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Abstract: Epithelial-mesenchymal transition (EMT) is a spatially- and temporally-regulated process
involved in physiological and pathological transformations, such as embryonic development and
tumor progression. While the role of TGF-β as an EMT-inducer has been extensively documented, the
molecular mechanisms regulating this transition and their implications in tumor metastasis are still
subjects of intensive debates and investigations. TGF-β regulates EMT through both transcriptional
and post-transcriptional mechanisms, and recent advances underline the critical roles of non-coding
RNAs in these processes. Although microRNAs and lncRNAs have been clearly identified as effectors
of TGF-β-mediated EMT, the contributions of other atypical non-coding RNA species, such as
piRNAs, snRNAs, snoRNAs, circRNAs, and even housekeeping tRNAs, have only been suggested
and remain largely elusive. This review discusses the current literature including the most recent
reports emphasizing the regulatory functions of non-coding RNA in TGF-β-mediated EMT, provides
original experimental evidence, and advocates in general for a broader approach in the quest of new
regulatory RNAs.
Keywords: epithelial-mesenchymal transition; tumor progression; metastasis; TGF-β; non-coding
RNA; tRNA; post-transcriptional regulation

1. Introduction
Metastasis represents a critical step in tumor progression that is responsible for more than 90% of
cancer-induced mortality. Despite tremendous efforts from the scientific community, the cellular and
molecular events that specifically control metastatic colonization are still poorly understood.
Epithelial-mesenchymal transition (EMT) is key in both embryonic development and tumor
metastasis. EMT consists of a fine-tuned phenotypic switch characterized by the loss of apical-basal
polarity and cellular adhesion in epithelial cells [1,2]. Cells undergoing transition gradually express
mesenchymal features, such as enhanced cytoskeletal rearrangement and extracellular matrix (ECM)
degradation, both essential for cell motility (Figure 1). While the role of EMT in metastasis progression
is still debated, its implication in the increased resistance seen in both conventional and targeted
antitumor therapies is well established [1,3–8].
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Figure 1.
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transcription program that involves EMT-inducing transcription factors (EMT-TFs). These specific
transcription factors are themselves activated by Smad signaling or other pathways, such as
ErK/MAPK, RhoGTPases and PI3K/Akt, that also contribute to tumor progression through regulation
of cytoskeleton organization, cell growth, survival, migration, and invasion [14,15]. Effectors of
TGF-β signaling include the Krüppel-like factor 8 (KLF8) [16], the Brachyury factor [17], Goosecoid,
TCF4, PRRX1 [18], basic helix-loop-helix factors (Twist and E12/E47), the Snail family of zinc-finger
transcription factors (Snail, Slug, and Smuc) [19,20], and the δEF1 family of two-handed zinc-finger
factors (δEF1/ZEB1 and Sip1/ZEB2) [2]. With the exception of Twist, Goosecoid and PRRX1, all these
effectors directly repress the transcription of the epithelial marker E-Cadherin (CDH1) by binding to
the corresponding gene promoter. Conversely, transcriptional activators of E-Cadherin such as Grhl2
or Elf5 inhibit the TGF-β induced EMT in tumor cells [21,22].
Finally, a growing body of evidence suggests that epigenetic modifications support an additional
level of transcriptional control. Dynamic changes in the DNA methylome [23], histone modifications,
as well as the differential expression of numerous histone modification factors [24,25], were identified
as modulators of TGF-β-induced EMT and metastasis. During metastatic colonization, these epigenetic
alterations established during EMT are reversed to promote MET [26,27].
3.2. Post-Transcriptional Regulation of TGF-β-Induced EMT in Tumor Cells
Recent data suggest that post-transcriptional regulation of gene expression complements
transcriptional regulation during EMT [28–31]. Several RNA binding proteins (RBPs) directly control
the translation of EMT-related genes. For instance, the Nanos homolog 3 RBP (Nanos3, Nos3)
translationally controls EMT and metastasis in non-small cell lung cancer (NSCLC) cells by binding
to the vimentin mRNA and increasing the expression of mesenchymal marker [31]. In addition,
overexpression of YB-1 in breast epithelial cells triggers EMT and enhances metastatic potential by
directly activating the cap-independent translation of mRNA encoding transcription factors implicated
in EMT, such as Snail1 [28]. Finally, the protein hnRNP E1 (PCBP1) silences the translation of a cohort
of mesenchymal mRNAs by directly binding to their targets and inhibiting translation at the elongation
step [29,30,32].
4. Role of Non-Coding RNAs in TGF-β-Induced EMT
4.1. miRNAs
MicroRNAs are small noncoding RNA that modulate a wide range of biological processes
including cell differentiation, proliferation, migration, invasion, and cell death. They silence mRNA
translation by binding to the 30 -UTRs of target mRNAs resulting in translation inhibition or mRNA
degradation. miRNAs are generated as pri-miRNA precursors and then processed into one or multiple
mature miRNAs. miRNAs hybridize their mRNA targets using a complementary 7-nucleotides
seed-sequence located at their 50 -end [33]. More than 2000 microRNAs have been characterized in
humans. This list was considerably extended by the recent identification of more than 3000 additional
miRNAs [34].
Many miRNAs, such as the miR-200 family (miR-200f), miR-205, miR-1, and miR-203, are key
effectors of the TGF-β-induced EMT (Table 1). In general, TGF-β downregulates the expression of
miRNAs in charge of inhibiting the expression of mesenchymal markers in epithelial cells. Conversely,
emerging evidence indicates that several miRNAs regulate TGF-β signaling by targeting various
members of its canonical or non-canonical pathways.
The miR-200 family is a group of highly influential miRNAs implicated in the regulation of
TGF-β-induced EMT. It consists of five members, organized into two chromosomal clusters, which are
expressed as polycistronic transcripts (MiR-200b, miR-200a, and miR-429 on human chromosome 1 and
miR-200c and miR-141 on chromosome 12). Although miR-205 does not belong to the miR-200 family,
it recognizes common targets and, therefore, complements the role of the miR-200f. Numerous studies
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demonstrated that TGF-β signaling downregulates the expression or the bioavailability of miR-200f
and miR-205 [35]. These miRNAs, expressed by epithelial cells, are known to directly repress both
ZEB1 and ZEB2 [35,36] therefore inhibiting the progression of EMT by establishing and maintaining an
epithelial phenotype [35]. Interestingly, ZEB proteins and miR200f are reciprocally linked in a feedback
loop, each controlling the expression of the other [37]. ZEB factors transcriptionally repress miR-200f
by binding to highly-conserved recognition sequences on their promoters, while miR-200f inhibits the
expression of ZEBs at the post-transcriptional level by binding to target sequences embedded in their
30 -UTRs. It was, therefore, proposed that the ZEB/miR-200 feedback loop acts as the molecular trigger
controlling cellular plasticity in development and disease, and constitutes a significant driving force
for cancer progression [5,37].
Although precise alterations of the ZEB/miR-200 balance are able to switch breast cancer cells
back and forth between epithelial and mesenchymal states, the induction and maintenance of a
stable mesenchymal phenotype requires the establishment of autocrine TGF-β signaling that supports
sustained ZEB expression [38]. In addition, the recruitment of histone-modifying complexes by ZEB
proteins negatively modulates miR-200f expression through epigenetic modification of the miR-200
loci and therefore amplifies the response to TGF-β [38].
Other miRNAs are known for their contribution in TGF-β-induced EMT. For instance, miR-203
and SLUG (SNAI2) operate as a double negative feedback loop mutually inhibiting their expression
and thereby controlling EMT and metastasis [39,40]. Finally, miR-1 and miR-200 were identified as
being directly repressed by SLUG during EMT [41].
4.2. Long Non-Coding RNAs
LncRNAs are transcripts greater than 200 nucleotides deprived of any protein coding sequences.
They are divided into five broad categories, including sense, antisense, bidirectional, intronic, and
intergenic, with respect to the nearest protein-coding transcripts [42]. LncRNAs modulate gene
expression trough different cis- or trans-acting mechanisms. For instance, competing endogenous
RNAs (ceRNAs) serve as molecular decoys for specific miRNAs, decreasing their bioavailability and,
therefore, protecting the corresponding target mRNAs [43]. In synergy with miRNAs, they regulate
gene expression by modulating transcription, RNA processing, chromatin remodeling, genomic
imprinting, and association with proteins. Interestingly, dysregulation of lncRNA expression is
frequently observed in human cancers. Since LncRNAs control mechanisms of many cellular processes,
they represent appealing targets for the development of anti-tumor therapies.
4.2.1. LncRNA-ATB
TGF-β-induced lncRNA-ATB competitively binds to miR-200f, favoring the expression of ZEB1
and ZEB2 proteins, therefore promoting EMT and invasion in hepatocellular carcinoma cells [44]. In
addition, lncRNA-ATB promotes organ colonization of disseminated hepatocellular carcinoma cells by
binding to IL-11 mRNA and subsequently activating IL-11/STAT3 signaling. Aberrant lncRNA-ATB
expression is observed in various cancer types, such as prostate carcinoma [45], colorectal cancer [46],
NSCLC [47], and breast cancer [48] (Table 1).
4.2.2. MALAT1
Induction of the metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) results in
the decrease of E-cadherin expression and the increased expression of mesenchymal markers leading
to enhanced EMT [49]. MALAT1 is a prognostic marker in several cancers: including lung, breast,
pancreas, liver, colon, uterus, cervix, and prostate [50,51]. In renal cancer, reciprocal crosstalk among
MALAT1, miR205, and EZH2 suppresses the expression of E-Cadherin and enhances Wnt signaling to
promote cancer metastasis [52] (Table 1).
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4.2.3. lncRNA-ZEB2NAT
ZEB2 Natural antisense transcript regulates Zeb2/Sip1 gene expression during Snail1-induced
EMT. While Snail1 does not affect the synthesis of the Zeb2 mRNA, it prevents the processing of a
specific intron in the 50 - UTR. This intron contains an internal ribosome entry site (IRES) essential for
the expression of Zeb2. The maintenance of this intron is dependent on the expression of ZEB2NAT
which overlaps with the 50 splice site [53]. TGFβ1, secreted by cancer-associated fibroblasts, induces
an epithelial-mesenchymal transition of bladder cancer cells in a mechanism dependent on ZEB2NAT
expression [54] (Table 1).
4.2.4. HOTAIR
HOX antisense intergenic RNA (HOTAIR), a lncRNA encoded by a gene located in the mammalian
HOXC locus, binds to the polycomb repressive complex 2 (PRC2), a histone methyltransferase required
for epigenetic silencing during development and cancer [55–57]. HOTAIR is overexpressed in both
NSCLC and breast cancer and its expression level correlates with poor disease outcome [55,58] (Table 1).
HOTAIR upregulation was also observed in several other cancer types where numerous regulatory
factors control its expression, including TGF-β. Overall, HOTAIR is involved in multiple processes
such as mobility, proliferation, apoptosis and invasion of tumor cells, and is therefore particularly
relevant in EMT context. The silencing of HOTAIR in colon cancer cells is followed by the concomitant
increase in E-cadherin expression and decrease in vimentin expression, demonstrating the direct link
between HOTAIR and EMT [59]. Importantly, it was demonstrated that the control of EMT through
HOTAIR contributes to the emergence and maintenance of cancer stem cells (CSCs) [60].
4.2.5. lncRNA-HIT
The HOXA transcript induced by TGF-β (lncRNA-HIT) contributes to EMT in breast carcinoma
cells, and its elevated expression is associated with invasion-prone human primary breast carcinoma
cells [61] (Table 1).
4.2.6. MEG3
Maternally-expressed 3 (MEG3) forms RNA-DNA triplex structures with genes involved in the
TGF-β pathway and ultimately modulates tissue invasion in breast and lung cancer cells [62,63]
(Table 1). MEG3 is expressed at significantly lower levels in invasive ductal carcinoma, as well as in the
aggressive and difficult-to-treat basal molecular subtype, as compared to normal breast tissue. Finally,
tumors maintaining low MEG3 expression feature higher levels of TGF-β-associated genes such as
TGFB2, TGFBR1, and SMAD2 [62].
4.3. Other Non-Coding RNA Species
4.3.1. Circular RNAs
Circular RNAs (circRNAs) are expressed in mammalian cells and form a covalently-closed
continuous loop. CirRNAs function mainly as sponges for miRNAs and RNA-binding proteins
(RBP) [64]. Reports on differential expressions of circular RNAs between cancerous and non-cancerous
samples are emerging in the literature suggesting their implication in tumor progression [65–69].
In breast epithelial HMLE cells experiencing TGF-β-induced EMT, the expression of hundreds of
circRNAs fluctuates. Under these circumstances, the production of over one-third of the most abundant
circRNAs are regulated by the Quaking alternative splicing factor [70].
4.3.2. PIWI-interacting RNAs
Originally observed in the germline, PIWI-interacting RNAs (piRNAs) are small non-coding
RNAs which recently emerged as potential markers in tumor progression [71,72]. With over 20,000

Cancers 2017, 9, 75

7 of 15

genes, piRNA-encoding genes are highly represented in the human genome. piRNAs function
primarily in the nucleus and interact with members of the Argonaute family, such as PIWI proteins [71].
Aberrant patterns of piRNA expression, and the dysregulation of key enzymes involved in their
biogenesis, are frequently observed in diverse tumor types, such as breast and lung cancers [72,73].
In particular, the PIWI-like RNA-mediated gene silencing 2 (PIWIL2), a member of the Argonaute
family involved in piRNA processing, is significantly overexpressed in both breast cancer stem cells
and TGF-β-induced EMT [74].
4.3.3. Small Nucleolar and Small Nuclear RNAs
Small nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs) are 60 to 300 nucleotides
long. SnoRNAs are involved in the post-transcriptional modification of ribosomal RNA and
play integral roles in the formation of small nucleolar ribonucleoprotein particles (snoRNP).
SnRNAs support RNA-RNA interactions and spliceosome assembly [75]. Dysregulation of snoRNA
and/or snRNA expression is commonly observed in cancers. Several snoRNAs are upregulated in
murine and human breast cancer as well as in prostate cancers; interfering with their biogenesis
suppresses cell growth and colony formation in MCF-7, U-20S, and A549 cells in vitro, and ultimately
compromises tumorigenicity in vivo [76]. Although the exact contribution of small nuclear RNAs
(snRNAs) in tumor progression and metastasis is not yet clearly established, the 7SK snRNA indirectly
participates in the control of EMT (Table 1). 7SK snRNAs form dynamic complexes with the
La-related protein LARP7. These complexes often involve additional molecular partners, such as
positive transcription elongation factor b (P-TEFb), whose activity is relevant to EMT-related tumor
progression in breast tissue. Decreased levels of LARP7 and 7SK snRNA redistribute P-TEFb toward the
transcriptionally active super elongation complex (SEC), resulting in P-TEFb activation and increased
transcription of EMT transcription factors including Slug, FOXC2, ZEB2, and Twist1, ultimately
promoting EMT, invasion, and metastasis of breast tumor cells [77].
4.3.4. Transfer RNAs
tRNA are abundant molecules which represent 30% of the total RNA pool in eukaryotic cells [78].
The human genome contains over 600 tRNA genes, which are scattered throughout the genome and
are present on all but the Y chromosome [79]. Until recently, tRNAs have been considered to be
housekeeping molecules dedicated to protein translation. However, a growing body of evidence
indicates that differential tRNA expression deeply influences the whole dynamic of translation,
supporting or impairing the expression of particular proteins [80–83].
The phenotypic changes associated with EMT and tumor progression imply a radical
reprogramming of the proteome and a significant redistribution of the overall codon usage.
Considering tRNA molecules in translation as the ‘supply’ and codon usage as the ‘demand’, it
has been proposed that the codon demand associated with EMT and tumorigenesis is mediated by a
transcriptional regulation of the tRNA supply [84,85]. Moreover, the role of tRNAs in the regulation
of gene expression was recently supported in a recent study based on the analysis of tRNA content
in various human cell lines and tissue samples [85]. It was observed that distinct tRNA signatures
correlate with either proliferation or differentiation, two distinct cellular program often described for
their role during tumor progression [85–88]. In cancer-derived breast cell lines overall tRNA levels are
upregulated by up to three-fold compared to non-cancer control cells [81]. A selective upregulation
of tRNAGlu UUC and tRNAArg CCG was also observed during breast tumor progression, and has been
proposed to contribute to metastatic progression of breast tumor cells through the enhanced translation
of pro-metastatic transcripts enriched in the corresponding codons [80] (Table 1).
Transfer RNA-derived RNA fragments (tRFs) were also documented for their role in tumor
progression. tRFs belong to a family of short non-coding RNAs that are constitutively expressed or
activated upon specific growth conditions. This tRNA subspecies are presumably generated through
the processing by Dicer and RNAse Z [89,90] or through the action of specific ribonucleases for the
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stress-induced tRFs fragments (tiRNAs) [91,92]. These small RNAs have distinct functions in various
biological processes, including tumor suppression and protein regulation [93]. tRNA fragments
have also been reported to promote cell migration as illustrated by miR-720 in cervical cancer cells
in vitro [94]. Additionally, in a study on the epithelialization of mouse ovarian tumor cells in Dicer-Pten
double-knock-out mice, tRNA overexpression was identified in tumors in the context of a miRNA
profiling experiment, and was associated to oncogenic transformation [95].
Table 1. Non-Coding RNA involved in EMT.
Non-Coding
RNA

Relevant Examples

Specific Function

Most Described
Targets

Related
Cancers

References

miRNAs

miR-1 *
miR-200 family *
miR-205 *
miR-203 *

Epithelial
maintenance

ZEB1/2↓ Slug↓
Bmi1↓

Breast Lung
Prostate

[5,35,37,39,40]

LncRNA-ATB †
MALAT1 †
lncRNA-ZEB2NAT †
HOTAIR †
lncRNA-HIT

Tumor cell invasion;
Organ colonization;
Proliferation; Cancer
Stem Cells

ZEB1/2↑ IL-11↑
miR-200↓
miR-205↓
E-cadherin↓

Prostate Lung
Breast Kidney
Pancreas Liver
Colon Uterus

[44–47,49,51–55,57–59,61]

MEG3 *

TGF-β pathway
regulation

TGFBR1↑ TGFB2↑
SMAD2↑

Breast

[62,63]

LncRNAs

circRNAs

CDR1as/ciRS-7 *

miRNA sponge

miRNA-7↓

Colon

[66,67,69]

piRNAs

Pir-932 †

Stemness properties

Latexin↓

Breast

[74]

snoRNAs
snRNAs

7SK snRNA *

Tumor cell invasion

Slug↓ FOXC2↓
ZEB2↓ Twist1↓

Breast

[77]

tRNAGlu UUC

Tumor progression

EXOSC2↓
GRIPAP1↓

Breast

[80]

Tumor cell motility

Rab35↓

Uterus

[94]

tRNAs

†

MicroRNA-720 †

* Epithelial non-coding RNAs; † Mesenchymal non-coding RNAs.

While tRNA expression and enhanced translation capacity appear relevant in tumor progression of
carcinomas, their regulation and contribution during TGF-β-induced EMT have not been documented
yet. With the intention to further the discussion on the involvement of tRNAs in EMT, our laboratories
developed a strategy, based on metabolic RNA labeling followed by microarray analysis, to evaluate
global tRNA changes upon TGF-β treatment in tumor cells in vitro. The corresponding original
experimental evidence is described and examined in the following section.
5. Evidence of Selective Regulation of tRNA Expression during TGF-β-Induced EMT
The effects of TGFβ-mediated EMT on the expression of tRNAs was examined in three
experimental conditions: no treatment (NT), three days of TGFβ exposure (3d), and five days (5d) of
TGFβ exposure. This experiment was carried out on the human lung cancer cell line A549. These cells
are a common model used in TGFβ mediated EMT, as they respond remarkably to TGFβ treatment.
Cells were grown in media containing radioactive orthophosphate (32 P), which non-specifically labeled
RNA, DNA, phosphoproteins, and other phosphate-containing metabolites. Total RNAs were extracted
and hybridized to tRNA microarrays for analysis according to published protocols. Extracted RNAs
were also analyzed by gel electrophoresis, to ensure that tRNAs were effectively radiolabeled (Figure 3).
EMT progression was confirmed visually by immunofluorescent microscopy and Western blot.
The epithelial cell marker, E-cadherin, and the mesenchymal cell marker, vimentin, were targeted to
track the transition. In both experiments, levels of E-cadherin were greatest in the NT culture, and
decreased rapidly upon addition of TGFβ. The opposite was true for the expression of vimentin,
which increased with prolonged exposure to TGFβ. These data offered positive identification of EMT
progression in our cell model.
tRNA expression within each of the experimental cultures was measured using microarray
analysis according to published protocols [96]. Array data were collected in triplicate and averaged to
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generate a heat map of overall tRNA expression throughout EMT (Figure 3). Seleno-cysteine (sel-Cys)
represents the least expressed tRNA and valine (val) represents the tRNA with the greatest overall
expression in A549 cells. Four tRNAs, including cysteine (GCA), glutamine (yTG), glycine (TCC),
and lysine (TTT), displayed statistically significant changes in expression throughout the transition.
The
relative
expression throughout the three experimental cell cultures for these four tRNA9was
Cancers
2017, 9,tRNA
75
of 15
plotted and standard error bars, as well as statistical significance, was shown (Figure 3).

Figure 3. (A) Cell morphology and expression of EMT markers: A549 cells pictured after no-treatment
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Between the four significant tRNAs, the trends of expression change were not consistent, with
Between the four significant tRNAs, the trends of expression change were not consistent, with
only lysine and cysteine showing a similar trend of increasing between NT and 3d, and showing no
only lysine and cysteine showing a similar trend of increasing between NT and 3d, and showing no
significant change between the 3d and 5d. Glycine also showed an increasing trend, only changing
significant change between the 3d and 5d. Glycine also showed an increasing trend, only changing
significantly after five days of treatment with TGFβ. Glutamine, however, displayed a decreasing
significantly after five days of treatment with TGFβ. Glutamine, however, displayed a decreasing
trend, with both the 3d and 5d cells showed a significantly lower amount of this tRNA than in the
NT cells.
There are no commonalities between our results and the type of amino acid carried by the tRNA.
Cysteine and glutamine have polar, uncharged side-chains, whereas glycine has a non-polar,
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trend, with both the 3d and 5d cells showed a significantly lower amount of this tRNA than in the
NT cells.
There are no commonalities between our results and the type of amino acid carried by the
tRNA. Cysteine and glutamine have polar, uncharged side-chains, whereas glycine has a non-polar,
aliphatic side-chain, and lysine’s side-chain is positively charged. The significance of these tRNA
expression patterns with respect to codon usage within proteins in EMT has yet to be explored. Another
possible explanation for the change in the expression of these four tRNAs could be an increase in
non-translational tRNA activity, such as the production of tRFs as described in the above section.
Though the role of the change in expression of these tRNAs has not been specifically identified at
this point, there is the possibility that tRNA may play a role in the progression of EMT, in its regulation,
or perhaps could be utilized as EMT markers in the future. Overall non-coding RNAs whose expression
fluctuates during EMT deserve special attention as they represent a reservoir of targets and offer
potential therapeutic opportunities to prevent EMT-associated metastasis. Fluctuations in abundant
and supposedly housekeeping species, such as tRNAs, emphasize the necessity to cast a broad net in
the current quest of new regulatory RNAs.
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