase 1/2 (HK1/2), PFK1, PFKFB3 and aldolase); and (2) to downregulate
mitochondrial OXPHOS by promoting the expression pyruvate dehydrogenase kinase 1 (PDK1) [152]
and the MYC inhibitor MAX interactor 1 (MXI1) in renal cell carcinoma cells [153]. The combination of
blunted mitochondrial function and high glycolytic activity associated with hypoxia and HIF-1α activity
leads to the accumulation of cytoplasmic pyruvate and NADH. In order to dispose of these compounds,
lactate dehydrogenase A (LDHA) is induced by HIF-1α and catalyzes the conversion of pyruvate and
NADH to lactate and NAD+ [153], after which lactate is exported to the extracellular milieu through
the HIF-inducible plasma membrane monocarboxylate transporter 4 (MCT4, SLC16A4) [154]. Thus,
a collateral effect of these processes is the acidosis of the extracellular environment surrounding the
tumor cells under hypoxia.

Acidosis is a characteristic feature of the tumor microenvironment that directly regulates tumor
cell invasion by affecting immune cell function, clonal cell evolution and drug resistance [155]. Unlike
normal cells, cancer cells can adapt to survive in low pH (acidic) environments through increased
glycolytic activity and an expression of proton transporters that normalize intracellular pH [155].
Acidosis-driven adaptation also triggers the emergence of aggressive tumor cell subpopulations that
exhibit increased invasion, proliferation and drug resistance [155]. Low extracellular pH induces
increased histone deacetylation, thereby influencing the expression of stress-responsive genes and
contributing to the normalization of intracellular pH through the enhanced release of acetate anions
that are co-exported with protons through monocarboxylate transporters [156,157]. Low pH areas of
these tumors are not necessarily restricted to hypoxic areas, and are enriched for cells that are invasive
and proliferative. Acidic conditions induce a reversible transcriptomic rewiring, independent of lactate,
involving RNA splicing and being enriched for the targets of RNA binding proteins with specificity
for AU-rich motifs, including CD44 [158]. CD44 is a hyaluronan-binding receptor that mediates cell
invasiveness and motility [159], expressed as two major isoforms associated with either epithelial or
mesenchymal gene programs, and regulated by the alternative splicing factors ESRP1/2, that promote
an epithelial program [160] or QKI and ROBFOX1/2, that promote a mesenchymal program [161–163].
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5. EMT, Metabolism and Drug Resistance

Numerous experimental reports and studies with patient cohorts have found a significant
association of EMT or mesenchymal traits of tumors with acquired resistance to chemotherapy, targeted
drugs and immunotherapy [164–166]. No unifying theme has emerged that explains the specific
mechanisms co-opted by EMT as a path to drug resistance. In one case, early adaptive resistance
of lung cancer cells to the EGFR inhibitor erlotinib led to a metabolically quiescent state, albeit
with increased glutamine addition and a survival attributed to an enhanced expression of BCL-2 and
BCL-xL [167]. Resistance to the mitotic drug docetaxel was found to induce EMT in prostate cancer cells,
accompanied with a more efficient respiratory phenotype, a utilization of glucose and glutamine and
the production of lactate [168]. Short-term treatment of colorectal cancer cells with docetaxel induced
an EMT phenotype in the surviving cells, which were more dependent on OXPHOS than sensitive
cells [169]. Studies by our laboratory comparing the metabolic dependencies and vulnerabilities of
clonal prostate cancer cell lines displaying either epithelial or marked mesenchymal phenotypes,
indicated the establishment of a Warburg effect in epithelial cells with high lactate production and a
strong reliance on glutaminolysis for the anaplerotic feeding of the TCA cycle. This rendered epithelial
CSCs highly sensitive to glutaminase inhibitors, while mesenchymal cells more efficiently funneled
glucose to the TCA cycle, displayed stronger OXPHOS dependency, and were more sensitive to
mitochondrial complex I and III inhibitors [170].

When cells display a Warburg effect with an enhanced production of lactate, as observed in
cells in intermediate EMT states concomitant with CSC features, the resulting acidic extracellular
environment can promote drug resistance through several mechanisms, including the so-called “ion
trapping” mechanism, by which molecules that are weak bases (e.g., anthracyclines, anthraquinones
or vinca alkaloids) are protonated at an acidic pH, which impairs their diffusion through plasma
membranes [171]. On the other hand, weak acids (e.g., chorambucil, cyclophosphamide, 5-FU) are
not ionized at an acidic pH, and can more readily traverse membranes, reaching the slightly alkaline
intracellular milieu, where they become negatively-charged, and accumulate for more efficacious
cytotoxic effects [172]. Resistance to immunotherapy and immunosuppression is also tightly linked
to tumor-generated metabolic microenvironments, including nutrient exhaustion (including glucose,
glutamine or tryptophan) [173], hypoxia, or also enhanced acidosis by accumulation of lactate [174]. A
more direct connection between EMT and tumor immune escape is provided by the demonstration
that the immune checkpoint ligand PD-L1 is a target of miR-200 [175]. As such, ZEB1 expression
downregulates miR-200 and enhances the expression of PD-L1 on tumor cells undergoing EMT. In
turn, ligand-engaged PD-L1 can induce or reinforce EMT, as exemplified in renal cell carcinoma
cells [176], thus establishing a positive feedback loop that potentiates acidic, inflammatory and
immunosuppressive tumor microenvironments, that are also predicted to result in enhanced resistance
to other drugs.

Therefore, differential glycolytic and mitochondrial efficiencies associated with epithelial
or mesenchymal plasticity confer differential metabolic dependencies which can be exploited
therapeutically in combinatorial schemes intended at overcoming drug resistance strategies adopted
by cancer cells [177], including undergoing an EMT.

6. Concluding Remarks

From their earliest stages in development, multicellular organisms engage in asymmetric division
followed by cell-cell communication in order to generate heterogeneity and specialization. Each stage
in cell fate determination is exquisitely orchestrated by specific regulators that coordinate intricate
transcriptional, signaling and metabolic networks that ultimately define cell identity and tissue and
organ functions. Epithelial cells that enter a given differentiation lineage maintain degrees of plasticity
before they acquire stable specialized features, and as such, they may exit or revert their committed
paths, notably through EMT. In cancer, transformed cells endowed with phenotypic plasticity co-opt
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these same mechanisms as they evolve and adapt in response to environmental challenges, yielding
intratumoral heterogeneity, which significantly impacts the biology and management of cancers.

Epithelial-mesenchymal plasticity is so deeply intertwined with metabolic reprogramming that
the two processes may no longer be considered separately, in physiological or pathological scenarios.
As such, signaling cues that drive EMT must concomitantly induce an appropriate reprogramming
of metabolic networks in order to meet the requirements of the new cellular state, while conversely,
endogenous or exogenous shifts in metabolic balances can drive EMT in their own right. This
perspective opens the prospect that epithelial-mesenchymal plasticity may be modulated, in both
clinical and experimental settings, through appropriate metabolic interventions. As discussed above,
the inhibition of metabolic enzymes such as ALDOA, GAPDH or FASN can prevent or revert EMT
in cell models, as can the neutralization of acidic tumor environments. The recent observations that
mesenchymal properties require fused mitochondria endowed with efficient TCA and OXHPOS [10],
while prostate CSCs rely on mitochondrial fission [178], afford the prediction that interventions directly
aimed at mitochondrial function or dynamics will produce differential effects on cell plasticity, and
thus are worth exploring as antineoplastic strategies.

Other metabolic interventions with the potential of impacting EMT and, consequently, tumor
heterogeneity and drug resistance, include those that shift the intracellular balance of metabolites with
direct effects on epigenetic marks and gene regulation. In this regard, an interesting recent study [179]
has shown the feasibility of dietary methionine restriction as a strategy to target one-carbon metabolism,
which modulated tumor growth and conferred tumor chemosensitivity to conventional drugs, thus
opening the door to novel mechanistically-based dietary interventions designed at targeting specific
metabolic pathways deranged in a given tumor type.

In summary, a deeper understanding of the multiple-level links between metabolism, epigenetics
and epithelial-mesenchymal transition and their intimate interconnections should lead to the rational
discovery of primary vulnerabilities as well as secondary vulnerabilities that emerge in response to
first-line therapies, thus paving the way to propose combinatorial therapeutic strategies to combat
advanced cancers and pharmacological or immunological resistance.
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Abstract: The experimental evaluation of metastasis overly focuses on the gain of migratory
and invasive properties, while disregarding the contributions of cellular plasticity, extra-cellular
matrix heterogeneity, niche interactions, and tissue architecture. Traditional cell-based assays
often restrict the inclusion of these processes and warrant the implementation of approaches that
provide an enhanced spatiotemporal resolution of the metastatic cascade. Time lapse imaging
represents such an underutilized approach in cancer biology, especially in the context of disease
progression. The inclusion of time lapse microscopy and microfluidic devices in routine assays
has recently discerned several nuances of the metastatic cascade. Our review emphasizes that
a complete comprehension of metastasis in view of evolving ideologies necessitates (i) the use
of appropriate, context-specific assays and understanding their inherent limitations; (ii) cautious
derivation of inferences to avoid erroneous/overestimated clinical extrapolations; (iii) corroboration
between multiple assay outputs to gauge metastatic potential; and (iv) the development of protocols
with improved in situ implications. We further believe that the adoption of improved quantitative
approaches in these assays can generate predictive algorithms that may expedite therapeutic strategies
targeting metastasis via the development of disease relevant model systems. Such approaches
could potentiate the restructuring of the cancer metastasis paradigm through an emphasis on the
development of next-generation real-time assays.

Keywords: metastasis; functional read-outs; metastatic modalities; live cell imaging; quantitative metrics

1. Introduction

Metastasis generates a systemic disease driven by the concerted alliance of tumor cell dissociation,
physical translocation, and distant colonization. The dissociation of cells from the primary tumor
initiates the metastatic cascade and generates distinct entities defined by severance dynamics of cell
adhesion complexes. Further, acquisition of migratory/invasive properties by tumor cells facilitates their
entry into circulation (or lymphatic system), wherein they evade host immune responses and endure
extrinsic pressures followed by extravasation at secondary site(s). Tumor cell dormancy and secondary
site remodeling then define the latency of colonization, which eventually establishes metastatic
lesions [1–3]. An intricate interplay of molecular networks drives these programs and contributes to the
efficacy of tumor progression [1–4]. Phenotypic switches induced by epithelial–mesenchymal transitions
(EMT) are widely studied, and are deemed crucial for successful metastasis. Alternatively, recent studies
highlight a collective mode of dissemination, wherein the retention of several epithelial properties is
well documented [1–4]. These processes are further influenced by numerous physiological parameters,
including the tissue stroma, architecture, and extra-cellular matrix (ECM) composition, in order to
facilitate the successful establishment of a secondary disease [1–4]. Thus, collaboration amongst
diverse functionalities outlines a complex blueprint of the process, wherein distinct modes of tumor
cell dissemination can influence disease aggressiveness and therapeutic response.
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Routine analyses in cancer metastasis studies inadvertently employ endpoint or “snapshot”
assays that widely focus on the physical translocation of cancer cells. Functional read-outs tend to
simplify various aspects of metastasis, and often neglect the role of tumor heterogeneity in disease
progression. Furthermore, current notions extensively associate dissemination with a mesenchymal
phenotype, and disregard the contributions of the alternate processes that are often unnoticed by
existing experimental systems [3,5,6]. Detailed examination of the metastatic cascade thus necessitates
the integration of the recent conceptual and technical advances for the development of informative assay
protocols. In this article, we present a reassessment of the functional read-outs routinely employed in
metastasis-associated studies, and accentuate the application of high-resolution imaging approaches to
derive relevant patho-physiological conclusions.

2. Snapshot Assays for Metastasis Assessment

Reliance on snapshot assays in cancer research is accounted for by several advantages, including the
ease of execution, reproducibility, and applicability in high throughput screens. In vitro functional
read-outs provide a preliminary assessment of the metastatic capabilities, while the variables
contributing to tumor heterogeneity viz., micro-environmental milieu, tissue specific metabolic
gradients, and systemic architecture, are often assessed with in vivo models. While our review
focusses on the widely employed functional assays corresponding to three distinct stages of metastasis,
viz., primary dissociation, physical translocation, and colonization, we briefly discuss the molecular
approaches routinely used in cancer biology (Figure 1).

 

Figure 1. Functional assays for the metastatic cascade. Metastasis encompasses three distinct stages,
viz. primary dissociation, physical translocation, and colonization. The interplay of complex processes
severs cells from the primary tumor; these cells proliferate, migrate, and invade through the tissue
matrix to initiate hematogenous or lymphatic dissemination.
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Circulating tumor cells then overcome hydrostatic pressures and immune surveillance to extravasate
and colonize distant tissues to seed micro-/macro-metastases. Diverse cellular functions activated
during the metastatic cascade are evaluated experimentally by functional assays, and can be modified to
accommodate multiple biological components (micro-environmental milieu, extra-cellular matrix–ECM,
stromal cells, extrinsic physical pressures, immune cells, and so on). A list of the relevant assays
employed across the metastatic cascade are listed and indicated in the schematic.

2.1. Molecular Assays

The functional assessment of metastasis is often correlated with the molecular signatures derived
from tumor cells or cell line models. Primary profiling studies employ a wide range of markers
identified across the metastatic cascade, which include cell junction and cytoskeletal components,
transcription factors (TFs), secretory enzymes, and cell surface receptors [7]. Molecular profiles,
averaged from a cell population, can often misrepresent disease heterogeneity, as affirmed by the reports
on single cell characterization, besides over-emphasizing the role of EMT during metastasis [8–10].
Microscopy studies further associate the sub-cellular localization of several phenotype associated
markers and TFs with distinct cellular functions [11,12]. Importantly, recent reports associating altered
marker sub-cellular localization with pathological conditions necessitate the inclusion of this parameter
in clinical assessments [13–15]. Furthermore, mechanistic studies on cell state maintenance employ
fluorescence or enzyme (luciferase, β-galactosidase, and chloramphenicol acetyltransferase) assisted
reporter systems for quantifying gene regulation [16,17]. Apart from the static molecular profiles,
cytoskeletal, vesicular, and membrane dynamics, as captured by microscopy, offer deeper insight into
the alterations of the cell shape and function [18–20].

Molecular assays, however, rely on markers that often exhibit extensive disparities across model
systems, and are subject to cellular context-specific modulation [21–23]. E-cadherin expression
and membrane localization, often gauged in clinical specimens by immuno-histochemical scoring,
were exclusively associated with the lack of metastasis [24–26]; however, the detection of this
adherens junction molecule in collectively metastasizing cells challenges its inverse correlation with
dissemination [27,28]. Recently, E-cadherin negative cells have also been reported to exhibit collective
migration by virtue of CD44 mediated cell-cell adhesion in invasive breast lobular carcinoma [29].
Such discrepancies arise from tissue-specific plasticity programs that are influenced by the local
microenvironment. Similarly, the divergent contribution of regulatory TFs in metastasis has been
reported; some examples include the stage specific roles of the EMT-mediating TFs Zeb1 and Zeb2
in pancreatic cancer and melanoma dissemination [30,31]; an EMT-TF circuitry switch in melanoma,
wherein Slug–Zeb2 act as tumor suppressors in melanocytes, while Twist1–Zeb1 function towards
neoplastic transformation [32]; the tissue-specific expression of the Prrx1 isoforms (Prrx1a and
Prrx1b) that govern the distinct phenotypic states in pancreatic and breast cancer progression [33,34];
the co-operative role of Slug and Sox9 in the maintenance of breast epithelium homeostasis [35];
and so on. Thus, assigning relevance to metastases signatures requires an accompanying physiological
comprehension of the cellular plasticity, and corroboration with tissue specific molecular profiles,
mechanistic approaches, and imaging protocols.

2.2. Functional Assays

The examination of functionalities across the physiological and pathological states is robustly
aided by cell-based assays. Routinely employed assays in cancer biology gauge the properties of
anoikis resistance, stemness, migration, invasion, and colonization, so as to correlate with clinical
observations (Table S1 and Figure 1).
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2.2.1. In Vitro Assays

The loss of cell–cell and cell–matrix contacts initiates the anoikis cascade under physiological
conditions, whereas resistance to this cell-death pathway in tumor cells permits effective disease
progression [36]. The in vitro assessment of “anoikis” relies on the differential uptake of fluorescent dyes
or the biochemical conversions of fluorophores by viable versus non-viable cells. Dissociated tumor
cells exhibit a tendency to generate organized multi-cellular structures termed “spheroids”,
disorganized “cellular aggregates”, or they exist as single cells [37]. Cell aggregates and spheroids exhibit
stem-like and anoikis resistance properties, and are associated with disease aggressiveness [38,39].

The functional attributes of cell migration and invasion are also hijacked during tumor progression.
Routine assessment of migratory capabilities by the “in vitro wound closure assays” is often enhanced
by the fluorescent tagging of cells with reporter proteins or membrane labelling dyes [40,41]. The efficacy
of tumor cell intra-/extra-vasation is recapitulated in vitro by trans-well inserts of pre-defined pore
sizes. Such assays are employed widely to quantify “cell motility” in response to a chemotactic
agent, while the layering of artificial matrix components (such as matrigel, carboxy methyl cellulose,
and hydrogels) over these inserts gauge properties of “cell invasion” and “ECM remodeling” [38].
Recent trans-well systems employ micro-electrode coupled inserts that measure the impedance flux in
response to cell migration/invasion, with enhanced precision [42]. Tumor cell invasion also entails the
biochemical and mechanical modification of ECM components. “ECM degradation assays” measure
the enzymatic activity of secreted matrix metalloproteinases (MMPs) by employing fluorescently
labelled substrates and quantifying the signal intensity in the vicinity of invasive tumor cells [43].
Additional information pertaining to tumor cell invasion is gained from the “co-culture assays” that
recapitulate the in-situ disruption of non-transformed tissue linings often encountered by metastasizing
cancer cells [44]. The use of differentially labelled non-transformed and cancer cells improves the
resolution of this assay, by enhancing the visualization and quantification of monolayer perturbance
and invasion by tumor cells. Monolayer disruption by invading cancer cells is also quantified by
the “trans-epithelial resistance (TER)” and “dextran flux assays” that gauge monolayer integrity and
permeability, respectively [45,46]. Recent developments in advanced microfluidic and flow cytometry
approaches have also facilitated the isolation of “circulating tumor cells (CTCs)”, which are actual
proof of an ongoing metastatic cascade [10,47]. Several recent reviews detail, at length, the role of
CTCs in tumor biology and translational medicine, and associate them with stem-like properties,
immune evasion signatures, and immense phenotypic plasticity [48–50]. CTCs also offer excellent
diagnostic/prognostic value and specific targeting opportunities [51–53]. Hence, their detection,
quantification, and analyses are being developed in view of clinical applications.

Cell-substrate adhesion, governed by tissue specific ECM components, represents a critical
determinant of metastatic seeding [54–56]. The in vitro assessment of “adhesion” employs ECM
pre-coated plates to identify the critical molecular players mediating cell–matrix interactions [57].
Separately, anchorage independent growth of tumor cells as gauged by the “soft agar assay” utilizes
a three-dimensional (3D) matrix devoid of ECM components, and quantifies the tumor seeding capacity
in vitro [58]. Apart from studies pertaining to single cell colonization, spheroids and cell aggregates
are also functionally examined for their properties of adhesion, migration, and invasion, which can be
extrapolated to the metastatic cascade [38]. Furthermore, the competitive interaction of these entities
in suspension is assessed by “spheroid confrontation”; such an assay evaluates the differential invasive
capabilities, as well as co-operation between these cell populations in view of metastases seeding [38].

Despite their obvious advantages, cell line models provide limited information on the in
situ landscape of a disease, because of a lack of higher order organization conferred by the
tissue architecture. “Organoid cultures” represent an in vitro 3D model system reminiscent of
the in-situ organization, and provide improved clinical correlations [59]. The sustenance of genetic
features from patient samples by organoids make them improved models for studying metastases
as opposed to cell lines, which can often accumulate genetic aberrations over multiple passages [60].
Their amenability to in vitro functional assays further permits a high throughput assessment of
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pathological states. Studies with pancreatic and colorectal cancer organoids, established from clinical
specimens, demonstrate the recapitulation of histological features reminiscent of the parental tissue,
when injected into immunocompromised mice [61,62]. Interestingly, stage-specific organoids have
also captured the evolving heterogeneity and molecular landscapes of tumors, and can improve the
efficacy of therapeutic interventions in personalized medicine [63]. Similarly, organoids have been
developed from CTCs that exhibit drug-resistance responses similar to the patients, and are amenable to
high-throughput screening for the design of personalized therapeutic regimes [64]. Additional details
on the advancements in organoid generation and utility in cancer biology are stated elsewhere [64–66].

2.2.2. In Vivo Systems

Despite the widespread applicability of in vitro systems, several aspects of metastasis that
contribute to its complexity and heterogeneity are comprehended only when examined in vivo.
Several non-mammalian systems have been extensively studied so as to comprehend the functionalities
associated with the metastatic cascade. Examples include chemotactic migration observed
in Dictyostelium discoideum, anchor cell invasion documented during vulva morphogenesis in
Caenorrhabditis elegans, collective cell migration of ovarian border cells in Drosophila melanogaster, and the
amoeboid migratory phenotype associated with primordial germ cells of Danio rerio. Extensive details
on these non-mammalian models have been documented elsewhere [67]. Similarly, the developing
chick embryo has been utilized for the assessment of its metastatic capabilities. The traditional chick
“chorioallantoic membrane” assay quantifies tumor cell invasion across embryonic layers, and is
assessed microscopically [68,69]. Recent “ex ovo embryo-xenograft models”, however, serve as
improved visual and quantitative systems for metastatic dissemination and intra-vital imaging [69].
Despite the evolutionary divergence, the conservation of distinct cellular functionalities in these animal
models, along with their amenability to genetic screens and live cell imaging, permit the extrapolation
of relevant observations to mammalian systems. However, the routine and widespread utility of mouse
models in cancer biology as opposed to non-mammalian systems continues, because of emphasis on
the clinically relevant settings that are more effectively mimicked by genetically engineered mice.

“Mouse models” recapitulate physiological variables contributing to disease progression, which are
absent in vitro and allow for the derivation of clinically relevant outputs. We describe briefly
a few mouse models and assays employed in tumor biology; interested readers may refer to other
detailed articles [70–72]. The metastatic cascade is routinely captured by spontaneous models for
metastasis that involves ectopic/orthotopic tumor cell transplantation in immunocompromised mice.
Orthotopic models more effectively represent disease progression, as they expose tumor cells to the
micro-environmental cues encountered in the tissue of origin. Alternatively, experimental models
of metastasis include the inoculation of tumor cells into mice so as to assess the property of distant
colonization. Intra-cardiac, intra-peritoneal, intra-splenic, the tail vein, and so on, are known routes of
tumor cell injection, and have been documented to govern the tissue specificity of metastatic seeding [72].
Recent advances in bioluminescent imaging also permits the non-invasive detection of metastatic
seeding by tagged tumor cells, thus ensuring real-time assessment [17,73]. These mouse models include
cell-line generated allograft or xenograft systems that often lack the stromal/immune cell heterogeneity
associated with the disease; the development of carcinogen-induced and genetically engineered mouse
models has allowed cancer biologists to overcome this drawback. 7,12-Dimethylbenz[a]anthracene
and azoxymethane-induced skin squamous cell and colorectal carcinoma mouse models, respectively,
have been employed in deciphering the mechanisms of carcinogen mediated disease progression [74,75].
Cell lineage specific disease models, generated by Cre-lox approaches, have identified the molecular and
cellular cascades contributing to metastasis and discerned disease associated patterns across stochastic
cellular events [76,77]. For the improved recapitulation of breast cancer in mice, the mammary fat
pad model system was developed so as to ensure the repopulation and manipulation of the mouse
mammary gland with human-derived epithelia [78]. Similarly, patient-derived xenografts (PDXs)
have been established, which can recapitulate metastatic and organ homing properties similar to
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the clinical specimen [79]. Fluorescent tagging of lineage-specific tumor cells and the establishment
of confetti mouse models permits the tracing, isolation, and characterization of cell populations,
thereby systematically dissecting the events involved in development and disease progression [80–83].
Reporter tags also facilitate CTC isolation and the detection of low frequency tumor cells at secondary
sites during the colonization phase of metastasis [79]. Similarly, inducible reporter systems permit the
fine tuning of specific molecular events, besides contributing to the spatiotemporal resolution of gene
regulatory networks driving metastasis [75].

Functional assays and model systems thus simplify the comprehension of several mechanisms
contributing to metastasis. However, the stromal and immune cell populations that facilitate metastasis
are often under-represented in classical assays. These cellular interactions include platelet-coated
CTCs, which exhibit enhanced survival and immune evasion; cancer associated fibroblasts (CAFs)
or tumor associated macrophages (TAMs) in the primary and metastasizing tumor, which facilitate
the generation of a supportive niche; and so on. [2,84,85]. Furthermore, the information provided by
each assay exhibits cell-type and experimental-system associated context dependency [86]. Hence,
an acknowledgement of the inherent shortcomings for each methodology is crucial, prior to the
derivation of relevant conclusions, and may necessitate the development of improved protocols.

2.3. Scrutinizing Outcomes of Metastasis Assays

Most conventional in vitro assays associate metastasis with migratory and invasive capacities,
while the processes of cell dissociation and colonization remain under-represented. Isolated read-outs
can misrepresent the metastatic cascade and hinder effective translation of in vitro observations.
Herein, we summarize the relevant biological limitations associated with in vitro read-outs (Table S2),
and emphasize that a routine re-evaluation of assays is necessary for deriving appropriate
clinical inferences.

The effective dissociation of cells from the primary tumor generates varied metastasizing
entities (heterogeneous cell aggregates, single mesenchymal cells, and epithelial cell clusters) based
on their modes of severance [37,87,88]. Differential molecular programs activated during cell
dissociation from the primary tumor endow cells with functional signatures that can influence
assay read-outs (Figure 2a). The acquisition of anoikis resistance by these entities is influenced by
membrane dynamics, modified secretome, immune/stromal cell recruitment, and forces generated by
primary tissue/interstitial fluids; parameters that are often neglected by in vitro assays [36,89,90].
Similar influences also distinguish cell aggregates from spheroids, and demand unambiguous
identification approaches for these suspension entities [37]. The re-organization of tissue architecture
during metastasis further employs processes that can degrade and/or realign specific ECM components
in order to ensure optimal dissemination and colonization (Figure 2b.i) [91–93]. While ECM-based
assays discern the molecular players of cell adhesion and degradation, there is limited comprehension
of the influences from 3D-ECM rearrangement. For example, with minimal biochemical changes,
collagens can undergo rearrangement with respect to fiber density and crosslinking, so as to alter
cell–ECM interactions [94]. Similarly, degradation assays more commonly quantify the biochemical
aspect of cell–ECM interaction, while the mechanical forces that can distort ECM arrangement are
largely ignored (Figure 2b.ii) [43,95,96]. Existing assays also disregard the amoeboid mode of invasion,
wherein cells exhibit a greater degree of deformability, which facilitates displacement across the ECM
with minimal biochemical or mechanical alterations of the matrix [97,98].

In vitro migration and invasion assays present with similar shortcomings, wherein the
heterogeneity and mechanics of these processes are excessively simplified and the modalities of
translocation are overlooked. Wound closure assays widely imply cell migration, while disregarding
the proliferative potential of the wound edge [99]. Similarly, experimental systems often employ
scratch and gap closure assays interchangeably, with a complete disregard for the differential biological
annotations represented by each method. While “gaps” (cell-free zones) are passively generated by
artificial barriers positioned around proliferating cells, scratch assays involve the active disruption
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of cell monolayers. These differences can influence the activation of differential molecular networks
and affect assay outputs [40,41]. Furthermore, trans-well assays restrict the movement of collectively
invading cells, because of the pre-defined insert pore size that usually permits the passage of single
cells. Similarly, co-culture systems often do not account for the paracrine effects of invading tumor cells
on the epithelial/endothelial monolayers; these can activate the trans-differentiation and chemotaxis
programs involved in the recruitment of CAFs, TAMs, and so on [84,85]. Most read-outs for migration
and invasion also assume an onset of EMT, while the contributions of extra-tumoral cells recruited
for their cooperative effects are often disregarded (Figure 2b.ii) [100]. Similarly, the plasticity of
migratory/invasive modalities in response to differential ECM density, composition, and arrangement
also requires critical scrutiny [101].

 

Figure 2. Modalities of metastasis. Metastasis is achieved by a step wise progression of tumor cell
dissociation, physical translocation, and colonization. (a.) Cell dissociation entails a combination of
cell–cell junctional complex rearrangements; phenotypic transitions, like EMT, that result in a loss of
epithelial junctions; or the passive severance of cell clusters by virtue of forces exerted by the interstitial
fluids. (b.i.)
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Physical translocation involves a myriad of processes, amongst which cell migration is mediated by
individual or collective clusters of cells. Individual cells migrate with the aid of ECM or stroma derived
nanotubes, whereas collective migration is achieved by an active leading edge and/or by migration
of cell sheets. (b.ii.) Migrating cells then undergo intra- and trans-tissue invasion by mediating
distinct interactions with the ECM and non-transformed cell populations. Intra-tissue invasion involves
the degradation and deformation of the ECM, either by the tumor or stromal cells. Alternatively,
cells exhibit amoeboid invasion by altering their membrane fluidity so as to squeeze through the ECM
with minimal disturbance to the surrounding architecture. (b.iii.) Trans-tissue invasion involves the
disruption of endothelial linings by virtue of active intra-/extra-vasation or mechanical rupture because
of an extensive tumor load. (b.iv.) Disseminating tumor cells in circulatory/lymphatic systems can exist
either as platelet or tumor associated macrophage (TAMs) coated entities, mesenchymal cells along
capillary linings, passively dispersed cell clusters, or exhibit an integrin mediated tumbling similar to
cells of the immune system. (c.) The final stage of metastases establishment involves the colonization of
tumor cells at distant sites mediated by phenotypic transitions, like mesenchymal to epithelial transition
(MET), the selective seeding of epithelial cells from heterogeneous clusters, paracrine transformation of
secondary site by the tumor cell secretome, passive deposition by interstitial fluids, and modulation of
the secondary niche by activation of the tissue stromal compartment.

While several assays depict the properties associated with cell dissemination, the direct detection
of metastatic seeding is not achieved in vitro. Metastasis-associated studies also disregard the
stages of intra-/extra-vasation and the associated cellular plasticity that may govern efficacy of the
metastatic cascade [102,103]. Importantly, routine in vivo models are usually limited by their inherent
immunodeficiency that impacts the heterogeneity and efficiency of metastatic dissemination [104].
Similarly, the ectopic transplantation of tumor cells in mice and the infiltration of mouse stroma in
these models make them less suitable for studying the role of tumor microenvironment on metastatic
dissemination [104]. Thus, despite the existence of numerous elegant model systems, the complexity
of metastasis necessitates regular improvements in assay resolution, and emphasizes the inclusion of
recent ideologies when inferring from these outputs.

3. Uncoupling the Migration–Invasion–Metastasis Ideology

Tumors hijack several molecular programs associated with organogenesis; hence, concepts derived
from developmental systems could elucidate the functional attributes observed during tumor
progression and metastasis. Apart from tumor cells, the recruitment of tissue stroma/immune
components vastly influences each stage of the metastatic cascade in a context dependent manner.
The exclusion of several physiological parameters from experimental systems may stem from the
limited familiarity and visualization of such processes, which can limit their collation with clinical
observations. In this section, we aim to highlight the alternate physiological mechanisms adopted by
tumors that uncouple the traditional migration–invasion–metastasis ideology, and warrant inclusion
in routine assays (Figure 2).

The dissociation of cells from the primary tumor is widely attributed to active EMT as well as
its molecular manifestations that affect cell adhesion and cytoskeletal complexes [105]; other studies
highlight the realignment of adhesion complexes towards the generation of passively disseminating
epithelial cell clusters [19]. Passive dissemination presents a challenge for experimental detection,
although its contribution to metastasis is undeniable (Figure 2a) [106,107]. The degradative secretome
that often accompanies EMT can further lead to the severance of single cells from the primary mass [96].
Tumors are also subject to hydrostatic pressures from organ-specific interstitial fluids that slough off
weakly connected proliferative cell masses. Separately, the tumor edge can undergo cytoskeleton
mediated delamination as epithelial sheets, a feature also noted during development [108].

Several existing studies associate metastatic efficacy with EMT facilitated migration and
invasion [109–111]. However, recent reports highlight the differential migratory and invasive
capabilities of tumor cells, significantly influenced by the microenvironment (Figure 2b.i).
Passively dissociated cells can disperse and seed as proximal metastatic lesions in the absence of active
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migration/invasion programs [106,112]. Furthermore, efficient cell migration along chemo-/duro-tactic
gradients relies on the sustained cellular contacts that underscore the existence of epithelial properties
and fortify collective migration as a crucial process in disseminating tumor cells [112]. Recent studies
also highlight the role of tumor/stroma cell derived membrane invaginations, termed “nanotubes” that
can alter ECM arrangement and serve as directed migratory tracks for cancer cells [113].

The uncoupling of EMT from the metastatic cascade is also evident from reports highlighting the
invasion of epithelial cell clusters by virtue of tensile forces exerted on the ECM (Figure 2b.ii) [114,115].
Invasion is also reported to be mediated by an amoeboid transition, which allows cells to squeeze
through the ECM, without its biochemical or mechanical alteration [98]. Invasion modalities can
be influenced by organ-specific architecture, which presents as an anatomical barrier for metastasis.
For example, fenestrated bone marrow sinusoids offer a lower mechanical challenge for invasion,
as opposed to the blood–brain barrier [116]. Distal metastasis is further ascertained by the density of
lymphatic/blood vessels, and the ability of tumor cells to intra- and extra-vasate; invasive cell clusters
capable of disrupting the basal lamina and entering circulation may stay lodged in the blood vessels
and fail to extravasate (Figure 2b.iii) [117]. Tumor cells in capillaries or lymphatic vessels ensure
survival in response to immune surveillance and hydrostatic pressures by existing as cell clusters or
recruiting cells from the hematopoietic lineage [2]. Eventually, cells achieve distant dissemination
under the influence of systemic circulatory flow, and can also exhibit migration along the capillary
linings by virtue of mesenchymal motility or integrin mediated tumbling (Figure 2b.iv) [118,119].

Several of the above phenomena are reversed during the colonization stage of metastasis,
wherein tumor cells re-establish cellular contacts and lodge into a supportive niche (Figure 2c).
The reversal of certain mesenchymal properties is thus deemed crucial for colonization, as reports
highlight the inability of rigid mesenchymal cells to metastasize, despite in vitro migratory and
invasive capabilities [34,120]. Phenotypic plasticity plays a key role in enhancing the adaptability
of cells to the altered niche, and may generate a heterogeneous disease at distinct sites in response
to varying microenvironments [121,122]. The passive deposition and selective seeding of epithelial
tumor cells from heterogeneous metastasizing clusters can dictate the efficacy of metastasis [106,
107,112]. Sculpting of the secondary site is also undertaken by tumor cells, wherein paracrine
signaling can result in a transformation of the secondary tissue or activate stromal cells, and generate
a microenvironment conducive to metastases seeding [100]. Insights into the role of these extra-tumoral
cellular components have been reviewed elsewhere [84,85]. Thus, a definitive comprehension of the
metastatic cascade necessitates an approach wherein the aforementioned processes can be integrated
into informative protocols.

4. Visualization of Metastatic Modalities with Real-Time Approaches

As discussed in previous sections, comprehending the biological heterogeneity of metastasis is often
limited by the poor resolution of snapshot assays. Existing assays can provide an enhanced resolution
of the cellular functionalities, when coupled with microfluidic approaches, real-time visualization,
and intra-vital imaging. These methods can further reform traditional ideologies by including
physiologically relevant variables and the development of quantitative parameters to delineate the
metastatic cascade (Figure 3).
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Figure 3. Era of real-time analysis. Routine implementation of real-time approaches in cancer
biology can spatio-temporally resolve cellular processes and biological modalities by permitting the
extraction of quantitative metrics associated with these states. Outputs from real-time studies can be
collated to identify the regulatory networks governing the biological processes, and can be further
applied to develop analytical tools/mathematical models for implementation in therapeutic/clinical
screens. Such analyses support the design of relevant animal models, recapitulating the in situ
patho-physiological parameters of the disease. Corroboration with microfluidic devices further
enhances the outputs of these pipelines.

4.1. Use of Microfluidics

Microfluidic devices are recent advances in automation that have been applied in order to
elucidate the distinct ECM components, widths of migratory paths, cell adhesion forces associated with
collective migration, and the effect of extrinsic fluid pressures, amongst other metrics associated with
metastasis [103,123–125]. In a recent study, an artificial circulatory system was generated on PDMS
(polydimethylsiloxane) micro-capillaries lined with functional endothelial cells. This system was
employed to model extra-/intra-vasation modalities under influences of extrinsic fluid pressure [102].
Label-free isolation and characterization of viable CTC clusters from blood samples has been achieved
with Cluster-Chip, a microchip technology employing bifurcation traps. CTCs released from the
microchip could be subjected to functional and molecular characterization in vitro, to comprehend
their role in the metastatic cascade [126]. Similarly, an organ chip bioengineered to mimic the 3D
microvascular networks has been effective in capturing and quantifying trans-endothelial migration,
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seeding, and micro-metastases formation [127]. Similar approaches have also used 3D bio-matrices to
generate tissue models for studies pertaining to the interaction and infiltration of cancer cells [128–130].
Recently, the co-culture of breast cancer cells and CAFs on a microfluidic device successfully established
a 3D-organotypic model to mimic stroma-driven tumor cell invasion. Live cell imaging coupled with
transcriptome analysis of the co-cultured cells further discerned the novel molecular targets associated
with invasion [131]. The recapitulation of spatio-temporal metabolic adaptations encountered by
tumor cells was also achieved with a microfluidic organotypic breast cancer model, and employed to
devise therapeutic strategies for targeting hypoxic cells [132].

4.2. In Vitro Resolution of Metastatic Modalities with Live Cell Imaging

Independent of microfluidic devices, live cell imaging has enabled the quantification of various
functional properties by visually monitoring routine in vitro protocols. The spontaneous detachment
of cells from 3D culture models of ovarian cancer was recently visualized with live cell imaging.
These observations allowed for the development of in vivo lineage tracing methods, and discerned
a collective dissociation of cells from the primary tumor, indicating the onset of metastasis [37]. A recent
study from our group, coupling live cell imaging with the in vitro scratch assay, not only discerned
the distinct migratory modalities in ovarian carcinoma (CCM versus EMT), but also resolved subtle
variations within CCM; this defined CCM as being mediated either through proliferation (passive
CCM) or sheet-like migration (active CCM). We quantified the altered migratory modalities in response
to extrinsic and intrinsic stimuli, further establishing an improved prototype of the scratch assay [99].
In a separate study, CCM was assessed in the context of durotaxis, wherein live cell imaging successfully
quantified the extent and pattern of migration in response to ECM variations [133]. Similar approaches
were applied to invasion assays, so as to determine the morphological variations of patient derived
spheroids invading into a carboxy–methyl cellulose matrix [134]. Separately, live cell imaging of
the migrating cells in a confined micro-pillar array permitted the derivation of distinct quantitative
parameters for distinguishing the individual and collective modes of migration [135].

Real-time studies can thus offer an improved comprehension of the bio-mechanical features
associated with metastasis that are often overlooked by snapshot assays (Table S3). The corroboration of
time-lapse microscopy with trans-well invasion assays could distinguish the degradative, deformative,
and amoeboid modes of cell invasion [98,136]. Similar approaches with co-culture systems can delineate
the proliferation driven disruption of endothelial linings from active events of intra-/extra-vasation,
and in suspension cultures, distinguish the mechanical forces associated with spheroids versus cellular
aggregates [38,115,137]. The assay resolution can be further enhanced by employing fluorescent dyes
or protein tags that differentially label cell membranes, ECM fibers, cytoskeletal components, and so
on. Importantly, the labelling methods adopted for real-time imaging studies must be permissive of
the assay systems, and contribute minimal hindrance to the biological process under study [138,139].
Such real-time analysis can also be implemented in high-throughput screens, along with traditional
assay outputs, so as to address the effects of growth additives and pharmacological compounds on
diverse biological modalities.

4.3. Intra-Vital Imaging Assisted Visualization of Cellular Properties

As discussed previously, the limited in vitro recapitulation of the heterogeneity associated with
metastasis has compelled cancer biologists to use animal models suitable for varied experimental
approaches. The in vivo dynamics of migration and invasion have been previously noted in C. elegans,
fruit fly, and zebrafish [67]. Recent advances in microscopy and fluorophore chemistry have also
permitted the intra-vital single-cell resolution in vertebrate animal models. In a mouse model,
intra-vital imaging assisted approaches elucidated the role of Rac1-dependent membrane protrusions
in the maintenance of 3D spatial positions of mouse dermal fibroblasts during wound healing [140].
In yet another report, the transplantation of tumor cells into the mouse cerebellopontine angle region
coupled with intra-vital imaging successfully developed a model to study the disease progression of
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vestibular schwannoma [141]. Separately, the intra-vital imaging of early breast carcinoma lesions
identified a Her2 driven dissemination program that enables the dispersal of dormant cancer cells
to distant organs, prior to the development of a primary tumor [142]. Intra-vital imaging also
successfully discerned the significance of orthotopic, as opposed to subcutaneous, tumor models
in prostate cancer wherein drastic differences in the overall vascularization and distant metastasis
were duly noted [143]. Intra-vital imaging has been aided by confetti mouse models, which express
a combination of fluorescent proteins in response to the Cre-recombinase, and permit the visualization
of the in vivo heterogeneity inherent to tissue systems [144,145]. Confetti mice have been instrumental
in comprehending squamous cell carcinoma progression, wherein the recruitment of the adjacent
epithelium by monoclonal papillomas and intra-tumoural invasion by newly generated clones
were effectively visualized [146]. Cell of origin studies in castration resistance prostate cancer,
employing confetti mice, have previously assigned tumor formation to a population of Bmi1+ve luminal
cells in the proximal prostate [83]. The in vivo fate and properties of transplanted corneal epithelium
were also resolved with intra-vital imaging, which tracked the fluorescence signals from the confetti
tagged donor cells [147].

Other advances in imaging technologies include improved tomography scans, fluorescence lifetime
imaging microscopy (FLIM), coherent anti-Stokes Raman microscopy (CARS), and so on, and have been
reviewed elsewhere in detail [148,149]. The routine application of such high-resolution approaches
may be beneficial towards the development of more informative protocols, the quantification of key
biomechanical features, and could overcome several limitations harbored by snapshot studies.

5. Quantitative Resolution of Biological Modalities

Examples of real-time assays discussed in previous sections not only emphasize their visual impact,
but also highlight the derivation of varied quantitative metrics. The integration of live cell imaging
into routine approaches can quantify diverse physiological parameters and enhance assay read-outs.
We briefly familiarize readers with recent approaches developed for high-resolution real-time imaging,
user-friendly analytical tools, and quantitative variables generated from imaging datasets (Table S3).

Continued technological advances and automation in the field of optics have provided
high-resolution microscopes that facilitate the real-time visualization of dynamic biological processes,
including the migration of metastatic cancer cells in vivo [150]. Similarly, atomic force microscopy
(AFM) and protrusion force microscopy (PFM) have been employed to discern the mechanical forces
involved in leukocyte–endothelial adhesion and invadosome–assisted extravasation, respectively [151].
CARS coupled with two-photon imaging has also emerged as a promising approach to describe
multiple aspects of the tumor niche and disease progression, with minimal photo-damage to the
specimen [73]. Interested readers may refer to several recent articles elaborating on the advances in
microscope design, with significant implications in real-time cancer research [148,149].

Datasets generated by real-time imaging present a significant challenge for analysis,
thus necessitating familiarity with relevant software and tools. While the adaptability of imaging
tools across model systems is beneficial, optimal quantification can only be ensured when
high-resolution/-contrast images are provided as inputs. The availability of user-friendly interfaces,
improvements with recent plugins, and the development of codes for the customization of outputs
enhance the applicability of imaging tools. Currently, a variety of programs facilitate time-lapse
image analysis, and are available either commercially, viz., Metamorph (Olympus), Imaris (Bitplane),
Zen (Zeiss), Elements (Nikon), Volocity (PerkinElmer), and so on, or as open source platforms,
viz., Micro-manager, ImageJ, MotilityLab, and so on. Imaris is specifically useful for 4D data
analysis, and can be substituted with the ImageJ post-installation of plugins that facilitate drift
correction, volume measurement, free rotation, and so on [152]. COMBImage, a recent computational
framework, has facilitated the automated analyses of cell morphology and confluence in cell viability
assays [153]. The management and analysis of multi-dimensional imaging data have also been aided
by support vector machines (SVM), which have been applied to group pixels for image segmentation,
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to detect cellular/sub-cellular phenotypes, or to categorize developmental stages at the level of
entire organisms [154]. Similarly, mathematical approaches for migration track analysis have been
developed [155]. A more comprehensive list of the currently available image processing software and
tools is available elsewhere [156,157].

Analytical tools can yield extensive information from imaging datasets, and often confound
untrained individuals. The extraction of relevant quantitative metrics must consider the biophysical
properties of a system and examine the associative trends with the cellular processes under study.
Examples highlighting the selection of quantitative metrics are summarized in Table S3, and include
the micro-pillar array-based study, wherein six quantitative parameters extracted from individual
cells generated a binary solidification model for describing the interconversion between collective
versus individual modes of migration [135], fractal analysis that described the developing dermis
as a lattice structure resulting from the dynamic stroma [158], derivation of migration modalities in
ovarian cancer cell lines assisted by coupling live cell imaging with the in vitro scratch assay [99],
and so on. Additional studies highlight the vast array of quantitative measures derived from real-time
imaging datasets, and signify their contributions to an improved understanding of the biological
processes [11,151,159–162].

6. The Era of Live Cell Imaging

The simple corroboration of time-lapse microscopy with endpoint assays can reveal the modalities
of several biological processes, indicate differential routes of metastasis taken by tumors, and identify
the associated molecular pathways (Figure 3). Collation of these datasets can generate multi-parametric
simulations that define the biological thresholds associated with diverse cellular functions, and their
modulation in response to various cues [163–165]. Such models or simulations could aid in the
design of appropriate experimental systems that encompass heterogeneous processes contributing to
metastasis. Similarly, analytical tools developed with real-time approaches can be integrated into drug
development pipelines [166]. In accordance with our statements, a recent study employing intra-vital
imaging discerned the crucial role of CD44 driven cell aggregation of CTCs in metastatic dissemination.
The study established CD44–PAK2 interaction as a driving event of the process, thus providing clinically
relevant information with the aid of visual outputs [167]. While snap-shot assays will continue to
provide high-throughput readouts for cell systems, it is crucial that experimentalists acknowledge
their limitations when deriving clinically relevant inferences. With the right amount of caution,
real-time approaches could herald an “era of live cell imaging” in cancer biology.

Real-time approaches, in conjunction with lineage tracing, may initiate the next phase of resolving
cancer heterogeneity, which continues to elude comprehension and is responsible for therapy resistance.
In view of recent reports, real-time approaches may decipher functional nuances and provide insight into
the concept of “metastability” predicted during phenotypic switches. Real-time dynamics of molecular
turn-over can further identify the spatiotemporal alterations of markers over the course of disease
progression, and improve clinical interventions. Moreover, intra-vital imaging approaches present
an exciting opportunity to tackle a residual minimal disease, which often results in an aggressive
relapse and overall poor prognosis. Similarly, extra-tumoral cell populations crucial for disease
progression in vivo can be identified and probed in vitro with micro-fluidic and real-time studies.
More importantly, the stages of primary dissociation and colonization during metastasis represent
a “grey area” of information, which could be effectively resolved with the previously discussed
approaches. The delineation of these diverse biophysical features essentially nurtures the model of
personalized medicine. A careful combination of appropriate existing assays with live cell imaging can
reveal several nuances of the metastatic cascade and reiterate the “seeing is believing” ideology.

7. Conclusions

Recent studies reveal a functional uncoupling of several physiological processes previously
deemed crucial for successful metastasis. Our own observations associated with the evaluation of
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in vitro metastasis reflect on the shortcomings of routine assays. For the detection of distinct modalities
associated across the metastatic cascade, we suggest the adoption of time lapse imaging in routine
assays. This approach has the capability to (i) make a visual impact on biological processes, (ii) identify
different routes undertaken by tumor cells towards achieving these functions, and (iii) provide metrics
for quantifying these processes. The information obtained from these approaches can be applied
towards establishing mathematical models and intuitive inferences that tackle the heterogeneity
associated with disease progression. Inherent cellular plasticity that contributes to tissue homeostasis
can also be deciphered in the context of pathological conditions, by developing novel assays that
combine the ease of traditional approaches with the enhanced resolution of real-time imaging. We also
emphasize on the routine re-evaluation of functional read-outs, so as to incorporate recent conceptual
developments that improve the comprehension of biological systems. Together, these features are likely
to be useful in elucidating the poorly understood areas of disease progression in cancer, and deriving
clinically relevant conclusions over the current assays.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/7/941/s1:
Table S1. Metastasis associated functional read-outs. Details pertaining to the setup, quantification, and biological
read-out associated with the in vitro and in vivo methods employed to study the metastatic cascade are enlisted.
Table S2. Applications and limitations of metastasis associated functional read-outs. Details pertaining to
the cellular functionality gauged, stage of metastasis represented, and inherent limitations of the in vitro and
in vivo methods employed to study the metastatic cascade are enlisted. Table S3. The real-time approach.
Details pertaining to the model systems, relevant instrumentation, quantitative tools and variables, and their
biological relevance for recent real-time studies are enlisted. The table includes a summary of a limited number of
studies, interested readers may refer to the available literature cited in the text for more information.
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Abstract: Snail1 transcriptional factor plays a key role in the control of epithelial to mesenchymal
transition and fibroblast activation. As a consequence, Snail1 expression and function is regulated at
multiple levels from gene transcription to protein modifications, affecting its interaction with specific
cofactors. In this review, we describe the different elements that control Snail1 expression and its
activity both as transcriptional repressor or activator.
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1. Introduction

Epithelial to mesenchymal transition (EMT) is a progressive and reversible process that promotes
epithelial cells to acquire a mesenchymal phenotype. During this transition, the cell-cell junction
structures, including adherens junctions and desmosomes, are disassembled. Cells lose their cobblestone
appearance and adopt a spindle-shaped morphology. EMT provides epithelial cells with different
traits relevant for tumorigenesis since, upon EMT, cells become more motile and invasive, become
more resistant to pro-apoptotic stimuli, reprogram their metabolism, and acquire characteristics of
cancer stem cells. For these reasons, EMT has attracted the attention of many cancer biologists and has
been extensively studied in recent years. Many excellent and recent reviews have addressed different
insights in EMT and the acquisition of high-grade malignancy [1–3].

EMT is orchestrated by a set of EMT-activating transcriptional factors (EMT-TFs), whose core
set includes Snail1 (Snail), Snail2 (Slug), Twist1, Zeb1, and Zeb2 [1]. Among these, a prominent role
has been attributed to Snail1 since its expression is widely observed in EMT processes preceding the
remaining EMT-TFs; moreover, ectopic Snail1 induces other EMT-TFs such as Zeb1/2 and Snail2 [4],
and Snai1 depletion severely impacts mesoderm formation during embryogenesis [5]. For this reason,
Snail1 has been extensively studied as key marker of EMT [6]. Besides this action in epithelial cells,
Snail1 is also relevant for fibroblast activation [4], a process also driven in mesenchymal cells for
conditions promoting EMT in epithelial cells. Fibroblast activation is required for the generation of
cancer-associated fibroblasts (CAFs), a tumor stromal cell with a crucial role in tumor invasion or
evasion from the immune system [7]. Without ignoring the contribution of other EMT-TFs to EMT and
malignancy, our goal here has been to detail the different mechanisms that control Snail1 expression
and function and therefore impact EMT and fibroblast activation.

2. Transcription

Snail1 expression was initially studied analyzing its mRNA. First, studies on the control of Snail1
were based on transcription and carried out with human and mouse proximal promoters that present
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less than 50% of homology. Accordingly, although many similarities are present, transcription factor
binding elements described in one of these species cannot automatically be extrapolated to the other.
In Table 1, we include a list of the transcriptional factors binding to the promoters of Snail1 genes both
in mice and humans.

2.1. Murine Snai1 Transcription Regulation

TGFβ was the first factor reported to stimulate Snai1 transcription and activity of a 900 pb
fragment of the Snai1 proximal promoter [8]. H-Ras transfection is as potent as TGFβ, and both
MAPK and PI3K pathways are required for the H-Ras- and TGFβ1-mediated induction of the promoter
activity [8]. The role of the canonical TGFβ pathway and Smads in activating Snai1 promoter in
mouse is controversial. The initial observations using a dominant negative form of Smad4 pointed
to a Smad4-independent activation [8]; however, in lens epithelial cells, the proximal Snai1 promoter
was activated by TGFβ through the action of Smad2, -3, and -4 [9]. In addition, mice with a specific
Smad2 ablation in keratinocytes show an enhanced EMT during skin cancer formation and progression.
In these animals, Smad4 binds to the Snai1 promoter, and additional Smad3 or Smad4 knockdown
abrogates Snai1 overexpression [10].

HMGA2 cooperates with the TGFβ/Smad pathway in the activation of Snai1 gene expression
concomitant to an increased binding of Smads to the proximal promoter. While HMGA2 binds to two
A/T rich motifs at the −131/−92 region, Smad3 and -4, which physically interact with HMGA2, associate
preferentially with the −230/−178 sequence [11]. Myc binding to the Snai1 promoter is required for
rapid Snai1 activation upon TGFβ stimulation. Accordingly, knockdown of either c-Myc or Smad3/4 in
epithelial cells eliminated Snail1 induction by TGFβ [12]. The hepatocyte growth factor (HGF) also
activates Snai1 promoter depending on Myc and Smad4 [12].

The mechanism regulating the expression of the Snai1 gene has been studied in palatal shelves
during the degradation of the midline epithelial seam. To activate expression of Snai1 in palatal
explants, TGFβ3 stimulates binding of Twist1/E47 dimers to the Snai1 promoter; without E47, Twist1
represses Snai1 expression [13]. Finally, in the mouse mammary epithelial cells, MMP-3 causes the
binding of p65 and cRel NFκB subunits to the Snai1 promoter, leading to its transcription [14].

2.2. Human SNAI1 Transcription Regulation

In humans, SNAI1 transcription is also controlled by TGFβ and canonical Smads. In many
cases, interference with this pathway decreases SNAI1 mRNA; for instance, in A549 non-small lung
cancer cells, the natural dietary flavonoid Kaempferol reverses TGFβ1-mediated SNAI1 induction by
weakening Smad3 binding to the promoter. This is dependent on the selective downregulation of the
AKT1-dependent phosphorylation of Smad3 at T179 [15]. In HCCLM3 hepatocellular carcinoma cells,
downregulation of AGO1 decreases Smad4 binding to SNAI1 promoter and reduces its transcription [16].
Liver X receptor α (LXRα) also antagonizes TGFβ since the binding of LXRα to the SNAI1 promoter
prevents that of Smad3/4 [17].

NFκB is another potent stimulator of SNAI1 transcription and promoter activity. Initial reporter
assays with truncated promoters transfected in colon and pancreas cancer cells mapped the
NFκB-responsive element to a sequence (−194/−78) located immediately upstream the minimal
promoter (−78/+59) [18]. Erythropoietin also increases the binding of p50 and p65 NFκB subunits to
the SNAI1 promoter [19]. Overexpression of v-Akt increases SNAI1 RNA and promoter activity [18,20].
This Akt effect involves several downstream factors since this protein kinase upregulates SNAI1 RNA
through the activation of NFκB [21] and Smad3 phosphorylation [15].

Another well documented factor that regulates SNAI1 transcription is STAT3. Chromatin
immunoprecipitation assays in cisplatin-resistant atypical teratoid/rhabdoid tumor cells indicated that
STAT3 also binds to the SNAI1 promoter, although in a more distant region than NFκB [22]. STAT3
was found to enhance SNAI1 induction by TGF-β in cooperation with Ras [23]. In hepatoma cells,
phosphorylated STAT3 was also found to bind to the SNAI1 promoter; inhibition of STAT3 abrogated
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the hepatitis virus C core-induced Snail1 expression [24]. Additionally, in HCCLM3 hepatocellular
carcinoma cells, the isoprenoid antibiotic ascochlorin increased the sensitivity to doxorubicin treatment
by directly inhibiting binding of STAT3 to SNAI1 promoter [25].

Factors downstream MAPK also bind and control SNAI1 transcription; indeed, the minimal
promoter fragment (−78/+59) is dependent on the ERK signaling pathway [18]. Ultraviolet (UV)
irradiation transiently induces SNAI1 expression in human skin and cultured human keratinocytes.
Different MAPK pathways (ERK, p38, or JNK) participate in this SNAI1 regulation, AP-1 sites
present in human or mouse promoters and interacting with c-Jun are especially relevant for UV
irradiation-increased SNAI promoter activity [26]. Osteoblast-derived CXCL5 increases Raf/MEK/ERK
activation promoting MSK1 phosphorylation and binding to the SNAI1 promoter [27]. In human
gastric cancer cells, a pre-treatment with N-acetylcysteine attenuated the Helicobacter pylori-induced
activation of ERK and SNAI1 promoter activity [28].

HGF also stimulates Snail1 through MAPK stimulation and through Egr1 that binds to the SNAI1
promoter [29]. Egr1 is also required for SNAI1 expression in FGF2-activated cells [30]. Remarkably,
Snail1 also binds the EGR1 promoter and represses the expression of this transcriptional factor [29],
demonstrating the existence of a self-inhibitory loop. Other similar loops have been described since
Snail itself binds to the SNAI1 promoter, limiting its own transcription [31]. As discussed in [32], such
self-inhibition tends to prevent the aberrant activation of EMT by reducing noise in the system.

Table 1. Transcription factors binding to the Snai1 or SNAI1 promoter.

Binding Factor Cell Line or Tissue References

Smads Lens epithelial cells, keratinocytes and lung and liver cancer cells [9,10,15–17]
HMGA Mammary and liver epithelial cells and fibroblasts [11,12]
NFκB Mammary epithelial cells and breast, colon, and pancreas tumor cells [14,18,19]

STAT3 Atypical teratoid/rhabdoid tumor cells, liver cancer, and pancreatic
epithelial cells [22–24]

Twist/E47 Palatal shelves [13]
AP1 Skin keratinocytes [26]

ELK1/MSK1 Breast tumor cells [27]

Egr1 Stomach, esophagus, and liver cancer cells, kidney epithelial cells,
and embryonic stem cells [29,30]

Snail1 Colon and pancreas cancer cells and fibroblasts [31]
Forkhead box M1 Lung adenocarcinoma cells and endothelial cells [33,34]

PARP1 Breast epithelial cells and prostate cancer cells [35]
Polyomavirus-enhancer

activator 3 Lung and ovarian cancer cells [36]

MUC1 Renal carcinoma cells [37]
P4R/EGFR Liver cancer cells [38]
COUP-TFII Colon cancer cells [39]

SP1 Cholangiocarcinoma cell lines [40]
HIF1α Hepatocellular carcinoma [41]

Estrogen receptor Breast cancer cells [42]
Wilms’ tumor-1 Epicardial cells [43]

MTA3 Breast cancer cells [44]
Aryl Hydrocarbon receptor Gastric carcinoma cells [45]

CBX8 Esophagus cancer cells [46]

Those commented in the text are in bold.

Besides these factors, other unrelated proteins, also presented in Table 1, bind and control SNAI1
transcription [33–46]. Most proteins in this list stimulate SNAI1 transcription; only metastasis-associated
protein 3 (MTA3), aryl hydrocarbon receptor, and CBX8 repress SNAI1 [44–46].

2.3. Epigenetic Regulation of the SNAI1 Promoter

SNAI1 transcription is also regulated by epigenetic modifications at the promoter and enhancer
regions. Initial epigenetic studies demonstrated that demethylation of the Snai1 promoter accompanies
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its transcription in spindle or dedifferentiated cells and is associated with an increase in acetylated
histone H4 [47]. After these studies, many others described methylation and acetylation marks
with respect to the SNAI1 promoter. For instance, in colon cancer cells, the SNAI1 promoter is
regulated by phosphorylated p68 RNA helicase, which induces the dissociation of the HDAC1 from
the SNAI1 promoter and activates its transcription [48]. In breast cancer cells, SNAI1 is a direct
target of JMJD5 and demethylated H3K36me2 [49]. HIV enhances the trimethylation of K4 in H3
at the SNAI1 promoter site [50]. In nasopharyngeal carcinoma cells, HOPX mediates epigenetic
silencing of SNAI1 transcription through the enhancement of histone H3 K9 deacetylation. In one
study, HOPX epigenetically suppressed SRF-dependent SNAI1 transcription by recruiting histone
deacetylase activity [51]. Other examples of epigenetic modifiers include DDX21, recruited to the
SNAI1 promoter together with EZH2 and SUZ12, which increased the trimethylation of H3 on K27
repressing Snai1 transcription [52]; SETDB1 in MCF7 cells [53]; PDHE1α, which promoted H3K9
acetylation on the Snai1 promoter to induce transcription and enhance cell motility [54]; MSK1, which
enhanced histone H3 acetylation and phosphorylation (S10) at the SNAI1 promoter [27]; and SATB2,
which recruited HDAC1 to silence SNAI1 transcription [55]. In general, with few exceptions, there is a
gap of information on how epigenetic enzymes are activated by the transcription factors binding to the
SNAI1 gene.

Finally, a conserved 3’ region in the SNAI1 gene acts as an enhancer. Contacting with the
constitutively packaged promoter in a poised chromatin structure, this enhancer promotes the
transcription associated with the enrichment of H3K4 dimethylation and H3 acetylation, at both the
enhancer and the promoter [56]. SNAI1 transcription is also controlled by a long noncoding RNA,
lncRNA-a7, which acts in cis as an enhancer [56]. Accordingly, the deletion of lncRNA-a7 decreases
the expression of SNAI1 mRNA [57].

3. mRNA Stability

Many microRNAs (miRNAs) have been shown to negatively correlate with Snail1 levels in a
variety of cellular contexts; however, only some of them directly bind and reduce SNAI1 RNA levels.
The earlier miRNA shown to bind to a highly conserved 3’ untranslated region (UTR) in SNAI1 mRNA
was the p53-dependent miR-34 in colon, breast and lung carcinomas. These results unveiled a link
between p53, miR-34, and Snail1 in the regulation of cancer cell EMT programs [58]. Preventing
miR-34a action by a long non-coding RNA, lncRNA-MUF, which acts as a competing endogenous
RNA for miR-34a, leads to Snail1 upregulation and EMT activation [59]. In fact, double-negative
feedback loops between the transcription factor Snail1 and the miR-34 family, and the transcription
factor ZEB1 and the miR-200 control TGF-β1-induced EMT of MCF10A cells [60]. These loops explain
the intermediate phenotypes observed during EMT ([61] and determine the hysteretic and bimodal
responses in this transition [62].

The family of miR-30 is also involved in Snail1 repression. During differentiation of tracheal
chondrocytes miR-125b and miR-30a/c keep Snail1 at low levels through their binding to the Snai1
3’ UTR [63]. In murine hepatocytes, the expression of miR-30 family members is significantly
downregulated during TGF-β1-induced EMT, preventing their repressive actions on Snai1 3’UTR [64].
In liver fibrosis, miR-30c and miR-193 are a part of the TGF-β-dependent regulatory network controlling
Snail1 and extracellular matrix genes [65]. miR-30c, in coordination with miR-26a, and miR-30e-3p
also repress SNAI1 mRNA in other cellular systems [66,67]. Accordingly, miR-30c protects against
diabetic nephropathy by suppressing EMT in db/db mice [68].

Several experimental evidences also implicate miR-153 in controlling Snail1 and EMT.
In hepatocellular carcinoma, miR-153 inhibits EMT by targeting SNAI1 [69]. Indeed, the Krüppel-like
factor 4 was found to suppress EMT in hepatocellular carcinoma cells in part by inducing miR-153
and repressing Snail1 [70]. Besides these, other reports have described additional miRNAs as
also repressing SNAI1 mRNA in other systems: miR-211-5p in renal cancer [71] and miR-122 in
hepatocellular carcinoma [72].
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4. Translation

Snail1 translation is also regulated both through cap-dependent and -independent mechanisms.
Increased expression of Snail1 and a concomitant EMT is promoted by transfection of the Y-box binding
protein-1 (YB-1), a protein that activates cap-independent translation of Snail1 mRNA [73]. This rise
in Snail1 is antagonized by the cell fate determination factor Dachshund (DACH1) that binds and
inactivates YB-1 [74]. Upregulated Snail1 translation caused by YB-1 is dependent on its binding
to a putative IRES element contained in the 5’UTR SNAI1 mRNA. Curiously, other transcriptional
factors related to EMT (LEF-1, ZEB2, or HIF1α) are also translationally enriched upon enforced YB-1
expression [73] and contain IRES sequences in their 5’UTRs [75–77]. It remains to be established if these
factors correspond to proteins activated during specific EMTs triggered by conditions that preclude
cap-dependent translation, such as hypoxia.

Snail1 translation is also regulated through eIF4E- and cap-dependent translation. For instance,
TGFβ-induced phosphorylation of eIF4E contributes to Snail1 expression during EMT [78]. Accordingly,
a chemical antagonist of eIF4E blocks Snail1 mRNA recruitment to the polysomes and EMT [79]. Similar
results have also being obtained by the expression of gain-of-function mutants of eIF4E-BP1, a repressor
of eIF4E that downregulates Snail1 without affecting its transcription or protein stability [80]. Since
eIF4E/eIF4BP1 interaction is disrupted by phosphorylation by TORC1, inhibitors of this modification
decrease Snail1 expression. Remarkably, Snail1 also represses eIF4E-BP1 expression by direct binding
to the promoter [81], demonstrating the existence of another loop of mutual repression, as has been
shown above for Snail1 and miR-34. Accordingly, expression of eiF4E-BP1 and Snail1 is contrary in
colorectal tumors [81].

Finally, Snail1 translation is also controlled by methylation of its mRNA. Methytransferase-like 3
(METTL3) modifies a GGAC motif present in the Snai1 mRNA coding sequence, enhancing its presence
in polysomes [82].

5. Protein Stability

Snail1 protein comprises two very well defined parts: the N-terminal or regulatory domain (amino
acids 1–148) and the C-terminal or DNA-binding domain [83]. The regulatory domain contains a
short sequence in the N-terminus, called the SNAG domain with a special relevance for the binding
of co-repressors; other relevant regions are the Ser-rich subdomain (SRD) (amino acids 90–120)
and the nuclear-export sequence (NES) (amino acids 138–146) [84] (Figure 1). The DNA-binding
domain is composed of four zinc fingers (ZnF) of the C2H2 type although ZnF4 does not contain the
consensus distance between these residues. A nuclear localization sequence (NLS) is also present in
this domain [85].

Snail is a short-lived protein (with a half-life of about 25 min) since it is rapidly ubiquitinated and
degraded by the 26S proteasome system [86]. Snail1 ubiquitination involves the participation of several
E3 ubiquitin ligases of the multimeric SCF subtype (Skp1-Cullin1-F-box [87]. From about 69 F-box
proteins described, eight has been reported to participate in targeting Snail1: FBXW1, FBXW7, FBXL14,
FBXL5, FBXO11, FBXO22, FBXO31, and FBXO45. This suggests a highly redundant mechanism of
protein degradation to maintain Snail1 levels very low under non-pathological conditions. This seems
to be common to other labile substrates with a central role in cancer, such as p53, β-catenin, or c-Myc.

Binding of Snail1 to the F-box module is often associated with Snail1 phosphorylation, although
this is not always a prerequisite. The best example of a phosphorylation-dependent interaction is
the one with FBXW1, commonly known as β-TrCP1 (β-transducin-repeat containing protein) [88].
SCF-FBXW1/β-TrCP1 recognizes the Snail1 phospho-degron sequence DpS96GxxpS100, a target
sequence similarly found in β-catenin and other substrates, located in the SRD and phosphorylated
by GSK-3β [89] (Figure 1). GSK-3β action requires the previous priming of Snail1 S92 by CK1ε or
CK2β [90,91]. Other E3 ligases also require previous phosphorylation, such as SCF-FBXO11, which
requires phosphorylation by the protein kinase D1 (PKD1) of Snail1-S11 in the SNAG domain [92];
however, according to other authors, it may also occur independently on phosphorylation [93]. Snail1
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is degraded by the FBXW7 tumor suppressor [94,95]. Although FBXW7-mediated degradation will
probably require Snail1 phosphorylation, as shown for ZEB2 [96] and many other substrates (cyclin E,
Notch, c-Jun, c-Myc and mTOR) [97], this point has not been formally proven in the case of Snail1.
Other F-box proteins have also been proposed as phosphorylation-dependent ubiquitin ligases for
Snail1 such as SCF-FBXO22 and SCF-FBXO31 in mammary and gastric carcinomas, respectively [98,99].

Figure 1. Post-translational modifications controlling Snail1 function. The figure shows a diagram
of Snail1 protein with the N-terminal regulatory domain and the C-terminal DNA-binding domain.
The SNAG, SRD, and NES elements are included in the N-terminal domain. The indicated covalent
modifications of the amino acids are depicted in green or red if they activate or inhibit (respectively)
Snail1 function. K48-mediated polyubiquitination is indicated by an oval (Ub); phosphorylation (P)
and acetylation (Ac), by circles; glycosylation (NAcGlc), by a hexagon; sumoylation (Su), by a rectangle.
The enzymes catalyzing these modifications are also shown when they have been described. Please
notice that the phosphorylation of S100 can promote a positive or negative effect on Snail1 function
depending on the protein kinase and the context. Only the F-box proteins acting on identified Lysine
residues are shown.

The fact that in many cells Snail1 degradation is independent on GSK-3β suggested the participation
of other E3s; accordingly, SCF-FBXL14 was identified as a potent, phosphorylation-independent Snail1
E3 ligase [100]. FBXL14 and β-TrCP1 redundantly modify the same group of Snail1 lysines (K98, K137,
and K146) [100]. FBXL14 seems to have a central role in EMT since it also acts on other EMT-TFs and
targets Snail2, Twist1, and Zeb2 [101]. SCF-FBXL14 is transcriptionally repressed during hypoxia,
leading to Snail1 stabilization [100]. Importantly, hypoxia activates a full EMT program with the
concomitant induction of Snail1, Twist1, and Zeb2 [102,103]. Recently, LKB1 protein has been shown
to regulate FBXL14-Snail1 interaction by increasing their affinity [104].
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An independent shRNA screening identified SCF-FBXL5 as a nuclear Snail1 E3 ubiquitin ligase
binding to Snail1 C-terminal and targeting lysines 85, 146, and 234 [105]. Besides promoting degradation,
Snail1-K234 ubiquitination by FBXL5 also decreases Snail1 interaction with the DNA. Curiously,
FBXL5-mediated degradation is blocked after nuclear export inhibition, suggesting that the cytosolic
relocation of ubiquitinated Snail1 is required in order to be efficiently degraded. FBXL5 protein stability
requires iron and oxygen that bind to its N-terminal hemerythrin domain [106,107] and it is decreased
by hypoxia [107] and by γ-irradiation (IR) [105]. FBXL5 suppresses invasion of gastric cancer cells by
reducing the levels of Snail1 [108].

Finally, another E3 ligase acting on Snail1 is FBXO45 (F-box/SPRY domain–containing protein 1).
Besides Snail1, this enzyme targets Snail2, Zeb1/2, and Twist1 [109]. In contrast to the other Snail1 E3
ligases, FBXO45 does not form an SCF complex [110].

It is remarkable that most FBX proteins controlling Snail1 stability are regulated by miRNAs:
miR-17/20a controls FBXL14 [111], miR-27a targets FBXO45 [109], and FBXL5 mRNA levels are
negatively regulated by miR-1306-3p; therefore, miR-1306-3p expression results in increased Snail1
protein stability [112].

As stated before, Snail1 degradation is intimately related with its phosphorylation status [86].
For this reason, Snail1 C-terminal domain dephosphorylation by small phosphatases promotes Snail1
stabilization [113,114]. Recently, the protein tyrosine phosphatase PTEN has been shown to change
its tyrosine phosphatase activity after MEX3C-catalyzed K27-linked polyubiquitination triggered by
high glucose, TGFβ or IL-6; K27-polyUb PTEN dephosphorylates the phosphoserine/threonine of
several proteins involved in EMT, including S96 in Snail1, leading to its accumulation [115]. Snail1
stabilization is also triggered by TNF-α during inflammation and is mediated by the COP9 signalosome
2 protein (CSN2), which blocks the phosphorylation and ubiquitination of Snail1 by disrupting its
binding to GSK-3β and β-TrCP1 [116]. However, phosphorylation is not always linked to degradation,
and, intriguingly, some kinases may modify residues involved in protein instability to induce the
contrary effect, Snail1 stabilization. This is the case for ATM that phosphorylates S100 increasing Snail1
half-life [117]; however this residue has also been related to GSK-3β-induced Snail1degradation [89].
This opposed regulation may be dependent on the different interaction of phosphorylated Snail1 with
specific factors present in the nucleus or in the cytosol.

Other Snail1 stabilizing phosphorylations modify specific residues located in the C-terminal
domain (Figure 1). This is the case for Lats2 kinase induced by TGFβ, which phosphorylates Snail1 on
T203 [118] or the p21-activated kinase 1 (PAK1) that acts on S246 [119]. Curiously, whereas modification
of this residue stabilizes Snail1, that of S249 by PAR-atypical protein kinase C (aPKC) leads to its
degradation [120].

Interestingly, gamma-irradiation and DNA damage promote Snail1 expression and protein
stabilization. This effect is mediated through the activation of PAK1 phosphorylating S246 [119] and
by ATM and DNA-dependent protein kinase (DNA-PK) that modify S100 [117,121], suggesting the
convergence of kinases regulated by cell stress. Other kinases inducing stabilization phosphorylate
residues from the Snail1 N-terminal domain as ERK2, which acts on S82 and S104 after being activated
by the collagen receptor known as Discoidin domain receptor 2 [122].

Ubiquitination can also promote an increase in Snail1 half-life when catalyzed by Pellino-1, which
promotes Snail1 K63-mediated polyubiquitination [123], or by A20 that multi-monoubiquitinates
Snail1 [124]. Other, less-studied post transcriptional modifications (PTMs), which also affect Snal1
stability, are polyADP-ribosylation (PARylation) [125] and glycosylation [126]. Snail1 modification
by β-N-acetylglucosamine (O-GlcNAc) is triggered by high-glucose levels and has been mapped to
S112, preventing phosphorylation by GSK-3β [126]. Snail1 is also modified by sumoylation of K234,
a PTM enhanced by TGFβ that controlsSnail1 nuclear retention and cell invasion [127]. Finally, Snail1
is also acetylated by the CREB-binding protein (CBP) at lysines 146 and 187, a modification crucial for
its transcriptional activity [128], as discussed below. It has been reported that Snail acetylation also
enhances its stability by inhibiting phosphorylation and ubiquitination [129].
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E3-dependent protein ubiquitination can be reverted by deubiquitinating enzymes
(deubiquitinases, or DUBs), which play a decisive role in substrate stabilization [130]. Snail1 interacts
and is deubiquitinated by DUB3 (also known as USP17L2) [131,132] and by USP27X [133]. These
two DUBs are induced by cytokines: DUB3 by IL-6 [132] and USP27X by TGFβ [133]. Recently,
other DUBs (OTUB1, PSMD14, USP11, USP26, and USP47) have been reported to promote Snail1
deubiquitination [134–138].

6. Subcellular Localization

Snail1 transcriptional action requires its accumulation in the nucleus, which seems to be the
consequence of inhibited export. Besides being required for function, retention in the nucleus also
indirectly controls Snail1 stability, since the most active Snail1 ligases (βTrCP1 and Fbxl14) are located
in the cytosol [87]. Nuclear import is mediated by a C-terminus conserved NLS recognized by
importins [85]. Nuclear export requires phosphorylation by GSK-3β on residues S104 and S107 to S119;
this uncovers the NES (aa 132–143) that binds to Crm1 (Exportin-1) [84,89,139]. Alternatively, Snail1
ubiquitinylation by FBXL5, besides interfering with DNA-binding, facilitates nuclear export and Snail1
degradation in the cytosol [105].

Snail1 nuclear retention is triggered by GSK-3β inhibition. This is accomplished after Wnt
stimulation that promotes the Axin2/GSK-3β nuclear export; therefore, phosphorylation-induced
Snail1 traffic to the cytosol is blocked [140]. Akt phosphorylation of S9 in GSK-3β also inhibits this
enzyme [89]; therefore, pathways activating Akt, such as TNFα, Wnt, and Notch, promote Snail1 nuclear
retention [141]. Snail1 nuclear export is also prevented by dephosphorylation [113] or glycosylation,
incompatible with the phosphorylation of S112 [126] (see Figure 1). Indirectly, inhibition of priming of
GSK-3β phosphorylation also inhibits nuclear export [89,90,142,143]. Other protein kinases stabilizing
Snail1 (Lats2, PAK1, or ERK2) also promote their effects enhancing Snail1 nuclear retention and
preventing cytosolic degradation [118,119,122]. The mechanisms are not fully understood but may
involve the participation of nuclear chaperones such as HSP90 or HSP27, which inhibit the binding of
Snail1 to the Crm1 nuclear exporter [117,144]. Recently, the mitogen-activated sumoylation of nuclear
Flotilin-1 has been reported to raise its interaction with Snail1 in this compartment and increase its
stability [145].

7. Post-Translational Modifications Controlling Interaction with Co-Repressors and Co-Activators

Besides interacting with proteins involved in its stability or subcellular localization, Snail1 binds
to other factors required for its transcriptional function. Although initially described as a repressor,
several reports have determined that Snail1 also actively participates on gene transcription through its
binding to mesenchymal promoters [128,146]. This different activity of Snail1 protein as transcriptional
repressor or activator is controlled through its binding to different proteins, interactions that are also
sensitive to post-translational modifications. We described here some of the cofactors required for these
two Snail1 functions. A scheme of the binding of these different cofactors is presented in Figure 2A.

7.1. Snail1 Binding to Co-Repressors

The capability of Snail1 to inhibit gene transcription requires its interaction with specific E-boxes
presenting a core sequence of 5’-CACCTG-3’ (or inverse, 5’-CAGGTG-3’). This binding is mediated by
the C-terminal Snail1 domain containing four zinc-fingers. Interestingly, the presence of a Smad-binding
element closer to the E-box (about 100 bp) enhances Snail1 repression since Snail1 interacts with
the Smad3/Smad4 complex [147]. This can indirectly potentiate the binding of Zeb1 and -2 proteins
(also known as Tcf8 and Sip1, respectively) to adjacent E-boxes, since these two factors also associate
with Smads [148,149], potentiating and temporally extending the Snail1 repression of epithelial genes.
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Figure 2. Transcriptional cofactors required for Snail1 function. The figure shows a diagram of Snail1
protein with the different corepressors interacting with the SNAG domain (A). The binding sites for
CBP (required for Snail1-induced activation or mesenchymal genes), p53, and Akt2 are also shown.
Other factors also interacting with Snail1 but with still uncharacterized sequences are not shown. In
panel (B), the effect of PKD1-induced phosphorylation of S11 in the SNAG sequence on the interaction
of Ajuba complex is presented. Moreover, this panel also illustrates the switch in Snail1 function
promoted by the CBP-catalyzed phosphorylation of K146 and K187 that disrupts the association with
Ajuba and facilitates binding to the p65/NFκB complex and presumably also to β-catenin. The Snail1
element interacting with NFκB has not been characterized; binding to β-catenin has been allocated to
the C-terminal domain, likely to ZnF3 and -4 (see text).

In contrast to the Drosophila orthologue [150], Snail1 does not contain a binding site for the CtBP
co-repressor. Instead, most of the cofactors involved in gene silencing interact with the short SNAG
sequence (13 amino acids) placed in the very N-terminal end. For instance, Snail1 associates with
the histone deacetylase (HDAC) complex Sin3a/HDAC1/HDAC2; this binding is dependent on the
integrity of the SNAG domain [151]. It is unclear if this association is direct or mediated by LIM
proteins, a family of proteins that mediate nuclear signaling events. Accordingly, the LIM proteins
Ajuba and FHL2 interact with Snail1 and promote E-cadherin repression [152–154]. Besides HDACs,
Ajuba also participates in the recruitment of protein arginine methyltransferase 5 (PMRT5), another
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histone modifier related to gene repression [155]. Snail1 phosphorylation in S11 by PKD1, besides
promoting other negative effects on Snail1 function (see Section 5), prevents Snail1 repression by
disrupting the interaction with Ajuba [142] (Figure 2B). It is remarkable that Ajuba, like β-catenin,
is detected in cadherin-dependent junctions [156], representing an element of the cross-talk between
cell–cell contacts, Snail1 function, and EMT (see also below).

Besides HDAC1/2 and PRMT5, other epigenetic regulators such as Polycomb repressive complex
2 (PRC2) are also necessary for Snail1-dependent E-cadherin repression [157]. PRC2 binding to
Snail1 also requires the SNAG domain [157] and is associated with the formation of a complex also
involving HDAC1 and -2 [158]. Since the PRC2 subunit EzH2 interacts with long non-coding RNAs
(lncRNAs) [159], it has been proposed that the lncRNA HOTAIR mediates the interaction of Snail1
to EzH2 through the physical interaction of this lncRNA with both proteins [160]. However, it is
possible that it is not Snail1 by itself that binds to HOTAIR but a Snail1-associated factor. A good
candidate for this is the Lysine-specific methylase 1 (LSD1)/CoREST/REST complex since it interacts
with HOTAIR [159] and to Snail1 through a mechanism in which the SNAG Snail1 domain mimics
the histone tail and binds to the active site of LSD1 [161]. Moreover, since LSD1 also associates with
CtBP1 [162], it provides the molecular connection between CtBP and the Snail1-repression complex,
an association that in Drosophila Snail1 is accomplished by a direct Snail1-CtBP binding [150].

Another co-repressor binding to the Snail1 SNAG sequence is G9a, which forms part of the
G9a histone methyltransferase/DNA methyltransferases complex [163]. This complex also interacts
with another lncRNA, NEAT1, and is required for the NEAT1- and Snail1-dependent E-cadherin
repression [164]; therefore, it is possible that G9a and NEAT1 might also participate in PRC2 recruitment
to the Snail1 repressive complex.

Snail1 SNAG domain also binds to Lysyl oxidase-like 2 (LOXL2) [165]. Although it is still a matter
of discussion, since for some authors the activity of this enzyme is not relevant in EMT [166], LOXL2
acts as an epigenetic modifier and participates in Snail1-induced gene repression by oxidizing and
demethylating K4 in histone 3 [167] and TAF10, blocking TFIID-dependent gene transcription [168]. It
is still unknown if, as is the case with Ajuba, binding of G9a, PRC2, and LOXL2 is also blocked by
PKD1-dependent Snail1 phosphorylation in S11 or by acetylation (see below).

7.2. Snail1 Binding to Transcriptional Activators

Although Snail1 has been extensively studied as a transcriptional repressor, increasing evidence
indicates that it also directly activates transcription. Binding of Snail1 to activated promoters of several
genes has been reported [146,169–171]. In Drosophila, Snail positively modulates the transcriptional
activation of target genes involved in the development through binding to active enhancers [172]. A
kinetic study of Snail1 promoter binding during TGFβ-induced EMT has revealed that an initial phase
of Snail1 association with repressed promoters, such as CDH1 (E-cadherin), is followed by the later
interaction with mesenchymal genes, such as FN1 (fibronectin), concomitant with the transcriptional
activation of these genes [146]. Whereas repression is dependent on canonical Snail1- binding
5’-CACCTG-3’ boxes in the promoter, activation is not and is produced by a Snail1 association with
an NFκB/PARP1 complex [146]. Snail1 also interacts with β-catenin stimulating β-catenin-mediated
transcription [173]. In both cases, the association does not require the SNAG domain; the binding site
in Snail1 has been characterized and corresponds to the C-terminal domain only for β-catenin [173].
Recently, a proposed Snail1-responsive motif, 5’-TCACA-3’, has been identified in the promoters of
ZEB1, MMP9, and p15INK4, genes activated by Snail1 in collaboration with EGR and SP1 [171]. This
Snail1 switch from acting as a transcriptional repressor to an activator is dependent on its interaction
with CBP, which acetylates K146 and K187 [128]. Accordingly, CBP and the co-repressors Ajuba
and Sin3a are not present in the same Snail1 complexes and ectopic expression of CBP prevents the
interaction of Snail1 and these co-repressors [128]. At present, it is not known how modification of
these two Lysine residues might disrupt the association of repressors to the SNAG N-terminal sequence
and facilitate the binding to co-activators (Figure 2B).
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7.3. Other

As previously indicated (see Section 3), Snail1 and p53 are mutual antagonists, and p53 de-stabilizes
SNAI1 mRNA by activating miR-34 [58]. Snail1 also represses p53 function. The mechanism of this
inhibition is still a matter of discussion: according to some authors, Snail1 and p53 interact [174]; as a
consequence, p53 is secreted to the cellular medium and degraded [175]. Other authors have observed
the presence of Snail1 and p53 in a complex with HDAC1, which promotes p53 deacetylation and
further degradation by the proteasome [176]. However, in other cells, for instance in mesenchymal
stem cells, p53 levels are not different in Snail1 KO or control cells [177]. It is unknown if the Snail1
interaction with p53, which requires the two first zinc-fingers in the C-terminal domain (aa 154–208)
according to some authors [176] or the middle region (aa 91–112) according to others [174], is controlled
by specific PTMs, which might explain the contradictory results observed in different cells.

Snail1 also binds to Akt2 [178], a protein kinase tightly associated with Snail1 function, since it
is involved in Snail1 transcription and protein stabilization (see above) and is activated upon Snail1
expression [179,180]. Association with Snail1 enhances Akt activity on T45 in histone H3, a modification
associated with transcription termination after DNA damage [181]. Since Snail1 is also upregulated
by this insult [153] Snail1–Akt2 binding might contribute to the higher resistance to DNA damaging
agents detected in Snail1-expressing cells.

8. Conclusions and Future Perspectives

Since Snail1 was characterized in 2000 as a transcriptional repressor of CDH1 and an inducer of
EMT and invasion in tumor cells [83,182], it has been the subject of study for many cancer biologists.
Moreover, the implications of Snail1 and EMT in drug resistance, in the acquisition of cancer stem
properties, and in other traits involved in tumor development have further fostered this interest. The
analysis of Snail1 function has revealed a multilevel control that impinges on all the processes required
for protein expression; moreover, multiple PTMs of this protein activate or inhibit Snail1 function.
This multiple control has been frequently ignored, and the expression of Snail1 is usually determined
only on the basis of its RNA levels, which do not necessarily correlate with protein or Snail1 function,
as shown above. Moreover, several aspects of Snail1 action have yet to be clarified, especially those
related to its role as a transcriptional activator of mesenchymal genes. It is likely that future research
on Snail1 will clarify these issues and better explain Snail1 function in tumoral cells.
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Abstract: Most cancer deaths are due to metastasis, and almost all cancers have their preferential
metastatic organs, known as “organotropism metastasis”. Epithelial-mesenchymal plasticity has
been described as heterogeneous and dynamic cellular differentiation states, supported by emerging
experimental evidence from both molecular and morphological levels. Many molecular factors
regulating epithelial-mesenchymal plasticity have tissue-specific and non-redundant properties.
Reciprocally, cellular epithelial-mesenchymal plasticity contributes to shaping organ-specific
pre-metastatic niche (PMN) including distinct local immune landscapes, mainly through secreted
bioactive molecular factors. Here, we summarize recent progress on the involvement of tumor
epithelial-mesenchymal plasticity in driving organotropic metastasis and regulating the function of
different immune cells in organ-specific metastasis.

Keywords: organotropism metastasis; EMT heterogeneity; tumor immune escape; cell–cell
communication

1. Introduction

The mechanisms of organotropism metastasis is one of the most unanswered questions in
the field of cancer research. From the original “seed and soil” theory to recent discoveries on
pre-metastatic niches (PMNs), our current understanding of organotropic metastasis is that this process
is regulated by multi-facet factors including intrinsic properties of cancer cells, characteristics of organ
microenvironments, and cancer cell-organ interactions. Epithelial-mesenchymal transition (EMT) is
recognized as an initial and critical event for the metastasis of carcinomas. Traditionally, tumor cells
undergoing EMT lose their cell–cell adhesion and apico-basal polarity and gain the ability to migrate
individually and invade basement membrane and blood vessels. Upon intravasation, these cells stay
in the bloodstream as circulating tumor cells (CTCs) and evade immune attacks until extravasation at
distant organs to seed micro-metastases. During seeding, they undergo the reverse EMT process, MET,
to regain their epithelial characteristics and form secondary tumors or macro-metastases [1]. However,
emerging studies identified the cellular plasticity of epithelial and mesenchymal state conversion of
carcinoma cells during the metastasis process. Notably, tumor cells under partial EMT or hybrid EMT
state, which means they keep both E and M properties, are likely to express or secret distinct bioactive
factors and induce the formation of organ-specific PMNs; at seeding organs, the partial MET cells
are more adaptive to the organ microenvironment and to forming colonization; these partial EMT
and MET cells are more resistant to immune attacks by altering the function of different immune cells
in systemic circulation and local organs. In this review, we focus on the heterogeneous EMT and
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MET phenotypes in primary and metastatic tumors, the contribution of partial EMT and MET cells in
organotropism metastasis, their regulation of the function of immune cells, and mostly, the secreted
molecular factors regulating the cell–cell interactions in organ-specific tumor microenvironments.

1.1. Organotropic Metastasis

Metastasis is a fatal step in cancer progression, 90% of patient mortality is due to complications
from metastatic diseases rather than from primary tumors [2]. Tumor metastases to different organs is
not a random process but is known to have organ-specific preference or “organotropism”. Organotropic
metastasis remains the most intriguing but unanswered questions in cancer research. The “seed and
soil” theory proposed by Steven first described site-specific metastasis [3]. Back to 1889, he proposed
that metastatic tumor cells’ (“seed”) initiation of outgrowth in distant organs largely depends on
crosstalk with the host microenvironment (“soil”). In the past several decades, extensive studies have
enriched our understanding and indicate that organotropic metastasis is determined by multi-facet
factors including cancer cells’ intrinsic properties (cancer subtypes or cancer cell subpopulations),
the distinct organ microenvironment, and cancer cells-organ interactions [4,5]. From the aspect of the
intrinsic properties of cancer cells, for example, the hormone receptor positive (ER+/PR+) and human
epidermal growth factor receptor 2 (HER2) positive (HER2+) breast cancer subtype has an especially
high rate of bone metastases compared with other subtypes [6]. The triple-negative basal-like subtype is
specifically associated with a low rate of bone and liver metastases but a high rate of brain metastasis [7].
At a genomics level, many exciting studies from Massagué’s group identified altered gene expressions
that mediate metastasis in breast cancer, lung adenocarcinoma, and renal cell carcinoma to sites
including the bone, lung, and brain [8–13]. From the aspect of the host microenvironment, different
anatomical and histological characteristics of the host organs determine the ease with which cancer cells
can invade and outgrow. For example, in bone marrow and liver, fenestrated sinusoidal endothelia
permits the high permeability of tumor cells [14], while in the brain the blood–brain barrier (BBB),
formed by tight conjunct endothelia, astrocytes, and pericytes, restricts the entry of many molecules and
cells [15]. In addition, the chemical compositions and mechanical forces presented by the extracellular
matrix (ECM) [16] and local stromal cell populations [17] have been recognized to play critical roles in
organotropic metastasis. Furthermore, immune cells in both the host organ microenvironment and
systemic circulation have close interactions with tumor cells and regulate organotropic metastasis [18].

The recent discovery of organ-specific PMNs in both preclinical models and clinical samples is a
new paradigm for metastasis initiation and explicitly organotropic metastasis [19–21]. Before tumor
cells metastasize, the formation of PMNs at distant targeted organs are induced mainly by tumor
cell-secreted factors and tumor-shed extracellular vesicles (EVs) that alter the organ’s local milieu and
create a tumor receptive microenvironment [19]. For example, PMNs consist of aberrant immune cells
that are recruited from bone marrow [22–24]. Tumor cells seeding into PMNs get support to thrive
and give rise to micro-metastasis; tumor cells seeding into non-PMN areas fail to form metastatic
colonization. In contrast, specific niches, known as “sleepy niche” or dormant niches, also exist,
in which disseminated tumor cells keep dormancy until the tissue homeostasis breaks and tumor
cells awake to re-grow [19]. Because different sub-clones of tumor cells in one primary tumor can
derive distinct and common secreted factors and Evs, and even one sub-clone of tumor cells can secret
a variety of factors and Evs, multifocal PMNs in one organ and multiple PMNs in different organs
can be formed, thus a primary tumor has the ability to metastasize to more than one organ and form
polyclonal metastatic lesions within one organ. However, research in this field remains immature and
there are many important questions that have not been elucidated, for example, studies on specific
molecules expressed and/or shed by specific tumors to foster the formation of PMNs in specific organs
are just emerging (see below section), thus this information is largely unknown; the dynamics of PMN
formation has not been explored; and the contribution of other cellular components (such as adipocytes
and sympathetic neurons) to PMN formation has not been explored [19]. Nonetheless, studying the
molecular mechanisms of organotropism metastasis is critical, not only for biomarker-based prediction
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and prognosis, but also for the development of innovative therapeutic strategy, and the eventual
prevention of cancer metastasis.

1.2. Heterogeneous EMT Phenotypes and the Activation/Regulation Complexity

Epithelial-mesenchymal plasticity is mostly referred to as the different cellular states when
cells are undergoing EMT and its reverse program MET and intermediate states between these two,
partial EMT or hybrid EMT. EMT is strictly defined as cell morphological changes from epithelioid to
mesenchymal/fibroblastoid/spindle-shape and is accompanied by drastic and persistent molecular
changes [25]. It has been accepted as a critical program allowing stationary epithelial cells to gain
motility in order to migrate and invade during embryogenesis, organ development, tissue regeneration,
and organ fibrosis. The activation of the EMT program has been implicated in cancer initiation, invasion,
metastasis, and chemo-resistance as demonstrated by extensive studies in the past decade [26–29].
However, it is different from the context of wound healing and embryonic development where the
intermediate states of EMT are distinct and well-studied, while in cancer, EMT and MET are not
“all-or-none” processes. Cancer cells co-expressing both canonical epithelial and mesenchymal markers
are stable over multiple passages and metastable [30]. Cancer EMT progression is a multi-dimensional
nonlinear process and EMT and MET are not binary processes [30].

EMT primarily encompasses a cell morphological change. By performing intravital two-photon
microscope imaging, our group was able to track and analyze individual EMT tumor cells in
red (E)-to-green (M) fluorescent color switching mouse breast tumors [31]. Per the emergence
of green (M) fluorescent cells in live mouse tumors, the cells’ axial ratios and moving distances,
we quantitatively identified the heterogeneous sub-populations of the EMT cells at different tumor
stages, i.e., fibroblast-like EMT cells, migratory EMT cells, and quiescent EMT cells. For example, in the
early-stage small tumors (~2 mm diameter), the fibroblast-like EMT cells constituted about 5% of all
of the EMT cells. These cells were recognized by their spindle-like shape and long linear processes
tightly attached to the ECM, but they do not have high migratory ability. About 50% of the EMT cells
exhibited tropism movement and iterative elongation and contraction of the pseudopods toward one
main direction; we defined them as migratory EMT cells. Another 20% of the green (M) cells kept an
amoeboid appearance without pseudopods and were almost static without obvious shape changes
during the 4–6 hours imaging period. These cells are mostly located in the surrounding of the migratory
EMT cells, and we defined them as temporarily quiescent EMT cells [31]. The migratory EMT cells were
characterized as losing cell polarity, acting like amoeba, and migrating towards stimuli, which may
mainly contribute to metastasis [32]. The fibroblast-like EMT cells kept partial polarity and attached
tightly to the ECM but without movement, which may develop into cancer associated fibroblasts [33].
In addition, a significant percentage (~20%) of EMT cells were of quiescent subtype, and we did not
observe any changeovers between the quiescent and migratory EMT cells in the 4–6 hours imaging
period. However, most of the migratory and quiescent EMT cells locate relatively closely (<50 um),
but far apart from the clusters of fibroblast-like EMT cells (>100 um), which made us postulate that the
migratory and quiescent EMT cells might have paracrine interplays or autocrine signals to maintain
their equilibrium and give rise to metastasis [31]. Further characterization of the molecular composition
of each subtype and delineation of their evolution or transformation is undergoing.

Aiello et al. also found the existence of divergent EMT programs in different cancer types [8].
In mouse pancreatic ductal adenocarcinoma (PDAC), the well-differentiated tumors are associated
with a persistence of E-cadherin (ECAD) mRNA and a re-localization of ECAD protein inside the
cells, which is termed as a partial EMT program (P-EMT). In contrast, the poorly-differentiated tumors
tend to undergo a complete EMT (C-EMT) with losing ECAD mRNA and protein expression [34].
By cross-referencing the P-EMT and C-EMT gene signatures to the expression data from the Cancer
Cell Line Encyclopedia (CCLE), several human pancreatic cancer cell lines were stratified as P-EMT
or C-EMT. Similarly, basal-like breast cancer cells were characterized as C-EMT, but luminal A, B,
or normal-like breast cancer cells were associated with P-EMT [34]. Puram et al. [35] profiled single
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cell transcriptome from matched pairs of primary tumors and lymph node metastases in head and
neck cancer patients. They identified that cells expressing the P-EMT program spatially localized to
the leading edge of primary tumors in proximity to cancer-associated fibroblasts (CAFs), and predict
lymph node metastases.

Functionally, our studies and others found that many carcinoma cells may metastasize without
completely losing the E (epithalial) and/or attaining the M (mesenchymal) traits [36,37]. Cells in the
hybrid E/M phenotype keep both E and M traits, migrating collectively as commonly seen in the
multicellular migration in ECM [31] and CTC clusters [38,39]. By examining the cell invasion and
migration properties of the above mentioned histological-relevant EMT programs in PDAC, it was found
that in the C-EMT tumorspheres, spindle-like protrusions of single cells at the edges of the primary cell
mass were primarily observed. By contrast, in P-EMT spheres both budding cell clusters as a collective
group and single cells escaped from the primary cell mass [34]. Furthermore, >95% of the CTCs in the
C-EMT cell line-derived PDAC models were present as single cells, while>50% of CTCs existed as tumor
cell clusters in the P-EMT cell line-derived models [34,40]. The single CTCs from the C-EMT tumors
lacked staining of ECAD protein, and tumor cell clusters arising from P-EMT tumors retained ECAD
staining only at the cell-cell contact points but not on the cluster surface [34]. The CTC cluster cells are
resistant to anoikis, and they extravasate the vessels more efficiently and are 50 times more metastatic
than individual CTCs [41,42]. Therefore, the P-EMT program poses a higher metastatic risk than the
C-EMT program in cancer patients [43]. At the metastatic organs, heterogeneous MET phenotypes are
also reported. Although metastatic carcinomas commonly express epithelial markers, mesenchymal
markers are often examined in patients. For example, in the brain microenvironment, metastatic lung
cancer cells showed increased expression of the epithelial marker ECAD as well as elevated levels
of transcription factor ZEB1 and mesenchymal markers VIM [44,45], reflecting the partial EMT/MET
phenotype. Recent studies revealed the existence of both MET-dependent and MET-independent
metastasis, i.e., a MET-dependent metastasis in carcinosarcomas and a MET-independent metastasis in
prostate cancer [46]. The traditional EMT “master” transcription factors (EMT-TFs) and miRNAs which
maintain the epithelial phenotype mainly regulate the MET-dependent metastatic mechanisms [46].

In the complex process from primary tumor to metastasis, cancer cells adaptively change in
the hostile environment by transitioning back-and-forth from differentiated to undifferentiated or
partial EMT phenotypes [28,47]. The phenotypic plasticity of EMT subtypes is mainly regulated by
functionally pleiotropic EMT-TFs and miRNAs [48,49]. Epithelial cell markers are transcriptionally
repressed through the action of EMT-TFs. In parallel, mesenchymal markers are induced to
express [50]. Furthermore, the EMT-TFs guide the recruitment of epigenetic machinery to the chromatin,
thus allowing the proper regulation of gene expression [51,52]. For example, the E-cadherin promoter
is regulated epigenetically via methylation in most intra-ductal breast carcinomas, thus E-cadherin
expression is dynamically modulated by the microenvironment [53]. In addition, recent studies
revealed post-transcriptional regulation of EMT activation. Studies on PDACs showed that
C-EMT tumor cells lost both membranous and intracellular ECAD consistent with the loss of Ecad
mRNA. By contrast, P-EMT cells store epithelial proteins (ECAD, β-catenin, Claudin-7 and EpCAM)
intracellularly and re-locate them back to the cell surface through recycling endocytic vesicles [34].
Tumor microenvironment factors always activate EMT through multiple mechanisms. For example,
under hypoxia the elevated hypoxia induced factor-1 (HIF-1) can bind to the promoter region of EMT-TFs
and regulate their expressions [54]. In addition, inflammatory cells including neutrophils, lymphocytes,
macrophages, and myeloid-derived suppressor cells (MDSCs), which secrete inflammatory cytokines
stimulated by hypoxic stress, including tumor necrosis factor α, transforming growth factor β (TGF-β),
interleukin 1 (IL-1), IL-6, and IL-8, all contribute to hypoxia-induced EMT [54–56]. For the P-EMT
or E/M hybrid state, phenotypic stability factors (PSFs) including OVOL and GRHL2 have been
characterized in stabilizing such EMT state [57], and OVOL by coupling with miR200/ZEB/LIN28/let-7
circuit has been examined to increase the stemness of the hybrid E/M phenotype [58,59].
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2. Epithelial-Mesenchymal Plasticity and Cancer Organotropism Metastasis

A new mechanism revealed how epithelial/mesenchymal plasticity determines PDAC
metastasizing to lung and liver [40,60]. The authors found that the expression of intact p120 Catenin
(P120CTN), a protein that binds and stabilizes ECAD, appeared predominantly in liver metastasis of
the PDAC mice; however, genetic abrogation of P120CTN significantly shifts the metastatic burden to
the lungs [60]. This striking organotropism change is mediated by the differential epithelial status of
tumor cells, i.e., invasive tumor cells in the primary tumor showed low E-cadherin expression but
regained in liver metastatic lesions; in contrast, tumor cells in the lung metastases lacked expression of
P120CTN or E-cadherin, suggesting the occurrence of MET in liver metastasis, but lung metastatic cells
remained at the M state. This conclusion was further verified by an experiment that directly monitored
the tumor cell colonization in liver and lung [60]. Cells with wild-type or single copy P120CTN, but not
bi-allelic deletion, which kept the ability to stabilize ECAD and convert tumor cells to E state, are able
to form liver metastases. However, PDAC cells with bi-allelic deletion of P120CTN lost the ability to
stabilize ECAD and undergo MET, bypassed the liver, and preferentially went to the lung. The authors
concluded that P120CTN modulated epithelial plasticity and liver or lung organotropic metastases in
PDAC [60].

Although other mechanisms directly connecting EMT plasticity with organotropism metastasis
are lacking, emerging evidence indicate that epithelial plasticity regulates cancer stemness [61],
for which cancer stem cells (CSCs) are responsible for organotropism metastasis [62–64]. In certain
studies inhibition of EMT has been reported to promote cancer stemness and is associated with
tumor-initiating for metastatic colonization. However, activation of EMT was also shown to inhibit
stem-like property [61]. MET has been noted to promote cancer stemness. For example, inhibitor of
differentiation 1 (Id1) induces MET and stemness in breast cancer cells by antagonizing transcriptional
factor Twist1 [65], and transient expression of Twist1 promotes the coexistence of both epithelial and
mesenchymal features in the cells [66]. Existence of partial EMT/MET cells provides a reasonable
explanation for this conflicting evidence, indicating that the ‘intermediate state’ of cancer cells may
be more flexible in cell invasion and regulation of stem-like properties, especially when considering
the temporal dynamics of the metastasis process in vivo. There are many observations to support
this statement. For example, CTCs have been shown to express both epithelial and mesenchymal
markers [67], and patients with advanced metastatic cancer have a high frequency of partial EMT/MET
CTCs [39]. Furthermore, the partial EMT/MET cells in primary ovarian cancer and prostate cancer
showed higher self-renewal and tumor-initiating ability [68,69]. Beerling et al. [70], tracked the
ECADhigh epithelial and ECADlow mesenchymal tumor cells in liver metastasis of PyMT-MMTV mouse
breast tumors. They found that although intrinsically the epithelial and mesenchymal cells differ
in stemness, this difference does not provide a significant metastatic outgrowth advantage because
mesenchymal cells adapt an epithelial state after the first few cell divisions. This study further indicates
the complex EMT plasticity in in vivo tumor metastasis. miRNAs were studied extensively in mediating
the regulations of EMT/MET plasticity and stemness. miR-200 families were shown to promote MET,
which also increases metastatic colonization in breast cancer [71]. miR-30 family members inhibited
EMT through TWF1 and inhibited CSC-mediated lung metastasis [72]. miR-7 suppresses brain
metastasis of breast cancer CSC by modulating KLF4 [73].

There are many more studies exploring miRNAs in cancer metastasis, and miRNAs in EMT
regulation, thus we summarized here some speculations linking organ-specific EMT with metastasis
initiation through miRNAs. For example, skeletons are the organ most affected by various metastatic
cancer cells. Almost all important EMT regulators have been identified in the bone microenvironment
facilitating bone metastasis formation, including hypoxia, various growth factors (TGF-β, epithelial
growth factors, vascular endothelial growth factor, insulin-like growth factors, platelet-derived growth
factor, and parathyroid hormone-related protein), cytokines (IL-1, 6, 8, 11), and other signaling
molecules, including integrins, matrix metalloproteinases (MMPs), notch, Wnt, hedgehog signaling,
and bone morphogenetic proteins (BMP) signaling pathways [74].
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We speculate that miRNAs target host stroma in regulating organotropic metastasis by affecting
tumor cell EMT. For example, breast cancer-secreted miR-122 promotes tumor metastasis to the brain
and lungs by reprogramming glucose metabolism in the PMNs [75]. This process is likely accompanied
by activated EMT in tumor cells [76]. Expression of miR-23b/27b/24 cluster promotes breast cancer
lung metastasis by targeting metastasis-suppressive gene prosaposin [77]; these miRNAs also promote
TGF-β1-induced EMT by directly targeting CDH1 and activating Wnt/β-catenin signaling [78,79].
Recently, Schirijver et al. compared global miRNAs expression in primary breast tumors and matched
multiple distant metastases. miR-106b-5p was found to be an independent predictor of lung and
gastrointestinal metastases, and miR-7-5p and miR-1273g-3p can predict skin and ovarian metastases,
respectively [80]. These miRNAs have all been experimentally validated to regulate the EMT phenotypes
of tumor cells [81–83].

Exosomes carrying specific miRNAs are recognized to not only function as vehicles to promote
organ-specific metastasis but also mediate EMT regulation. Metastatic breast cancer cell-secreted
miR-105 was shown to be transferred in exosome to endothelial cells and destroyed vascular endothelial
barriers by targeting the tight junction protein Zonula occludens (ZO-1). This process was verified
in experimental settings in promoting lung and brain metastasis [84]. Zhang et al. reported that
brain astrocyte-derived exosomes promoted brain metastatic tumor growth from breast and lung
cancer by transferring PTEN-targeting miR-19a to these cancer cells [85], and miR-19a has been well
reported as an EMT promoting miRNA in lung cancer [86]. Tumor exosomes are shown to educate
selected host tissues toward a prometastatic phenotype. In the rat pancreatic adenocarcinoma model
ASML with preferential draining lymph nodes and lung metastasis, tumor exosomes and the exosomal
mRNA and miRNA are taken up and recovered by lymph node stroma cells and lung fibroblasts after
subcutaneous injection [87]. While the mRNAs’ translation was barely detected in the target cells,
the miRNAs profoundly affected the transcriptome of these cells. Remarkably, exosomal miR-494
and miR-542-3p suppressed the expression of cadherin-17, up-regulated the MMPs transcription,
and prepared a pre-metastatic niche for the lymph node and lung metastasis [87]. Both miR-494 and
miR-542-3p have been demonstrated as inhibitory factors for EMT in pancreatic cancer and other
cancer types [88,89].

In addition to exosomal miRNAs, Lyden et al. demonstrated that the exosomes released from
human lung-, liver- and brain-tropic tumor cells preferentially fuse with resident cells at their predicted
destination, i.e., lung fibroblasts and epithelial cells, liver Kupffer cells, and brain endothelial cells [90].
These exosomes mediated tumor cell and organ cell interaction in the organotropic metastatic niche.
The authors observed that treatment with exosomes from lung-tropic models redirected the metastasis of
bone-tropic tumor cells to lung [90]. The distinct role of different exosomal integrins in the organotropic
metastases was further elucidated, e.g., exosomal integrin αvβ5 in breast cancer cells specifically binds
to Kupffer cells in facilitating liver metastasis, whereas exosomal integrins α6β4 and α6β1 bind lung
fibroblasts and epithelial cells, facilitating lung metastasis [90]. Integrins comprise heterodimer ECM
receptors that are essential in enabling tumor cells to interact with ECM remodeling in the initiation
and progression of EMT [91]. Different integrins engage with different ECM components, i.e., collagen
type IV (α1β1, α2β1), laminins (α3β1, α6β1), fibrillin (α5β1, αVβ3, αVβ6), perlecan, and versican
(β1) [92]. Some are also associated with ECAD that are required for EMT progression by integrating
the TGFβ and β-catenin signaling [91]. In addition, changes of the integrin repertoire during EMT
correlate with the increased expression of proteases, such as MMP2 and MMP9, enhancing ECM
protein degradation and enabling invasion [91].

3. Epithelial-Mesenchymal Plasticity and Tumor Immune Escape in Metastatic Organs

Clinical achievements of cancer immunotherapy are currently outpacing our scientific
understanding of the immune-related mechanisms for organotropic metastasis. Different factors
in regulating the sensitivity of organ-specific metastases versus primary tumors to immunomodulation
remain understudied. However, the heterogeneity of tumor immune landscapes both locally and
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systemically [93] could be partly attributed to the tumor epithelial-mesenchymal plasticity in modulating
antitumor immunity from tumor microenvironment components [94] (Figure 1).

Blood Vessels

Bone Marrow

Primary Tumor
Heteogeneous EMT states

HypoxiaHypoxiaxHy oxia

Immune Response

ECM remodeling

Secreted Biofactors:
•Exosomes (miRNA, integrins)
•Cytokines •Growth Factors•Enzymes

Figure 1. Epithelial-mesenchymal plasticity of carcinoma cells plays key roles in regulating organ
microenvironment and local immune landscape in leading organotropism metastasis. Primary
carcinoma cells under heterogeneous EMT states produce and secret a variety of bioactive factors,
including exosomes carrying specific miRNAs, integrins, inflammatory cytokines, growth factors,
and extracellular matrix enzymes to induce PMNs at distant organs. These bioactive factors mainly
regulate microenvironmental hypoxia, inflammatory, ECM remodeling, and immune cell function.

Bone and the immune system are strictly linked to each other because all immune system cells are
derived from hematopoietic stem cells that reside in bone, and many immunoregulatory cytokines
influence the fate of bone cells. Moreover, many cytokines and secreted factors from immune and bone
cells promote tumor growth in bone, contributing to the vicious cycle of bone metastasis [95]. As we
mentioned before, almost all bone microenvironment factors are involved in regulating tumor EMT
states [74]. The interactions between T cells and osteoclast precursors through reciprocal CD137/CD137L
and RANK/RANKL regulate bone absorption in bone metastasis [96]; RANK/RANKL induces EMT
in breast cancer [97]. Since MDSCs are progenitors of the osteoclast precursors, it is not surprising
that they are largely increased in bone metastatic patients. MDSCs themselves could enhance tumor
growth in bone through accumulating in secondary lymphoid organs and leading to a strong inhibition
of the antitumor T cell response [95]. The accumulation of MDSCs in secondary lymphoid organs is
mediated by the Wnt/β-catenin pathway [98], which is also an important EMT regulator. MDSCs have
also been implicated in MET in lung metastasis. In the lung PMN of MMTV-PyMT breast tumor
mice, accumulated MDSCs secrete versican, an extracellular matrix proteoglycan. Versican stimulated
MET of metastatic tumor cells by attenuating phospho-Smad2 levels, which resulted in elevated cell
proliferation and accelerated metastases [99]. As a primary tumor grows and becomes more hypoxic
and inflammatory, tumor cells secret factors and extracellular vesicles [90,100] to attract MDSCs from
bone marrow, initiating the pre-metastatic niche. The distant organ microenvironment is also adapted
by these tumor secreted factors to accept the bone marrow derived cells and CTCs, thereby being
shaped into a tumor-promoting metastatic niche characterized by increased angiogenesis and vascular
permeability, ECM remodeling, chronic inflammation, and immunosuppression [21,101].

In brain metastasis, the STAT3-positive reactive astrocytes not only suppressed the activation of
CD8+ T cells, but also promoted the expansion of CD74+microglial/macrophages, which produces
tumor growth promoting factors, thereby benefiting metastatic tumor growth in brain [102]. In patients,
blocking STAT3 signaling in reactive astrocytes reduces experimental brain metastasis from different
primary tumor sources, even at advanced stages of colonization [102]. STAT3 has long been recognized
as a key stimulator of EMT in carcinoma [103], and recent studies revealed a EMT-like process in
reactive astrocytes in primary brain tumors [104]. The increased expression of EMT-related factors in
brain metastasis was found not only in tumor cells, but also in tumor-associated astrocytes [105].
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Involvement of other immune cells in organ-specific metastasis have been explored in recent
years as reviewed in [106], including metastasis-associated macrophages, neutrophils, natural killer
(NK) cells, and T cells. Secreted factors from both tumor cells and stromal cells are the key factors
controlling the functions of these immune cells, and again, many of them also regulate tumor
epithelial-mesenchymal plasticity.

3.1. Metastasis-Associated Macrophages

Macrophages have been shown to promote lymph node, lung, and brain metastasis in breast
cancer. Piao et al. reported that triple-negative breast cancer cell-derived exosomes induced M2
polarization of macrophages that created favorable conditions for lymph node metastasis, although
the exact signaling factors in the exosomes were not characterized [107]. In the study by Linde et al.
CD206hi intra-epithelial macrophages in the very early stage of mammary intra-epithelial neoplasia in
mice, which is similar to ductal carcinoma in situ (DCIS) in humans, were shown to respond to tumor
secreted chemokine ligand 2 (CCL-2), which in turn stimulates macrophages to produce Wnt-1, leading
to disruption of E-cadherin junctions between early cancer cells and propelling lung dissemination.
Transient depletion of macrophages in mice at the “DCIS” stage reduced lung metastatic burden
later in mice life [108]. In addition, in breast cancer lung metastasis mouse models, CCL-2 secreted
by both tumor cells and endothelial cells preferentially recruited C-C chemokine receptor type 2
(CCR2+) macrophages to lungs, resulting in increased metastatic seeding and tumor outgrowth [109].
Anti-CCL2 treatment in these mice showed good efficacy, and discontinuation of anti-CCL2 treatment
increased lung metastasis and accelerates mice death [110]. CCL-2 also has also been shown to play
a detrimental role in brain metastasis. Zhang et al. demonstrated that breast cancer cells secreted
large amounts of CCL-2 in vivo when infiltrating the brain parenchyma, resulting in the recruitment of
IBA1+macrophages that reciprocally enhance the metastatic outgrowth [85]. EMT program has been
reported to stimulate the production of proinflammatory factors by cancer cells including CCL-2 [111],
and CCL-2 specifically has been demonstrated to induce EMT in cancer cells [112].

3.2. Metastasis-Associated Neutrophils

The role of neutrophils has been debated on both promoting and inhibiting metastasis [113]. Recent
studies indicate that depletion of neutrophils inhibited lung metastasis, and the iron-transporting
protein transferrin was identified as the major mitogen for tumor cells secreted by neutrophils [114].
Granulocyte-macrophage colony-stimulating factor (GM-CSF), which is produced primarily by tumor
cells, is a selective inducer of de novo transferrin synthesis in neutrophils through the Jak/Stat5β
pathway [114]. Interestingly, cancer cells that express the GM-CSF receptor may undergo EMT through
the GM-CSF autocrine mechanism [115], and mesenchymal cells differentially secrete GM-CSF [116].
Neutrophils are the most abundant circulating immune cell population. They were shown to escort
CTCs (form CTC-neutrophil clusters) and enable cell cycle progression in disseminated tumor cells [117].
Such CTC–neutrophil clusters represent the most efficient metastasis-forming cell subpopulation
in breast cancer CTCs, and their presence in the patients’ bloodstream is associated with a poor
prognosis [117]. Vascular cell adhesion molecule 1 (VCAM1) was identified as the functional mediator
for CTC-neutrophil interaction [117]. Although no difference on EMT-related genes was found between
the CTCs with or without neutrophil escort, CTCs in general have been linked with C-EMT or P-EMT,
as we discussed in the first section of this review. Intriguingly, VCAM-1 over-expression in normal
breast epithelial cells controls the EMT program and has been associated with poor clinical prognosis
in breast cancer patients [118].

3.3. Metastasis-Associated Natural Killer (NK) Cells

There is a general consensus that NK cells exert cytotoxicity against metastatic tumor cells.
EMT activation in tumor cells during metastasis cascade is also accompanied by altered cell-surface
ligands recognizable by NK cell-activating receptors, thus increasing susceptibility to NK cells [119,120].
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A recent study by Chockley et al. reported that NK cells were activated to attack metastatic EMT tumor
cells through the balance of activating and inhibitory receptors engaged by different ligands, and the
EMT induced NK cell activity mediated immunosurveillance in lung metastasis [120]. Specifically,
NK cells express killer lectin-like receptor G1 (KLRG1), which is an inhibitory receptor, and E-cad is an
inhibitory ligand that engages KLRG1. The down-regulated E-cad during EMT released its inhibitory
effect on KLRG1 and led to the activation of NK cells. Meanwhile, EMT also induced expression
of cell adhesion molecule 1 (CADM1), which is an activating NK ligand and binds to the cytotoxic
and regulatory T cell-associated molecule (CRTAM) receptor on NK cells. CADM1 is identified as a
tumor suppressor and is frequently down-regulated in various types of tumors. Depletion of NK cells
allowed spontaneous metastasis without affecting primary tumor growth in lung cancer [120].

3.4. Metastasis-Associated T Cells

T cell infiltration is crucial to tumor microenvironments and has been extensively studied in
primary tumors [121]. However, T cell-dependent mechanisms involved in organ-specific metastasis
remain underexplored. Mansfield et al. studied the T-cell clonal evolution in primary non-small
cell lung tumors (NSCLC) and paired brain metastases [122]. They found significantly less numbers
of unique T cell clones in brain metastases than those in primary tumors, and the clones were
minimally overlapped, suggesting a divergent tumor immunogenicity following metastasis [122].
However, despite the contraction in the number of T cell clones, brain metastases harbored higher
non-synonymous mutation burdens than primary lesions which may lead to the emergent expression
of neoantigens [122]. Thereby, clinical response to anti-programmed cell death-1 (PD-1) monotherapy
with pembrolizumab has shown intracranial response rates of 20–30% in patients with NSCLC or
melanoma brain metastases [123]. The combination of nivolumab and ipilimumab (anti-PD-1 and
anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)) showed an intracranial response rate of 55%
in patients with melanoma brain metastases [124]. The emergence of neoantigens in brain metastatic
tumors may be related to the very active neurogenesis, cellular differentiation and reprogramming
state as evidenced by the co-expression of the epithelial marker with the mesenchymal marker and the
high expression of stem cell markers [45].

4. Conclusions

In solid tumors, of which 90% are epithelial in nature, epithelial-mesenchymal plasticity is a
fundamental factor in governing metastasis. As shown in Figure 2, emerging data have shown
that certain types of tumors with heterogeneous EMT states or different degrees of EMT are prone
to metastasize to different organs. Although the underlying mechanisms remain to be explored,
the current studies indicate that cellular plasticity is linked with constant changes to produce various
bioactive factors. The secreted bioactive factors not only contribute to shaping PMNs at specific
organ sites, but also modify the local immune landscape, and in the meantime increase the plasticity
of the niche cells. The niche cells reciprocally produce bioactive factors and interact with tumor
cells and among themselves, leading to organotropism metastatic tumor growth. Thus, systematic
studies of cell–cell communication on organ-specific tumor metastasis models will enable researchers
to have a more precise picture of the co-evolution of metastatic tumor cells and their surrounding
microenvironment, and offers new ways for therapeutic exploitation.
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Figure 2. Crosstalk between cancer cells, immunosuppressive cells and immune effector cells in lung,
bone, and brain metastasis.
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Abstract: Cancer cells can acquire a spectrum of stable hybrid epithelial/mesenchymal (E/M) states
during epithelial–mesenchymal transition (EMT). Cells in these hybrid E/M phenotypes often combine
epithelial and mesenchymal features and tend to migrate collectively commonly as small clusters.
Such collectively migrating cancer cells play a pivotal role in seeding metastases and their presence
in cancer patients indicates an adverse prognostic factor. Moreover, cancer cells in hybrid E/M
phenotypes tend to be more associated with stemness which endows them with tumor-initiation
ability and therapy resistance. Most recently, cells undergoing EMT have been shown to promote
immune suppression for better survival. A systematic understanding of the emergence of hybrid E/M
phenotypes and the connection of EMT with stemness and immune suppression would contribute
to more effective therapeutic strategies. In this review, we first discuss recent efforts combining
theoretical and experimental approaches to elucidate mechanisms underlying EMT multi-stability (i.e.,
the existence of multiple stable phenotypes during EMT) and the properties of hybrid E/M phenotypes.
Following we discuss non-cell-autonomous regulation of EMT by cell cooperation and extracellular
matrix. Afterwards, we discuss various metrics that can be used to quantify EMT spectrum. We
further describe possible mechanisms underlying the formation of clusters of circulating tumor cells.
Last but not least, we summarize recent systems biology analysis of the role of EMT in the acquisition
of stemness and immune suppression.

Keywords: epithelial–mesenchymal transition; EMT spectrum; hybrid epithelial/mesenchymal
phenotypes; CTC clusters; stemness; immune suppression; EMT metrics; systems biology

1. Introduction

Metastasis remains the major cause of cancer-related deaths [1]. To enable successful metastasis,
cancer cells often engage a trans-differentiation program referred to as epithelial–mesenchymal
transition (EMT) [2]. During EMT, cells gradually lose epithelial features such as a cobblestone-like
morphology, cell–cell adhesion, and apico-basal polarity and acquire mesenchymal features such as a
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spindle-like morphology, increased motility and invasiveness [2]. The concept of EMT was initially
described during embryonic development. EMT was first observed in vitro by Greenberg and Hay
showing that epithelial cells suspended in three-dimensional collagen gels lose their apical-basal
polarity and acquire characteristics of migrating mesenchymal cells [3]. Later in vivo work by Nieto et
al. argued that EMT is essential for the formation of mesoderm and the generation of the migratory
neutral crest cells during chicken embryonic development [4]. EMT also plays a critical role during
physiological wound repair and pathological fibrosis [5]. In the context of cancer metastasis, EMT has
been proposed to be typically associated with enhanced metastatic potential of cancer cells [2] and the
reverse process—mesenchymal–epithelial transition (MET)—has been considered to facilitate effective
metastatic colonization by regaining epithelial and proliferative traits that are lost during EMT [6].

During metastasis of tumors, cells rarely undergo a complete EMT and enter a fully mesenchymal
phenotype [7]. Instead, partial EMT leading to a hybrid epithelial/mesenchymal (E/M) phenotype has
often been observed [8]. Thus, contrary to the prevailing dogma of EMT being a binary process, it is
now accepted that there exists a spectrum of hybrid E/M phenotypes characterized by varying extents
of epithelial and mesenchymal features and associated with metastatic potential and invasiveness [9,10].
Cancer cells in these hybrid E/M phenotypes tend to combine epithelial (e.g. cell–cell adhesion) and
mesenchymal (e.g. increase motility) traits [11] and can thus migrate collectively, leading to formation of
clusters of circulating tumor cells (CTCs). These clusters contribute much more than their proportional
share to forming metastases relative to individual CTCs which are typically mesenchymal cells [12].
Moreover, the presence of CTC clusters in the peripheral blood has been shown to be a prognostic
factor for poor patient survival across multiple types of cancer [13]. Therefore, a better understanding
of the mechanisms underlying the emergence of hybrid E/M phenotypes and the formation of CTC
clusters can lead to more effective therapeutic designs targeting metastasis.

Recently there have been ongoing debates regarding the necessity of EMT for metastasis [14].
Zheng et al. demonstrated that deletion of the EMT-inducing transcription factor (EMT-TF) SNAIL
or TWIST in genetically engineered mouse models of pancreatic ductal adenocarcinoma (PDAC) did
not cause any significant change in tumor progression and metastasis [15]. In addition, Fischer et al.
suggested that EMT inhibition by over-expression of microRNA (miR)-200 led to no obvious change
in lung metastasis development in spontaneous breast-to-lung metastasis mouse models [16]. From
our perspective, these two studies assumed that EMT can be completely repressed by single factor
manipulation, for example, deletion of SNAIL or TWIST in PDAC or over-expression of miR-200 in
breast cancer. Following these studies, Krebs et al. used the same PDAC model [15] and showed that
deletion of the EMT-TF ZEB1 significantly suppresses the colonization capacity of tumor cells and
the formation of metastases [17], indicating a non-redundant role of EMT-TFs in regulating PDAC
metastasis [18]. Moreover, another study by Cursons et al. showed that overexpression of miR-200c
in the HMLE-derived mesenchymal cells established by exposing HMLE cells to TGF-β for 24 days
can only drive a partial MET where the canonical epithelial marker E-cadherin increases but the
mesenchymal maker vimentin remains [19]. One major contributing factor to these debates regarding
the functional role of EMT in metastasis is the lack of consistency in defining EMT itself, owing to its
highly nonlinear and multidimensional nature [20]. Thus, a rigorous quantification of the EMT status
of tumor cells and a systematic analysis of the interacting EMT regulators such as interactions between
miRNAs, EMT-TFs, and epigenetic factors is urgently needed.

Notably, various extracellular biochemical and biomechanical factors can induce and maintain
a partial or complete EMT. For instance, neighboring cells can induce EMT through TGF-β [21] or
Notch signaling [22], and also the alteration of stiffness of extracellular matrix (ECM) can trigger
EMT [23]. In addition to the complexity of EMT itself, cancer cells undergoing EMT tend to acquire
“stemness” characteristics, which are believed to be responsible for tumor-initiation ability and therapy
resistance [24]. Moreover, cancer cells can interact with many other types of cells in the tumor
microenvironment, such as fibroblasts, endothelial cells, and immune cells [25,26]. Specifically, the
co-evolution of cancer and immune cells [27,28] has captured attention recently due to the promising
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effects of cancer immunotherapy [29,30]. Because of the typically enhanced metastatic potential and
therapy resistance of cancer cells undergoing EMT, it is natural to analyze the correlation and causal
relationship between EMT and immune response [31,32]. Furthermore, both EMT [1,2] and immune
signatures [33–39] have been shown to be prognostic indicators for various types of cancer. A better
understanding of their relationship can potentially contribute to more effective therapeutic designs.

In this review, we focus on how a combination of theoretical and experimental efforts has led to a
better understanding of these aspects of EMT (Figure 1). We start with a discussion of mathematical
modeling studies of EMT regulatory networks. Then we summarize recent in vitro and in vivo
experimental studies that characterize EMT phenotypes. We then discuss non-cell-autonomous
regulation of EMT. We further discuss metrics that have been developed to quantify EMT status.
Finally, we extend our discussion to the coupling of EMT with stemness and immune response.

 
Figure 1. An overview of epithelial–mesenchymal plasticity causes and consequences. Multiple
signaling pathways such as TGF-β, HIF-1α and Notch have been implicated in driving
epithelial–mesenchymal transition (EMT). All these pathways tend to converge to a core regulatory
circuit which includes two EMT-inducing transcription factors (EMT-TFs), SNAIL and ZEB, and two
microRNAs, miR-34 and miR-200. The core regulatory circuit exhibits multi-stable dynamics: multiple
stable steady states for the same level of EMT-inducing signal. These stable steady states contain
different levels of SNAIL/ZEB/miR-34/miR-200 and thus corresponding to different EMT-associated
phenotypes. The multi-stable dynamics of the core regulatory circuit allow for transitions among
different stable states which leads to epithelial–mesenchymal plasticity. Cancer epithelial–mesenchymal
plasticity typically enhances metastasis, allowing for disparate forms of migration and dissemination.
In addition, epithelial–mesenchymal plasticity has been implicated in the acquisition of stem cell-like
properties and immune evasion.

2. Emergence of Hybrid Epithelial/Mesenchymal Phenotypes

2.1. Hybrid E/M Phenotypes Are Predicted by Mathematical Modeling of EMT Regulation

EMT is governed by a complex gene regulatory network (GRN) including miRNAs, transcription
factors (TFs), alternative spicing factors, epigenetic modifiers, growth factors, long non-coding RNAs,
and others [7,40,41]. Several groups have proposed that two microRNA families miR-200 and miR-34
interacting with two EMT-TF families ZEB and SNAIL tend to form a core EMT regulatory network [40].
Many signaling pathways such as TGF-β, WNT, and Notch impinge upon this network to regulate
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EMT. The miR-200 and miR-34 function as guardians of the epithelial phenotype and ZEB and SNAIL
promote EMT. Mechanism-based mathematical modeling of this network that includes a detailed
treatment of microRNA-mediated regulation suggests that it can give rise to three stable states: an
epithelial phenotype characterized by miR-200high/ZEBlow/miR-34high/SNAILlow; a mesenchymal
phenotype characterized by miR-200low/ZEBhigh/miR-34low/SNAILhigh; and a hybrid E/M phenotype
characterized by co-expression of miR-200 and ZEB [42]. According to this model, the miR-200/ZEB
circuit can function as a three-way decision-making switch governing the transitions between epithelial,
mesenchymal, and hybrid E/M phenotypes and the miR-34/SNAIL circuit primarily functions as a
noise-buffering integrator [42]. Alternatively, a different characterization of the hybrid E/M state
has been proposed: starting from an epithelial state, miR-200high/ZEBlow/miR-34high/SNAILlow, a
hybrid state can be achieved when the miR-34/SNAIL circuit switches from miR-34high/SNAILlow to
miR-34low/SNAILhigh, but the miR-200/ZEB circuit is maintained at miR-200high/ZEBlow [43]. Despite
these differences [44], both of these mathematical models clearly indicate that EMT need not be a
binary process and instead a stable hybrid E/M state expressing both epithelial and mesenchymal traits
can be the end point of a transition.

The existence of hybrid E/M states has been further supported by other computational studies
analyzing extended versions of the core EMT regulatory network [45–47]. Steinway et al. showed
combinatorial intervention of TGF-β signal and SMAD suppression can lead to multiple hybrid
E/M states using Boolean modeling [45]. Huang et al. and Font-Clos et al. showed that the
hybrid E/M phenotypes are robust stable states emerging due to the topologies of EMT regulatory
networks [46,48–50]. Mathematical modeling approaches have been further used to characterize
phenotypic stability factors (PSFs) that can promote and stabilize hybrid E/M states. These PSFs
include the transcription factors OVOL, GRHL2, NRF2, ΔNP63α, NUMB, and miR-145/OCT4 [50–54].
These PSFs can function in two related manners. First, coupling these PSFs with the decision-making
circuit of EMT–miR-200/ZEB expands the parameter space and thereby the expected physiological
conditions under which a hybrid E/M state can be attained [51–53]. In particular, PSF coupling can
create a region of parameter space in which the only stable state is a hybrid one. Second, these PSFs
increase the mean residence time of the hybrid E/M state, and thus its expected percentage in a cell
population [50]. Experimental validation for these PSFs comes from observations that knocking them
down destabilizes hybrid E/M phenotype and collective cell migration, instead promoting a complete
EMT and individual cell migration. Other mechanisms through which a stable hybrid E/M phenotype
can be acquired rely on combinatorial treatments with EMT-inducing and MET-inducing signals [54,55]
or an increase in gene expression noise [56].

In summary, these mathematical modeling studies provide insights into the multi-stable nature of
EMT, particularly the existence and characterization of hybrid E/M states. As we will now see, these
modeling-predicted hybrid E/M states have been recently characterized experimentally both in vitro
and in vivo.

2.2. In vitro characterization of hybrid E/M phenotypes

To map the EMT spectrum in ovarian carcinoma, Huang et al. analyzed the protein levels of
epithelial markers, E-cadherin (E-Cad) and pan-cytokeratin (Pan-CK), and the mesenchymal marker,
vimentin (Vim), of 42 ovarian carcinoma cell lines. Among these 42 cell lines, nine epithelial cell
lines are characterized by E-Cad+/Pan-CK+/Vim−, seven mesenchymal cell lines are characterized by
E-Cad−/Pan-CK−/Vim+, and 26 hybrid E/M cell lines are characterized by either E-Cad+/Pan-CK+/Vim+

(n = 18, referred to as intermediate E) or E-Cad−/Pan-CK+/Vim− (n = 8, referred to as intermediate
M) [57]. The intermediate E ovarian carcinoma cell lines exhibit significantly higher levels of SNAI1
mRNA and lower levels of ZEB1/2 mRNAs relative to the intermediate M ovarian carcinoma cell
lines. The different expression patterns of SNAI1 and ZEB1/2 in intermediate E and intermediate
M are reminiscent of the different characterizations of the hybrid E/M states by Lu et al. [42] and
Zhang et al. [43]. Interestingly, the intermediate M ovarian carcinoma cell line SKOV3 exhibited
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significantly higher spheroidogenic efficiency, migratory and invasive potential relative to the ovarian
carcinoma cell lines with other phenotypes. Further studies have revealed underlying feedback loops
that can regulate such phenotypic plasticity in ovarian cancer [58].

Similarly, to characterize the EMT spectrum in lung adenocarcinoma, Schliekelman et al. analyzed
the cell morphologies and the ratios of surface localized E-cadherin to vimentin of 38 non-small cell
lung cancer (NSCLC) cell lines out of which nine were binned as epithelial, nine as mesenchymal,
and 20 as hybrid E/M [59]. Notably, in these experiments the hybrid E/M cell lines are identified at
a population level and therefore can contain purely individually hybrid E/M cells, or alternatively
contain a mixture of epithelial and mesenchymal cells or both. Among these hybrid E/M NSCLC cell
lines, almost all individual H1975 cells were shown to stably co-express E-cadherin and vimentin
at least for two months over multiple passages, thus representing stable hybrid E/M cells [51]. In
contrast, individual NSCLC H1944 or H2291 cells express either only E-cadherin or only vimentin,
thus these cell lines are largely a mixture of epithelial and mesenchymal cells [60,61]. When knocking
down the predicted PSFs—GRHL2, OVOL2, NUMB or NRF2—via siRNAs in H1975 cells, these hybrid
E/M cells transition to a complete mesenchymal phenotype [51,53,62]. Another cell line that exhibits
hybrid E/M phenotype characterized by co-expression of E-cadherin and ZEB1 at a single-cell level is
human bladder cancer (HBC) RT4. Overexpression of the PSF NRF2 in RT4 cells increases the protein
levels of both E-cadherin and ZEB1, supporting the predicted role of NRF2 in stabilizing a hybrid
E/M phenotype.

In addition to cell lines containing either individual hybrid E/M cells or a mixture of E and M
cells, there are cell lines that exhibit co-existence of hybrid E/M cells together with epithelial and/or
mesenchymal cells. For example, the NSCLC HCC827 cells contain mostly epithelial cells and a
subpopulation of individual hybrid E/M cells characterized by co-expression of epithelial markers
including E-cadherin and miR-200a/b/c and mesenchymal markers including vimentin, ZEB1, and
SNAI1 [63]. Treatment of the HCC827 cells with the epidermal growth factor receptor (EGFR) inhibitor
erlotinib induces a stably erlotinib-resistant cell population among which the percentage of hybrid
E/M cells is increased relative to their parental erlotinib-sensitive HCC827 cells [63], indicating a
correlation of hybrid E/M phenotypes with therapy resistance. As expected, these HCC827-derived
erlotinib-resistant cells exhibit collective migration and form more spheroids relative to their parental
erlotinib-sensitive HCC827 cells [63]. Other NSCLC cell lines such as H920 and H2228 have been
shown to be mixtures of hybrid E/M and epithelial cells with the hybrid E/M ones being dominant [60].
Aside from NSCLC cells, Grosse-Wilde et al. used flow cytometry analysis to isolate a subpopulation
of breast cancer HMLER cells that are characterized by CD24+/CD44+. Most of these CD24+/CD44+

HMLER cells co-express epithelial genes such as CDH1 and EPCAM and mesenchymal genes such
as VIM and ZEB2 and thus exist in a hybrid E/M phenotype [64]. These hybrid E/M HMLER cells
demonstrate maximum mammosphere-forming ability relative to their epithelial and mesenchymal
counterparts, highlighting that a hybrid E/M phenotype will often be more aggressive than a complete
EMT phenotype, a theme which has also found emerging clinical support [65]. Later on, we will
discuss how these additional properties of hybrid cells may arise due to a coupling of the EMT pathway
and the network determining “stemness”.

As already noted, hybrid E/M phenotypes can be acquired and maintained by combinatorial
treatments of EMT- and MET-inducing signals. For example, Gould et al. showed that the epithelial
colon carcinoma DLD1 cells can undergoing a partial EMT and acquire a hybrid E/M phenotype
co-expressing E-cadherin and vimentin. Such hybrid E/M DLD1 cells are driven by simultaneous
expression of the TFs, pSP1 and NFATc, in response to the combined treatment of VEGF-A and
TGF-β1/2 [54]. Similarly, Biddle et al. showed that treatment of the oral squamous cell carcinoma
(OSCC) CA1 and LM cells with TGF-β and retinoic acid simultaneously can stabilize a hybrid E/M
subpopulation characterized by CD44high/EpCAMlow/−/CD24+ [55]. Additional experimental studies
characterizing hybrid E/M phenotypes and their implications have been reviewed elsewhere [66,67].
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In summary, hybrid E/M phenotypes have been observed in vitro at a single-cell level across multiple
cancer types.

The co-existence of epithelial, mesenchymal, and hybrid E/M subpopulations in a single cell line
indicates a population heterogeneity of EMT. Such heterogeneity can be generated and maintained via
multiple mechanisms all of which can contribute to the acquisition and maintenance of hybrid E/M
phenotypes (Figure 2). First, the EMT regulatory networks can be multi-stable [42,43,46,48]. Noise in the
expression levels of the involved RNAs and proteins can thus cause transitions from one stable steady
state to another [68]. Such noise may arise from the inherent stochasticity of the transcription process in
cells [69] or from the random partitioning of parent cell RNAs and proteins among the daughter cells at
the time of cell division (Figure 2A) [70–72]. Since both noise sources are cell-autonomous, individual
epithelial cells may spontaneously undergo a phenotypic transition and acquire (or give rise to, in the
second scenario) a hybrid E/M phenotype [73]. Thus, one must be careful when choosing a cell line
for experiments: a cell line known to be epithelial may include substantial fractions of hybrid E/M
and/or mesenchymal cells [55,73]. Second, the population heterogeneity of EMT can arise via cell–cell
communication (Figure 2B). An example of such a communication channel is Notch-Delta-Jagged
signaling. Some cells with high levels of Delta/Jagged expression act as senders, while other cells
with high levels of Notch receptor expression act as receivers. This leads to a population that is
inherently heterogeneous—a mix of sender and receiver cells. Notch-Delta-Jagged signaling-mediated
heterogeneity is closely tied to the emergence of hybrid E/M phenotypes [74]. This will be discussed in
more detail below. Third, population heterogeneity of EMT can arise due to different kinetic parameters
controlling gene regulation in different cells (Figure 2C). Due to the multitude of peripheral factors
involved in governing the behavior of a core regulatory circuit, the kinetics of the core circuit can vary
from cell to cell leading to different responses to the same external cues in different cells [46]. This
might be connected to the aforementioned random partitioning but might arise as well due to different
long-lived fluctuations, perhaps related to chromatic structure heterogeneity.

 
Figure 2. Multiple mechanisms can lead to EMT-associated population heterogeneity. (A) During cell
division, noise can lead to asymmetric partitioning of molecules among daughter cells. This may lead
to the daughter cell exhibiting a phenotype different from that of the parent cell. Consequently, the
fractions of cells exhibiting different phenotypes can change over time. (B) Cell–cell communication
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(left) mediated by, for example Notch-Delta-Jagged signaling, can lead to cells spontaneously acquiring
“signal sender”, “signal receiver”, and “signal sender/receiver” phenotypes in a population (right:
different colors correspond to different cell phenotypes). (C) The kinetics of gene regulation can
vary in different cells due to stochasticity in kinetic parameters. Thus, each parameter can exhibit
some variation in its value in a given isogenic population (left: each curve denotes the distribution
of values of an individual parameter in a given population). This heterogeneity can lead to cells in
the population acquiring different phenotypes in response to the same external cues (right: heatmap
indicates the emergence of various phenotypes. Each row represents a cell and each column represents
the expression level of one gene. Red color represents relatively high gene expression and blue color
represents relatively low gene expression with white indicating intermediate expression levels).

2.3. In Vivo Characterization of Hybrid E/M Phenotypes

To identify whether cancer cells can acquire hybrid E/M phenotypes in vivo, Pastushenko et
al. used fluorescence-activated cell sorting (FACS) to screen cell surface markers of skin squamous
cell carcinoma (SCC) cells that can undergo spontaneous EMT and generate EpCAM+ epithelial
cells and EpCAM− mesenchymal-like cells in genetically engineered mouse models [10]. While the
EpCAM+ cells exhibit homogeneous expression of most of the markers, the EpCAM− cells exhibit
heterogeneous expression of 17 cell surface markers among which the most heterogeneously expressed
are CD61, CD51, and CD106. Consequently, the authors used combinatorial multicolor FACS analysis
of these three markers to further classify the EpCAM− cells into six subpopulations among which
the CD51−CD61−CD106−, CD51+, and CD106+ subpopulations exhibit co-expression of the epithelial
marker keratin 14 (K14) and the mesenchymal marker vimentin, and thus can be tentatively considered
to be hybrid E/M phenotypes. The CD51+CD61+CD106+ and CD51+CD61+ subpopulations, on the
other hand, are vimentin positive and K14 negative and thus are mesenchymal-like. Intriguingly, the
hybrid E/M CD51−CD61−CD106− and CD106+ subpopulations generate significantly more metastases
relative to other subpopulations, though all subpopulations here share similar tumor-propagating
capacity. Similar results have also been observed in MMTV-PyMT mammary luminal tumors [10].
Another study performed by Aiello et al. that used a lineage-tracing mouse model of PDAC showed that
the PDAC cells undergoing EMT can acquire a hybrid E/M phenotype via re-localization of epithelial
proteins such as E-cadherin and claudin-7 from membrane to intracellular foci [75]. The emergence
of these hybrid E/M PDAC cells indicates that besides transcriptional control, post-transcriptional
regulation of localization can also be important to mediate the existence of hybrid E/M phenotypes.
Finally, another study by Puram et al. showed that the head and neck squamous cell carcinoma
(HNSCC) cells from patients exhibit a hybrid E/M phenotype characterized by co-expression of
epithelial markers such as EPCAM and KRT17 and mesenchymal markers such as vimentin and
TGF-β-induced (TGFBI) through single-cell transcriptomic analysis [76]. Intriguingly, these hybrid
E/M HNSCC cells tend to localize at the leading edge of tumors close to surrounding stroma cells.

In summary, mathematical modeling together with both in vitro and in vivo experimental studies
consistently demonstrate the existence of multiple hybrid E/M phenotypes characterized by varying
extents of epithelial and mesenchymal features (Figure 3). It is worth noting that in addition to the
characterization of the hybrid E/M phenotypes, mathematical modeling of EMT regulatory networks
have generated many other interesting predictions that have been recently validated by experimental
studies. First, modeling the core EMT regulatory network, miR-200/ZEB/miR-34/SNAIL, suggests a
sequential response of the EMT-TFs SNAIL and ZEB to the EMT-inducing signal TGF-β [43,44]. When
treated with different levels of TGF-β, SNAIL is predicted to precede ZEB and to be upregulated at
relatively low TGF-β levels. The predicted different responses of SNAIL and ZEB has been verified
in MCF10A cells [43]. Second, another prediction from modeling studies [42,43] is that EMT and
MET are not necessarily symmetric processes and hysteresis is expected during EMT. The predicted
hysteretic behavior of EMT has been recently demonstrated during TGF-β induced EMT of NMuMG
and EpRAS cells, where the levels of E-cadherin exhibit a bimodal transition. Such hysteretic behavior
of E-cadherin is regulated by the miR-200/ZEB1 circuit and blocking the inhibition of miR-200 by ZEB1
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(referred to in this study as mutant cells) results in only a unimodal transition of E-cadherin, though
these mutant cells can still undergo EMT with changes of EMT markers at a similar degree relative to
the wild type [77]. Moreover, TGF-β induced EMT of mutant cells exhibits significantly decreased
sphere-formation ability in vitro, decreased frequency of tumor-initiating cells and lung metastases
in vivo relative to their wild types. These results also confirm a prominent role of the miR-200/ZEB
circuit in regulating the aspects of EMT dynamics that result in a variety of functional consequences.

Figure 3. Emergence of hybrid E/M phenotypes demonstrated by a combination of theoretical and
experimental efforts. The cell lines non-small cell lung cancer (NSCLC) H1975 and human bladder
cancer (HBC) RT4 exhibit a hybrid E/M phenotype at a single-cell level. Hybrid E/M phenotypes have
also been characterized in vivo using mouse models of squamous cell carcinoma (SCC) and pancreatic
ductal adenocarcinoma (PDAC).

3. EMT Regulation by Cell Cooperation

3.1. Notch Signaling

Although EMT is fundamentally an individual cell phenomenon, it can also be regulated by cell
cooperation such as Notch signaling. Notch signaling is a cell–cell communication mechanism and
highly conserved across species. Originally characterized in Drosophila development, Notch signaling
is a conserved and well-known regulator of multiple hallmarks of cancer, including angiogenesis and
EMT [78–80].

The Notch signaling cascade is initiated by the binding of the Notch transmembrane receptor with
a ligand belonging to a neighboring cell. This binding leads to the cleavage of the Notch intracellular
domain (NICD), which is then released in the cytoplasm and transported to the cell nucleus, where
it acts as a transcriptional cofactor [81]. Notch signaling is deeply coupled to the EMT regulatory
networks discussed in previous sections. For example, on one hand, EMT-inhibiting miRNAs miR-34
and miR-200 reduce the levels of Notch receptor and ligands [82–84] by translational regulation [85].
On the other hand, NICD promotes the transcription of SNAIL and thus acts as an EMT inducer [86,87].
Therefore, cancer cells undergoing EMT can in turn induce EMT in their neighboring cells through the
binding of their ligands to a neighbor’s Notch receptors.

As often seen in the developmental context, Notch signaling can give rise to different spatial
patterns of cell phenotypes due to feedback regulation between NICD and various alternate ligands.
Specifically, NICD transcriptionally represses ligands of the Delta family but activates ligands of the
Jagged family. Therefore, signaling through the Notch–Delta pathway typically promotes opposite cell
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fates in neighboring cells, or ‘lateral inhibition’. This is accomplished by amplifying initial differences
in the levels of receptors and ligands, ultimately leading to one cell with high levels of Notch receptor
and low levels of Delta ligand (receiver cell) and a neighbor cell with low Notch and high Delta (sender
cell) [88,89]. Conversely, Notch–Jagged signaling typically promotes a similar cell fate in neighboring
cells, or ‘lateral induction’, because NICD upregulates Jagged ligands [90].

The cell patterning mediated by Notch ligands can modulate epithelial–mesenchymal plasticity
in a tumor tissue due to the aforementioned coupling between Notch and the EMT regulatory
circuits. Intracellular Notch signaling activated by either Delta or Jagged can activate EMT. However,
mathematical modeling of the coupled regulatory networks regulating EMT and Notch signaling
suggests that Notch–Delta and Notch–Jagged signaling have dramatically different outcomes at a
multi-cellular level. While Notch–Delta signaling promotes a spatial arrangement where cells in a
partial or complete EMT are surrounded by epithelial cells, Notch–Jagged signaling can give rise
to clusters of hybrid epithelial/mesenchymal (E/M) cells [74] (Figure 4). Indeed, Jagged1 is one of
the top differentially expressed genes in collectively migrating cells of breast cancer [12,91]. These
observations suggest that Jagged1 can act as an intercellular PSF that stabilizes a hybrid E/M phenotype
in a non-cell autonomous manner. Therefore, in addition to ‘conventional’ PSF proteins that promote a
partial EMT through direct crosstalk with the EMT regulatory circuitry, such as OVOL, GRHL2, and
NRF2 [51,52,62], other PSFs can facilitate a partial EMT and the formation of CTC clusters by activating
Notch–Jagged signaling and/or inhibiting Notch–Delta signaling. For example, NUMB/NUMBL that
forms a negative feedback loop with Notch [92–94] can prevent a complete EMT, and consistent with
that identification, knockdown of NUMB/NUMBL results in a mesenchymal phenotype and enables
individual migration of the hybrid E/M NSCLC H1975 cells that typically migrate collectively [53].

Figure 4. Notch–Delta and Notch–Jagged signaling give rise to opposite cell patterning of EMT.
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(A) Coupling of Notch–Delta signaling with the core EMT regulatory circuit. The Notch intracellular
domain NICD suppresses the endogenous expression of Delta ligands upon activation of Notch
receptors by exogenous Delta ligands (top, red color represents the ‘receiver phenotype’ (high notch),
green color represents ‘sender phenotype’ (high delta)). Cell patterning of EMT in presence of a
strong Notch–Delta signaling (bottom). (B) Coupling of Notch–Jagged signaling with the core EMT
regulatory circuit. NICD promotes the endogenous expression of Jagged ligands upon activation of
Notch receptors by exogenous Jagged ligands (top, blue color represents a ‘sender/receiver phenotype’
(high Jagged)). Cell patterning of EMT in presence of a strong Notch–Jagged signaling (bottom).
Hexagons with different colors depict epithelial (green), hybrid E/M (yellow), and mesenchymal (red)
cells. Figures in the right panel are adapted from [53].

3.2. Interaction among Epithelial, Hybrid E/M, and Mesenchymal Cells

Similar to bidirectional interactions among epithelium and mesenchyme during organ
development [95], there may be crosstalk and cooperation among cells exhibiting varying extents of
EMT, which can accelerate tumor aggressiveness [96–98]. Hybrid E/M cells can facilitate such crosstalk,
due to their plasticity that can generate and maintain epithelial–mesenchymal heterogeneity at a
population level; such plasticity is limited for cells on either end of the EMT spectrum. Moreover, hybrid
E/M cells can maintain cell–cell adhesion via E-cadherin, and thus potentially enabling formation of
heterotypic clusters of CTCs with cells of varying EMT statuses [99]. Last but not least, a recent study
highlighted that the hybrid E/M HMLER cells, but not a mixture of nonplastic ‘extremely epithelial’ (xE)
cells and nonplastic ‘extremely mesenchymal’ (xM) cells, account for high tumorigenicity in vivo [100].
Notably, the nonplastic xE cells are created by ZEB1 knockdown and the nonplastic xM cells are created
by constitutive ZEB1 expression, which supports the role of ZEB1 in mediating EMT [42,44].

Whether a mixture of E and M cells is sufficient to initiate the metastatic cascade and successfully
form metastases remains to be resolved. Few molecular mechanisms enabling crosstalk between E and
M cells have been elucidated recently. Tsuji et al. demonstrated that when EMT and non-EMT cells are
inoculated subcutaneously in mice, they both establish primary tumors, but neither of them form lung
metastases [96]; the ability to invade local tissues and enter circulation is demonstrated only by EMT
cells. Further, when both cell types are injected intravenously, non-EMT cells form overt metastases,
but the metastatic ability of EMT cells is compromised. Finally, when a mixture of EMT and non-EMT
cells is subcutaneously injected, both cell types can intravasate but only non-EMT cells form lung
metastases. Put together, these observations indicate a possible cooperation between EMT and non-EMT
cells—while EMT cells can cleave the matrix to make way for both cell populations to intravasate, the
non-EMT cells can colonize distant organs. This study did not identify any juxtacrine and/or paracrine
signaling underlying this cooperation, but recent in vitro co-culture experiments of EMT and non-EMT
cells have identified a few players that can mediate this crosstalk. HMLER cells overexpressing TWIST
or SNAIL have been shown to impart migratory and invasive traits in vitro to control HMLER cells
via paracrine Hedgehog signaling, but without explicitly inducing any morphological or molecular
changes associated typically with EMT [97]. The authors also demonstrated that the EMT cells are able
to increase the metastatic propensity of non-EMT cells in vivo, thus lending further credence to the
notion that EMT cells can stimulate the migration of non-EMT cells. This idea is further strengthened
by another in vitro analysis of sublines derived from prostate cancer PC-3 cells, where the relatively
more epithelial PC-3/Mc cells, when co-cultured with post-EMT PC-3/S cells, have increased invasive
potential which persisted for around seven days after the co-culture but eventually decline after being
segregated from PC-3/S cells [101]. This increased invasive response is also observed upon co-culture
of PC-3/Mc cells with NIH3T3 fibroblasts, suggesting that the invasiveness of non-EMT cells can be
increased by both tumor and non-tumor mesenchymal cells [101]. In vivo experiments for individual
or co-injection of PC-3/S and/or PC-3/Mc cells corroborate previous observations that the post-EMT
cells had little, if any, contribution to distant organ colonization [101]. Put together, these findings
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are reminiscent of in vivo studies showing that a persistent EMT activation can reduce metastases
formation [6,102], and clinical evidence that carcinoma metastases are largely epithelial [103].

Reversible transitions among epithelial and mesenchymal phenotypes of disseminating cells has
been dogmatically considered as the driving engine of metastasis for a long time [1,104,105] (also
referred to as the ‘sequential metastasis’ model) [98], but with the proposed key role of EMT and
MET being relooked at more carefully [20], the possibility of a cooperative journey taken together
by epithelial and mesenchymal cells where they necessarily do not change their phenotypes cannot
be ruled out (also referred to as the ‘cooperative metastasis model’) [98]. Multiple possibilities may
underlie this cooperation: (a) epithelial cells facilitate MET of mesenchymal cells; (b) mesenchymal cells
facilitate the survival, persistence, and re-adhesion of epithelial cells during colonization; (c) epithelial
and mesenchymal cells exchange survival signals; (d) a combination of the above. Nevertheless,
collective transport of epithelial and mesenchymal cells is likely to be more effective for colonization as
compared to that of one population alone. However, the role of hybrid E/M cells in this cooperative
metastasis model remains to be explored.

What mechanisms may allow such collective migration of epithelial and mesenchymal cells?
In developmental contexts, epithelial or mesenchymal cells have been seen to migrate collectively
through respective cell–cell contacts mediated by E-cadherin or N-cadherin [106,107]. Recently,
a N-cadherin/E-cadherin mechanically active heterophilic adhesion among the cancer-associated
fibroblasts and cancer cells was reported to guide collective migration of tumor cells [108]. Given
that the heterophilic E-cadherin/N-cadherin interaction has been proposed to be of similar affinity
as that of homophilic E-cadherin interactions [109], collective cell migration can be expected to be
observed among cells with varying levels of E-cadherin and N-cadherin. Another study reports
a short-ranged interaction via EGF/CSF-1 paracrine axis to mediate macrophage-driven tumor cell
migration [110,111]. CSF-1/CSF-1R axis has been recently proposed to associate with a hybrid E/M
phenotype in inflammatory breast cancer [108]—a highly aggressive breast cancer subtype that
metastasizes via clusters or emboli of circulating tumor cells [91]. These mechanisms may mediate, at
least in part, a collective cooperative migration of cells in varying hues of EMT. Increased plasticity
of hybrid E/M cells may be necessary and sufficient to maintain and propagate the non-genetic
heterogeneity in terms of EMT status in a given isogenic cancer cell population.

4. Mechanical Control of EMT by ECM

In addition to chemical communication, the stiffness of ECM also plays a key role in regulating EMT.
For example, cancer cells when cultured in stiffer substrates exhibit increased migratory and invasive
ability and become more mesenchymal-like [112]. Alternation in ECM stiffness can trigger multiple
signaling pathways to regulate EMT, such as TWIST1-G3BP2 [23], HA-CD44 [113], MRTF-A [114],
PI3K/Akt [115], and YAP/TAZ [116]. Yet, the reversibility of ECM stiffness-induced EMT can be cell
line-dependent. For example, the mammary epithelial cells that have undergone EMT in a stiff substrate
partially revert to epithelial phenotype [117], while the colon carcinoma HCT-8 cells can retain their
mesenchymal-like phenotype, after being re-cultured in the compliant substrate [118]. It is worth
noting that cells undergoing EMT can in turn regulate ECM. For example, the LOX-family enzymes are
upregulated in fibrosis and upregulation of LOX-family enzymes can directly increase connectivity
of collagen fibers, stabilize and stiffen the collagen networks [119,120]. Given the importance of
mechanical regulation of EMT, mathematical models that integrate mechanical with chemical signaling
networks need to be developed to better understand EMT-ECM dynamics [121].

5. Quantification of the EMT Spectrum

Our discussion so far has hopefully made it clear that cells undergoing EMT can acquire a
spectrum of hybrid E/M states both in vitro and in vivo. However, the lack of a rigorous quantification
of the EMT spectrum, namely, the exact proportions of epithelial, mesenchymal, and hybrid E/M
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subpopulations of cell lines and clinical samples, can lead to potentially contradictory conclusions
regarding the necessity and functional roles of EMT and MET in metastasis [15–17,102,122,123].

Cells undergoing EMT typically alter both their omics profiles and morphologies. Therefore, in
principle, the EMT spectrum can be quantified via evaluating the change of cell morphology and/or their
omics profiles. To classify epithelial and mesenchymal phenotype at a single-cell level, Leggett et al.
developed a probabilistic classification scheme using Gaussian mixture model (GMM) focusing on four
morphological features of single cells—maximum radius of the nucleus, vimentin area, cytoplasm form
factor, and maximum feret diameter of cytoplasm [124]. The GMM is trained using the morphological
features of DMSO-treated (epithelial) and 4-hydroxytamoxifen (OHT)-treated (mesenchymal) human
mammary MCF-10A cells which are transfected with an inducible Snail construct, referred to as
MCF-10A Snail cells. The probabilistic GMM model has revealed various EMT kinetics of MCF-10A
Snail cells when induced by TGF-β1, plating density, and the microtubule inhibitor Taxol respectively.
This GMM model also provides insight into the EMT status of individual cells which may be overlooked
by population-average analysis. However, this method only focuses on a binary classification of
EMT—epithelial or mesenchymal—and one missing piece of this model is the classification of hybrid
E/M phenotypes.

To quantitatively measure the EMT status of cell lines with specific attention to a hybrid E/M
phenotype, George et al. developed an EMT scoring metric to calculate the probability of a given
sample to be hybrid E/M phenotype and assign a score between 0 and 2, with 0 being fully epithelial, 2
being fully mesenchymal, and 1 representing hybrid E/M [125]. Using the gene expression data of
NCI-60 human tumor cell lines as the training set, the ratio of VIM to CDH1 together with CLDN7
expression are identified as the best-fit pair of predictors to classify EMT phenotypes. This EMT
scoring metric has been used to characterize multiple hybrid E/M cancer cell lines including A549 and
DU145. Furthermore, this EMT scoring metric has been extended to distinguish hybrid E/M cells from
mixtures of epithelial and mesenchymal cells [60]. Another EMT scoring metric developed by Tan et al.
assigns a score between -1 and 1 to a given sample with -1 being fully epithelial and 1 being fully
mesenchymal [126]. Both George et al. and Tan et al. demonstrated that patient samples that are more
mesenchymal-like do not necessarily correlate with worse overall and disease-free survival results and
do not always show resistance to chemotherapy, indicating a subtype-dependent role of EMT in cancer
progression and therapy resistance. In summary, these methods to quantify EMT status help address
the multifaced roles of EMT in tumor progression and patient prognosis.

6. EMT and CTC Clusters

Cancer cells that acquire a hybrid E/M phenotype maintain both epithelial (e.g. cell–cell adhesion)
and mesenchymal (e.g. migration) features thus can migrate collectively as a cluster. Such clusters of
migrating tumor cells have been shown to be one of the primary instigators of metastases [12,127]. The
experimental studies supporting this notion are discussed below.

Using multicolor lineage tracing, Cheung et al. showed by two sets of experiments that the
CTC clusters are mainly formed by multi-cellular clusters from the primary tumors. In the first set
of experiments, two differently colored populations—mTomato+ and CFP+ MMTV-PyMT tumor
organoids—were respectively transplanted into the right and left flanks of a nonfluorescent mouse.
After six to eight weeks, only single-colored metastases were observed in lung. In the second set of
experiments, mTomato+ single cells isolated by FACS were transplanted into a nonfluorescent mouse
via tail-vein injection and two days later FACS isolated CFP+ single cells were injected into the same
mouse. After two days, exclusively single-colored metastases were observed in lung. These two
sets of experiments suggest that the polyclonal metastases in lung is more effectively generated by
multicellular seeds and not by serial aggregation of single tumor cells [12]. The CTC clusters exhibit
enriched expression of an epithelial cytoskeletal protein K14 that is required for the collective invasive
behavior and distant metastasis. Another study supporting the idea that CTC clusters can arise as
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oligoclonal groups of cells detached from the primary tumors is Aceto et al. who identified plakoglobin
as a key mediator for CTC cluster formation [128].

An alternative mechanism—that CTC clusters can be formed via aggregation of single CTCs in
circulation—has been recently demonstrated by Liu et al. using intravital multiphoton microscopic
imaging in both patient-derived xenograft (PDX) models of triple negative breast cancer (TNBC) and
PyMT transgenic mouse models [127]. Liu et al. first showed that in chemoattractant-containing
matrigel about 20% of invasion events of the tumor cells collected from the PDX models occur as
multicellular aggregates, and in suspension culture individual CTCs derived from a breast cancer
patient aggregate into clusters within one to two hours. These results indicate that single CTCs can
aggregate in vitro. The authors further co-infused eGFP+ and tdTomato+ single MDA-MB-231 cells
via the tail vein and observed that about 92% of lung metastasis are dual-color aggregates within
2 hours. The percentage of the dual-colored aggregates is affected by the timing of the eGFP+ and
tdTomato+ entering blood vessels. Consequently, sequential infusion of the tdTomato+ cells 5 minutes,
10 minutes, and 2 hours after the infusion of the eGFP+ cells result in gradually decreased percentages
(27%, 16% and 10%) of the dual-colored aggregates. The authors further showed that the CTC clusters
exhibit notably enriched expression of CD44, and that the intercellular CD44 homophilic interaction is
responsible for the aggregation of single CTCs.

One major difference in the studies by Cheung et al. and Liu et al. is the timing of the
second-colored single cells entering the blood vessels. Cheung et al. injected the second-colored cells
into the tail vein two days after the injection of the first-colored cells while Liu et al. waited for at most
two hours to inject the second-colored cells. As discussed by Liu et al., the timing of the second-colored
cells entering the blood vessel could have significant effect on the percentages of dual-colored lung
metastases. From our perspective, the key issue in these two studies seems to be the lifetime and density
of the injected single cancer cells. Since it is not clear how often the injected cells are expected to reach
the bloodstream, it is hard to evaluate which protocol is a better match to reality. The experiments by
Cheung et al., where two differently colored populations of tumor organoids are injected respectively
into the right and left flanks of nonfluorescent mice, seems to be a better approach since the interaction
of cells in the bloodstream is determined naturally rather than by the experimenters. Nonetheless,
both studies showed that the CTC clusters significantly promote colony formation and lung polyclonal
metastases in vivo. Liu et al. showed through CellSearch platform-based blood analysis that the breast
cancer patients with CTC clusters exhibit significantly worse overall survival results relative to those
with only single CTCs. And, CTC clusters in different contexts can be different. For example, though
both invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC) exhibit collective invasion
patterns, the collective invasion in IDC lesions maintains intercellular E-cadherin while collective
invasion in ILC lesions loses intercellular E-cadherin but retains CD44 for intercellular junctions [129].
The CTC clusters of SCC are regulated by the EMT-TF SNAIL [130]. All together, these studies suggest
that CTC clusters can in principle be generated both by cohesive shedding from the primary tumors
and/or serial aggregation of single cells in the circulation.

To model the migration of CTC clusters, Bocci et al. proposed a simple biophysical model where
cancer cells can undergo a partial EMT that allows both single-cell and clustered-cell migration, or a
complete EMT that only allows single-cell migration [131]. According to this reduced physical model,
a tumor can undergo a transition from primarily single cell-based invasion to collective invasion.
Strikingly, this theoretical framework reproduces multiple CTC cluster size distributions measured in
patients and mouse models across cancer types, hence suggesting the existence of a unifying set of
principles governing cancer cell migration [131].

Adding to the complexity of the problem, CTC clusters can associate with non-cancer cells including
platelets and/or immune cells such as tumor-associated macrophages and neutrophils [132–134].
In particular, it is well recognized that interactions between macrophages and tumor cells are very
important for tumor cell intravasation and extravasation, though the detailed mechanisms have not
been elucidated [135,136]. In addition, the CTC-neutrophil clusters lead to more efficient metastasis

369



J. Clin. Med. 2019, 8, 725

relative to CTCs alone [132]. Future studies need to be performed to elucidate the cross-talk between
CTC clusters and different types of immune cells.

7. EMT and Stemness in Tumor Microenvironment

We have already come across the fact that besides the migratory and invasive traits conferred by
EMT, some cancer cells undergoing EMT can also acquire an enhanced ability to drive tumor initiation
and an enhanced therapy resistance. These properties are associated with the notion of ‘stemness’, and
such cells are sometimes referred to as cancer stem cells (CSCs). The connection between EMT and
stemness was first proposed by Brabletz et al. [24] more than a decade ago based on the premise that
EMT and stemness cannot explain the different steps of the metastatic cascade when considered as
separate and independent processes [24]. Indeed, increasing experimental evidence suggests a strong
association of EMT with stemness. For instance, human mammary epithelial cells (HMLEs) undergoing
EMT can express stem cell markers and exhibit increased mammosphere formation [122]. Moreover,
reversing EMT via knockdown of SNAIL represses stemness and tumor growth in ovarian cancer [137].
This and other evidence suggests that the activation of the EMT program leads to the acquisition of
stemness [138]. This correlation, however, is not absolute, and several other experimental papers
have claimed that stemness can occasionally correlate with an epithelial phenotype or suppression of
EMT [101,102,139].

Revisiting the EMT-CSC connection through the lenses of epithelial–mesenchymal plasticity
and hybrid E/M phenotypes, however, offers a more consistent picture. Mathematical modeling
approaches have been applied to decode the connection of EMT with stemness via simulating the
coupled decision-making regulatory networks of EMT and stemness. Specifically, EMT activation
can downregulate let-7, a miRNA typically associated with repressing stemness [140]. Let-7 can bind
to ZEB and promote its degradation. These two processes can settle at an intermediate level of let-7
and ZEB leading to hybrid E/M CSCs [141]. Indeed, characterization of CTCs in vivo revealed that
circulating CSCs are typically associated with partial EMT [73,142]. This association, however, can
vary depending on the coupling between the modules governing EMT and stemness, allowing for
CSCs in an epithelial, mesenchymal, or hybrid E/M phenotype [141]. In addition, local perturbations
in the tumor microenvironment such as TGF-β or Notch signaling also can modulate the association
of CSCs with different EMT phenotypes [143,144]. All told, emerging evidence from theoretical
and experimental studies tends to associate the hybrid epithelial/mesenchymal phenotypes with
stemness [100,141,143,145–148].

Along these lines, the association of hybrid E/M phenotypes with stemness can be promoted by
the PSFs—OVOL and Jagged1. Indeed, Jagged1 is typically overexpressed in CSC populations as
compared with non-CSCs in multiple types of cancer including glioblastoma, pancreatic cancer, colon
cancer, and breast cancer [22,149–151]. Through modeling the coupling of the regulatory networks
governing EMT, stemness and Notch signaling, Bocci et al. proposed that Jagged1 facilitates a ‘window
of opportunity’ that confers maximal invasion potential in terms of EMT and stemness [143,148].
A follow-up work showed that knockdown of Jagged1 impairs breast organoid formation in vitro,
therefore highlighting a causal relationship between Jagged1 and stemness [144].

Subpopulations of CSCs with different EMT phenotypes can be representative of the spatial
organization of a tumor tissue. In breast cancer, CD24−/CD44+ mesenchymal CSCs are typically
located toward the invasive edge of the tumor by the tumor-stroma interface, while ALDH1+ CSCs
are found in the more interior region [152]. Interestingly, ALDH1+ CSCs were originally considered
as epithelial-like, but their RNA sequencing (RNA-Seq) data has later shown that these cells lean
more toward a hybrid E/M phenotype and share several genes with TNBC signature [153]. Recently,
Bocci et al. have argued that this spatial segregation can be qualitatively explained by the interplay of
cancer cells with the tumor microenvironment [144]. Cytokines such as the EMT-inducer TGF-β are
typically secreted at the tumor–stroma interface and give rise to a gradient of EMT-inducing signal
throughout the tumor tissue. Therefore, CSCs at the invasive edge are highly exposed to TGF-β
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and tend to undergo a complete EMT leading to a fully mesenchymal phenotype, while CSCs in the
interior maintain a hybrid E/M phenotype [144] (Figure 5). Consistently, in non-small cell lung CSCs, a
subpopulation of mesenchymal CSCs exhibits high expression of TGF-β targets such as SNAI1 and
ZEB1, as compared to a hybrid E/M CSC population [143].
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Mesenchymal CSC
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Depth in the tumor 
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Tumor-stroma 
interface
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Mesenchymal CSC

Exposure to TGF-

Figure 5. The spatial patterning of CSCs with different EMT phenotypes. Tumor-stroma interactions
can give rise to a gradient of TGF- β (top, blue scale). In the periphery of the tumor, most cells are
mesenchymal (red spheres), while the interior is mostly composed by hybrid E/M and epithelial cells
(yellow and green spheres, respectively). CSCs are mostly mesenchymal in the periphery (black-dotted
red spheres) and mostly hybrid E/M in the interior (black-dotted yellow spheres).

Besides a direct trigger of EMT through soluble inflammatory cytokines, the tumor
microenvironment can induce EMT in cancer cells through hypoxia. The hypoxia inducible factor 1
alpha (HIF-1α) induces EMT through direct regulation of ZEB1 as shown in colorectal cancer [154].
Moreover, tumor hypoxia seems to regulate multiple aspects of tumor invasion. For instance, hypoxia
correlates with EMT and CSC properties in pancreatic ductal adenocarcinoma (PDA) cells and gastric
cancer cells [155,156].

In summary, EMT and CSC formation represent two essential axes of tumor progression, whose
connection is modulated by factors in the tumor microenvironment such as signaling gradients
and hypoxia, as well as cell–cell signaling [144,152,155–158]. The stem cell paradigm inherited
from developmental biology implies a hierarchical lineage of cells that gradually but irreversibly
differentiate [159,160]. In the context of cancer, however, stemness has proven to be a dynamical
property that cells can gain and lose [161–163]. The complex interplay between EMT, stemness, and
tumor microenvironment gives rise to tumor heterogeneity that still represents the major challenge
hindering metastasis and therapy resistance [157].

8. EMT and Immune Suppression

In addition to cancer cells, a solid tumor harbors other types of cells which form the tumor
microenvironment and strongly affects cancer outcome [26]. Specifically, many groups have investigated
the roles of immune cells in cancer progression. Certain types of immune cells, such as macrophages
and T cells, can comprise up to 50% of the cells in a solid tumor [27]. These immune cells usually
polarize into phenotypes, such as M2-like macrophages and regulatory T helper cells (Tregs), that
promote tumor progression via suppressing the activity or viability of anti-cancerous immune cells,
e.g., M1-like macrophages and cancer-killing T effector cells [26,27,164]. Our goal here is to focus on
the role of EMT in this tumor-immune interplay.

A series of mathematical models have been proposed to understand the roles of tumor-immune
interactions in polarizing the cytokine-immune cell network into states dominated by either

371



J. Clin. Med. 2019, 8, 725

immune-promoting or immune-suppressing populations [165–170]. Such modeling frameworks
can help to design effective perturbations to revert the immune microenvironment from an
immune-suppressing to an immune-promoting one. Many of these models consider the fact that
macrophages and cancer cells can directly interact with each other and regulate the behaviors of one
another, as shown by many in vitro experiments [171–176]. The interactions between macrophages
and cancer cells are formidably complex, and the emergent dynamics can be non-intuitive. A series of
mathematical models capturing these interactions suggests that cancer cells in the epithelial-like state
(less aggressive) and M1-like macrophages might form a stable ecosystem, whereas cancer cells in the
mesenchymal-like state (more aggressive) and M2-like macrophages form another stable pair [177].

The question of establishing an immune-dominated versus immune-suppressed microenvironment
should have an effect on the activity of cd8+ effector T-cells. There have been studies suggesting
that T cells tend to be excluded from tumors enriched by mesenchymal-like cancer cells [178,179];
we will discuss this further below. Combining this data with the modeling results, one could argue
that interactions between macrophages and cancer cells drive the macrophages to be M2-like and the
cancer cells to be mesenchymal-like; and due to the effects of M2-like macrophages, T cells may be
excluded from tumor areas enriched with mesenchymal-like cancer cells. Since both the infiltration
of cancer-killing immune cells [33–39] and the epithelial–mesenchymal plasticity of cancer cells are
important for the prognosis of cancer patients, it is clearly valuable to evaluate the association and
ultimately the casual relationship between the two.

In the following, we will first describe in greater detail the corresponding in vitro and in vivo
experiments as well as analyses of gene expression data from The Cancer Genome Atlas (TCGA)
(Figure 6). Finally, we discuss the potential causal relationship between the EMT status of cancer cells
and the infiltration of cancer-killing immune cells.
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Figure 6. The relationship between EMT and immune response as shown by various approaches.

8.1. In Vitro Characterization of the Immune-Suppressing Role of Mesenchymal-Like Cancer Cells

For the interaction between mesenchymal-like cancer cells and immune cells, TGF-β signaling
has been studied extensively. TGF-β is a well-known EMT inducer [21] and can be secreted by
tumor-associated fibroblasts [180,181] and tumor-associated macrophages [182]. TGF-β signaling can
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impair maturation, differentiation, and/or activation of both innate and adaptive immune cells [31,183].
Specifically, TGF-β can inhibit the functions of cytotoxic T-cell functions [184,185]. In the co-culture
experiments, Joffroy et al. showed that TGF-β secreted by cancer cells induces the differentiation of
CD4+ T cells into Treg (Foxp3+) cells, which are immune-modulating cells [184]. Similar cancer-cell
dependent expansion of CD4+Foxp3+ T cells is also shown by Kudo-Saito et al. when co-culturing
SNAIL-enhanced mouse melanoma B16F10 cells with CD4+ T cells [178]. For the innate immune cells,
TGF-β secreted by cancer cells can help to polarize macrophages into M2-like ones, which potentially
suppress the function of cytotoxic immune cells [186,187]. Furthermore, TGF-β can downregulate the
MHC class I proteins as shown in prostate cancer [188] as well as NSCLC cell lines [189].

Aside from TGF-β, the PD-L1/PD-1 axis has also attracted attentions due to its implications in the
immune-checkpoint blockade therapy. Presumably, PD-L1 expressed by cancer cells can bind to PD-1
expressed on the surface of cancer-killing immune cells, which will modulate their cytotoxic functions.
It is shown that when driving EMT via downregulating miR-200 and overexpressing ZEB1, PD-L1
expression by cancer cells is upregulated [190]. Therefore, mesenchymal-like cancer cells could be
more resistant to cancer-killing immune cells by upregulating PD-L1. Interestingly, expression levels
of both TGF-β1 and PD-L1 by cancer cells can be induced under hypoxic conditions [191–193]. The
hypoxia-induced EMT can promote immunosuppression via induced expression of indoleamine 2,
3-dioxygenase (IDO, another T-cell suppressing factor) in monocyte-derived macrophages [194].

EMT can also be induced when cancer cells are challenged by immune cells or inflammatory
cytokines [195]. In addition, cancer cells can be equipped with immunomodulatory effects which
interfere with proliferation, differentiation, and apoptosis of NK, T-cell, and B-cell populations [195].
As was the case for hypoxia, the IDO pathway is important for the immunomodulatory effects on T
cells after inflammation-induced EMT [195]. These experimental results are potentially helpful for
establishing a potential causal relationship between EMT of cancer cells and the infiltration of cytotoxic
immune cells.

8.2. In Vivo Characterization of the Immune-Suppressing Role of Mesenchymal-Like Cancer Cells

Generally, in vivo experiments using mouse models show that tumors formed by
mesenchymal-like cancer cells are less infiltrated with cancer-killing immune cells and/or more
infiltrated by immune-suppressing immune cells. For example, Kudo-Saito et al. showed that
in mice, compared with tumors formed by mock-transfected B16F10 cells, tumors derived from
Snail-transduced B16F10 cells exhibit less tumor-infiltrating CD8+ T cells, while more Tregs, and
form more lung metastases [178]. In the same mouse model, the chemokine CCL2 can recruit
immune-modulating populations such as MDSC and macrophages [196], which are responsible for
creating the immune-suppressing microenvironment. In addition, in a mouse model of breast
cancer [179], tumors formed by mesenchymal carcinoma cell lines contained more Tregs, M2
macrophages, and exhausted CD8+ T cells, whereas tumors formed by more epithelial carcinoma cell
lines contained CD8+ T cells and M1 macrophages. Similarly, Suarez-Carmona et al. demonstrated
that soluble factors regulated by EMT, such as IL-8, IL-6 and GM-CSF, mediate the recruitment of
myeloid cells in xenograft mouse models [197,198]. Furthermore, using transgenic mouse models,
Spranger et al. showed that an active β-catenin signaling in cancer cells contributes to a lack of T cell
infiltration in tumor sites and resistance to anti-PD-L1 and/or anti-CTLA4 mAb therapy [199].

In summary, from the perspective of direct experiment in vitro or in preclinical models it is
becoming clear that mesenchymal-like cancer cells can directly suppress the function of cancer-killing
immune cells as well as promote the immune-suppressing microenvironment by recruiting or polarizing
immune-suppressing immune cells. Following this logic, one would expect a lower presence of
functional cancer-killing immune cells in the tumor area enriched with mesenchymal-like cancer cells.
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8.3. Gene Expression Data Analysis

What about the results for patients? Unfortunately, the overall picture here as it emerges from
TCGA data analyses tends to suggest that while mesenchymal tumors are generally enriched with
immune-suppressing cells, they are often enriched with cancer-killing immune cells as well, as
compared with epithelial tumors. For example, Mak et al. showed that the pan-cancer tumors samples
with high EMT scores correlate with high expression of several immune checkpoints including PD-1,
PD-L1, CTLA4, OX40L, and PD-L2 [200]. Lou et al. observed similar trend in lung cancer patients with
early or advanced NSCLC adenocarcinomas [201]. Aside from the immune checkpoint markers, Lou et
al. also found that the lung tumors that displayed an EMT phenotype also have a higher infiltration of
Tregs. Interestingly, in their work, some immune costimulatory molecules such as CD80 and CD86 as
well as IFN-γ signals are more highly expressed in “mesenchymal” lung adenocarcinoma. Reports also
suggest that, in the claudin-low subtype of breast and bladder cancer, which are mesenchymal-like,
tumors are generally well-inflamed by immune-promoting immune cells but these cells are under
active immunosuppression [202].

It should be noted that data in TCGA is rarely from tumor cells exclusively, thus the mesenchymal
features seen there may be a consequence of higher infiltration of stromal cells. Conversely, analysis of
epithelial markers [203] may not be biased by stromal cells. When investigating the epithelial marker
ESRP1 for melanoma samples in TCGA dataset, Yao et al. found that a high infiltrating lymphocyte
activity is enriched in ESRP1-low melanoma samples which have enhanced mesenchymal features [203].
The lymphocyte activity was evaluated by the gene expression of two cytotoxic agents—perforin
(PRF1) and granzyme A (GZMA). Considering the use of an epithelial marker instead of mesenchymal
markers, this work may be a strong piece of evidence, since the contamination by mesenchymal
markers from non-cancer cells is supposed to be low. However, the immune infiltration still needs to
be defined rigorously. It is possible that cytotoxic immune cells are constrained to lie in the tumor
stroma instead of infiltrating into the tumor islets, though many of them infiltrate into the core of the
tumor. For these tumors, the bulk tumor gene expression data will give a high infiltration score of
cytotoxic immune cells. If these tumors happen to be ESRP1-low tumors, we are likely to conclude that
a higher infiltration of cytotoxic immune cells is associated with more mesenchymal-like cancer cells.

Although the above-mentioned evidence tends to suggest that a higher infiltration of cytotoxic
immune cells associates with the mesenchymal features of tumor samples, the jury is still out, and an
opposite trend has been reported elsewhere. For example, Chae et al. reported that EMT is associated
with significantly lower infiltration of CD4/CD8 T cells in squamous cell carcinoma [204]. In addition,
high numbers of CD8+ TILs have been shown to correlate with low SNAIL expression in extrahepatic
cholangiocarcinoma [205]. Furthermore, in bladder cancers, patients with tumors characterized by
an epithelial (luminal) phenotype have a better response rate when treated with anti-PD-L1 therapy
compared to those harboring basal subtype [206], which are mesenchymal-like [207]. Since it has been
suggested that patients who respond to anti-PD-L1 therapy usually have pre-existing CD8+ T cells [208]
which can be unleashed by the therapy, it is likely that in this particular study, epithelial-like tumors
are better infiltrated by CD8+ T cells than mesenchymal-like tumors. In addition, in muscle-invasive
urothelial bladder cancer (MIUBC), activation of β-catenin pathway is found in the most common
non-T cell-inflamed MIUBCs [209].

In summary, most of the gene expression analyses point towards a positive correlation
between mesenchymal-like cancer cells and the higher infiltration of both immune-promoting and
immune-suppressing immune cells, which seems the opposite of the trend revealed by in vitro
co-culture experiments and in vivo mouse models. The inconsistency can be simply due to the fact
that different analyses use varying standards of assessing the abundance of cancer-killing immune
cells, for example, gene expression signatures of cancer-killing immune cells [199] or the percentage of
cancer-killing immune cells among all (immune) cells [179]. In addition, the selected regions of interest
(ROI) can also be inconsistent—core vs. margin—with varying immune-associated traits. Furthermore,
the number of cancer cells in different ROI need to be evaluated for a fair comparison, i.e., a particular
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ROI can be less inflamed. This confusion could be at least partially resolved if the infiltration could be
quantified on the tumor islets level and the EMT status determined for single cancer cells instead of for
the bulk population. For example, Seo et al. stained both EMT and CD8 markers for one breast cancer
patient and found a positive correlation between the two [210]. However, the markers were not on
the same section and there is still an issue of defining the immune infiltration. Therefore, it would be
ideal to study the gene expression/protein abundance of the tumor islets or the sorted tumor cells in
addition to the analysis of the corresponding images of the same tumor, so that we can have a better
idea about whether there is any association between the EMT status of cancer cells and the infiltration
of cancer-killing immune cells into the tumor islets.

8.4. Causal Relationship between EMT and Infiltration of Cancer-Killing Immune Cells

Even if we overcome the above-mentioned issues regarding the correlation between EMT and
the infiltration of cancer-killing immune cells, there is still a hard problem to understand the causal
relationship between the two. There is here an issue of the temporal coevolution of the tumor
microenvironment which could play a role. Specifically, it is possible that apparently contradictory
observations are in fact different snapshots of the co-evolution process of the two sets of cells. We can
propose two potential scenarios on the causal relationship between the EMT status of cancer cells and
the polarity of the immune microenvironment as well as the infiltration of cancer-killing immune cells.

The first scenario: tumor regions enriched with epithelial cancer cells first attract cancer-killing
immune cells and then cancer cells are attacked by these immune cells. If one investigates the
infiltration of immune cells at this stage, these epithelial tumors should be enriched by cancer-killing
immune cells. The immune attack may convert epithelial-like cancer cells into mesenchymal-like
ones [195]. Then the mesenchymal-like cancer cells can suppress the function of cancer-killing immune
cells and start to promote the accumulation of immune-suppressing immune cells. Following this
logic, at this stage, the mesenchymal-enriched tumors regions should have the infiltration of both
cancer-killing and immune-suppressing immune cells. The TCGA data analysis results seem to support
this hypothesis [200–202]. However, many in vivo experiments do not seem to support the late stage
assumption of this scenario [178,199] even though experiments using epithelial-like cancer cell lines
tend to support the early state aspects of this scenario at the early state [179].

The second scenario: before the engagement of immune systems, the cancer cells interact mainly
with the cancer-associated fibroblasts (CAFs) or the tumor-associated macrophages (TAMs). The
paracrine signaling between the two (cancer cells and CAFs, or cancer cells and TAMs) biases the
cancer cells towards mesenchymal-like phenotypes [180–182]. Consequently, those mesenchymal-like
cancer cells tend to exclude cancer-killing immune cells from the microenvironment. This exclusion
may be also due to the accumulation of TAMs [196] or the absence of specific types of dendritic
cells [199]. In addition, the mesenchymal-like cancer cells may also have their own ways to stop or
exclude cancer-killing T cells [184,185,190]. In this scenario, epithelial tumors that do not undergo
EMT (due to interactions with CAFs or TAMs) may be infiltrated by cancer-killing immune cells
whereas mesenchymal tumors tend to exclude cancer-killing immune cells. Apparently, this scenario
seems to be supported by the in vitro co-culture experiments as well as some in vivo studies but is not
supported by most TCGA data analyses results.

In order to test different scenarios, it will be essential to monitor the trajectory of EMT of cancer
cells as well as the evolution of the infiltration of cancer-killing immune cells in a single mouse.
It has been shown that even in a single mouse model, some tumors can be “hot”, and others can be
“cold” [211]. The particular mouse model used in this recent study can be an ideal system to study
the co-evolution of the EMT status of cancer cells as well as the infiltration pattern of cancer-killing
immune cells to better understand the causal relationship between the two.
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9. Hybrid E/M Phenotypes and Beyond

Our claim here has been that hybrid E/M phenotypes enable cancer cells metastatic plasticity
to effectively metastasize. Notably, such stable hybrid phenotypes that combines features of two
speciously exclusive phenotypes is not limited to EMT. For example, during pathological angiogenesis
in cancer, a stable hybrid tip/stalk phenotype that results in poorly perfused and chaotic angiogenesis
can be acquired due to the overexpressed Jagged [212]. The elevated production of Jagged in cancer can
also promote the existence of a stable hybrid sender/receiver state where cells maintain intermediate
levels of Jagged and Delta (ligands) and Notch (receptor) thus allowing cells the plasticity to both
send and receive signals [90]. Another example of a hybrid phenotype in cancer appears to arise in
cancer metabolic preprogramming. Some cancer cells can acquire a stable hybrid metabolic phenotype
where both glycolysis and oxidative phosphorylation (OXPHOS) can be utilized [213–215]. Such
hybrid metabolic phenotype enables cancer cell metabolic plasticity to grow and prosper in various
hostile microenvironments. The hybrid metabolic phenotype has been observed in the human TNBC
SUM159-PT and MDA-MB-231 and mouse breast cancer 4T1 cells at least at a population level. The
emergence of the hybrid metabolic phenotype indicates that targeting both glycolysis and OXPHOS
may be necessary to eliminate cancer metabolic plasticity. Notably, such a hybrid metabolic phenotype
is not limited to cancer cells. For example, the naive pluripotent stem cells (PSCs) exhibit a hybrid
glycolysis/OXPHOS phenotype relative to primed PSCs which primarily use glycolysis and somatic
cells which primarily use OXPHOS [216]. As a result, activation of both OXPHOS and glycolysis,
synergistically by the TFs Zic3 and Esrrb for example, is essential to reprogram somatic cells to acquire
the naive pluripotency. In addition, regulatory T cells that utilize both glycolysis and fatty acid
oxidation can be more effective in expansion than those that primarily use glycolysis [217]. In our final
example, the T-helper (Th) cells can acquire a stable hybrid Th1/Th2 phenotype where cells co-express
two mutually inhibiting TFs T-bet (stimulating Th1) and GATA3 (stimulating Th2) [218]. The hybrid
Th1/Th2 phenotype combines the properties of Th1 and Th2 and can regulate effector T cell to function
without excessive inflammation. In summary, it is reasonable to speculate that the hybrid phenotype is
a common characteristic emerging from cellular plasticity.

10. Conclusions and Future Vision

Epithelial–mesenchymal plasticity has attracted much attention due to its critical roles in facilitating
metastases, stemness, and immune repression. Emerging evidence suggests that cancer cells can
acquire a spectrum of hybrid E/M phenotypes and cells can transition back and forth between different
EMT phenotypes. Computational and experimental studies have been combined to deepen our
understanding of EMT dynamics, the emergence of hybrid E/M phenotypes and the interplay of EMT
with stemness and immune suppression. Notably, EMT is a multi-dimensional spatiotemporal program
including alterations in mRNA and protein abundance, protein modification, and relocation which can
mediate the changes in cell junction, morphology, and apico-basal polarity, resulting in adoption of cell
migratory and invasive properties. Future computational studies need to integrate different facets of
EMT to systemically elucidate EMT dynamics and quantify EMT status. The advance in experimental
technologies such as simultaneous measurement of transcriptome and proteome at a single-cell
level—CITE-seq [219] and REAP-seq [220]—intravital correlative microscopy [221] will contribute to
high-resolution quantification of EMT in vivo. The combination of theoretical and experimental efforts
will continue uncovering important mechanisms underlying epithelial–mesenchymal plasticity and its
association with other hallmarks of cancer.

Thus, the emergence of hybrid phenotypes in cancer and the ability of cancer cells to switch back
and forth between various phenotypes indicate that therapeutic strategies targeting cancer cell plasticity
needs to be designed more carefully. Eliminating the notoriously aggressive hybrid phenotypes in
cancer may serve as the first step towards conquering cancer.
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Abstract: Therapy resistance is responsible for tumour recurrence and represents one of the major
challenges in present oncology. Significant advances have been made in the understanding of the
mechanisms underlying resistance to conventional and targeted therapies improving the clinical
management of relapsed patients. Unfortunately, in too many cases, resistance reappears leading to a
fatal outcome. The recent introduction of immunotherapy regimes has provided an unprecedented
success in the treatment of specific cancer types; however, a good percentage of patients do not
respond to immune-based treatments or ultimately become resistant. Cellular plasticity, cancer cell
stemness and tumour heterogeneity have emerged as important determinants of treatment resistance.
Epithelial-to-mesenchymal transition (EMT) is associated with resistance in many different cellular
and preclinical models, although little evidence derives directly from clinical samples. The recognition
of the presence in tumours of intermediate hybrid epithelial/mesenchymal states as the most likely
manifestation of epithelial plasticity and their potential link to stemness and tumour heterogeneity,
provide new clues to understanding resistance and could be exploited in the search for anti-resistance
strategies. Here, recent evidence linking EMT/epithelial plasticity to resistance against conventional,
targeted and immune therapy are summarized. In addition, future perspectives for related clinical
approaches are also discussed.

Keywords: epithelial–mesenchymal transition; hybrid E/M states; plasticity; tumour heterogeneity;
treatment resistance; immunotherapy scape

1. Introduction

The emergence of therapy resistance is one of the main unsolved issues in present oncology and
represents a major hurdle to defeating cancer.

Traditionally, two forms of tumour drug resistance, innate and acquired, have been considered
responsible for tumour relapse either soon after initial treatment or even following several years of
initial response and tumour shrinkage [1–3]. However, differences between both resistance definitions
at mechanistic and molecular levels are somehow attenuated, especially after the accumulation of
genomic and genetic data [2,4,5]. Accordingly, we will herein use the general term “treatment resistance”
to refer to both types of resistance as well as to include resistance to diverse treatment regimens (radio,
chemo or immune therapy, as well as targeted therapy).

A great effort has been made over the last two decades to unveil the molecular pathways
responsible for therapy resistance. Such attempts have led to the identification of several molecular
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mechanisms involved in resistance to conventional (i.e., increased expression of anti-apoptotic or
transporter proteins mediating multidrug resistance) and targeted therapies (like novel mutations
bypassing specific inhibitors and/or activation of alternative signalling pathways) [6]. The introduction
of next generation sequencing technology and the compilation of information regarding patients´
responses to different therapies for distinct tumour types is providing powerful information towards
personalized treatments as well as facilitating the prediction of recurrences [2,5]. Notwithstanding, we
still have an insufficient knowledge of the mechanisms driving tumour resistance.

Three concepts that emerged over the last years have provided novel insights into our present
understanding of tumour resistance: cancer stem cells (CSCs), epithelial-to-mesenchymal transition
(EMT) and intra-tumour heterogeneity [7], all of them briefly discussed hereafter. The discovery of
CSCs soon led to the exposure of their increased resistance to chemo- and radiotherapy compared to
non-CSCs in the same tumour (reviewed in Reference [8]). This point has been confirmed in different
experimental situations in which conventional therapies were able to eliminate non-CSCs while slowly
proliferating CSCs were unaffected [9–12]. The subsequent link between EMT and cancer stem-cell
properties [13–15] set the grounds to associate EMT with therapy resistance [16]. In fact, original
studies in tumour cell lines revealed that cells undergoing EMT achieve resistance to genotoxic stress
mediated by conventional radio- and chemotherapy [17–20]. This was later confirmed using different
therapeutic drugs reinforcing the link between CSCs, EMT and resistance [8,16,21–23]. While this
hypothesis is highly attractive, we have partial knowledge on how these two (clinically relevant)
programs, cancer cell stemness and EMT are interrelated. Clinical evidence linking them to resistance
is limited, mostly due to the lack of appropriate in vivo models and scarce patient samples to perform
comprehensive studies.

A major problem to regard EMT as a relevant process in cancer progression has been the difficulty
to unambiguously detect its occurrence in most human tumours. Nonetheless, the recognition
that intermediate EMT or hybrid epithelial/mesenchymal (E/M) states represent a likely situation
in tumours [24–27], has brought novel insights on the relationship between epithelial plasticity and
treatment resistance [28,29]. The well-established intra-tumour heterogeneity (referred to from now
as tumour heterogeneity), considered as a common feature of most solid tumours, has also powered
the notion that heterogeneity might be key for treatment resistance [30,31]. The relationship among
heterogeneity, phenotypic plasticity and tumour resistance is thus emerging as a forefront of research
in oncology [28].

Several recent outstanding articles have reviewed the association between EMT and cancer
stemness in tumour progression and/or treatment resistance [8,23–25,28,29,32] and this will not be
considered here in extent. In the present review, we will thus summarize recent evidence linking
EMT/epithelial plasticity to therapy resistance as well as to immune scape. Future perspectives for
refining predictive resistance biomarkers and novel clinical approaches will be also discussed.

2. Tumour Heterogeneity and Epithelial Plasticity: Traits Conferring Tumour
Aggressiveness and Resistance

2.1. Tumour Heterogeneity Links Phenotypic Plasticity and Therapy Resistance

Nowadays, increased evidence supports that heterogeneous cancer cell populations with distinct
phenotypic features constitute the majority of tumours [2,7]. The heterogeneity of tumours represents
new challenges in oncology with particular relevance for precision medicine. It is presently considered
that the resistance to diverse treatments in many cancer patients relies on tumour heterogeneity [8,30,31],
highlighting the importance of understanding cancer heterogeneity for prognosis and therapy choices.
Despite the partial knowledge of the driving mechanisms leading to tumour heterogeneity, several
common features are starting to emerge, summarized as: (a) tumour heterogeneity can arise from both
genetic and epigenetic mechanisms; (b) tumour cells are able to shift among several phenotypic states
during tumour evolution; and (c) discrete populations of cancer stem cells within the tumour mass
can give rise to hierarchically organized phenotypically distinct subpopulations [5,7,8,25,28,30,33].
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An additional consequence of tumour heterogeneity is phenotypic plasticity, a determinant factor
for cancer progression and therapy resistance [34]. As extensively reviewed elsewhere, phenotypic
plasticity is being recognized in several tumour types, including breast and lung cancer, involving the
acquisition of different histological traits and/or differentiation states that, at least in some cases, are
associated with therapy resistance [25,28,34].

2.2. EMT and Epithelial Plasticity: A Short Story

The EMT program, classically defined as a coordinated cell and molecular process by which
epithelial tumour cells progressively lose cell junctions and apical–basal polarity while acquiring
mesenchymal capacities [24,35–37], is likely one of the major manifestations of phenotypic epithelial
plasticity in tumours. However, it is worth recalling here that EMT is an essential biological program
for early development as well as for establishing key embryonic structures such as, but not limited to,
derivatives from the neural crest or the cardiac cushions [35]. Importantly, developmental EMT is a
highly dynamic and transient process acting at discrete spatio-temporal contexts, thus requiring its
quick reversal through a mesenchymal-to-epithelial transition (MET) process. Moreover, several rounds
of EMT and MET occur during development and morphogenesis of several embryonic tissues [35]
reinforcing the dynamic nature of epithelial plasticity in physiological contexts.

Epithelial-to-mesenchymal transition was originally described in vitro in epithelial renal cells
cultured under different substrates and characterized by the loss of intercellular adhesion and
acquisition of migratory and mesenchymal-like traits [38], and later demonstrated to occur in vivo
during chicken-embryo gastrulation [39]. Since the beginning of the present century, a myriad
of articles have described the acquisition of EMT by normal and malignant epithelial cells under
different stimulus in culture, starting from the original identification of Snail transcription factor
as an E-cadherin repressor and EMT-inducer [40,41] followed by the identification of additional
EMT-transcription factors (EMT-TFs), such as Slug, zinc finger E-box binding homeobox 1 and 2 (ZEB1,
ZEB2), Twist or the basic-loop-helix transcription factor 3 E47/TCF3 (reviewed in References [37,42,43]),
presently considered as classical or core EMT-TFs (Table 1). A plethora of extrinsic signalling pathways
regulating EMT in non-malignant and tumour epithelial cells have been deciphered, as well as different
intrinsic regulatory mechanisms acting at post-transcriptional, post-translational and epigenetic
levels [23,24,35,42–44] that will not be further discussed here. However, it is important to remark that
in tumours, most of the present data support that EMT is essential for metastasis, in particular for
initial invasion, as well as for intra- and extravasation [8,24,25,37,45,46], while the reverse MET seems
to be required for colonisation and macro-metastasis generation at distant sites [47–49].

Table 1. EMT-TFs and main characteristics associated with the EMT program.

EMT State Epithelial (E) Hybrid E/M Mesenchymal (M)

Morphology

Apical–basal polarity,
cells attached to each

other and to extracellular
matrix (ECM)

Partial loss of cell–cell
and cell–ECM

attachment, epithelioid
shape

Front–rear polarity,
elongated shape,

detached cells

Markers E-cadherin, claudins,
occludins, cytokeratins *

Co-expression of E and
M markers: E-cadherin,
cytokeratins *, vimentin

N-cadherin, vimentin,
fibronectin, matrix
metalloproteinases
(MMPs), fibrillar

collagens

Associated functional
traits

Restrained motility,
regulated proliferation

Motility, invasion, stemness, dissemination,
metastasis, immune evasion, therapy resistance

Core EMT-TFs: Snail & Slug, ZEB1 & ZEB2, Twist, E47/TCF3

* Cytokeratins (Krts) such as Krt8/18 are commonly detected in E states whereas Krt5/14 in E/M states. EMT:
epithelial-to-mesenchymal transition; EMT-TFs: EMT-transcription factors.
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The relevance of the EMT program in cancer was strengthened by its connection to cancer
cell stemness, initially described in normal and transformed human mammary cells in which EMT
induction, by Snail or Twist expression, led to the acquisition of CSC markers, the ability to form
mammospheres and tumour initiating capabilities [13,14]. Since then, the association of EMT and
CSCs has been observed in several carcinoma types [8,13,15] supporting that the EMT program
contributes to the self-renewing activity of CSCs in primary tumours and is potentially associated
with therapeutic resistance [8,16,28]. Nevertheless, the association between EMT and CSCs during
tumour progression and metastasis is not fully understood and, importantly, it might depend on
particular tumour contexts [50], as exemplified by the non-classical EMT-TF paired related homeobox
1 (Prrx1) that represses CSC traits in triple-negative breast cancer (TNBC) cells while its silencing is
required for metastatic colonization associated with the acquisition of stemness properties and an MET
phenotype [47]. Further studies are undoubtedly needed to advance our knowledge on the EMT–CSCs
link in connection to treatment resistance.

2.3. EMT In Vivo

In contrast to the overwhelming information on EMT in in vitro tumour cell models, the evidence
for its occurrence in vivo is scarce. In fact, the relevance of EMT in human tumours has been
widely questioned, in particular by pathologists, mainly because of the difficulty to detect full EMT
inside tumours [51]. The generation of sophisticated genetically modified mouse models allowing
EMT lineage tracing has provided convincing evidence for EMT occurrence in vivo (reviewed in
References [26,27]). Some of these mouse cancer models combine the conditional deletion or activation
of specific EMT-TFs and/or in vivo imaging. Information obtained from a genetic pancreatic mouse
model showed that EMT cells (Zeb1+) appear in precursor pancreatic intraepithelial neoplasia (PanIN)
lesions and are able to generate heterogeneous tumours containing E-cadherin+ and E-cadherin−
cells [52]. Early disseminated tumour cells with partial EMT and high metastatic potential were also
detected in the MMTV-Her2 breast cancer model [53]. Another elegant system designed to track
endogenous E-cadherin in MMTV-PyMT breast cancer mouse model combined with high-resolution
intravital imaging allowed the identification of a subpopulation of cells undergoing EMT with invasive
and metastatic properties, exposing as well high the intrinsic plasticity of EMT cells at metastatic
sites [54], similar to results obtained using a different breast cancer model [55]. Lineage tracing in
a Notch-p53-based colorectal cancer (CRC) mouse model also provided evidence for invasive cells
exhibiting a gradient of epithelial and mesenchymal phenotypes [56]. In addition, several mouse
models based in the genetic manipulation of EMT-TFs have reported the implication of Snail or Twist1
in EMT induction in PyMT-breast cancer or skin squamous cell carcinomas (SCC), respectively [48,57].
Interestingly, these two studies demonstrated that both Snail and Twist1 are transiently expressed
and needed for initial EMT-mediated invasion and dissemination, but their corresponding expression
should be shut down for metastatic outgrowth in each tumour context.

Nonetheless, two recent studies using EMT lineage tracing and conditional deletion of specific
EMT-TFs (Snail or Twist) in breast and pancreatic cancer mouse models, respectively, concluded that
EMT is not required for metastasis but indeed contributes to chemoresistance [58,59]. As previously
discussed by others [23,60,61], these unexpected and contradictory results can be explained either
by the use of non-specific Cre-driver lines and/or by the redundant actions of specific EMT-TFs. In
support of the later hypothesis, further analyses in the same pancreatic mouse cancer model by
Zheng et al. [59] showed that the deletion of other EMT-TF such as Zeb1 strongly decreased lung
metastasis, demonstrating that EMT is indeed required for distant metastasis [62]. Importantly, this
particular study also contributed to establish that the role played by EMT-TFs can be redundant in a
context-dependent fashion and that distinct EMT-TFs, or specific combinations of them also defined as
“EMT-TF code”, can be required to drive distant metastasis in different tumour settings [62–64].
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2.4. Intermediate EMT States in Tumours: Novel Insights on Epithelial Plasticity

Present data suggest that EMT in vivo can be considered not as a binary process (epithelial versus
mesenchymal states) but rather as a combination of several cellular states in which a spectrum of
epithelial and mesenchymal traits can coexist [23,28,29] (Table 1). Hybrid E/M states can, theoretically,
be associated with plasticity programs endowing tumour cells with a metastable state with the ability
to rapidly respond to microenvironmental signals in either direction (i.e., towards an epithelial or a
mesenchymal state) [24–26]. Accumulated data from cell lines and preclinical models are starting to
provide evidence about the existence intermediate or hybrid E/M states in different tumour settings
(see Reference [29] for a recent review). Computational and mathematical modelling analyses have
been recently used to design hypothetical models of hybrid E/M states that are being tested to prove
for tumour cell metastable or stable phenotypes as well as for their link to therapy resistance [65–68].

Initial insights for intermediate EMT states came from different studies showing the coexistence
of epithelial and mesenchymal markers in tumour cell lines under various experimental conditions
as well as in several tumour series (reviewed in Reference [27]). Of particular interest are the
immunohistochemical analyses where the co-expression of epithelial (E-cadherin or keratins) and
mesenchymal (N-cadherin or vimentin) markers was initially characterized in different breast tumour
series [69,70]. Following studies characterized basal-like breast tumours as co-expressing vimentin
and cytokeratins [71], and further identified an EMT immunohistochemical signature as specifically
associated with basal-like breast tumours as well as the coexistence of epithelial and mesenchymal
markers in the epithelial component of breast carcinosarcomas [72]. This later study represents one
of the first hints pointing to the existence of a partial EMT in human tumours. However, until very
recently, direct evidence for different intermediate E/M state occurrence in tumours was lacking. A
recent study in a genetic mouse model of skin SCC has allowed to identify and isolate six intrinsic
cell subpopulations with different combinations of epithelial and mesenchymal markers that define
distinct EMT transition states in vivo [73]. This study shows that intermediate E/M populations are
more metastatic than full M populations; in addition, intermediate E/M subpopulations exhibit a high
degree of cell plasticity being able to switch into one another in secondary tumours [73]. Remarkably,
and in agreement with those observations, depletion of the EMT-TF Zeb1 in pancreatic mouse tumours
halts tumour cells in a stable epithelial state, losing their stemness and metastatic properties together
with the ability to induce EMT upon transforming growth factor beta (TGFβ) signalling [62]. Overall,
these recent studies support that epithelial plasticity conferred by intermediate E/M states is highly
relevant for metastatic dissemination.

The influence of hybrid E/M states to treatment resistance is poorly understood, although several
theoretical and experimental studies are starting to provide information of this relevant aspect, and
they will be discussed below.

3. Evidence Linking EMT to Treatment Resistance

Work in cancer cellular models and patient samples, mostly analysing gene expression profiles
that can be associated with therapy response, have allowed to establish a link between the gene
expression associated with an EMT program and the development of therapeutic resistance [8]. The
underlying mechanisms have been extensively reviewed [8,23,28] being essentially related to increased
ability of EMT cells to avoid apoptosis induced by most standard anti-cancer drugs, implementation of
mechanisms mediating drug detoxification and expression of immunosuppressive and immunoevasive
molecules to avoid attack by the immune system. While the impact of hybrid E/M states to tumour
aggressiveness is starting to be elucidated [29], several signalling pathways and molecular mechanisms
are emerging as potential common traits of EMT and treatment resistance. For instance, a cellular
signalling network consistently linked to EMT-mediated drug resistance across different cancer types
is conveyed by the AXL tyrosine kinase receptor (known as AXL) that alters mitogen-activated
protein kinase (MAPK)/ERK and phosphoinositide 3 kinase (PI3K)/Akt signalling pathways favouring
proliferation, survival, migration and invasion [74]. Briefly, the AXL relationship to EMT (either as
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effector or inducer) has been explored in different tumour types, being associated with metastasis and
drug resistance and, thus worse prognosis in patients (recently reviewed in Reference [74]). Additionally,
AXL has been implicated in engaging other receptor tyrosine kinases (RTKs) and their downstream
signalling in ovarian cancer [75] or epidermal growth factor receptor (EGFR) signalling in TNBC [76],
which seem to be relevant in EMT cancer cells and associated resistance to RTK-targeted therapies.

In addition, a cellular adaptive mechanism known as the unfolded protein response (UPR) is
activated to cope with the endoplasmic reticulum stress resulting from tumour progression (reviewed
in References [77–79]). In cancer cells, UPR activation reduces the pro-apoptotic effects of several
chemotherapeutic drugs and favours drug detoxifying mechanisms. Unfolded protein response
activation has been suggested to uphold EMT, becoming both programs’ allies in cancer initiation
and progression (reviewed in another chapter in this special issue [80]) and contributing to cellular
adaptive mechanisms responsible for chemotherapy resistance.

Tumour microenvironments can also have an important role in EMT and treatment resistance.
Numerous studies have demonstrated that EMT programs in cancer cells are elicited by an array of
signals originating from the different components of the tumour stroma [24,42,44]. Among them, cancer
associated fibroblasts (CAFs), tumour associated macrophages (TAMs), infiltrating T-lymphocytes and
myeloid-derived suppressor cells (MDSCs) can play prominent roles in the paracrine regulation of
EMT induction, mainly mediated by TGFβ, tumor necrosis factor alpha (TNFα) or interleukin 6 (IL-6)
secretion, among other cytokines and growth factors (reviewed in References [8,23]). The cytokine
TGFβ is perhaps the most potent EMT-inducing signal in many different tumour contexts and indeed
its secretion by CAFs and/or TAMs leads to EMT induction in breast cancer and hepatocarcinoma,
among other tumour cells [81–84], while IL-6 secretion by CAFs has been associated to EMT-mediated
resistance in non-small cell lung cancer (NSCLC) [85]. Interestingly, TGFβ has been proposed as a
determinant of metastatic dissemination in CRC models [86] and poor prognosis CRC subtypes share
a gene program driven by stromal TGFβ that seems to be associated with treatment resistance [87].
Recently, stromal TGFβ has been linked to immune evasion in CRC and urothelial tumours [88,89],
although the potential connection to EMT induction has not been directly addressed. At present, the
influence of the microenvironment in regulating intermediate E/M states and their association with
therapeutic resistance is basically unknown, but it can be speculated that paracrine signals from CAFs,
TAMs and other stromal components are relevant players in the dynamic regulation of epithelial
plasticity in cancer progression.

3.1. Studies on Tumour Cell Lines

There are many examples in different cancer settings in which the expression of one or several
core EMT-TFs is linked to increased resistance to radio- and chemotherapy as well as to targeted
therapy [19,20,90–95]. Moreover, resistant tumour cells in culture frequently exhibit a mesenchymal
phenotype [8] supporting the EMT involvement in therapy resistance. We will next discuss recent
literature exemplifying such a link in several cellular cancer models.

3.1.1. Lung Cancer

In 2013, an EMT gene signature comprising 76 genes allowed to classify NSCLC cell lines as
epithelial or mesenchymal, the latter expressing higher levels of ZEB1, vimentin or AXL [96]. This EMT
signature also predicted the sensitivity of patient-derived NSCLC cell lines to different drugs, being
the mesenchymal ones more resistant to the EGFR inhibitors (EGFRi) (erlotinib, gefitinib), as well as
to PI3K inhibitors and common cytotoxic chemotherapies such as docetaxel or paclitaxel. However,
the classification of a cell line as mesenchymal was not linked to widespread drug resistance since
they were more sensitive to cisplatin or gemcitabine than the epithelial ones [96]. These studies and
others have led to regard EMT as crucial for the generation of NSCLC resistance to EGFRi and the
molecular mechanisms involved have been recently reviewed elsewhere [97]. In brief, cell stemness
traits, anti-apoptotic signalling and chromatin remodelling imposed by EMT-TFs would cooperate
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to promote therapy resistance in NSCLC. As an example, the repression of the pro-apoptotic protein
Bcl-2-like protein 11 (BIM) by ZEB1 seen in mesenchymal NSCLC cells is accountable for the increased
resistance to EGFRi treatments [98].

Also, recent results link the presence of cells with hybrid E/M features in NSCLC cell lines to EGFRi
resistance, increased sphere-forming ability and ZEB1 expression [99]. Other studies supporting the
association of intermediate E/M phenotypes and resistance have described the expression of integrin
beta4 (ITGB4), a proposed marker of the E/M state [100], in CSCs of NSCLC [101], although additional
studies are required to sustain this connection.

In small cell lung cancer (SCLC) cells, the activation of the Met receptor with hepatocyte growth
factor (HGF) induces a mesenchymal phenotype involving enhanced expression of EMT-TFs such as
Snail together with increased invasion, tumorigenesis and chemoresistance to etoposide in xenograft
assays [102]. Chemosensitivity could be restored in the presence of a Met inhibitor [102] further
supporting the link between EMT and resistance in lung cancer.

3.1.2. Breast Cancer

Normal and transformed human mammary epithelial cells induced through an EMT by inhibition
of E-cadherin expression or Twist overexpression are resistant to paclitaxel and doxorubicin, common
chemotherapeutic drugs, whereas breast cancer cells with EMT traits show an increased sensitivity to
paclitaxel [21,94]. A recent report has found links between EMT and endocrine therapy resistance in
luminal breast cancer. Estrogen receptor alpha gene (ESR1) fusion proteins found in luminal tumours
are responsible for endocrine therapy refractory disease [103]. In fact, when expressed in breast cancer
cell lines, these functional fusion proteins (to the C-terminal sequence of the Hippo pathway coactivator
yes-associated protein 1 (YAP1) or protocadherin 11X PCDH11X) promote an estrogen-independent
activation of an EMT gene signature, Snail upregulation and E-cadherin downregulation resulting in
increased migration in vitro and lung metastasis in xenograft models [103].

In basal-like breast cancer MDA-MB-231 cells, an early study showed that Snail confers resistance
to the standard chemotherapeutic agents docetaxel and gemcitabine [20]. More recently, the ubiquitin
editing enzyme A20 has been shown to ubiquitinate and stabilize Snail in basal-like breast cancer
cells, favouring TGFβ-induced EMT and lung colonization of orthotopic tumours [104]. In vitro, A20
expression is associated with enhanced breast cancer cell viability upon doxorubicin and docetaxel
treatment [104]. Another recent report has described that the deubiquitinase (DUB), USP27X, regulates
Snail stability in MDA-MB-231 cells [105]. In the absence of USP27X, Snail is degraded, and the
growth of xenograft tumours is delayed as well as Snail-mediated metastasis and resistance to cisplatin.
The authors found a positive correlation of Snail and USP27X expression in TNBC patient-derived
xenografts (PDX), although their status in relapsed patients requires further investigation. Besides
USP27X, DUB3 has also been shown to stabilize Snail favouring EMT-related invasion, migration
and metastasis of xenograft tumours whereas DUB3 levels in breast cancer patients are associated
with metastatic progression and quicker relapse [106]. In addition, in basal-like breast cancer cells,
DUB3 stabilizes Slug and Twist1 [107], suggesting that EMT-TF stabilization by preventing proteasome
degradation is an important contributor to EMT and associated roles in tumour progression.

Recent studies also imply that hybrid E/M sates can more efficiently favour metastasis and therapy
resistance than a complete mesenchymal state in breast cancer cells (reviewed in Reference [29]). The
mechanistic pathways underlying chemotherapy resistance associated with E/M states in basal-like
TNBC is being deciphered, as exemplified by ITGB4 expression regulated by ZEB1 and its downstream
target Tap63a [100], but further studies are required.

3.1.3. Ovarian Cancer

In ovarian cancer, upregulation of Snail and Slug has been detected in cisplatin resistant cell
lines [92]. Moreover, both EMT-TFs are associated with radio and chemoresistance by p53-dependent
pro-survival signalling and regulation of stemness in this tumour context [108]. In response to cisplatin,
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doxorubicin or paclitaxel, ovarian cancer cells with CSCs traits are selected in vitro, characterized
by a mesenchymal phenotype with downregulated transcript levels of E-cadherin and occludin, and
higher transcript levels of fibronectin, Snail, N-cadherin, TWIST, ZEB1 and ZEB2 [109]. These cells,
displaying chemokine receptor type 4 (CXCR4) surface markers, show enhanced migration, invasion
and tumour-forming ability, and higher expression of ATP binding cassette subfamily B member
1 (ABCB1), a protein involved in acquiring multidrug resistance [109]. Besides, high-grade serous
ovarian patients display higher levels of CXCR4 expression in their circulating tumour cells (CTCs),
while targeting CXCR4 in preclinical models has been shown to decrease peritoneal dissemination in
part by blocking EMT [110].

3.1.4. Prostate Cancer

Epithelial plasticity, noticed in some prostate cancer cell lines, was previously linked to cell
stemness, tumour aggressiveness and metastatic potential [49,111,112], but few studies have so far
analysed the relationship of EMT and hybrid E/M states to resistance in prostate cancer cells [29].
Recently, EMT has been involved in resistance to radiotherapy of prostate cancer cells. Lysyl
oxidase-like 2 (LOXL2), a protein promoting EMT [113], is upregulated both in prostate cancer cell
lines and radioresistant patient samples and seems to be responsible for radiotherapy resistance in
prostate cancer cells and derived xenografts by implementing EMT [114]. Another study showed
that chemoresistance to the taxane cabazitaxel was relieved by antiandrogen-mediated reversion of
EMT towards MET in preclinical models such as PDX and genetic mouse models of advanced prostate
cancer [115].

3.1.5. CRC

In CRC, a recent report depicts a novel mechanism involving EMT in progression and drug
resistance [116]. While looking for substrates of the F-Box E3-ubiquitin ligase FBXW7 in intestinal stem
cells, the authors find FBXW7 binds and ubiquitinates ZEB2 upon glycogen synthase kinase 3 beta
(GSK3β) phosphorylation. In fact, in mouse and human CRC cell lines, ZEB2 induces EMT and is
responsible for increased metastasis upon tail vein or orthotopic cell injection in nude mice. Also, ZEB2
is linked to the expression of stemness markers in colonospheres and organoids as well as increased
drug resistance in CRC cell lines [116].

3.1.6. Melanoma

Malignant melanoma, an invasive tumour characterized by high genetic and phenotypic
heterogeneity, commonly presents drug resistance. In melanoma, cell plasticity has been associated with
resistance by means of ZEB1 reprogramming. Interestingly, low levels of MITF, a key melanocyte lineage
TF, and high ZEB1 levels are associated with B-Raf protein kinase inhibitor (BRAFi) resistance both
in vitro and in tumour samples [117]. Using melanoma cellular models, Richard and co-authors [117]
demonstrated that ZEB1 expression promotes the upregulation of stemness markers, increased
tumorigenic potential and resistance to BRAFi. These observations are in agreement with the previous
description that in vitro resistance to BRAFi is accompanied by loss of melanocyte inducing transcription
factor (MITF), E-cadherin and ZEB2 expression and upregulation of ZEB1 and TWIST, linked as well
to enhanced invasion [118]. Altogether, these data support the role of a mesenchymal phenotypic
switching in melanoma related to dedifferentiation, invasiveness and drug resistance.

A recent report has linked microenvironmental cues such as nutrient starvation to translational
reprogramming and therapeutic resistance in melanoma [119]. Upon glutamine starvation, melanoma
cells downregulate MITF through UPR activation (eIF2α-ATF4), resulting in increased invasiveness
linked to ZEB1, N-cadherin and fibronectin upregulation and Slug downregulation. Since ZEB1 and
Slug have been previously involved in the phenotypic switch responsible for malignant melanoma [120],
UPR activation is thus linked to the melanoma plasticity required for invasiveness. Indeed, ATF4 also
correlates with higher AXL expression, a mediator of BRAF and MEK inhibitor (MAPKi) resistance

396



J. Clin. Med. 2019, 8, 676

in melanoma [121] also associated with anti-PD-1 therapy resistance [122]. These recent studies
also indicate that MAPKi resistance in melanoma cells involves a mesenchymal signature, with
decreased MITF and increased ZEB2 and Slug expression [121], suggestive of epigenetic regulatory
mechanisms [122].

3.1.7. Glioblastoma

The EMT-TF ZEB1 has been involved in glioblastoma formation, invasion and chemoresistance in
cellular models [123]. The proposed molecular mechanism involved EMT-induced cancer cell stemness
and ZEB1-miR200 dependent upregulation of O-6-Methylguanine DNA methyltransferase (MGMT),
responsible for resistance to the standard of care drug temozolomide (TMZ) [123]. Further studies
to characterize ZEB1 involvement in glioblastoma by expression profiling and chromatin binding
site analysis in CSCs have revealed that ZEB1 activates and represses distinct sets of target genes
implementing a complex genetic program similar to EMT [124].

3.2. Computational Modelling Analyses on Epithelial Plasticity and Tumour Resistance

The presence of heterogeneous phenotypes within tumours before treatment and their plausible
plastic transition across different E/M states might be useful to inform the outcome and, thus select
therapies targeting particular phenotypes. To gain insight into phenotypic plasticity involvement
in tumour heterogeneity and drug resistance, Gupta and co-workers [125] developed a method to
mark the few cells within a breast cancer cell line that contain subpopulations of both epithelial and
mesenchymal phenotypes. Expansion of this cell line originated clones composed of epithelial or
mesenchymal cells or a mixture of both. In addition to concluding that phenotypic plasticity is inherited,
these authors used these in vitro data gathered from these marked clones to perform computational
simulations of the outcome of tumours containing mixed clones with different E/M phenotypes upon
drug treatment. They modelled the effect of different chemotherapeutic drugs, selectively targeting
epithelial or mesenchymal phenotypes, in different therapy regimens and concluded that the most
efficient treatment is the combination therapy, repeated alternation of drugs targeting epithelial or
mesenchymal phenotypes compared to monotherapy or sequential therapy [125].

Other computational modelling has provided an EMT metric to predict the extent of the EMT
status, either epithelial, mesenchymal or hybrid E/M, of a given transcriptomic sample, aiming at
being clinically informative [67]. Based on data from gene expression profiles, this EMT score has
been validated in cancer cell lines with known EMT phenotypes and it provides valuable information
regarding EMT score and survival as well as relapse upon treatment.

3.3. Studies on Mouse Models

At present, few reports have analysed EMT and treatment resistance in cancer mouse models,
aside from analyses of xenografted tumour cell lines in immune-deficient mice.

A role for EMT in in vivo chemoresistance has been backed recently by two studies in mouse
cancer models based on EMT downregulation [58,59]. Pancreatic mouse tumours generated after
knocking down Snail or Twist were more sensitive to gemcitabine, the standard of care drug [59].
Additionally, in an EMT lineage tracing mouse model of breast cancer, EMT inhibition by miR-200
overexpression, which directly targeted Zeb1 and Zeb2, the tumour resistance to the chemotherapy
drug cyclophosphamide was abrogated [58]. Although the limitations of both studies regarding EMT
contribution to metastasis have since been argued as already mentioned [46,60,61], they provided
significant in vivo preclinical evidence of EMT involvement in chemoresistance.

4. Insights on EMT and Treatment Resistance in the Clinical Setting

The association of EMT and epithelial plasticity with resistance in the clinical context is not
completely understood. As discussed above, EMT can provide tumour cells with the abilities to escape
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apoptosis, anoikis and senescence, among other traits and, thus confer treatment resistance in several
preclinical models [8,28,29,126], but direct proof for this mechanistic link in tumours is still missing.

Nevertheless, different evidence supports the impact of EMT on treatment resistance in human
tumours, such as the studies in which gene expression profiles from tumour samples are correlated to
the clinical behaviour of treated patients. Some of these studies have resulted in the identification of
several EMT-related gene expression signatures strongly associated with conventional and targeted
therapy resistance, particularly in breast cancer and NSCLC [96,127,128].

4.1. EMT and Resistance to Conventional and Targeted Therapy

Epithelial plasticity and CSCs connection to treatment resistance is being recognised in particular
tumour types [8,28,129,130] from where some common hints are emerging. In fact, it has been reported
that in several tumour types, and particularly in pancreatic cancer, a minimal tumour fraction of resistant
undifferentiated CSCs exhibit a spindle-shaped appearance typical of an EMT phenotype [8,29,126].
In this sense, both the expression of specific EMT-TFs and the acquisition of a mesenchymal or
undifferentiated phenotype within tumours have been related to an adverse therapeutic outcome [28].
Nonetheless, few studies have so far focused on deciphering the clinical correlation between EMT and
resistance (see Table 2 for examples) beyond lung cancer (see Reference [97] for a recent review).

Table 2. Examples of the contribution of epithelial plasticity to treatment resistance in cancer patients.

Specific Therapy Tumour Subtype Status * Phenotype # Reference(s)

Chemotherapy
Platinum/etoposide SCLC 1 Clinical Undifferentiated [102]

Taxanes NSCLC 1 Clinical Differentiated [131]
Cisplatin Ovarian Clinical Undifferentiated [132]

Docetaxel/Cabazitaxel Prostate Clinical/preclinical Differentiated [115,133]
Radiotherapy

Radiotherapy Prostate Clinical Differentiated [114,134]
Targeted therapy

Temazolomide 2 Glioblastoma MGMT-met Clinical Undifferentiated [123]
Erlotinib 3/temsirolimus 4 HNSCC 1 Clinical Differentiated [135]

Cobimetinib 3 Melanoma Preclinical Undifferentiated [117]
Vemurafenib 3 Melanoma Clinical/preclinical Undifferentiated [117]

Erlotinib/gefitinib 3 NSCLC EGFR-mut Preclinical Undifferentiated [96]
Immunotherapy

Nivulumab 5 NSCLC (CTCs) 1 Clinical Undifferentiated [136]

* Clinical: study on patient tumour samples; Preclinical: study using preclinical models (like patient derived
xenografts (PDXs)). # Estimated according to the tumour cell morphology. 1 SCLC: squamous cell lung cancer;
HNSCC: head and neck squamous cell carcinoma; NSCLC: non-small cell lung cancer; CTCs: circulating tumour
cells. 2 Alkylating cytotoxic prodrug. 3 Epidermal growth factor receptor/mitogen activated protein kinase/B-Raf
protein kinase (EGFR/MAPK/BRAF) inhibitors. 4 mammalian target of rapamycin (mTOR) inhibitor. 5 monoclonal
antibody against PD ligand 1 (mAb αPD-L1).

Regarding conventional chemotherapy, one example is seen in prostate cancer, in which resistance
to docetaxel has been associated with EMT; presenting resistant tumours lower E-cadherin expression
and decreased miR-200 levels [133]. In ovarian cancer patients, expression profiling analyses identified
a molecular signature differentially expressed in chemoresistant and chemosensitive patients [132].
Importantly, TWIST1 expression was significantly higher in ovarian cancer patients with poor
therapeutic response upon platinum regimens (Table 2), and the authors proposed that chemoresistance
was due to Twist1-mediated inhibition of apoptosis [132]. Moreover, biopsies from relapsed squamous
cell lung carcinoma (SCLC) patients treated with platinum and etoposide showed enhanced levels
of EMT-related mesenchymal proteins such as Snail, vimentin and the extracellular matrix protein
SPARC and decreased expression of E-cadherin [102] (Table 2). Nonetheless, and in contrast to in vitro
approaches, the association between EMT and resistance is not easy to characterize in the clinical
context, probably because cancer patients normally receive complex therapeutic regimens, which
would mask the relevance of cell plasticity to resistance against specific chemotherapeutic agents [137].
Despite this fact, the link between hybrid E/M states and chemoresistance has been established in a
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relevant study in human breast cancer, where the presence of CTCs, showing hybrid E/M traits, is
associated with patients that exhibit increased resistance to combined chemotherapeutic and targeted
agents [138].

On the other hand, the role of EMT in radioresistance has been studied in some tumour subtypes
such as prostate cancer [134] (Table 2). Among different molecular mechanisms, including resistance
to anoikis or PI3K/Akt pathway signalling activation, EMT induction has been observed in relapsed
prostate cancer patients after radiotherapy. In this tumour context, radiation decreases E-cadherin
expression by a mechanism dependent on Snail expression concomitant with N-cadherin and vimentin
upregulation [139]. In addition, EMT-induced radioresistance is associated with a dramatic increase of
the DNA repair gene poly (ADP-ribose) polymerase 1 (PARP-1) supporting that, in these radioresistant
patients, treatment with PARP inhibitors might represent a new therapeutic approach worth being
evaluated [139–141].

As already mentioned, the depiction of EMT in clinical samples has been linked to the lack
of response to some particular targeted therapies, mostly by the association of specific EMT-TFs
expression with resistance [28]. As examples, ZEB2 and Slug are overexpressed in MAPKi-resistant
melanomas [121], while ZEB1 expression is linked to BRAFi resistance in melanoma patients [117],
reduced response to the EGFRi erlotinib in NSCLC [96] and to TMZ in glioblastomas [123] (Table 2).
Also, a correlation between Snail expression and resistance to erlotinib in head and neck squamous cell
carcinoma (HNSCC) was described, at least in preclinical models [142]. Overall, these data gathered
from clinical samples suggest that a dedifferentiation state (Table 2), modulated by the activation of an
EMT program, appears as a key determinant for therapeutic resistance [28,29], although a thorough
understanding of the mechanisms operating in cancer patients has not been achieved yet.

Despite numerous efforts to develop therapeutic strategies that directly or indirectly interfere with
the EMT program (i.e., by blocking the secretion of EMT inducers, inhibiting EMT-TFs or targeting
specific EMT-induced intracellular pathways [28]), none of them have so far benefitted patients in
terms of resistance reversion. In fact, it was observed that these potential EMT-targeted therapies could
trigger the activation of alternative pathways that behave as compensatory resistance mechanisms [143].
Likely, this could be related to the hybrid E/M phenotypes present in tumours as discussed above, even
though EMT blockage remains nowadays a challenge in oncology and there are currently more than 30
clinical trials being conducted and focused on EMT reversion in many cancers, not only using chemo
and/or targeted therapies (i.e., NCT01990196, NCT00769483 and NCT03509779) but also radiotherapy
(i.e., NCT03660319 and NCT02913859) [144].

4.2. EMT and Immunotherapy: A Further Link to Immune Evasion

Immunotherapy approaches, including monoclonal antibodies, checkpoint inhibitors, therapeutic
vaccines and adoptive cell transfer, have emerged as a promising therapeutic strategy for cancer
treatment, particularly in melanoma, lung, bladder, NSCLC and HNSCC tumours. Immunotherapy,
currently focused on immuno-inhibitors targeting the interaction of programmed cell death 1 (PD-1) with
PD ligand 1 (PD-L1) or cytotoxic T-lymphocyte antigen 4 (CTLA-4) (reviewed in References [145,146])
provides clear benefit for some cancer patients. However, it is yet a challenge due to the high
number of patients not profiting from immune-based treatments, some of them actually resistant to
immunotherapy [147].

Tumour cells undergoing EMT have been shown to circumvent immune surveillance and become
refractory to immune-based therapies [23,29,148]. Although not completely understood, recent
evidence is providing some clues into the molecular bases of the link between EMT/epithelial plasticity
and immune evasion [148]. The detected CTCs positive for PD-L1 show spindle-like morphology
resembling intermediate EMT phenotypes [149]. Moreover, in NSCLC recurrent patients under
treatment with the PD-L1 inhibitor nivulumab, the co-expression of some EMT markers (N-Cadherin
and vimentin) and PD-L1 was detected in their CTCs [136] (Table 2) suggesting that the EMT
phenotype of PD-L1 CTCs might identify those NSCLC patients not responding to immune therapy.
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Furthermore, immunotherapy response deficiency, also known as tumour immune escape, has been
partially associated with the upregulation of some EMT-TFs [148]. It has been recently noted that the
suppression of anti-tumour immunity, affecting CD8+ T cells in the tumour microenvironment, could
be due to the miR-200/ZEB1 axis, which directly regulates the expression of PD-L1 in lung cancer [150].
The association of EMT with an immunosuppressive phenotype has also been observed in melanoma,
pancreatic and breast cancer patients [148]. Epithelial breast carcinoma cells expressing high levels
of Snail showed significant susceptibility to CTL-mediated lysis reduction [151] and this has been
related to the activation of pro-survival autophagy [152]. In colon cancer biopsies, PD-L1 expression
has been detected in tumour buds, located at the invasive fronts of tumours and thought to be formed
by cancer cells undergoing EMT [153]. In fact, PD-L1 expression in tumour buds positively correlates
with ZEB1 and ZEB2 expression, suggesting that an EMT program might be linked to immune evasion
by upregulating PD-L1 in CRC patients [153].

Besides, exome and transcriptome sequencing data obtained from melanoma samples, suggest
that tumours unresponsive to anti-PD-L1 therapy display a gene signature related to mesenchymal
phenotypes, also induced upon treatment with MAPKi and present in residual tumours treated with
MAPKi, suggesting that common mesenchymal features are associated with resistance to targeted and
immune therapies [122].

Furthermore, an EMT transcriptional score was measured in many tumour subtypes [128]
and the immunotherapy response was better in those patients presenting tumours with luminal
(epithelial) phenotype than in those patients with basal (undifferentiated or mesenchymal like)
phenotype [154]. Furthermore, a high EMT score has been related to immune marker expression (i.e.,
PD-L1, PD-L2, and CTLA-4, among others) [155], and PD-L1 association with EMT was confirmed
in lung adenocarcinomas [156] and HNSCC [157]. In NSCLC, the mesenchymal tumours showed an
increase in tumour infiltrating lymphocytes (TILs) and regulatory T (Treg) cells [156]. A high EMT score
in NSCLC tumours was also correlated with expression of the immune modulator CD276, regarded as
a new prognostic marker for overall survival. Additionally, mesenchymal NSCLC tumour subclones,
but not those with epithelial phenotype, presented increased ability to resist lysis-induced by natural
killer (NK) cells [158]. Some studies also suggest that tumour cells undergoing EMT show a significant
reduction in the MHC class I receptor [148], which participates in the activation of additional lytic cell
death mediated by NK cells [148,159].

Further studies are required to precisely decipher the immune scape mechanisms occurring in
cancer. Nevertheless, some hints point to an important contribution of EMT/epithelial plasticity to
immune escape as well as a to the potential utility of EMT assessment in patients as a predictive
biomarker for immune therapy selection.

5. Novel Perspectives for Targeting EMT-Mediated Resistance

Hitherto, the development of new therapeutic approaches to minimise EMT-induced treatment
resistance in cancer is essential. The strategies for targeting EMT and resistance are particularly
directed at the reversion of EMT and/or dedifferentiation programs. Various recent approaches will
be briefly described in this section. With the objective to selectively kill cancer stem cells, several
attempts have been implemented to find molecules targeting cells undergoing EMT [21,94,160]. In this
sense, standard chemotherapy has been demonstrated to be unable of killing cells undergoing EMT in
several carcinoma cellular models. Gupta and co-authors [21] exploited this fact in experimentally
induced EMT in untransformed and transformed human mammary epithelial cells by downregulating
E-cadherin and observed an increase in their resistance to several established chemotherapeutic drugs.
In particular, treatment with paclitaxel selected resistant mesenchymal and migratory cells displaying
markers associated with human mammary CSCs as well as showing increased tumour seeding and
metastasis in xenografts [21]. This resistance model was used in a high-throughput screen of chemical
compounds leading to the identification of salinomycin, a potassium ionophore, with cytotoxic activity
on EMT cells [21]. Other high-throughput screening identified PKCα inhibitors able to eliminate human
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mammary cells that underwent EMT [161], further supporting that EMT can confer vulnerabilities in
order to tackle tumour resistance.

Dedifferentiation compelled by EMT activation has also been linked to multidrug resistance
in breast cancer cell lines [162]. In vitro, the overexpression of Twist increases resistance to
chemotherapeutic drugs through enhanced ability to cope with oxidative stress by the activation of the
UPR. Indeed, the inhibition of UPR prior to treatment with chemotherapeutic drugs leads to a delayed
growth of basal breast xenografted tumours [162].

On the other hand, EMT-endowed plasticity can be exploited to favour drug-induced MET or
transdifferentiation. With the aim of identify compounds inducing MET in mesenchymal breast cancer
cells, a screening for drugs able to induce E-cadherin transcription uncovered two classical activators
of PKA (cholera toxin and forskolin) as inducers of the epithelial state [163]. The epithelial-derived
breast cancer cells upon treatment with PKA activators lose their stemness properties and develop
increased sensitivity to conventional chemotherapy. Mechanistically, the phenotypic reversion depends
on the PKA substrate H3K9 histone demethylase PHF2 that derepresses epithelial gene expression by
epigenetic mechanisms [163]. This finding is also in agreement with the previous discovery that the
HDAC inhibitor mocetinostat reverts ZEB1-associated resistance of cancer cells [164] lending further
support to the potential use of epigenetic modulators to revert EMT-associated resistance [26].

In fact, transdifferentiation has been a long-standing goal in anti-cancer treatment. However, in
the context of EMT/epithelial plasticity, reversion to a MET state can represent a double-edged strategy
because of the association of MET with metastasis colonization at distant sites [47,48]. Therefore,
complete eradication of EMT tumour cells, and particularly of those acquiring intermediate E/M states,
can be envisioned as a steadier strategy against tumour metastasis and resistance. A recent elegant
study has exploited the plasticity of intermediate E/M cancer cells to force their transdifferentiation
into post-replicative adipocytes [165]. Murine breast cancer cells forced to undergo EMT were induced
to irreversibly become adipocytes in vitro with a cocktail containing rosiglitazone, a peroxisome
proliferator activated receptor gamma (PPARγ) agonist, and bone morphogenetic protein 2 (BMP2),
being the cells in hybrid E/M states the most sensitive ones. During the cancer cell transdifferentiation,
the expression of EMT-related and proliferation genes was reduced to become cell cycle arrested
adipocytes. Indeed, Snail downregulation and ZEB1 upregulation were necessary, whereas MEK/ERK
signalling had a negative effect towards adipogenesis of EMT cells. In vivo, the treatment with a MEKi
(trametinib) and rosiglitazone, so-called adipogenesis therapy, reduced the growth and metastatic
colonization of breast orthotopic tumours formed by injecting MDA-MD-231 LM basal-like breast
cancer cells, similar to the results obtained in a TNBC-derived PDXs [165]. Interestingly, the analysis
of the tumours upon adipogenesis therapy showed that the cancer-derived adipocytes were located
at the tumour rims, where the expected EMT cells responsible for invasiveness and metastasis are
located [166]. Furthermore, the tumours presented a rather differentiated phenotype with upregulation
of E-cadherin expression. Since EMT cells were able to transdifferentiate into other mesenchymal cell
types such as osteoblasts and chondrocytes depending on the differentiation protocol used [165], the
therapeutic exploitation of the plasticity that EMT grants should be further explored in other solid
tumours (Figure 1).
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Figure 1. Tumours are formed by heterogeneous and phenotypically diverse cancer cell populations.
During tumour progression, epithelial cells lose their apical–basal polarity and acquire mesenchymal
traits through the Epithelial-to-mesenchymal transition (EMT) program. In vivo, EMT generates a wide
spectrum of cellular phenotypes from epithelial (E) to mesenchymal (M) phenotypes, accompanied
by gain of migratory and invasive abilities. Cells in hybrid E/M states give raise to heterogeneous
populations, some endowed with stem cell-like features. These metastable E/M cells, able to rapidly
adapt to changes in the tumour microenvironment, could ultimately be responsible for tumour
resistance to anti-cancer therapy and immune scape. Indeed, hybrid E/M cells are associated with
tumour progression, metastatic dissemination and tumour recurrence since they thrive in hostile
situations due to their inherent plasticity. Circulating tumour cells (CTCs) isolated from patients
display E/M traits and, in some tumour types, are considered crucial for metastatic colonization. Since
treatment resistance and metastasis are the main consequences of cancer progression, drugs aimed at
exploiting epithelial plasticity by promoting a cell irreversible differentiation state might constitute a
successful anti-cancer strategy.

In melanoma, studies using single-cell sequencing showed that drug resistance is achieved
through epigenetic reprogramming [167]. The authors found that rare cells within the bulk population
expressed high levels of resistance markers (such as platelet-derived growth factor receptor (PDGFR)
or AXL) in pre-treated cultures, giving then rise to a resistant population upon BRAFi treatment. They
concluded that a transient pre-drug pre-resistant state allows tumour cells to readily acquire stable
resistance when exposed to a drug and they suggest that this reprogramming is accompanied by
phenotypic changes [167], which are reminiscent of EMT even if this point was not directly analysed.
Interestingly as well, a recent study shows that minimal residual disease in melanoma is associated
with cell and spatial heterogeneity and identifies transcriptional programs associated with neural crest
cell stemness as key drivers of resistance to established targeted inhibitors [168]. Since a phenotypic
switch associated with the change in expression of specific EMT-TF in melanoma progression has
been previously identified [120], it is tempting to speculate that such phenotypic plasticity can also be
exploited for epigenetic reprogramming associated with drug resistance in melanoma.

6. Conclusions

The EMT program and epithelial plasticity have been associated with resistance to chemo, radio
and targeted therapies, as well as to novel immune-based treatments in different tumour contexts.
Mechanistic insights behind such relationships are starting to emerge from experimental cellular and
preclinical tumour models. Although evidence in clinical settings is still scarce, the recent appreciation
that intermediate or hybrid E/M states might represent a more likely situation in tumours, together with
their potential involvement in tumour heterogeneity and stemness, are providing new opportunities
to expand our understanding of the contribution of epithelial plasticity to treatment resistance. As
depicted in Figure 1, the attained knowledge will provide additional means to design therapeutic
strategies aimed at reverting resistance by targeting epithelial plasticity and eliminating E/M cells
similar to the induction of irreversible differentiated cell states.
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Abstract: Epithelial-to-mesenchymal transition (EMT) programs contribute to the acquisition of
invasive properties that are essential for metastasis. It is well established that EMT programs alter
cell state and promote invasive behavior. This review discusses how rather than following one
specific program, EMT states are diverse in their regulation and invasive properties. Analysis across a
spectrum of models using a combination of approaches has revealed how unique features of distinct
EMT programs dictate whether tumor cells invade as single cells or collectively as cohesive groups
of cells. It has also been shown that the mode of collective invasion is determined by the nature of
the EMT, with cells in a trailblazer-type EMT state being capable of initiating collective invasion,
whereas cells that have undergone an opportunist-type EMT are dependent on extrinsic factors
to invade. In addition to altering cell intrinsic properties, EMT programs can influence invasion
through non-cell autonomous mechanisms. Analysis of tumor subpopulations has demonstrated
how EMT-induced cells can drive the invasion of sibling epithelial populations through paracrine
signaling and remodeling of the microenvironment. Importantly, the variation in invasive properties
controlled by EMT programs influences the kinetics and location of metastasis.
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1. Introduction

The acquisition of invasive ability (Figure 1) is an essential first step towards the development
of metastatic cancer [1]. After invading into the connective tissue, tumor cells can intravasate into
blood vessels and disseminate to new tissues [2]. Early attempts to define the properties of invasive
tumor cells revealed that tumor cell cohesion is reduced relative to the tissue of origin [3], and that
tumor cells could migrate as solitary cells or as multicellular groups in culture [4]. Notably, it was
recognized that the duration of the tumor growth and the number of tumor cells entering the blood
stream correlated with the extent of metastasis [5]. These collective findings have suggested that
alterations to cell features that promote dissemination contribute to metastasis.

The acquisition of invasive traits by tumor cells mirrors the phenotypic changes of
epithelial-to-mesenchymal transitions (EMTs) that take place during embryogenesis and wound
healing [6]. The EMT process involves a loss of polarity, a disruption of cell–cell adhesion, and the
acquisition of migratory ability [7]. These changes in cell state are coordinated by a combination
of secondary modifications to existing proteins and alterations to cell signaling pathways through
transcriptional and post-transcriptional changes that alter the pattern of gene expression [8]. Given
that the properties of developmental EMT programs mirror essential features of invasive tumor cells,
processes that regulate EMTs have been investigated in the context of neoplastic cell behavior [9].
Importantly, advances made in unravelling the regulation of EMTs that contribute to tissue development
and inflammatory responses have established a signaling framework that has been used to reveal that
EMTs contribute to tumor invasion and metastasis [10].
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Figure 1. The model summarizes the steps involved in the development of metastasis.
Epithelial-to-mesenchymal transition (EMT) program activation in tumor cells (green) promotes
local invasion. The invasive cells intravasate into blood vessels and disseminate to new tissues, in this
case the lungs. Disseminated tumor cells then initiate colonizing metastatic growth in the new organ.

2. EMT Program Regulation and Function

Epithelial tissue is comprised of adherent polarized sheets of cells that, depending on tissue
type, are sculpted into ducts and lobules [11]. Tumors initially proliferate within luminal spaces and
are separated from the stromal compartment containing conduits of metastasis [12]. The durable
cell–cell attachments formed by normal and tumor cells within these lesions prevent spontaneous
movement and invasion [13]. As is observed during embryogenesis and tissue morphogenesis, EMTs in
tumor populations promote invasion by triggering a loss of polarity and cellular cohesion, while also
conferring migratory properties and the ability to reorganize the extracellular matrix (ECM) [14].

2.1. Mechanism EMT Program Activation

EMT programs are normally initiated by ligands that bind to transmembrane receptors capable
of activating intracellular signaling pathways. Examples include members of the TGFβ family,
growth factors that bind to receptor tyrosine kinases (RTKs), and WNT ligands [15]. These signaling
cues are expressed in the tumor microenvironment by recruited fibroblasts and leukocytes, which create
niches where tumor cells undergo EMTs [16]. Genetic abnormalities also contribute to tumor cell
EMTs, as evidenced by the ability of tumor cells to sustain mesenchymal features in the absence
of extrinsic signaling cues from non-tumor populations [17]. The signaling pathways coordinated
by these various receptors share the general feature of activating transcription factors that induce
the expression of the core EMT transcription factors (EMT-TFs), Snail, Slug, Twist, Zeb1, and Zeb2.
These EMT-TFs then directly repress epithelial cell–cell adhesion and polarity genes, while also
inducing mesenchymal factors that alter the organization of the cytoskeleton, contribute to protrusion
formation, and modulate the rate of cell migration. The induction of EMT programs is influenced by
cell lineage-associated microRNAs (miRNAs), including miR200a, miR203, and miR205, which directly
target EMT-TFs to restrict expression [18]. Additional layers of regulation include differential splicing
and post-translational modifications that enhance EMT-TF stability, and epigenetic modifications that
control chromatin accessibility [19]. Biomechanical feedback also influences EMT program transcription
through control of EMT-TF subcellular localization [20].
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2.2. Suppression of Epithelial Traits

The most established mechanism by which EMT programs promote cell migration is the suppression
of the cell–cell adhesion protein E-cadherin. Reduced E-cadherin expression correlates with poor
patient outcome [21–24] and is associated with enhanced invasive traits and metastatic capability [25].
Snail, Slug, Zeb1, and Zeb2 directly bind E-Box recognition sites in the E-cadherin promoter [26] and
recruit histone methyltransferases, demethylases, and deacetylases to create a repressed chromatin
architecture that drastically reduces or eliminates E-cadherin expression [27]. The loss of E-cadherin in
transformed mammary epithelial cells is sufficient to promote the further induction of an EMT, invasion,
and metastasis [28], highlighting the critical function of E-cadherin in sustaining epithelial fidelity.
However, the loss of E-cadherin alone is not able to induce an EMT in all contexts [29], as it is typically
a downstream signaling event coordinated by a more elaborate EMT program. As an alternative to
transcriptional silencing, E-cadherin can be subjected to an increased rate of recycling by endocytosis [30,31],
with the net effect of allowing transient adhesion formation that permits migration while retaining cell–cell
cohesion [32]. In addition, cell cohesion is reduced by EMT-TF mediated suppression of proteins that
contribute to tight junction, gap junction and desmosome formation [33]. The destabilization of cell–cell
junctional integrity induced by EMTs also causes a disruption in the establishment of adhesion-associated
PAR and the Crumbs polarity complexes [34]. Loss of apical-basal polarity is further reinforced by the
suppression of polarity protein expression [35].

2.3. Induction of Mesenchymal Features

The loss of epithelial features alone is not sufficient to promote migration and invasion. EMT-TFs
also induce mesenchymal genes that promote alterations in cell morphology, enhance migratory
properties, and influence the ability to remodel the ECM [7]. EMTs also confer cells with the capacity to
form protrusive structures and acquire a bipolar morphology [36] through the induction and alternative
splicing of genes that regulate localization and duration of actin polymerization [37,38]. The induction
of the intermediate filament protein vimentin is a canonical feature of EMT programs that is frequently
used as a marker of cells that have undergone an EMT [39]. Tissue-specific keratin expression is also
suppressed as cells progress to a more fully mesenchymal state [39]. One of the consequences of this
change in intermediate filament composition is a perturbation in protein trafficking and interactions
with motor proteins [27]. Cell substrate adhesion proteins and receptor composition are also altered
to change the stability and duration of adhesive structures and how cells respond to new ECM
niches [40]. These changes in cell morphology allow EMT-induced cells to respond to chemotactic
signals and migrate through existing tracks in the ECM created by non-tumor populations in the
microenvironment [41]. EMT programs also endow tumor cells with the ability to remodel the ECM
themselves. The induction of matrix metalloproteinases, which cleave basement membrane proteins
and collagens, facilitates the initial invasion from ductal structures, migration through stromal tissue,
and intravasation into blood vessels [42]. The composition and adhesive properties of the ECM can be
further altered through secretion of proteins such as fibronectin and Tenascin-C [43,44].

3. EMT Program Heterogeneity Confers Distinct Invasive Phenotypes

There is heterogeneity in the composition and functions of EMT programs. The elements of
epithelial suppression and mesenchymal induction just described are not a part of a single EMT
program through which cells progress over time. Thus, it should not be assumed that a feature
of one EMT program is a trait of all EMT programs. There are a range of unique EMT states,
reflecting distinct activating signals and intrinsic cell-lineage features, that determine the extent of
epithelial gene suppression and mesenchymal gene induction that occurs as part of an EMT program.
This heterogeneity in EMT programs contributes to the significant phenotypic variability observed in
the modes of tumor cells invasion [45] (Figure 2).
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Figure 2. Model shows the different modes of invasion induced by EMT programs. Tumor cells can
engage in single cell invasion (purple), trailblazer type collective invasion (green) or opportunistic
collective invasion (yellow) depending on the nature of the EMT program that is activated.

3.1. Regulation of Single-Cell Invasion

Tumor cell invasion is frequently conceptualized as a process undertaken by solitary cells that
detach from a multicellular tumor mass and migrate into the ECM. There are distinct modes of
single-cell invasion [46]. Cells can engage in a mesenchymal mode that is dependent on the activity of
proteases, such as matrix metalloproteinases, that degrade ECM proteins [47]. Tumor cells can also
migrate using force-dependent cytoplasmic blebbing to push through gaps in the ECM, independent of
protease activity [48,49]. A more fully mesenchymal state characterized by E-cadherin suppression and
vimentin induction is associated with the ability of tumor cells to dissociate and invade as individual
cells [17,50,51]. However, it should be noted that there is evidence suggesting that the retention of
epithelial traits, such as E-cadherin expression, does not preclude the induction of single-cell invasion
and may be promoted by a hybrid EMT state [52–54]. Single-cell invasion can be induced by a
range of signals, including TGFβ [55], CXCL family chemokines, RTK ligands, and hypoxia [56].
Single-cell invasion is a relatively rare event in primary tumors and is most frequently detected
proximal to blood vessels [51]. Intravital imaging has revealed that single cells can move rapidly
along pre-existing aligned ECM fibers that act as paths towards blood vessels [57]. Evidence of both
mesenchymal and rounded or ameboid modes of single-cell invasion is detected in EMT-induced
cells [51]. In addition, EMT-induced tumor cells can convert between mesenchymal and ameboid
modes of migration spontaneously, or in response to changes in ECM composition or experimental
intervention [45]. The extent to which EMT programs directly control a switch between modes of
single-cell invasion is not known.

3.2. Collective Invasion Is the Predominant Mode of Tumor Cell Invasion

Tumor cells frequently engage in a process called collective invasion, in which cells migrate
through the ECM in groups of cells that retain cellular cohesion [58]. During collective invasion
a leading tumor cell extends protrusions that establish traction and exert force on the ECM [59].
These protrusions also secrete proteases to further promote ECM degradation [60]. Additional cells
track along the paths created by the first leading cell [61], widening the path in the ECM, and allowing
the parallel invasion of cells [62]. Importantly, collective invasion is the principal mode of tumor
invasion, as determined by the reconstruction of the primary tumor organization [63], evaluation of
tumor explants [64,65], and intravital imaging [54,66]. There is variability in the mode of collective
invasion induced by EMT programs. One class of EMT programs confers a trailblazer phenotype
that is characterized by an enhanced ability to initiate collective invasion [67–69]. A second class of
EMT programs induces an opportunistic state in which cells are motile, but are dependent on extrinsic
factors, such as the recruitment of fibroblasts, to collectively invade [70,71].
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3.3. Trailblazer-Type Collective Invasion

The trailblazer EMT program is distinguished by the induction of genes that are specifically
required to form cellular protrusions that provide traction and reorganize collagen into parallel
fibrils [68,72]. These trailblazer-specific proteins include DOCK10, a guanine nucleotide exchange
factor that activates Cdc42 [73], integrin α11, a collagen 1 specific integrin [74], DAB2, which contributes
to integrin endocytosis [75], and PDFGRA, which activates signaling pathways necessary for ECM
degradation [76]. These proteins coordinate distinct pathways that are integrated together to promote
this highly invasive phenotype [68]. Cells with trailblazer features also secrete fibronectin and express
higher levels of vimentin [69]. Trailblazer cells investigated to date lack E-cadherin expression, yet retain
cellular cohesion [68,69]. A switch from E-cadherin to N-cadherin expression is a feature of some
EMT programs [77], and thus potentially provide a mechanism for trailblazer cells to retain cell–cell
attachments. In squamous carcinoma models, the cohesion of trailblazer-type cells is sustained by
Snail-dependent expression of the tight junction protein Claudin 11 [78]. Genes required for trailblazer
cell collective invasion are also necessary for metastasis [68], suggesting that the intrinsic ability of
cells to initiate collective invasion influences dissemination.

3.4. Opportunistic-Type Collective Invasion

Opportunistic EMT states can be induced by hybrid programs that confer mesenchymal features
while allowing cells to retain epithelial character. Hybrid states are a general property of carcinomas [79]
and collectively invading hybrid tumor cells are detected in breast, lung, and pancreatic patient
tumors [63]. Live-imaging of 3-dimensional culture systems has revealed that cells in a hybrid state are
motile within spheroids, yet are unable to initiate invasion into the ECM [70,80,81]. The opportunistic
nature of hybrid EMT migration can also be inferred by contrasting the ability of these cells to
collectively migrate in wound closure assays with their inability to degrade and reorganize the
ECM [82]. Motile opportunist cells are able to collectively invade when the ECM is organized into
tracks by fibroblasts, or enriched in collagen I, which promotes protrusion formation in both normal
and mammary tumor cells [65]. Notably, activation of these hybrid EMT programs is essential for
opportunist invasion [70,83,84].

3.5. Regulation of Hybrid EMT States That Promote Opportunistic Collective Invasion

The precise nature of hybrid EMT programs that confer an opportunist phenotype have begun
to become unraveled. ΔNp63 is necessary for opportunistic invasion in multiple breast cancer
models [83,84] and confers a hybrid EMT by directly inducing the expression of Slug and Axl [84,85].
Other EMT-TFs are not induced by ΔNp63 and E-cadherin expression is retained, possibly due to the
parallel ΔNp63-mediated induction of miR205 [85]. This ΔNp63-induced hybrid EMT state is also
activated in lung squamous cancer cells [84]. In models of breast ductal carcinoma in situ, ΔNp63 is
activated in collectively invading cells by the recruitment of fibroblasts [85]. ΔNp63 induction is also
necessary for luminal-type mammary tumor cells to invade in a genetically engineered mouse model
of breast cancer [83]. These results indicate that the nature of the EMT activating signal can dictate the
mode of collective invasion by being unable to induce further progression to a complete mesenchymal
state. A hybrid state can also be conferred by cell lineage-specific transcription factors that restrict
responses to EMT initiating signals. In this regulatory framework, loss of the restriction mechanism
permits further progression towards a mesenchymal phenotype. For instance, the transcription factors
GRHL2 and OVOL2 suppress Zeb1 to restrict EMT progression in lung cancer cells and promote a
collective form of migration [86]. MicroRNA expression patterns also restrict EMT progression by
targeting EMT-TFs and downstream mesenchymal genes that are necessary for inducing a mesenchymal
state [87]. One of these mechanisms may be responsible for sustaining a hybrid state in a model of
Luminal B-type breast cancer in which Snail is activated in collectively invading cells that sustain
E-cadherin expression [83,88].
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In addition to the underlying transcription regulation conferring an opportunistic hybrid state,
properties of hybrid EMT cells that directly promote collective invasion have begun to be investigated.
In pancreatic cancer models, a hybrid EMT state correlates with an increased storage of E-cadherin
in recycling endosomes, potentially due to the increased expression of Rab11 [32]. This mechanism
for promoting hybrid EMT collective invasion may be a property of breast and colon cancer cells as
well [32]. Indeed, activation of ERK1/2 MAP kinases and ΔNp63 promote intracellular localization
of E-cadherin in motile hybrid EMT cells, possibly through the expression of FAT2 [81,84]. KRT14 is
necessary for invasion of Snail-expressing hybrid cells [83] and Axl is necessary for ΔNp63-induced
invasion [85], although the specific function for these genes in this context is not known. Features of
EMT programs that are necessary for single-cell invasion likely contribute to opportunist invasion
if they are activated as part of a specific hybrid EMT program. However, the assigning of specific
functions for these traits requires experimental confirmation.

4. EMT-Induced Cells Can Influence the Invasive Properties of Siblings

4.1. Subpopulation Interactions That Promote Single-Cell Invasion

EMT induction occurs in a fraction of cells in primary tumors [39,51,63,88,89]. In addition to
conferring these cells with new invasive properties, EMT-induced cells can influence the invasive
character of sibling epithelial subpopulations (Figure 3). In prostate cancer models, cells that
have acquired a stable mesenchymal phenotype promote the invasion of a sibling epithelial
subpopulation [90]. In this interaction, undefined secreted factors from the mesenchymal population
promoted the conversion of epithelial cells into a more invasive state. This induction of single-cell
invasion correlated with the activation of an EMT program in the epithelial cells, as indicated by the
expression of fibronectin. The conversion of epithelial cells to a more invasive state was sustained for
seven days after interacting with the mesenchymal subpopulation [90]. Consistent with this finding,
cells that have undergone TGFβ-induced EMT are capable of propagating EMT induction in untreated
sibling cells, which was detected by the silencing of E-cadherin [91]. Undefined paracrine signals from
EMT-induced cells can also promote the invasion of neuroendocrine subpopulations in a small-cell
lung cancer (SCLC) model [92]. In addition, EMT-induced cells can confer invasive properties through
mechanisms that allow siblings to sustain epithelial character. Cells that have undergone an EMT
in response to exogenous Twist, Snail, or Six1 expression are capable of activating a Gli1-dependent
signaling pathway in epithelial cells that promotes their migration and invasion [93].

Figure 3. Model shows how a subpopulation of EMT induced cells can promote the invasion of siblings
that lack intrinsic invasive properties. EMT induced cells (purple) can promote single cell invasion of
sibling epithelial tumor cells (orange) through paracrine signaling. Cells in a trailblazer EMT state
(green) can create paths in the ECM then promote the collective invasion of siblings in an opportunist
EMT state (yellow).

4.2. Subpopulation Interactions That Promote Collective Invasion

Trailblazer cells can promote sibling opportunist-cell invasion through a paracrine signaling
independent mechanism. In this mode of interaction, paths in the ECM created by trailblazer cells
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promote the collective invasion of motile opportunist sibling tumor cells or normal mammary epithelial
cells that lack the intrinsic capacity to initiate invasion [68]. Interestingly, paracrine signaling is not
sufficient for trailblazer cells to induce the opportunist subpopulation invasion [68]. Importantly,
opportunist cells are also not conferred with a trailblazer phenotype in this mode of interaction [68].
A similar type of trailblazer cell-induced invasion through path generation has been detected in lung
cancer cell lines [69]. Trailblazer and opportunist cells from both breast and lung cancer populations
have EMT program activation, indicating that they are in distinct EMT states [68,69]. Breast cancer
trailblazer and opportunist cells express high-levels of canonical EMT-TF and vimentin, in addition
to having low E-cadherin expression. Lung cancer trailblazer and opportunist populations also lack
E-cadherin expression [69].

Genes that are specifically required for trailblazer cell invasion that were described earlier,
including, DOCK10, integrin α11, DAB2, and PDGFRA, are expressed at least four-fold higher
in trailblazer cells, relative to opportunist siblings [68,85]. In lung cancer populations, trailblazer
cells express higher levels of VEGFA and fibronectin, both of which are required for invasion [69].
Whether these functional requirements for trailblazer-induced invasion of sibling cells are conserved
across tumor types is not known. Breast cancer trailblazer and opportunist subpopulations are
epigenetically distinct and the phenotypes are semi-stable, with spontaneous conversion events
detected over time [68]. However, the epigenetic control mechanism itself has not been established
and processes that directly control the changes in gene expression that confer the trailblazer phenotype
have not been established in breast or lung cancer populations. In addition, whether signals from
the microenvironment, such as TGFβ, promote a trailblazer-opportunist relationship has not been
analyzed. Thus, further investigation is needed to determine the details of the mechanisms underlying
these interactions and the relative contribution of the EMT-induced cells and epithelial siblings towards
metastasis and treatment response.

5. EMT Invasion Programs Determine Metastatic Traits

5.1. EMT Activation Promotes Early Dissemination

Analysis of mouse models of breast and pancreatic cancer suggest that an EMT is induced in
a subpopulation of cells prior to detectable primary tumor formation [94–97]. These EMT-induced
cells disseminate to distant tissues [95,96] and can form up to 80% of detected metastases [97].
In a HER2/Neu amplification model, this migratory program is inactivated during tumor progression
as part of a pro-growth signaling program [97]. This suggests the intriguing possibility that normal
mammary tissue is more permissive to EMT induction than highly proliferative cells in primary tumors.
Early tumor cell dissemination is also detected in patients with pancreatic cysts [98], although the clinical
contribution of early dissemination remains largely undefined. Also, the neoplastic perturbations
driving tumor growth in these genetically engineered mouse models are present throughout the
epithelium, creating a greater number of potential cells that can undergo EMT. In addition, widespread
oncogene may create interactions with the microenvironment that are not normally present until later
in tumor development, when these genetic abnormalities are frequently acquired. Thus, the precise
role of early versus late dissemination requires further evaluation.

5.2. There Is EMT Program Heterogeneity in Primary Tumors

It is well-established that EMT programs are activated in invasive primary tumor cells [39,63].
In principle, EMT induction can promote the initial induction of invasion into the ECM. Consistent
with this possibility, EMT program activation is sufficient to promote invasion, which triggers
a transition from in situ to invasive growth in an orthotopic tumor model [85]. Moreover, trailblazer
cells can induce the collective invasion of epithelial siblings in a model of ductal carcinoma in
situ through a non-cell autonomous mechanism [68]. Consistent with this interaction between
populations, distinct clones invade together during the initial induction of invasion in breast cancer
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patient tumors [99]. However, the precise point when EMT programs are activated in patient tumors
remains unresolved [1]. This is, in part, due to the technical challenges of determining the timing of
EMT activation with respect to occurring before or after invasion, which is impossible with current
technology. Immunostaining and genetic reporters indicate that there is topographical variation with
respect to EMT induction in invasive primary tumors [39,51,55,89]. The extent and nature of EMT
program activation is also heterogeneous, yielding an assortment of EMT states with distinct invasive
and metastatic properties [32,39,55]. This heterogeneity is influenced by clonal variability and the
diversity of the tumor microenvironment [39,89]. The existence of distinct EMT states influences how
and where tumor cells metastasize. In pancreatic cancer models, both hybrid and complete EMT
programs are active in the same tumor. Hybrid EMT-induced cells collectively invade and disseminate
as clusters of cells that specifically colonize the liver, whereas cells that have undergone a complete
EMT engage in single-cell invasion and colonize the lungs [100]. In an orthotopic breast cancer model,
collectively invading cells metastasize to lymph nodes while single invasive cells disseminate to the
lungs [55]. Polyclonal tumor cell clusters seed lung metastases in a different set of breast cancer
models [101,102], indicating that yet to be defined features of primary tumors dictate how the mode of
invasion influences organotropism.

5.3. EMT Program Traits Influence Colonization Ability

The nature of the EMT program influences the ability of tumor cells to engage in colonizing
metastatic growth. Stable and complete induction of EMTs promotes dissemination to new
tissues [55,103]. However, sustained EMT induction can cause a loss of proliferative capacity and
render cells dormant [55,104,105]. A mesenchymal-to-epithelial (MET) conversion after dissemination,
either due to the removal of an EMT activation signal or to the induction of a reversion program,
can re-initiate growth and promote colonization [103,106]. There are potential alternatives to the
EMT-MET reversion mechanism for metastasis. Hybrid EMT states confer invasive properties while
allowing cells to retain intrinsic metastatic growth potential [39,107,108]. In addition, cells that have
acquired a mesenchymal phenotype can promote metastasis of a second population that lacked
stable EMT features at the time of injection into the mouse in breast, prostate, and SCLC tumor
models [90,92,93]. Notably, the cells that had undergone a stable EMT did not form metastases,
highlighting the potential importance of non-cell autonomous mechanisms in promoting dissemination
and colonization [90,92,93].

6. Conclusions

Extensive investigation using an array of tumor models supported by patient tumor analysis has
demonstrated that EMT programs contribute to tumor invasion and metastasis. The basic features
of EMT programs that control invasion have been established. More recently, the diversity of EMT
programs and the phenotypes they induce during tumorigenesis have been recognized. Building upon
these discoveries, there are a number of challenges that must be addressed to understand the regulation
and function of EMTs with the goal of improving cancer patient diagnosis and treatment. It is critical
to determine at which point EMTs are induced during tumor progression to define precisely how EMTs
influence metastasis. The contributions of EMTs towards metastasis has largely relied on models in
which tumor cells have progressed to a near fully mesenchymal state. However, hybrid states are
frequently detected in primary tumors and may be the predominant type of EMT [109]. Yet the processes
that confer hybrid EMTs and the functional requirements for hybrid cells to metastasize are unknown.
How variability in EMT states present in a tumor contribute to metastasis has begun to be appreciated
and requires further investigation. In particular, whether a specific subset of EMT states influences
metastasis and if distinct EMT states create synergistic relationships that contribute to metastasis
should be determined. Notably, certain transcription factors or EMT state-specific components may not
be involved in metastatic events, but may be necessary for other features, such as acquired resistance to
chemotherapy [110–113]. Thus, it is essential to define the composition of EMT signaling networks that
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are active in vivo and to determine their precise functions in promoting metastasis. Finally, any new
analysis of EMTs should consider cell autonomous and non-cell autonomous functions, which have
begun to be recognized, however lack a detailed mechanistic understanding.
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Abstract: Epithelial-to-mesenchymal transition (EMT) is a process through which epithelial cells
lose their epithelial characteristics and cell–cell contact, thus increasing their invasive potential.
In addition to its well-known roles in embryonic development, wound healing, and regeneration,
EMT plays an important role in tumor progression and metastatic invasion. In breast cancer, EMT both
increases the migratory capacity and invasive potential of tumor cells, and initiates protumorigenic
alterations in the tumor microenvironment (TME). In particular, recent evidence has linked increased
expression of EMT markers such as TWIST1 and MMPs in breast tumors with increased immune
infiltration in the TME. These immune cells then provide cues that promote immune evasion by tumor
cells, which is associated with enhanced tumor progression and metastasis. In the current review,
we will summarize the current knowledge of the role of EMT in the biology of different subtypes of
breast cancer. We will further explore the correlation between genetic switches leading to EMT and
EMT-induced alterations within the TME that drive tumor growth and metastasis, as well as their
possible effect on therapeutic response in breast cancer.

Keywords: breast cancer; subtypes; EMT; TWIST; MMPs; immune cells; TME; therapy resistance

1. Introduction

Breast cancer is a highly complex disease that has been classified into several subtypes based
on morphological, immunohistochemical, and phenotypic characteristics of the tumor. The most
commonly used classification is based on the presence or absence of hormone receptors. Breast cancers
expressing estrogen (ER), progesterone (PR), and herceptin (HER2) receptors are termed hormone
receptive while those that lack all three receptors are classified as hormone refractory or triple-negative
breast cancer (TNBC) [1,2]. Such heterogeneity complicates choice of treatment options and highlights
the critical need to study breast cancer in a subtype-specific manner.

Like other cancers, breast cancer is initiated by transformation of normal cells to cancerous ones.
Following this transformation, epithelial-to-mesenchymal transition (EMT) plays an important role in
enabling epithelial cells to acquire mesenchymal features and gain invasive potential [3–5], thereby
driving cancer progression. During EMT, epithelial cells lose polarity and adhesive junctions that
maintain cell–cell contact and undergo transformation to mesenchymal cells. Conversely, during
mesenchymal-to-epithelial transformation (MET), tumor cells reacquire their epithelial characteristics
and obtain cell–cell contact. MET is an essential step for tumor cells during colonization at the
metastatic site [6–8]. EMT drives many developmental processes and is frequently observed in
cancers, including breast cancer. EMT in the early stages of carcinogenesis is brought about by a
switch in expression patterns of crucial genes, thereby initiating a cascade of cellular, molecular,
and morphological changes in cells [3–5]. In addition to the dramatic effect of EMT on tumor cells,
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it brings a massive change in the dynamic landscape of the tumor microenvironment (TME). At the
early stages of transformation, cytokines/chemokines secreted from tumor cells attract various stromal
and immune cells to the TME [9,10]. These immune cells in turn provide a niche that facilitates tumor
progression, invasion, and metastasis. Studies in the last decade have shown that immune cells in the
TME determine the clinical outcome of the disease as well as the response of the tumor to chemo and
immune therapy [11–15].

In this review, we will summarize the changes in gene expression during EMT leading to
recruitment of immune cells in the TME that in turn facilitate progression, invasion, and metastasis
of breast cancer. As breast cancer is notoriously heterogeneous and therapeutic regimen is decided
according to the breast cancer subtype, we will focus on the role of EMT in different subtypes of breast
cancer. We will also compile findings from studies describing how EMT-mediated changes in the
immune landscape of the TME determine the therapeutic response of tumors.

2. Breast Cancer Subtypes and Their Association with EMT

As per the most recent molecular classification, breast cancer can be divided into the following
subtypes: luminal A and B, HER2 positive, basal-like, and claudin-low. Luminal A and B breast cancers
are generally ERα-positive. Luminal B tumors show higher expression of Ki67 and are therefore
highly proliferative and associated with a worse prognosis [16,17]. HER2-positive tumors express the
oncogene ERBB2 on their membrane [18,19]. Basal-like tumors show high expression of basal cell
markers and basal cytokeratins [20,21]. Claudin-low tumors are high in stem-cell-associated processes
and display high expression of genes involved in EMT [22,23]. Basal-like and claudin-low subtypes
usually lack all of the characterized hormone receptors such as ER, PR, and HER2 and are categorized
as triple-negative breast cancer (TNBC).

Breast cancer cells arise from mammary epithelial cells that undergo various transcriptional,
morphological, and biochemical changes, including EMT, that contribute to tumorigenesis.
Normal mammary epithelial cells undergo EMT, a process that occurs in three distinctive phases,
each bearing a distinct cassette of EMT-activating transcription factors (TFs). In the first phase,
cells lose their polarity and acquire mesenchymal markers such as vimentin and fibronectin.
After morphological changes, a switch in gene expression from epithelial-expressed E-CADHERIN
to mesenchymal-expressed N-CADHERIN occurs that is mediated by ZEB1 and SNAIL and is
maintained by GOOSECOID and FOXC2. During the third phase of EMT, mesenchymal cells
acquire phenotypic and functional cancer stem cell (CSC) properties (CD44highCD24low, invasive,
and tumorsphere-forming abilities) [24]. Acquisition of mesenchymal properties by tumor cells is
associated with an upregulation of EMT transcriptional inducers such as TWIST1/2, SNAI2/SLUG,
and ZEB1 [25–28]. Physiological regulators such as Notch receptors and ligands, along with Wnt
ligands, can induce EMT in mammary epithelial cells. Notch and Wnt factors are also important for
different steps of breast cancer initiation and progression [29–33]. In addition, EMT in normal mammary
epithelial cells can be induced by overexpression of the apoptosis regulator B-cell lymphoma/leukemia
gene 2 (BCL2), highlighting a novel role of BCL2 in EMT [34]. Sarrio et al. showed that the
nontumorigenic basal cell lines MCF10A, MCF10-2A, and MCF12A contain an epithelial subpopulation
which is epithelial cell adhesion molecule (EPCAM)-positive and spontaneously generates EPCAM
negative mesenchymal cells through EMT that exhibit CSC (CD44highCD24low) properties, as they are
capable of forming tumorspheres and have increased invasive potential [25]. Consequently, it was
suggested that EMT can increase the heterogeneity of the stem cell population in normal breast tissue,
with a subset of epithelial cells displaying normal stem-cell-like features and a mesenchymal subset
exhibiting CSC features that may contribute to tumor initiation and early dissemination.

2.1. Luminal A and B Breast Cancers and EMT

Tumors of the luminal A subtype are observed in the majority of breast cancer patients and both
luminal subtypes A and B express ERα. Although estrogen signaling is necessary for breast tumor
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growth [35], the ERα signaling pathway can inhibit EMT [36,37], raising the intriguing possibility that ERα
expression could be responsible for the better prognosis of luminal A and B patients as compared to TNBC
patients. Mechanistically, Ye et al. showed that ERα prevents EMT through repression of SLUG, either
by directly decreasing its transcription or by repressing the nuclear coreceptor which binds to the SLUG
promoter, thereby increasing expression of E-CADHERIN [36]. In a similar study, Wang et al. reported that
ERα inhibits EMT by inhibiting RELB-dependent BCL2 expression in luminal breast cancer cell lines [37].
Alternatively, another study showed that ERα suppresses BM1 and therefore promotes stemness and EMT
in breast cancer cells [38]. It will be interesting to determine how ERα signaling promotes these distinct
functions in breast cancer cells and how these events are regulated in future experiments.

Extrinsic factors, like the multipotent cytokine transforming growth factor β (TGF-β) stimulates
EMT in breast cancers [39] and mechanistically, TGF-β stimulation is associated with upregulation
of SNAIL, TWIST, ZEB1/2 in luminal A and B breast cancer cell lines [40–42]. TGF-β-induced
EMT activates EGFR-, IGF1R-, and MAPK-dependent ERα signaling and promotes antiestrogen
resistance [43]. Similar to the TGF-β pathway, the MEK–ERK pathway represses ESE1, a member of the
ETS transcription factor family, resulting in upregulation of ETS1-regulated ZEBs. Therefore, activation
of MEK–ERK positively correlates with an EMT phenotype in the luminal subtype of breast cancer [44,45].
Finally, in the luminal cancer cell line MCF7, VEGFR expression positively correlates with expression
of SNAIL and N-CADHERIN, key regulators of EMT [46]. These studies suggest that while ERα can
prevent EMT, environmental stimuli such as TGF-β and activators of the MEK–ERK pathway can
promote EMT in luminal cancer, indicating that the final outcome depends on a balance between
these pathways.

2.2. HER2-Positive Breast Cancer and EMT

Similar to luminal subtypes of breast cancer, HER2-positive breast cancers also undergo
TGF-β-dependent EMT. Chihara et al. showed that the TGF-β–SMAD3 pathway is critical for
EMT in HER2-positive cancers [47]. Analysis of signaling pathways influencing TGF-β expression
in HER2-positive tumors revealed that silencing of AXL, a receptor tyrosine kinase that correlates
with poor survival in HER2-positive patients, in a patient-derived xenograft reduces TGF-β, thereby
impairing invasion [48]. Notably, HER2 directly regulates the production of TGF-β and activation of
TGF-β/SMAD3 signaling [49]. This HER2/EGFR signaling controls the switch from a cell proliferative
function for TGF-β to promotion of cell migration [50], therefore making it a central player in the
functional consequences of EMT in HER2-positive tumors.

Along with TGF-β/SMAD3 signaling, upregulation of transcription factors SLUG and
TWIST1 plays an important role in EMT in this breast cancer subtype. In HER2-positive breast
cancer cell lines, MDA-MB-453 and BT474, Carpenter et al. showed that activation of AKT signaling
upregulates SLUG expression [51]. However, clinical studies in which patients were categorized based
on surface marker expressions showed that HER2-positive patients do not exhibit strong nuclear
expression of SLUG [52], highlighting the need for further careful investigation. TWIST1, a known
regulator of EMT, is highly phosphorylated on Serine 68 residue in HER2-positive invasive ductal
carcinomas, thereby stabilizing the protein and promoting breast cancer invasiveness [53]. In addition,
overexpression of HER2 in MCF7 luminal cells increased the expression of breast tumor kinase
(Btk)/protein tyrosine kinase 6 (PTK-6) receptors, thereby augmenting EMT and invasive potential [54].

These studies collectively establish the role of TGF-β-associated pathways along with TWIST and
SLUG genes in mediating EMT in HER2-positive breast cancer. Further studies are needed to identify
novel pathways and mechanisms behind EMT in HER2-positive breast cancer.

2.3. TNBC or Basal-Like, Claudin-Low Breast Cancer and EMT

TNBCs are the most aggressive subtype of breast cancer, with limited therapeutic options due to their
lack of hormone-responsive receptors. Based on their molecular characteristics, TNBC can be further divided
into different subtypes such as PAM50, Vanderbilt, Baylor, and French [55]. In addition, TNBCs can be
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classified into four categories; basal-like, mesenchymal, immunomodulatory, and luminal androgen receptor
(AR)-positive subtypes [56]. In the basal-like subtype of TNBC, cell cycle and DNA damage response
pathways are highly activated, so these tumors are often treated with platinum drugs and ADP-ribose
polymerase (PARP) inhibitors that target these pathways [57–59]. Genome analysis of mesenchymal TNBC
tumors shows high expression of gene clusters involved in growth factor signaling, such as PI3K/AKT, along
with an increase in EMT gene signatures. Accordingly, these tumors are susceptible to mTOR inhibitors
and eribulin mesylate, which is an inhibitor of EMT [60]. Immunomodulatory TNBCs are enriched in
gene pathways related to immune cell signaling associated with immune cell recruitment, as well as
signal transduction such as NFκB and JAK/STAT pathways. Thus, in patients with immunomodulatory
TNBC, immune checkpoint inhibitors have yielded promising results [61,62]. Luminal androgen receptor
(AR)-positive subtype tumors have high levels of androgen-associated signaling and are therefore responsive
to androgen receptor blockade [63].

EMT-related factors that have been widely described in TNBC are Notch and Hedgehog, TGF-β,
and WNTs. High Notch expression in tumor samples from TNBC patients correlates with poor
survival [64]. NUMB, an evolutionary conserved protein important for cell fate determination,
antagonizes Notch signaling to prevent EMT in TNBC [65]. JAGGED1, a Notch ligand, can activate
Notch signaling to induce EMT through upregulation of SLUG, which in turn represses the expression
of E-CADHERIN [66]. Another recent study has shown that the Notch receptor NOTCH3 is important
for TNBC breast cancer growth [67]. Moreover, reports show that NOTCH1 and NOTCH4 represent
potential biomarkers in TNBC due to their high expression [68]. However, their connection to EMT
in breast cancer is not very clear and further studies are needed to confirm the involvement of
Notch signaling at the level of each receptor and ligands for EMT in TNBC. Like the Notch pathway,
the Hedgehog pathway is crucial for embryonic development and stem cell renewal, and has also been
associated with EMT in breast cancer. Hedgehog signaling activates three glioma-associated oncogenes,
GLI1, 2, and 3. By employing a high-throughput screen, Colavito et al. have identified GLI1 as a
critical determinant of EMT in breast cancer cell lines [69]. Activation of GLI1 is also associated with
hypoxia-induced EMT and invasive potential of MDA-MB-231 TNBC cells [70]. Other Hedgehog
signaling factors like SHH, PTCH1, and GLI2 are overexpressed in breast cancer, but their connection
to EMT is not well established in breast cancer [71,72].

As in other types of breast cancer, TGF-β-mediated regulation of N-CADHERIN, BCL2, and CYCLIN
D1 determines EMT and stemness in MDA-MB-231 TNBC cells [73]. In addition, musculoaponeurotic
fibrosarcoma (MAF) oncogene family protein K (MAFK) induces EMT in a TGF-β-dependent manner
in TNBC cell lines [74]. These studies suggest that TGF-β could be a universal master regulator of EMT
in tumor cells. The functional importance of EMT in tumor progression was further demonstrated by
addition of selective inhibitors of inducible nitric oxide synthase (iNOS), an enzyme associated with poor
prognosis in TNBC patients. These inhibitors limited migration and self-renewal properties of TNBC cells
along with reducing the levels of EMT transcription factors such as SNAIL, SLUG, TWIST1, and ZEB1 [75].
Interestingly, targeting β3 integrins using nanoparticles-based siRNA inhibited EMT and metastasis in
TNBC tumors by attenuating TGF-β signaling [76]. Thus, TGF-β is connected to EMT either directly or
indirectly promoting breast cancer progression.

Aberrant Wnt signaling is a characteristic of TNBC, with both canonical and noncanonical
pathways implicated in TNBC tumorigenesis and metastasis [77,78]. Enrichment of Wnt/β-catenin
signaling is evident in TNBC and is associated with poor clinical outcome within this subtype [78].
Earlier studies from our group showed that ΔNP63, a transcription factor, upregulates FZD7, a Wnt
receptor, thereby increasing Wnt signaling and EMT in normal mammary stem cells and basal subtype
of breast cancer [77]. Along with Wnt activators, GSK3β, a canonical Wnt pathway inhibitor, plays
an important role in EMT in TNBC cells. A recent study shows that GSK3β is a potential therapeutic
target for TNBCs and suggests that GSK3β inhibitors could serve as selective inhibitors of EMT and
CSC function in the treatment of a subset of aggressive TNBC with more mesenchymal cells [79].
Another recent study shows that WNT10B, a noncanonical ligand, is important for EMT and CSC-like
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phenotypes in TNBC in a preclinical mouse model [80]. Together, these studies highlight that EMT
is an integral part of multiple subsets of breast cancer. It can be regulated by diverse cell signaling
mechanisms, and therapeutic targeting of EMT pathway may be beneficial, even in breast cancer
subtypes that are notoriously treatment-resistant. We have summarized various genes and pathways
responsible for EMT in different breast cancer subtypes in Table 1.

Table 1. Table shows genes and pathways involved in mediating EMT in different subtypes of breast.

Breast Cancer Subtypes Genes Involved Signaling Pathways Involved References

Luminal A and B
SLUG, BCL2, BM1,

TGF-β, TWIST, ZEB1/2,
ETS1, VEGFR

ERα signaling, TGF-β signaling,
EGFR-, IGFR-,

and MAPK-dependent, MEK–ERK
[36–46]

HER2-positive TGF-β, TWIST1, PTK-6 TGF-β signaling, AKT signaling,
HER2/EGFR signaling [47–50,52–54]

TNBC (Basal and
Claudin-Low)

TGF-β, GLI1, SNAIL,
SLUG, TWIST1, ZEB1,

ΔNP63, GSK3β

PI3K/AKT, Notch signaling,
Hedgehog signaling, Wnt signaling [59,63–79]

3. EMT Shapes the TME

Multiple studies demonstrate that EMT is associated with increased dissemination and metastasis
of tumor cells to other organs [26,81,82]. In part, this is due to the ability of tumor cells undergoing
EMT to modulate the TME. Dvorak H.F. in 1986 in his highly cited article, “Tumors: wounds that
do not heal: Similarities between tumor stromal generation and wound healing”, explains how
phenomena that occur within tumor stroma are similar to processes underway at a wound site [83].
Later studies by Coussens et al. suggested that precancerous cells are identified as a “wound” by mast
cells [84], and similar to wounds, high numbers of platelets are found at sites of tumorigenesis [83,84].
Coussens and Hanahan went on to describe tumor growth as a biphasic event [85]. In the first phase,
the body treats the tumor site as a wound and tumor growth is promoted by stromal cells. In the
second phase, the tumor takes control of proinflammatory cytokines and shapes the TME to further
support cancer growth and metastasis. Similar observations are seen in breast cancer where the tumor
growth is aided by the TME and at the same time the TME confers proinvasive features to the tumor
cells [86].

Based on these observations, it is critical to understand the transcriptional events within the tumor
that have a subsequent impact on TME function, thereby influencing tumor progression. RUNX3,
a member of the RUNX family of transcription factors, is frequently connected to breast cancer [87].
The immune suppressive role of RUNX3 has been reported in breast tumors via regulation of Tregs.
A recent report found that RUNX3 binds to the promoter of FOXP3 and increases Treg population
in the tumor microenvironment, which is associated with the progression of breast tumors [88].
However, RUNX3 has also been indicated as a tumor suppressor in breast cancer, which needs further
careful evaluation [87]. Similar to RUNX3, the transcription factor GATA3 inhibits breast cancer
progression and metastasis by altering the TME [89,90]. Furthermore, overexpression of members of
the ETS family of transcription factors can promote increased numbers of immune cells in the TME to
drive tumor progression. For example, complete deletion of ETS2 from epithelial and stromal cells
in breast tumors leads to early hyperplastic growth and tumor formation by affecting MMP-3 and
MMP-9 in macrophages in TME [91,92]. We have reported that ELF5, another member of the ETS
family, suppresses EMT and metastasis of TNBC cells [93]. In an unpublished work from our lab,
we have seen that loss of ELF5 in a preclinical TNBC mouse model not only enhances tumor growth
and metastasis, but also leads to increased numbers of immune cells in the TME. Previously, we had
shown that another transcription factor, ΔNP63, promotes stem cell activity in basal tumors [77]
and that its expression positively correlates with EMT in basal tumors [77]. Recently, we showed
that overexpression of ΔNP63 induces tumor cell production of CXCL2 and CCL22, chemokines
responsible for recruitment of MDSCs and enhancing growth and metastasis of basal tumors [94]. P53,
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a tumor suppressor, regulates miRNAs to inhibit EMT and stem cells by regulation [95]. In a separate
study, p53 levels were associated with increased numbers of lymphocytes in basal breast cancer [96].
These studies suggest that transcription factors intrinsic to tumors are important in shaping the TME.
For a comprehensive understanding of how cancer cell intrinsic mechanisms such as transcription
factors and other genes shape tumor immune microenvironment, please refer to the recent extensive
review [97].

Preparation of tumor in premetastatic niches also involves modulation of the extracellular matrix
(ECM). Matrix metalloproteinases (MMPs) are a group of 23 enzymes, 17 of which are secreted and 6 are
membrane-bound. MMPs are implicated in modification of the ECM, leading to tumor development,
migration, and invasion. MMP-3 or MMP-7 overexpression in the mammary epithelium generates
premalignant lesions and spontaneous tumor formation [98,99]. On the contrary, MMP-11 knockout
mice treated with the carcinogen 7,12-dimethylbenzanthracene (DMBA) develop fewer tumors than
control [100]. While epithelial cells can produce MMPs that promote protumorigenic changes in the
ECM, a few reports suggest that epithelial cells undergoing EMT can also give rise to myofibroblasts
and stromal-like cells that are an essential part of tumor stroma [101,102]. These myofibroblasts
produce additional MMPs to assist tumor growth and invasion [103–105].

In addition to modulating ECM at the site of tumor generation, epithelial cells undergoing
EMT secrete soluble factors and cytokines to create an inflammatory environment for recruitment
of lymphocytes, leucocytes, and other immune cells. Two of the well-studied cytokines produced
by tumor cells are Interleukin 6 (IL-6) and IL-8. IL-6 is overexpressed in multiple cancers including
breast cancer [106,107] and high expression levels correlate with poor clinical outcomes in cancer
patients [108]. IL-6 promotes tumorigenesis in a cancer cell autonomous manner as well as by
influencing the differentiation of immune cells [109,110], including B cells, T cells, and myeloid cells,
and by promoting immunoglobulin production by B cells. Circulating IL-6 levels correlate with
worsening prognosis in metastatic breast cancer patients and also correlate with the extent of the
disease [111]. In breast cancer, IL-6 on tumor cells has been shown to induce EMT by repressing
E-CADHERIN via STAT3 activation [112]. In another study involving multiple breast cancer subsets,
IL-6 has been shown to increase cancer stem cell properties of tumor cells via EMT [113]. IL-6 levels
also correlate to increased number of MDSCs, tumor-associated neutrophils (TANs), regulatory T cells
(Tregs) in many cancers including breast cancer, suggesting that the consequent immune-suppressive
environment contributes to cancer evasion [114]. Dominguez et al. reported that neutralization of IL-8 in
TNBCs not only reduces their mesenchymalization but also reduces the number of polymorphonuclear
MDSCs (PMN-MDSCs). This suggests that IL-8 both promotes EMT in tumors and recruits immune
cells involved in creating an immunosuppressive TME for progression and metastasis of tumor
cells [115]. Together, these studies suggest that soluble factors and chemokines secreted by epithelial
cells undergoing EMT play a critical role in restructuring the ECM and immune landscape to support
tumor proliferation, progression, and metastasis.

4. Regulation of EMT by Immune Cells in TME

As detailed above, soluble factors released by cells undergoing EMT create an inflammatory
milieu that promotes recruitment of immune cells to the site of tumorigenesis. These immune cells
infiltrate the TME and assist tumor growth. In this subsection, we will highlight how different immune
cells like macrophages, MDSCs, NK, and Tregs promote EMT and tumor progression in breast cancer.

Macrophages are monocytes that can be differentiated into M1 (antitumorigenic) and M2
(protumorigenic) phenotypes [116]. Recruitment of monocytes to the TME through stimuli such
as CCL2/monocyte chemoattractant protein 1 (MCP-1) or colony-stimulating factor 1 (CSF-1) is well
studied [117–119]. Stimulation of such monocytes with IL-4/IL-13, IL-10, or TGF-β leads to generation
of M2 macrophages [120] or TAMs which facilitate tumor angiogenesis and immune suppression,
invasion, and metastasis by limiting the ability of CD8+ cytotoxic T cells. Macrophages are thought to
promote early dissemination of cancer, angiogenesis, and metastasis by enhancing CSC-like features in
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tumor cells through EMT [121,122]. Specifically, TAMs secrete proangiogenic factors such as VEGF,
PDGF, TGF-β and MMPs, IL-6, and IL-1 to induce neovascularization and promote EMT [123–125].
Through modulation of the TME and ECM, TAMs provide a prometastatic environment for tumor cells.
In ER-positive luminal cancer cells like MCF7 and T47D, secretory factors like MMP-9 promote invasive
and migratory potential in cancer cells once they are cultured with macrophages [126]. Depletion of
TAMs by anti-CSF1 antibody, which is a macrophage regulator, in a luminal breast cancer model leads
to a reduction in tumor growth [127]. In this model, increased TAMs result in a TME rich in TGF-β,
an inducer of EMT, and is associated with increased invasion by tumor cells. TAM numbers also
correlate with EMT and low E-cadherin expression levels and can therefore be used as an unfavorable
prognostic factor for TNBC [128]. These data suggest that TAMs may promote EMT in multiple breast
subsets to promote tumor progression and metastasis. As such, defining the precise mechanisms
regulating the differentiation of TAMs from infiltrating macrophages in breast cancer may provide
crucial insight for therapeutic intervention.

Myeloid-derived suppressor cells (MDSCs) contribute to invasion and metastasis of cancer in
multiple ways, but their primary action is through suppression of the antitumor immune response [129].
Myeloid cells infiltrating into the TME during initial stages of tumorigenesis differentiate into MDSCs
in the chronic proinflammatory environment of the TME. Indeed, activated T cells secrete IFN-γ,
which plays a crucial role in differentiation of MDSCs from myeloid cells [130,131]. These activated
MDSCs express CD40 and PD-L1, which suppress the antitumor response of T cells [132,133].
Additionally, MDSCs produce Prostaglandins E2 that amplify MDSC populations in the TME [134].
Indoleamine 2,3-dioxygenase (IDO) is often expressed on tumor cells and are responsible for recruitment
of MDSCs in creating an immune-suppressive environment [135] via regulatory T cells (TRegs) which
produce kynurenine in several cancers like melanoma [136]. This suggests that therapeutic targeting of
IDO could be one of the central regulators of immune suppression. Similar correlation between IDO
and MDSC has been observed in metastatic breast cancer patients [137]. Future studies delineating the
molecular mechanism of IDO-mediated recruitment of MDSCs in breast cancer may provide innovative
therapeutic strategies.

In addition to the immune suppressive property of MDSCs, recent studies show a novel
nonimmunologic function of MDSCs in increasing CSCs in breast cancer, which in turn makes
the tumor cells more invasive and metastatic [138–140]. Our study showed that PMN MDSCs are
higher in the basal subset of TNBC and are recruited in a ΔNP63-dependent manner [94]. In return, these
MDSC secrete prometastatic factors that increase EMT gene signatures and CSC gene signatures in the
TNBC cells, making them more invasive and metastatic. In another recent example using the 4T1 TNBC
mouse model, it was shown that CXCR2+ MDSCs induces cancer cell EMT by IL-6 and these CXCR2+

MDSCs promotes T cell exhaustion, suggesting that CXCR2+ MDSCs may be a potential therapeutic
target of TNBC [141]. Interestingly, MDSCs differentiate to tumor-associated macrophages in tumors,
which are often more immune suppressive and support cancer stem cell properties. Together, MDSC
and TAMs promote EMT and metastasis of breast cancer [142]. Thus, understanding the molecular
mechanism of this differentiation step is integral to development of novel drugs targeting these
immune-suppressive cells in breast cancer.

NK cells are classically known to induce antitumor immune responses [143,144]. However, multiple
recent reports suggest that they may also promote tumor progression and metastasis in cancers in
part by regulating EMT [145–147]. IL-18, present in the TME, can upregulate PD-1 expression on
NK cells, resulting in an immune suppressive phenotype [148]. NK cells residing in tumors have
a reduced antibody-dependent, cell-mediated cytotoxicity (ADCC) potential, thus limiting their
antitumor activity [149,150]. Interestingly, tumor cells expressing Cell Adhesion Molecule 1 (CADM1),
a cell adhesion molecule directly induced by the EMT-promoting TGF-β pathway [151], are susceptible
to NK cell-mediated cytotoxicity [152]. In a cohort of breast cancer patients, CADM1 expression
correlated with improved patient survival [153]. While these studies point towards a strong association
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between NK cell function and EMT in tumors, further investigation on their role in tumorigenesis
is required.

T cells are a critical regulatory factor in tumor biology. CD8+ cytotoxic T cells secrete antitumor
cytokines such as TNFα and IFN-γ that restrict the growth and metastasis of tumors [154–156].

However, CD8+ T cells within the TME frequently exhibit an “exhausted” phenotype due to
overexposure to tumor antigens and/or the presence of immune suppressive antigens on tumor cells.
Exhausted T cells neither produce antitumor cytokines nor undergo proliferation, thus restricting their
antitumor activities [157]. In addition, FoxP3+ Tregs help tumor cells grow and metastasize through
production of protumorigenic cytokines and expression of immunomodulatory receptors that suppress
immune response and facilitate tumor growth [158]. Moreover, Tregs promote β-catenin-mediated
EMT during radiation-induced pulmonary fibrosis [159], however, the molecular mechanism is not
clear. In this regard, in our unpublished study, we have observed high levels of Treg infiltration in a
preclinical murine model of TNBC undergoing EMT. Our future studies will establish the molecular
mechanisms behind the association of Tregs and EMT in TNBC. Together, these reports collectively
highlight that immune cells in the TME recruited during early stages of EMT additionally assist tumor
cells in their proliferation, invasion, and metastasis in breast cancer.

5. EMT, TME, and Therapeutic Resistance of Tumor Cells

Resistance to therapy is one of the biggest challenges in tumor biology and was initially identified
in the early 1990s in breast cancer cells [160]. EMT was implicated in conferring resistance to both
conventional therapies such as radiation and chemotherapy and targeted therapies like the estrogen
antagonists, Tamoxifen and Fulvestrant or cell cycle inhibitors, each used in specific subtypes of breast
cancer. However, in recent years, immunotherapy has gained momentum. Under this section, we will
discuss the effects of an EMT-driven protumorigenic TME on different therapeutic options, primarily
focusing on chemo and immunotherapy resistance.

5.1. Chemotherapy

The response to chemotherapeutic drugs in breast cancer varies from patient to patient.
Various groups have studied the correlation between the degree of response and immune cells present
in the TME. Denkert C et al. 2010 showed that tumor-associated lymphocytes are an independent
predictor of anthracycline/taxane response in breast cancer patients [161]. It is worth noting that these
tumor-infiltrating lymphocytes could also promote EMT in multiple ways [162], further supporting
the premise that the response to anthracycline/taxane could be dependent on EMT in tumor cells.
In support, a recent study by Salvagno et al. demonstrated that targeting macrophages that are
directly linked to EMT in tumors enhances the chemotherapeutic response of spontaneous mammary
tumors [163]. In addition, Ladoire et al. observed that prior to neoadjuvant chemotherapy, patients
display increased numbers of CD3-, CD8-, and FOXP3-positive cells [164]. However, patients who
responded to therapy had significantly fewer FOXP3-positive cells than did nonresponders, in whom
FOXP3-positive cells remained high. The authors concluded that high CD8+ and low FOXP3+ staining
predicts a better response to neoadjuvant therapy in breast cancer. In contrast, other studies suggest
that TNFα secreted by CD8+ cells through sphingosine kinase mediates tamoxifen resistance in
MCF7 cells [165,166]. Therefore, correlation of CD8+ cells secreting TNFα and tamoxifen response
needs further evaluation.

A potential role for MDSC-mediated increases in CSCs in chemoresistance has also been noted.
Specifically, Montero et al. observed that the number of circulating MDSCs in breast cancer patients
increase upon Doxorubicin-cyclophosphamide chemotherapy [167]. As MDSCs promote EMT in
tumor cells, the consequent increase in CSC-like properties [139,168] could be responsible for decreased
efficacy of Doxorubicin-cyclophosphamide in breast cancer patients. Together, these studies suggest
that drug resistance to chemotherapy is linked to altered immune cells and cancer cells which needs to
be studied in depth for better development of drugs against resistance.
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Similar to chemotherapy, several monoclonal antibodies targeting immune cells such as Tregs
(CD25 antibody) have shown some success in preclinical models, however, their function as
monotherapy in established patient tumors is limited [169]. Moreover, antiangiogenic therapy
with antibodies against vascular endothelial growth factor (VEGF) has not proven effective in patients
with many tumor types, including breast cancer. VEGF has been shown to involve T cell development
and therefore has been suggested to be connected to tumor-induced immune suppression [170]. It is
recently shown that such resistance could be due to VEGF-mediated activation of IL-6 involving tumor
microenvironment [171]. Trastuzumab, an FDA-approved anti-HER2 antibody, shows a 35% response
rate in metastatic breast cancer patients, however, exact mechanisms of action are still unknown. It is
believed that Trastuzumab alters signaling activation of immune effector mechanisms. It would be
interesting to determine if such resistance is due to involvement of EMT, tumor microenvironment,
and immune cells [172].

5.2. Immunotherapy

TNBC tumors, which lack known hormone receptors, are insensitive to hormone-based therapies
and are often resistant to chemo and radiotherapy. However, these tumors are highly immunogenic and
therefore immunotherapy for treatment of TNBC may be particularly useful. Checkpoint inhibitors such
as PD-1 (Nivolumab, Pembrolizumab), PD-L1 (Atezolizumab, Avelumab), and CTLA4 (Ipilimumab)
block the immunomodulatory pathways between tumor cells and immune cells that assist in immune
evasion and are currently in clinical trials. PD-L1 expression varies from 20% to 50% in all types of
breast cancer subtypes [173,174] and is higher in TNBC patients as compared to non-TNBC [174,175].
Accordingly, variable responses to checkpoint-based therapy could be dependent on expression levels
of PD-L1 ligand on tumor cells. PD-L1 expression in EMT-activated breast cancer cells depends on
the EMT-TF (ZEB1). Specifically, Noman et al. showed that mutual regulatory loop exists between
two processes orchestrated by ZEB1, which functions as a transcriptional repressor of miR-200 that is
able to activate the EMT program and as an activator of PD-L1 expression in tumor cells, leading to
CD8+ T cells immunosuppression [176]. A similar correlation between PD-L1 and ZEB1 expression
was found in nonsmall cell lung carcinoma (NSCLC) [177]. In NSCLC, patients with circulating tumor
cells (CTCs) positive for PD-L1 were resistant to Nivolumab while those with PD-L1-negative CTCs
were responsive [178,179]. Notably, these PD-L1-positive CTCs showed EMT features, identifying
EMT as a predictive biomarker for response towards checkpoint inhibitors in breast, NSCLC, and other
tumor types. Additionally, these results provide a novel preclinical rationale to explore EMT inhibitors
as adjuvants to boost immunotherapeutic responses in subgroups of patients in whom malignant
progression is driven by EMT-promoting transcription factors.

Checkpoint inhibitors in combination with chemotherapy drugs increase the rate of complete
clinical response in several cancers including breast cancer. Pembrolizumab added to a neoadjuvant
regimen consisting of cisplatin and doxorubicin increased the response of patients (NCT01042379) and
similar observations have been observed with anti-PDL1 and anti-CTLA4 drugs. A combinatorial
approach of more than one checkpoint inhibitor with chemotherapy for treatment of breast cancer
patients is currently underway in clinical trial (NCT01928394). Along with designing combinatorial
strategies of checkpoint inhibitors and chemotherapeutic drugs, researchers are also trying to inhibit
immune cells such as T cells and M1 macrophages along with treatment with checkpoint blockers as
potential strategies to overcome resistance to checkpoint inhibitors observed in some patients [180,181].
Together, these studies reveal that immune cells in the TME have a significant impact on the response
of patients to different drugs, and suggest that regulation of EMT in tumor cells may provide a way to
influence the immune landscape to increase therapeutic response.

6. Conclusions

In this review, we have summarized the factors that determine EMT in different breast cancer
subtypes and highlighted studies revealing how epithelial cancer cells undergoing EMT modulate
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the TME to promote tumorigenesis and enhance recruitment of immune cells. Notably, immune cell
recruitment further enhances the ability of tumor cells to undergo EMT, thereby assisting in their
tumor progression, invasion, and metastasis. Finally, we highlighted how immune cells and stromal
components in TME determine the chemotherapeutic and immunotherapeutic response of patients.
Resistance to checkpoint inhibitor-based immunotherapy can be answered through investigation of
TME components. Blockade of their migration or recruitment into the tumor site may result in better
immunotherapeutic response. The recruitment of immune cells into the tumor site is dependent on
EMT in tumor cells. Thus future studies identifying novel combination therapies targeting immune
cells in TME and tumor cells undergoing EMT will improve prognosis for breast cancer patients.

In a nutshell, a pictorial representation of the circuit between neoplastic mammary epithelial cells
to mesenchymal cells and recruitment of immune cells in TME and its overall impact on therapy is
provided in Figure 1.

Figure 1. EMT, TME, and therapy. Neoplastic mammary epithelial cells undergoing transcriptional
changes in key genes involved in EMT are transformed into mesenchymal cells. These mesenchymal
cells secrete extracellular factors responsible for recruitment of immune cells and modulation of ECM.
Recruited immune cells provide a proinflammatory milieu for growth of tumors by further secreting
growth-promoting and prometastatic cytokines.
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Abstract: The endoplasmic reticulum (ER) is the organelle where newly synthesized proteins enter
the secretory pathway. Different physiological and pathological conditions may perturb the secretory
capacity of cells and lead to the accumulation of misfolded and unfolded proteins. To relieve the
produced stress, cells evoke an adaptive signalling network, the unfolded protein response (UPR),
aimed at recovering protein homeostasis. Tumour cells must confront intrinsic and extrinsic pressures
during cancer progression that produce a proteostasis imbalance and ER stress. To overcome this
situation, tumour cells activate the UPR as a pro-survival mechanism. UPR activation has been
documented in most types of human tumours and accumulating evidence supports a crucial role
for UPR in the establishment, progression, metastasis and chemoresistance of tumours as well as its
involvement in the acquisition of other hallmarks of cancer. In this review, we will analyse the role of
UPR in cancer development highlighting the ability of tumours to exploit UPR signalling to promote
epithelial-mesenchymal transition (EMT).

Keywords: epithelial-mesenchymal transition; endoplasmic reticulum stress; metastasis; plasticity;
unfolded protein response

1. Introduction

The ER is responsible for a large number of metabolic processes, including folding and
post-translational modification of secretory proteins. Cells must keep a balance between the protein
synthetic load and their capacity to ensure that folding and post-translational modifications are
correctly performed. Improper ER function causes misfolding of de novo synthesized proteins and
their accumulation due to a stringent quality control. Proteins failing to pass this control are returned
to the cytosol and targeted for degradation by the ER-associated degradation system (ERAD) [1,2].
Under some physiological or pathological conditions, the capacity of the ER protein maturation
machinery may be overwhelmed, leading to the accumulation of unfolded or misfolded proteins,
an event referred to as ER stress.

The UPR is an adaptive mechanism evolved to relieve the ER stress restoring the metabolic and
protein folding efficiency of the ER [3]. Activation of the UPR is initiated by the stimulation of three
stress sensors that reside in the ER membrane: protein kinase R-like ER kinase (PERK), inositol requiring
enzyme 1α (IRE1) and activating transcription factor 6 (ATF6) (Figure 1). Stress sensing is mainly
dependent on GRP78 (HSPA5), an ER resident chaperone also known as BiP. Under homeostatic
conditions, GRP78 is bound to the ER luminal part of the three sensors preventing their activation.
Upon ER stress, the dissociation of GRP78 from the UPR sensors allows their activation initiating
downstream signalling pathways that will help cells to cope with ER stress. Activation of the UPR
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reduces unfolded protein load through several pro-survival mechanisms, including the reduction of
protein translation to decrease the ER overload, increase in the degradation of misfolded proteins
via the ERAD system, and upregulated transcription of a large number of target genes to facilitate
correct secretory protein maturation. However, if ER stress is not adequately solved and homeostasis
is not restored, UPR may lead to a persistent signal that rather than reinstating ER homeostasis drives
cells to apoptosis [2]. UPR is thus a complex mechanism that includes adaptive pro-survival and also
pro-apoptotic responses. All three ER stress sensors trigger downstream signalling pathways that
control survival or death decisions.

Figure 1. The UPR. The ER protein maturation capacity may be overwhelmed due to the action of
several cell intrinsic and extrinsic factors, causing ER stress. The accumulation of unfolded proteins
triggers the activation of the three ER-resident sensors responsible for UPR by sequestering GRP78.
IRE1 mediates the unconventional splicing of the mRNA encoding XBP1 (XBP1u) rendering the
functional transcription factor XBP1s and can activate NFκB signalling. IRE1 RNase degrades ER
associated RNAs through RIDD (regulated IRE1-dependent decay). PERK phosphorylates eIF2α to
inhibit global translation while promoting the translation of the transcription factor ATF4. PERK can
also phosphorylate NRF2. ATF6 is exported from the ER to the Golgi apparatus, were the SP1 and
SP2 proteases mediate the release of the bZIP domain (ATF6bZIP). In the nucleus, XBP1s, ATF4 and
ATF6bZIP transcription factors trigger the expression of a large number of genes to help cells alleviate
ER stress. Upon persistent ER stress, UPR favours apoptosis. Cancer cells exploit UPR signalling to
promote survival under tumour-associated stress situations.

2. UPR Signalling Components

PERK is a type I transmembrane protein that, upon ER stress, dimerizes trans-autophosphorylates
resulting in the activation of its kinase domain and the phosphorylation of eukaryotic translation
initiation factor 2 alpha subunit (eIF2α) [4]. This phosphorylation transiently inhibits mRNA translation
and attenuates global protein synthesis. This quick reduction of the ER overload relieves ER stress and
has a pro-survival effect. Despite the overall reduction of protein synthesis, the phosphorylation of
eIF2α allows the selective translation of a subset of UPR target proteins, including ATF4, a transcription
factor that controls the expression of genes involved in protein folding, antioxidant response, amino acid
metabolism and autophagy [5]. Active PERK also phosphorylates the nuclear factor erythroid related
factor 2 (NRF2) which, upon translocation to the nucleus, controls the expression of anti-oxidant
genes [6–8].

IRE1 is a type I transmembrane protein that contains two enzymatic activities on its cytosolic
tail, a serine/threonine kinase and an endoribonuclease. In response to ER stress, IRE1 oligomerizes
and trans-autophosphorylates undergoing a conformational change that activates its RNase domain.
IRE1 RNase catalyses the unconventional splicing of an intron within XBP1 mRNA (XBP1u) shifting
the XBP1 reading frame and producing a stable transcription factor known as XBP1s (thereafter
XBP1) which promotes the transcription of genes involved in protein folding, ERAD, protein secretion
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and lipid synthesis [9–11]. Although IRE1 activity was first reported for its unconventional splicing
activity, it is also involved in the degradation of ER-associated RNAs through a process known as
RIDD (regulated IRE1-dependent decay) [12]. The molecular basis for the switch between RIDD and
XBP1u mRNA splicing seems to be controlled by the oligomeric state of IRE1 [13–15]. Additionally,
although less characterized, IRE1 activity also elicits the activation of the c-Jun N-terminal kinase (JNK)
signalling [16].

ATF6 is a type II transmembrane protein that belongs to a family of transcription factors whose
members contain a conserved bZIP domain on their cytosolic domain. Following ER stress ATF6 is
transported from the ER to Golgi where it is cleaved by the proteases S1P and S2P [17]. The released
ATF6 cytosolic domain (ATF6bZIP) translocates to the nucleus where it activates genes involved in
ER quality control [18] and ERAD [19]. The cross-talk of ATF6 and XBP1 through heterodimerization
further increases the scope of their target genes [2,20,21].

Several stresses both cell extrinsic and intrinsic may perturb the protein folding efficiency of the
ER and lead to the accumulation of misfolded proteins, ER stress and UPR activation.

3. EMT: A Brief Update

EMT is a genetic and cellular programme that endows cells with mesenchymal features that
ultimately facilitate motility (Figure 2) [22,23]. This reversible event was originally described while
studying embryogenesis [24] and soon the EMT emerged as a crucial actor in tissue and organ
development during morphogenesis and wound healing in adulthood [25]. EMT has since been linked
to organ fibrosis and cancer, which is then referred to as pathological EMT [26]. In both physiological
and pathological EMT, the expression of EMT transcription factors (EMT-TFs) launches a complex
cellular programme that results in the loss of epithelial apical-basal cell polarity towards different
degrees of mesenchymal morphology [27,28]. Essentially, the activation of EMT-TFs promotes a gene
expression switch from genes involved in upholding epithelial cell polarity to genes responsible for the
spindle-like morphology associated with mesenchymal features. These changes do not only relate to
morphological traits, but also to the acquisition of several abilities that allow cells to move and invade
nearby tissues [29].

Figure 2. Epithelial-mesenchymal transition (EMT) in cancer progression. Different metastatic
signals can activate one or more EMT-TFs which in turn trigger the EMT programme. During EMT,
epithelial cells lose their apical-basal polarity and acquire mesenchymal traits that facilitate
motility and contribute to the invasion-metastasis cascade. Some EMT-TFs directly control the
expression of E-cadherin, whose functional loss is regarded as a hallmark of EMT. During EMT,
hybrid epithelial/mesenchymal (E/M) states are also associated with tumour heterogeneity, tumour cell
dissemination, cancer stem cell-like traits as well as immune evasion and resistance against conventional
and targeted therapies.
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It is nowadays well established that most carcinoma cells highjack the EMT programme to progress
towards malignancy. In carcinomas, environmental cues and the exchange of signals among tumour
cells and their microenvironment are mostly responsible for EMT implementation and the acquisition
of mesenchymal traits and malignant progression. In fact, EMT is involved in the invasion-metastasis
cascade, provides tumour-initiating abilities and contributes to the dormant state of disseminated
tumour cells, cancer cell resistance to chemotherapy and immune evasion [22,23]. The core EMT-TFs
responsible for implementing the EMT programme are the ZEB zinc finger TFs including ZEB1 and
ZEB2, the zinc finger proteins belonging to the SNAIL family SNAI1 and SLUG (SNAI2), and the basic
helix-loop-helix TFs TCF3, TWIST1 and TWIST2. These EMT-TFs can either bind directly to DNA
or form transcriptional regulatory complexes to orchestrate the EMT by controlling the expression
of numerous genes. ZEB, SNAIL, TCF3 and TWIST were originally described due to their ability
to repress the invasion suppressor gene CDH1, encoding the cell adhesion protein E-cadherin [30],
whose functional loss is considered a hallmark of EMT during carcinoma progression [31]. Hence,
the transcription of EMT-TFs and their activity are tightly regulated by numerous layers and they
act in distinct combinations to either activate or repress genes ultimately responsible for the features
associated with a mesenchymal-like state during carcinoma progression [22,32]. Cell intrinsic and
extrinsic signalling control the EMT programme by impinging on the expression and activity of
the EMT-TFs and other cell-specific cofactors that act, in common or in non-redundant networks,
to regulate the cellular plasticity associated with each particular context [22,29]. The reversion to the
epithelial state through the mesenchymal-epithelial transition (MET) is responsible for metastatic
outgrowth after tumour cell dissemination [33,34], characterized by the re-expression of epithelial
markers and repression of mesenchymal traits [35]. Still poorly understood, MET regulation is most
likely controlled by the shutdown of the aforementioned EMT-TFs, although signalling from the
metastatic microenvironment may impinge on intracellular pathways to alter gene expression [23].

In cancer, increasing evidence indicates that the full implementation of the EMT programme,
as defined in in vitro cellular models upon expression of an EMT-TF, would be a rare event.
Besides, cells in different intermediate morphological states ranging from partially epithelial to
quasi-mesenchymal are more likely to occur and be responsible for implementing different steps during
tumour progression. Carcinoma cells undergoing EMT would thus show hybrid features and express
a mixture of epithelial and mesenchymal markers, whereas incompletely losing their epithelial cell
polarity. Indeed, these cells displaying partial EMT states have been documented in human cancers
and are thought to be particularly plastic. These plastic EMT cells, while able to degrade and invade
the surrounding stroma, may also, have given the signalling context, acquire stem cell-like traits,
and become refractory to therapy and immune surveillance [22,27,36]. Moreover, these hybrid EMT
cells are linked to increased metastatic potential in different mouse models of cancer, as well as in
human tumours [27,37]. EMT was linked to breast cancer cell stemness [38,39] and its characteristic
plasticity is now being related to cancer stem cell-like properties in different human tumours [27].
Cancer stem cells are also responsible for the appearance of tumour recurrence establishing a link
between EMT and chemoresistance mechanisms, whereas tumour cells undergoing EMT have been
shown to express immunosuppressive and immunoevasive molecules to avoid attack by the innate
and adaptive immune systems in cancer mouse models [23].

Therefore, EMT endows subpopulations of cancer cells with a highly dynamic morphological
plasticity tied to context-dependent functional abilities that facilitate malignant progression (Figure 2).

4. ER Stressors, UPR and EMT

Cancer cells are subjected to numerous intracellular and extracellular stresses that disturb
ER homeostasis provoking ER stress and thus, UPR activation (Figure 1). During cancer
progression the tumours acquire different biological properties including sustaining proliferative
signalling, evading growth suppressors, resisting cell death, enabling replicative immortality,
inducing angiogenesis, and activating invasion and metastasis. All of these biological properties
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constitute the so-called Hallmarks of Cancer [40]. In addition, to support the increased metabolic
demand and the environmental pressure, cancer cells need to reprogramme their secretory functions to
secrete metalloproteases, growth factors or cytokines that will facilitate tumour invasion and progression.
Activation of the UPR influences this secretory switch [41]. Current evidence suggests that UPR
activation favours tumour progression through the modulation of some of the Cancer Hallmarks [42].
One of the hallmarks powered by UPR signalling is the activation of the invasion-metastasis cascade,
in which EMT plays a central role, as mentioned above [41,43–48]. Although a few reports suggest that
EMT can in some instances result in UPR activation [49,50], the information is still scarce and this issue
will not be addressed herein.

We will next describe the ER stressors that provoke UPR activation; linking how defined UPR
signals modulate EMT (Figure 3).

Figure 3. UPR signalling and EMT in cancer. In response to diverse ER stressors, UPR signalling
is activated to relieve the stress and favour survival. In some tumours, the ER stress sensors and
signalling players PERK and IRE1 are proposed to modulate EMT by impinging on particular EMT-TFs.
Through the implementation of EMT, UPR can contribute to the progression and recurrence of tumours
upon treatment. Thus, ER stress and UPR components can be exploited as plausible targets for
anti-cancer therapy.

4.1. Cell Extrinsic Stressors

4.1.1. Chemicals

The UPR has been extensively studied in vitro by treating cells with chemical stressors such as
thapsigargin, dithiothreitol or tunicamycin, which disturb calcium homeostasis, redox equilibrium or
N-glycan synthesis, respectively. These drugs activate non-specifically the three arms of the UPR [51].
Also, ER stress can often be attributed to drug-induced adverse effects caused by numerous anti-cancer
drugs used by present pharmacology such as bortezomib, cisplatin and doxorubicin, which impact the
PERK and/or IRE1 branches of the UPR in different ways [52,53]. Recently, research efforts aimed at
looking for IRE1 and PERK inhibitors as possible anti-tumoral drugs have intensified. In this sense,
MKC8866 (IRE1 inhibitor) and ISRIB (p-eIF2α inhibitor), were shown to decrease breast cancer cell
proliferation and promote tumour regression in patient-derived xenografts (PDX) from metastatic
prostate cancer tumours, respectively [54,55].

EMT induction after UPR activation was first observed in vitro in rat alveolar epithelia cell lines
upon treatment with the classical ER stressors tunicamycin and thapsigargin [56,57]. In both cases,
activation of the IRE1 branch of the UPR leads to EMT in a SMAD2/3 and Src-dependent fashion
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although the underlying molecular mechanism was not analysed. These observations were further
confirmed in vivo in a rat model of bleomycin-induced pulmonary fibrosis in which the analysis of
bleomycin-treated animals revealed increased expression of IRE1-XBP1, mesenchymal cell markers,
and the concomitant downregulation of epithelial cell markers [58]. These studies also showed that the
promotion of EMT by XBP1 was dependent on SNAI1 expression in alveolar epithelia cell lines [58]
(Figure 3).

The number of chemical stressors inducing EMT after UPR activation has been expanded by the
recent finding that chemotherapeutic drugs activate ER stress and ultimately EMT [59]. Treatment of
lung adenocarcinoma cell lines with cisplatin, cytarabine, doxorubicin, gemcitabine, vinorelbine or
pemetrexed activate the PERK branch of the UPR which, in turn, induces EMT through the upregulation
of SNAI1 and ZEB1 gene expression as well as EMT-like changes in several tissues in mice [59] (Figure 3).

4.1.2. Hypoxia

Hypoxia compromises ER protein folding leading to the activation of the UPR [43] whereas it is
also a known inducer of EMT in solid tumours [60].

Hypoxia activates the PERK arm of the UPR to promote metastasis in human cervical tumoral
cells [61]. Hypoxic stress, through activated PERK, produces a rapid inhibition of protein translation
due to the transient phosphorylation of eIF2α and the preferred translation of a subset of transcripts
including ATF4 [5] (Figure 3). IRE1 has also been involved in facilitating cell survival under hypoxic
conditions since XBP1-deficient cells exhibited reduced survival in vitro as compared with their
wild-type counterparts when exposed to hypoxic environment [62]. Work in triple negative breast
cancer (TNBC) cells [63] points to an interaction between XBP1 and hypoxia-inducing factor 1α
(HIF1α) that form a transcriptional complex to promote efficient transcription of HIF1α target genes.
By sustaining HIF1α transcriptional program, the IRE1-XBP1 arm of the UPR supports survival during
hypoxia and sustains tumour growth [64] (Figure 3).

One consequence of the activation of the UPR in hypoxic tumours is an increase in autophagy.
Through the liberation of amino-acids from long-lived proteins and the removal of damaged organelles,
autophagy exerts a cytoprotective effect and helps cells to survive [43]. Both the PERK and IRE1
branches of the UPR participate in this survival mechanism. In several human cancer cell lines,
hypoxia increased transcription of the essential autophagy genes microtubule-associated protein 1 light
chain 3beta (LC3) and autophagy-related gene 5 (ATG5) through the activation of PERK [65]. Also,
activation of IRE1 during the hypoxia-induced ER stress increases tumour cell tolerance to hypoxia [62]
(Figure 3).

Activation of the UPR also plays a role in tumour adaptation to hypoxic stress by promoting
angiogenesis. Angiogenesis is regulated by the secretion of soluble factors such as VEGF-A.
Several examples implicate the IRE1-XBP1 axis in this process. In TNBC, XBP1 expression is required
for HIF1α-mediated VEGF-A production and vessel formation under hypoxia, and xenografts derived
from cells transfected with XBP1 shRNA displayed reduced angiogenesis [63]. Also, IRE1-/- mouse
embryo fibroblasts decreased the production of VEGF-A after ER stress [66]. In addition to IRE1,
PERK signalling has also been involved in the upregulation of angiogenic factors. Xenografts derived
from PERK KO cells showed delayed growth and the tumours presented reduced blood vessel
formation [67]. More recently, it was shown that the PERK arm of the UPR controls the induction of
angiogenic factors and that ATF4 itself binds to the promoter of VEGF-A [66,68].

The information about the axis hypoxia-UPR-EMT is still scarce, however several recent findings
suggest that such a relationship exists. Gastric cancer cells under hypoxic conditions suffer EMT and
the PERK and ATF6 arms of the UPR are activated. Moreover, knockout of PERK, ATF4 or ATF6
hinders the induction of EMT by hypoxia [69]. In TNBC, we have already mentioned that XBP1 drives
tumorigenesis by assembling a transcriptional complex with HIF1α [63]. Perhaps the high metastatic
potential of this subtype of breast cancer could be related to a positive action of HIF1α-XBP1 on EMT,
whose occurrence in TNBC is well established [70]. Finally, the hypoxic activation of the PERK-eIF2α
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arm in human cervix cancer cells mentioned above was shown to upregulate LAMP3, a putative
metastasis-promoting gene, which promotes both the migratory phenotype and the development of
lymph node metastases suggesting the possibility of EMT occurrence [61].

4.1.3. Nutrient Starvation

Intimately related with the insufficient vascularization of the tumour is the nutrient stress starvation
suffered by tumour cells. The UPR participates in the rewiring of tumour metabolism by selectively
activating catabolic pathways—we have already mentioned the induction of autophagy—but also
biosynthetic pathways. In human tumour tissues, and several tumour cell lines, blocking UPR by
silencing PERK or ATF4 significantly reduces the production of angiogenesis mediators induced by
glucose deprivation [68]. Recently, oncogenic KRAS has been identified as a key regulator of the
transcriptional response to nutrient deprivation in non-small cell lung cancer and ATF4, as a key
transcription factor regulated by KRAS to support amino acid homeostasis. Through the regulation
of ATF4, KRAS controls amino acid uptake and asparagine biosynthesis [71]. In addition to ATF4
signalling, IRE1 pathway activation of XBP1 controls the hexosamine biosynthetic pathway to generate
substrates for protein glycosylation [72], and, in complex with HIF1α, activates a transcriptional
programme to upregulate glycolytic enzymes and glucose transport [63].

Another recently published study has described that the availability of asparagine controls
metastasis in breast cancer, at least in part through the modulation of EMT. Limiting asparagine by
asparagine dietary restriction or by knocking down asparagine synthetase reduces the metastatic
capacity of the primary tumour and, by contrast, an increase in dietary asparagine or enforced asparagine
synthetase expression promotes metastatic progression. Interestingly, asparagine synthetase is a target
of the PERK-eIF2α-ATF4 branch of the UPR and ATF4 knockdown mimics the phenotype caused
by asparagine synthetase knockdown [73]. One plausible interpretation of these findings could be
that asparagine starvation triggers activation of the PERK-eIF2α-ATF4 branch which in turn could
upregulate asparagine synthetase gene expression and, thus, EMT (Figure 3).

Cancer cells and melanoma in particular require an exogenous supply of glutamine since it is
commonly depleted in tumours. Interestingly, it has been recently demonstrated that glutamine
starvation is responsible for an upregulation of ATF4 in melanoma cells [74]. In this study,
the authors demonstrate that glutamine limitation promotes an ATF4 dependent repression of
MITF, considered a melanocyte lineage differentiation gene. MITF downregulation in response to
stress is then associated with enhanced invasion, upregulation of ZEB1 and downregulation of SNAI2,
hallmarks of EMT-associated reprogramming in late-stage melanoma [75] (Figure 3).

Deprivation of essential amino acids also causes activation of the UPR but, in this case, the arms
activated are the IRE1 and ATF6 [76]. In this study, the induction of EMT was not analysed, however,
based on the mentioned role of XBP1 in upregulating SNAI1, starvation of essential amino acids
could result in stress inducing the UPR and subsequently EMT. Glucose starvation also promotes
EMT [77] but whether this EMT induction is a consequence of the expected UPR activation due to
limited glucose availability is nowadays not known. Finally, a recent review discusses the evidences
linking starvation-induced ER stress to invasiveness and cancer progression [78]. In tumours,
besides nutrient limitation and hypoxia, other cell extrinsic or intrinsic cues would be able to trigger
a translational reprogramming through eIF2α phosphorylation, which in turn would promote an
invasive phenotype [78].

4.2. Cell Intrinsic Stressors

4.2.1. Oncogenes

Malignant transformation by the activation of oncogenes is associated with an increased cell
proliferation that imposes severe pressures on cellular processes such as an excessive demand for
protein synthesis in the ER. When the folding capacity of the ER is exceeded, cancer cells trigger
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the UPR activating PERK, IRE1 and/or ATF6-dependent signalling pathways as shown in different
types of cancer (Figure 1) [79–82]. The metabolic reset imposed by the oncogenic transformation
establishes a complex interplay within the cancer cell among the different stress responses to promote
cell survival and metastatic expansion. In some cases, UPR induction is clearly linked with a malignant
phenotype and aggressiveness, as shown by XBP1 overexpression in human multiple myeloma [83],
and overactivation of PERK-ATF4 in MYC-induced lymphomas [79], breast cancers [84] and colorectal
adenocarcinomas [85]. Recent work with RAS-induced mouse primary tumours points to a complex
role of IRE1 signalling. In mouse keratinocytes, RAS transformation promotes IRE1 activation
and XBP1 splicing through the action of both ER stress and RAS-activated MEK-ERK signalling
pathways, resulting in enhanced proliferation. However, following this initial proliferative response,
keratinocytes stop growing and enter senescence prematurely. Senescence occurs in parallel with
the dampening of the ER stress response and an increase in IRE1 supported by MEK-ERK signalling,
indicating that in keratinocytes expressing oncogenic RAS, reduction of ER stress accelerates senescence
dependent on IRE1-RIDD activity [82]. These results suggest that the type and the stage of the tumour
may have an influence on the outcome of UPR activation either pro-survival or anti-tumorigenic.

In conclusion, the activation of the UPR upon oncogenic signalling is well documented but,
in these cases, activation of the UPR pro-survival response is apparently unrelated to EMT induction.

4.2.2. Oxidative Stress

Tumour cells accumulate increased levels of reactive oxygen species (ROS) that lead to the
general phenomenon of oxidative stress. ROS are produced intracellularly by both enzymatic and
non-enzymatic reactions in different cellular compartments during cell growth [86]. Cancer cells have
much higher levels of ROS than normal cells [87] and, additionally, activation of PERK due to hypoxia
results in upregulation of ER-oxidase ERO1α [88] to facilitate the oxidative protein folding in the ER.
In fact, a correlation between the levels of ERO1α and poor prognosis in breast cancer patients has
been reported [89]. Oxidative protein folding brings about, on the other hand, an increase in ROS
production that may aggravate cellular stress. Therefore, activation of the UPR upon exposure to
oxidative stress is an adaptive mechanism to preserve cell function and survival although persistent
oxidative stress ultimately initiates apoptotic cascades [90].

This protective function of the UPR against oxidative stress has an important impact during the
first steps of tumour invasion, when an abnormal activation of EMT causes tumour cell detachment
and acquisition of an invasive and migratory phenotype. In this situation, PERK activation favours
survival upon ECM detachment [91] and alleviates the oxidative stress concomitant to the loss of
matrix attachment contributing also to metastasis in in vivo models [92] (Figure 3).

Cumulative data suggest that oxidative stress governs several phases of tumour progression [93]
including EMT, as revealed by the finding that overexpression of NOX1, a NADPH oxidase that
generates ROS, induces EMT [94]. Cancer cells upregulate multiple antioxidant systems to overcome
the negative effect of oxidative stress [95]. As mentioned above, one of the defence mechanisms
activated by oxidative stress is the PERK-eIF2α-ATF4 arm of the UPR [90,96], which in turn upregulates
NRF2, a master regulator of the antioxidant response [97]. A direct link among oxidative stress,
UPR and EMT is suggested by the recent finding that NRF2 promotes EMT in cancer cell lines [98,99]
(Figure 3).

4.2.3. Alterations in UPR Signalling Components

Different studies support a role for proteostasis imbalance in cancer development raising
the possibility that alterations in the UPR itself may contribute to tumorigenesis [46,100].
Constitutive activation of UPR signalling components has been reported in various types of human
cancers such as breast tumours, hepatocellular carcinomas or gastric tumours [101]. Overexpression of
GRP78 is indicative of a more aggressive phenotype since it is overexpressed with higher frequency
in high-grade estrogen-receptor-negative tumours than in low-grade estrogen-receptors-positive
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tumours [102] in line with the idea that UPR activation may play a protective role against apoptosis
in tumour cells. In contrast, in lung adenocarcinoma a higher overall survival was shown for those
patients displaying high expression of IRE1 [103].

Sequencing the genome of different types of human cancers exposed somatic mutations in IRE1.
In fact, ERN1, the gene coding for IRE1, was found to rank fifth among all the genes coding for
human protein kinases carrying driver mutations across various human cancers [104]. In a recent
review [44], the authors describe the cancer-associated mutations identified in the three UPR stress
sensors. Missense mutations are equally present in the three cases, silent mutations and in-frame
deletions or insertions are enriched in IRE1 while nonsense mutations are more frequent in ATF6.
Interestingly, the authors emphasize that not all somatic mutations are equally present in every cancer
type but rather it appears to be some preferences, with IRE1 mutations being predominant in cancers
from the nervous system, whereas gastrointestinal cancers are enriched in ATF6 and IRE1 mutations
and urologic and lung cancers in ATF6 and PERK mutations. Unfortunately, the biological impact of
these mutations on the expression, activity or stability of the ER sensors or, more importantly, on the
tumour phenotype is still unknown in most cases. Significant advance has been reported in the case
of some IRE1 mutations. In human cancer tissue samples of glioblastoma multiforme (GBM) two
missense mutations (S769F and P336L) and one stop mutation (Q780stop) have been identified in
IRE1 [104,105]. Very recently, the sequencing of additional GBM samples revealed a new somatic
mutation in a less conserved amino acid (A414T) [106]. The authors analysed the differential impact of
the IRE1 variants, expressed in a glioblastoma cell line, on their kinase and RNase activities and how
they affected the cell phenotype, downstream signalling and gene expression profile. Together with
the in vivo data of tumour development after expression of the IRE1 variants, the study demonstrates
that mutations affecting IRE1 activity determine the development of GBM tumours [106]. While the
IRE1-XBP1 splicing activity favours angiogenesis and higher expression of migration/invasion markers,
IRE1-RIDD activity promotes attenuation of both responses in tumour cells, pointing to antagonistic
roles of the two signalling outputs in GBM progression.

Nevertheless, although mutations in the distinct components of the UPR are present on different
tumour types, knowledge on their role in cancer biology is still very limited.

4.2.4. Protein Overexpression

Overexpression of individual proteins, not necessarily involved in signalling pathways driving
tumour progression, can also provoke UPR activation and subsequent EMT induction.

One early report showed that enhanced expression of the protease inhibitor SERPINB3 promotes
tumorigenesis and EMT via the PERK and ATF6 arms of the UPR which lead to NFκB activation and
subsequent expression of the pro-tumorigenic cytokine IL6 [107].

More recently, it has been reported that the overexpression of LOXL2 also causes UPR activation
and subsequent EMT induction [108]. LOXL2 is a secreted enzyme involved in covalent inter and
intramolecular crosslinking of the extracellular matrix components but its involvement in intracellular
processes and tumorigenesis has been increasingly postulated [109]. LOXL2 is retained within the ER
when it is endogenously or ectopically overexpressed. In the ER, LOXL2 interacts with GRP78 which
in turn activates the IRE1-XBP1 and PERK-eIF2α arms of the UPR [108]. Furthermore, the processed
form of XBP1 is shown to bind to the promoters of SNAI1, SNAI2, TCF3 and ZEB2 activating their
expression [108] (Figure 3). Interestingly, IRE1 inhibition hampers the upregulation of these EMT-TFs
and blocks LOXL2 ability to induce a full EMT program [108]. Remarkably, in human tumours with
overexpression of LOXL2, the protein is accumulated in structures that are compatible with an ER
location and this subcellular localization pattern correlates with poor prognosis of squamous cell
carcinomas and distant metastasis of basal breast carcinomas [110,111].
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5. UPR and EMT Footprint in Human Tumours

The information reviewed above relative to the cooperation between the UPR and EMT during
tumour progression comes mainly from data derived from experiments performed using cell lines
and mouse models. Concerning clinical samples, thorough reviews have recently addressed the
evidences of ER stress in human tumours by examining the expression levels of UPR signalling
components [41,81]. As a matter of fact, UPR components have been detected in samples from brain,
breast, colorectal, kidney, liver, lung, and pancreatic cancer patients and their overexpression has been
mostly correlated with worse prognosis [41,81]. In B-cell hematological malignancies, the IRE1-XBP1
arm is essential due to the B-cell inherent secretory phenotype and GRP78 and/or XBP1 upregulation is
associated with poorer outcome in leukaemia, lymphoma and multiple myeloma [81].

There are few studies to date that analyse in human cancer biopsies markers of EMT along
with UPR activation markers. These studies would help to elucidate the prognostic value of both
programmes in terms of patient outcome, therapy choice and/or treatment response. Recent works
addressing both UPR and EMT pathways in clinical samples are summarized in Table 1. Some of these
studies characterize the underlying molecular mechanisms in cellular models mostly supporting that
UPR activation precedes EMT in tumour progression.

Table 1. Studies analysing UPR and EMT in clinical samples and/or primary derived cell lines.

Type of Cancer UPR Activation EMT Footprint Source Prognosis Reference

Breast cancer

active PERK (ATF4
target genes)

EMT gene
signature

human breast cancer
datasets NA [49]

active PERK (ATF4
target genes)

EMT gene
signature

human breast cancer
datasets increased metastasis [112]

Colon cancer active PERK (ATF4
target genes)

EMT gene
signature

human colon cancer
datasets NA [49]

Colorectal
carcinoma

IRE1 E-cad, N-cad CRC tumour tissues and
CRC cell lines shorter overall survival [113]

GRP78 β-catenin CRC tumour tissues NA [50]

Gastric cancer active PERK (ATF4
target genes)

EMT gene
signature

human gastric cancer
datasets NA [49]

Glioblastoma IRE1/XBP1 axis VIM, ZEB1,
TGFβ2

human GBM cancer
datasets and primary

derived GBM cell lines

shorter overall survival,
increased tumour

aggressiveness
[106]

Hepatocellular
carcinoma XBP1 VIM, E-cad HCC tumour tissue increased tumour size,

increased metastasis [114]

Lung cancer

active PERK (ATF4
target genes)

EMT gene
signature human cancer datasets NA [49]

IRE1, PERK ZEB1, SNAI2,
SNAI1 LAC tumours NA [115]

CRC: colorectal carcinoma; GBM: glioblastoma; HCC: hepatocellular carcinoma; LAC: Lung adenocarcinoma;
NA: not analysed.

In this regard, the expression of an EMT signature is strongly correlated with ATF4 expression in
datasets covering breast, colon, gastric, lung, and metastatic sites from patient tumour samples [49].
In colorectal carcinoma, there is an association of GRP78 and nuclear β-catenin staining at the invasive
front of a small cohort of tumour tissues samples, suggestive of ER stress and EMT [50]. Also in
colorectal carcinoma, higher IRE1 expression in patient samples is associated with lower overall
survival and the molecular mechanism proposed is the activation of EMT by IRE1 [113]. Additionally,
in hepatocellular carcinoma, the detection of XBP1 in tumour samples positively correlates with
vimentin and negatively with E-cadherin [114]. In the case of glioblastoma, higher activity of the
IRE1-XBP1 axis correlates with shorter patient survival, considerable tumour infiltration by immune
cells and increased tumour angiogenesis and invasive properties. These tumour characteristics are
associated with increased expression of EMT-related markers in primary derived glioblastoma cell
lines [106]. In breast cancer, an EMT signature is the most relevant feature in tumours showing
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PERK activation [112]. The authors propose that the transcription factor CREB3L1, downstream of
PERK, promotes metastasis particularly in those tumours showing activated PERK signalling and an
EMT signature [112]. Lastly, in lung adenocarcinoma tumours, ER stress proteins such as IRE1 and
PERK co-express with EMT markers in lung tumour samples compared to matched normal adjacent
tissues [115].

A direct connection between ER stress and UPR activation with malignancy has been formally
established in different cancer settings [41,46,47,81]. In many occasions, the authors did not directly
address the role played by EMT in tumour progression even when UPR signalling was linked to
increased invasion or other EMT-related roles. This was the case in TNBC [63], glioblastoma [116],
pancreatic ductal adenocarcinoma [117] or esophageal squamous cell carcinoma [118]. The opposite
scenario, analysis of UPR activation in tumours with EMT-related markers, is even less common
despite the central role of ER stress signalling in cancer progression [43,81]. Moreover, the biological
significance of EMT in tumour development has been long debated by pathologists partly due to
the transient nature of EMT and the spectrum of EMT phenotypic states involved in different steps
of the invasion-metastasis cascade, which limits the detection of EMT in clinical samples [23,27].
Additionally, data obtained from analyses such as next-generation sequencing or proteomic and
transcriptomic profiling in tumour biopsies derive from heterogeneous tissues samples. This fact
hinders the contribution of particular cell subpopulations bearing ER stress and different degrees
of mesenchymal features. Besides, the key influence of tumour microenvironment signalling on
sustaining UPR and EMT cannot be disregarded.

6. UPR and Therapeutic Opportunities

Cancer cells undergoing UPR activation and prone to EMT may sustain malignant progression
since they are able to migrate and invade, display tumour-initiating properties and resilience in
foreign microenvironments while they become skilled to evade drug therapy and immune surveillance.
Nevertheless, the UPR can also be a pro-apoptotic signalling pathway. When cells are subjected to
a chronic ER stress or cannot resolve the stress, the UPR directs the cells to apoptosis [2]. This fact
constitutes a therapeutic opportunity in the treatment of cancer. In this sense, some new drugs
provoking ER stress have shown their potential in pre-clinical models. An example is matrine that
suppresses prostate cancer aggressiveness by inhibiting EMT and activating the UPR [119]. Acriflavine,
an antibiotic with several anticancer effects, has been shown to interfere with EMT and ATF4 dependent
UPR activation in pancreatic cancer cell lines restoring sensitivity to cytotoxic drugs [120]. In breast
cancer cell lines, AECHL-1, a triterpernoid, has been suggested as an anti-neoplastic agent by inducing
ER stress and suppressing EMT [121]. Similarly, another alkaloid, sinomenine, prevents glioblastoma
cell proliferation and invasion by triggering ER stress and EMT suppression [122]. Finally, the use of
novel iron chelators has been proposed as a promising anti-cancer therapy by regulating ER stress
signalling and inhibiting the EMT programme through the metastasis suppressor protein NDRG1 [123].

7. Conclusions and Perspectives

The involvement of ER stress and the activation of the UPR in cancer initiation and progression is
now supported both by in vitro analyses and data from clinical samples [41,43,46,81]. Whether the
UPR implication in cancer is mediated through EMT is still debated, although ER stress and EMT
are both linked to similar hallmarks responsible for tumour progression. In this review, we have
highlighted the ER stressors that activate the UPR and subsequently EMT, suggesting that the UPR may
be an additional upstream signal for the induction of the EMT programme; this role of the UPR might
well be dependent on the tumour type and/or the nature of the triggering stress (Figure 3). Probably,
there is an underestimation of the actual UPR-EMT axis contribution to cancer. The understanding
of these allied pathways and the hierarchy governing their signalling as well as the stromal cues
that support their activation during tumour progression is far from complete. In order to improve
the clinical management of cancer patients, the identification of specific markers for UPR and EMT
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status in cancer cell subpopulations within tumour biopsies possibly will aid in predicting tumour
progression and therapy response.

In conclusion, the development of drugs targeting ER stress in particularly susceptible cells such
as those in different EMT states might constitute a promising cancer therapy.
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Abstract: Endometrial carcinogenesis is involved in several signaling pathways and it comprises
multiple steps. The four major signaling pathways—PI3K/AKT, Ras/Raf/MEK/ERK, WNT/β-catenin,
and vascular endothelial growth factor (VEGF)—are involved in tumor cell metabolism, growth,
proliferation, survival, and angiogenesis. The genetic mutation and germline mitochondrial DNA
mutations also impair cell proliferation, anti-apoptosis signaling, and epithelial–mesenchymal
transition by several transcription factors, leading to endometrial carcinogenesis and distant
metastasis. The PI3K/AKT pathway activates the ransforming growth factor beta (TGF-β)-mediated
endothelial-to-mesenchymal transition (EMT) and it interacts with downstream signals to upregulate
EMT-associated factors. Estrogen and progesterone signaling in EMT also play key roles in the prognosis
of endometrial carcinogenesis. In this review article, we summarize the current clinical and basic research
efforts regarding the detailed molecular regulation in endometrial carcinogenesis, especially in EMT, to
provide novel targets for further anti-carcinogenesis treatment.

Keywords: endometrial cancer; epithelial-mesenchymal transition; AKT/PI3K; Ras/Raf/MEK/ERK;
WNT/β-catenin

1. Introduction

Endometrial cancer is the most common neoplasm of the female genital tract. Its incidence
and mortality rates are increasing. Endometrial carcinogenesis is a complex and multi-step process
that features a slow progression from hyperplasia to endometrial cancer [1,2]. Several risk factors
have been implicated and investigated, especially obesity and diabetes mellitus. As summarized
by Sanderson et al. [3], the factors that contribute to endometrial carcinogenesis during estrogen
stimulation include polycystic ovary syndrome (PCOS), obesity, perimenopause, functional tumor,
and iatrogenic events. These conditions induce continuous estrogen stimulation that is unopposed by
progesterone. Features of PCOS also include obesity and hyperinsulinemia, which also are important
risk factors in endometrial carcinogenesis. Estrogen overstimulation was also associated with the
phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway and the downstream mammalian
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target of rapamycin (mTOR) signaling to promote epithelial-mesenchymal transition (EMT), which
occurs due to the inhibition of E-cadherin [4].

Genetic mutations also introduce several functional abnormalities and increased stress, which
promote carcinogenesis. Kandoth et al. [5] collected and analyzed 373 high-grade endometrioid
tumors. Mutations in PTEN, CTNNB1, PIK3CA, ARID1A, KRAS, and ARID5B were detected at high
frequencies by array and sequencing analyses. PTEN and KRAS mutations in endometrial carcinoma
may trigger the PI3K/AKT and mitogen-activated protein kinase/extracellular signal-activated kinase
(MAPK/ERK) pathway. PIK3CA and PIK3R1 mutations frequently occur with the PTEN mutation.
KRAS and CTNNB1 mutations are also involved in WNT signaling in endometrial carcinogenesis.
Chang et al. [6] investigated genomic alterations in 14 tumor tissues from Taiwanese endometrial
cancer patients. The authors reported nine potential driver genes (MAPT, IL24, MCM6, TSC1, BIRC2,
CIITA, DST, CASP8, and NOTCH2) and 21 potential passenger genes (ARMCX4, IGSF10, VPS13C, DCT,
DNAH14, TLN1, ZNF605, ZSCAN29, MOCOS, CMYA5, PCDH17, UGT1A8, CYFIP2, MACF1, NUDT5,
JAKMIP1, PCDHGB4, FAM178A, SNX6, IMP4, and PCMTD1) and impaired cell functions that included
cell proliferation, cell cycling, and death, via the mTOR, Wnt, MAPK, and vascular endothelial growth
factor (VEGF) pathways. Gibson et al. [7] analyzed 98 tumor tissues using whole-exome sequencing.
The mutation of NRIP1, which is an obligate cofactor of the estrogen receptor, accounted for 12.5% of
the mutations.

However, detailed pathophysiology of endometrial cancer has remained unclear in clinical or basic
studies. Many studies have focused on the molecular and cell biology on endometrial cancer, including
the immune escape, local inflammation, mitochondria dysfunction, tumor cell proliferation, and cell
death. These studies have informed novel approaches for the therapeutic strategies of endometrial
cancer [8]. In this review, we present recent evidence and summarize the current concept of cell biology
and molecular regulation of endometrial cancer. Our aim is to provide a strong foundation for the
development of further therapeutic interventions.

2. Clinical Feature of Endometrial Carcinoma

Endometrial cancer is the seventh most common cancer globally, with increasing rates of incidence
rate and mortality. An incidence of 24.7 per 100,000 women has been reported in Flanders and similar
rates have been reported in other western European countries [9,10]. The typical presentation in
endometrial cancer is abnormal uterine bleeding, especially in postmenopausal women. Abnormal
uterine bleeding has been reported in about 60% of endometrial cancer patients [11,12] In some cases,
due to atypical presentation the endocervical cavity anomaly may delay the diagnosis of endometrial
cancer [13]. Other incidental findings of endometrial cancer may be obtained from cervical cytology or
image findings. In cervical cytology analysis, adenocarcinoma was reported to arise from the cervix or
endometrium, and further survey is necessary [14,15]. The presence of atypical glandular cells and
endometrial cells in high risk patients is a hint to physicians to assess the endometrial neoplasm. In an
update, Sanderson et al. [3] described the necessity for initial management of endometrial hyperplasia
in abnormal uterine bleeding cases. In an atypical hyperplasia (AH) group, total hysterectomy with or
without bilateral salpingo-oophorectomy (BSO) was suggested. If fertility is an issue or for patients in
whom surgery is contraindicated, knowledge regarding the risk factors that are present is important in
the control of estrogen stimulation. The Levonorgestrel-releasing intrauterine system (LNG-IUS) is
the first-line therapy for these patients. In the endometrial hyperplasia without atypia group (EH),
addressing the risk factors has also been suggested as a first step. Endometrial biopsy every six months
in EH and three months in AH is prudent. The results are divided into three groups: regression,
persistence, and prognosis. In regression cases, the continuation of LNG-IUS for five years was
suggested, and oral progestogen may stop after six months. In the persistence group, 12 months of
medical treatment was suggested in EH patients. Total hysterectomy with BSO was advised in AH
patients with persistence and progression in pathological reports [16].

466



J. Clin. Med. 2019, 8, 439

Transvaginal ultrasound (TVU) is an effective and noninvasive method in assessing the thickness
and the characteristics of endometrium. The sensitivity and specificity of TVU with a cut-off of 5 mm
were reported as 80.5% and 85.7% [17,18]. Computed tomography (CT) is an alternative tool to assess
huge tumors in the pelvis [19]. However, the resolution of soft tissue by CT is lower when compared to
magnetic resonance imaging (MRI). MRI can provide detailed information regarding tumor invasion
and lymphadenopathy in endometrial cancer patients [20]. Preoperative staging via preoperative
assessments, including TVU, CT for lung and liver, and MRI for retroperitoneal lymph nodes, is
necessary for physicians to detect early stage or advanced disease [21,22]. In advanced disease,
laparotomy, which prevents port-site metastasis, or palliative treatment, may be suitable for these
patients [23]. However, endometrial cancer is a surgically staged disease, which comprises myometrial
and intra-abdominal invasion. The International Federation of Gynecology and Obstetrics (FIGO)
staging system is based on the myometrial and intra-abdominal invasion, such as the involvement
of uterine serosa, adnexa, ascites, and intra-abdominal lymph nodes, to predict the mortality rate
(Table 1). Previous studies reported that the FIGO staging system significantly reflected the five-year
survival rate, with rates of 85% for stage I, 93% for stage IA, 90% for stage IB, 75% for stage II, 45% for
stage III, and 25% for stage IV [24,25].

Table 1. TNM and International Federation of Gynecology and Obstetrics (FIGO) staging scoring
system of endometrial cancer.

When T When N When M FIGO Stage

T1 N0 M0 I
T1a N0 M0 IA
T1b N0 M0 IB
T2 N0 M0 II
T3 N0 M0 III

T3a N0 M0 IIIA
T3b N0 M0 IIIB
T1-3 N1/N1mi/N1a M0 IIIC1
T1-3 N2/N2mi/N2a M0 IIIC2
T4 Any N M0 IVA

Any T Any N M1 IVB

T: Extent of the primary tumor, N: Involved regional lymph nodes, M: Distant metastasis, N1mi/N2mi:
nodal micrometastases.

According to the clinicopathologic features, endometrial cancer is divided into two major types.
Type 1 endometrial carcinomas include low-grade endometrioid endometrial carcinomas (FIGO
grades 1 and 2), which accounted for the majority of cases (80% in one study [26]). Estrogen,
from endometrial hyperplasia to the early stage induced these neoplasms. The prognosis is better
than the prognosis for type 2 neoplasms, with FIGO grade 3 endometroid and nonendometrioid
histologies that include serous, clear cell, mixed cell, and undifferentiated types. These type 2
neoplasms are not responsive to estrogen and they are associated with a poor prognosis. Endometrioid
endometrial carcinoma can be induced by exposure to endogenous or exogenous estrogen, leading
to abnormal endometrial proliferation, which causes endometrial adenocarcinoma. Several risk
factors, including obesity and type 2 diabetes mellitus, reportedly promote the carcinogenesis
of the endometrium. Genetic mutations, such as PTEN, KRAS, ARID1A, PIK3CA, and CTNNB1
and microsatellite instability have been investigated [27]. These mutations and stress induced
downstream pathways promote carcinogenesis [28]. Type 2 endometrial cancers, such as serous,
clear cell carcinomas, and carcinosarcomas, are not associated with estrogen stimuli induced by
different mechanisms. Mutations of p53 are commonly involved in the disease [29–31]. The detailed
pathogenesis of endometrial carcinoma is still not well understood. Some of the mechanisms that have
been implicated in the pathogenesis of endometrial carcinoma are considered in the following sections.
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3. Signaling Pathways in Endometrial Carcinogenesis

Endometrial carcinogenesis involves several signaling pathways that promote cell proliferation
and facilitate the escape from the immune system and apoptosis signaling [32–34]. Several
major pathways that were identified in endometrial cancer„ such as hypoxia-inducible factor 1
alpha (HIF-1α)/VEGF, PI3K/AKT/mTOR, Ras/Raf/MEK/ERK, Wnt/β-catenin, and Insulin/Insulin
growth factor-1 (IGF-I) signaling pathways (Figure 1). Detailed knowledge regarding these signaling
pathways is necessary to understand the pathophysiology of carcinogenesis for the development of
novel targeted endometrial cancer therapies.

 

Figure 1. Schematic drawing presents the detail signaling pathways of endometrial carcinogenesis.
The genes mutations and imbalance of estrogen and progesterone may triggered the several pathways,
including Ras/Raf/MEK/ERK signaling pathway, Wnt/β-catenin signaling pathway, AKT/PI3K
Pathway, vascular endothelial growth factor (VEGF) pathway, and mtDNA mutation, involved in
carcinogenesis to induce cell proliferation, angiogenesis, epithelial-mesenchymal transition, and
anti-apoptosis effect, promoting the cancer cell to local invasion and distant metastasis.
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3.1. HIF-1α/VEGF Axis

Hypoxia is an important microenvironment in tumor growth and malignant progression. Hypoxia
triggers the transcription of key genes for cell adaptation, including those that are important in
angiogenesis and neovascularization, to increase oxygen availability, local invasion, and distant
metastasis to escape from hypoxia and for metabolic reprogramming to adapt to hypoxia [35,36].
Hypoxia was initially commonly described in solid tumors, but further studies showed that
hypoxia-inducible factor (HIF) is also involved in endometrial carcinogenesis [37–39]. The tumor has
been associated with hypoxia, which stabilizes HIF-1α, which is a transcriptional activator of various
genes, to upregulate VEGF levels and promote vascular growth and tumor progression. In a hypoxic
environment, the stable form of HIF-1α acquires transactivation activity via the lowered activity of
prolyl and asparagine dioxygenases. HIF-1α translocates to form a heterodimer with HIF-1β. HIF-1
induces the transcription of various genes by binding with HIF-responsive elements (Figure 1) [40].
VEGF is one of the important genes that is involved in endometrial carcinogenesis [41]. The VEGF
levels are high and microvessel proliferation (MVP) is extensive in poorly differentiated, advanced,
and metastatic endometrial cancer specimens. This clinical feature also reveals an important role for
increased angiogenesis in the progression of endometrial cancer [42]. Endometrial cancer is a hypoxic
tumor that occurs in endometrial epithelial tissue in peri-menopausal and postmenopausal women. In
an anoxic environment, endometrial cancer cells form a new vascular system, which is an important
mechanism in the adaptation to hypoxia [37,43].

VEGF is a key cell growth factor that stimulates tumor blood vessel growth [44]. Endometrial
cancer is crucial in the expression of VEGF during the formation of new tumor blood vessels. However,
HIF-1 directly regulates the increased expression of VEGF [45,46]. The regulation mechanism and
clinical application of VEGF in endometrial cancer have become important topics of study [40]. In
addition, estrogen may activate the nuclear factor-kappa B pathway by activating the P13K/AKT
pathway to produce VEGF factor, which in turn promotes the proliferation and migration of
endometrial cancer cells [47,48]. P13K/mTOR pathway inhibitors can sensitize endometrial cancer to
radiation therapy by inhibiting HIF-1a/VEGF signaling (Figure 1) [49].

Angiogenesis plays a vital role in the pathological development of tumors. Due to the sustained
action of VEGF, a large number of new blood vessels can be produced in the progression of endometrial
cancer. The new blood vessels not only provide the tumor tissue with the nutrients necessary for
growth, but they also remove metabolic products [50,51]. As a major regulator of neovascularization
in endometrial cancer, HIF-1 directly regulates the expression of VEGF at the gene level. HIF-1α
and VEGF are also closely related to early lymphatic metastasis of endometrial cancer [52]. Clinical
pathological analysis has confirmed that lymphangiogenesis and lymphatic metastasis are early events
in the dissemination of most solid tumors [53,54]. VEGF induces tumor lymph angiogenesis and it
is an important cause of tumor cell metastasis through the lymphatic system [55]. In endometrial
cancer tissues, the lower the degree of differentiation and the later the stage, the stronger is the positive
expression rate of HIF-1α and the positive correlation with VEGF expression, suggesting that HIF-1α
promotes angiogenesis by the regulation of the target gene, VEGF [56,57].

3.2. PI3K/AKT Pathway

The PI3K/AKT signaling pathway is a central regulator in endometrial carcinogenesis.
The pathway connects intracellular and extracellular signaling [58]. The PI3K/AKT pathway reportedly
mediates cell metabolism, growth, proliferation, survival, and angiogenesis [59]. In endometrial
carcinogenesis progress, environmental stress and molecular alterations that result from growth factors,
cytokines, insulin, and other factors induce PI3K signals by binding to the cell membrane receptors.
The binding activates PI3K, which is then transformed to phosphatidylinositol 4,5-bisphosphate (PIP2),
phosphatidylinositol 3,4,5-trisphosphate (PIP3), and phosphoinositide-dependent kinase 1 (PDK1).
PDK1 phosphorylates the AKT protein [57,60], which inactivates the tuberous sclerosis complex (TSC)
complex, which in turn leads to the downstream activation of mTORC1 [61]. The mTOR pathway was
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reported to activate endometrial carcinogenesis. In addition, signaling by receptor tyrosine kinases
(RTKs) also induces the activation of the Ras/Raf/MEK/ERK signaling pathway (Figure 1) [62,63].
This pathway induces cell growth, proliferation, survival, and angiogenesis. The high frequency
of the mutation of PIK3CA, a key gene that encodes the PI3K alpha subunit, has been described in
endometrial cancer [64–66]. PTEN mutations are also frequently observed and they are present in
up to 50% of endometrial cancers, followed by mutations of PIK3CA (30%) and K-Ras (20%) [64].
Mutations in PTEN may dysregulate PI3K/AKT/mTOR activation to inhibit apoptosis-related factors
and activate anti-apoptotic factors, promoting endometrial carcinogenesis [67,68].

3.3. Ras/Raf/MEK/ERK Signaling Pathway

Multiple steps comprise the Ras/Raf/MEK/ERK signaling pathway. The pathway regulates
cell proliferation and differentiation [69]. The signaling cascade is activated by several upstream
signaling sources, which include genetic alterations, growth factors, cytokines, interleukin, and
mitogen. These factors may interact with membranous receptors, such as RTKs, in endometrial
cancer [70]. The activated Ras protein interacts with RAF to promote RAF phosphorylation and activate
MEK. The activated MEK phosphorylates MAPK, which is also known as ERK [71]. MARK regulates
cell proliferation and differentiation by mediating apoptosis signaling and cell cycle progression due to
its interaction with the p53 pathway (Figure 1). In endometrial cancer, Ras/Raf/MEK/ERK signaling
is often activated by the overexpression of receptors [72]. The mutation of the K-RAS gene, which
encodes a small GTPase superfamily protein, has been frequently observed in 20% of endometrial
cancers [64,73]. In addition, a similar mutation rate of K-RAS was noted in endometrial hyperplasia,
when compared to endometrial carcinomas. The K-RAS mutations were as early events and were
significantly associated with endometrial carcinogenesis [74].

3.4. Wnt/β-Catenin Signaling Pathway

The Wnt/β-catenin signaling pathway is divided into two major pathway types—the canonical
(β-catenin dependent pathway) and the non-canonical pathway (Wnt/JNK or Wnt/calcium
pathway)—which regulate several aspects of cell biology, including embryogenesis, cell differentiation,
proliferation, and tumorigenesis [59]. Along with the Wnt ligand, Wnt interacts with the Frizzled
family of proteins to inhibit the complex of APC/AXIN/CK1/GSK3β, which mediates the stabilization
of β-catenin, and then it activates the translocation of β-catenin to the nucleus [75–77]. In the nucleus,
β-catenin interacts with the T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) family of
transcription factors. This interaction preludes gene transcription that promotes cell proliferation and
survival. In the non-canonical Wnt pathway, Wnt mediates the release of calcium and calmodulin by
binding to the Frizzled receptors [78]. The non-canonical and canonical pathways interact with each
other. Crosstalk and overlapping Wnt signaling pathways are features of the Wnt network theory [79].
The Wnt/β-catenin signaling is important in endometrial hyperplasia and cancer (Figure 1). Mutations
in the gene encoding β-catenin gene mutations produced an accumulation of β-catenin in 38% of
endometrial carcinoma cases in one study, and immunohistochemistry subsequently demonstrated
the nuclear accumulation of β-catenin in 12–31% of the endometrial cancer cases examined [80,81].
The overexpression of Wnt pathway components, such as Wnt7a, has been correlated with advanced
tumor progression and poor prognosis in endometrial cancer [82–84]. Progesterone and estrogen are
also involved in Wnt signaling and they regulate the endometrial cycle [85]. These two hormones
establish a dynamic balance that regulates the menstrual cycle. During the first two weeks of the
menstrual cycle, the release of large amounts of estradiol from the cells triggers an increase in the
levels of the endometrial estrogen receptor (ERα). The ER signaling promotes PI3K/AKT, MAPK,
and Wnt signaling, which induce endometrial proliferation via the transcription of the downstream
target genes [86–89]. During the late stage of the menstrual cycle, the release of progesterone by
the corpus luteum inhibits estradiol control of the proliferation of endometrial cells. Endometrial
carcinogenesis features an imbalance of the amounts of progesterone and estrogen. The overexpressed
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estrogen binds to ER-α, ER-β, and G protein-coupled estrogen receptor (GPR) 30, which triggers
the over-transactivation of numerous growth-promoting genes, including epidermal growth factor
(EGF), IGF-1, VEGF, and fibroblast growth factor (FGF). The over-activity leads to tumorigenesis.
The dysfunction of progesterone in endometrial cancer has been reported [90]. In Ishikawa cells,
progesterone may activate the expression of Dickkopf1 (DKK1) and Forkhead box protein O1 (FOXO1)
to inhibit Wnt signaling [85]. Small interfering RNA-mediated knockdown of DKK1 and FOXO1 and
immunohistochemical analysis have shown similar results and confirmed that progesterone inhibits
Wnt signaling in endometrial hyperplasia and endometrial carcinogenesis. In stage I endometrial
cancer, the expression of DKK1 and FOXO1 may be reduced due to poorly differentiated ER-α and the
progesterone receptor (PR).

3.5. Insulin/IGF-I Signaling Pathway

Insulin/IGF-I activates the P13K/AKT signaling pathway through the tyrosine kinase receptor.
This promotes downstream cyclinD1 expression and cell proliferation [91]. The observations that
streptozotocin can reduce the circulating insulin levels in obese mice, and that the pro-proliferative
effect of estrogen is significantly reduced, favor the suggestion that insulin may increase the estrogen
sensitivity of the endometrial cells [92]. The changes in endometrial estrogen sensitivity may be
associated with estrogen receptor levels. IGF-I can upregulate the expression of the G protein-coupled
estrogen receptor (GPER) in endometrial cancer cells and promote cell migration and proliferation [93].
In addition, the IGF-I receptor can be overexpressed in endometrial proliferative lesions and tumor
suppressor genes, and PTEN deficiency has been associated with a frequent incidence of endometrial
proliferative lesions [94]. The collective findings indicate that the insulin/IGF-I signal can cooperate
with other signals to play a role in promoting cancer.

4. Epithelial-Mesenchymal Transition (EMT) Signaling Pathways in Endometrial Carcinoma

4.1. Classification of EMT

EMT is an important process, in which epithelial cells lose their cell–cell contacts and adopt a
mesenchymal-like property that features cytoskeleton remodeling and migratory activity [63]. EMT is
important in embryonic development and tissue repair [95]. There are three types of EMT. Type 1 is
responsible for embryogenesis and organ development. Cells can differentiate to form different types of
secondary epithelial tissues [96]. Type 2 is induced by inflammation and fibrosis for tissue regeneration
and organ fibrosis. In carcinogenesis, type 3 EMT reportedly explains the transformation of secondary
epithelial cells into cancer cells and the resulting local invasion and distant metastasis [97,98]. Epithelial
cell transformation to invasive cancer cells is a complex and multi-stage process. Initially, the polarity
of epithelial cells is lost, leading to cell detachment from the basement membrane due to the changes
of extracellular matrix (ECM) interactions [99]. EMT is involved in the tumor growth phase and
the progression to metastatic cancer. The EMT signaling pathways may be activated by several
cytokines or growth factors from the local microenvironment, followed by the interaction with
transforming growth factor beta (TGF-β), bone morphogenetic protein, Wnt/β-catenin pathway,
Notch, Hedgehog, and RTKs [100,101]. The involvement of EMT in the carcinogenesis process in
endometrial cancer was recently demonstrated, which involved E-cadherin loss or the induction of its
repressors. Other gynecologic cancers also feature the involvement of the EMT pathway [102].

4.2. Effect of Tumor Microenvironment on TGF-β-Mediated EMT

Normal cells and cancer cells respond differently to transforming growth factor beta (TGF-β) in
different ECMs [103]. TGF-β regulates the activation of cancer-associated fibroblasts (CAF) around
cells and myofibroblasts. CAFs secrete numerous pro-tumorigenic cytokines that include interleukin-6
(IL-6), which can be isolated from endometrial cancer tissues and promote cell proliferation [104].
CAFs are also involved in endometrial carcinogenesis due to their secretion of IL-6, IL-8, MCP-1, CCL5,
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and RANTES to promote cancer progression [105]. Subramaniam et al. [106] described the primary
culture of CAFs that was obtained from human endometrial cancer tissues by antibody-conjugated
magnetic bead isolation. The CAFs displayed specific effects that triggered endometrial cancer cell
proliferation, as compared to fibroblasts that were cultured from benign endometrial hyperplasia
tissues. The CAFs induced the proliferation of endometrial cancer cells by the SDF-1α/CXCR4 axis,
which activated the PI3K/AKT and MAPK/ERK signaling pathways via paracrine hormone (Figure 1).
The effect also promoted matrix metalloproteinase 2 (MMP-2) and MMP-9 secretion via autocrine
the hormone [107]. The mTOR signaling was reported in CAF-mediated cell proliferation and it was
confirmed by the use of the mTOR inhibitor rapamycin [106,108]. These results were not found in
normal endometrial fibroblasts. When these cells were activated, they can synthesize and secrete a
variety of growth factors, chemokines, and ECM proteins, which can promote the carcinogenesis of
the adjacent epithelial cells [99,106,109]. In vitro experiments have demonstrated that these cells can
be induced to exhibit cancer-like structures by selectively blocking the expression of type II TGF-β
receptor (TβR-II) in prostate and gastric mesenchymal fibroblasts [110]. By inhibiting the activation
of CAF, TGF-β can exert a tumor suppressor effect. The loss of the TGF-β signal in CAFs is an
environmental factor that promotes the carcinogenesis and metastasis of CAFs.

4.3. Transcriptional Regulators in TGF-β and EMT

The EMT pathway is triggered by several transcription factors in different signaling pathways.
TGF-β is the major factor that leads to EMT via SMAD-mediated and non-SMAD signaling.
Both endometrial cancer and stromal cells produce high levels of TGF-β and they may recruit
TGF-β secreting cells, including macrophages and neutrophils [111]. The release of TGF-β from
epithelial cancer cells can also regulate the microenvironment of the tumor mass via an autocrine
or paracrine [112]. TGF-β binding to membrane receptors activates SMAD2/3 to bind SMAD4 and
form the SMAD complex [100]. By promoting EMT, this complex is involved in the regulation of
transcription following its translocation into the nucleus (Figure 1) [113]. TGF-β has several roles in
the EMT process, which include the activation of epithelial proteins expression via EMT transcription
factors, reducing the expression of the epithelial splicing regulatory proteins, and increasing the activity
of non-SMAD signaling pathways, including the PI3K/AKT pathway for translational regulation,
partitioning defective 6 (PAR6) complex for cell junction dissolution, and the activity of RHOA, RAC,
and CDC42 for cytoskeletal changes. In endometrial carcinogenesis, the imbalance of TGF-β signaling
at the early stages is a key signal, which causes abnormal proliferation of the endometrium [114].
In a microarray gene expression analysis study, TGF-β1 induced EMT signaling to promote an
invasive phenotype in HEC-1A and RL95-2 cells [113]. After administration of the TGF-β1 inhibitor,
SB-431542, the endometrial carcinoma invasion was controlled and precluded [113,115]. Additionally,
the overexpression of microsatellite instability dominant-negative RII (DNRII) blocked TGF-β signaling
in human endometrial carcinoma HEC-1-A cells, which significantly inhibited cell proliferation and
growth and stimulated apoptosis. The DNRII cells also showed more epithelial features and they
were reduced in their capacity to migrate, invade, and metastasize, when compared to the control
group [115].

TGF-β signaling has two major functions—the activation of SMAD signaling and non-SMAD
pathways. Several non-SMAD signaling pathways have been implicated in the response to the
full EMT process, including the PI3K/AKT, Ras/Raf/MEK/ERK, and Wnt/β-catenin signaling
pathways (Figure 1) [116,117]. TGF-β interacts with the TGF-β receptor type I membrane receptor
to phosphorylate the adaptor protein SRC homology 2 domain-containing-transforming A (SHCA).
The phosphorylation leads to the activation of the Ras/Raf/MEK/ERK signaling pathway via the
growth factor receptor-bound protein 2 (GRB2) and son of sevenless (SOS). TGF-β signaling also
promotes the p38 and JNK activation by tumor necrosis factor receptor-associated factor 6 (TRAF6)
to process EMT signaling. TGF-β signaling and several growth factors, such as VEGF, EGF, FGF,
and hepatocyte growth factor, via RTKs induce the Ras/Raf/MEK/ERK signaling pathway. Wnt
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signaling is activated, which results in the release of β-catenin into the nucleus by the inhibition of
glycogen synthase kinase-3β (GSK3β). β-catenin interacts with LEF and TCF, leading to the EMT
process. Other signaling pathways, including the Notch and Hedgehog pathways, also promotes
EMT in endometrial carcinogenesis by the induction of SNAIL1 expression, which leads to decreased
local levels of E-cadherin. EMT promoted by SNAIL, and zinc-finger E-box-binding (ZEB) and basic
helix–loop–helix (bHLH) transcription factors cause the downregulation of epithelial marker genes
and the establishment of a mesenchymal phenotype. In endometrial cancer, a decreased level of
E-cadherin was reported in 19.5% of G1, 40.8% of G2, and 72.7% of G3 of endometrial cancer [118] with
an elevation of Snail and Slug nuclear expression. In addition, clinical outcomes, such as histological
type, FIGO stage, local invasion, and cytology, have been strongly associated with the expression
of E-cadherin and Snail, which significantly reflect the EMT status, and are prognostic factors in
endometrial cancer [118].

4.4. Estrogen Signaling in EMT

Estrogen signaling is an important prognostic marker that reflects the resistance to hormonal
therapies in endometrial cancer. Non-genomic and genomic responses may trigger the estrogen
signaling pathways [119]. In the genomic pathway, estrogen directly binds estrogen receptor alpha
(ERα) to form the ER-E complex. After dimerization, the ER-E complex may directly mediate gene
expression or interact with transcription factors to regulate gene expression [120]. In the non-genomic
pathway, the ER-E complex forms in the membrane, where it binds the proto-oncogene tyrosine-protein
kinase Src. This triggers calcium release and induces the protein kinase A (PKA) pathway. PKA
signaling regulates the expression of estrogen-responsive genes through the activation of transcription
factors. These genetic expressions promote cell proliferation. ERα also closely regulates progesterone
signaling. Mohammed et al. [121] described that the progesterone receptor is an ERα-induced target
gene that also modulates ERα behavior. The PR-A and PR-B ligands can inhibit estradiol-stimulated
ER activity to control the progression of endometrial cancer [122]. Estrogen also induces another
non-transcriptional regulation pathway to over-activate the PI3K/AKT pathway. The in vitro results
confirmed that the PI3K/AKT signal pathway is activated in Ishikawa cells via an ER-dependent
pathway and in HEC-1A cells via an ER-independent pathway [123]. Estrogen stimulation in type I
and II endometrial cancer has also been associated with the PI3K/AKT pathway via the binding to
p85/p110 [124]. Downstream of the PI3K signaling pathway activates mTOR signaling, leading to the
transcription of Snail 1/2 and Twist and the promotion of EMT via the inhibition of E-cadherin [4].
Poor estrogen signaling expression has been correlated with an advanced phenotype, especially in
type II endometrial carcinoma [4]. In addition, the reduced expression of estrogen signaling has been
associated with the increased expression of multiple EMT markers, including Snail1/2, Twist, and ZEB
1/2. Blocking Akt signaling by PI3K inhibitors may provide a new target in endometrial cancer.

GPER is a protein that is encoded by the GPER gene. The protein binds to estradiol with high
affinity as the third estrogen receptor [125]. The binding of estrogen to GPER activates adenylyl
cyclase to induce the activation of MMP and trigger the heparan bound EGF. These factors form the
membrane-localized GPER-1, which promotes MAPK and PI3K signaling. Immunohistochemical
studies have significantly associated GPER-1 expression with progression of female reproductive
cancer. In the HEC50 endometrial cancer cell line, estrogen signaling is activated through GPER to
induce the downstream PI3K/AKT pathway [126]. This pathway promotes the EMT process and
induces high-grade invasive endometrial cancer.

4.5. Progesterone Signaling in EMT

The expression of PRs has been reported as a key factor that is associated with prognosis and
drug-resistance of endometrial cancer [127,128] The well-differentiated endometrial cancer usually
presented with PR, which may maintain the effect of hormone therapy, such as medroxyprogesterone
acetate. When the expression of PR is lost, the target for hormone therapy is also lost, which is a
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negative prognostic factor. This type endometrial cancer usually progresses to a more advanced and
invasive phenotype. The effect of hormone therapy may only be successful in 15–20% of cases of
invasive phenotype endometrial cancer [129,130]. In endometrial cancer, the loss of the expression of
progesterone signaling may trigger the EMT and diminish T-cell infiltration [131]. Several signaling
pathways have been identified in progesterone modulated cell lines, including EGF, IL-6, PDGF,
TGF-β, VEGF, and Wnt/β-catenin signaling, which mediate gene expression that is associated with
the progressive and non-progressive phenotypes. A strong link between progesterone and the TGF-β
signaling pathway has been reported in many studies. The increased expression of TGF-β triggers
endometrial cancer that features a poor survival rate. Progesterone has a chemoprotective effect
in endometrial cancer by impairing TGF-β signaling. In vitro, progesterone significantly decreased
TGF-β signaling 72 h after treatment in Ishikawa cells [117]. In the same study, progesterone also
effectively inhibited endometrial cancer cell viability and invasion during the increased expression
of E-cadherin. Thus, the progesterone signaling in endometrial cancer may be critical in stimulating
immunosurveillance and inhibition of EMT [131].

5. Conclusions

In the present article, we have summarized the clinical and basic research that has been focused on
the detailed molecular regulation of endometrial carcinogenesis. The PI3K/AKT pathway mediates cell
metabolism, growth, proliferation, survival, and angiogenesis. It also activates Ras/Raf/MEK/ERK
signaling, which in turn regulates cell proliferation and differentiation. The Wnt/β-catenin signaling
pathway is also involved in endometrial carcinogenesis by regulating cell proliferation. These
major signaling pathways collectively promote EMT by triggering several transcription factors. The
epithelial cells lose cell–cell contacts and adopt a mesenchymal-like property, with cytoskeleton
remodeling and migratory activity via the EMT process, which promotes endometrial carcinogenesis
and distant metastasis. The mutations of mtDNA, especially germline mutations, are associated with
tumorigenesis. The detailed mechanism of mtDNA mutation-involved in endometrial cancer is still
unclear. These concepts are worthy of investigation to provide novel targets in the development of
efficacious therapeutic interventions.
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Abstract: Growing evidence points to exosomes as key mediators of cell–cell communication, by
transferring their specific cargo (e.g., proteins, lipids, DNA and RNA molecules) from producing to
receiving cells. In cancer, the regulation of the exosome-mediated intercellular communication
may be reshaped, inducing relevant changes in gene expression of recipient cells in addition
to microenvironment alterations. Notably, exosomes may deliver signals able to induce the
transdifferentiation process known as Epithelial-to-Mesenchymal Transition (EMT). In this review,
we summarize recent findings on the role of exosomes in tumor progression and EMT, highlighting
current knowledge on exosome-mediated intercellular communication in tumor-niche establishment,
migration, invasion, and metastasis processes. This body of evidence suggests the relevance of
taking into account exosome-mediated signaling and its multifaceted aspects to develop innovative
anti-tumoral therapeutic approaches.

Keywords: tumor niche; Epithelial–Mesenchymal plasticity; cancer-derived exosomes; extracellular
vesicles; metastasis

1. Introduction

The lipid-bilayer extracellular vesicles (EVs) include at least three main classes of vesicles that
differ in dimension, biogenesis and biophysical properties: exosomes, microvesicles, and apoptotic
bodies. Here, we focused on exosomes, small vesicles with an average diameter from 30 to 200 nm that
originate inside the Multi Vesicular Bodies (MVBs) and are released by the parental cell after MVB
fusion with plasma membrane.

Although exosomes were first identified as garbage disposal [1,2], current knowledge highlights
the direct role of these vesicles in governing physiological and pathological conditions by transferring
information from producing to receiving cells. Exosomes, indeed, may signal in autocrine but, most
importantly, in paracrine and endocrine manner, being taken up by neighboring cells or carried to
distant sites. Thus, they assure the horizontal transfer of specific bioactive molecules (including
proteins, lipids, RNAs, and DNA [3]) from donor to recipient cells.

Exosomes are ordinarily released by different cell types [4]. They have been identified in various
body fluids (including semen, blood, urine, cerebrospinal fluid, and milk) and their role is strongly
associated with the cytotype of the producing cells. For example, exosomes participating in supporting
immune response [5] and, as vesicles secreted by cells of the nervous system, have been found to
coordinate myelin membrane biogenesis, neuronal development, transmission and regeneration [6–8].
Interestingly, several studies recently reviewed by Guay and Reguazzi [9], pointed to the involvement
of exosomes in a “new endocrinology”, being mediators of the crosstalk between metabolic organs.

Despite the exosome role in homeostasis maintenance and physiology, the most recent intensive
investigation was focused on the involvement of these EVs in pathological processes. Particularly
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in cancer, the regulation of the exosome-mediated intercellular communication may be reshaped.
Exosomes, indeed, may carry messages from transformed to healthy cells or to other cells in the tumor
or they may signal in an autocrine manner back to the producing tumor cell, thus allowing relevant
changes in recipient cells behavior and microenvironment alterations. Notably, exosomes may deliver
signals able to induce an Epithelial-to-Mesenchymal Transition (EMT), a transdifferentiation process
that underlines tumor dissemination.

In this review, we focus our interest on the role of exosomes during the EMT process in tumor
progression. Starting with an overview on the molecular composition of these vesicles, with a focus on
their emerging heterogeneity, we highlight current knowledge on the exosome-mediated intercellular
communication in tumor niche establishment, migration, invasion, and metastasis processes.

This body of evidence suggests the relevance of taking into account exosome-mediated signaling
and its multifaceted aspects to develop innovative anti-tumoral therapeutic approaches.

2. Exosome Heterogeneity and Cargo Composition

Exosomes are generally characterized by markers such as tetraspanins (e.g., CD63 [10]) and heat
shock proteins (HSP70 and HSP90 [11]) while their biogenesis involves the endosomal sorting complex
required for transport (ESCRT; [12]), Rab proteins [13], syndecan-syntenin-Alix [14], and others.
Despite that, the improvement in the technologies adopted for exosomes isolation and characterization
highlighted that, even if originating within the MVBs and presenting common markers, exosomes may
show physical and chemical differences. Therefore, for a better comprehension of the variety and the
apparent discrepancy of current literature reports, we should consider that exosomes may exhibit per
se heterogeneity, both in physiological and in pathological conditions.

With respect to exosome features, Kowal and collaborators [15] demonstrated by a quantitative
proteomic analysis, that high-speed ultracentrifugation, considered the gold-standard purification
method for exosomes, allows the isolation of four different populations, among which, only
two are associated with the endosomal pathway, and can be further separated for the different
expression/enrichment in tetraspanin Cluster of Differentiation (CD) 63, CD81, and/or CD9.
Interestingly, Willms et al. [16] demonstrated that several cell types release two major subpopulations
of exosomes with distinct molecular compositions and biological properties. At least two different
types of exosomes have been recovered from saliva, differing in size and content in term of proteins
and RNAs [17,18]. Furthermore, the Lotvall group proved that human mast cells release two distinct
exosome families that, separated by floatation on a density gradient, present “substantial” differences
in RNA species content as demonstrated by microarray and Next Generation Sequencing (NGS).
Interestingly, while RNA from Low Density exosome correlated with cellular mRNA, High Density
exosomes were enriched in non-coding RNA (ncRNA). Moreover, differences in RNA signatures
and protein patterns led the authors to hypothesize about possible different exosome biogenesis
pathways [19].

Exosomes with different protein composition and surface markers have been identified after
flotation onto sucrose gradient by Bobrie et al. [20]. These authors reported that high-speed
ultracentrifugation co-purified vesicles bearing the endosomal tetraspanin CD63 together with smaller
vesicles which exposed the CD9 tetraspanin and the peripheral membrane-associated protein Mfge8.
Most interestingly, the discovery that Rab27a, a small GTPase known to be involved in exosome
secretion, is required for the release of the only CD63 positive exosomes, enforcing the hypothesis that
heterogeneity comes from different molecular mechanisms of formation and secretion of exosomes.

With respect to cargo molecules, exosomes embed several macromolecules e.g., lipids, metabolites,
nucleic acids and proteins (the complete lists of exosome embedded macromolecules can be found
on ExoCarta [21] or Vesiclepedia [22]. Cargo molecules depend on the cell of origin, the change in
response to physiological and pathological conditions [23] and maintain their biological function
when transferred to the receiving cells, impacting their fate [24]. Nucleic acid analysis revealed,
inside exosomes, an abundance of RNA families that, protected from RNases by lipoprotein envelop,
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maintain their functions. Notably, specific subsets of miRNAs appear to preferentially localize to
exosomes [25–27] and, as demonstrated by Pegtel at al. [28], exosome-mediated miRNAs delivery
directly modulates specific targets once in the cytoplasm of receiving cells. Even if numerically less
abundant than small RNAs, long non-coding RNAs (lncRNAs) have been found in exosomes released
by different cell types, specifically by tumor cells, thus representing new specific tumor markers [29–31].
However, further studies are required to fully understand the effects induced by non-coding RNAs in
target cells, specifically concerning lncRNAs, whose pleiotropic roles make them protagonists in the
control of gene expression from epigenetics to miRNAs inhibition. Concerning this, two interesting
manuscripts from the Lorico group [32,33] demonstrated that internalized exosomes, or part of these,
can directly reach the nucleus of receiving cells. These data initiate interest on all of the compounds
that, transported by the exosomes, have a nuclear biological activity (e.g., transcription factors, histone
modification enzymes, and lncRNAs).

Deeper investigations are required also to characterize the loading of specific macromolecules.
The study of miRNA-motifs mediated loading are so far limited to a few reports that identified
specific RNA-binding-proteins and some miRNA consensus sequences mediating the process [34–36].
While the mechanisms of selective loading of RNAs, as well as proteins, in exosomes are still poorly
understood, it is conceivable that pH [37] and hypoxia [38] may affect both the entity of the release
and the sorting of a specific content. The lack of standardized well-characterized methods to isolate,
purify, and quantify the exosomes further limits the study of their content as cell signature.

The high variability of exosome-induced effects is also determined by the type of interactions
occurring between exosomes and target cells that, as recently reviewed in [39], are governed by
numerous factors. Depending on their origin, exosomes have been found to interact preferentially
with specific cell types, and this interaction seems to be strongly conditioned by the integrins exposed
on the exosome surface [40]. It is conceivable that an extensive proteomic analysis of adhesion proteins,
such as extracellular matrix proteins (e.g., fibronectin and laminin) and tetraspanins might help to
predict exosome-cell interactions but we lack efficient protocols for the isolation of outer membrane
proteins only.

Once in touch with target cells, the strategy used to transform these are multiple. First, exosomes
may activate receiving cells from the outside, through a ligand/receptor interaction and subsequent
activation of downstream pathways.

Paradigmatic is the immune tolerance induced by several cancer cells through exosomes, which
express death signals as the PD-L1 (programmed death-ligand 1) or Fas Ligand, and systemically
induce apoptosis in receiving T cells and Natural Killer (NK) cells [41,42]. Ligand /receptor
interaction have a role also in exosome migration around the body as recently demonstrated for CCR7
(CC-chemokine receptor 7) that, exposed on the Dendritic Cell exosomes, contributes to both their
migration on spleen and the induction of inflammation [43]. Exosomes expressing the amphiregulin
(AREG), isolated from several tumor cells, have been found able to activate the Epidermal Growth
Factor Receptor (EGFR) in receiving cells thus affecting the bone marrow microenvironment [44] or
promoting bone metastases [45]. Finally, several groups demonstrated a regulation of the Transforming
Growth Factor (TGF)β pathway mediated by membrane-bound molecules [46,47] or (GPI)-anchored
cell surface glycoprotein [48].

In most cases, the interaction with cellular receptors drives exosome internalization. Receptors or
proteins located on the EV surface participate in fusion, endocytosis or phagocytosis with subsequent
release of the exosome content in the receiving cells.

3. EMT Associated with Tumor Progression: The Role of Exosomes

EMT is a physiological or pathological transdifferentiation process in which epithelial cells lose
their cell-cell contacts and apicobasal polarity and acquire mesenchymal properties, coupled to the
ability to migrate and to invade the surrounding tissues. EMT is crucial in organogenesis, development,
wound healing and regeneration but it is aberrantly activated in tumor progression and metastasis (for
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review, [49]). EMT, indeed, allows in situ differentiated cells to acquire the ability to migrate out of
the primary tumor, invading basement membrane and entering the vasculature. Transitional tumor
cells exit from circulation and migrate into the tissue parenchyma in potentially secondary tumor sites.
In this process of colonization of target tissues by metastatic cells (as well as during morphogenesis),
the shift toward a mesenchymal state is often reversed by an inverse Mesenchymal-to-Epithelial
Transition (MET). The MET occurs in different microenvironments and it is necessary to support the
reacquisition of epithelial features to seed metastasis [50,51].

EMT/MET plasticity implies a profound reprogramming of gene expression mainly orchestrated
by specific “master” transcription factors, known as EMT-inducing transcription factors (EMT-TFs;
i.e., ZEB1; SIP1/ZEB2; Twist1; Twist2; E12/E47; Tbx3; the Snail family members Snail2 (Slug), Snail3
(Smuc) and, in particular, Snail1 (Snail) [52–56]. The EMT-TFs primarily act as repressors of the
epithelial genes and may guide the recruitment of the epigenetic machinery to the chromatin context,
thus allowing the proper regulation of gene expression [57,58].

Rather than a simple shift between two alternative states (i.e., the mesenchymal and the epithelial
phenotype), the current view is that the EMT/MET implies multiple and dynamic transdifferentiation
states. This greater flexibility may result in a “partial EMT” or in the co-presence of epithelial
and mesenchymal traits, as in the hybrid “metastable” features identified in several tumors [59–61]
and attributed to a stem phenotype [62–65]. The complexity of the EMT/MET phenotypes reflects
the complexity of the regulatory circuitries that, beyond the transcriptional control, also involve
several ncRNAs, including miRNAs (e.g., miR-200 family or miR-34) [66–68] or lncRNAs (e.g.,
HOTAIR) [57]. Notably, transitional tumor cells need to be continuously reprogrammed to adapt to
different microenvironments and to ensure tumor growth and metastasis [69–71].

Exosome composition profoundly differs between untransformed and transformed cells [72–74]
and increasing evidence suggests that tumor-derived exosomes (TDEs), as well as exosomes from
tumor associated cells in the microenvironment (TME), exert a key role in the regulation of tumor
growth and survival as well as tumor invasion, angiogenesis, and metastasis.

Notably, TDEs may carry pro-EMT cargoes that include EMT inducer molecules, e.g., TGF-β,
Hypoxia-inducible factor (HIF)1α, β-catenin or miRNAs, such as miR-23a. All this content is able to
(i) confer mesenchymal properties to epithelial cells, (ii) promote the initiation phase of the epithelial
tumor metastasis (when in situ tumor cells migrate out of the primary tumor, invading basement
membrane and entering the vasculature) and (iii) guarantee tumor-microenvironment cross-talk [75–80]
(Figure 1A,B).

It is conceivable that a fine tuning of the EMT plasticity may result in the capacity by the cell to
export specific bioactive molecules and, vice versa, the exosome-mediated signaling may impact on
the EMT/MET dynamics. Coherently, exosomes from transitional cells exert a role in the regulation of
tumor niche, migration, invasion, and metastasis.
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Figure 1. The role of exosomes in Epithelial-to-Mesenchymal Transition (EMT) and tumor progression
is depicted. (A) Exosomes originate from the multivesicular bodies that release them by fusing with
the cellular membrane. (B) Exosome cargo content of DNA, RNA (including ncRNA) and proteins
specifically mediates cell–cell communication in EMT and in the associated tumor progression to
promote different outcomes.

3.1. Exosomes in Tumor Niche

In primary tumor, exosomes contribute to the definition of tumor niche by promoting tumor
growth (despite nutrient deprivation and stress condition), immune suppression and drug resistance,
and enhancing vasculogenesis.

Cell growth can be stimulated by cytokines that, loaded in TDEs, are then transported to closer
tumor cells; Raimondo et al. demonstrated that exosomes released by chronic myeloid leukemia cells
promoted tumor cell growth and inhibited apoptosis by activating TGFβ receptor [46]. Moreover,
TDEs can induce proliferation of adjacent cells by non-coding RNA-mediated signaling e.g., the
miR-27 in gastric cancer exosomes [81] and the lncRNA c-Myc-Upregulated (MYU) in prostate cancer
exosomes [82]. Meanwhile, paracrine stimulation of tumor cell proliferation is induced by cancer
associate fibroblasts (CAFs). These cells are pivotal players in the tumor microenvironment by
stimulating Cancer Stem Cells maintenance and EMT [83]. Interestingly, exosomes released by tumor
cells may activate resident fibroblasts inducing CAFs [81,84]. In bladder cancer, Ringuette et al. showed
that CAF activation is mainly due to the induction of TGFβ/Small Mothers Against Decapentaplegic
(SMAD) pathway resulting from the transport of TGFβ by TDEs [84]. Furthermore, in gastric cancer an
important contribute to fibroblasts activation is due to the exosome mediated transport of miR-27a [81].

The contribution of CAF released exosomes to tumor growth is supported by studies investigating
CAF proteome and transcriptome that identified a huge number of molecules with pro tumorigenic
activity [85,86]. Interestingly, Zhang and colleagues underlined the possibility that exosomes may
carry both pro- and anti-tumor factors. These authors, in fact, by comparing miRNA sequencing
of exosomes derived from CAFs and exosomes secreted by fibroblasts from HCC (Hepatocellular
Carcinoma) patients, demonstrated that CAF-derived exosomes stimulate cell proliferation lacking
protective elements such as the miR-320a that, on the contrary, is transported by NF-exo and is able to
inhibit HCC growth through MAPK targeting [87].

TDEs may also contribute to acidification of the tumor microenvironment by modulating stromal cell
metabolism. Recently, it was demonstrated that human melanoma-derived exosomes, once internalized
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by dermal fibroblasts, promote aerobic glycolysis and downregulate oxidative phosphorylation [88].
Meanwhile, the Nagrath group elegantly demonstrated that exosomes from CAFs downregulate
mitochondrial activity and increase glycolysis. Furthermore, intra-exosome metabolomic analyses
showed that exosomes contain metabolites, amino acids, and lipids, “which can fuel the metabolic
activity of the recipient cells” [89].

Finally, as mentioned above, exosomes indirectly support tumor growth by favoring immune
escape in different ways; they inactivate T cells or induce their apoptosis by cell surface interaction or
after internalization [90–92]. With respect to immunomodulatory properties, TDEs exposing CD39
and CD37 on their surface can mediate T-cell suppression by extracellular adenosine production [93].
Meanwhile it was shown that the internalization by Kupffer cells of pancreatic ductal adenocarcinoma
TDEs induced fibronectin production, thus promoting the gathering of bone marrow-derived
macrophages and neutrophils and leading to liver pre-metastatic niche formation [94].

A key component of tumor microenvironment is the vascular network that supports tumor
growth; several extracellular mechanisms take part in endothelial cell stimulation, among these TDEs
contribute to modulating both angiogenesis and vascular permeability [95].

It is of note that the ability to promote angiogenesis has been mainly attributed to exosomes
isolated from tumor initiating cells (TICs). In renal cell carcinoma and hepatocellular carcinoma for
example, only CD105+ and CD90+ cells respectively, release exosomes able to stimulate production
and release of the Vascular Endothelial Growth Factor (VEGF); TIC derived exosomes, once engulfed
in endothelial cells, activate the VEGF autocrine loop through the delivery of different ncRNAs [31,96].
Recently, Sun et al. demonstrated pro-angiogenetic activity also in exosomes from Glioma stem
cells, that stimulate endothelial cell motility by activating a miR-21/VEGF/Vascular Endothelial
Growth Factor Receptor (VEGFR) 2 signal pathway [97]. In addition, exosomes can directly stimulate
endothelial cell VEGF receptor through the delivery of 90-kDa VEGF (VEGF90k), which was found to
interact with Hsp90 in extracellular vesicles [98].

Several observations correlate hypoxia, exosomes, and neo angiogenesis stimulation. Low oxygen
partial pressure, a common characteristic of all types of cancer, induces activation and nuclear
translocation of the transcription factor HIF1 that, inside the nucleus, interacts with several co-factors
to induce the up regulation of a huge number of genes whose coordinated expression drives tumor
cells to a most aggressive phenotype [99]. Among the HIF target is the VEGF. Evidence collected in
past years demonstrated that hypoxia stimulates production and release of exosomes [100] that, in turn
participate in promotion of tumor neo-angiogenesis as described by ref. [101] and enclosed references.

Although VEGF signaling is the best-validated pathway in angiogenesis, the refractoriness to
anti-VEGF therapies in several cancers highlighted the involvement of VEGF-independent strategies in
promoting tumor angiogenesis [102]. An interesting study performed by Tang et al. [103] demonstrated
that exosomes, released by ovarian cancer cells, participate in cleavage and delivery of soluble
E-cadherin that once delivered on endothelial cell surface, interacts with VE-cadherin and induces
activation of β-catenin and Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling, resulting in endothelial cell migration, and tube formation in vitro and in vivo.

3.2. Exosomes in Migration, Invasion, and Metastasis

A body of evidence points to the role of exosome-triggered EMT in the inception of high metastatic
potential that correlates with high motility and increased invasiveness. Exosomes from cancer cells
were found to be able to activate intracellular pathways by transporting specific proteins such as
phosphorylated tyrosine kinases receptor (RTKs) [104]. Exosomes from muscle-invasive bladder cancer
induced a decrease in E-cadherin expression and enhanced migration and invasion of uroepithelial
cells [79]. Similarly, exosomes from highly metastatic lung cancer cells induced an EMT associated with
migration, invasion, and proliferation in recipient human bronchial epithelial cells [105]. Furthermore,
exosomes secreted by highly metastatic MHCC97H hepatocarcinoma (HCC) cells conferred the ability
to migrate and give invasiveness properties to low metastatic HCC cells by inducing EMT via
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MAPK/Extracellular signal-Regulated Kinase (ERK) signaling pathway activation [106]. Finally,
human breast and colorectal cancer cells released full-length, signaling-competent EGFR ligands,
i.e., amphiregulin, able to increase the invasiveness of recipient cancer cells [107].

Harris et al. investigated the role of exosomes released from different breast cancer cells, modeling
different stages of metastasis. They showed that tumor cells of increasing metastatic potential are
able to secrete exosomes with protein signatures different in identity and abundance; these exosomes
increased cell migration proportionally, with exosomes from high-metastatic potential cells able to
induce the greatest degree of cell movement [108]. Interestingly, xenograft tumor cell motility studies
in the chorioallantoic membrane (CAM) of chick embryos revealed a key role of exosome secretion
for the directional migration of fibrosarcoma cells. These vesicles, indeed, carry extracellular matrix
(ECM) molecules promoting adhesion assembly [109].

Furthermore, Schillaci et al. [110] recently demonstrated that exosomes released by metastatic
colon cancer cell lines affected tumor behavior promoting a more aggressive phenotype. They found
that metastatic amoeboid cells (SW620) release exosomes that are enriched in Thrombin, activating
RhoA/Rho-associated protein kinase (ROCK) pathway in receiving cells. This activation induces
migration and invasion in primary tumor cells while, in endothelial cells, causes VE-cadherin
delocalization and junction disruption.

Concerning exosomal lncRNAs, a role for BCAR4 (breast cancer anti-estrogen resistance 4) has
been suggested in colorectal cancer development [111] while HOTAIR (Hox antisense intergenic
RNA) was found overexpressed in bladder cancer patients and correlated with the invasiveness
of the tumor [30]. Notably, HOTAIR has a key functional role in promoting EMT in different cell
types [57,112,113].

With respect to TMEs, Luga et al. demonstrated that CD81-positive CAF-released exosomes
induced in breast cancer cells the release of Wnt11 that, in an autocrine manner, promoted the
activation of Planar Cell Polarity (PCP) [114]. Meanwhile, Condorelli’s group attributed the induction
of EMT in breast cancer to three different miRNAs (miRs-21, -378e, and -143), delivered by CAF-derived
exosomes [115]. These observations enforced the idea that cellular transformation, induced by exosome
uptake, must be mediated by multiple biological compounds that converge on the same molecular
pathways. Li and collaborators demonstrated that ovarian CAF-derived exosomes were enriched
in TGFβ1 that may induce an EMT and an aggressive phenotype in ovarian cancer cells lines [116].
More recently, Zhao and colleagues demonstrated that human umbilical cord mesenchymal stem
cells-derived conditioned medium was able to induce migration and invasion capability in A549 lung
cancer cells by activating TGFβ-related pathways [117].

The ability to migrate and invade surrounding tissues can be enhanced by hypoxia-induced
exosomes by shuttling different molecules. Firstly, exosomes released in hypoxia may contain
hypoxia-inducible factors (HIFs), able to trigger EMT in recipient cells [78]. Coherently, Ramteke and
colleagues showed that hypoxia-induced exosomes increased the invasiveness of prostate cancer cells
by promoting the loss of E-cadherin [118]. Furthermore, exosome-mediated mechanisms to promote
migration and invasiveness by tumor cells in hypoxia may involve lncRNAs, such as UCA1 in bladder
cancer cells [119] or the lncRNA-regulator of reprogramming (RoR) in HCC [120], as well as specific
miRNAs, e.g., miR-21 in oral squamous cell carcinoma [94] or miR-23a in lung cancer [121].

Interestingly, Zhou and colleagues reported that exosomes secreted by cervical squamous cell
carcinoma (CSCC) cells may shuttle miR-221-3p, targeting vasohibin1 (VASH1), to human lymphatic
endothelial cells (HLECs). This promotes migration in vitro as well as lymphangiogenesis and lymph
node metastasis in vivo [122].

The role of TDEs is not limited to the primary tumor site and their ability to cross long distances
within the body makes exosomes a suitable vehicle to trace the way of tumor metastases. TDEs
promote the organotropism of metastatic tumors and contribute to pre-metastatic niche formation by
showing “avidity” for specific recipient cells [11,40,94]. Notably, Hoshino and colleagues showed that
the exosomal integrins guide the exosomes to specific secondary sites. Furthermore, exosomes from
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lung-, liver- and brain-tropic tumor cells preferentially fuse with lung fibroblasts and epithelial cells,
liver Kupffer cells, and brain endothelial cells [40].

4. Conclusions and Perspectives

EMT exerts a key role in tumor progression and exosomes, released by transitional cells, transport
specific signaling molecules to promote invasion, migration, metastasis, and microenvironment
changes, able to sustain tumor growth and dissemination. In fact, the horizontally transferred TDE
specific content promotes the acquisition by tumor cells of mesenchymal markers and increases
cell motility, associated with a more aggressive phenotype. Furthermore, exosome cargo impacts
on tumor niche establishment and regulates the tropism of metastasis (Tables 1 and 2). Therefore,
the identification of molecules (mRNA, ncRNAs, proteins) specifically enriched in exosomes from
different tumor stages may represent an efficient real-time staging of tumor evolution or response to
therapy, also in patients differing in gender or age. Notably, EVs may be isolated from body fluids, and
several RNA and protein molecules have already been identified as potential diagnostic and prognostic
biomarkers of different tumor types or different stages of the same tumor. Interestingly, the study of
the secretome of HCC cells overexpressing the master transcriptional factor Slug, and exhibiting a
partial EMT phenotype, showed the enrichment in exosomes of Fibronectin 1 (FN1), collagen type II
alpha 1 (COL2A1), and fibrinogen gamma chain (FGG); therefore, these proteins may represent useful
and non-invasive biomarkers associated with partial transitional cells [123]. Notably, a partial EMT
may characterize circulating tumor cells (CTCs) that pose a metastatic risk for patients [124].

Table 1. Summary of recent evidence on exosome signaling molecules and their effects on tumor progression.

Exosome-Mediated
Effect

Producing Cell Specific TDE Content and Mechanism of Action Reference

Tumor cell proliferation

Prostate cancer cells
lncRNAc-Myc Upregulated (MYU)-mediated

upregulation of c-Myc by competitively binding
miR-184

[82]

Hypoxic bladder cancer cells lncRNA-UCA (unknown mechanism) [119]

Hypoxic hepatocellular
carcinoma cells

lncRoR-induced hypoxic responses (by
downregulation of miR-145 and upregulation of

Hypoxia-inducible factor 1 (HIF1)
[120]

CAF from Human Oral Tongue
Squamous Cell Carcinoma

MFAP5 (Microfibril Associated Protein 5)-induced
activation of mitogen-activated protein kinase

(MAPK) and AKT
[85]

CAF from Hepatocellular
carcinoma MAPK activation by negative regulation of miR-320a [87]

CAF from pancreatic ductal
adenocarcinomas Snail and microRNA-146a upregulation [125]

EMT and metastasis of
tumor cells

Bladder cancer cells Colon cancer
cell lines

RhoA/ROCK (Rho-associated protein kinase)
signaling pathway activation and acquisition of

migratory capacity
[79,110]

Epstein-Barr-Virus EBV infected
Nasopharyngeal carcinoma (NPC) HIF1 upregulation [78]

metastatic melanoma cells MET induced pro-vasculogenic and
metastatic effects [11]

Hypoxic cancer cells Activation of Epithelial-to-Mesenchymal Transition
(EMT) genes in receiving cells

[101] and
enclosed

references

Lung cancer cells vimentin [105]

Hepatocellular carcinoma cells MAPK/ERK (Extracellular signal-Regulated Kinase)
signalling activation (unknown mechanism) [106]

High aggressive breast cancer proteins involved in metastasis and invasion [108]

Prostate cancer cells metalloproteinases induction and targeting of
adherens junction proteins [118]

Hypoxic bladder cancer lncRNA-UCA1 (Urothelial Cancer Associated 1)
(mechanism of action unspecified) [119]

Metastatic breast cancer miR-10b targeting HOXD10 (HomeoboxD10) [126]
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Table 1. Cont.

Exosome-Mediated
Effect

Producing Cell Specific TDE Content and Mechanism of Action Reference

CAF from Human Oral Tongue
Squamous Cell Carcinoma MFAP5 activation of MAPK and AKT [85]

CAF from Hepatocellular
carcinoma MAPK activation [87]

CAF from breast cancer EMT activation by miRs -21, miR-378 and miR-143 [115]

CAF from ovarian cancer TGF (Transforming Growth Factor) β1-induced EMT [116]

Mesenchymal stem cells

TGFβ1 activation of Smad2/3, Akt/GSK (Glycogen
synthase kinase)-3β/β-catenin, NF-κB (Nuclear
Factor kappa-light-chain-enhancer of activated B

cells), ERK (Extracellular signal-Regulated Kinase),
JNK (c-Jun N-terminal kinase and p38 MAPK

(mitogen-activated protein kinase)

[117]

Table 2. Summary of recent evidence on exosome signaling molecules and their effects in the
tumor microenvironment.

Tumor Microenvironment
Modification

Producing Cell Specific Content and Mechanism of Action Reference

CAF activation

Gastric cancer cells miR-27a-mediated downregulation of CSRP2 (cysteine
and glycine rich protein 2) [81]

Bladder cancer cells TGFβ–induced SMAD (small mothers against
decapentaplegic) activation [84]

Pancreatic ductal
adenocarcinomas

Stellate cells activation and induction of a
pro-inflammatory milieu. (unknown mechanism) [94]

Prostate cancer cells
Induction of TGF-β2, TNF1α (Tumor necrosis factor1 α),
IL6 (Interleukin 6), TSG101 (Tumor susceptibility gene

101), Akt, ILK1 (Integrin-linked kinase1) and β-catenin.
[118]

Angiogenesis and vascular
permeability

Cancer Stem Cells from
Hepatocellular Carcinoma

lncRNA H19-mediated VEGF (Vascular endothelial
growth factor) induction [31]

Metastatic breast cancer miR-105 targeting of ZO-1 [95]

Glioma stem cells miR21-mediated induction of VEGF pathway. [97]

Hypoxic cancer cells Upregulation of miR-135-b, miR-23a, miR-210, miR-494
and Wnt pathway activation.

[101] and
enclosed

references

Ovarian cancer
E-cadherin-mediated activation of β-catenin and NFκB

(Nuclear Factor kappa-light-chain-enhancer of activated B
cells) signaling

[103]

Cervical squamous cell carcinoma miR-221-3p-mediated activation of the ERK (Extracellular
signal-Regulated Kinase)/AKT pathway [122]

Immunomodulation

Head and neck squamous cell
carcinoma

Receptor–ligand interactions regulating gene expression in
T cells [90]

Melanoma cells miR-690 induction of mitochondrial apoptotic pathway in
CD4+ T cells [91]

Several cancer cells miRNAs regulation
[92] and
enclosed

references

Lung adenocarcinoma,
hepatocellular carcinoma, breast

carcinoma

Monocyte recruitment and Generation of Tumor
Associated Macrofages [104]

Hypoxic lung cancer
miR-103a-mediated targeting of PTEN (Phosphatase and

tensin homolog) and activation of Tumor Associated
Macrofages

[120]

Chemoresistence and Cancer
Stem Cell stimulation

CAF from colon rectal cancer Wnt3a induction of WNT signalling activation in CSC
(Cancer Stem Cells) [127]

CAF from breast cancer miR-21, miR-378e and mir-143-mediated Cancer Stem
Cells maintenance [113]

Renal cell carcinoma lncRNA ARSR-mediated chemoresistance via
competitively binding of miR-34/miR-449. [128]

Metabolism modulation
Melanoma cells miR-155 and miR-210-mediated promotion of glycolysis

and inhibition of oxidative phosphorylation. [88]

CAF from prostate cancer and
from pancreatic cancer

Metabolites inhibiting mitochondrial oxidative
phosphorylation and increasing glycolysis. [89]
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All further efforts in the study of biomarkers would have a great impact particularly on early
diagnosis, considering that the development of non-invasive diagnostic tools currently represents
a major challenge. Moreover, an optimization of exosome isolation protocols is required to better
disclose the functional role of specific exosome cargo molecules. The isolation of exosomes with high
purity and quality is still difficult and the demonstrated heterogeneity of exosomes further impairs
the isolation efficiency; all these aspects represent a limitation, particularly for the study of low copy
number molecule species, such as lncRNAs.

A deep understanding of mechanisms controlling the loading of specific molecules in exosomes
is also needed. This field of study is to be considered still at infancy even if some mechanisms of
sequence-specific miRNA sorting (by EXO- and hEXO-motifs) and specific heterogeneous nuclear
ribonucleoproteins (hnRNPA2B1 and hnRNPQ) involved in the recognition of these signals, have
been recently identified [34,35]. Interestingly, the sorting of lncRNA ARSR in exosomes by renal
cancer cells also involves hnRNPA2B1 [128]; furthermore, a “zipcode” in the mRNAs may control
their selective loading [129]. All of this evidence suggests common regulative mechanisms, at least
for RNA loading, and opens the way towards possible innovative therapeutic strategies oriented
to the selective modulation of RNA exosomal cargo by engineering signaling sequences. Other
approaches could aim to interfere with, or promote, the in vivo sorting of these vesicles. The use of
specific inhibitors, targeting key regulators of both exosome biogenesis and release, could be a suitable
approach. For example, the release of EVs by primary hepatocytes and Huh7 cells may be reduced by
inactivating mediators of the DR5 signaling pathway or ROCK1 inhibition. Interestingly, the ROCK1
inhibitor fasudil reduced serum levels of EVs in nonalcoholic steatohepatitis (NASH) mice and this
reduction was associated with decreased liver injury, inflammation, and fibrosis [130]. The drug
GW4869 was efficiently used to inhibit exosome biogenesis by interfering with sphingomyelinase
function [125,126]. The release of exosomes was shown to be influenced by calcium and the monensin
drug was found able to affect exosome biogenesis [131]. Further studies are still necessary to investigate
the effective translational application of these protocols.

Remarkably, exosomes show low immunogenicity, high biocompatibility, and high efficacy of
delivery. Considering all these features, they might be engineered to convey molecules of interest and
achieve targeted therapeutic intervention. For a recent example, paclitaxel-loaded exosomes, modified
to improve circulation time, were shown to selectively deliver the drug to target cancer cells and
increase the survival rate of lung cancer patients [132].

Finally, an in-depth understanding of exosome cargo composition and functional role in EMT
associated with tumor progression would pave the way for innovative therapeutic opportunities.
In particular, further studies must be focused on the characterization and potential engineering in vivo
and/or ex vivo of exosomes from EMT cells. The plasticity of transitional cells might, indeed, imply a
fine-tuning regulation of the loading machinery that, in turn, might be mirrored by the great complexity
of exosome cargoes.
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