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Preface to ”Cancer Prevention with Molecular Target
Therapies”

Personalized medicine plays an important role in cancer prevention. To date, it is clear that many

cancers are molecularly distinct subtypes, and different therapeutic approaches would be required for

each. Indeed, the identification of cancer susceptibility genes permits identifying patients “at risk” of

developing neoplasia, and supports modifying individual risk behaviors or the choice of preventive

therapy. Additionally, the efficacy of various targeted therapies in different cancer subtypes suggests

that treatment choices in the near future will be more and more centered on molecular signatures.

Data from preclinical, clinical, and observational studies have revealed the ability to prevent cancer

development for compounds with different indications than cancer. The concept of drug repurposing

permits combinations that can target several critical pathways of a specific disease, decreasing the

risk of resistance observed when using single-agent targeted therapy.

This open-access Special Issue brings together original research and review articles on molecular

oncology with attention to the early detection and prevention of cancer. It highlights new findings,

methods, and technical advances in molecular cancer research. The main feature of this Special Issue

is to provide an open-source sharing of significant works in the field of molecular oncology that

can increase our understanding of cancer development, which may lead to the discovery of new

molecular diagnostic technologies and targeted therapeutics.

Laura Paleari

Editor
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Abstract: Objective: Although endometrial cancer (EC) is a hormone dependent neoplasm, there
are no recommendations for the determination of steroid hormone receptors in the tumor tissue and
no hormone therapy has ever been assessed in the adjuvant setting. The purpose of this study was
to explore the effect of adjuvant aromatase inhibitors (AIs) on progression-free survival (PFS) and
overall survival (OS) in patients with early stage and steroid receptors-positive EC. Methods: We
retrospectively analyzed clinical and pathological factors in 73 patients with high-risk (49.3%) or
low-risk (50.7%) stage I (n = 71) or II (n = 2) endometrial cancer who received by their preference
after counseling either no treatment (reference group) or AI. Prognostic factors were well balanced
between groups. Expression of estrogen receptor (ER), progesterone receptor (PgR), and Ki-67
index was correlated with clinical outcomes. Results: Univariate and multivariate Cox proportional
regression analyses, adjusted for age, grade, stage, depth of myometrial invasion, lymphovascular
space invasion, BMI, ER, PgR and Ki-67 labeling index levels, showed that PFS and OS had a trend to
be longer in patients receiving AI than in the reference group HR= 0.23 (95% CI; 0.04–1.27) for PFS
and HR= 0.11 (95% CI; 0.01–1.36) for OS. Conclusion: Compared with no treatment, AI exhibited
a trend toward a benefit on PFS and OS in patients with early stage hormone receptor-positive EC.
Given the exploratory nature of our study, randomized clinical trials for ER/PgR positive EC patients
are warranted to assess the clinical benefit of AI and the potential predictive role of steroid receptors
and Ki-67.

Keywords: endometrial cancer; steroid receptors; aromatase inhibitors; progression free survival;
overall survival

1. Introduction

Endometrial cancer (EC) is the most common cancer of the female reproductive organs affecting
mainly postmenopausal women with an average age at diagnosis of 60 years. The American
Cancer Society estimates about 58,000 new cases and more than 10,000 deaths in 2018 in the US [1].
EC represents over 90% of uterine cancer and develops along two different pathways with distinct
molecular alterations, histologic and clinical types [2]. The majority (~80%) of ECs have endometrioid
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differentiation, are associated with an excess of estrogens related to obesity and insulin resistance (type I)
and are usually detected at an early stage [3]. Conversely, the remaining ~20% ECs of unknown etiology
(type II) are diagnosed at a more advanced stage, tend to be more aggressive and their risk factors are
less well identified but may include women with inherited microsatellite instability [2]. Estrogen (ER)
and progesterone (PgR) receptor expression is linked to the grade of histology differentiation in EC
with 70%, 55% and 41% of grade 1, 2 and 3, respectively [4]. The recent analysis of the Cancer Genome
Atlas Project (TCGA) confirmed an increased expression of ER and PgR in association with the grade of
histological differentiation in EC [4]. The incidence of EC has been found to directly correlate with the
increase in body mass index (BMI) which is an independent risk factor for this disease [2]. The relative
risk of cancer-specific mortality for obese women (BMI = 30–34.9 kg/m2) is more than doubled compared
with women with a normal range BMI (RR = 2.53 (95% CI; 2.02–3.18)) and is much greater for women
with BMI > 40.0 kg/m2 (RR = 6.25 (95% CI; 3.75–10.42)) [2]. In addition, uterine endometrial cell
proliferation is under the control of both estrogen and progesterone [5] and previous clinical, biological
and epidemiological studies have demonstrated that the excess of exogenous/endogenous estrogens
represents one of the main risk factors for EC [6]. Moreover, prospective cohort studies have shown that
increased serum estrogen levels double the risk of EC incidence particularly for type I [7,8]. Aromatase,
the enzyme responsible for a key step in the biosynthesis of estrogens, produces the majority of
circulating estrogen in postmenopausal women [9]. Studies have demonstrated how high levels of
aromatase are expressed in EC with respect to normal endometrium leading to the hypothesis that
the enzyme functions through a paracrine mechanism [10,11]. Selective estrogen receptor modulators
(SERMs) or aromatase inhibitors (AIs) are being used in the palliative treatment of advanced EC, but
their effect as adjuvant treatment is unknown [12]. Recently, the National Comprehensive Cancer
Network (NCCN) has updated the guidelines for EC management including the use of hormone
therapy for advanced low-grade endometrioid histology, preferably in patients with small tumor
volume or an indolent growth pace, although recommendations are category 2A because of the
lack of definitive trials [13]. This retrospective cohort study aimed to probe the effect of AI in the
adjuvant setting of EC and to explore the prognostic/predictive significance of ER/PgR expression and
Ki-67 levels.

2. Results

2.1. Study Population

In total, 73 patients met our inclusion criteria. The overall median age was 74.7 years (SD + 10.4).
The median expression levels of steroid receptors were 80% (range, 20–40) for ER and 70% (range,
30–90) for PgR and 40% (range, 30–65) for Ki-67. A depth ≥ 50% of myometrial invasion was present in
45.2% of patients while lymphovascular space invasion was present in 5.5%, both prognostic factors
for EC were well-balanced in the AIs and no-treatment group. Overall, 50.7% were low risk and
49.3% were at high risk according the ESMO guidelines [14,15]. The 38.3% of the cohort population
had healthy weight, 28.3% overweight and 33.3% were obese. Adjuvant treatment included AIs
(exemestane or letrozole, 71% and 29%, respectively). The choice of the AIs was based on patient
preference after medical counseling on the toxicity profile of each compound, and was offered to all
the patients [16,17]. The main patient characteristics and prognostic factors were evenly distributed
between groups and are summarized in Table 1.
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Table 1. Patients’ characteristics.

Variable Overall
N = 73 (100%)

Hormone Therapy
N = 31 (42.5%)

No Treatment
N = 42 (57.5%) p-Value

Age, mean (SD) 74.6 (10.4) 73.4 (9.7) 75.5 (10.9) 0.396 2

Age, N (%) <70 yrs 25 (34.3) 11 (35.5) 14 (33.3)
1.000 1

>70 yrs 48 (65.8) 20 (64.5) 28 (66.7)

BMI, N (%)
healthy weight 22 (30.1%) 9 (29.0%) 13 (30.9%)

0.912 1over weight 31 (42.5%) 14 (45.2%) 17 (40.5%)
obesity 20 (27.4%) 8 (25.8%) 12 (28.6%)

Adjuvant treatment:
Exemestane

Letrozole

22 (71%)
9 (29%)

22 (71%)
9 (29%)

0 (0%)
0 (0%) -

Depth of myometrial invasion,
N (%)

<50% 40 (54.8) 18 (58.1) 22 (52.4)
0.644 1

>50% 33 (45.2) 13 (41.9) 20 (47.6)

Stage, N (%) I 56 (82.4) 26 (86.7) 30 (79.0)
0.720 1II 7 (10.3) 2 (6.7) 5 (13.2)

III 5 (7.4) 2 (6.7) 3 (7.9)

Grade, N (%) <G2 36 (50.7) 14 (46.7) 22 (53.7)
0.617 1

>G3 35 (49.3) 16 (53.3) 19 (46.3)

Lymphovascular space invasion,
N (%)

No 69 (94.5) 29 (93.5) 40 (95.2)
1.000 1

Yes 4 (5.5) 2 (6.5) 2 (4.8)

ER, median (IQR) 80 (20–90) 80 (40–90) 80 (20–90) 0.499 3

PgR, median (IQR) 70 (30–90) 80 (50–90) 70 (10–90) 0.358 3

Ki-67, median (IQR) 40 (30–65) 40 (20–60) 50 (30–70) 0.308 3

(1) Fisher’s Exact for frequencies; (2) t-test for means; (3) Mann-Whitney test for equality of medians.

2.2. Efficacy

At the time of the present analysis, 62 out of 73 (86.3%) patients were alive. Kaplan–Meier survival
curves for median progression-free survival (PFS) and overall survival (OS) are shown in Figure 1.
The choice for hormone therapy was offered to all the patients and the type of treatment was decided
by patient preference but it is interesting to note that the treatment arms with AIs and no-therapy
were well balanced in terms of prognostic factors. Multivariate analysis, adjusted for age, BMI, grade,
depth of myometrial invasion, lymphovascular space invasion, ER and PgR expression levels and
Ki-67 labeling index, showed a ~80% relative reduction in the risk of progression in patients treated
with AIs over the untreated group in terms of PFS (HR = 0.23 (95% CI; 0.04–1.27); p = 0.089) (Figure 1a).
Likewise, women in the AIs group exhibited an 89% relative reduction in the risk of death compared
with the untreated group (HR = 0.11 (95% CI; 0.01–1.36); p = 0.047) (Figure 1b).
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In addition, patients with age > 70 years and high Ki-67 levels were associated with a higher
risk of shorter PFS and OS (Tables 2 and 3). Intriguingly, while ER expression was associated with
longer PFS and OS, PgR expression had a direct association with shorter PFS and OS (Tables 2 and 3).
No severe adverse events have been reported and the most common toxicity was a mild arthralgia
which has never led to treatment disruption.

Table 2. Association between variables and progression-free survival (PFS) in multivariate Cox model.

PFS HR 95% CI p-Value
AI vs. no therapy 0.23 0.04–1.27 0.092

Age > 70 9.89 0.93–105.53 0.058

BMI 25–29 vs. BMI < 25 0.28 0.05–1.55 0.144

BMI > 30 vs. BMI < 25 0.44 0.06–3.12 0.409

Myometrium invasion (yes vs. no) 0.87 0.19–3.94 0.854

Grade > G2 1.02 0.23–4.53 0.974

Lymphovascular space invasion (yes vs. no) 3.33 0.32–34.49 0.314

ER 0.97 0.93–1.01 0.178

PgR 1.03 0.98–1.09 0.209

Ki67 1.04 1.01–1.09 0.026

Table 3. Association between variables and overall survival (OS) in multivariate Cox model.

OS HR 95% CI p-Value
AI vs. no therapy 0.11 0.01–1.36 0.085

Age > 70 Na * Na * Na *

BMI 25–29 vs. BMI < 25 0.18 0.03–0.97 0.046

BMI > 30 vs. BMI < 25 0.21 0.01–3.03 0.253

Myometrium invasion (yes vs. no) 1.04 0.22–4.92 0.962

Grade > G2 0.80 0.14–4.71 0.803

Lymphovascular space invasion (yes vs. no) 2.66 0.21–33.14 0.446

ER 0.96 0.90–1.02 0.199

PgR 1.05 0.97–1.13 0.204

Ki67 1.06 1.01–1.11 0.027

(*) not estimable due to collinearity with the outcome.

3. Discussion

Although EC is a hormone-dependent neoplasm, to date the standard treatment of early stage EC
includes mainly surgery and/or radiotherapy and/or chemotherapy. Hormone therapy is recommended
by the NCCN only in advanced EC patients, with low grade, low volume and slow growth rate
tumors. It is also considered for early stage patients who are not suitable for primary surgery, in
selected cases. [13]. Hormone therapy could represent a tolerable and effective therapeutic option in
the adjuvant setting but the lack of RCTs for evaluating its efficacy does not allow clarifying the clinical
benefit in terms of PFS and OS. It is well known that estrogen is the most significant risk factor for type
I EC and the results of genome analysis confirmed the association of high ER/PgR expression levels
with endometrioid histology suggesting a prognostic role of steroid receptors. Thus, we performed a
retrospective study to explore the effect of AIs in terms of PFS and OS versus no therapy in ER/PgR
positive early stage EC patients and to determine the prognostic and predictive role of ER/PgR to
adjuvant endocrine therapy. Treatment with letrozole or exemestane was offered to all the patients
based on clinical characteristics and patients opted for either AIs or no treatment based on their
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preference after accurate counseling. The two groups were well balanced for prognostic factors and
our prior experience with a similar patient-decision approach in women with breast ductal carcinoma
in situ [18] and in breast intraepithelial neoplasia using low dose tamoxifen indicates that the results
are in line with those obtained in a subsequent RCT [19]. In this context, our results suggest a potential
clinical benefit in AIs arm compared to untreated patients with regard to PFS (HR = 0.23 (95% CI;
0.04–1.27)) and OS (HR = 0.11 (95% CI; 0.01–1.36)) and are worth exploring in a randomized trial.

Interestingly, no clinical trial of AIs in an adjuvant setting of early stage EC has ever been completed
or is underway [20]. The reason for this gap in this unmet medical area is unclear, but may in part be
due to the lack of commercial interest of AIs, which are all out of patent, thus making a non-profit
clinical trial difficult to conduct for financial constraints. Tamoxifen could also be an alternative to
AIs given its favorable safety profile, especially at a lower dose where efficacy is comparable to the
standard dose in early breast cancer [19]. Importantly, a progestin such as medroxyprogesterone
acetate was assessed in a randomized trial in the early 1990s [21]. The results were negative in terms of
PFS. Our findings seem to suggest that PgR expression is associated with worse prognosis and this
might explain why giving a progestin may not be effective. Our findings also advise that Ki-67 labeling
index may be a prognostic factor in EC, in line with previous data [14,22–24].

Study limitations are the non-randomized nature of the study and the small sample size, which
only provides exploratory evidence. However, despite the retrospective nature of the study, there are no
significant differences in terms of prognostic factors and/or possible confounders, i.e., the two treatment
arms are comparable for each other factor different from the treatment (p > 0.3). The Multiple Cox
model, adjusted for possible confounders, confirms the findings of the univariate analysis presented
in Table 1 and in the survival curves (Figure 1). In conclusion, our results suggest that AI is a
useful treatment modality to prolong PFS and possibly OS in the adjuvant treatment of patients with
steroid receptors-positive EC. Randomized trials assessing the efficacy of AIs are warranted to confirm
our findings.

4. Materials and Methods

4.1. Patients

This is a retrospective survival study conducted between January 2011 and December 2017 on
73 women operated for EC at Galliera Hospital. The study was approved by the Regional Ethical
Committee (code 214-2018, 25 March 2019). Demographic, clinical, pathologic, and follow-up data
were obtained from patients’ medical records. The study only included patients with ER/PgR positive
tumors, criterion for prescription of hormone therapy and the median follow-up was 39 months.
The choice for hormone therapy was offered to all the patients and the decision to undergo an aromatase
inhibitor or no treatment in women with stage I EC was based on patient preference after careful
medical counseling by a single medical oncologist (ADC). Patients were treated with Exemestane 25 mg
once daily or Letrozole 2.5 mg once daily for 2 years. The inclusion criteria were: (1) histologically
diagnosed stage I or II EC and positive hormone receptor expression; (2) patients operated for EC in
the period 2011–2017 at the Galliera Hospital; (3) age > 18 years; (4) no contraindication to AIs use,
including any prior cancer, prior cardiovascular disease, osteoporosis, grade 2 or higher biochemical
alterations, prior use of selective estrogen receptor modulators or aromatase inhibitors, or mental
disorders. Patient response to therapy and survival rates were correlated with demographic and
clinic-pathologic variables to evaluate factors associated with the response to AIs, including a high risk
of relapse according to the ESMO guideline which comprises FIGO stage and lymphovascular space
invasion while the kind of surgery, the nodal status and the number of positive nodes are not included
for the determination of the risk of recurrence [15,25].
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4.2. Tissue Sampling, Histopathological Analysis and Immunohistochemistry (IHC)

Tumor sampling was performed immediately after hysterectomy. For histopathologic examination,
2 µm-thick FFPE sections were stained with the conventional hematoxylin and eosin stain.
Two pathologists confirmed the diagnosis of endometrial carcinoma. IHC was performed on 2
µm sections with an automated IHC staining system (Ventana BenchMark ULTRA, Ventana Medical
Systems, Italy).

All cases were stained IHC with Estrogen (clone SP1, 1/100, Ventana), Progesterone (clone 1E2,
1/100, Ventana) and Ki67/MIB1 (clone 30-9, 1/100, Vantana). Glands and endometrial stroma constituted
the internal positive control for IHC procedure. Two independent observers scored the slides.

4.3. Statistical Analysis

PFS refers to the period from the start of treatment administration to disease progression or
death by any cause; OS is defined as the period from the start of treatment administration to death by
any cause, or the last follow up. The final data cutoff date was 31 December 2018. The sample was
explored with descriptive statistics in order to highlight the difference between arms of treatment.
Common indices like mean (SD) and median (IQR) were adopted to analyze continuous variables, t-Test
or Kruskal–Wallis ANOVA were used to test the equality of mean or median between the two groups
of treatment. Categorical variables were described in terms of frequencies and the comparison between
the two groups was done with the Fisher’s exact test. PFS and OS between the two comparisons of
interest, i.e., AIs versus no treatment, were assessed with Kaplan–Meier estimator and at an explorative
level the difference between two survival curves was tested by using the log-rank test. An adjusted
Cox PH model was adopted to quantify and test the difference of hazard between groups for both PFS
and OS. Threshold of significance was set alpha = 5%, two-tailed. All the analyses were done with
software STATA (Stata Corp. 2015. Release 14.2. College Station, TX: Stata Corp LP).

4.4. Assessment of Therapeutic Option and Patients Counselling

Patients were stratified into risk classes in accordance with the recent ESMO guidelines [15,25]; on
the basis of biological characteristics of tumors, patients have been therefore assigned to three classes of
risk (low, intermediate and high) of disease recurrence. Therapies were generally decided by clinicians
according to practical clinical guidelines, which just take into account the risk of recurrence.

However, it has not always been possible to administer the therapies indicated according
to guidelines because of the general health status, age and preferences of patients. So, in many
cases, hormonal therapy was proposed as an alternative opportunity for those patients who should
have undergone chemotherapy or radiotherapy but who lacked these treatments for the reasons
explained above.
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Abstract: Lung cancer is the leading cause of cancer deaths in the world, and accounts for more solid
tumor deaths than any other carcinomas. The prognostic values of DMP1, ARF, and p53-loss are
unknown in lung cancer. We have conducted survival analyses of non-small cell lung cancer (NSCLC)
patients from the University of Minnesota VA hospital and those from the Wake Forest University
Hospital. Loss of Heterozygosity (LOH) for hDMP1 was found in 26 of 70 cases (37.1%), that of the
ARF/INK4a locus was found in 33 of 70 (47.1%), and that of the p53 locus in 43 cases (61.4%) in the
University of Minnesota samples. LOH for hDMP1 was associated with favorable prognosis while
that of p53 predicted worse prognosis. The survival was much shorter for ARF-loss than INK4a-loss,
emphasizing the importance of ARF in human NSCLC. The adverse effect of p53 LOH on NSCLC
patients’ survival was neutralized by simultaneous loss of the hDMP1 locus in NSCLC and breast
cancer, suggesting the possible therapy of epithelial cancers with metastatic ability.

Keywords: DMTF1; ARF; INK4a; p53; Cyclin D1; YY1

1. Introduction

Lung cancer is the leading cause of cancer deaths in the world, and accounts for more solid tumor
deaths than any other carcinomas. More than 22,800 new cases are diagnosed each year in the United
States alone, of which 135,700 will die 2020, representing 25% of all cancer deaths [1]. Lung cancer
can be categorized into two major histopathological groups: Non small-cell lung cancer (NSCLC)
and small-cell lung cancer (SCLC) [2], the latter of which shows neuroendocrine features. A total of
80%–85% of lung cancers are NSCLC [2], and they are subcategorized into adenocarcinomas (AC),
squamous cell carcinomas (SCC), adenosquamous carcinomas, and large-cell carcinomas [3]. SCLC and
NSCLC show major differences in histopathologic characteristics that can be explained by the distinct
patterns of genetic alterations found in both tumor classes [4].

The ARF gene was cloned as the alternate reading frame gene for p16Ink4a from the mouse
ARF/Ink4a locus [5–10]. Accumulating studies showed that the ARF tumor suppressor is a sensor
for hyperproliferative oncogenic stimuli stemming from mutant Ras, c-Myc, E2F-1, and HER2
proteins [11–14], virtually induced by all the oncogenes stimulating p53 to induce cell cycle arrest,
apoptosis, and autophagy [15]. p19ARF (p14ARF in humans) and p16Ink4a mRNAs are generated from
separate and first exons 1β and 1α (19.4 kilo base pairs (kbp) apart in humans; 12.4 kbp apart in
mice) which splice into two common exons 2 and 3 [5]. These two genes are different since p19ARF

uses only exons 1 and 2 (also p14ARF) while p16INK4a uses all of the exons 1–3 for production of the
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protein [5,16]. This ARF-INK4a (CDKN2a) locus is located 11.5 kbp downstream of the genomic locus
for CDKN2b that encodes for p15INK4 [9]. All of p15Ink4b, p19ARF, and p16Ink4a are tumor suppressor
genes as proved by analyses of gene knockout mice [17–20]. Since RB is regulated by p16INK4a and
p53 is regulated by p14ARF, the ARF/INK4a locus is very frequently inactivated in human cancers,
second only to p53 [21,22]. ARF is a highly basic, insoluble protein (pI 11; [23]). Although human and
mouse ARF differ in size (mouse 19 kDa, human 14 kDa) and show only 49% identity in amino acid
sequences, the functions of the ARF proteins are well-conserved between the two species [6]. ARF is
regulated at both transcriptional and protein levels by ULF, MKRN1, and SIVA1 [10].

Ectopic ARF arrests immortal rodent cell lines, such as NIH 3T3, as well as human cells from
cancer [5,16,24]. The ability of ARF to inhibit cell cycle progression in a number of cell types suggested
that ARF has powerful growth-inhibitory functions in cells, which stimulated researchers to study the
in vivo activity of ARF to prevent tumors. ARF sequesters MDM2 in the nucleolus, thus preventing
p53 degradation [25]. In addition, it inhibits the transcription factor E2F activity [26]. These activities
lead to cell cycle arrest at G1 and G2 [16]. Itahana et al. studied the role of ARF in apoptosis and found
that the mitochondrial protein p32/C1QBP bound to the ARF C-terminus, where p32 is required for
ARF to localize to mitochondria to induce apoptosis, demonstrating the essential role of ARF in tumor
suppression and programmed cell death [27]. Recent studies indicate that nuclear factor E2-related
factor 2 is a major target of ARF in p53-independent tumor suppression [28].

The gene for the Dmp1 (cyclin D binding myb-like protein 1; Dmtf1) transcription factor was
isolated in yeast two-hybrid screen of CTLL2 cell library with cyclin D2 bait [29]. Inoue and Sherr
reported that gene expression and cell cycle arrest mediated by Dmp1 (Dmp1α) was antagonized
by D-type cyclins through a Cdk-independent mechanism [30]. Importantly, Dmp1 directly binds to
the Ets consensus sequence 5′ CCCGGATGC-3′ of the ARF promoter to activate its gene expression,
thereby inducing p53-dependent cell cycle arrest ([29–47] for primary articles; [48–51] for reviews).
The human DMP1 locus encodes DMP1α, and its splice variants DMP1β and γ [46]. DMP1α
regulates the human ARF promoter, the activity of which is antagonized its splice variant DMP1β [46].
Similar mechanisms must be present in human ARF promoter since both E2F and DMP1-consensus
sequences are found in the human version as well. Dmp1-deficient mice were prone to spontaneous
tumor development, which was accelerated when the animals were neonatally treated with ionizing
radiation or dimethylbenzanthracene [34,35]. Although Dmp1-deficient mice develop a broad spectrum
of epithelial and non-epithelial tumors, lung tumors were the most frequently encountered neoplasms
in both Dmp1-null and Dmp1-hetrozygous mice [34,35]. The wild type Dmp1 allele was retained and
expressed in tumors arising from Dmp1+/- mice, demonstrating a haplo-insufficiency of Dmp1 in tumor
suppression [35,51]. Tumors from Dmp1-/- or Dmp1+/- (Eµ-Myc, K-RasLA, HER2 mutant) mice rarely
showed mutations, deletions, or silencing of p19ARF or p53, suggesting that Dmp1 is a critical regulator
of the ARF-p53 tumor suppressor pathway in vivo [14,34,35,39,48–51].

Activation of the Dmp1 promoter by oncogenic Ras or mutant HER2 have been reported [11,14,36],
indicating that it is a critical mediator in RAS or HER2 induced ARF, p53 cell cycle arrest to prevent
incipient cancer cells. The Dmp1 promoter was also activated by an inflammatory cytokine TNFα
mediated by NF-κB [38] as well as dsDNA breaks [41], indicating that Dmp1 is a mediator of a
variety of stress signaling. We conducted GeneChip microarray using Dmp1+/+ and Dmp1-/- lungs
and found that other transcriptional targets for Dmp1α include Areg, Thbs1, JunB, and Egr1 [40],
suggesting that it is involved in signal transduction pathways involving cell proliferation, angiogenesis,
and invasion/metastasis.

Dmp1 shows it tumor suppressive activity not only transactivating the ARF promoter in response
to oncoprotein overexpression, but also through physical interaction with p53 in response to DNA
damage response [41]. Our data indicate that acceleration of DNA-binding of p53 by Dmp1 is a critical
process for Dmp1 to increase the p53 function in ARF-deficient cells [47].

Whether hDMP1 is involved in the pathogenesis in human cancer is a critical issue for research.
We found that loss of heterozygosity (LOH) of hDMP1 was present in ~40% of non-small cell lung
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carcinomas (NSCLC), especially those that retain wild type INK4a/ARF and/or p53 [39]. In this study,
we received specimen from the University Minnesota VA Hospital (UM) to study the survival of LOH
for hDMP1, ARF/INK4a, p53; the impacts for overexpression of cyclin D1 and YY1 have also been
studied on NSCLC survival, both progression-free survival (PFS) and total survival (TS).

The goals of this study are to clarify prognostic impact form the hDMP1 LOH, ARF/INK4a LOH,
p53 LOH and immunohistochemistry (IHC), Cyclin D1 (IHC), and YY1 (genomic DNA amplification).

2. Results

2.1. Impacts of LOH for hDMP1, ARF/INK4a, and p53 on NSCLC Survival

Previous publication from WFU with samples of 51 NSCLC [39] showed that LOH of the hDMP1
gene was found in 33.3% of samples with 5′ primer, 36.1% with 3′ primer (average 35%), but signs of
biallelic involvement (promoter hypermethylation or complete loss) was extremely rare (the former
2.2% and 0% for the latter) in human lung cancer indicating that hDMP1 was haploinsufficient for
tumor suppression [35,51]. Now, we have studied different set of samples (n = 70) with survival data
(PFS and TS) from the University of Minnesota VA hospital (UM) [48,49].

With the 5′ set of hDMP1 primers (#92465), 10 of 70 cases (14.3%) were positive for LOH; with
the 3′ set of hDMP1 primers (#198004, #176671), 24 of 70 cases were positive (34.3%) (average 24.3%).
26 of 70 cases (37.1%) were positive for either of these (Table 1). The number was close to those
published in WFU samples (35%; 39). Eight of 70 cases (11.4%) were positive for LOH with both of these
hDMP1 primer sets (Table 1), suggesting that gene deletion extends the entire DMP1 locus in these
samples. LOH for hDMP1 was associated with longer survival in both PFS (p = 0.0029, χ2 = 8.8993) and
total survival (p = 0.0040, χ2 = 8.3026) in the UM samples (Figure 1A,B). Consistently, LOH for hDMP1
was associated with favorable survival in TS in our previous WFU samples analyzed (p = 0.0324,
χ2 = 4.5230, n = 42, Supplementary Figure S1A) [39]. The tendency was more prominent is squamous
cell carcinoma than adenocarcinoma (Supplementary Figure S2).

Then the same NSCLC samples pairs were studied for LOH of ARF/INK4a and p53. With ARF/INK4a
primers, 23 of 70 cases (32.9%) were positive for LOH 5′ primers close to the ARF locus, 19 of 70
cases (27.1%) were positive for LOH 3′ primers close to the INK4a locus (average 30%), and 33 of 70
showed LOH for either one of these (47.1%). Nine of 70 cases (12.9%) showed LOH with both sets
of the ARF/INK4a primers (Table 1). Importantly, LOH for the ARF/INK4a locus was not associated
with survival PFS (p = 0.1718, χ2= 1.8670) or TFS (p = 0.1721, χ2= 1.8649) although there was a
trend that it was associated with worse prognosis (Figure 1C,D). The trend was the same when AC
and SCC were separately analyzed (Supplementary Figure S3). The LOH for the ARF/INK4a locus
was not associated with TS in previous WFU specimens analyzed (p = 0.7707, χ2 = 0.08495, n = 43;
Supplementary Figure S1B). Forty-seven of 53 cases (88.7%) showed mutually exclusive loss of the
hDMP1 and the ARF-INK4a loci (p = 0.0023; χ2 = 9.330; 95% confidence interval, 80.1%–97.2%; Table 1).
We found that LOH for ARF was much worse prognostic factor than that of INK4a (Figure 1E,F) in
both PFS and TS; as a matter of fact none of the NSCLC relapsed and died within 1800 (PFS) and
3000 days (TS) of observation for INK4a LOH, whereas NSCLC with ARF deletion relapsed and died in
our survival analyses (Figure 1E,F; p = 0.0430 for PFS and p = 0.0448 for TS), suggesting that ARF LOH
has much stronger impact on NSCLC survival than that of INK4a. When the survival for LOH for
both of ARF and INK4a was studied, it was shorter in patients with the locus involvement than those
without although data were not statistically significant (Supplementary Figure S4).
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LOH for hDMP1, ARF/INK4a, p53; the impacts for overexpression of cyclin D1 and YY1 have also 
been studied on NSCLC survival, both progression-free survival (PFS) and total survival (TS). 

The goals of this study are to clarify prognostic impact form the hDMP1 LOH, ARF/INK4a LOH, 
p53 LOH and immunohistochemistry (IHC), Cyclin D1 (IHC), and YY1 (genomic DNA 
amplification). 

2. Results 

2.1. Impacts of LOH for hDMP1, ARF/INK4a, and p53 on NSCLC Survival 

Previous publication from WFU with samples of 51 NSCLC [39] showed that LOH of the hDMP1 
gene was found in 33.3% of samples with 5′ primer, 36.1% with 3′ primer (average 35%), but signs of 
biallelic involvement (promoter hypermethylation or complete loss) was extremely rare (the former 
2.2% and 0% for the latter) in human lung cancer indicating that hDMP1 was haploinsufficient for 
tumor suppression [35,51]. Now, we have studied different set of samples (n = 70) with survival data 
(PFS and TS) from the University of Minnesota VA hospital (UM) [48,49]. 

With the 5′ set of hDMP1 primers (#92465), 10 of 70 cases (14.3%) were positive for LOH; with 
the 3′ set of hDMP1 primers (#198004, #176671), 24 of 70 cases were positive (34.3%) (average 24.3%). 
26 of 70 cases (37.1%) were positive for either of these (Table 1). The number was close to those 
published in WFU samples (35%; 39). Eight of 70 cases (11.4%) were positive for LOH with both of 
these hDMP1 primer sets (Table 1), suggesting that gene deletion extends the entire DMP1 locus in 
these samples. LOH for hDMP1 was associated with longer survival in both PFS (p = 0.0029, χ2 = 
8.8993) and total survival (p = 0.0040, χ2 = 8.3026) in the UM samples (Figure 1A,B). Consistently, LOH 
for hDMP1 was associated with favorable survival in TS in our previous WFU samples analyzed (p = 
0.0324, χ2 = 4.5230, n = 42, Supplementary Figure S1A) [39]. The tendency was more prominent is 
squamous cell carcinoma than adenocarcinoma (Supplementary Figure S2). 

 
Figure 1. Progression-free Survival (PFS) and total survival (TS) of 70 cases of human non-small cell 
lung cancer obtained from the University of Minnesota VA hospital (UM) dependent on LOH for 
hDMP1 (A,B) and ARF/INK4a loci (C–F). Kaplan-Meier analyses have been conducted to study the 

Figure 1. Progression-free Survival (PFS) and total survival (TS) of 70 cases of human non-small cell
lung cancer obtained from the University of Minnesota VA hospital (UM) dependent on LOH for
hDMP1 (A,B) and ARF/INK4a loci (C–F). Kaplan-Meier analyses have been conducted to study the
impact for the impact of loss of each locus on non-small cell lung cancer (NSCLC) patients’ disease-free
survival up to 5000 days. The Med Calc software (Mariakerke, Belgium) was used to analyze the
specimens. LOH for hDMP1 (A,B) has significantly positive impact on patient’s relapse-free survival.
On the other hand, LOH for ARF/INK4a did not have significant impact on NSCLC survival although
there was a trend for association of worse prognosis (the survival indicate either of the two primers;
C,D). When the ARF/INK4a locus was studied separately, the prognosis of patients with ARF LOH was
much worse than that of INK4a only, indicating much stronger prognostic power for the former than
the latter (E,F).

LOH of p53 (incl. biallelic gene deletion) was found in 37.1% (26/70) with 5′ primers, 47.1% (33/70)
with 3′ primers (average 42.1%), and 61.4% (43/70) with either primers in UM NSCLC samples (Table 1).
LOH of p53 was associated with worse prognosis in both PFS (p = 0.0472, χ2 = 3.9372) and TS (p = 0.0302,
χ2 = 4.6963) in the UM samples (Supplementary Figure S5A,B). Consistently, LOH for p53 had the trend
for worse prognosis in WFU NSCLC samples (p = 0.1079, χ2 = 2.5849, n = 42; Supplementary Figure S1C).
Forty-eight of 58 cases (82.8%) showed mutually exclusive loss of the hDMP1 and the p53 loci (p = 0.0128;
χ2 = 6.195; 95% confidence interval, 75.6–93.9%; Table 1). The p values did not become smaller when
AC and SCC were analyzed separately since N became smaller (Supplementary Figure S6).

We also conducted IHC analysis for p53 to study the impact of p53 expression on patients’ survival
(Supplementary Figure S5C,D). High expression of p53 protein (level 2, intense staining) was associated
with shorter survival in PFS (p = 0.0340, χ2 = 4.4944, n = 62) and TS (p = 0.0537, χ2 = 3.7270)
suggesting that it is an indicator worse prognosis (Supplementary Figure S5C,D). The p vales were
relative large because there were significant number of samples where p53 IHC was not performed,
and because there were samples that showed weak p53 IHC (grade 1; these cases were excluded from
the study). Like the relation of LOH for hDMP1 and p53 loci, LOH of hDMP1 and overexpression
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of the p53 protein did not to overlap each other (29/33 = 87.9% mutually exclusive; 95% confidence
interval: 76.7%–99.0%; Table 1).

2.2. The Impact of hDMP1 LOH on NSCLC Survival with p53 LOH

The fact that LOH for hDMP1 was mutually exclusive for that of p53 in 82.8% in NSCLC samples
(48/58, Table 1) means that LOH for hDMP1 was overlapping with that of p53 in 17.2% of cases
(10/58, 12 cases showed no LOH for DMP1 and p53). We, therefore, studied the impact of hDMP1 LOH
in p53 LOH(+) UM samples (Figure 2). We found that hDMP1 LOH dramatically improved the survival
(both PFS and TS) of p53 LOH(+) in NSCLC patients’ survival in NSCLC (Figure 2A,B). As a matter of
fact, the survival of p53 LOH(+); hDMP1 LOH(+) was comparable to or even better than that of p53
LOH(-) in UM samples (p = 0.0013, χ2 = 13.2841 in PFS; p = 0.0012, χ2 = 13.5258 in TS, triple survival
assay), indicating that one locus hDMP1 deletion neutralized the negative effect of p53 LOH in NSCLC
(3000 day survival of 12.0% became 87.5% in PFS (7.3 fold improvement), Figure 2A; 3000 day survival
of 19.8% became 87.5% in TS (4.2 fold), Figure 2B). The same phenomenon was also observed in previous
WFU NSCLC specimens as analyzed for the total survival (Supplementary Figure S7A, p = 0.0714,
χ2 = 5.2800, n = 42). Indeed, no SCLC patient with double LOH for p53 and hDMP1 relapsed in the
observation period of 1900 days. The p value was relatively large because two Wake Forest University
Health Sciences (WFUHS) NSCLC samples with double hDMP1; p53 LOH (1990-10, 2005-308 in
ref. [39]) did not have any survival data. The same trend was also found in breast cancer samples in
WFUHS [42] since none of the 10 patients that showed dual LOH for p53 and hDMP1 relapsed during
the 2100 days of observation period (p = 0.0189, χ2 = 7.9382, n = 105) (Figure 2C). Conversely, the
LOH for the ARF/INK4a locus did not improve the negative effect of p53 LOH in NSCLC survival
(Supplementary Figure S7B,C). These results show that the adverse prognostic impact of p53 LOH
in epithelial tumors (i.e., NSCLC and breast carcinoma) is greatly improved with simultaneous loss
of the hDMP1, the result of which are consistent with favorable impact of hDMP1 LOH in NSCLC
(this study) and breast cancer [42].
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statistically significant fashion in WFU NSCLC samples (n = 44) or WFU breast cancer samples (n = 
105) suggesting that the improvement of cancer survival of p53 LOH samples with loss of the DMP1 
locus is a generalized phenomenon. (A) PFS of lung cancer (UM); (B) TS of lung cancer (UM), (C) DFS 
of breast cancer (BC, WFUHS). 

2.3. Cyclin D1 Overexpression and YY1 Amplification and NSCLC Survival 

Finally, we examined the impact of Cyclin D1 [52,53] overexpression at protein levels and YY1 
[54,55] expression at genomic DNA level. Overexpression of the Cyclin D1 protein (grade 2 in IHC) 
was found in 26 of 52 cases while 26 samples had no expression of the protein in NSCLC samples. 
Samples with Cyclin D1 overexpression had the trend to be associated with favorable prognosis in 
PFS and TS, but the data were not statistically significant (p = 0.0875, χ2 = 2.9191 in PFS; p = 0.0754, χ2 
= 3.1603 in TS) (Figure 3A,B). Although both hDMP1 LOH and Cyclin D1 overexpression were 
associated with favorable prognosis, the Cyclin D1 protein overexpression was not related to the 
LOH of hDMP1 (p > 0.20) suggesting that these two events happened independently. When we 
conducted quadruple analysis of NSCLC for Cyclin D1 and hDMP1 LOH, we found significantly 
shorter survival for the group without Cyclin D1 expression without LOH for hDMP1 (p = 0.0031, χ2 

Figure 2. The triple analysis of cancer survival for p53 in University of Minnesota (UM) (NSCLC),
and Wake Forest University (WFU) (breast cancer) samples. The impact of DMP1 LOH on p53 LOH
was analyzed by Medcalc software for UM (NSCLC) and WFU (breast cancer) samples. Loss of
DMP1 neutralized the negative effect of p53 LOH in NSCLC by moving the survival curves from p53
LOH (+) to p53 LOH(-) levels in both PFS and TS in UM samples. The same trend was observed in
statistically significant fashion in WFU NSCLC samples (n = 44) or WFU breast cancer samples (n = 105)
suggesting that the improvement of cancer survival of p53 LOH samples with loss of the DMP1 locus is
a generalized phenomenon. (A) PFS of lung cancer (UM); (B) TS of lung cancer (UM), (C) DFS of breast
cancer (BC, WFUHS).
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2.3. Cyclin D1 Overexpression and YY1 Amplification and NSCLC Survival

Finally, we examined the impact of Cyclin D1 [52,53] overexpression at protein levels and
YY1 [54,55] expression at genomic DNA level. Overexpression of the Cyclin D1 protein (grade 2 in
IHC) was found in 26 of 52 cases while 26 samples had no expression of the protein in NSCLC samples.
Samples with Cyclin D1 overexpression had the trend to be associated with favorable prognosis in
PFS and TS, but the data were not statistically significant (p = 0.0875, χ2 = 2.9191 in PFS; p = 0.0754,
χ2 = 3.1603 in TS) (Figure 3A,B). Although both hDMP1 LOH and Cyclin D1 overexpression were
associated with favorable prognosis, the Cyclin D1 protein overexpression was not related to the LOH
of hDMP1 (p > 0.20) suggesting that these two events happened independently. When we conducted
quadruple analysis of NSCLC for Cyclin D1 and hDMP1 LOH, we found significantly shorter survival
for the group without Cyclin D1 expression without LOH for hDMP1 (p = 0.0031, χ2 = 13.8559 for PFS;
p = 0.0020, χ2 = 14.8269 for TS; Figure 3C,D). As a matter of fact, none of the patients lived more than
1400 days in this group where clinicians are alerted for early relapse.
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Figure 3. Progression-free survival (PFS) and total survival (TS) analysis of human NSCLC obtained
from UM dependent on Cyclin D1. (A,B) PFS and TS analysis of human NSCLC obtained from UM
dependent on Cyclin D1 in human NSCLC (n = 62). High expression of Cyclin D1 protein tended to
be associated with longer survival. (C,D) The quadruple analysis of NSCLC samples on Cyclin D1
expression and LOH for DMP1. Quadruple analysis was conducted in UM NSCLC samples for Cyclin
D1 high (2+); DMP1 LOH (+) and (-), and Cyclin D1 no expression; DMP1 LOH (+) and (-). Both Cyclin
D1 expression and LOH for DMP1 are associated with favorable prognosis; we could identify NSCLC
patients with worst prognosis in the group of Cyclin D1, no expression; DMP1 LOH (-) group.

The MDM2 stimulator [54] and epigenetic modifier [55]. YY1 gene amplification (>3 folds) was
found in 16 of 68 NSCLC samples (23.5%) examined. The gene amplification seemed to predict favorable
outcome of patients, but neither of them (PFS: p = 0.2833, χ2 = 1.1590; TS: p = 0.0973, χ2 = 2.7490)
was statistically significant (Figure 4A,B). Amplification of YY1 genomic locus was independent of
LOH for hDMP1 (p > 0.50). Then we conducted quadruple analysis of NSCLC for YY1 amplification
and hDMP1 LOH. We found shorter survival for the group without YY1 amplification expression
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without LOH for hDMP1 (p = 0.0109, χ2 = 11.1565 for PFS, p = 0.0024, χ2 = 14.4367 for TS; Figure 4C,D),
indicating that YY1 amplification (-); hDMP1 LOH (-) genotype is an ominous sign of NSCLC.
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Figure 4. PFS and TS analysis of human NSCLC obtained from UM dependent on YY1. (A,B) PFS
and TS analysis of human NSCLC obtained from UM dependent on YY1 in human NSCLC. (C,D)
The quadruple analysis of NSCLC samples on YY1 amplification and LOH for DMP1. Quadruple
analysis was conducted in UM NSCLC samples for YY1 amplification (>3 folds); DMP1 LOH (+) and
(-); YY1 no-amplification; DMP1 LOH (+) and (-); YY1 amplification. Both YY1 amplification and
LOH for DMP1 are associated with favorable prognosis; we could identify NSCLC patients with worst
prognosis in the group of YY1 no-amplification; DMP1 LOH (-) group.

In summary, both Cyclin D1 protein overexpression and YY1 genomic amplification seem to
predict favorable outcome of NSCLC patients; these do not overlap with LOH for hDMP1 which is
another favorable prognostic factor. When these are absent without LOH for hDMP1, NSCLC patients
will not live long.

3. Discussion

We have analyzed LOH values for hDMP1, ARF/INK4a, and p53 loci from NSCLC specimen
obtained from a different institution. The percentage is a bit different—37.1% of hDMP1 locus, 47.1%
for ARF/INK4a, and 61.4% for p53 in the UM VA hospital samples collected in 1991–2000 while it was
40.8%, 36.0%, and 47.9% from the WFU hospital, 1999–2006, because of the difference of demographic
distribution. Importantly, the hDMP1 locus had positive impact on NSCLC survival in both institutions
(p = 0.0029 in PFS, p = 0.0040 in TS in UM samples; p = 0.03551 in WFU sample) [39]. LOH for the
ARF/INK4a locus did not have prognostic values in both institutions (p = 0.1718 in PFS, p = 0.1721 in TS
in UM specimens), although there was a trend that LOH for ARF/INK4a locus with either of the two
primers was associated with worse prognosis in UM samples. Current data show that LOH for the
ARF/INK4a locus is mutually exclusive for that for the hDMP1 (88.7%) in NSCLC. Published studies
show that Dmp1 activates both ARF-p53 and Ink4a-Rb pathways in mice for tumor suppression [43].
These human and mouse data are very consistent indicating that DMP1 is in the upstream of these
pathways, both having binding sites for transactivation [43].

Since ARF/INK4a locus 5′ probe #33647 was close to ARF exon 1β and #27251 was close to
INK4a exon 1α, LOH was evaluated separately in this study. Of note, we noticed that #33647 LOH
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(representing the ARF locus; LOH, 23/70, 32.9%) had much worse impact on NSCLC survival than
that of #27251 (representing the INK4a locus; 19/70, LOH 27.1%). This is quite unexpected because
INK4a has been considered to be much more important tumor suppressor than ARF in human
cancer [21,22]. This is possibly because the ARF gene is inactivated in human cancer by gene deletion,
splicing alteration than INK4a, which is inactivated mainly by promoter methylation or coding exon
point mutations [5,16]; for splicing errors for ARF, see ref. [2]). Frameshift caused by nucleotide
insertion or deletion affects both of these genes at equal frequency [16]. Since the frequency of LOH
is similar for ARF and INK4a, it is highly possible that ARF plays an important role as INK4a in
suppressing tumor development in NSCLC. Importantly, LOH for ARF/INK4a was mutually exclusive
of that for the hDMP1 locus in UM samples (this study) as well as WFU samples [39,42] confirming
that DMP1 is in the same pathway as that of ARF-p53 signaling.

In good contrast to LOH for hDMP1, LOH for p53 had negative impact on patients’ survival
(Supplementary Figure S5) in both PFS and TS in UM NSCLC samples. Likewise, IHC study shows
that p53 protein overexpression is associated with worse prognosis in lung cancer. Again IHC staining
for p53 was mutually exclusive for that of hDMP1 in UM specimen for NSCLC (29/33). The data
are consistent our findings that Dmp1 binds directly to the p53 protein, esp. when cells receive
DNA damage [41,47]. IHC for p53 (grade 2) tend not to overlap LOH for hDMP1 in our study
(87.9% exclusive), indicating that p53 overexpression is a sign of p53 mutation(s) that happen(s) with
LOH for p53.

We also conducted survival analysis of hDMP1; p53 double LOH cases (n = 10 in UM samples)
although the analysis was difficult due to mutual exclusiveness of LOH for hDMP1 and p53. We expected
that when inactivation of two tumor suppressors overlap, the prognosis of patients will be even
worse than p53 LOH alone; however, the negative effect of p53 loss was strikingly improved by
simultaneous loss of hDMP1 (Figure 2). The trend was the same regardless of the origin of NSCLC
samples (UM or WFU) or the cancer types (lung cancer or breast cancer). The improvement of the
negative effects of p53 LOH in NSCLC was specific to hDMP1 LOH because it was not found in
LOH for ARF/INK4a (Supplementary Figure S7B,C). The quenching of poor prognosis of p53 LOH by
simultaneous loss of hDMP1 is consistent with relatively good prognosis of NSCLC with LOH for
hDMP1 in both institutions. Although the molecular mechanism(s) underlying this phenomenon is not
clear at this moment, we speculate that it is a generalized tendency of carcinoma. Our data show that
Dmp1α stimulates the p53 pathway through direct physical interaction with p53 in response to dsDNA
breaks [41,47]. The human DMP1 locus encodes DMP1α, and its splice variants DMP1β and γ [46].
Our preliminary study suggests that Dmp1α binds to both wt and mutant p53 although the affinity is
much higher for the latter. Thus, DMP1α is either tumor suppressive (wt p53) or oncogeic (mutant p53)
dependent on the p53 status of cells. DMP1β/γ do not interact with p53, is always oncogenic [45].
DMP1α regulates the human ARF promoter, the activity of which is antagonized its splice variant
DMP1β [46]. Whatever the mechanism is, small molecule inhibitor screening should be performed to
disrupt DMP1α and mutant p53 interaction for future cancer therapy.

The present study shows that Cyclin D1 overexpression as detected by IHC is associated with
longer survival/better prognosis of NSCLC in both PFS and TS. The p values were more than 0.05
because we cannot include low level of Cyclin D1 expression (grade 1) and because not all samples were
stained for Cyclin D1 in the current study. The current study shows that both hDMP1 LOH and Cyclin
D1 overexpression are favorable prognostic factors associated with longer survival (Figures 1 and 4).
Thus we conducted quadruple analysis of NSCLC patients and found that samples that show Cyclin
D1 IHC zero and hDMP1 LOH (-) have much worse prognosis than other three groups (Figure 4C,D).
It is expected that tumor cells without LOH for hDMP1 and Cyclin D1, low express high hDMP1.
Whatever the situation is, hDMP1 overexpression combined with no Cyclin D1 expression in IHC
is associated with worse prognosis of NSCLC as shown in Figure 3C,D, delineating special group
of NSCLC patients who will relapse early. Dmp1α behaves as a tumor suppressor when the p53 is
wild type since it binds and stabilizes p53, but it will behave like as an oncogene when p53 is mutant.
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Whatever the situation is, molecular studies should be performed in the near future to explain the
oncogenic role of hDMP1 in human cancer. Of note, mouse genome produces only Dmp1α, but not β
or γ isoforms, explaining the difference between mice and humans.

We also studied the effects of YY1 genomic amplification in NSCLC. Its amplification again had
positive effects in NSCLC survival although the data were not statistically significant. It has been
reported that YY1 augments HDM2-mediated p53 polyubiquitination, and thus be oncogenic [54].
Our study shows that Dmp1α antagonizes p53’s ubiquitination by MDM2 both in vitro and in cell,
and restores p53’s nuclear localization that had been lost with MDM2 expression [41]; theoretically
Dmp1α will antagonize the action of YY1 to show its tumor-suppressive activity. Then the LOH
for hDMP1 will nullify the effects of YY1 in NSCLC survival. As a matter of fact, the survival
of YY1-amplified lung cancer almost the same between YY1 amplified cases and YY1 amplified;
hDMP1 LOH cases in PFS and TS of NSCLC. We identified a group of bad prognosis in NSCLC,
i.e., NSCLC without YY1 amplification without LOH for hDMP1 had the worse prognosis than the
other three groups.

We will analyze mRNA levels in the future.

4. Materials and Methods

4.1. Human Lung Cancer Samples

Seventy pairs of frozen human lung cancer tissues (36 cases of adenocarcinoma, 25 cases of
squamous cell carcinoma, 5 cases of large cell carcinoma, and 4 cases of adenosquamous carcinoma)
and their normal counterparts were obtained from the Tissue Procurement Core Facility at the
Minnesota Veteran’s hospital (UM VA hospital [56,57]). Fifty-one pairs of frozen human lung cancer
tissues (33 adenocarcinoma, 16 squamous cell carcinoma, and 2 adenosquamous carcinoma) and their
normal counterparts were obtained from the Tissue Procurement Core Facility at the Wake Forest
University Comprehensive Cancer Center (WFU [39]). The samples had already been resected from
patients with informed consent and had been stored in liquid nitrogen in both cases. The samples
do not contain any subject identifiers. The human protocol had been approved by the Institutional
Review Board.

4.2. Loss of Heterozygosity (LOH) and Sequencing Analyses of Human Lung Cancer Specimen

LOH assays have been conducted as described previously by PCR [39,42]. PCR products were
visualized on a 1.2% agarose gel. Genotypes were identified by peak analysis of the fluorescent
signal detected on an ABI 3700 DNA analyzer (Applied Biosystems). LOH was assessed if the qLOH
value was found to be >2.0 or <0.5 [39,42]. The third set of primers (#176671; Table 1) was used to
examine the status of hDMP1 gene 3′ when LOH study of hDMP1 locus was single with those for
#198004. Real-time PCR was also conducted to study the genomic status (shown as deletion, no deletion
in the Table 1).

4.3. Statistical Analyses for Mutual Exclusiveness of LOH

Chi square analyses and confidence interval assays were performed as previously described [39].
IHC studies were also performed for Cyclin D1 [43,52,53] and gene amplification study was performed
for exon 4 of human YY1 [54,55]. The cut-off level for YY1 was 3.0 folds over neighbor tissues in
survival analyses.

The progression-free survival (PFS) and total survival (TS) of UM NSCLC specimen was analyzed
by using MedCalc software (Ostend, Belgium; 42). The TS of WFU specimens were also analyzed by
the MedCalc software.
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5. Conclusions

We have done survival analyses of NSCLC patients in UM and WFU samples, the data of which
were obtained by LOH and IHC analyses. LOH for hDMP1 was associated with favorable prognosis
while that of p53 with worse prognosis. LOH for ARF had much negative effects than INK4a loss in
NSCLC survival, showing the role of ARF tumor suppressor by gene deletion. Our data also show
that the adverse effect of p53 LOH was neutralized by simultaneous loss of the hDMP1 locus. We are
currently unaware of the mechanism(s), which will allow more bench works employing DMP1 and p53.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/21/7971/
s1. Supplementary Figure S1. Total survival (TS) of patients of human non-small cell lung cancer obtained from
the Wake Forest Baptist hospital dependent on LOH for hDMP1 (A), ARF/INK4a (B), and p53 loci (C). Kaplan-Meier
analyses have been conducted to study the impact for of loss of each locus on non-small cell lung cancer (NSCLC)
patients’ total survival up to 3500 days. The MedCalc software (Mariakerke, Belgium) was used to analyze the
specimens. LOH for hDMP1 (A, n = 42) has significantly positive impact on patient’s relapse-free survival. On the
other hand, LOH for ARF/INK4a did not have significant impact on NSCLC survival (the TS indicate either of
the two primers; B, n = 43). p53 LOH had statistically significant negative impact on NSCLC patients’ survival
(C, n = 42); Supplementary Figure S2. PFS and TS of patients of human AC and SCC of the lung cancer obtained
from the Minnesota VA Hospital on LOH for hDMP1. The quadruple analyses; Supplementary Figure S3. PFS and
TS of patients of human AC and SCC of the lung cancer obtained from the Minnesota VA Hospital on LOH
for ARF/INK4a (either). The quadruple analyses; Supplementary Figure S4. PFS and TS of patients of human
non-small cell lung cancer obtained from the Minnesota VA Hospital on LOH for ARF/INK4a (both). PFS and
TS were determined by the MedCalc software. Two groups comparison was made between that of ARF/INK4a
LOH (-) and ARF/INK4a LOH, both (+) (A, PFS; B, TS); Supplementary Figure S5. PFS and TS of human NSCLC
obtained from UM dependent on LOH and IHC for p53. Kaplan-Meier analyses have been conducted to study the
impact for the impact of loss of the p53 locus on NSCLC patients’ disease-free survival up to 5000 days. The same
software was used to calculate the p and chi-square values. p53 LOH had statistically significant negative impact
on NSCLC patients’ survival (A,B). Similar analyses were conducted with IHC data for the p53 protein which
often overlap with LOH for p53 (C,D). The p values were relatively larger because not all samples were stained for
p53, and because grade 1 staining was excluded from the study; Supplementary Figure S6. PFS and TS of patients
of human AC and SCC of the lung cancer obtained from the Minnesota VA Hospital on LOH for p53 (either).
The quadruple analyses; Supplementary Figure S7. The triple analysis of cancer survival for p53 in WFU (NSCLC,
A), UM (NSCLC; B,C) samples. The impact of DMP1 LOH on p53 LOH was analyzed by Medcalc software for
WFU and UM NSCLC samples. Loss of DMP1 neutralized the negative effect of p53 LOH in NSCLC by moving
the survival curves from p53 LOH (+) to p53 LOH (-) levels or better in WFU samples. On the other hand, both PFS
and TS of p53 LOH became worse by simultaneous LOH for ARF/INK4a (B,C).
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Abstract: Signal transducer and activator of transcription (STAT) 3 is one of the most complex
regulators of transcription. Constitutive activation of STAT3 has been reported in many types of
tumors and depends on mechanisms such as hyperactivation of receptors for pro-oncogenic cytokines
and growth factors, loss of negative regulation, and excessive cytokine stimulation. In contrast,
somatic STAT3 mutations are less frequent in cancer. Several oncogenic targets of STAT3 have been
recently identified such as c-myc, c-Jun, PLK-1, Pim1/2, Bcl-2, VEGF, bFGF, and Cten, and inhibitors
of STAT3 have been developed for cancer prevention and treatment. However, despite the oncogenic
role of STAT3 having been widely demonstrated, an increasing amount of data indicate that STAT3
functions are multifaced and not easy to classify. In fact, the specific cellular role of STAT3 seems
to be determined by the integration of multiple signals, by the oncogenic environment, and by the
alternative splicing into two distinct isoforms, STAT3α and STAT3β. On the basis of these different
conditions, STAT3 can act both as a potent tumor promoter or tumor suppressor factor. This implies
that the therapies based on STAT3 modulators should be performed considering the pleiotropic
functions of this transcription factor and tailored to the specific tumor type.

Keywords: STAT3; cancer; tumor promoter; tumor suppressor

1. Introduction

Signal transducer and activator of transcription 3 (STAT3) is a multifunctional tran-
scription factor involved in multiple biological processes. It was identified in 1993 by
Wegenka et al. [1]. These authors observed that interleukin-6 (IL-6) rapidly induced the
activation of a DNA-binding factor, termed acute-phase response factor (APRF), in rat liver
and in human hepatoma cells. In 1994, Zhong et al. [2] described a 92 kD mouse protein
from the signal transducer and activator of transcription (STAT) family that was activated
as a DNA-binding protein by IL-6 and by epidermal growth factor (EGF). The partial
amino acid sequence obtained from purified rat APRF and the use of a specific antiserum
demonstrated that APRF was related to STAT3 [3].

STAT3 belongs to the STAT family of cytoplasmic transcription factors that medi-
ate signal transduction from the plasma membrane to the nucleus in various cellular
activities [4].

There are seven STAT proteins: STAT 1, 2, 3, 4, 5A, 5B, and 6 encoded by genes
clustered on different chromosomes. Each of them consists of six regions: (1) a helical
N-terminal domain (ND) for protein–protein interactions between adjacent STAT dimers on
DNA; (2) a coiled-coil (CC) domain for interactions with regulatory proteins that positively
or negatively modulate the transcriptional activity; (3) a DNA-binding domain (DBD) for
the recognition of specific DNA-sequences of target genes; (4) a helical linker (LK) domain
involved in nuclear export and DNA binding; (5) an Src homology 2 (SH2) domain for
receptor binding and dimerization; (6) a C-terminal transactivation domain (TAD) that
contains specific residues that are phosphorylated upon transcriptional activation [5,6].
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STATs are activated in the cytoplasm by Janus kinases (JAKs), a family composed of
four different intracellular non-receptor tyrosine kinases, that transduce cytokine-mediated
signals [7,8]. JAKs are associated with two different types of receptors (type I and type
II) that do not possess any catalytic activity but, after binding with the specific ligand,
allow the auto-phosphorylation of JAK, which, in turn, phosphorylates and activates STAT
proteins [9].

STATs recognize DNA motifs with a consensus sequence of 5′-TTCN3/4GAA-3′ that
are located in promoter and enhancer regions and in the first introns of target genes [10].

STAT3 is one of the most complex transcription regulators and is involved in many
biological functions such as cell proliferation, maturation, and survival. STAT3 is acti-
vated by the entire family of IL-6-type cytokines comprised of IL-6, IL-11, IL-22, IL-27,
IL-31, oncostatin M (OSM), cardiotrophin 1 (CT-1), ciliary neurotrophic factor (CNTF),
cardiotrophin-like cytokine factor 1 (CLCF1), and leukemia inhibitory factor (LIF) [11,12].
These cytokines are involved in embryonic development, immunologic activity, inflamma-
tion, hematopoiesis, cardiovascular physiology, liver, and neuronal regeneration.

A main role in the IL-6 cytokine family/STAT3 axis is played by a transmembrane—
cytokine receptor associated—protein of 130 kD called gp130. In fact, this protein mediates,
as a common signal transducer, the pleiotropic but overlapping functions of the IL-6
cytokine family. When a member of the IL-6-type cytokine family binds to its receptor,
it induces the recruitment of gp130 and the formation of a complex of three proteins (IL-6-
type cytokine/IL-6 member receptor/gp130). After complexing, gp130 is phosphorylated
on tyrosine residues. The phosphorylation leads to the association with JAK, which, in turn,
activates STAT3, which leads to the activation of downstream genes. Animals lacking
gp130 are not viable, indicating the importance of this receptor associated protein [13].

While gp130 expression is relatively ubiquitous in a wide variety of tissues and organs,
receptors of the IL6-cytokine family are more restricted and cell-type specific. These
receptors include IL-6R (IL-6 receptor), IL-11R (IL-11 receptor), IL-27Rα (IL-27 receptor
alpha), OSMR (OSM receptor), LIFR (LIF receptor), and CNTFRα (CNTF receptor alpha).

Many studies have demonstrated the critical role of aberrant STAT3 in malignant
transformation, and several STAT3 oncogenic targets have been identified. However,
recent evidence has shown that STAT3 can have opposite functions in cancer, and based
on different conditions, STAT3 can act as both a potent tumor promoter and a tumor
suppressor factor. This appears to depend on several factors such as the integration of
multiple signals, the oncogenic environment, and the alternative splicing into different
isoforms.

2. STAT3 and Tumorigenesis

STAT3 is currently considered an oncogene, and aberrant regulation of STAT3 has
been reported in nearly 70% of cancers [14,15]. Aberrant activation of STAT3 in cancer cells
causes the continuous transcription of cell growth factors and anti-apoptotic molecules
that play a crucial role in maintaining cell growth and survival [16]. Moreover, STAT3
confers tumor great malignancy by promoting tumor invasion, migration, metastasis,
and angiogenesis. This has led many researchers to develop STAT3 inhibitors for the
treatment of different malignancies.

The first study demonstrating the involvement of STAT3 in cancer was published
in 1995 by Yu et al. They showed that oncoprotein Src can activate the STAT3 signaling
pathway, raising the possibility that this transcription factor contributes to oncogenesis by
Src [17]. In 1996, Cao et al. reported that in all v-Src-transformed cell lines examined, STAT3
was constitutively activated, and phosphorylation of tyrosine on STAT3 was enhanced
by the induction of v-Src expression [18]. They also showed that Src was associated with
the presence of a constitutively activated STAT3 in vivo [18]. Although Src activation
of STAT3 is the most well-characterized model, there was evidence that STAT3 can be
activated by other members of the Src family kinases [19] and by other oncogenic tyrosine
kinases, such as v-Ros, v-Fps, Etk/BMX, and v-Abl [20–25], or by viral proteins that directly
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or indirectly activate tyrosine kinase pathways, including human T lymphotropic virus
(HTLV)1, polyomavirus middle T antigen, Epstein–Barr virus (EBV), and herpes virus
saimiri [26–31].

It is noteworthy that Bromberg et al. reported that the substitution of two cysteine
residues within the C-terminal loop of the SH2 domain of STAT3 produces a molecule
that dimerizes spontaneously, binds to DNA, and activates transcription, causing cellular
transformation, thus demonstrating that the activated STAT3 molecule by itself can mediate
cellular transformation [32].

Hyperactivation of STAT3 has been reported in many types of tumors and can depend
on the following mechanisms: (i) hyperactivation of receptors for pro-oncogenic cytokines
and growth factors; (ii) elevated activity of cytoplasmic non-receptor tyrosine kinases,
such as Src, Janus kinases (JAKs), and Abelson (Abl) kinase; (iii) loss of negative STAT3
regulation; (iv) excessive stimulation by cytokines such as IL-6 or EGF. These mechanisms
can induce uncontrolled cell growth, malignant cell transformation, angiogenesis, metas-
tasis, invasion, and immune escape. For example, the growth and survival of human
myeloma cells is dependent on an IL-6 autocrine loop that induces a constitutive activation
of STAT3 [33]. Likewise, IL-6 is an autocrine growth factor for human prostate cancer cells,
and the effects of IL-6 on prostate cancer cell growth are mediated through the Jak/STAT3
signaling pathway [34]. Elevated epidermal growth factor receptor (EGFR)-mediated
signaling or Src and Jak kinases’ activities have been observed in breast cancer, prostate
cancer, non-small cell lung cancer (NSCLC), melanoma, pancreatic cancer, and head and
neck squamous carcinoma (HNSCC) cells [23,35–40].

In contrast, somatic STAT3 mutations are less frequent in cancer. For example, sixty
percent of inflammatory hepatocellular adenomas have IL-6 signal transducer mutations
that cause hyperactivation of IL-6/STAT3 signaling, while 12% of these tumors lacking
IL-6 signal transducer mutations have somatic STAT3 mutations [41].

However, some types of cancers frequently have STAT3 mutations. For example,
STAT3 mutations were found in 40% of patients with large granular lymphocytic leukemia.
In this leukemia, all mutations were located in exon 21, encoding the Src homology 2 (SH2)
domain, which mediates the dimerization and activation of STAT3 [42].

STAT3 activation in normal and tumor cells is dependent on the phosphorylation of
a tyrosine residue (Y705), which is located between the SH2 domain and TAD (Figure 1).
Phosphorylation of Y705 is crucial for STAT3 dimerization, nuclear translocation, and DNA
binding. A second phosphorylation site is located on serine 727 (S727) in the C-terminal
domain (Figure 1). Phosphorylation on S727 is required for maximal transcriptional activity.
However, its functions are probably more complex since the S727 site is phosphorylated
in response to various cellular stresses and through the interaction with transcriptional
coactivators such as SRC, Cdk9, or CBP in the absence of Y705 phosphorylation [43,44].
In chronic lymphocytic leukemia, STAT3 is constitutively phosphorylated on S727 and not
on Y705, and dephosphorylation of inducible tyrosine pSTAT3 does not affect STAT3-DNA
binding [45]. It has also been reported that Ras-mediated transformation is significantly
reduced when STAT3 is mutated on its S727 residue. Malignant transformation by activated
Ras is impaired without STAT3, in spite of the inability of Ras to drive STAT3 tyrosine
phosphorylation or nuclear translocation. The cooperation between Ras and STAT3 requires
the serine phosphorylation site at the C-terminus. The mutation of S727 or deletion of the
C-terminal domain abrogated cooperation between STAT3 and Ras [46]. Some observations
suggest that phosphorylation on S727 could be connected to the genetic instability and
DNA damage that occur early in tumor cells [47].
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domain; CCD, coiled-coil domain; DBD, DNA-binding domain; LK, linker domain; SH2, Src homology 2 domain; TAD, 
transactivation domain. STAT3 activation is dependent on the phosphorylation (P) of a tyrosine residue Y705, which is 
located between the SH2 domain and TAD. Phosphorylation on serine (S) 727 is required for maximal transcriptional ac-
tivity. After cytokine treatment, STAT3 is acetylated (Ac) on lysine (K) K87 and 685. Other post-translational modifica-
tions are di-methylation (di-Me) of K49, monoubiquitination of K97, and methylation (Me) of K140 and K180. 

After cytokine treatment, STAT3 is also acetylated on a single lysine (K) residue, 
K685 (Figure 1). Acetylation of K685 is critical for STAT3 to form stable dimers required 
for cytokine-stimulated DNA binding and transcriptional regulation. This site of acety-
lation also plays an important role in cancer growth. In fact, lysine acetylation of STAT3 
is elevated in tumors such as melanoma and colorectal cancer. Genetically altering 
STAT3 at K685 reduces tumor growth, which is accompanied by demethylation and re-
activation of several tumor-suppressor genes [48]. 

Other post-translational STAT3 modifications are p300-mediated acetylation of K87 
at the STAT3 NH2 terminus, which is required for IL-6-induced target gene activation 
[49], dimethylation of K49 at the NH2 terminus, which is crucial for the expression of 
many IL-6-dependent genes [50], monoubiquitination at K97, which plays a role in 
STAT3 antiapoptotic gene expression [51], methylation of K140, which is a negative reg-
ulatory event, because its blockade greatly increases the amount of activated STAT3 [52], 
and methylation of K180, which leads to enhanced STAT3 activity [53] (Figure 1). 

STAT3 regulates multiple biological functions in the initiation of malignant trans-
formation, and it is the convergence point of several major oncogenic signaling path-
ways. Moreover, STAT3 modulates host immunity against tumor cells leading to tu-
mor-induced immunosuppression. This depends on the ability of STAT3 to suppress an-
ticancer immune cells and to activate cancer promoting immune cells. Therefore, thera-
pies based on STAT3 modulators can not only directly inhibit the growth of tumors, but 
also enhance antitumor immunity. 
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Activated STAT3 can upregulate the mRNA levels of many genes involved in cell 
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Pim-1/2, Cten, survivin, Bcl-xL, IAPs, and Mcl-1. These upregulated genes cooperate in 
inducing the oncogenic transformation of cells. In addition, STAT3 downregulate genes 
encoding cell cycle checkpoint proteins such as p21, p27, and p53. Other genes, such as 
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Figure 1. Structure of signal transducer and activator of transcription 3 (STAT3). Functional domains: ND, NH2-terminal
domain; CCD, coiled-coil domain; DBD, DNA-binding domain; LK, linker domain; SH2, Src homology 2 domain; TAD,
transactivation domain. STAT3 activation is dependent on the phosphorylation (P) of a tyrosine residue Y705, which is
located between the SH2 domain and TAD. Phosphorylation on serine (S) 727 is required for maximal transcriptional activity.
After cytokine treatment, STAT3 is acetylated (Ac) on lysine (K) K87 and 685. Other post-translational modifications are
di-methylation (di-Me) of K49, monoubiquitination of K97, and methylation (Me) of K140 and K180.

After cytokine treatment, STAT3 is also acetylated on a single lysine (K) residue,
K685 (Figure 1). Acetylation of K685 is critical for STAT3 to form stable dimers required for
cytokine-stimulated DNA binding and transcriptional regulation. This site of acetylation
also plays an important role in cancer growth. In fact, lysine acetylation of STAT3 is
elevated in tumors such as melanoma and colorectal cancer. Genetically altering STAT3 at
K685 reduces tumor growth, which is accompanied by demethylation and reactivation of
several tumor-suppressor genes [48].

Other post-translational STAT3 modifications are p300-mediated acetylation of K87 at
the STAT3 NH2 terminus, which is required for IL-6-induced target gene activation [49],
dimethylation of K49 at the NH2 terminus, which is crucial for the expression of many
IL-6-dependent genes [50], monoubiquitination at K97, which plays a role in STAT3 anti-
apoptotic gene expression [51], methylation of K140, which is a negative regulatory event,
because its blockade greatly increases the amount of activated STAT3 [52], and methylation
of K180, which leads to enhanced STAT3 activity [53] (Figure 1).

STAT3 regulates multiple biological functions in the initiation of malignant transfor-
mation, and it is the convergence point of several major oncogenic signaling pathways.
Moreover, STAT3 modulates host immunity against tumor cells leading to tumor-induced
immunosuppression. This depends on the ability of STAT3 to suppress anticancer immune
cells and to activate cancer promoting immune cells. Therefore, therapies based on STAT3
modulators can not only directly inhibit the growth of tumors, but also enhance antitumor
immunity.

3. Role of STAT3 in Oncogenic Transformation

Activated STAT3 can upregulate the mRNA levels of many genes involved in cell
growth and apoptosis such as cyclins D1, D2, D3, A, and B, Cdc25A, Cdc2, c-Myc, PLK1,
Pim-1/2, Cten, survivin, Bcl-xL, IAPs, and Mcl-1. These upregulated genes cooperate in
inducing the oncogenic transformation of cells. In addition, STAT3 downregulate genes
encoding cell cycle checkpoint proteins such as p21, p27, and p53. Other genes, such as
c-Jun, c-Fos, and FGFR, interact with STAT3 in inducing cancer transformation (Figure 2).
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STAT3 dimers translocate to the nucleus where they upregulate and downregulate a variety of genes that can contribute 
to tumorigenesis. 

STAT3 plays a key role in the G1 to S phase cell cycle transition through the upreg-
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Figure 2. STAT3 upregulation and downregulation of factors involved in cell growth, apoptosis, angiogenesis, invasion,
metastasis, and the immune system. STAT3 is activated through the interaction of cytokines and growth factors. Non-
receptor tyrosine kinases have intrinsic kinase activity, whereas the receptors of ligands have associated JAK, which,
when phosphorylated, acts as a platform for un-phosphorylated STAT3 to become activated. Phosphorylated STAT3 dimers
translocate to the nucleus where they upregulate and downregulate a variety of genes that can contribute to tumorigenesis.

STAT3 plays a key role in the G1 to S phase cell cycle transition through the upreg-
ulation of cyclins D1, D2, D3, A, and Cdc25A and the concomitant downregulation of
p21 and p27. Moreover, STAT3 participates in modulating the G2–M phase checkpoint
by regulating gene expressions of cyclin B1 and Cdc2 via E2F [54]. Cyclin D1 mRNA
levels are increased in primary rat-, mouse-, and human-derived cell lines expressing either
the oncogenic variant of STAT3 (STAT3-C) or vSrc, which constitutively phosphorylates
STAT3 [55]. Cyclin D1 mediates the progression of cells from the G1 to S phase of the
cell cycle by phosphorylating the retinoblastoma protein (Rb). Phosphorylation of the Rb
protein releases the E2F transcription factor, leading to transcription and S phase entry.
Overexpression of cyclin D1 is found in many cancers and is sufficient to mediate mam-
mary tumorigenesis [56,57]. Furthermore, cyclin D1-deficient animals are resistant to Ras-
and Neu-mediated skin and breast tumorigenesis [58,59].

c-Myc is another important downstream effector of STAT3 signaling involved in cell
growth and transformation. Disruption of STAT3 signaling by using dominant-negative
STAT3β protein in NIH 3T3 fibroblasts suppresses c-Myc expression. Moreover, fibroblasts
with c-Myc gene knockout are refractory to transformation by v-Src, and disruption of
STAT3 signaling in normal cells inhibits PDGF-induced mitogenesis in a manner that is
reversed by ectopic c-Myc expression [60].

Zhang et al. reported that there is an interaction between a region within c-Jun
and specific sites within STAT3 [61]. c-Jun was the first oncogenic transcription factor
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discovered [62]. It is required for progression through the G1 phase of the cell cycle and
protects cells from UV-induced apoptosis. Mutations in the contact region of STAT3 both
reduce c-Jun–STAT3 protein interaction and disrupt the cooperation between these two
proteins, which is required for maximal IL-6-dependent gene activation driven by the α2-
macroglobulin enhancer [61,63]. c-Fos encodes a 62 kDa protein, which forms a heterodimer
with c-Jun, resulting in the formation of the AP-1 (activator protein-1) complex, which binds
DNA at AP-1 specific sites. It plays an important role in many cellular functions and has
been found to be overexpressed in a variety of cancers. Overexpression of c-Jun and c-Fos
strongly enhances STAT3-driven gene transactivation [64].

Two other factors implicated in cell growth and apoptosis and modulated by STAT3
are PLK-1 and Pim 1 and 2. Serine/threonine-protein kinase PLK1, also known as polo-like
kinase 1 (PLK-1), is an enzyme that in humans promotes in cells the G2/M transition.
It is considered a proto-oncogene, whose overexpression is often observed in tumor cells.
The oncogenic properties of PLK1 are believed to be due to its role in driving cell cycle
progression. In addition, PLK1 can inhibit the transactivation and pro-apoptotic functions
of p53. STAT3 and PLK1 control each other’s transcription in a positive feedback loop
that contributes to the development of cancer such as esophageal squamous cell carci-
noma [65]. The PIM family of serine/threonine kinases possess weak oncogenic abilities,
but enhance other genes or chemical carcinogens to induce tumors. Pim-1 and Pim-2 are
targets for STAT3 signal and the expression of a kinase-defective Pim-1 mutant attenuated
STAT3-mediated cell proliferation. Furthermore, constitutive expression of Pim-1 together
with c-Myc fully compensated for the loss of the STAT3-mediated cell cycle progression,
antiapoptosis, and Bcl-2 expression [66].

STAT3 activation upregulates factors implicated in cell motility and malignant trans-
formation such as COOH terminal tensin-like (Cten). Tensin is a signaling molecule that
binds to actin filaments and localizes to focal adhesions. Cten is an atypical tensin family
member lacking the actin-binding domain that promotes colon cancer tumorigenicity and
cell motility [67,68]. In addition, its overexpression correlates with increasing tumor stage
in thymomas, lung tumors, and gastric tumors [69–71].

A novel pathway that contributes to tumor growth, involving fibroblast growth factor
receptors (FGFRs), STAT3, and hyaluronan (HA) synthesis, has been recently described
by Bohrer et al. [72]. FGFR is a transmembrane receptor tyrosine kinase that is activated
by FGF. Aberrant expression of these receptors was observed in different cancers such as
cholangiocarcinoma, breast cancer, and prostate cancer [73]. Activation of FGFR induces
the production of IL-6 family members, which activate the STAT3 pathway. FGFR-induced
STAT3 activation contributes to the synthesis of hyaluronan (HA), a glycosaminoglycan,
which, interacting with cancer, promotes proliferation and migration.

Finally, STAT3 inhibits apoptosis by modulating five important factors implicated in
apoptosis regulation: survivin, Bcl-xL, IAPs, Mcl-1, and p53.

Survivin is an inhibitor of apoptosis. It acts by inhibiting caspase activation, thereby
leading to the negative regulation of apoptosis. Survivin protein is overexpressed in most
human tumors and fetal tissues. Survivin gene has been identified as a STAT3-regulated
gene in breast cancer cells [74]. Direct inhibition of activated STAT3 signaling with antisense
oligonucleotides inhibits survivin expression. Moreover, the block of constitutively active
STAT3 or survivin expression in breast cancer cells by antisense oligonucleotides induces
apoptosis. Both constitutive STAT3 activation and elevated survivin expression occur
concurrently in high-risk breast tumors that are resistant to chemotherapy with docetaxel
and doxorubicin [74].

Bcl-xL is another important anti-apoptotic factor, and its expression level is upregu-
lated by STAT3 other than by other factors such as NF-κB and tumor necrosis factor-alpha
(TNF-α). Inhibition of STAT3 leads to a decrease in the expression of Bcl-xL [75]. In a
study designed to investigate the potential use of RNA interference (RNAi) to block STAT3
expression and activation on human breast cancer cells, Kunigal et al. showed that the
knockdown of STAT3 expression by siRNA reduced the expression of Bcl-xL and survivin.
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Of interest, knockdown of STAT3 caused also a Fas and Fas-L upregulation, induction
of apoptosis, and tumor suppression. This study confirms that STAT3 contributes to the
inhibition of apoptosis in tumor cells by acting on the expression of anti-apoptotic factors
and downregulating the extrinsic apoptotic pathway [76].

Activation of STAT3 increases the transcription and expression of the IAP (inhibitor
of apoptosis proteins) family proteins and Mcl-1 [77]. IAPs are a family of functionally
and structurally related proteins that act as endogenous inhibitors of programmed cell
death. They play a role in oncogenesis by suppressing apoptosis. IAPs inhibitors, such as
LCL161, promote cancer cell death by antagonizing IAPs. Mcl-1 (myeloid cell leukemia-1)
is a protein that belongs to the Bcl-2 family. Amplification and overexpression of Mcl-1
have been reported in various human tumors, including hematological malignancies and
solid tumors [78].

STAT3 is able to modulate the expression of p53, one of the most important onco-
suppressor proteins, which plays a crucial role in many tumors. In fact, the p53 gene is
frequently mutated in cancer, but p53 mutations generally occur at a late stage in tumor
development. In contrast, in the early stage, many clinically detectable cancers have only
reduced p53 expression. STAT3 seems to play an important role in reducing p53 transcrip-
tion by binding to the p53 promoter. Site-specific mutation of an STAT3 DNA-binding site
in the p53 promoter partially abrogates STAT3-induced p53 inhibition, and the blocking of
STAT3 in cancer cells upregulates expression of p53, leading to p53-mediated tumor cell
apoptosis [79].

All these data indicate the complex role of STAT3 in modulating cell growth, apoptosis,
and tumorigenesis. However, many tumors express pro-survival and growth genes in a non-
STAT3-dependent manner. In other tumors, STAT3 activation alone appears insufficient
to induce tumorigenesis, but acts by conferring greater malignancy to neoplastic cells.
This was demonstrated in two different studies. In a mouse model of tumorigenesis
study, STAT3 did not alter mammary tumor initiation but affected metastatic progression.
In fact, only a few mice bearing STAT3-null tumors showed lung metastasis and lung
lesions compared with the wild-type cohort. Tumors from STAT3-null mice were less
vascularized than tumors from the wild-type animals and showed a significant reduction of
the proangiogenic factor, VEGF. Moreover, a gene expression analysis showed that STAT3-
null mice expressed lower levels of both cebpd and osmr, two genes that are induced by
STAT3. These genes code for C/EBPδ and the oncostatin M receptor, two factors that are
known to potentiate the acute-phase response of inflammation [80].

Similar results were obtained by Babieri et al. in mice expressing the activated rat
ErbB-2 (neu) but lacking STAT3 in the mammary epithelium. STAT3 was apparently not
required for neu-driven mammary tumorigenesis. However, STAT3 silencing in a neu-
overexpressing tumor-derived cell line completely abolished both neu-driven anchorage-
independent growth and lung metastasis [81].

These data indicate that STAT3 confers tumor great malignancy by promoting tumor
invasion, migration, metastasis, and angiogenesis. Moreover, it plays an important role in
cancer immune escape.

4. Invasion, Metastasis, and Angiogenesis

The formation of metastases depends on the ability of cancer cells to degrade the
basal membrane and extracellular matrix and to move within. STAT3 regulates both of
these two processes. RhoA-Rho-associated protein kinase (ROCK) is a kinase belonging
to the AGC family of serine-threonine kinases. It is involved mainly in regulating the
shape and movement of cells by acting on the cytoskeleton. The ROCK-myosin axis is the
most well-known mechanism of cell contractility and is the major signaling pathway that
induces amoeboid movement [82,83]. Amoeboid movement has been described for many
cells including cancer cells [84]. STAT3 coordinates ameboid movement through activat-
ing RhoA, and inhibition of JAK/STAT3 activity suppresses the migration of malignant
cells [85]. Invasion of the extracellular matrix is a key step in tumor metastasis formation,
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and several pieces of evidence indicate that STAT3 plays a crucial role also in this process
by regulating the matrix metalloproteinases (MMPs), a family of zinc-dependent endo-
proteinases whose enzymatic activity is directed against components of the extracellular
matrix such as collagens, laminins, and proteoglycans. STAT3 protein directly binds to
the promoter of MMP genes, upregulating their expression and favoring the invasiveness
of cancer cells [86–88]. On the contrary, STAT3 knockdown reduces MMP expression and
cancer cell invasiveness in nude mice [89].

After degradation of the basement membrane, tumor cells enter the circulatory or
lymphatic system, forming metastasis in lymph nodes and in distant organs. STAT3
activation has an important role in protecting metastatic cells from the immune system by
modulating the secretion of various inflammatory factors such as IL6 and TNFα [90] and
reducing the activity of NK cells [91].

Another essential step for tumor growth and metastasis formation is angiogenesis,
which is mediated by the vascular endothelial growth factor (VEGF) [92]. STAT3 is a direct
transcriptional activator of the VEGF gene [93]. Moreover, STAT3 induces the expression of
hypoxia-inducible factor-1α (HIF1α), which is another key mediator of angiogenesis [94].
Both STAT3 and HIF1α bind simultaneously to the VEGF promoter, leading to its maximum
transcriptional activation and angiogenesis [95].

5. Immune Escape

The immune system can suppress or promote cancer depending on the type of immune
cells. Innate immune cells (such as macrophages, natural killer, and dendritic cells) and cells
from the adaptive immune system (Th1 cells) can destroy tumor cells when activated [96].
In contrast, tumor-associated macrophages and MDSCs promote cancer through their
ability to secrete angiogenetic, metastatic, and growth factors [97,98] or by suppressing
anti-tumor immunity [99]. Evidence indicates that STAT3 is involved in the immune escape
of tumor cells through the suppression of anticancer immune cells and activation of cancer
promoting immune cells.

T helper cells (Th cells), also known as CD4+ cells, play a central role in cancer
immune response by activating antigen-specific effector cells and recruiting cells of the
innate immune system such as macrophages and mast cells. Once activated, Th cells
proliferate rapidly and secrete cytokines to regulate immune response [97].

Th cells are activated and develop into effector T cells by two costimulatory signals
from antigen presenting cells (APCs). The first costimulatory signal is the stimulation
with antigens presented by major histocompatibility complex class-II (MHC-II) molecules,
expressed on the surface of APCs. The second costimulatory signal is mediated by the
linkage between CD80 or CD86 on the APCs and CD28 on the T cells.

Activated STAT3 in cancer cells induces the release of factors that block APCs matu-
ration/activation and inhibits the generation of antigen-specific T cells, causing immune
tolerance [91]. Furthermore, STAT3 activation in APCs determines immune tolerance by
preventing the activation of T cells. The tolerance of T cells can be reversed if activation of
STAT3 signaling is blocked in APCs [100].

Naive CD4 + T cells that develop into effector T cells differentiate into five major
subtypes of cells known as Th1, Th2, Threg, Th17, and Th9.

Th1 cell differentiation is induced in the presence of IL-12. Th1 cells produce the
proinflammatory cytokine IFN-γ and are associated with a good prognosis in several
cancer types. They are primarily responsible for activating and regulating the development
and persistence of cytotoxic T cells (CTLs). In addition, Th1 cells activate APC. Stat1 is
the key transcription factor for the IFN-γ-mediated gene [101], and NF-kB is involved in
the activation of IL-12 transcription [102]. STAT3 activation inhibits anti-tumor immune
response by antagonizing the NF-κB- and STAT1-mediated expression of anti-tumor Th1
cytokines such as IL-12 and IFNγ [103,104]. The ablation of the STAT3 gene in natural killer
cells and macrophages in mice increases the expression of Th1 cytokines, leading to STAT1
upregulation and increased anti-tumor immune responses [105].
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Th2 and Th17 cells are two other major T cell subsets found within the tumor microen-
vironment. Th2 cells produce anti-inflammatory cytokines, whereas Th17 cells produce
mainly proinflammatory cytokines including IL-17 and IL-22. These two cell types appear
to be overall pro-tumoral.

The Th2 anti-inflammatory cytokine IL-10 is involved in cancer development and
is transcriptionally upregulated by STAT3 in tumors. IL-6 promotes STAT3 recruitment
in both colon cancer cells and T cells, which, in turn, upregulates IL-10 secretion [106].
IL-10 downregulates the expression of Th1 cytokines and MHC class II antigens and blocks
NF-κB activity.

IL-6, transforming growth factor-β (TGFβ), and IL-23 are involved in the activation
of Th17 immune response. In contrast to the tumor suppressor role of Th1 immune
response, Th17 response and IL-23 play a cancer-promoting role. STAT3 is involved in Th17
development because it acts both as the major IL-6R-dependent transcription factor in T
cells and as a transcriptional activator of Il-23a that encodes part of IL-23 [107]. Furthermore,
the STAT3- and Th17-dependent pathways are involved in inflammation-induced cancer
by a common human commensal bacterium [108].

Treg cells are characterized by the production of major suppressive cytokines, includ-
ing IL-10 and TGF-β. The presence of Treg cells in the tumor correlates mainly with a bad
prognosis. Treg cells secrete IL-10 and TGF-β. TGF-β in turn induces the expression of
Forkhead box P3 (FOXP3), a mediator of Treg cells that converts naive CD4+ T cells into
CD4+CD25+ FOXP3+ Treg cells [109,110]. STAT3 was demonstrated to transcriptionally
upregulate the expression of FOXP3 in CD4+CD25+ Treg cells by binding to the promoter
of FOXP3 [111].

Finally, STAT3 signaling is required for the immunosuppressive and tumor-promoting
effects of myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages [112],
and in expansion of T regulatory cells, which promote tumor progression by inhibiting anti-
tumor immune responses mediated by Th1-type CD4+ T cells and CD8+ T cells [113–116].

6. The Dual Role of STAT3 in Cancer

Although STAT3;s role as a tumor promoter has been widely demonstrated, several
studies indicate that STAT3, under specific conditions, can act as a tumor suppressor factor
in many different tumors (Table 1).

6.1. Glioblastomas

The first dual function of STAT3 was described in the nervous system during the
development of cells along the glial lineage. The different cell types of the mammalian
central nervous system (neurons, astrocytes, and oligodendrocytes) are derived from com-
mon neural precursor cells (NPCs) [117,118]. In the early stages of brain development,
NPCs proliferate and generate neurons and glial cells in a sequential manner [119]. The dif-
ferentiation of neural stem cells into astrocytes depends on the activation of two different
factors: (i) the cytokine receptor leukemia inhibitory factor receptor β (LIFRβ—a receptor
implicated in several cell differentiation processes) and (ii) STAT3 [120,121]. These factors
induce the blocking of proliferative processes followed by cell differentiation. However,
STAT3 is implicated also in the renewal capacity of NPCs, supporting the proliferation of
these cells [122]. This dual role of STAT3 has raised questions about the relevance of STAT3
in glial tumorigenesis. In fact, STAT3 activation has been described in human gliomas [123].
At the same time, other authors have provided evidence of the absence of STAT3 activity in
a large percentage of gliomas [124,125].
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Table 1. Tumor suppressor and tumor promoter mechanisms of Signal transducer and activator of transcription 3 (STAT3)
in different malignancies.

Tumor Tumor Background Tumor Suppressor Activity Tumor Promoter Activity

Glioma
Normal PTEN expression LIFRβ activation of STAT3 that

inhibits IL-8 expression.
EGFRvIII expression Formation of oncogenic

EGFRvIII-STAT3 complex.

Prostate cancer STAT3 activation of ARF-p53
pathway.

Lung Adenocarcinomas KRAS mutations STAT3 dependent sequestration of
NF-kB in the cytoplasm and
inhibition of IL-8 expression.

EGFR mutations STAT3 tumor
promoter activity.

Colorectal cancer
STAT3 mediated degradation of

Snail-1 and inhibition of
epithelial-mesenchymal transition.

STAT3 mutations associated
with APC mutations.

STAT3β expression.

Thyroid cancer STAT3 dependent suppression of
HIF1α and aerobic glycolysis under

hypoxic stress.
STAT3 dependent activation

of IGFBP7.

Breast cancer
Primary tumor STAT3 tumor

promoter activity.
Metastasis STAT3 activation of

dormancy-associated genes under
hypoxic condition.

Esophageal squamous
cell carcinoma

STAT3α expression.

Esophageal squamous cell
carcinoma with longer

overall survival

STAT3β expression.

These opposite functions could be determined by the interaction of STAT3 with differ-
ent signals in the oncogenic environment. For example, STAT3 has a tumor suppressive
activity in glioma cells with an intact PTEN function and an oncogenic role in EGFRvIII-
expressing gliomas and glioblastomas [126].

PTEN is an oncosuppressor protein, and STAT3 plays a key role in the PTEN pathway
to suppress malignant transformation of astrocytes. In this pathway, IL8 plays a critical
role. IL8 is not expressed in normal brain but is expressed in human glioblastoma tumors
where it promotes proliferation and invasiveness. Gene-profiling analyses of glioblastoma
cells have shown that the IL8 gene is directly repressed by STAT3 [126].

In cells with intact PTEN function, the protein kinase AKT is directly inhibited by
PTEN. AKT is an inhibitor of FOXO3, a transcription factor involved in several biological
functions including apoptosis. This transcription factor activates the transcription of
the LIFRβ gene, which, in turn, activates STAT3, causing the repression of the IL8 gene,
thereby inhibiting glioma cell proliferation and invasiveness. Conversely, in PTEN-deficient
tumor cells, Akt is constitutively active, thus inhibiting FOXO3 function and leading to
LIFRβ downregulation. In this scenario, STAT3 is not active and cannot repress the IL8
gene. This leads to an overregulation of IL8, which drives glioma cell proliferation and
invasiveness [126].

In glioblastoma tumors that are not deficient in PTEN, STAT3 can play an onco-
genic role in response to the expression of the oncogenic truncated protein EGFRvIII [29].
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EGFRvIII forms a complex with STAT3 in the nucleus, converting the tumor-suppressive
form of STAT3 into an oncogenic protein [126].

These findings indicate that STAT3 plays distinct roles in cell transformation depend-
ing on the mutational background of the tumor.

6.2. Prostate Cancer

Hyperactivation of the IL-6/STAT3 axis is frequently observed in prostate cancer cell
lines. However, the blocking of the IL-6/STAT3 axis did not result in a survival advantage
in patients with advanced prostate cancer. About 70% of metastatic prostate cancers show
deletions or mutations in the PTEN gene. The loss of PTEN function in these tumors is
associated with the activation of the oncosuppressor ARF–p53 pathway, which likely acts as
a oncosuppressor compensatory mechanism [127]. In fact, in normal cells, ARF (p14ARF in
humans; p19ARF in mice) is readily degraded, but it is stabilized in cells in which PTEN is
deleted or mutated. ARF promotes the degradation of MDM2, a negative regulator of p53.
Thus, loss of PTEN causes the activation of p53, which induces cycle arrest and apoptosis
or senescence. It has been observed that genetic inactivation of STAT3 in a PTEN-deficient
prostate cancer mouse model accelerates cancer progression by down-modulating ARF.
In accordance with this experimental data, loss of STAT3 and ARF expression in patients
with prostate cancer correlated with increased risk of disease recurrence and metastasis.
ARF is a direct target of STAT3, which is required for the activation of the ARF-p53 pathway.
Hence, STAT3 acts as an indirect tumor suppressor in prostate cancer, and the loss of STAT3
signaling disrupts the ARF–Mdm2–p53 tumor suppressor axis, promoting the progression
of cancer [127].

6.3. Lung Cancer

The genetic background of tumor plays an important role in determining the activity of
STAT3 as a pro-oncogenic or anti-oncogenic factor also in lung cancer. STAT3 is considered
to play an oncogenic role in lung cancer [128,129]; consequently, STAT3 has been considered
an important target for therapeutic intervention. The most frequent genetic alterations
in lung adenocarcinomas are missense mutations and amplifications of the Kirsten rat
sarcoma viral oncogene (KRAS) and EGFR. STAT3 is considered to play a tumor-promoting
role in EGFR mutant non-small-cell lung cancer (NSCLC). In contrast, STAT3 plays an
unexpected tumor suppressive role in KRAS mutant lung adenocarcinoma. This depends
on the ability of STAT3 to control NF-κB-induced IL-8 expression by sequestering NF-κB
within the cytoplasm, thereby inhibiting IL-8-mediated MDSCs and tumor vascularization,
and hence tumor progression. Therefore, KRAS mutations in lung adenocarcinoma should
be carefully considered in the therapeutic approach with STAT3 inhibitors [130].

6.4. Colorectal Cancer

Another case in which the oncosuppressor role of STAT3 is not dependent on its
transcription function but the interaction with specific factors is colorectal cancer. The de-
velopment of human colon adenomas is initially induced by mutations in tumor suppressor
protein APC (adenomatous polyposis coli). APC is involved in the β-catenin/Wnt signal-
ing pathway. The transition from adenoma to adenocarcinoma occurs only if two other
oncosuppressor genes are mutated: SMAD4 (small mother against decapentaplegic) and
EPHB3 (ephrin type-B receptor 3) genes. SMAD4 is a transcription factor that acts as a
mediator of TGF-β signal transduction. When the structure of SMAD4 is altered, the ex-
pression of the genes involved in cell growth is deregulated, and cells proliferate without
any inhibition [131]. EPHB3 is a protein implicated in several tumor-suppressive signaling
pathways [132]. It has been observed that STAT3 knockdown causes in Apcmin/+ mice
the transition from adenoma to carcinoma with the acquisition of an invasive phenotype.
Therefore, in Apcmin/+ mice, STAT3 acts as a tumor suppressor similarly to SMAD4 and
EPHB3. In this case, the tumor suppressor activity of STAT3 depends on its ability to
suppress the expression of Snail-1, a zinc finger protein that acts as an inductor of the
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epithelial-mesenchymal transition. This is a process in which the epithelial tumor cells
lose their epithelial phenotype and acquire a mesenchymal phenotype displaying reduced
intercellular interactions and increased motility and invasiveness. Mechanistically, STAT3
facilitates glycogen synthase kinase (GSK) 3β-mediated degradation of SNAI by regulating
the phosphorylation of GSK3β. [133].

6.5. Thyroid Cancer

STAT3 is a modulator of glycolysis and mitochondrial respiration, and constitutive
activation of STAT3 induces aerobic glycolysis and downregulates mitochondrial activity
both in primary fibroblasts and in STAT3-dependent tumor cell lines [134]. STAT3 induced
aerobic glycolysis is dependent on the transcriptional and posttranscriptional induction of
HIF1α. However, in thyroid cancer-derived cell lines, the absence of STAT3 led to a growth
advantage under hypoxic stress because of a metabolic reprogramming characterized
by increased glucose consumption, lactate production, and a reduced rate of oxygen
consumption. Moreover, knockdown of STAT3 increases the expression of genes encoding
glycolytic enzymes such as PDK1, GLUT3, and HK2. These effects seem to depend on an
increased expression of HIF1α and its transcriptional targets, suggesting a paradoxical role
in thyroid cancer for STAT3 as a negative regulator of HIF1α and aerobic glycolysis under
hypoxic stress [135].

These data are consistent with the observation of high levels of activated phospho-
STAT3 (Y705) in benign follicular thyroid adenomas and human primary papillary thyroid
carcinoma without evidence of distant metastasis. Furthermore, a positive correlation
between the expression of activated phospho-STAT3 (Y705) and smaller human primary
papillary thyroid carcinoma tumor sizes has been observed. Finally, STAT3 knockdown
resulted in the downregulation of multiple transcripts, including the tumor suppressor
insulin-like growth factor binding protein 7 (IGFBP7) [135]. All these data strongly suggest
a growth-suppressive role for STAT3 in human primary papillary thyroid carcinoma.

6.6. Breast Cancer

STAT3 is a regulator of epithelial cell death during mammary gland involution. Re-
moval of the suckling stimulus and the consequent milk stasis lead to an increased expres-
sion of leukemia inhibitory factor (LIF), which is the initial activator of STAT3 during gland
involution [136]. Activated STAT3 does not induce apoptosis in epithelial cells but activates
a lysosome-mediated programmed cell death pathway (LM-PCD) by upregulating the
expression of cathepsins B and L [137,138].

In contrast to this function, STAT3 acts as a promoter of survival in breast cancer
cells [139,140]. In fact, several works have shown that STAT3 is constitutively active in
invasive breast cancer biopsies, but not in biopsies from benign breast tumors, indicating
that this transcription factor is involved in breast cancer progression [139,141]. Thus, STAT3
seems to have two opposite functions in normal epithelial cells of mammary gland and in
breast cancer cells [140,142].

However, an analysis of 346 node-negative breast cancer showed that the expression
of nuclear activated phospho-STAT3 (Y705) in the biopsied samples was correlated with a
significant improved short-term (five years) and long-term (20-year) survival [143].

By studying the distribution of mutations in breast cancer metastases matched with
their primary lesions, it was observed that mutations in synchronous metastases (mainly
lymph nodal) were similar to the those of the primary breast tumor. These mutations
typically interested genes frequently mutated in breast cancer, such as TP53, PIK3CA,
and GATA3. In contrast, metachronous distant metastases had additional mutations, in
particular mutations that caused loss of JAK2 and STAT3 functions [144]. This suggests
that the JAK2/STAT3 system may act as a tumor suppressor in these metastases, explain-
ing the improved short- and long-term survival in patients expressing nuclear activated
phospho-STAT3 (Y705) in the biopsied samples. There are two possible explanations for
this apparent paradox: (i) The JAK/STAT pathway’s inactivation could inhibit the immune
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response against metastases. This hypothesis is supported by the recent observation that
JAK2 truncating mutations resulted in a lack of response to interferon gamma, including
insensitivity to its antiproliferative effects on cancer cells [145]. (ii) JAK/STAT inactivation
could induce cancer cells to exit from a quiescent state (G0/G1). In fact, under hypoxic
conditions in the osteoblast niche, LIF receptor/STAT3 signaling confers a dormancy phe-
notype to disseminated breast cancer cells. Loss of the LIFR or STAT3 enables dormant
breast cancer cells to downregulate dormancy-, quiescence-, and cancer stem cell-associated
genes and to proliferate [146]. Moreover, STAT3 was identified as a dormancy-associated
gene in estrogen receptor, ER-positive breast cancer cells [147].

6.7. Head and Neck Squamous Cell Cancers

Constitutive activation of STAT3 has been described in head and neck squamous
cell cancers (HNSCCs), where it is involved in deregulation of the cell cycle, increased
cell growth, and inhibition of apoptosis [147–150]. In these cells, constitutive activation
of STAT3 is dependent on TGF alpha-induced activation of the EGFR [150]. However,
although the anti-apoptotic and cell growth inducing activity of STAT3 has been well docu-
mented, high nuclear STAT3 expression levels were associated with a favorable outcome in
HNSCCs. Survival analysis in a cohort of 102 patients with HNSCCs showed that high
nuclear STAT3 expression was associated with longer progression-free survival. Moreover,
a multivariable analysis including different prognostic variables including gender, TNM
stage, tumor grade, and tumor site showed that only STAT3 was significant, revealing
a lower risk of progression and death for patients with high nuclear STAT3-expressing
tumors. Since in the cohorts of this study, the majority of tumors were of advanced stage,
it is possible to suppose that in an advanced stage, tumors become independent of STAT3-
mediated pro-oncogenic signaling. In this case, STAT3 could function as a tumor suppressor
as described in breast cancer or in glioblastoma.

6.8. STAT3 Isoforms

STAT3 has four isoforms: STAT3α, STAT3β, STAT3γ, and STAT3δ. STAT3α, STAT3β
are generated by alternative splicing and differ structurally in their C-terminal transacti-
vation domains because the β isoform lacks the C-terminal transactivation domain [151].
STAT3γ is derived from STAT3α by proteolysis during granulocytic differentiation. Like
STAT β, it lacks the C-terminal transactivating portion. STAT3δ is an isoform expressed
during the early stage of granulocytic differentiation.

STAT3α is the full-length version of STAT3. It regulates essential STAT3 target genes
involved in cell proliferation, migration, and survival, and the oncogenic functions of
STAT3 have also been associated with constitutively active STAT3α [152].

Conversely, STAT3β inhibits cancer progression acting as a repressor of STAT3. Several
studies have shown that STAT3β can inhibit cell proliferation by impairing STAT3α-driven
activation of Bcl-xL, p21, and cyclin D1 [153–156]. Moreover, STAT3β upregulates TRAIL
receptor 2 and Fas expression favoring apoptosis in tumor cells [157,158]. STAT3β also
plays a role in chemoresistance; in fact, administration of the STAT3β plasmid reduces
chemoresistance and inhibits invasion of gastric cancer cells [159]. STAT3β has been
shown to cause tumor regression in vivo [160,161], promote programmed cell death in
myeloma cells [33], and impaired proliferation of melanoma, ovarian, and breast cancer
cells [162–164]. STAT3β expression is an independent protective prognostic marker in
patients with esophageal squamous cell carcinoma, which strongly correlated with longer
overall survival and recurrence-free survival [165]. Therefore, the evaluation of both STAT3
isoforms in cancer might have an important role to understand the prognosis and the
usefulness of a treatment with STAT3 inhibitors.

7. Treatment of Cancer with STAT3 Inhibitors

Since constitutive activation of STAT3 plays a central role in many tumors, small and
non-small-molecular STAT3 inhibitors have been developed as novel cancer therapeu-
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tics [166–168]. Currently, there are two different classes of STAT3 inhibitor compounds: (i)
direct inhibitors, which directly block different domains of STAT3; (ii) indirect inhibitors,
which inhibit the signal transduction functions of STAT3, for example, by inhibiting the
function of JAKs, Src, and Abl. The former inhibitors can be divided into four types ac-
cording to the different STAT3 target domains (SH2, DBD, ND, and TAD). Figure 3 shows
the most important STAT3 inhibitors targeting the STAT3 structural domains or the signal
transduction functions of STAT3.
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7.1. Inhibitors Targeting the SH2 Domain

SH2 domain interactions are critical for molecular activation and nuclear accumulation
of phosphorylated STAT3 dimers to drive transcription. The SH2 domain mediates STAT3
dimerization via intermolecular phosphorylated tyrosine–SH2 interactions. Therefore,
molecules able to block the SH2 domain of STAT3 have been considered for the treatment
of different tumors. Many STAT3 inhibitors that block the SH2 domain were identified
through a structure-activity relationship (SAR) study based on the previously identified
inhibitor S3I-201. The key structural feature of these inhibitors is a salicylic acid moiety,
which, by acting as a phosphotyrosine mimetic, facilitates binding to the STAT3 SH2
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domain. S3I-201 and derivatives disrupt active STAT3:STAT3 dimers suppressing the
expression levels of STAT3 target genes, such as Bcl-xL, survivin, cyclin D1, and MMP-9 and
causing inhibition of cell growth, migration, and invasion of human cancer cells [169–171].
Other molecules able to block the SH2 domain of STAT3 include: (i) the STAT3 SH2
domain-binding peptides PpYLKTK [172], pYLPQTV [173], and acetyl-pYLKTKF [174];
(ii) STA-21 and its structurally optimized analog LLL12 [175]; (iii) stattic, a nonpeptidic
small molecule [176].

OPB-31121 and OPB-51602 are two STAT3 inhibitors that interact with the SH2 domain
with high affinity. Cell culture assays showed that OPB-31121 and OPB-51602 inhibited
the phosphorylation of both Tyr705 and Ser727. OPB-31121 is a STAT3 inhibitor with
potent antitumor effects against various human liver cancer cell lines [177]. In addition,
OPB-31121 has shown the ability to decrease cell proliferation in both gastric cancer cells
and in a xenograft model, induce apoptosis of gastric cancer cells, and inhibit the expression
of antiapoptotic proteins [178]. Based on these findings, OPB-31121 has entered phase 1
and 2 clinical studies against hematopoietic and solid tumors, including hepatocellular
carcinoma (HCC). However, in a phase 1 and pharmacological trial, OPB-31121 demon-
strated insufficient antitumor activity for HCC and peripheral nervous system-related
toxicities [179].

Another group of inhibitors targeting the SH2 domain of STAT3 are derivatives
from natural compounds. Curcumin, a naturally-derived phytochemical from plants,
has been shown to inhibit STAT3 phosphorylation and block the STAT3 signaling pathway
in various tumor cell lines [180–182]. The stilbene compound resveratrol [183] and the
natural compound cryptotanshinone, an extract from Salvia miltiorrhiza Bunge [184],
are two other essential natural inhibitors of STAT3. Additionally, cucurbitacin E [185],
alantolactone [186], piperlongumine [187], and silibinin [188] are natural STAT3 inhibitors
that interact with the SH2 domain.

7.2. Inhibitors Targeting the DBD

DBD interacts with the promoter of STAT3 targeting genes and has a relatively high
specificity. The small molecule C48 was the first inhibitor targeting the DBD. It acts by
alkylating glutathione sulfhydryl on cysteine (C468) in the STAT3 DBD region. C48 blocks
the accumulation of activated STAT3 in the nucleus in tumor cell lines that overexpress
active STAT3, leading to impressive inhibition of tumor growth in mouse models [189].
Using an in silico screening approach, three STAT3 inhibitor, denominated A18, A26,
and A69, targeting the DBD of STAT3, were identified. These compounds were found
to inhibit STAT3-specific DNA binding activity, suppress the proliferation of cancer cells
harboring aberrant STAT3 signaling, inhibit the migration and invasion of cancer cells, and
inhibit the STAT3-dependent expression of downstream targets by blocking the binding
of STAT3 to the promoter regions of responsive genes in cells. In addition, A18 was able
to reduce tumor growth in a mouse xenograft model of lung cancer with little effect on
body weight [190]. Other compounds targeting the DBD of STAT3 include HIC-1 [191] and
DBD-1 [192].

Finally, several platinum compounds, including IS3-295, CPA-1, CPA-7, and platinum
(IV) tetrachloride, have shown the ability to inhibit the STAT3 DBD, suggesting potential
new applications for platinum complexes as modulators of the STAT3 pathway for cancer
therapy [193,194].

7.3. Inhibitors Targeting the ND and the CC Domain

The N-terminal domain plays an important role in the interaction of dimers of STAT-3
and in the attachment of STAT-3 dimers to the sites of DNA. Therefore, in the last few years,
compounds able to interact and block this domain have been developed. ST3-H2A2 is a
highly selective STAT3 ND inhibitor. This compound induces apoptotic death in cancer
cells associated with potent activation of proapoptotic genes. In particular, it activates
the expression of the proapoptotic gene CHOP, causing apoptosis in tumor cells [195].
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ST3-Hel2A is a synthetic peptide that selectively targets the N-terminal domain of STAT-3
and inhibits dimerization. In preclinical trials, ST3-Hel2A was found to inhibit the STAT-3
N-terminal domain, resulting in the blockage of STAT-3 dimerization and apoptosis in
prostate cancer cell lines.

Synthetic antibody mimetics, termed monobodies, have been developed to interfere
with STAT3 N-terminal and coiled-coil domain signaling. These monobodies are highly
selective for STAT3 and bind to STAT3 with nanomolar affinity. The crystal structure
of STAT3 in complex with monobody MS3-6 reveals bending of the coiled-coil domain,
resulting in diminished DNA binding and nuclear translocation. MS3-6 expression strongly
inhibits STAT3-dependent transcriptional activation and disrupts STAT3 interaction with
the IL-22 receptor [196].

7.4. Indirect Inhibitors

STAT3 indirect inhibitors prevent STAT3 activation by inhibiting the tyrosine kinase
events at the receptor level. Receptor-associated and non-receptor tyrosine kinases are
critical upstream regulators of STAT3 activation, so targeting these kinases has attractive
potential to block STAT3 activation. Molecules that indirectly target upstream activators
of STAT3 include KDI1, a short peptide that specifically binds to the intracellular domain
of the EGFR [197], PD153035, an RTK inhibitor [198], and several JAK and Src kinase
inhibitors [199–205].

Numerous JAK2 inhibitors have been developed that are able to inhibit the JAK2/STAT
signaling pathways, and ruxolitinib and tofacitinib have been approved by the FDA for
the treatment of myelofibrosis and rheumatoid arthritis. However, apart from myelofi-
brosis, no satisfactory results have been obtained with JAK2 inhibitors in cancer patients,
and clinical trials with JAK1/2 inhibitors and Src inhibitors have shown limited efficacy or
excessive toxicity in advanced solid tumors [206].

7.5. Clinical Trials

Despite the large amount of STAT3 inhibitors studied in vitro, only a few compounds
have entered clinical trials. AZD9150, napabucasin (BBI608), TTI-101, and WP1066 are the
most studied compounds in different trials.

AZD9150 is a 16 oligonucleotide antisense molecule (ASO) targeting the 3’ untrans-
lated part of STAT3 [207]. Clinical trials with AZD9150 in patients with advanced/metastatic
carcinoma have shown the safety and anti-tumor activity of this compound. When used in
combination with durvalumab, AZD9150 seems able to control advanced pancreatic, lung,
and colorectal cancer.

Napabucasin (BBI608) is a newly-developed small molecule inhibitor of STAT3 [208]
currently studied in several clinical trials in patients with metastatic pancreatic adenocarci-
noma, colorectal cancer, gastric cancer, glioblastoma, hematologic malignancy, malignant
pleural mesothelioma, and hepatocellular carcinoma.

TTI-101 is an orally bioavailable, binaphthol-sulfonamide-based inhibitor of STAT3
that specifically targets and binds to the phosphotyrosyl peptide binding site within the
SH2 domain of STAT3 [209]. It is in a phase I trial in advanced cancers.

WP1066 has been designed to target the STAT3 pathway in tumor cells [210], and phase
I trial studies have been started in patients with recurrent, or refractory, or progressive
malignant brain tumors.

8. Conclusions

STAT3 is a transcription factor that has been extensively studied over the past 20 years
due to its implication in many biological processes and diseases, including cancer. It is
one of the most complex transcription regulators involved in multiple cellular processes,
and its hyperactivation has been reported in many types of tumors. This has led to this
transcription factor being considered an important target for the development of a new
class of drugs. Despite a large number of STAT3 inhibitors having been developed and
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studied in vitro, only a few of them are currently in clinical trials, and at present, there
are no clinically approved drugs directly targeting STAT3. This is, in part, caused by the
serious toxic effects observed with the use of most STAT3 inhibitors. In fact, STAT3 is
involved in many biological processes, and its inhibition can induce important alterations
in normal cells. Furthermore, complete inhibition of the STAT3 signaling pathway may
require very high drug concentrations as compared to inhibitors of ligands or cell surface
receptors. In fact, cellular signaling transmitted by the latter is always amplified down-
stream, while STAT3 translates the signal without amplification. Finally, several studies
have raised questions and doubts about the use of STAT3 inhibitors based on the tumor
suppressor role of STAT3 in several cancers. This role does not depend on the transcription
function of STAT3 but on its ability to interact with other biological factors. Therefore, the
goal could be the discovery of high-quality targeted selective agents against STAT3 that do
not affect the functions of healthy cells and the identification of patients who are likely to
receive actual benefit from the treatment.
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Abstract: Even though advancement in medicine has contributed to the control of many diseases to
date, cancer therapy continues to pose several challenges. Hepatocellular carcinoma (HCC) etiology
is multifactorial. Recently, non-alcoholic fatty liver disease (NAFLD) has been considered as an
important risk factor of HCC. NAFLD can be divided into non-alcoholic simple fatty liver (NAFL)
and non-alcoholic steatohepatitis (NASH) based on histopathological features. Recently, studies have
indicated that the gut microbiota is associated with NAFLD and HCC. Therefore, in this review,
we have discussed the effects of gut microbiota-related mechanisms, including dysbiosis and gut
barrier function, and gut microbiota-derived metabolites on NAFLD and HCC pathogenesis and
the potential therapeutic strategies for NAFLD and HCC. With a better understanding of the gut
microbiota composition and function, new and improved diagnostic, prognostic, and therapeutic
strategies for common liver diseases can be developed.

Keywords: gut microbiota; NAFLD; HCC; dysbiosis; metabolites

1. Introduction

With advancements in medicine, many diseases can be controlled, but cancer continues to pose
many challenges. Hepatocellular carcinoma (HCC) ranks fifth and second in highest cancer incidence
and global cancer-related mortality, respectively [1,2]. Traditionally, chronic viral hepatitis caused by
hepatitis B and C viruses (HBV and HCV, respectively) is a major risk factor of HCC [3]. In recent decades,
the chronic viral hepatitis disease burden has been gradually controlled by universal implementation
of HBV vaccination and dramatic improvement in anti-HBV and anti-HCV treatments [4]. Therefore,
the incidence of viral hepatitis-related liver cirrhosis and HCC is expected to decline. Other important
causative risk factors of HCC include non-alcoholic fatty liver disease (NAFLD), obesity, diabetes, and
alcoholism [5]. Currently, NAFLD is the second most common cause of end-stage liver disease or
liver cancer, which requires liver transplantation, in the United States [6–8]. It has been estimated that,
from 2016 to 2030, the number of NAFLD-induced end-stage liver disease cases and related deaths
worldwide will be doubled [9]. Therefore, NAFLD is likely to become the most important cause of
HCC in the future.

Generally, NAFLD progression can be divided into four pathological stages, including
non-alcoholic simple fatty liver (NAFL), non-alcoholic steatohepatitis (NASH), hepatic cirrhosis,
and HCC [10] (Figure 1). Recent epidemiological studies showed that the average prevalence rate of
NAFLD appeared to be higher in Asia (27%) than in the United States (24%) and Europe (23%) [7,8,11].
NAFLD-related health issues have attracted global attention since NAFLD is increasingly becoming
the most common cause of hepatic cirrhosis and HCC [9,12]. NAFLD patients who remain in the
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NAFL stage show a much lower risk of developing HCC than NASH patients. Chronic and repetitive
hepatocyte damage and repair in steatohepatitis may lead to advanced fibrosis, cirrhosis, and HCC,
thus causing mortality within a few decades. Moreover, no FDA approved medication for NAFLD
treatment exists presently. Therefore, there is an urgent and unmet need for a better understanding of
NAFLD pathogenesis and progression to HCC.
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Figure 1. The natural history of non-alcoholic fatty liver disease (NAFLD) and its etiological risk
factor. The prevalence of NAFL was around 20–30%. Around 15–20% of non-alcoholic simple fatty
liver (NAFL) patients developed non-alcoholic steatohepatitis (NASH); 10–20% of NASH patients will
further process to cirrhosis and Hepatocellular carcinoma (HCC). Several factors including genetic
susceptibility, environmental stress, diet, and gut microbiota were considered as etiological risk factors.

Owing to this anatomical and functional connection, the liver and intestines maintain close
functional and bidirectional communication which is subsumed in the “gut–liver axis”. The liver is
continually exposed to the products of digestion, absorption, and gut-derived factors through the portal
vein [13]. On the other hand, the liver plays an important role in the regulation of the gut microbiota
composition via bile acids (BAs) [14]. Recent studies have suggested that dysbiosis, the change in the
gut microbiota, may be associated with liver diseases, including NAFLD and HCC [15–17]. Increased
intestinal permeability, which is associated with dysbiosis, leads to the liver being exposed to intestinal
toxic factors and bacteria such as lipopolysaccharides (LPS) [18,19]. Exposure of liver with these factors
further induced hepatic inflammation and damage which contributed to HCC pathogenesis. In this
review, we have discussed the pathophysiological roles of the gut microbiota and relevant molecules
in NAFLD progression to HCC. Some potential diagnostic and therapeutic highlights, which could be
implemented for future clinical applications, were included.

2. From NAFL to NASH: The Gut Microbiota-Associated Mechanisms

Although NAFL patients bear lower risk of developing HCC than NASH patients, approximately
10–20% of NAFL patients progress to NASH, with a significantly increasing risk of developing cirrhosis
and HCC. Therefore, understanding the mechanistic roles of the gut microbiota that trigger the NAFLD
inflammatory status may potentially help in discovering novel microbial and molecular pathways for
preventing HCC development.

2.1. NASH and Dysbiosis

Many studies have indicated that gut dysbiosis is associated with NAFLD pathogenesis [20–26].
Compared to healthy individuals, NASH patients exhibit increased relative abundance of Blautia, Dorea,
Lactobacillus, Clostridium, Allisonella, Parabacteroides, and Escherichia spp. [20,21,25–27] and decreased
relative abundance of Oscillospira, Coprococcus, Faecalibacterium, and Bifidobacterium spp. [20,25–27]. A
common finding in NASH patients, compared to NAFL patients, is increased relative abundance of
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Blautia and Bacteroides spp. [23,28] and decreased relative abundance of Prevotella spp. [28]. Furthermore,
gut dysbiosis includes not only compositional changes but also metabolic functional changes in the
gut microbiome. For example, compositional changes in the gut microbiota lead to an altered short
chain fatty acid (SCFA) profile, further affecting host energy absorption [20,25,29]. Gut dysbiosis can
result in an increase in gut permeability, disruption of metabolic homeostasis, and changes in the
microbiota-associated metabolites, thus eventually contributing to disease initiation and progression.

2.2. NASH and Leaky Gut

In previous clinical studies, NASH patients exhibited greater intestinal permeability than simple
steatosis patients and healthy individuals [30]. Increased intestinal permeability is caused by decreased
expression of zonula occludens-1 (ZO-1), a representative tight junction protein [30–32]. Several
bacteria, including Lactobacillus, Bifidobacterium, Bacteroidetes, Clostridiales, Oscillibacter, Desulfovibrio
spp., and Akkermansia muciniphila, have been associated with intestinal permeability in animal models.
Among these bacteria, Lactobacillus, Bifidobacterium, Bacteroidetes, Clostridiales spp., and Akkermansia
muciniphila are considered gut barrier-promoting microbes, while Oscillibacter and Desulfovibrio spp. are
considered gut barrier-disrupting microbes [33]. Lactobacillus, Bifidobacterium spp. and A. muciniphila
induce ZO-1 expression to promote the gut barrier [34–36]. On the other hand, Desulfovibrio spp.
produce genotoxic hydrogen sulfide (H2S), increasing the intestinal permeability [37]. Bacteroidetes,
Verrucomicrobia, Akkermansia, and Lactobacillus spp. were positively correlated with increased
expression levels of tight junction proteins, including ZO-1, occludin, and claudin-1, indicating that
these bacteria maintained gut barrier function and improved hepatic inflammation and oxidative
stress. On the other hand, Firmicutes, Proteobacteria, Butyricimonas, Parabacteroides, and Bilophila spp.
exhibited the opposite effect [38]. Modulation of the gut microbiota by Bifidobacterium bifidum ATCC
2952 restored dextran sodium sulfate (DSS)-induced dysbiosis and up-regulated the expression of
anti-inflammatory cytokines including interleukin (IL)-10, peroxisome proliferator-activated receptor
(PPAR)-γ, and IL-6 in the gut, thereby indicating the important role of the gut microbiota [39]. A recent
study, in which fecal microbial transplantation (FMT) from mice on high-fat diets (HFDs) to mice on
standard diets was performed, showed the gut barrier damages in these mice, thereby indicating that
altered gut microbiota was responsible for increased intestinal permeability [40] (Figure 2A).

Activation of the inflammasome by diverse microbial-, stress-, and danger-associated signals
triggers pro-inflammatory cytokines including IL-1β and IL-18, thereby promoting innate immunity [41].
Previous studies have demonstrated that the intestinal epithelial nucleotide-binding oligomerization
domain (NOD)-like receptor (NLR) family pyrin domain containing 6 (NLRP6) inflammasome
maintains the intestinal barrier and microbial balance by regulating goblet cell mucus secretion [42]
and anti-microbial peptide production [43]. NLRP6 is highly expressed in the epithelial cells of the
small intestine, colon, and goblet cells and is co-expressed with apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC) and caspase-1 in the intestinal epithelium [43].
A previous study indicated that fructose-fed mice exhibited impaired gut barrier and NLRP6
inflammasome [44]. NLRP6 activation induced the synthesis of anti-microbial peptides, including
angiogenin-4, intelectin-1, and resistin-like molecule β, by gut epithelial cells [43]. Furthermore,
NLRP6-deficient mice exhibited impaired anti-microbial peptides, resulting in dysbiosis, as indicated
by the increased relative abundance of the Prevotellaceae spp. and members of the TM7 phylum and the
decreased relative abundance of the Lactobacillus spp. and members of the Firmicutes phylum [45].
Therefore, the gut microbiota–NLRP6 axis plays an important role in maintaining the gut barrier
function (Figure 2B).

53



Int. J. Mol. Sci. 2020, 21, 5999

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 19 

 

 

Figure 2. Dysbiosis and the role of NLRP6. (A) Dysbiosis induced by genetic susceptibility, 

environmental stress, diet, and gut microbiota results in disrupted tight junction and increased 

intestinal permeability. (B) Microbiota-derived factors activate NLRP6 inflammation via TLR 

signaling. Activation of NLRP6 results in induction of anti-microbial peptide synthesis and 

contributes to maintaining the homeostasis of gut microbiota. 

2.3. Gut Microbiota and Hepatic Inflammation 

The gut microbiota signals travel through the human body systemically via the liver. Both 

nutrients and microbe-derived molecules from the intestinal lumen converge in the liver through the 

portal vein. Modulation of intestinal permeability regulates the entry of microbe-derived molecules 

into the liver from the gut. Some of these molecules are harmful substances that can cause liver 

inflammation and induce the pathological process of NASH. For example, in JAM-A-deficient mice 

(genetically induced gut barrier dysfunction model) and a DSS-induced gut inflammation animal 

model, mice on high-fat, high-fructose, and cholesterol diets, compared to the control, showed LPS 

translocation and increased NASH severity [46,47]. LPS-triggered hepatic inflammation occurred 

through the activation of toll-like receptor 4 (TLR4) in several types of cells, including Kupffer cells, 

hepatocytes, hepatic stellate cells (HSCs), and liver sinusoidal endothelial cells (LSECs). In Kupffer 

cells, TLR4 signal activation via myeloid differentiation primary response 88 (MyD88) induced tumor 

necrosis factor (TNF)-α and reactive oxygen species (ROS), further enhancing hepatic inflammation. 

The LPS-triggered TLR4 on the HSCs induced the production of various chemokines and adhesion 

molecules, which in turn induced Kupffer cell chemotaxis. On the other hand, the activation of TLR4 

Figure 2. Dysbiosis and the role of NLRP6. (A) Dysbiosis induced by genetic susceptibility,
environmental stress, diet, and gut microbiota results in disrupted tight junction and increased
intestinal permeability. (B) Microbiota-derived factors activate NLRP6 inflammation via TLR signaling.
Activation of NLRP6 results in induction of anti-microbial peptide synthesis and contributes to
maintaining the homeostasis of gut microbiota.

2.3. Gut Microbiota and Hepatic Inflammation

The gut microbiota signals travel through the human body systemically via the liver. Both nutrients
and microbe-derived molecules from the intestinal lumen converge in the liver through the portal vein.
Modulation of intestinal permeability regulates the entry of microbe-derived molecules into the liver
from the gut. Some of these molecules are harmful substances that can cause liver inflammation and
induce the pathological process of NASH. For example, in JAM-A-deficient mice (genetically induced
gut barrier dysfunction model) and a DSS-induced gut inflammation animal model, mice on high-fat,
high-fructose, and cholesterol diets, compared to the control, showed LPS translocation and increased
NASH severity [46,47]. LPS-triggered hepatic inflammation occurred through the activation of toll-like
receptor 4 (TLR4) in several types of cells, including Kupffer cells, hepatocytes, hepatic stellate cells
(HSCs), and liver sinusoidal endothelial cells (LSECs). In Kupffer cells, TLR4 signal activation via
myeloid differentiation primary response 88 (MyD88) induced tumor necrosis factor (TNF)-α and
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reactive oxygen species (ROS), further enhancing hepatic inflammation. The LPS-triggered TLR4
on the HSCs induced the production of various chemokines and adhesion molecules, which in turn
induced Kupffer cell chemotaxis. On the other hand, the activation of TLR4 on hepatocytes induced
hepcidin production via the MyD88/c-Jun N-terminal kinase (JNK) pathway, which was associated with
hepatic lipid accumulation [48]. These results were consistent with those of a previous human study
that showed higher levels of antibodies against LPS, produced by Gram-negative bacteria, in NASH
patients than in healthy individuals, and this increase paralleled disease severity [49]. In addition
to LPS, other pathogen-associated molecular patterns (PAMPs), including peptidoglycan, flagellin,
and bacterial RNA and DNA, can enter into the liver due to increased intestinal permeability and
trigger inflammatory responses. TLR9 activation by bacterial DNA further induces IL-1β production
in Kupffer cells, thus resulting in hepatic steatosis, inflammation, and fibrosis [50]. In addition to TLR,
inflammasome proteins, which are activated by NLRs and assembled, recognize PAMPs, leading to
IL-1 and IL-18 production and further triggering inflammation [51]. A previous study indicated that
NLRP3 inflammasome components were significantly increased in NASH patients compared to in
non-NASH NAFLD patients [52]. These results indicated the association between hepatic inflammation
and NLRP3 inflammasome. Indeed, the lack of NLRP3 inflammasome attenuated hepatic injury,
immune cell infiltration, and choline-deficient (CD) L-amino-defined (CDAA) diet-induced fibrosis,
thereby confirming the important role of NLRP3 inflammasome [52]. The increased influx of different
classes of lipotoxic lipids and insulin resistance-induced adipokines, in addition to PAMPs, into the
liver due to a leaky gut can also trigger hepatic inflammation. Several lipid classes, including saturated
non-esterified fatty acids (NEFAs), free cholesterol, sphingolipids, and sphingosine 1-phosphate (S1P),
induce liver injury and inflammation [53,54]. For example, saturated NEFAs can bind to and activate
hepatocyte death receptor TNF-related apoptosis-inducing ligand (TRAIL) receptor 2 (TRAIL-R2) and
damage-associated molecular pattern (DAMP) receptors, such as TLR4, and further trigger downstream
activation of the caspase cascade and execute hepatocyte apoptosis [55]. Additionally, accumulating
ceramides, one type of sphingolipid, were observed in the HFD animals fed diets enriched with
saturated fatty acids [56]. Increased ceramides contributed to ROS generation, and oxidative stress
further induced apoptosis and inflammatory cell recruitment to the liver, thus resulting in worsening
hepatic inflammation and damage [57]. Generally, lipotoxicity induces endoplasmic reticulum (ER)
stress, mitochondrial dysfunction, inflammasome activation, and cell death [58] (Figure 3).

2.4. NASH and Gut Microbiota-Derived Metabolites

Dysbiosis includes changes in not only the gut microbiota composition but also in the
microbiota-derived metabolites obtained from dietary nutrients, thereby affecting host metabolic
homeostasis. The most important gut microbiota-derived metabolites are SCFAs. SCFAs are produced
by the fermentation of dietary fibers by the gut microbiota, including Roseburia, Ruminococcus, Salmonella,
Blautia, Eubacterium, Anaerostipes, Coprococcus, Faecalibacterium, Marvinbryantia, and Megasphaera spp.
The relative abundance levels of acetate, propionate, and butyrate were the highest [59]. Propionate
was associated with peptide-YY and glucagon-like peptide-1 (GLP-1) release using a primary cultured
human colonic cell model and further demonstrated that increasing colonic propionate prevents weight
gain and insulin resistance in overweight adult humans [60]. In an HFD-induced steatohepatitis mouse
model, butyrate promoted CD4+ T cell differentiation into helper T 2 (Th2), Th22, or regulatory T
(Treg) cells and inhibited CD4+ T cell differentiation into Th1 or Th17 cells, further preventing hepatic
inflammation [61]. SCFAs exerted their biological functions mainly via G-protein coupled receptor
(GPR) 41/43 activation or histone deacetylase (HDAC) inhibition. GPR41 and GPR43 were expressed in
not only the gut but also the liver, and GPR41 and GPR43 activation attenuated host insulin resistance
in murine models [62–64]. Butyrate could inhibit HDAC directly and regulate phosphorylation of
cyclic adenosine monophosphate (cAMP) response element binding protein (CREB), which is involved
in gluconeogenesis, further influencing the gut and liver metabolisms [65]. Thus, SCFAs affected not
only the hepatic immune response but also hepatic metabolism.
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Figure 3. The mechanism of hepatic inflammation induced by gut microbiota. Dysbiosis results
in impaired gut barrier and further induces the influx of bacterial DNA and LPS, which is termed
endotoxemia, from gut to liver through portal vein. LPS further triggers TLR4 signaling in hepatocytes,
Kupffer cells, and hepatic stellate cells (HSC). Activation of TLR4 and TLR9 in Kupffer cells induces the
production of TNF-α and ROS, which further contributes to hepatic inflammation. Activation of TLR4
in hepatocytes induces the production of hepcidin, which further induces hepatic lipid accumulation.
Activation of TLR4 in HSC induces the production of chemokines, which further contributes to
chemoattraction for Kupffer cells. Additionally, influx of free fatty acid from gut to liver activates
TLR2 signaling, which is termed lipotoxicity. Activation of TLR2 signaling results in activation of
NLRP3 inflammation, which induces the production of IL-1. Increased IL-1 production leads to hepatic
inflammation. LPS, Lipopolysaccharide; MyD88, myeloid differentiation primary response 88; NF-κB,
nuclear factor kappa-light-chain-enhancer of activated B cells; JNK, c-Jun N-terminal kinase; TLR,
toll-like receptors.

Amino acid imbalance is often found in NAFLD patients [66,67]. The ratio of branched-chain
amino acids (BCAAs) to aromatic amino acids (AAAs) is a diagnostic marker for the severity of
liver dysfunction. A decreasing ratio indicates severe liver dysfunction. BCAAs, including valine,
leucine, and isoleucine, are essential amino acids for human beings and are involved in liver disease
pathophysiology. Cohort studies have indicated that serum BCAA levels are positively correlated with
insulin resistance and steatosis [67–69]. Further studies showed that Prevotella copri and Bacteroides
vulgatus were the main species responsible for the association between BCCA biosynthesis and insulin
resistance, and this finding was confirmed in the mouse model [70]. Although several studies indicated
that BCAAs could inhibit triglyceride (TG) deposition in hepatocytes, reduce ER stress, and enhance
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gut barrier function by improving immune response, some inconsistencies in the results indicated
that BCAAs caused hepatic damage, associated with abnormal lipolysis, in mice on HFDs [71–73].
Phenylacetic acid (PAA) is an AAA-derived metabolite which is produced by the gut microbiota. PAA
has been found to induce hepatic steatosis by lowering protein kinase B (Akt) phosphorylation and
affect BCAA metabolism by increasing acyl-CoA dehydrogenase short/branched chain (ACADSB)
expression in primary hepatocytes and mice, indicating the causal role of PAA in NAFLD [67].

Recent studies have indicated that tryptophan metabolites may affect NAFLD development [59].
Indole and its derivatives, including indoleacrylic acid (IA), indole-3-acetic acid (IAA),
indole-3-aldehyde (I3A), indole-3-propionic acid (IPA), and tryptamine, are the main
tryptophan-derived gut bacterial products which are mainly produced by Bacteroides, Eubacterium, and
Clostridium spp. [59]. Among them, tryptamine and I3A reduced hepatic fatty acid synthase (FAS)
and sterol regulatory element-binding protein-1c (SREBP1c) expression via aryl-hydrocarbon receptor
(AhR), further reducing Kupffer cell-induced hepatic inflammation [74]. Lower abundance of IPA in
obese patients has been reported in previous studies, and IPA supplementation resulted in the reduction
of weight gain in the antibiotic-induced dysbiosis animal model [75]. Additionally, IPA improved
intestinal barrier function via pregnane X receptor (PXR), which in turn inhibited endotoxin-induced
TLR4 signaling and improved tissue inflammation [76,77]. Therefore, tryptophan metabolites appear
to be potential therapeutic targets.

Higher levels of ethanol in the blood and breath, accompanied with up-regulation of hepatic
alcohol dehydrogenase, aldehyde dehydrogenase, and CYP2E1, were exhibited in NASH patients
and ob/ob mice without alcohol consumption [78]. These results indicated that endogenous ethanol
might be involved in NAFLD pathogenesis. Endogenous ethanol is obtained by carbohydrate
fermentation by gut microbiota, and it stimulates oxidative stress and aggravates liver inflammation in
NAFLD [79,80]. Escherichia coli, Enterobacteriaceae spp., and Klebsiella pneumonia have been identified
as ethanol-producing bacteria and were found to be relatively abundant in NAFLD patients [79,81].
Ethanol can be further metabolized into acetaldehyde, which induces hepatic injury [82]. Therefore,
increasing endogenous ethanol production may deteriorate hepatic inflammation. Ethanol exerts direct
toxic effects on the liver, increasing intestinal permeability, which results in endotoxemia, and further
triggers the inflammatory response, contributing to liver injury [83]. These findings indicate that
endogenous ethanol might play a pivotal role in NASH pathogenesis. However, further investigation
is required to determine the exact effects of endogenous ethanol on NAFLD and NASH.

BAs can be divided into primary and secondary BAs. Primary BAs, including cholic acid (CA)
and chenodeoxycholic acid (CDCA), are produced using cholesterol in the liver. Primary BAs are
converted into more than 20 secondary BAs, including deoxycholic acid (DCA) and lithocholic acid
(LCA), by the gut microbiota [84,85]. Furthermore, distinct BA profiles were observed between the
germ-free and conventional animals, thereby indicating the direct effects of the gut microbiota on
BAs [86]. Adams et al. (2020) showed that increased DCA was associated with not only the increased
relative abundance of specific bacterial groups, including Bacteroidaceae and Lachnospiraceae spp., but
also advanced fibrosis in NAFLD [87]. At the molecular level, individual BAs act as agonists or
antagonists for farnesoid X receptor (FXR) and takeda G-protein-coupled bile acid receptor 5 (TGR5)
and affect energy, glucose, and lipoprotein metabolism, indicating that altered BA composition may
affect host metabolism by modifying these signals [88]. For example, FXR activation by CA, CDCA,
and obeticholic acid (OCA), which is derived from CDCA, stimulated production of fibroblast growth
factor 15 (FGF15) in mice or FGF19 in humans. FGF15 and FGF19 further bound to FGF14 in the liver
to inhibit BA synthesis, thereby altering the BA pool and exhibiting NASH improvement [89–92]. On
the other hand, increasing CA or DCA may result in dysbiosis owing to their anti-microbial activity,
further contributing to NAFLD pathogenesis [93,94]. Additionally, TGR5 activation in the intestine
results in GLP-1 release from L cells, further promoting insulin release from pancreatic β–cells [95,96].
Taken together, these results indicate that the gut microbiota-induced alteration of the BA pool plays
an important role in NAFLD pathogenesis.
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Choline is metabolized to phosphatidylcholine, which is essential for very low-density lipoprotein
(VLDL) production and hepatic lipid transfer, in the liver. Most phosphatidylcholine is derived
from dietary choline. Therefore, hepatic lipid metabolism is affected by choline deficiency. CD diets
are commonly used to induce NAFLD in animal models. Decreased VLDL levels and β-oxidation
were observed in mice on CD diets, further resulting in fatty acid and cholesterol accumulation
and increased oxidative stress and inflammation in the liver [20,97]. Three major bacterial phyla,
including Proteobacteria, Firmicutes, and Actinobacteria, are associated with choline metabolism.
These bacteria metabolize dietary choline to trimethylamine (TMA), which is further metabolized
to trimethylamine-N-oxide (TMAO) by flavin-containing monooxygenases, in the liver [98]. High
circulating TMAO levels have been reported to increase the risk of atherosclerosis and cardiovascular
disease [99]. Previous studies also indicated that NAFLD patients exhibited elevated serum TMAO
levels, which were positively correlated with the pathological progression of NAFLD [100]. Further
research indicated that TMAO modulated BA metabolism and FXR signaling inhibition, contributing
to NAFLD pathogenesis [101]. The effects of the gut microbiota-derived metabolites on NAFLD are
shown in Figure 4 and Table 1.
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Figure 4. The roles of gut microbiota-derived metabolites. Short-chain fatty acids (SCFAs) are
associated with the release of PYY and GLP-1, which further ameliorate insulin resistance. SCFAs
also activate GPR41/43, performing the regulation of hepatic gene expression via inhibition of HDAC.
Additionally, SCFAs also perform immunoregulation to inhibit hepatic inflammation. PAA can induce
hepatic steatosis by itself or via affecting BCAA metabolism. IPA improves intestinal barrier function via
PXR, which improves tissue inflammation. I3A reduces hepatic FAS and SREBP1 expression via AhR,
further reducing hepatic inflammation. Increasing endogenous ethanol production may deteriorate
hepatic inflammation. Specific BAs act as agonists or antagonists of FXR and TGR5 which affect the
composition of BAs and further affect host metabolism. TMAO, which is derived from TMA and
choline, modulates BA metabolism and FXR signaling inhibition, contributing to NAFLD pathogenesis.
TMA, trimethylamine; TMAO, trimethylamine-N-oxide; FXR, farnesoid X receptor; TGR5, Takeda
G protein-coupled bile acid receptor 5; FGF, fibroblast growth factor; I3A, indole-3-aldehyde; IPA,
indole-3-propionic acid; AhR, aryl-hydrocarbon receptor; PXR, pregnane X receptor; FAS, fatty acid
synthase; SREBP1c, sterol regulatory element-binding protein-1c; PAA, phenylacetic acid; BCAAs,
branched-chain amino acids; GPR, G-protein coupled receptor; GLP-1, glucagon-like peptide-1; PYY,
peptide-YY; HDAC, histone deacetylase.
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Table 1. Overview of metabolite-relative effects on host in in vitro and animal models.

Metabolites Effects References

Acetate HDAC inhibition. [65]

Propionate Induces PYY and GLP-1 release.
HDAC inhibition. [60,65]

Butyrate
Promotes Th2, Th22, or Treg cell differentiation, further preventing hepatic
inflammation.
HDAC inhibition.

[61,65]

PAA Induces steatosis. [67]

BCAA
Alleviates hepatic steatosis and liver injury by suppressing FAS gene expression and
protein levels.
Suppresses the progression of NASH by reducing oxidative stress.

[71,72]

Exacerbates hepatic oxidative stress, increases hepatic apoptosis. [73]

Tryptamine Reduces production of pro-inflammatory cytokines and migration of macrophages. [74]

I3A Reduces production of pro-inflammatory cytokines and migration of macrophages.
Reduces the expression of FAS and SREBP1c. [74]

IPA Reduces weight gain.
Improves intestinal barrier function. [75,76]

Ethanol Transfer of high-alcohol-producing Klebsiella pneumoniae by oral gavage into mice
induces NAFLD. [81]

Obeticholic acid
(OCA)

Decreases hepatic inflammation by inhibition of pro-inflammatory cytokines.
Decreases fibrogenesis by inhibition of pro-fibrotic cytokines.
Inhibits LSEC and Kupffer cell activation.

[92]

Cholic acid (CA)
Deoxycholic
acid(DCA)

Changes in the composition of gut microbiota. [94]

TMAO Increases hepatic TG accumulation and lipogenesis.
Shifts hepatic BA composition toward FXR-antagonistic activity. [101]

Human Studies

Metabolites Effects References

Propionate Prevents weight gain and insulin resistance. [60]

BCAA Positive correlation with insulin resistance and steatosis. [67–69]

IPA Negative correlation with obesity. [75,76]

Ethanol Positive correlation with NASH. [79]

DCA Associated with fibrosis in NAFLD. [87]

OCA Reduction in ALP, ALT and GGT. [91]

TMAO Positively correlated with NAFLD.
Positively correlated with the serum levels of total BA and hepatic CYP7A1 mRNA. [100,101]

3. From NASH to HCC: The Gut Microbiota-Associated Mechanisms

NASH progression to HCC shows mechanisms similar to those of NAFL progression to NASH.
Dysbiosis and a leaky gut result in PAMP and gut microbiota-derived metabolite influx into the liver,
thereby further triggering hepatic inflammation and disrupting metabolism homeostasis. Several
groups of bacteria were associated with HCC. A previous study showed E. coli overgrowth in the
intestines of HCC and cirrhosis patients [102]. Another study indicated that HCC patients, compared
to cirrhosis patients, exhibited increased levels of Bacteroides and Ruminococcaceae spp. [103,104] and
decreased levels of Akkermensia and Bifidobacterium spp. [104]. At the molecular level, PAMPs, such as
LPS, activated signaling of TLRs, including TLR4 and TLR9, and induced cytokine and chemokine
production, further inducing immune cell infiltration into the liver. PAMPs also activated HSCs
via TLR activation to senescence-associated secretory phenotype (SASP) and induced epiregulin
production, further promoting fibrosis development [105,106] (Figure 5). Dysbiosis affects metabolic
functions via the gut microbiota-derived metabolites in NASH progression to HCC, like in NAFL
progression to NASH. Primary BA conversion to secondary BAs by the gut microbiota is involved in
HCC pathogenesis. Dysbiosis promotes HCC by inhibiting primary BA production, further inhibiting
LSEC activation. Inhibition of LSEC activation results in chemokine ligand 6 (CXCL6) down-regulation,
CXCL6-mediated natural killer T cell recruitment, and further loss of liver tumor growth control [107].
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On the other hand, secondary BAs promote HCC development by activating HSC SASP and the hepatic
mTOR pathway [108]. Thus, controlling the production of secondary BAs using antibiotics reduces
HCC development [109] (Figure 5).
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Figure 5. The mechanism of gut microbiota on the pathogenesis of HCC. Increased hepatic exposure
to microbiota-derived metabolites and MAMPs results from dysbiosis and a leaky gut. Changes in BA
pool (the ratio of primary BAs and secondary BAs) alter LSEC- and CXCL16-dependent NKT recruitment
as well as HSC SASP. MAMPs induce the activation of macrophages, resulting in the production of
pro-inflammatory cytokines including IL-1, IL-6, and TNF. Increased pro-inflammatory cytokines
further contribute hepatic inflammation, which may also promote HCC development. MAMPs,
microbiota-associated molecular patterns; HSCs, hepatic stellate cells; SASP, senescence-associated
secretory phenotype; BAs, bile acids; LSECs, liver sinusoidal cells; SCFAs, short chain fatty acids; NKT
cells, nature killer cells.

4. Potential Therapeutic Strategies and Non-Invasive Diagnosis

Owing to the higher daily calorie intake and sedentary lifestyle of NAFLD patients, the first
step of NAFLD treatment includes weight loss by lifestyle modifications, including diet restriction
and increased physical activity [110]. However, hepatic fat accumulation, inflammation, and necrosis
are significantly improved only when more than 10% of the body weight is reduced [111,112]. Thus,
lifestyle therapy appears to be insufficient for resolving NASH.

In addition to lifestyle interventions, potential NAFLD therapeutic strategies based on the gut
microbiota and gut-liver axis have attracted attention in recent years. Antibiotic, prebiotic, and
probiotic use can be applied to modulate the gut microbiota and prevent hepatocarcinogenesis. For
example, a preclinical mouse model indicated that chronic oral administration of antibiotics decreased
secondary bile acid levels, hepatic lipid accumulation, and attenuated hepatic inflammation and
fibrosis via modulating the composition of gut microbiota [113,114]. On the contrary, Mahana D. et al.
showed different results which indicated that mice treated with antibiotics exhibited severe insulin
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resistance and NAFLD and the composition of the gut microbiota was shifted from Firmicutes to
Bifidobacterium, S24-7, and Prevotella [115]. The function of the gut microbiota is based on community,
and a “healthy” microbiome has not been defined yet [116]. Therefore, these inconsistent results may
arise from the complex community of gut microbiota. Otherwise, antibiotics may eliminate important
species associated with healthy status and the risk of antibiotic resistance poses a larger concern,
thereby reducing the efficiency of antibiotic use as a therapeutic strategy. Food ingredients which
improve beneficial bacterial growth in the gut are termed prebiotics. In humans, supplementation with
prebiotics such as oligofructose decreases the levels of hepatic inflammatory markers [117]. A previous
study indicated that prebiotic treatment was negatively associated with endotoxin levels [118]. In
addition to human studies, several animal studies have revealed the therapeutic potential of prebiotics.
For example, prebiotic treatment reduced hepatic TG accumulation via the inhibition of expression of
genes such as FAS, which is involved in the lipogenesis pathway [114]. On the other hand, probiotics
are live bacteria which are beneficial to the host. For example, Lactobacillus and Bifidobacterium spp.
have been reported to reduce gut inflammation and improve gut barrier function by remodeling the gut
microbiota [119]. In humans, administration of Lactobacillus acidophilus reduced AST and ALT levels
in NASH patients [120] and several clinical trials of probiotics were reported in other reviews [121].
However, most of the molecular mechanisms by which probiotics exert their functions remain unclear.

FMT is a novel therapeutic strategy which is defined as the transplantation of functional gut
microbiota in healthy human feces into patients to alter the recipient’s gut microbiota directly and
normalize microbiota composition for therapeutic benefit [122]. Remarkable effectiveness of FMT was
shown in patients with recurrent and refractory Clostridium difficile infection and has been confirmed as
a clinical technique for treatment according to the 2013 guidelines [123–125]. FMT application, as a
treatment strategy for extra-gastrointestinal diseases, has been evaluated in recent years. A previous
study indicated that mice on HFDs showed decreased hepatic lipid accumulation and pro-inflammatory
cytokine levels after FMT [126]. Additionally, FMT elevated the relative abundance of the beneficial
bacterial species of Christensenellaceae and Lactobacillus, improved gut barrier function, and increased
butyrate production, thereby further ameliorating endotoxemia [126]. In a human study, FMT from
lean donors to individuals with metabolic syndrome temporarily increases insulin sensitivity [127].
A phase I clinical study has indicated that FMT with oral capsule restores microbial diversity and
function and further reduced the recurrence of hepatic encephalopathy [128,129]. Although these
human studies were not targeted toward the therapy of NAFLD, these findings still indicate the
therapeutic potential of FMT. However, only a few control trials of FMT have been enrolled to date, and
the role of FMT must be further examined because FMT application involves the risk of developing
other pathogenic infections [130].

In addition to potential treatments, effective and non-invasive methods for diagnosing NAFLD
are another important key to preventing HCC. Unfortunately, broadly applicable and non-invasive
methods for diagnosing NAFLD are not available as yet. A recent study by Oh T.G. et al. demonstrated
that a core gut microbiome signature can identify cirrhosis across separated cohorts, independent of
disease etiology, host genetic, and environmental factors [131]. The identified disease microbiome
included the elevated relative abundance of Veillonella parvula, Veillonella atypica, Ruminococcus gnavus,
Clostridium bolteae, and Acidaminococcus sp. D21 and decreased abundance of Eubacterium eligens,
Eubacterium rectale, and Faecalibacterium prausnitzii [131]. Although the results indicated the improved
diagnostic accuracy in several cohorts, the authors claimed that these diagnostic methods need
multi-center studies and well-phenotyped patients in order to be validated. However, it still is a
promising non-invasive diagnostic method for NAFLD.

5. Conclusions

In general, the current NAFLD therapeutic strategies based on the gut microbiota and gut–liver
axis mainly include prebiotic, probiotic, and FMT application. These therapeutic strategies improve
NAFLD and HCC by recovering gut homeostasis from a state of dysbiosis, thereby improving gut
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barrier function to prevent endotoxemia, promoting anti-inflammatory effects and modulating gut
microbiota-derived metabolite production. However, a huge gap in the development of therapies by
targeting specific gut microbiota species or gut microbiota-derived metabolites remains. Although
high-throughput sequencing including 16S rRNA and metagenomic sequencing help the researcher
to identify gut microbiotas that are present in a sample without the need for culturing, the results
only indicate the correlation of gut microbiota with diseases. Moving from association to causation
remains a significant challenge. Specific species of gut microbiota may need to be cultured in order
to conduct the causation test. Therefore, there is a strong demand for a culturomic technique. On
the other hand, due to the complex community of gut microbiota, multi-omics analysis including
transcriptomics, proteomics, and metabolomics may give us a glimpse of the entire disease picture and
further contribute to the development of precision medicine. Therefore, advances in the understanding
of the gut microbiota will allow the development of improved diagnostic, prognostic, and therapeutic
strategies for liver diseases.
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HCC hepatocellular carcinoma
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
HBV hepatitis B viruses
HCV hepatitis C viruses
SCFA short chain fatty acid
ZO-1 zonula occludens-1
DSS dextran sodium sulfate
IL10 interleukin-10
IL6 interleukin-6
PPAR peroxisome proliferator-activated receptor
FMT fecal microbial transplantation
HFDs high-fat diets
NLRP6 nucleotide-binding oligomerization domain -like receptor family pyrin domain containing 6
ASC apoptosis-associated speck-like protein containing a caspase recruitment domain
TLR4 toll-like receptor 4
HSCs hepatic stellate cells
LSECs liver sinusoidal endothelial cells
MyD88 myeloid differentiation primary response 88
TNF-α tumor necrosis factor-α
ROS reactive oxygen species
JNK c-Jun N-terminal kinase
PAMPs pathogen-associated molecular patterns
NEFAs non-esterified fatty acids
S1P sphingosine 1-phosphate
TRAIL TNF-related apoptosis-inducing ligand
DAMP damage-associated molecular pattern
GPR G-protein coupled receptor
HDAC histone deacetylase
CREB cyclic adenosine monophosphate (cAMP) response element binding protein
BCAAs branched-chain amino acids
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AAAs aromatic amino acids
ACADSB acyl-CoA dehydrogenase short/branched chain
IA indoleacrylic acid
IAA indole-3-acetic acid
I3A indole-3-aldehyde
IPA indole-3-propionic acid
SREBP1c sterol regulatory element-binding protein-1c
AhR aryl-hydrocarbon receptor
PXR pregnane X receptor
CA cholic acid
CDCA chenodeoxycholic acid
DCA deoxycholic acid
LCA lithocholic acid
FXR farnesoid X receptor
TGR5 takeda G-protein-coupled bile acid receptor 5
OCA obeticholic acid
FGF fibroblast growth factor
VLDL very low-density lipoprotein
TMA trimethylamine
TMAO trimethylamine-N-oxide
CXCL6 chemokine ligand 6
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Orešič, M.; Bäckhed, F. Gut microbiota regulates bile acid metabolism by reducing the levels of
tauro-beta-muricholic acid, a naturally occurring FXR antagonist. Cell Metab. 2013, 17, 225–235. [CrossRef]

87. Adams, L.A.; Wang, Z.; Liddle, C.; Melton, P.E.; Ariff, A.; Chandraratna, H.; Tan, J.; Ching, H.; Coulter, S.; de
Boer, B.; et al. Bile acids associate with specific gut microbiota, low-level alcohol consumption and liver
fibrosis in patients with non-alcoholic fatty liver disease. Liver Int. 2020, 40, 1356–1365. [CrossRef]

88. Jiang, C.; Xie, C.; Li, F.; Zhang, L.; Nichols, R.G.; Krausz, K.W.; Cai, J.; Qi, Y.; Fang, Z.-Z.; Takahashi, S.; et al.
Intestinal farnesoid X receptor signaling promotes nonalcoholic fatty liver disease. J. Clin. Investig. 2015, 125,
386–402. [CrossRef]

89. Jahn, D.; Rau, M.; Hermanns, H.M.; Geier, A. Mechanisms of enterohepatic fibroblast growth factor 15/19
signaling in health and disease. Cytokine Growth Factor Rev. 2015, 26, 625–635. [CrossRef]

67



Int. J. Mol. Sci. 2020, 21, 5999

90. De Wit, N.; Derrien, M.; Bosch-Vermeulen, H.; Oosterink, E.; Keshtkar, S.; Duval, C.; Bosch, J.; Kleerebezem, M.;
Müller, M.; van der Meer, R. Saturated fat stimulates obesity and hepatic steatosis and affects gut microbiota
composition by an enhanced overflow of dietary fat to the distal intestine. Am. J. Physiol. Gastrointest.
Liver Physiol. 2012, 303, G589–G599. [CrossRef]

91. Hirschfield, G.M.; Mason, A.; Luketic, V.; Lindor, K.; Gordon, S.C.; Mayo, M.; Kowdley, K.V.; Vincent, C.;
Bodhenheimer, H.C., Jr.; Parés, A.; et al. Efficacy of obeticholic acid in patients with primary biliary
cirrhosis and inadequate response to ursodeoxycholic acid. Gastroenterology 2015, 148, 751–761.e8. [CrossRef]
[PubMed]

92. Verbeke, L.; Mannaerts, I.; Schierwagen, R.; Govaere, O.; Klein, S.; Elst, I.; Windmolders, P.; Farre, R.;
Wenes, M.; Mazzone, M.; et al. FXR agonist obeticholic acid reduces hepatic inflammation and fibrosis in a
rat model of toxic cirrhosis. Sci. Rep. 2016, 6, 1–12.

93. Devkota, S.; Wang, Y.; Musch, M.W.; Leone, V.; Fehlner-Peach, H.; Nadimpalli, A.; Antonopoulos, D.A.;
Jabri, B.; Chang, E.B. Dietary-fat-induced taurocholic acid promotes pathobiont expansion and colitis in
Il10−/−mice. Nature 2012, 487, 104–108. [CrossRef] [PubMed]

94. Islam, K.S.; Fukiya, S.; Hagio, M.; Fujii, N.; Ishizuka, S.; Ooka, T.; Ogura, Y.; Hayashi, T.; Yokota, A. Bile
acid is a host factor that regulates the composition of the cecal microbiota in rats. Gastroenterology 2011, 141,
1773–1781. [CrossRef] [PubMed]

95. Katsuma, S.; Hirasawa, A.; Tsujimoto, G. Bile acids promote glucagon-like peptide-1 secretion through TGR5
in a murine enteroendocrine cell line STC-1. Biochem. Biophys. Res. Commun. 2005, 329, 386–390. [CrossRef]
[PubMed]

96. Alarcon, C.; Wicksteed, B.; Rhodes, C. Exendin 4 controls insulin production in rat islet beta cells
predominantly by potentiation of glucose-stimulated proinsulin biosynthesis at the translational level.
Diabetologia 2006, 49, 2920–2929. [CrossRef]

97. Smallwood, T.; Allayee, H.; Bennett, B.J. Choline metabolites: Gene by diet interactions. Curr. Opin. Lipidol.
2016, 27, 33. [CrossRef]

98. Romano, K.A.; Vivas, E.I.; Amador-Noguez, D.; Rey, F.E. Intestinal microbiota composition modulates choline
bioavailability from diet and accumulation of the proatherogenic metabolite trimethylamine-N-oxide. MBio
2015, 6. [CrossRef]

99. Wu, W.-K.; Chen, C.-C.; Liu, P.-Y.; Panyod, S.; Liao, B.-Y.; Chen, P.-C.; Kao, H.-L.; Kuo, H.-C.; Kuo, C.-H.;
Chiu, T.H.; et al. Identification of TMAO-producer phenotype and host–diet–gut dysbiosis by carnitine
challenge test in human and germ-free mice. Gut 2019, 68, 1439–1449. [CrossRef]

100. Chen, Y.-M.; Liu, Y.; Zhou, R.-F.; Chen, X.-L.; Wang, C.; Tan, X.-Y.; Wang, L.-J.; Zheng, R.-D.; Zhang, H.-W.;
Ling, W.-H.; et al. Associations of gut-flora-dependent metabolite trimethylamine-N-oxide, betaine and
choline with non-alcoholic fatty liver disease in adults. Sci. Rep. 2016, 6, 1–9.

101. Tan, X.; Liu, Y.; Long, J.; Chen, S.; Liao, G.; Wu, S.; Li, C.; Wang, L.; Ling, W.; Zhu, H. Trimethylamine N-Oxide
Aggravates Liver Steatosis through Modulation of Bile Acid Metabolism and Inhibition of Farnesoid X
Receptor Signaling in Nonalcoholic Fatty Liver Disease. Mol. Nutr. Food Res. 2019, 63, 1900257.
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Abstract: Non-small-cell lung cancer (NSCLC) represents roughly 85% of lung cancers, with an
incidence that increases yearly across the world. The introduction in clinical practice of several new
and more effective molecules has led to a consistent improvement in survival and quality of life in
locally advanced and metastatic NSCLC. In particular, oncogenic drivers have indeed transformed the
therapeutic algorithm for NSCLC. Nearly 25% of patients are diagnosed in an early stage when NSCLC
is still amenable to radical surgery. In spite of this, five-year survival rates for fully resected early
stage remains rather disappointing. Adjuvant chemotherapy has shown a modest survival benefit
depending on the stage, but more than half of patients relapse. Given this need for improvement, over
the last years different targeted therapies have been evaluated in early-stage NSCLC with no survival
benefit in unselected patients. However, the identification of reliable predictive biomarkers to these
agents in the metastatic setting, the design of molecularly-oriented studies, and the availability of
novel potent and less toxic agents opened the way for a novel era in early stage NSCLC treatment.
In this review, we will discuss the current landscape of targeted therapeutic options in early NSCLC.

Keywords: NSCLC; targeted therapy; early stage; EGFR; ALK; osimertinib

1. Introduction

Non-small-cell lung cancer (NSCLC) represents roughly 85% of lung cancers, with an incidence
that keeps rising across the globe [1]. The treatment landscape of metastatic NSCLC has considerably
improved over the last two decades due to a better understanding of cancer biology [2]. The introduction
in clinical practice of several new and more effective molecules has led to a consistent improvement in
overall survival (OS) and quality of life (QoL) in advanced/metastatic disease [3].

Oncogenic drivers have indeed reshaped the therapeutic algorithm for metastatic NSCLC, making
us wonder whether they could also play a role in early disease. Roughly a quarter of patients are
diagnosed with disease amenable to potentially radical surgery [3]

In spite of this, five-year survival rates for fully resected stage I disease range from 50 to 70%
while lying between 10 and 30% for stage IIIA NSCLC [4].
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Adjuvant chemotherapy has shown a modest survival benefit (with an absolute increase in
survival of 4% at five years), but, depending on the stage [5,6], more than half of patients still relapse [7].
Similarly, a neoadjuvant approach yields a 5% absolute benefit on five-year survival [8], leaving room
for improvement. The question of whether targeted therapy could fill this unmet medical need is far
from new. Over the last several years, different targeted therapies have been evaluated in early stage
NSCLC with no survival benefit in unselected patients [9–12]. However, the identification of reliable
predictive biomarkers to these agents in the metastatic setting, the design of molecularly-oriented
studies, and the availability of novel potent and less toxic agents paved the way for a novel era in early
stage NSCLC treatment (Figure 1). In this review, we will discuss the current landscape of targeted
therapeutic options being investigated in early NSCLC.

Figure 1. Potential role of targeted therapies in the adjuvant setting. Post-operative platinum-based
chemotherapy (CHT) in stage IB-IIIA resected non-small-cell lung cancer (NSCLC) has been associated
with a 4% survival benefit at 5 years [7]. According to the Lung Adjuvant Cisplatin Evaluation
(LACE) study, 5-year recurrence rates range from 45% in stage IB to 76% in stage III after adjuvant
chemotherapy [8]. Post-operative radiotherapy (PORT) is currently recommended in patients with
pathologic N2 (pN2) disease and in those with microscopic (R1) or macroscopic (R2) residual disease.

2. Epidermal Growth Factor Receptor (EGFR) mutations

In EGFR mutant NSCLC, the most common oncogenic driver targeted today, the question of
adding a tyrosine kinase inhibitor (TKI) or replacing chemotherapy with one is not new. Before EGFR
mutations were identified as the major determinants of efficacy to first-generation EGFR TKIs in
2004 [13,14], two randomized phase III trials assessed the impact of erlotinib (RADIANT) [9] and
gefitinib (BR19) [10] in unselected stage IB-IIIA NSCLCs. The RADIANT trial enrolled patients with
fully resected stage IB to IIIA NSCLC and confirmed tumor EGFR expression by immunohistochemistry
(IHC) or fluorescent in situ hybridization (FISH). Patients were randomized in a 2:1 ratio to receive
daily erlotinib for two years or placebo. When indicated, patients received adjuvant chemotherapy
before starting the study therapy. The primary endpoint of improved DFS was not met. It is noteworthy
that only 163 out of 973 patients recruited in the study harbored an exon 19 deletion or L858R EGFR
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mutation. In this specific subgroup of EGFR-driven diseases, DFS was superior with erlotinib (HR, 0.61;
95% CI, 0.384–0.981; p = 0.0391). This difference could not be retained as statistically significant, given
the hierarchical testing that allowed assessment of secondary endpoints only if the primary endpoint
was statistically significant. The follow-up was too short at the time of the analysis to properly assess
survival differences. The phase 3 BR19 study assessed the role of gefitinib as adjuvant therapy for up
to two years versus placebo in patients with completed resected stage IB to IIIA NSCLC. At a median
follow-up of 4.7 years among 503 patients, there was neither DFS (1.22, 95% CI 0.90–1.71) nor OS
(HR 1.24, 95% CI 0.94–1.64) benefit in the experimental arm. The trial was closed early. No benefit was
also observed in the small subgroup of patients harboring EGFR mutations in terms of both DFS (HR,
1.84; 95% CI, 0.44 to 7.73; p = 0.395) and OS (HR, 3.16; 95% CI, 0.61 to 16.45; p = 0.15) [10].

Following the successful experience in advanced/metastatic setting with multiple EGFR TKIs
approved in molecularly selected patients [15–19] different studies have sought to demonstrate a
survival advantage with the use of these agents as adjuvant therapy in EGFR-mutated radically resected
NSCLCs (Table 1). Nevertheless the role of co-mutations remains unclear [20].

The SELECT trial is a single-arm phase 2 trial and was the first to test the efficacy of adjuvant
erlotinib in resected EGFR-mutated NSCLC. One hundred patients with stage IA to IIIA EGFR mutant
NSCLC were given erlotinib for up to two years after completing standard adjuvant therapy. The 2-year
DFS was 88%, and the authors concluded that this was an improvement compared to historical matched
controls, which had a two-year DFS of 76%. Furthermore, the median time to recurrence was 25 months
after discontinuing erlotinib [11]. Since then, a number of randomized adjuvant targeted therapy trials
have been published.

The CTONG1104/ADJUVANT trial is a phase 3 study that compared the standard
cisplatin-vinorelbine chemotherapy to gefitinib, a first-generation EGFR TKI in fully resected stage II to
IIIA EGFR mutant NSCLC [12]. Chemotherapy was administered for four cycles, while gefitinib was
given until progression for up to two years. The primary endpoint was disease-free survival (DFS),
while OS was a secondary endpoint. At a median follow-up of 36.5 months, the experimental arm
yielded a superior DFS compared to chemotherapy (28.7 versus 18.0 months), with a hazard ratio (HR)
of 0.60 (95% CI 0.42–0.87, p = 0.0054). The mature OS results were presented at the American Society of
Clinical Oncology (ASCO) 2020 Meeting, with a median follow-up of 76.9 months. The median OS
was not statistically different, at 75.5 months in the gefitinib arm and 79.2 months in the chemotherapy
arm (HR 0.92, 95% CI 0.62–1.36). Furthermore, only 51.5% of patients in the chemotherapy arm were
exposed to a TKI at progression [13].

The EVAN trial is a phase 2 randomized trial on a smaller cohort of 102 patients with fully-resected
stage IIIA EGFR-mutant NSCLC [21]. Patients were randomized between adjuvant chemotherapy for
four cycles and erlotinib for up to two years. The primary endpoint was two-year DFS, while OS was a
secondary endpoint. At a median follow-up of 33 months, the two-year DFS was 81.4% in the erlotinib
group and 44.6% in the chemotherapy arm (RR 1.823, 95% CI 1.194–2.784, p = 0.0054). While these
results are promising, the sample size was small, and OS data are not yet available.
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Recently, the ADAURA trial was presented at the ASCO 2020 Meeting [22]. It evaluated the impact
of adjuvant osimertinib, a third-generation EGFR TKI, compared to placebo in fully-resected stage IB to
IIIA (TNM 7) EGFR-mutant NSCLC. Patients in both arms were eligible for chemotherapy, but the trial
was not stratified based on whether it was administered. The experimental arm received osimertinib
until progression or up to three years. The primary endpoint was once again DFS, among the stage
II to IIIA patients, while DFS in the intention-to-treat population and OS were among the secondary
endpoints. The results presented at the ASCO Meeting were from an off-protocol interim safety analysis
after the data safety monitoring board asked to unblind the trial due to a very strong signal favoring
the osimertinib arm. At this preliminary analysis, with a median follow-up of 22 months, the DFS for
stage II to IIIA patients was not reached in the osimertinib arm and 20.4 months in the placebo arm,
with an HR of 0.17 (95% CI 0.12–0.23, p < 0.0001). While the HR of DFS is certainly impressive, there is
much controversy about whether these immature data should lead to a change in practice, as the real
question is whether patients will live longer if treated earlier. Furthermore, at the ASCO 2020, the final
analysis of the CTONG1104/ADJUVANT trial was presented, showing that treating EGFR positive
patients with EGFR TKI delayed the relapse but did not translate into OS benefit [12]. Moreover, the
ADAURA trial doesn’t address the question about the importance and need for adjuvant chemotherapy
in these patients, as the majority of them received it before being randomized in the trial.

Probably the largest effort to address the role of EGFR TKI in the adjuvant setting is the ALCHEMIST
trial (NCT02194738). Patients with stage IB to IIIA after radical surgery will get molecular analysis, and
patients whose tumor harbors an EGFR mutation will enter the EGFR mutation substudy. It is aiming
to recruit 410 patients and will randomly assign patients to erlotinib for two years versus placebo.
The primary endpoint is OS.

Neoadjuvant therapy has the potential to facilitate surgery by shrinking the tumor. A phase II
single-arm study assessing the impact of 28 days of neoadjuvant gefitinib in stage I NSCLC found
a 50% response rate among patients whose tumors harbored EGFR mutations. There was no safety
signal for increased risk of surgery. Upon histologic analysis, there was more fibrotic scar tissue, lower
cell proliferation, and residual tumor cells were concentrated in fibrous stroma with lymphocytic
infiltration [23,24]. Three small phase II trials evaluated neoadjuvant erlotinib among patients with
stage IIIA EGFR-mutant NSCLC. In spite of a response rate of 58%, the first failed to show a survival
benefit compared to non-EGFR-mutated patients receiving chemotherapy [25]. The second was a
single-arm trial and reported a 42% response rate, with 21% downstaging to T0-3 N0 M0. On a
pathological level, 50% of patients had a partial response, while 50% had stable disease [26]. The third
study compared neoadjuvant erlotinib among 15 patients whose tumors had EGFR mutations to
chemotherapy in 16 patients without these alterations [27]. The authors report a trend towards
better response rate, pathological response rates, and overall survival. Given the small number
and heterogeneous prognosis inherent in oncogenic driven NSCLC, no conclusions can be drawn.
One potential pitfall is disease flare after TKI interruption, and this will need to be evaluated in
larger prospective trials [28]. The ongoing phase II EMERGING trial is comparing neoadjuvant
erlotinib to cisplatin-gemcitabine in patients with stage IIIA EGFR-mutant NSCLC (NCT01407822).
A neoadjuvant phase III trial of gefitinib versus carboplatin and vinorelbine among patients with stage
II-IIIA EGFR-mutant NSCLC is planned (NCT03203590).

After the impressive early results of the adjuvant ADAURA trial, the neoADAURA (NCT04351555)
trial will follow. It is a phase III trial that will compare neoadjuvant osimertinib, with or without
chemotherapy, to chemotherapy alone in resectable NSCLC patients. The primary endpoint will be
major pathological response rates, while OS and DFS will be among secondary endpoints. A phase II
trial is ongoing (NCT03433469).

3. Anaplastic Lymphoma Kinase (ALK) Gene Fusions

ALK rearrangements are detected in 2 to 7% of NSCLC patients. Interestingly, this comprises
under 5% of resected NSCLCs but up to 19% of stage IV cancers. This could possibly be due to the

75



Int. J. Mol. Sci. 2020, 21, 6329

biology of ALK driven tumors, with rapid proliferation and spread. It is interesting to note that this
contrasts with EGFR mutations, which are not stage dependent [29–31].

Given the infrequency of ALK translocations in localized NSCLC, it is no surprise that there are
fewer clinical trials assessing ALK inhibitors in this setting. Nonetheless, two adjuvant phase III trials
are ongoing. The aforementioned ALCHEMIST trial (NCT02194738) has an arm randomizing patients
with stage IB to IIIA (TNM7) fully-resected ALK-driven NSCLC to observation versus crizotinib for up
to 24 months after completing standard therapy, including chemotherapy and radiotherapy, where
indicated. The primary endpoint is OS, and DFS is among secondary endpoints. The second, more
recent, phase III multicenter randomized adjuvant trial, ALINA (NCT03456076), is comparing alectinib
to standard of care in stage IB-IIIA (TNM 7) fully resected ALK-rearranged NSCLC. This trial excludes
patients with N2 stage IIIA cancer who could be candidates for postoperative radiotherapy in some
centers, as this could represent a confounding factor in a high-risk group. Alectinib is administered
for up to 24 months, while the control arm receives four cycles of platinum-based chemotherapy.
The primary endpoint is DFS, while OS is among secondary endpoints.

Finally, a multicenter phase II trial will soon begin recruiting patients with stage IB to IIIB resectable
NSCLC with a variety of oncogenic drivers, assessing the effect of eight weeks of neoadjuvant therapy
followed by the possibility of adjuvant treatment with the same drug (NCT04302025). One arm
will assess alectinib in this setting. The NCT03088930 trial is evaluating neoadjuvant crizotinib in a
similar design.

4. Others Oncogenic Drivers

EGFR and ALK are two of the multitude of currently identified and targetable oncogenic drivers
in NSCLC. As a reminder, in lung adenocarcinoma, targetable alterations comprise roughly half of all
diseases, and the list of actionable therapeutic targets is constantly growing [32].

Front-line therapy for metastatic disease has largely shifted or is gradually moving towards a TKI
approach among patients whose tumors harbor these alterations. To name a few, BRAF V600E mutations
are successfully targeted by combined BRAF/MEK inhibitors, mainly dabrafenib and trametinib, with
high response rates and relatively low toxicity [33]. Similarly, ROS1 rearrangements can be targeted
with drugs, including crizotinib, ceritinib, lorlatinib, entrectinib, or repotrectinib [26]. MET alterations,
including exon 14 mutations and amplifications, can be treated with a variety of TKIs, among the most
common, crizotinib, capmatinib, and tepotinib [34–37]. NTRK fusions are a recent addition to this
list, with impressive responses to entrectinib and larotrectinib [38,39]. RET fusion-positive NSCLC
also appears to benefit from treatment with selpercatinib or praseltinib [40,41] The very common
KRAS G12C mutation, hitherto considered undruggable, is now being targeted by small molecules,
with the potential to dramatically alter the therapeutic landscape [42]. HER2 targeting appears to
be moving forward in strides, with the antibody-drug conjugate, trastuzumab–deruxtecan, yielding
impressive preliminary results [43]. It is important to be aware of the efficacy of these drugs, even
if only in early phase trials for some, to understand the rationale for testing them in the adjuvant or
neoadjuvant setting.

The abovementioned ALK trial (NCT04302025) also includes arms for ROS1 and NTRK, each
to be treated by entrectinib following the same treatment pattern as the ALK arm, as well as BRAF
V600E mutations to be treated by vemurafenib and cobimetinib. The primary endpoint is major
pathological response, defined as 10% or lower of viable tumor cells, while OS and DFS are among
secondary objectives.

A small phase II trial is ongoing, assessing the efficacy of six weeks of neoadjuvant crizotinib in
patients with MET, ROS1, or ALK alterations and resectable stage IA-IIIA NSCLC (NCT03088930).
Objective response rate is the primary endpoint while OS and DFS are among secondary endpoints.

These trials are summarized in Table 2. To our knowledge, no other phase II to III trials are
ongoing in this setting.
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5. Limitations of TKIs in the Early Stage Setting

To date, no data have proven that TKIs can be curative in NSCLC, and patients ‘compliance with
TKI treatment could be lowered by the persistency of chronic adverse events due to long term use
of TKIs in patients who are free from cancer [36,37]. In the metastatic setting, all TKIs eventually
fail, through on- or off-target escape mechanisms. Similarly, treatment discontinuation can lead to a
flare in tumor growth. The aim of TKI therapy in early-stage disease could comprise various options.
Of course, the primordial question is whether treating microscopic residual disease could eliminate cells
rather than simply suppress growth, thus increasing cure rates rather than just relapse-free survival.
Only the overall survival of properly conducted trials will provide this answer. However, other goals
could exist. In the neoadjuvant setting, for instance, the higher response rate of TKIs compared to
chemotherapy could facilitate surgical management.

Under selective therapy-induced pressure, oncogenic-driven tumors can develop different resistant
clones. While cell subpopulations develop a quiescent or dormant state of cell-cycle arrest when
exposed to TKIs, some will acquire resistance alterations, whether through mutations or epigenetic
changes [44].

The drug-tolerant cells are a reservoir for potential tumor growth and will lead to progression
if they escape immune surveillance and proliferate. Unless we manage to reactivate quiescent cells
selectively to target them, it is unlikely TKIs will be curative given this behavior [45].

Combinatory therapy targeting and inhibiting signal transduction and activator of transcription
3 (STAT3) and Src may potentially be more effective by reducing the level of lung cancer stem
cells subpopulation

6. Future Directions and Challenges

As we await the results of ongoing and planned trials of TKIs in the localized NSCLC setting, the
question of which patients to treat in the non-metastatic setting may emerge. Circulating tumor DNA
(ctDNA) can detect minimal residual disease among patients with operated early-stage NSCLC [46].
Similarly, ctDNA has been used to identify acquired-resistance mechanisms to TKIs [41,42,47,48]. Such
an approach could have potential implications for initiating therapy upon early disease detection
rather than broadly among all operated patients. It could also be a tool to monitor patients on adjuvant
therapy in order to detect early resistance or relapse. These questions and more will have to be revisited
in light of results of neo(adjuvant) trials. Only time will provide answers about the best care for
our patients.

At the ASCO 2020 Meeting, the ADAURA presentation may have provided a glimpse of the future
for adjuvant treatment in oncogenic driven mutated NSCLC. The assumption that a TKI, proven to be
very effective in the metastatic setting, could and will be even more effective in early stages has become
prevalent among many oncologists. There may be significant implications if the follow-up data of the
ADAURA trial and the readouts from the ALINA are very positive, albeit for surrogate endpoints
for OS. Oncologists may be very tempted to emulate this early-stage TKI approach in less frequent
mutations, such as NTRK or RET, arguing that large trials are not feasible given the rarity of these
alterations. This will generate a debate on the appropriateness and validity of extrapolating results
without a formal trial; however, it is undeniable that the oncology world has already, as a consequence
of preliminary results, shifted toward wider molecular genomic sequencing in early-stage NSCLC.
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Abstract: Tyrosine kinase inhibitors (TKIs) are being increasingly used to treat various malignancies.
Although they were designed to target aberrant tyrosine kinases, they are also intimately linked with
the mechanisms of multidrug resistance (MDR) in cancer cells. MDR-related solute carrier (SLC)
and ATB-binding cassette (ABC) transporters are responsible for TKI uptake and efflux, respectively.
However, the role of TKIs appears to be dual because they can act as substrates and/or inhibitors of
these transporters. In addition, several TKIs have been identified to be sequestered into lysosomes
either due to their physiochemical properties or via ABC transporters expressed on the lysosomal
membrane. Since the development of MDR represents a great concern in anticancer treatment, it is
important to elucidate the interactions of TKIs with MDR-related transporters as well as to improve
the properties that would prevent TKIs from diffusing into lysosomes. These findings not only help
to avoid MDR, but also help to define the possible impact of combining TKIs with other anticancer
drugs, leading to more efficient therapy and fewer adverse effects in patients.

Keywords: tyrosine kinase inhibitor; multidrug resistance; cancer; ABC transporter; SLC transporter;
lysosomal sequestration

1. Introduction

Tyrosine kinase inhibitors (TKIs) are low molecular weight (<800 Da) organic compounds that are
able to penetrate the cell membrane and interact with targets inside the cell. They were developed
to block the ATP-binding sites of protein tyrosine kinases, thereby inhibiting or attenuating the
enzymatic activity of aberrant tyrosine kinases responsible for the malignant phenotype of cells. Such
targeted therapy can be aimed at either cancer cells, by inhibiting their proliferation and affecting their
susceptibility to apoptosis, or the tumor microenvironment, by affecting angiogenesis and the invasion
or formation of metastases.

So far, a number of TKIs has been approved by FDA for clinical use (respective molecular targets
are summarized in Supplementary Table S1), but many more are currently under investigation: a brief
example of experimental TKIs is listed in Supplementary Table S2. Due to their convenient oral
administration, TKIs are used not only in anticancer therapy, but also in treating diabetes, inflammation,
severe bone disorders and arteriosclerosis [1–3].

However, even anticancer treatment using TKIs leads to the development of multidrug resistance
(MDR), i.e., resistance to structurally and functionally different drugs [4]. Thus, the main focus of
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this review is to describe the noncanonical role of TKIs in selected MDR mechanisms, which involve
membrane transporters and drug accumulation in lysosomes.

2. Effects of TKIs on Membrane Transporters

The ATP-binding cassette (ABC) and the solute carrier (SLC) membrane transporters are considered
to be the most relevant transporters affecting the exposure to administered TKIs [4]. Both types are
expressed ubiquitously throughout human tissue and can recognize and translocate various molecules
across biological membranes, including TKIs. As such, they can affect the pharmacokinetic parameters
of TKIs, such as drug absorption, distribution, metabolism, excretion and toxicity [4]. Therefore, these
transporters expressed on cancer cells are considered a major determinant of MDR because increased
efflux or decreased transporter-mediated influx can lead to inefficient intracellular drug concentrations
and/or undesired drug interactions.

2.1. ABC Transporters

ABC transporters are transmembrane proteins that have been investigated in relation to their
active drug efflux irrespective of the prevailing gradient, thus causing drug resistance. The most
widely studied ABC transporters with respect to MDR include P-glycoprotein (Pgp, ABCB1), multidrug
resistance protein 1 (MRP1, ABCC1) and breast cancer resistance protein (BCRP, ABCG2). Multiple
mechanisms modulating the expression of ABC transporters have been proposed [5], including the
loss of uL3 ribosomal protein, which has been recently associated with the upregulation of ABCB1 [6].
An overview of ABC transporters involved in MDR and interacting with TKIs is listed in Table 1.

Some TKIs are able to bind to the substrate-binding pocket of an ABC transporter (Table 1) [7–11],
which leads to their efflux from cells and explains the reduced therapeutic efficacy and/or resistance
acquired during the course of TKI therapy. ABCA3 protected leukemic stem cells from dasatinib,
imatinib, and nilotinib, which target the BCR-ABL kinase [7]. Exposure to these TKIs led to a
dose-dependent increase in ABCA3 transcription, supporting drug efflux, but when cells were
cotreated with the COX2 inhibitor indomethacin, ABCA3 expression decreased, and the combination
potentiated the antineoplastic efficacy of TKIs [7]. Similarly, gefitinib causes indirect induction of ABCG2
expression [12]. In fact, targeting EGFR with gefitinib results in its internalization, phosphorylation by
Akt and translocation to the nucleus, where EGFR affects the ABCG2 gene promoter enhancing its
transcription [12].

In contrast, TKIs can also act as inhibitors of ABC transporters. Similarly to their interaction with
protein tyrosine kinases, TKIs block the ATP-binding sites of membrane transporters, preventing the
phosphorylation and inhibiting the efflux function of transporters [13–17]. Although cabozantinib
affected the ATPase activity of the ABCG2 transporter, it also interacted with the transporter at the
drug-substrate binding site, antagonizing the transporter by competitive inhibition [15]. TKIs usually
inhibit ABC transporters directly and do not alter their expression or localization [13,16,17].

Interestingly, ponatinib treatment resulted in a decrease in ABCB1 and ABCG2 cell surface
expression, and imatinib downregulated ABCG2 expression in BCR-ABL-positive cells [18,19].
However, these effects were most likely caused indirectly via inhibition of the Akt signaling that is
downstream of the BCR-ABL axis that is inhibited by the TKIs [18,19].

When inhibiting ABC transporters, substrate drugs are no longer pumped outside of cells,
and the cytotoxicity of substrate drugs in resistant cells overexpressing ABC transporters is
significantly increased. In vitro studies demonstrated that TKI administration increased intracellular
accumulation of rhodamine 123 or doxorubicin in multidrug-resistant cells overexpressing selected ABC
transporters [20,21]. Treatment with TKIs inhibiting these transporters (Table 1) was able to enhance the
cytotoxicity of substrate drugs, such as paclitaxel, docetaxel [14], vincristine, vinblastine [20,22],
doxorubicin [20], etoposide [23], cytarabine [24], mitoxantrone and topotecan [15,19,25], while
sensitivity to cisplatin, which is not a substrate for ABC transporters, was not significantly altered [26].
The inhibitory effect of TKIs (e.g., gefitinib or ibrutinib) was comparable to that of known inhibitors
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of ABC transporters [14,27]. Resensitizing multidrug-resistant cancer cells can also be achieved by
combining a TKI with an ABC transporter substrate affinity together with a second TKI having an ABC
transporter inhibitory activity. A low-dose treatment with the ABCB1 transporter substrate dasatinib,
in combination with the ABCB1 inhibitor nilotinib, provided additive/synergistic effects in leukemic
cells overexpressing ABCB1 [28]. Supporting these findings, in in vivo experiments in respective
xenograft mouse models, TKIs combined with conventional chemotherapeutics showed a greater
inhibitory effect on tumor growth than single drugs [20,29,30]. Furthermore, simultaneous inhibition
of ABCB1 and ABCG2 by erlotinib at the mouse blood–brain barrier improved brain permeability and
pazopanib accumulation [31].

Depending on their concentration and affinity for the transporter, a number of TKIs have been
reported to interact with ABC transporters as both substrates and inhibitors (Figure 1A) [17,19,25,32,33].
At lower concentrations, TKIs usually possess substrate-like properties (Figure 1Ai), but they tend to
act as ABC inhibitors at higher yet pharmacologically relevant concentrations (Figure 1Aii) [13,19].
Indeed, combining ponatinib with topotecan or mitoxantrone, substrates of both ABCB1 and ABCG2,
resulted in antagonistic effects at lower ponatinib concentrations, whereas higher concentrations led to
synergistic effects [19]. In addition, contradictory effects have also been attributed to pazopanib. While
it was described as a substrate for both ABCB1 and ABCG2 in the canine kidney cell line MDCKII [31],
another study reported that pazopanib was an ABCB1 inhibitor that inhibited dasatinib efflux from
LLC-PK1 porcine kidney cells [34].
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Figure 1. Transport of TKIs by ABC and SLC transporters. (A) At low concentrations (i), some TKIs
exhibit substrate-like properties and are exported out of the cell by the respective ABC transporters.
A high concentration of TKIs (ii) leads to blockage of the ATP-binding sites of ABC transporters,
which results in inhibited efflux of the TKI. (B) Upregulated expression of SLC transporters can lead to
enhanced uptake of some TKIs. Examples of TKIs and specific transporters are given in square brackets.
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2.2. SLC Transporters

While ABC transporters harness energy from ATP hydrolysis and function as efflux transporters,
SLC transporters are primarily involved in the uptake of small molecules into cells, including TKIs [62]
(Figure 1B). Unlike the described MDR mediated by ABC transporters in a number of malignancies,
knowledge about the interactions of SLC transporters with drugs used in anticancer treatment is
limited. Table 2 contains an overview of TKIs known to interact with SLC transporters.

Table 2. Interactions of selected TKIs with SLC transporters.

SLC Transporter Substrate Inhibitor

OCT1
(SLC22A1)

imatinib [63,64]
sorafenib [55]

crizotinib [51]
erlotinib [65]
gefitinib [65]
nilotinib [66]
sunitinib [65]

OCT2
(SLC22A2) erlotinib [67]

crizotinib [68]
gefitinib [65]
nilotinib [65]

saracatinib [69]
sunitinib [65]

vandetanib [68]

OCT3
(SLC22A3) –

gefitinib [65]
nilotinib [65]
sunitinib [65]

OCTN2
(SLC22A5) imatinib [8] –

OAT3
(SLC22A8) erlotinib [67] –

OAT6
(SLC22A20) sorafenib [70] –

OATP1A2
(SLCO1A2) imatinib [8] –

OATP1B1
(SLCO1B1) –

axitinib [71]
lapatinib [51]
nilotinib [71]

pazopanib [71]
sorafenib [71]

OATP1B3
(SLCO1B3) imatinib [8] –

OATP2B1
(SLCO2B1) erlotinib [72] –

The activity of imatinib was linked with the expression of organic cation transporter 1 (OCT1,
SLC22A1), as it was found to be a substrate for this transporter in the CEM human leukemia cell
line [73]. A positive correlation was found in patients with chronic myeloid leukemia (CML) in a
phase II trial between survival and the functional activity of OCT1 that was assessed by measuring
imatinib influx [63,64]. In addition, temperature-dependent uptake experiments demonstrated that
the uptake of imatinib was an active process rather than a passive penetration of cell membranes [73].
Other transporters that might affect the oral absorption of imatinib and the liver access of imatinib
include the uptake organic cation/carnitine transporter (OCTN2, SLC22A5) and the uptake organic
anion-transporting polypeptides OATP1A2 (SLCO1A2) and OATP1B3 (SLCO1B3), for which imatinib
is a substrate [8].
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In contrast, the cellular uptake of nilotinib seems to be independent of OCT expression. This was
observed in KCL22 human leukemia cell line overexpressing OCT1 [66] as well as in mononuclear cells
from patients with CML [74]. In fact, nilotinib has been reported as a potential inhibitor of OCT1 [66],
OCT2, OCT3 [65] and OATP1B1 [71].

The uptake of drugs into nontarget (nonneoplastic) cells by SLC transporters resulting in
higher drug toxicity presents another obstacle in anticancer treatment. Organic anion transporter 6
(OAT6, SLC22A20) was found to regulate the entry of sorafenib into keratinocytes, contributing to
sorafenib-induced skin toxicity [70].

3. Lysosomal Sequestration

Lysosomes contribute to MDR via a mechanism called lysosomal trapping. Compounds can be
sequestered (trapped) in lysosomes based on their physiochemical properties: (i) basic pKa, an acid
dissociation constant for the conjugated acid of the weak base, which affects the extent of lysosomal
trapping, and (ii) logP, the partition coefficient between octanol and water, which regulates the kinetics
of passive membrane permeability [75]. Accumulation in lysosomes is typical for lipophilic and
amphiphilic compounds with lipophilic amines (logP > 1) and weak bases with ionizable amine
groups (pKa > 6) [75]. Due to their hydrophobic character, these drugs are able to permeate the
lipid membranes via passive diffusion. However, after entering the acidic environment of lysosomes,
compounds become positively charged, which restricts their diffusion back into the cytoplasm and
prevents them from reaching their cytoplasmic or nuclear targets [75] (Figure 2A). Furthermore,
lysosomal sequestration is driven by the pH difference between the neutral cytosol (pH ~ 7.2) and
the acidic lysosomal compartment (pH ~ 5) [76]. This process requires continuous acidification of the
lysosomes by membrane-bound ATP-dependent lysosomal proton pumps of the vacuolar ATPase
(V-ATPase) family. Agents that are sequestered in lysosomes are called lysosomotropic, and their
accumulation within lysosomes is known as lysosomotropism [75].

Lysosomal sequestration has been recognized as another mechanism of resistance to TKIs [77],
and TKIs known to be accumulated in lysosomes are summarized in Table 3. The ability of TKIs to be
sequestered in lysosomes can be detected by fluorescence microscopy in the case of inhibitors that
exhibit autofluorescence, such as sunitinib [23,77], lapatinib [78], imatinib [79,80] or nintedanib [81],
and they colocalize with stained lysosomes. In the case of TKIs that are not autofluorescent (e.g.,
gefitinib or lapatinib), lysosomal sequestration can be demonstrated by their influence on the lysosomal
accumulation of LysoTracker® Red [76].

Several TKIs do not harbor physiochemical properties of hydrophobic, weak base molecules but can
be entrapped in the acidic milieu of lysosomes (Table 3) [82–84]. ABC transporters facilitate the active
accumulation of drugs in lysosomes, as these pumps have been found on the membranes of intracellular
compartments, including the Golgi apparatus and intracellular vesicles [85,86]. ABCA3 [87], ABCB1 [88],
and ABCG2 [89] were demonstrated on lysosomal membranes, explaining the lysosomal sequestration
of their respective substrate TKIs, including imatinib [87], sorafenib [83] and pazopanib [84].

Interestingly, the ABCB1-mediated resistance phenotype of leukemia cells was stronger when
ABCB1 was expressed intracellularly than when it was expressed on the plasma membrane, indicating
that the accumulation of drugs in lysosomes is most likely more effective than the efflux via membrane
transporters [85]. Furthermore, stressors present in the tumor microenvironment (e.g., hypoxia,
oxidants, or glucose starvation) were found to upregulate and relocalize ABCB1 to lysosomal
membranes, resulting in increased drug resistance [88].

In many cases, resistance mediated by lysosomal sequestration is reversible. Removing sunitinib
from tumor cell culture for several weeks resulted in normalization of cell lysosomal capacity and
recovery of drug sensitivity [77]. Similarly to the in vitro data, patients with metastatic renal cell
carcinoma developed resistance to sunitinib. However, it was transient after treatment interruption
and subsequent rechallenge [90].
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Figure 2. Lysosomes in resistance to TKIs. (A) Sequestration of TKIs into lysosomes provides a
mechanism of resistance to TKIs. (B) Targeting lysosomes by alkalizing their milieu (i) or disrupting
their integrity (ii) can potentiate the effects of TKI treatment.
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Table 3. List of TKIs known to be sequestered into lysosomes.

TKI pKa 1 LogP 2 Reference

dasatinib 8.49 3.82 [82]
gefitinib 6.85 3.75 [76]
imatinib 8.10 4.50 [79]
lapatinib 7.20 4.64 [76]
nilotinib 6.30 5.36 [80]

nintedanib 7.90 3.60 [81]
pazopanib 5.07 3.60 [84]
sorafenib 4.34 2.03 [83]
sunitinib 9.04 5.20 [77]

1 acid dissociation constant for the conjugated acid of the weak base. 2 partition coefficient between octanol
and water.

Overcoming Lysosomal Sequestration

There are several mechanisms that may reverse sequestration: either preventing the accumulation
of TKIs in the lysosomes by alkalizing the lysosomal milieu or disrupting the lysosomal membrane
leading to efflux of TKIs. Concomitant or sequential treatment with TKIs and drugs that interfere with
lysosomal function could present an effective means of overcoming the MDR mediated by lysosomal
trapping (Figure 2B).

Several alkalizing agents have been introduced to circumvent lysosomal trapping (Figure 2Bi).
Bafilomycin A1 targets V-ATPase, an enzyme that acidifies lysosomes during biogenesis, and was
reported to sensitize cells towards previously sequestered nintedanib [81]. Although it prevents
lysosomal sequestration in vitro, efficient concentrations of bafilomycin A1 also exert cytotoxicity in
normal cells, which hinders its use in clinical settings [77]. Chloroquine, originally established as an
antimalarial agent, accumulates in lysosomes, increases lysosomal pH and triggers destabilization of
the lysosomal membrane. Combined treatment using chloroquine and sunitinib resulted in enhanced
inhibition of tumor growth in a xenograft mouse model [91]. Similarly, the chloroquine analogues
hydroxychloroquine and Lys05 have been shown to target lysosome-mediated autophagy and have
been tested with other anticancer therapies [92–94].

Interestingly, sunitinib itself is able to reduce the activity of acid sphingomyelinase that promotes
lysosomal membrane stability, leading to destabilization of lysosomes and inducing nonapoptotic
lysosome-dependent cell death [23].

Photodestruction of lysosomes with sequestered photoexcitable TKIs presents another approach for
overcoming lysosomal trapping (Figure 2Bii). Exposing sequestered sunitinib to a specific wavelength
in vitro resulted in the generation of reactive oxygen species (ROS) and almost immediate disruption
of lysosomes, followed by the release of the drug into the cytoplasm [95]. Similar observations
and markedly attenuated tumor growth were reported after sunitinib photoexcitation in a xenograft
model [95].

However, phototherapy is limited due to superficial and local treatment options, and apart from
chloroquine [91], not many effective drugs have been identified to accumulate in lysosomes and then
disrupt the lysosomal membrane. Thiosemicarbazone iron chelators represent novel anticancer agents
that are transported into the lysosomes via ABCB1 [96]. There, they create redox-active complexes
with copper, and generated ROS permeate the lysosomal membrane (Figure 2Bii). Thiosemicarbazones
were able to disrupt lysosomes and free sequestered doxorubicin in ABCB1-overexpressing cells [88,96].
Whether these agents can potentiate the effect of TKIs trapped in lysosomes is yet to be elucidated.

4. Clinical Trials Repurposing TKIs in Combinational Strategies

The ability of several TKIs to modulate ABC transporters was shown in cancer cell lines as well
as in xenograft models and primary cells collected from patients [29,33,40,49]. TKIs inhibiting ABC
transporters were able to reverse the MDR phenotype of cancer cells and enhance the effect of other
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anticancer drugs at the quite low, usually noncytotoxic concentrations achieved in patients [13,20,56].
This evidence underlines the potential clinical value of TKIs and provides a rationale for their
repurposing in combinational strategies overcoming ABC transporter-mediated MDR. Table 4 lists
examples of clinical trials combining TKIs with other anticancer drugs.

Table 4. Combinational strategies using TKIs in clinical trials.

Combination of Drugs Malignancy Reference

apatinib * + etoposide
+ irinotecan

ovarian cancer
high-grade glioma

[97]
[98]

cediranib * + carboplatin, paclitaxel
+ cisplatin, gemcitabine

cervical cancer
biliary tract cancer

[99]
[100]

crizotinib + methotrexate NSCLC [101]

erlotinib

+ cabozantinib
+ carboplatin
+ everolimus
+ gemcitabine
+ gemcitabine,

oxaliplatin
+ topotecan

NSCLC
ovarian carcinoma

HNSCC
pancreatic cancer
pancreatic cancer

solid tumors

[102]
[103]
[104]
[105]
[106]
[107]

gefitinib + carboplatin,
pemetrexed NSCLC [108]

lapatinib + capecitabine
+ paclitaxel

breast cancer
breast cancer

[109]
[110]

neratinib + capecitabine
+ paclitaxel

breast cancer
breast cancer

[111]
[112]

nilotinib + vincristine,
daunorubucin ALL [113]

nintedanib + docetaxel NSCLC [114]

sorafenib

+ cytarabine,
daunorubicin
+ doxorubicin

+ gemcitabine, cisplatin

AML
hepatocellular

carcinoma
collecting duct

carcinoma

[115]
[116]
[117]

sunitinib + capecitabine
+ docetaxel

breast cancer
breast cancer, gastric

cancer

[118]
[119,120]

vandetanib + docetaxel
+ pemetrexed

urothelial cancer
NSCLC

[121]
[122]

* experimental TKIs; AML: acute myeloid leukemia; ALL: acute lymphoblastic leukemia; HNSCC: head and neck
squamous cell carcinoma; NSCLC: non-small-cell lung carcinoma.

Promising efficacy and improved clinical outcomes were described when combining paclitaxel
with neratinib [112] or lapatinib [110] in HER2-positive breast cancer patients. Favorable results
were also observed in combinations of docetaxel with nintedanib in non-small-cell lung carcinoma
patients [114] and with sunitinib in patients with gastric cancer [120]. Resistance to docetaxel and
paclitaxel is often caused by ABCB1- and ABCC10-mediated efflux [26]. Hence, adding TKIs that
inhibit these transporters (Table 1), e.g., applied lapatinib [16,48], neratinib [29], nintedanib [22],
or sunitinib [21], could, in fact, decrease the efflux of chemotherapeutics and result in enhanced
antitumor effects observed in the studies (Table 4).

Similar conclusions could be drawn from the trials that combined erlotinib and gemcitabine for the
treatment of advanced pancreatic cancer [105,106]. Gemcitabine plus erlotinib showed additive efficacy
compared to gemcitabine alone [105] and addition of oxaliplatin to this regimen resulted in higher
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response rate and improved progression-free survival [106]. In vitro studies revealed that the resistance
to oxaliplatin develops after upregulation of ABCC1 and ABCC4 transporters [123]. Furthermore,
a combined siRNA-mediated knockdown of ABCC3, ABCC5, and ABCC10 significantly sensitized cells
to gemcitabine [124]. As erlotinib was demonstrated as a potent inhibitor of multiple ABC transporters
(Table 1), including those that efflux gemcitabine and oxaliplatin from cancer cells [16,54] and are
known to cause resistance in pancreatic adenocarcinomas [125], these data possibly elucidate the
increased efficacy of the combined treatment in the respective clinical trials [105,106].

These examples demonstrate that TKIs added to the treatment enhance the response by not
only targeting aberrant tyrosine kinases in malignant cells but also by sensitizing resistant tumors to
other anticancer agents. Although the clinical trials (Table 4) were focused on advanced, metastatic
and/or recurrent malignancies with known resistance to therapy, not all drug combinations attained
satisfactory outcomes in patients [103,107,115,116,118]. However, the mechanisms mediating MDR in
tumors were usually not examined and most trials did not focus specifically on reversing the ABC
transporter-mediated MDR. This urges the need for combination strategies that would select TKIs
attentively with regard to multiple determinants, including the tumor type, its expression profile as
well as presence of MDR-related factors, in order to tailor therapeutic regiments that may lead to
overcoming resistance and improved clinical response.

Nanotechnology could present a valuable strategy in combining TKIs with conventional
chemotherapeutics [126]. Polymeric nanoparticles allowed a co-delivery of erlotinib and doxorubicin
on the same platform while facilitating a sequential release of the drugs, which resulted in the enhanced
cytotoxic effect on breast cancer cells [127]. Therefore, nanomedicine offers a convenient multidrug
delivery system where the first released drug (TKI, e.g., erlotinib) sensitizes the cancer cells to the
second drug (conventional chemotherapeutic, e.g., doxorubicin), hence avoiding MDR development
and making therapy more efficient [126,127].

5. Conclusions

A more personalized approach to therapy, such as targeted therapy using TKIs, has been
increasingly used in treating various types of malignancies. Emerging evidence suggests that apart
from identifying specific targets of TKIs, it is also important to evaluate other characteristics of tumor
cells as well as the drug itself. The expression of uptake/efflux membrane transporters and the
physiochemical qualities of TKIs affect the exposure of administered TKIs.

Furthermore, the dual effects of TKIs on membrane transporters allow them to not only exert
anticancer effects but also act as chemosensitizers to reverse the transporter-mediated efflux of other
anticancer drugs. For instance, high expression of specific membrane transporters could provide the
perfect environment for the therapeutic application of the TKIs that are transported into the cancer
cells by abundant SLC transporters but at the same time inhibit the drug efflux pumps. This allows
for either sequential or simultaneous administration of TKIs with other cytotoxic agents, harboring
great synergistic potential, improving the efficacy of therapy, avoiding or reversing drug resistance,
and possibly reducing associated toxicity and adverse effects (Figure 3).
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Abstract: Bladder cancer is a heterogeneous disease that is not depicted by current classification
systems. It was originally classified into non-muscle invasive and muscle invasive. However,
clinically and genetically variable tumors are summarized within both classes. A definition of three
groups may better account for the divergence in prognosis and probably also choice of treatment.
The first group represents mostly non-invasive tumors that reoccur but do not progress. Contrarily,
the second group represent non-muscle invasive tumors that likely progress to the third group,
the muscle invasive tumors. High throughput tumor profiling improved our understanding of
the biology of bladder cancer. It allows the identification of molecular subtypes, at least three for
non-muscle invasive bladder cancer (Class I, Class II and Class III) and six for muscle-invasive bladder
cancer (luminal papillary, luminal non-specified, luminal unstable, stroma-rich, basal/squamous and
neuroendocrine-like) with distinct clinical and molecular phenotypes. Molecular subtypes can be
potentially used to predict the response to treatment (e.g., neoadjuvant chemotherapy and immune
checkpoint inhibitors). Moreover, they may allow to characterize the evolution of bladder cancer
through different pathways. However, to move towards precision medicine, the understanding
of the biological meaning of these molecular subtypes and differences in the composition of cell
subpopulations will be mandatory.

Keywords: bladder cancer; muscle invasive; non-muscle invasive; molecular subtypes; evolution;
targeted therapy; classification

1. Introduction: The Clinical Problem of Bladder Cancer

Bladder cancer (BLCa) is one of the most common cancers of the genitourinary tract. It is the
tenth most common cancer worldwide, accounting for 549,000 new cases and about 200,000 deaths per
year [1]. The majority of BLCa are urothelial carcinoma, whereas squamous cell carcinoma, small cell
carcinoma, adenocarcinoma and sarcoma are less frequent. In this review, BLCa refers to urothelial
carcinoma and excludes the other rare forms. BLCa is around three times more common in men than
in women and tobacco smoking is the main risk factor [2–5]. Family history increases the risk of
BLCa and is mainly associated with early onset, however, only scarce data on genetically inherited
BLCa is available [6–8]. BLCa is the costliest cancer to treat on a per-patient basis and causes large
socio-economic burden [1,9–12]. Nevertheless, it is still relatively understudied [13].

BLCa has been classified into non-muscle invasive BLCa (NMIBC, 70–75% of patients) and muscle
invasive BLCa (MIBC, 25–30% of patients), which are associated with distinct prognosis [14]. However,
clinically and genetically very distinct tumors are summarized in NMIBC. Therefore, a definition of
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three different groups better accounts for the divergence in prognosis and treatment choice. The first
group consists of NMIBC confined to the mucosa [14]. This group is divided into high- and low-grade
pTa depending on cellular atypia and alterations in tumor architecture. Despite the distinct prognosis,
the urothelial carcinoma in situ (CIS-stage pTis) is also part of the first group. CIS is defined as a
high-grade, flat, non-invasive lesion confined to the mucosa with often vague borders and spreading
across various areas of the bladder. The second group consists of NMIBC tumors that invade the
submucosal layer, the lamina propria. These include stage pT1 and are of high-grade in most of the cases.
Among NMIBCs, 70% are staged as pTa, 20% as pT1 and the remaining 10% as CIS lesions [15]. The third
group consists of MIBC, either organ-confined, locally advanced and/or metastatic. MIBC tumors
are staged from T2a to T4b depending on the extent of muscle invasion and are of high-grade in the
majority of the cases.

The major clinical problem of NMIBC is the frequent short-term reoccurrence after the first
resection (50–70%) [16,17]. Although most NMIBC have a low probability (10–20%) of progression and
high survival rate (~90% 5-year overall survival) [16–18], lymph node metastases can be found in 5% of
pT1 tumors, whereas 50% of CIS potentially progress locally and disseminate [19,20]. Around 10–20%
of NMIBC-diagnosed patients progress to MIBC. Currently, these patients cannot be prospectively
identified [17,21].

Contrarily, in MIBC, the rapid metastatic progression and the consequently high mortality of
patients is of high clinical relevance [22]. The 5-year overall survival probability of 60% is dramatically
reduced to less than 10% in case of early metastatic dissemination [23]. Currently, curative therapy
options are missing and only a minority of patients with metastatic BLCa show long-term response to
palliative treatments [24].

Physicians are often met with treatment failure and/or reoccurrence in all BLCa groups, indicating
that the management of BLCa is complex and current classification systems do not depict the
heterogeneity of this disease. Huge efforts are undertaken to understand the biology of BLCa.
Tumor profiling on large-scale cohorts has dramatically improved our understanding of the biology of
this disease and may allow us to identify molecular subtypes with a distinct clinical and molecular
phenotype. The ultimate goal of these investigations should be to predict the likelihood of reoccurrence,
response to treatment and progression early in patients’ history to guide clinical decision making.

In this review, we will present the state-of-the-art, clinical guidelines and standard operating
procedures of BLCa and elucidate their limitations. We will also discuss how molecular subtypes
discovered from the profiling of tumor samples improved our understanding of BLCa and their
potential clinical meaning and application.

2. Current BLCa Management

2.1. NMIBC Treatment Options and Follow-Up

NMIBCs are first diagnosed with cystoscopy and confirmed by subsequent transurethral
resection of the bladder tumor (TURBT) [25]. The clinical tumor, node and metastases (TNM)
stages are determined based on cross-sectional imaging and pathological evaluation of the TURBT [25].
Furthermore, the histological grade is defined according to the 2004/2006 World Health Organization
(WHO) classification [26].

Based on these evaluations, the European Organization for Research and Treatment of Cancer
(EORTC) risk tables allow stratifying patients into low-, intermediate- and high-risk for reoccurrence
or progression [17]. However, this may not be appropriate given that they are defined by different
prognostic factors and require different follow-up strategies [27]. Prior disease reoccurrence rate and
the number of distinct tumors are the strongest predictors of BLCa reoccurrence, whereas the most
significant prognostic factors for disease progression and disease-specific survival are tumor stage
and grade, and presence of CIS [17]. Ideally, a better differentiation, including prognostic markers,
among these two risks (progression and reoccurrence) should be defined. Due to the high recurrence
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rate, patients undergo life-long monitoring. Standard of care includes cystoscopy every 3–6 months in
the first 1–2 years and every year thereafter for 5 years, or lifelong [28,29]. In particular, intermediate-
and high-risk tumors might reoccur even after 10 years, therefore a life-long surveillance schedule
is recommended [30]. Treatment and surveillance of NMIBC patients is not only associated with
considerable costs but also with high morbidity due to the considerable side effects, such as pain,
risk for infection and irritation/damage of the urothelium.

Low-risk NMIBC patients after TURBT receive intravesical instillations of chemotherapy
(Mitomycin C, Epirubicin or Pirarubicin) within 24 h after the surgery [25]. This targets the
released tumor cells after TURBT, and significantly reduces the three-month reoccurrence risk [28,31].
Intermediate-risk and high-risk patients receive a Bacillus Calmette-Guérin (BCG) vaccination, which is
an attenuated strain of Mycobacterium bovis. This prolongs reoccurrence time decreasing disease
progression [28,32–34]. BCG is not always well tolerated, and the risk of relapse varies between 30%
and 40% [35].

2.2. MIBC Treatment Options and Follow-Up

Neoadjuvant cisplatin-based chemotherapy (NAC) prior to radical cystectomy is the
golden-standard of care for all non-metastatic MIBC patients [36]. This treatment should be offered
to all patients with non-metastatic BLCa, organ-confined (cT2N0M0) or locally advanced BLCa
(cT3a-T4a, N0-NX, M0) [23]. The systemic treatment for NAC can be the combination of methotrexate,
vinblastine, doxorubicin and cisplatin (MVAC) or the combination of cisplatin with gemcitabine
(GC), which is used because of the lower toxicity but comparable efficacy [36,37]. Life expectancy
is increased in 40% of NAC-treated patients [14,29,38], which can be attributed to the reduction
of tumor size prior to surgery, the treatment of micrometastases and the prevention of metastasis
formation [36]. While only 10% of MIBC patients present metastasis at diagnosis, 40–50% show
metastatic formations after reoccurrence detected during follow-up after cystectomy. For these patients,
an effective therapy is lacking and the treatment intent is palliative. First-line treatment is cisplatin-based
chemotherapy [14,29,36], and second-line treatments for cisplatin-resistant and metastatic BLCa are
the Food and Drug Administration(FDA)-approved immune checkpoint inhibitors (ICIs) which target
PD-L1 (atezolizumab, avelumab and durvalumab) or PD-1 (nivolumab and pembrolizumab). However,
only 20–25% of patients respond positively to treatment [14,39–41].

Novel targeted therapies have recently been approved for treatment of patients resistant to
cisplatin-based chemotherapy and ICIs. Erdafitinib, an inhibitor of the tyrosine-kinase activity of
fibroblast growth factor receptor (FGFR), is approved for patients with FGFR3 or FGFR2 alterations [42,43].
Finally, enfortumab vedotin, an antibody-drug conjugate that targets Nectin-4, has shown promising
response rates [44].

Follow-up includes, in the three years after initial treatment, computed tomography (CT) scan of
chest, abdomen and pelvis every 3–6 months, and reoccurrence is treated with radiotherapy.

Importantly, the survival rate of MIBC patients has remained unchanged for the last 30 years [5]
and currently, the treatment is offered in “a one size fits all” manner and by trial and error. The response
is documented during the follow-up and only a minority of patients show a positive treatment
response (e.g., NAC 30–40%, ICI 20–25%). Therefore, selecting patients according to the likelihood of
response might help to improve patients’ outcomes and avoid overtreatment in likely non-responders.
The identification of accurate and predictive biomarkers for non-responders vs. responders is one of
the major challenges in BLCa research.

3. Lack of Predictive Biomarkers: First Cause of Treatment Failure

The main problem for NMIBC is the high recurrence rate and early identification of tumors with
the potential to progress.

The risk of reoccurrence after installation of chemotherapy varies between low-, high- and
intermediate-risk tumors but also between immediate and delayed treatments. For low-risk tumors,
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the 5-year reoccurrence risk does not change between immediate (43%) or delayed treatment (46%) [45].
In contrast, immediate treatment decreases the recurrence risk from 31% to 20% for the intermediate-risk
tumors and from 35% to 28% for high-risk tumors [45]. Therefore, rapid selection of patients according
to the likelihood of response is crucial to improve chemotherapy efficacy.

Although BCG therapy has been used for more than 30 years, its mechanism of action is still
under investigation. About 40% of patients fail BCG therapy and tumor reoccurs within 2 years [14,46].
BCG failure refers to three different conditions: (1) BCG relapse, if the disease reoccurs after ≥6 months
of disease-free survival, (2) BCG refractory, if the tumor persists after 6 months of treatment and (3)
BCG intolerance, if the treatment has been discontinued due to toxic side effects of BCG [14,28,47].
Many factors can cause BCG failure, e.g., the presence of metastasis prior to therapy, inappropriate
immune response or an adaptive immune resistance with overexpression of exhaustion markers (PD-1
and PD-L1) [48–50]. Although there is no standard of care for patients after BCG failure, radical
cystectomy is considered the preferred treatment [25]. Alternative approaches, such as immune
checkpoint inhibitors against PD-L1 or PD-1, have been taken into consideration as therapy in
combination with BCG, given the role of exhaustion markers (PD-L1 and PD-1) in BCG resistance
and relapse [51]. However, efforts to understand how to identify patients that will benefit from BCG,
combination therapies or will have to undergo radical cystectomy are much needed [52].

Such predictive biomarkers are also missing for MIBC patients. The major clinical problem in
MIBC is treatment failure due to inaccurate treatment selection, which is associated with the high
mortality of MIBC patients. This is exemplified by a complete NAC response only in a minor fraction
of patients. Several clinical trials have shown that NAC improves overall survival in only 30–40%
of patients [38,53–57]. In NAC non-responder patients, the treatment delays the effective therapy,
directly associated with adverse prognosis, and overtreats patients that will suffer from unnecessary
side effects [58–60].

The mechanisms of resistance of MIBC to systemic treatment are largely unknown and molecular
biomarkers for the selection of effective second-line treatments are currently lacking. A one treatment
fits all approach for such a highly heterogeneous disease is certainly a limiting factor. Stratifying
patients into “subtypes” based on the molecular landscape can be used to predict the response to
treatment [61–63]. BLCa can be grouped into at least two molecular subtypes: basal/squamous-like and
luminal subtypes, and some of these subtypes were associated with therapy response. McConkey and
colleagues employed gene expression profiles of NAC-treated MIBC tumors to predict therapy response.
They showed that basal tumors were associated with better survival in the context of NAC and that
tumors expressing wild-type (WT) p53-associated gene expression (p53-like subtype) were associated
with bone metastasis and chemo-resistance [61]. In a retrospective study, Seiler and colleagues
investigated the association between molecular subtypes and the response to NAC. They proposed four
molecular subtypes (Basal, Claudin-low, luminal and luminal-infiltrated subtypes) that can predict
NAC response and confirmed that basal tumors were more chemo-sensitive and benefited the most
from NAC compared to cystectomy only. In addition, they showed that irrespective of the treatment,
the luminal subtype had better overall survival. On the contrary, the claudin-low subtype, defined as a
subset of basal tumors with (1) a decreased expression of claudin-3 and claudin-4, (2) an enrichment for
tumor-initiating cells (TIC) signatures and (3) an over-expression of epithelial-mesenchymal transition
(EMT) transcription factors (e.g., SNAI1, TWIST1), had the worst overall survival and did not profit
from NAC [62]. In the context of immunotherapy, ICIs are effective only in a subset of patients
(20–25%) [39–41]. Mariathasan and colleagues performed transcriptomic analysis of a cohort of MIBC
tumors treated with atezolizumab, an anti-PD-L1 drug. The responders were correlated with high
neoantigen or tumor mutation burden, and with infiltration of CD8+ T-effector cells. Non-responders
were correlated with a gene expression signature of transforming growth factor β (TGF-β) signaling in
fibroblast, especially in cases where CD8+ T-effector cells were only present in the peritumoral stroma
and not in the tumor parenchyma [63]. However, clinical trials testing these stratifications of patients
into “subtypes” are needed.
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In conclusion, treatment failure is frequent in both NMIBC and MIBC. This may indicate that
the current classification systems do not depict the heterogeneity of BLCa and that treatment itself
does not consider BLCa heterogeneity. Moreover, current pathological assessment is inaccurate and
around 40% of tumors are clinically up-staged, which leads to an inadequate treatment choice [64–66].
Improvement of patient stratification to guide treatment options may be achieved using molecular
classifications, and one way to further classify BLCa patients is according to molecular subtypes.
Understanding of their biological role and therapy response is mandatory for clinical implementation.

4. Molecular Classification

4.1. NMIBC and MIBC: Two-Pathway Theory

Histological and cytogenetic analysis of BLCa tumors revealed that low-grade NMIBC tumors
had few cytogenetics changes, while MIBC tumors were more genetically unstable [67]. Therefore,
based on the fact that NMIBC and MIBC tumors present with different clinical behavior, histology and
evolution, two distinct carcinogenic pathways, the papillary and the non-papillary pathway, have been
proposed. The papillary pathway includes hyperplasia which will give rise to low-grade NMIBC;
in the non-papillary pathway, instead, flat dysplasia and/or CIS are believed to be the precursors of
MIBC tumors. However, high-grade NMIBCs seem to derive from the co-occurrence of hyperplasia
and dysplasia, thus suggesting that the two-pathways intersect.

The papillary pathway is characterized by activation or overexpression of oncogenes leading to the
genomic stable low-grade non-invasive papillary (Ta) tumor. FGFR3-activating mutations are present
in almost all the Ta tumors but absent in CIS and less frequent in high-grade T1 NMIBC (30%) and
MIBC (10%) [68–72]. Therefore, they are considered as driving alterations that induce the hyperplasia
and tumorigenesis of the papillary pathway [68,70–74]. Activating FGFR3 mutations are associated
with good prognosis and low recurrence rate. Mutations in the telomerase reverse transcriptase (TERT)
gene promoter, an early genomic alteration associated with predisposition to develop BLCa, are present
in the majority of tumors carrying FGFR3 mutations [75]. TERT re-activation may prevent senescence
in FGFR3 mutant hyperproliferative tumors and protect genomic integrity. In normal conditions,
FGFR3 regulates the activation of RTK/RAS/RAF/MAPK and PI3K/Akt/mTOR pathways. Therefore,
in BLCa activation RTK/RAS/RAF/MAPK pathway was proposed as a likely mechanism that regulates
cell growth in low-grade NMIBC [74,76]. Both activation of FGFR3 and RAS results in stimulation
of the RTK/RAS/RAF/MAPK pathway, supporting the reason why in 10–15% of NMIBC, FGFR3 and
HRAS/KRAS mutations are mutually exclusive [77,78]. Conversely, concerning the PI3K/Akt/mTOR
pathway, activating mutations in PI3KCA are enriched in FGFR3 mutant tumors and present in 25%
NMIBC and in 20% MIBC [68,79–81]. However, PIK3CA mutations are associated with low risk of
progression [82]. Alterations in chromatin-modifying genes are frequent in all stages of BLCa, indicating
that they can be early genomic alterations [68,70]. The lysine demethylase 6A (KDM6A) is mutated
in 60% of low-grade Ta tumors and inhibits H3K27 methyltransferase EZH2 [70,79,83]. Given that
EZH2 is often overexpressed and associated with MIBC, KDM6A activity might counteract tumor
progression [84]. Moreover, truncating mutations in the STAG2 gene, which encodes a component
of the cohesin complex, are highly frequent in low-grade Ta tumors and associated with low risk of
progression and recurrence [82,85].

The most common copy number alteration (CNA) in Ta tumors is loss of heterozygosity (LOH)
of 9q and 9p [79,82,86–88]. LOH 9 leads to deletions of several tumor suppressors genes, such as
CDKN2A (9q), TSC1 (9p) and PTCH1 (9p) [86,87,89]. Loss of CDKN2A is present in more than 90%
of FGFR3-mutant MIBC and homozygous deletions of CDKN2A are associated with a higher grade
and higher risk of progression [70,82,90,91]. Moreover, CDKN2A gene encodes p16INK4a and p14ARF,
which induce cell cycle arrest via TP53 and RB1 signaling pathways [92]. In BLCa, CDKN2A deletion
promotes proliferation and is mutually exclusive with TP53 and RB1 loss [68,92,93].
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The genomic and transcriptomic landscape of low-grade Ta NMIBC indicates an important role
for sustained proliferative signaling and is characterized by more clearly distinct mutations than MIBC.
However, high-grade NMIBC shares certain characteristic genomic alterations with MIBC.

The non-papillary pathway gives rise to the majority of MIBCs. They share some characteristic
mutations, CNA and chromosomal abnormalities resulting from defects in DNA replication/repair
machinery genes and mutations in tumor suppressors genes [21]. Tumors with high genomic instability
are associated with advanced stage and poor survival [88]. CIS might give rise to MIBC through the
non-papillary pathway by the gradual accumulation of genomic abnormalities [88,94].

Mutations in tumor suppressor genes such as TP53, RB1 and PTEN are frequent in MIBC [21,95,96].
TP53 mutations are thought to have a central role in the non-papillary pathway and they are present in
50% of MIBC and 10–20% of high-grade T1 tumors [68–70,95,97]. MDM2, which negatively regulates
p53, is overexpressed in 30% of MIBC and it is mutually exclusive with TP53 mutations in the majority
of tumors [68]. In some tumors, the loss of function of p53 co-occurs with the loss of function of
Rb1 [92,96,98–100]. The level of Rb1 is known to be inversely correlated to p16 (CDKN2A) level,
and alterations in the Rb1/p16 tumor suppressor checkpoint pathway are associated with MIBC and
increased risk of progression [95]. In some cases, Rb1 function is inhibited due to the overexpression
of cyclin D1 (CCND1) or loss of CDKN2A, which are prevalent in high-grade tumors [68,70,97,101].
Therefore, despite loss of the RB1 gene in only 10% of MIBC, the Rb1 pathway is potentially dysregulated
in a much higher fraction of tumors. The heterogeneous mechanisms resulting in a similar phenotype
are part of the problem with treatment failure, resistance and lack of biomarkers.

Defects in DNA damage response genes are present in around 30% of MIBC and high-grade
NMIBC, whereas they are absent in most of low-grade NMIBCs [102]. The most frequently altered gene
is ERCC2, a component of the nucleotide excision repair machinery (NER). It is mutated in high-grade
T1 tumors (17%) and MIBC (20%), but wild type (WT) in Ta [70,79]. Interestingly, mutations in NER
pathway genes can occur in different types of cancer, but recurrent mutations are rare—ERCC2 in
BLCa is an exception [103–105]. The Cancer Genome Atlas (TCGA) consortium was identified and
described an ERCC2 signature and confirmed its association with smoking [68,92]. The function of
ERCC2 in the urothelium is not known but given its association with smoking, it can be hypothesized
that it protects against damage induced by carcinogenic metabolites accumulating in the urine.

Besides the induction of genetic instability, several genetic alterations associated with MIBC
regulate cell growth and invasion. EGFR family genes such as EGFR and HER2 (ERBB2) are frequently
overexpressed in CIS, MIBC and especially in metastatic BLCa [68,70,106]. Activation of EGFRs
induce activation of RAS/MAPK and PI3K/AKT/mTOR pathways. Moreover, as transcription factors,
EGFR family members can induce the expression of proliferation promoting oncogenes such as
MYC and CCND1 or genes regulating migration/invasion such as COX2 and MMPs [107–109].
HER2 amplification is expressed higher in lymph node metastases than in primary tumors and both
HER2 and EGFR overexpression are associated with a higher risk of recurrence and progression to
invasive disease [69,110–113]. In contrast to HER2 and EGFR, ERBB3 overexpression has been linked
to low-grade papillary NMIBC and good prognosis [69,110–112].

Alterations of the PI3K/AKT/mTOR pathway are involved in the progression of MIBC to metastatic
disease [114,115]. PTEN, a negative regulator of PI3K, is downregulated in over 90% of MIBC and in
40% of NMIBC. MIBC frequently harbor mutations in PTEN, whereas Ta and T1 tumors retain WT
PTEN [81,114,116]. Loss of PTEN is associated with aggressive MIBC and metastasis. In more than
40% of MIBC, loss of PTEN co-occurred with TP53 loss [117]. Loss of PTEN and TP53 is associated
with poor survival [81,117], suggesting that the dual loss cooperates in tumor invasion and metastasis
formation [117].

The genomic and transcriptomic characterization of BLCa revealed distinct molecular alterations
in low-grade non-invasive papillary tumors and MIBC. However, these studies additionally discovered
similarities between high-grade NMIBC and MIBC. As MIBCs, high-grade NMIBCs have more
complex CNAs and they gradually accumulate genomic instability during progression compared to
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low-grade Ta tumors [71,79]. Mutations affecting DNA replication/repair machinery genes and tumor
suppressors genes are shared among high-grade papillary tumors (Ta/T1) and MIBC developing via the
non-papillary pathway. These alterations lead to the acquisition of the invasion potential in high-grade
papillary tumors and can be the intersection between the two distinct carcinogenic pathways [69].
This indicates that the two pathways of BLCa development can intersect. Accordingly, 10–20% of
MIBCs originate from the progression of high-grade NMIBCs.

4.2. Molecular Subtypes to Understand BLCa Biology

The two-pathway theory can be used to understand early diseases but, given the complexity
and high heterogeneity of BLCa, it cannot explain the biology and progression of some tumors.
Tumor profiling on large-scale cohorts, instead, allows us to identify molecular subtypes of BLCa with
distinct clinical and molecular phenotype (Figure 1). This approach can improve our understanding of
the biology of this complex disease. Multiple studies have classified BLCa into molecular subtypes
based on transcriptomic data. The different subtypes and their clinical relevance are discussed in
the following.

1 
 

 

 

Figure 1. Simplified representation of the evolution of bladder cancer (BLCa) including the two distinct
carcinogenic pathways (papillary and non-papillary pathways) and molecular subtypes of BLCa with
their different characteristics. 75–80% of BLCa are non-muscle invasive bladder cancer (NMIBC)
and 20–25% are muscle invasive bladder cancer (MIBC), of which 50% progress to metastatic BLCa.
The papillary pathway includes hyperplasia which will give rise to Ta low-grade (LG) NMIBC and
Ta/T1 high-grade (HG) NMIBC after the acquisition of mutations such as fibroblast growth factor
receptor 3 (FGFR3) mutations or RAS mutations, loss of heterozygosity (LOH) 9p/q and telomerase
reverse transcriptase (TERT) gene-promoter mutations. Class I/Urobasal A (Uro A) subtypes represent
Ta LG NMIBC tumors and Uro B tumors were defined to be their progressed version. 10–20% of
NMIBC potentially progress to MIBC and given the elevated expression of FGFR3 and the homozygous
cyclin dependent kinase inhibitor 2A (CDKN2A) deletions in luminal papillary (LumP) tumors,
they can originate from the progression of Class I/Uro A tumors through the papillary pathway. In the
non-papillary pathway, instead, flat dysplasia and/or carcinoma in situ (CIS) are believed to be the
precursors of MIBC tumors, after the gradual accumulation of genomic abnormalities such as loss of
tumor suppressors TP53, defects in DNA replication/repair machinery genes (e.g., excision repair 2
(ERCC2)) and LOH 9q/p. Basal/Squamous (Ba/Sq) subtype represents the fraction of MIBC that originate
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directly from the non-papillary pathway. Given their genomic instability, some HG NMIBC tumors
seem to derive from the co-occurrence of hyperplasia and dysplasia shown by the dashed arrows.
Class II subtypes represent T1 HG NMIBC tumors that originate from the co-occurrence of hyperplasia
and dysplasia, and luminal unstable (LumU)/genomic unstable (GU) tumors are the progressed version
that advanced through the non-papillary pathway. Luminal non-specified (LumNS) exhibits features
of the LumP and LumU subtypes. Class III represents a dormant tumor state of NMIBC that seems
to switch to Class II upon progression. However, the origin of Class III tumors is not fully clear. It is
probably a fraction of HG tumors that originated from both papillary and non-papillary pathways
given the basal phenotype and FGFR3 mutations. The neuroendocrine-like (NE-like) subtype expresses
neuroendocrine differentiation markers and its origin is not fully clear. They maybe originate from
transdifferentiation of urothelial cells upon treatment. The stroma-rich subtype, associated with high
infiltration signatures, such as LumNS, represents a heterogeneous class of tumors that we need to
investigate at a higher resolution. Blue arrow indicates reoccurrence of NMIBC. Dashed arrows are
hypothetical. Abbreviation: PI3KCa: phosphatidylinositol-4,5-bisphosphate 3-binase catalytic subunit
alpha, STAG2: stromal antigen 2, KDM6A: lysine demethylase 6A, ERBB2/3: Erb-B2 receptor tyrosine
kinase 2/3, CCND1: cyclin D1, EGFR: epidermal growth factor receptor, HER2: human epidermal
growth factor receptor 2, APOBEC: apoliprotein B mRNA-editing enzyme catalytic polypeptide-like,
PPARG: peroxisome proliferator activated receptor gamma, ELF3: E74 Like ETS transcription factor 3,
CDH1: cadherin 1, CDH3: cadherin 3, EMT: epithelial-to-mesenchymal transition, PTEN: phosphatase
and tensin homolog, diff.: differentiation, inf: infiltration.

Hedegaard et al. identified three molecular subtypes of NMIBC (Class I, Class II and Class III)
associated with distinct basal and luminal features and disease outcome (Table 1) [69]. Class I,
with luminal-like features, associated with a good prognosis, is characterized by elevated expressions
of early cell cycle regulators (CCDN1) and FGFR3 mutations. Given its features, Class I is comparable
to the Urobasal A subtype (UroA) proposed by Sjödahl and colleagues who analyzed a mixed cohort
of NMIBC and MIBC tumors [98]. Uro A was represented in the majority of the cases in low-grade
non-invasive tumors. Class II, with luminal-like features, is characterized by elevated expressions of
late cell cycle regulators and transcription factors associated with epithelial-to-mesenchymal transition
(EMT) and ERBB2. Class II is comparable to the genomic unstable (GU) subtype from Sjödahl and
colleagues. Class III, with basal-like features, associated with shorter overall survival, represents a
dormant tumor state of NMIBC which shifted towards a basal phenotype with FGFR3 mutations.
Only Class II and III tumors are associated with high stage and grade, high risk (according to EORTC),
presence of CIS and progression to MIBC. Therefore, non-invasive tumors of Class II are associated with
a high risk of progression through the non-papillary pathway (Figure 1) [69]. In contrast, class I tumors
become muscle invasive via the papillary pathway, but this rarely happens. Interesting, it seems that
Class III tumors switched to Class II upon progression. Therefore, given the fact that Class III tumors
have a basal phenotype and FGFR3 mutations, it is not correct to associate the papillary pathway
exclusively to luminal-like tumors. However, the origin of Class III tumors needs to be investigated.

It has been proven that NMIBC progression is also influenced by tumor differentiation status [118].
Therefore, NMIBC subtypes can represent three different development pathways of NMIBC that better
differentiate between tumors with high and low risk of progression potential.

Currently, there is limited data on NMIBC molecular subtypes. Implementation of subclass
stratification in NMIBC patients could facilitate biomarker discovery and ultimately assist in the
identification of patients at higher risk of recurrent and/or progressive disease.

Concerning MIBC, to date, several groups have proposed comparable molecular classifications
that have been associated to specific biological features, clinical outcomes and also responsiveness
to therapy (Table 2) [62,68,91,92,98,118–123]. A consensus classification has been introduced to
facilitate the implementation of molecular subtypes of MIBC in clinical trials and clinical practice [96].
The consensus classification is derived from the combination of the analysis of six previously published
classifications of MIBC (Baylor [118], University of North Carolina (UNC) [121], Cartes d’Identité des
Tumeurs (CIT)-Curie [91], MD Anderson Cancer Center (MDA) [120], Lund [123], TCGA [92]) with
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public transcriptome data of MIBC. This resulted in the description of six molecular subtypes for MIBC:
luminal papillary (LumP), luminal non-specified (LumNS), luminal unstable (LumU), stroma-rich,
basal/squamous (Ba/Sq) and neuroendocrine-like (NE-like) [96].

Table 1. Molecular subtypes of non-muscle invasive bladder cancer and their main features.

NMIBC
Subtypes Differentiation Oncogenic

Mechanism Molecular Features Stage/Grade Associated
Risk

Class I Luminal FGFR3
mutations

ERBB3 overexpression
High RAS/RAF/MAPK pathway activity

Early cell cycle regulators
(CCDN1 amplification)

Low stage and
grade

High risk of
reoccurrence

Class II Luminal HER2
amplification

TP53/RB1 loss
ERCC2 mutations

Late cell cycle regulators
EMT transcript factors

APOBEC mutation signatures

High stage and
grade

High risk of
progression

Class III Basal FGFR3
mutations

Dormant tumor state of NMIBC that
switch to Class II upon progression

High stage and
grade

High risk of
progression

Abbreviation: NMIBC: non-muscle invasive bladder cancer, EMT: epithelial-to-mesenchymal transition.

Table 2. Molecular subtypes of muscle invasive bladder cancer and their main features.

MIBC
Subtypes Differentiation Oncogenic

Mechanism Molecular Features Stage/Grade Subsets

LumP Luminal FGFR3 mutations
CDKN2A deletions

High RAS/RAF/MAPK pathway activity
KDM6A mutations
STAG2 mutations

T2+
p53-like:

WT p53 gene expression
signature

LumNS Luminal PPARG mutations
ELF3 mutations

Elevated stromal and moderate immune
infiltration

T2+ Luminal-infiltrated

LumU Luminal HER2 amplification
Genomic instability

TP53 loss
ERCC2 mutations

High cell cycle activity
APOBEC+

PPARG mutations

T2+

Ba/Sq Basal and
squamous EGFR mutations

TP53 and/or RB1 loss
STAT3 regulon activation
Elevated HIF1A activity

T3/T4

Claudin-low:
Decreased expression of
claudin-3 and claudin-4

Enrichment for TIC
Overexpression of EMT

transcript factors
Stroma and immune

infiltration
High risk of metastatic disease

Stroma-rich Basal and
luminal

Elevated stroma and immune cells
infiltration

NE-like Neuroendocrine TP53 and/or RB1 loss High cell cycle activity
Urothelial transdifferentiation

Abbreviation: MIBC: non-muscle invasive bladder cancer, LumP: luminal papillary, LumNS: luminal non-specified,
LumU: luminal unstable, Ba/Sq: basal squamous, NE-like: neuroendocrine, STAT3: signal transducer and activator
of transcription 3, HIF1A: hypoxia inducible factor 1 subunit alpha, TIC: tumor-initiating cells.

The Ba/Sq subtype is the most prevalent (35%) [96], characterized by a basal and squamous
differentiation. Ba/Sq tumors express basal and stem cell markers such as KRT5/6, KRT14 and
CD44, normally expressed in the basal or stem cell layer of the urothelium containing stem cell
subpopulations [98,119]. It is strongly associated with STAT3 regulon activation, elevated HIF1A
and downregulation of genes associated with urothelial differentiation such as FOXA1, GATA3 and
PPARG [96]. Frequently mutated genes include the cell cycle regulator TP53 (61%), generally altered in
advanced MIBC and with a central role in the non-papillary pathway [95,96]. TP53 is associated with a
high risk of T2+ stage [124] and Ba/Sq subtype is over-represented in higher clinical stages (T3/T4) [96].
In 25% of Ba/Sq tumors, RB1 was mutated and TP53 and RB1 mutations co-occurred in 14% of Ba/Sq
tumors, suggesting an interaction between the two cell cycle regulators. However, it was shown in
mouse models that the dual loss of TP53 and RB1 is necessary but not sufficient to induce the invasion
pathway in BLCa [125]. Therefore, given the prevalence of TP53 and RB1 mutations, Ba/Sq tumors
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originate from the non-papillary pathway, however other mutations sustain the invasion potential
(Figure 1).

Concerning invasion and migration of bladder cancer cells, the interaction between cancer cells
and the microenvironment is important. EMT is known to be an important process during tumor cell
invasion. Downregulation of the cell adhesion molecule CDH1 (E-cadherin), and upregulation of its
transcriptional repressors, such as ZEB1, ZEB2, SNAIL-1 and TWIST, in BLCa is associated with a poor
prognosis and high risk of metastasis in BLCa [120,126]. Interestingly, patients with basal tumors at
diagnosis present a more invasive and metastatic disease with a high EGFR activity and upregulation
of EMT markers, such as ZEB1, ZEB2 and Vimentin [68,92,120,126]. It is known that EGFR activity can
induce invasion by activating STAT3 which induces Twist gene expression [91,127]. The Ba/Sq subtype
comprises a subset of Claudin-low tumors that is not included in the consensus classification but has
been described in previous studies [62,122]. The Claudin-low subtype over-expresses transcription
factors promoting EMT, resulting in a pronounced mesenchymal signature, and it is associated with
poor survival irrespective of treatment [62,122]. Claudin-low tumors fundamentally differ from Ba/Sq
tumors in their response to NAC, highlighting the importance of molecular subsets within subtypes of
the consensus classification. The Claudin-low subtype is comparable to the Ba/Sq-infiltrate subtype
proposed by Marzouka and colleagues which expresses CDH3 (P-cadherin) and EGFR but no ERBB2
or ERBB3 [123]. Similarly, Claudin-low tumors exhibit features of the Ba/Sq and stroma-rich subtype
of the consensus classification. Both subtypes show higher immune infiltration compared to other
subtypes [96]. In addition, the stroma-rich subtype exhibits an extraordinarily high contribution of
stroma cells to the tumor mass. However, it is not yet fully understood whether the stroma-rich
subtype classifies separately from Ba/Sq tumors due to the contamination with stroma cells or is
biologically distinct from the Ba/Sq subtype. The stroma-rich subtype is better described later in the
review. Given the differences in prognosis and response to therapy, functional comparisons between
Claudin-low tumors and Ba/Sq tumors would help us to understand the most important pathways
involved in the diversion of these two basal subtypes. This would facilitate the discovery of targeted
treatments to block the rapid progression to metastasis formation of a subset of tumors sharing a
basal phenotype.

Researchers aimed to identify transcription factors involved in basal expression signatures that
determine the basal-like phenotype. They proposed ∆Np63 to be involved in the regulation of
basal transcription programs. ∆Np63α, an isoform of p63 belonging to the p53 family, regulates
epithelial development and stem cell biology and has also been implicated in basal breast cancer [120].
In BLCa, it was shown that ∆Np63α induces the expression of miR205, which inhibits EMT [128].
Downregulation of p63, as observed in MIBC, might therefore contribute to invasion [128]. However,
high levels of ∆Np63α were associated with a lethal group of MIBC [129,130]. Both, STAT3 and EGFR
activity seem to promote ∆Np63α expression [131]. The role of ∆Np63α in MIBC is not clear but it is
probably involved in cell proliferation rather than in invasion. Moreover, p63 is highly expressed in
the epithelial subset of BLCa and may therefore be involved in the biology of MIBC with epithelial and
stemness phenotype [128]. Further functional investigations of the two major p63 isoforms (TA and
∆N) are needed to understand the p63–EMT relationship and to unravel the prognostic and therapeutic
value of p63 in basal subtypes.

Luminal-like tumors (LumP, LumU and LumNS) presented a papillary morphology enriched
in luminal markers such as low molecular weight KRT20 and uroplakins such as UPK1A and UPK2,
normally expressed in terminally urothelial cells. Luminal MIBC exhibit gene expression signatures of
PPARG, GATA3 and FOXA1 transcription factors involved in urothelial differentiation, and regulatory
factors and receptors of the estrogen signaling (ESR2) [96,120]. Discrepancy in outcome of patients
with luminal-like tumors has been reported [92,121,132]. However, mutations status and oncogenic
mechanism were different between the three luminal subtypes, indicating that non-invasive luminal
tumors can progress to invasion through different carcinogenic pathways and not only through the
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papillary pathway. The investigation of cellular mechanisms contributing to the differences between
luminal subtypes would elucidate these distinct pathways of progression.

The LumP subtype was the most prevalent (24%), with the best overall survival compared to
the other luminal subtypes. LumP tumors were strongly associated with high FGFR3 activity caused
by gene fusion, mutation or amplification [96]. FGFR3-activating mutations and overexpression are
predominantly associated with low-grade Ta tumors developing via the papillary pathway, which have
a favorable outcome in most cases [95,133–135]. The LumP subtype is comparable to the Urothelial-like
subtype of Sjödahl and colleagues formerly named “Urobasal” (Uro A and Uro B) [71,123]. Uro A
is comparable to Class I NMIBC (luminal-like) [69]. The Uro B subtype was predominant in MIBC
tumors and they are believed to be the progressed version of Uro A tumors. Comparable to UroB
tumors, LumP tumors are believed to derive from Ta/T1 tumors. Given the elevated expression of
FGFR3 and the homozygous CDKN2A deletions in 33% of LumP tumors, we can assume that LumP
tumors represent the fraction of luminal FGFR3-mutant tumors that originated from Class I tumors
and progressed through the papillary pathway (Figure 1) [121].

The LumP tumors are thought to have a low likelihood of response to cisplatin-based NAC in
contrast to basal tumors [62]. Interestingly, Choi and colleagues described the existence of a portion of
luminal tumors (p53-like subtype) which were associated with WT TP53 gene expression signature
and were resistant to chemotherapy. However, it is known that p53 level increases in response to
DNA damage to stop cell cycle and induce apoptosis [120]. Alternatively, WT p53 induced reversible
senescence which impaired the apoptotic response after chemotherapy-induced DNA damage, as it
was shown in mouse models for breast cancer [136]. The molecular basis of a positive or negative
p53-signature in the context of NAC is not known in BLCa. In the analysis conducted by The Cancer
Genome Atlas (TCGA) Consortium, it was shown that MDM2 amplification or overexpression was
predicted to inactivate p53 in 76% of MIBC [68]. Investigation of mechanisms of chemotherapy
resistance in this portion of luminal tumors is needed.

The LumU subtype instead was associated with worse overall survival compared to the other
luminal subtypes. It is the most genomic unstable subtype among luminal subtypes and harbors the
highest load of apoliprotein B mRNA-editing enzyme catalytic polypeptide-like (APOBEC)-induced
mutations [96]. LumU had higher cell cycle activity than other subtypes and it was enriched in ERCC2
and TP53 mutations. The majority of NMIBC (85%) with mutated p53 are of high grade, indicating
that p53 inactivation occurred in the majority of NMIBC that have the potential to invade [137].
The LumU subtype was associated with an overexpression of HER2, frequently observed in CIS,
MIBC and metastatic BLCa [68,70,106]. The LumU subtype corresponds to the genomic unstable
subtype, discovered by Sjödahl and colleagues. According to the fact that LumU tumors are enriched
in mutations characteristic of the non-papillary pathway, we can assume that LumU/GU tumors
originated from Class II NMIBCs through the non-papillary pathway (Figure 1) [69]. Given that
LumU and LumP tumors progressed through distinct pathways, as shown by their distinct genomic
properties, it is important to separate these tumors and characterize them distinctly.

The last luminal subtype proposed in the consensus classification was described as a non-specified
luminal (LumNS) subtype and includes a minor fraction of tumors (8%). The LumNS subtype is
characterized by an elevated stromal and moderate immune infiltration. It is enriched in mutations
effecting regulatory factors such as ELF3 and PPARG. The LumNS is associated with the worst overall
survival in the luminal group. It is comparable to the epithelial-infiltrated subtype of Sjödahl and
colleagues, which combines features of the GU and Uro subtypes [98]. Accordingly, LumNS exhibits
features of the LumP and LumU subtypes in the consensus classification.

An additional subtype, the stroma-rich subtype, is also highly infiltrated by stromal and immune
cells. The stroma-rich subtype was associated with gene expression signatures of smooth muscle,
endothelial cells, fibroblasts and myofibroblasts. Both LumNS and the stroma-rich subtypes were
not well defined and may probably be the result of cluster analysis. Advanced MIBC tumors are
composed of tumor cells and stromal and immune cells. This can confound global gene expression
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analysis and bias the results towards stromal gene signatures. To resolve this problem, Sjödahl and
colleagues histologically analyzed MIBC tissue in addition to mRNA sequencing approaches [98,123].
They showed that the type and the level of infiltrating non-tumor cells can vary between tumors
sharing the same tumor cell phenotype [98,123]. Therefore, LumNS and the stroma-rich subtypes
represent a heterogeneous class of tumors that we need to investigate at a higher resolution and ideally,
by functional assays, to understand their role and origin.

The neuroendocrine-like (NE-like) subtype is the rarest of the consensus classification and only
found in 3% of MIBC. NE-like tumors are enriched with neuroendocrine differentiation markers
including synaptophysin, chromogranin A (CGA) and neuron-specific enolase (NSE or CD56).
Moreover, they are characterized by high cell cycle activity and the co-occurrence of TP53 and
RB1 mutations or deletions [92,96,98]. Patients with tumors carrying alterations in both TP53 and
RB1 have a high risk of BLCa progression and worse clinical outcome than patients with only one of
these gene alterations [95]. The majority of NE-like tumors display partial or complete neuroendocrine
histology. Given the large contribution of neuroendocrine histological variant in the NE-like subtype,
it is not surprising that this subtype is associated with the worst prognosis. Neuroendocrine tumors
comprise small cell carcinoma of the bladder (SCCB) and large cell carcinoma of the bladder (LCCB).
SCCB is more prevalent than LCCB but is extremely rare, making up only 0.5% of BLCa, and it is
usually diagnosed at late stages [138]. To date, no guidelines for the treatment of neuroendocrine
tumors have been formulated. Treatment strategies commonly follow the therapy approaches for small
cell carcinoma (SCC) of the lung, including surgery, chemotherapy and radiation [139]. However,
this is clearly not sufficient to treat this most aggressive form of BLCa with a 5-year overall survival
rate of only ~20% [138]. Very little is known about the biology and evolution of neuroendocrine tumors.
However, recent evidence supports the idea that SCCB originates from urothelial cells. How urothelial
cells transdifferentiate remains elusive [138,140]. Possibly, anti-cancer treatments can induce the
transdifferentiation of urothelial cells into tumors with a neuroendocrine phenotype in a similar
manner as it has been described for neuroendocrine transdifferentiation of prostate adenocarcinoma
upon androgen-deprivation therapy [141]. A better understanding of the pathogenesis and molecular
differences between the NE-like phenotype/SCCB and the other BLCa subtypes may serve to understand
their different biological meaning and origin. However, NE-like tumors are rare, impeding large-scale
genomic and transcriptomic analysis of patient datasets. In order to characterize this tumor subtype,
it is mandatory to create tumor models reflecting the molecular features of NE-like tumors.

5. Molecular Classification to Guide Treatment Choice

Molecular subtypes could be used to stratify patients and may help to identify patients whom
would benefit from conventional, targeted or combined therapies (Figure 2) [91,120].

Regarding conventional therapies, basal tumors, should be selected for NAC and not selected
for radiotherapy given their hypoxic microenvironment (Figure 2) [62,126,142,143]. Radiotherapy,
given the lack of predictive biomarkers, is underutilized and mainly used as palliative therapy.
Recent findings suggest that tumors with an increased expression of genes associated with T-cell
activation and the INFγ signaling pathway would benefit from radiotherapy [144]. However, clinical
trials to analyze the impact of subtyping on response to radiotherapy are needed.

In the context of immunotherapy, no subtypes proposed in the consensus classification have a
profile (infiltration of CD8+ T cells, high IFNγ signaling and low TGFβ pathway) associated with a
positive response to ICIs [63]. However, high infiltration of CD8+ T cells has been associated with
Claudin-low tumors [62,122] and luminal-infiltrate tumors [62]. Therefore, the authors hypothesize that
these patients can benefit from checkpoint inhibitors (Figure 2) [39,40,145]. Interestingly, it was shown
that NE-like tumors, given the low TGFβ pathway (low TGFβ1 and TGFβR1), and LumU, given the
highest tumor mutation burden and tumor antigen burden, would benefit from ICIs (Figure 2) [146].
Stroma-rich tumors, instead, given the high activity of the TGFβ pathway, would probably be resistant
to ICS [146]. More clinical trials to analyze the impact of subtyping on response to ICIs are needed.
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1 
 

 

 
Figure 2. Molecular subtypes of muscle-invasive bladder cancer and their main expression
markers, possible molecular subsets, prognosis, therapy resistance and therapy sensitive.
Abbreviation: GU: Genomic Unstable, ICIs: immune checkpoint inhibitors, NAC: Neoadjuvant
cisplatin-based chemotherapy.

There is evidence that a fraction of BCLa patients might respond to targeted therapy [97]. EGFR is
frequently overexpressed in Ba/Sq tumors and exerts an oncogenic function. Therefore, selecting
these tumors for EGFR-targeted therapies seems to be promising (Figure 2). Monoclonal antibodies
or tyrosine kinase inhibitors (TKI) targeting EGFR are effective in different cancers like lung, head,
neck and colorectal [147]. In contrast, targeting EGFR in BLCa showed conflicting results [148–153].
However, patient selection was not conducted according to EGFR status in some of these clinical
trials, which may have concealed the response to EGFR-overexpressing tumors. Currently, afatinib,
a second-generation of tyrosine-kinase inhibitor of ERBB2 and EGFR, is being tested in a clinical
trial phase II for metastatic, chemotherapy refractory BLCa patients with HER2/ERBB3 mutations
and HER2/EGFR amplification [154]. Notably, resistance to TKIs can occur by secondary mutations,
activation of alternative pathways or anomalies in the downstream signaling transducers [155]. In the
case of EGFR, it was shown in colon cancer that RAS mutations (KRAS and HRAS) can inhibit the
response to EGFR-targeted therapy [91,156]. Therefore, the interaction between RAS mutation status
and EGFR-targeted therapy should be further investigated. Combination targeted therapy should be
considered in case of a Ras-mediated resistance to EGFR inhibitors [91].

In contrast to other solid cancers, targeting HER2 in MIBC did not show promising results and
no HER-2 targeting drug has been approved yet [148,157]. Most likely, this is due to the fact that
the majority of clinical trials evaluating HER-2 inhibitors in BLCa did not select patients based on
HER-2 status. Those trials that did evaluate HER2 status mostly used immunohistochemistry (IHC)
and/or fluorescence in situ hybridization (FISH). However, it was proven that patient selection based
on DNA and RNA sequencing techniques better stratifies responders and non-responders [158,159].
LumU tumors overexpressing HER2 can be used to discover biomarkers to select patients that would
probably benefit from HER-2-target therapy.

FGFR3 overexpression is believed to be the oncogenic mechanism in LumP tumors and can be
considered a potential therapeutic target for these tumors (Figure 2) [96]. Erdafitinib, an inhibitor of the
tyrosine kinase activity of FGFR, was recently approved as a treatment for patients with chemo-resistant
locally advanced or metastatic BLCa carrying FGFR3 or FGFR2 alteration [42,43]. Given that LumP
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tumors would probably have a low likelihood of response to cisplatin-based NAC [62], they might be
selected for FGFR3-target therapy.

6. Limitations and Perspectives of Molecular Classification

Current findings from the molecular investigation of BLCa cohorts showed that patients can be
grouped into classes based on their molecular landscape. Of utmost importance, these molecular
classes have been established based on investigations of mainly untreated tumor samples. However,
the molecular classification has some limitations given the fact that BLCa is a very heterogeneous
disease exhibiting vast histological and molecular intra- and inter-tumor heterogeneity was shown in
some tumors [160,161]. Consequently, the existence of multiple subtypes within the same tumor has
been demonstrated. Therefore, one molecular subtype cannot be representative for these heterogeneous
tumors. Further investigations to study the impact of multiple subtypes on tumor heterogeneity
and response to treatments are needed. There is current standardization and consensus on gene
expression-based molecular subtyping [96]. However, further standardizations are needed for the
implementation in the clinical setting. In addition, other analytical aspects such as tumor cell content,
immune cell infiltration, selected genes, technique of expression profiling and selected antibodies in
case of IHC need to be defined [162].

Different approaches can be used to overcome/complement the limitations of molecular subtyping.
Intra-tumor heterogeneity is not entirely depicted by tumor bulk profiling but can be studied by
single-cell profiling, spatial imaging techniques or imaging mass cytometry, such as cytometry by
time-of-flight (CyToF). Inter-tumor heterogeneity and plasticity during tumor development, instead,
can be analyzed by sequential analysis and repeated biopsies during patients’ history. More molecular
subtyping studies are needed to increase the number of patient sequencing datasets. This is crucial to
identify more classes of BLCa, particularly rare subtypes, and investigate the evolution of heterogeneous
tumors at higher resolution.

Before considering the use of molecular subtypes in a daily clinical practice, a better functional
understanding is necessary. The behavior of molecular subtypes can be functionally studied in
pre-clinical models from patient-derived material such as patient-derived organoids, ex vivo tissue
cultures and xenografts. Patient-derived models that reflect the molecular phenotype of the different
subtypes can be employed to investigate the biology of BLCa subtypes and evaluate differential drug
responses in the context of different subtypes. Interestingly, there is the possibility to genetically
engineer these models to study the relevance of specific mutations in a given subtype. Moreover,
this technology can be used to better understand how the different subtypes evolve and progress
through the two-pathway model.

Do we really need to go so far to treat each patient individually or is some sort of grouping
necessary for clinical trials? There is an urgent need for clinical trials that investigate the impact of
molecular classification.

7. Conclusions

To conclude, the management of BLCa is complex and current classification systems do not depict
the heterogeneity of this disease. Promising findings from the molecular investigation of BLCa cohorts
show that grouping patients into classes based on the molecular landscape can be used to understand
the pathogenesis of this complex disease. Early data suggests that these investigations can also be
used to predict the response to treatment and its implementation should be taken into consideration
for the future management of this disease. Ideally, to have reliable results, we should complement
mRNA with IHC analysis of protein for each patient’s tumor. However, to move towards precision
medicine, the understanding of the biological meaning of these molecular classes, the differences in
the composition of cell subpopulations and clinical trials that investigate the impact of molecular
classification will be mandatory.
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Abstract: There is currently no effective long-term treatment for ovarian cancer (OC) resistant
to poly-chemotherapy regimens based on platinum drugs. Preclinical and clinical studies have
demonstrated a strong association between development of Pt-drug resistance and increased
thymidylate synthase (hTS) expression, and the consequent cross-resistance to the hTS inhibitors
5-fluorouracil (5-FU) and raltitrexed (RTX). In the present work, we propose a new tool to combat drug
resistance. We propose to treat OC cell lines, both Pt-sensitive and -resistant, with dual combinations
of one of the four chemotherapeutic agents that are widely used in the clinic, and the new peptide,
hTS inhibitor, [D-Gln4]LR. This binds hTS allosterically and, unlike classical inhibitors that bind at
the catalytic pocket, causes cell growth inhibition without inducing hTS overexpression. The dual
drug combinations showed schedule-dependent synergistic antiproliferative and apoptotic effects.
We observed that the simultaneous treatment or 24h pre-treatment of OC cells with the peptide
followed by either agent produced synergistic effects even in resistant cells. Similar synergistic
or antagonistic effects were obtained by delivering the peptide into OC cells either by means of
a commercial delivery system (SAINT-PhD) or by pH sensitive PEGylated liposomes. Relative
to non-PEGylated liposomes, the latter had been previously characterized and found to allow
macrophage escape, thus increasing their chance to reach the tumour tissue. The transition from
the SAINT-PhD delivery system to the engineered liposomes represents an advancement towards a
more drug-like delivery system and a further step towards the use of peptides for in vivo studies.
Overall, the results suggest that the association of standard drugs, such as cDDP and/or 5-FU and/or
RTX, with the novel peptidic TS inhibitor encapsulated into PEGylated pH-sensitive liposomes can
represent a promising strategy for fighting resistance to cDDP and anti-hTS drugs.

Keywords: human thymidylate synthase peptidic-inhibitors; pH-sensitive PEGylated liposomes;
ovarian cancer; drug-resistance; raltitrexed; 5-fluorouracil
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1. Introduction

Ovarian cancer is the fifth cause of mortality among women of all ages in the Western
world. Although higher response rates have been achieved using the poly-chemotherapy regimens,
mainly based on the combination of cyclophosphamide or paclitaxel and a platinum compound, such as
cisplatin (cDDP) or carboplatin [1], many patients still die during cancer relapse and progression due
to the intrinsic or acquired resistance to chemotherapy as well as the genetic flexibility of the cancer
cell’s genome, resulting in multiple and often compensatory survival and proliferative signals, limiting
the activity of anti-cancer strategies and compelling the continuous search for new drug combinations.

Cisplatin is an alkylating agent that interacts with the DNA double strain structure and causes
formation of adducts that prevent transcription and cellular replication and induces apoptotic cell death.
In the multifactorial process of the acquired resistance to cDDP and its derivatives, the phenotypes
show overexpression of DNA-repair enzymes and enzymes necessary for the synthesis of thymidine,
such as thymidylate synthase (TS) and dihydrofolate reductase (DHFR), since they cause a rapid
turnover of DNA [2]. As a consequence, cells resistant to cDDP are also cross-resistant to the traditional
antifolates such as 5-fluorouracil (5-FU) and methotrexate (MTX) [3].

It is well known that tumours express higher TS levels than normal tissues and that the ovarian
tissue is among those with the highest levels of TS expression, a feature that correlates with poorer
patients’ overall survival [4]. 5-Fluorouracil and other antifolates, such as raltitrexed (RTX), inhibit
TS, but they may cause TS upregulation in cDDP-resistant cells. The active metabolite of 5-FU,
5-fluorodeoxyuridine monophosphate (5-FdUMP), inhibits the dTMP synthesis by forming a stable
ternary complex with TS and the methyl donor 5,10-methylene tetrahydrofolate (5,10-CH2THF) [5,6].
On the other hand, RTX is a TS cofactor analogue that inhibits TS with response rates similar to those
of 5-FU and, differently from the pyrimidine analogues, is not incorporated into DNA. It has been
licensed in many countries for the treatment of metastatic colorectal cancer [7,8]. Preclinical and clinical
studies have demonstrated a strong association between development of resistance to both 5-FU and
RTX and increased TS expression [9–11].

Exposure of cancer cells to 5-FU or other antifolate TS inhibitors acutely upregulates TS, probably
due to the inhibition of a negative-feedback mechanism in which the TS protein binds its own mRNA
and inhibits its translation [7,12,13]. In addition, TS behaves as an oncogene [14] by interfering with the
expression of proteins involved in the regulation of proliferative and survival pathways such as c-myc
and p53 by binding their mRNAs [15,16]. However, expression of wild-type p53 has been shown to be
required for 5-FU- and RTX-induced antitumor effects [17,18]. Therefore, new strategies helpful to
overcoming these TS-focused molecular mechanisms of chemo-resistance are required.

As one such strategy to obtain tumour cell death without inducing TS overexpression, we designed
oligopeptides able to modulate the equilibrium between the active TS conformation and the inactive
one. The novel mechanism of action involves binding at the monomer-monomer interface of the
enzyme, rather than at the catalytic pocket, with stabilization of the inactive conformation and decrease
of the abundance of the active form of the protein. Among these, the LR (LSCQLYQR) peptide
inhibited the growth of ovarian carcinomas (OCs) following transfection by means of a commercial
peptide delivery system, SAINT-PhD, while it left the TS cellular levels essentially unchanged [19,20].
More recently, among the peptides developed by modifying the LR lead to improve TS inhibition and
the anticancer effect, the D-glutamine-modified peptide at position 4 ([D-Gln4]LR) displayed the best
growth inhibition of both cDDP-sensitive and -resistant OC cell lines [21]; it was more active than LR
and 5-FU and affected the TS/DHFR expression pattern similarly to LR.

Proteomic studies have shown that, in human OC cell lines, these peptides modulate the
expression of a panel of six proteins, including TS and other important folate-related enzymes
such as phosphoribosylglycinamide formyltransferase (GART) and serine hydroxymethyltransferase
(SHMT1) [22]. The modulation of these proteins was markedly different from that induced by
pemetrexed (PMX), another TS inhibitor and a 5,10-CH2THF analogue, which, again, unlike the
peptide, binds at the TS active site.
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The possibility of combining conventional cytotoxic drugs with new agents that specifically
interfere with key pathways controlling cancer cell survival and proliferation is considered an
interesting and promising therapeutic approach. Indeed, if the cellular targets for these new agents
and/or their mechanism of action are different from those of conventional cytotoxic drugs, and if the
effects of the drugs combined on key pathways are concordant, their combination may act on the
sensitivity of cancer cells synergistically.

Recently, the hydrophilic peptide LR has been delivered into OC cells by exploiting such
biocompatible and efficient tools as solid lipid nanoparticles (SLNs) [23] and pH sensitive liposomes [24].
The ability to inhibit the cDDP-resistant OC cell growth demonstrated the efficacy of these nanosystems
in the internalization of the peptide into cells while preserving its activity. Enhanced effects are
expected when employing PEGylated liposomes. In fact, PEGylation represents a very useful method
for achieving long circulation time for liposomes, hence allowing them more time for targeting
tumours via the enhanced permeability and retention (EPR) effect [25]. The PEGylated pH-sensitive
liposomes were characterized and compared favourably with non-PEGylated ones regarding surface
hydrophilicity, stability in serum, interaction with macrophages, drug encapsulation efficiency and
drug release [26]. Also, the well-characterized intracellular mechanism of action of the [D-Gln4]LR
peptide delivered using the SAINT-PhD delivery system was unaltered when the latter was replaced
by these liposomes. While the commercial delivery system proved useful in the early cellular studies,
the PEGylated liposomes strategy is deemed necessary to implement further in vivo studies of the
[D-Gln4]LR peptide.

In the present study, we test the efficacy of combinations of RTX, cDDP and 5-FU with the
([D-Gln4]LR octapeptide, delivered into OC cells by either the SAINT-PhD delivery system or by
PEGylated pH-sensitive liposomes. More specifically, we investigate their cytotoxicities and abilities
to perturbate the cell cycle phase distribution. The microtubule polymer stabilizer paclitaxel was
also included in the described combination list, because the drug is largely used in ovarian cancer
chemotherapy and shows a different mechanism of action. To this aim, three different tumour-cell
treatment schedules were tested. Special attention was focused on the synergistic effects exhibited by
the combined cell treatments and the role of sequentially thereon.

2. Results

2.1. Sequence-Dependent Synergistic Antiproliferative Effects of [DGln4]LR/Drug Combinations

In cancer cells treated with 5-FU or RTX, alterations in TS expression were associated with
drug resistance response [7,12–14]. Despite the fact that these compounds and peptides share the
same target (TS), they have different molecular mechanisms of action and, thus, are not a priori
reciprocally competitive. Therefore, we investigated the potential cooperative antitumor effect of the
[DGln4]LR peptide in combination with these drugs, as well as with cDDP and paclitaxel, two other
chemotherapeutic agents used for the treatment of OC patients. We used cDDP-sensitive A2780 and
2008 cell lines and their cDDP-resistant counterparts, A2780/CP and C13*, to evaluate the combined
effect on cell proliferation of [DGln4]LR with either 5-FU, RTX, cDDP or paclitaxel by the synergism
Quotient (SQ) analysis. Among the different cell lines examined the IC50 values for the drugs alone
varied depending on the resistance phenotype (Table S1).

The [D-Gln4]LR peptide was delivered by the SAINT-PhD system to A2780 and A2780/CP cells
either concurrently or sequentially with the four drugs, each administered at concentrations lower
than the IC50 value (IC30) obtained with the drug alone on the tested cell line. As shown in the
diagrams in Figure 1, and synthesized by the heat map in Figure 4, most of the results of the concurrent
administration (sequence I) demonstrate additive or moderately supra-additive effects, as indicated by
SQ values around or slightly higher than 1, even in the cDDP-resistant A2780/CP cell line. On the other
hand, administration of the peptide followed by the drug (sequence II) caused an overall increase in
cell killing. This was evident with both cell lines in the treatment with the lower doses of all four drugs,
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while, at the higher doses, only 5-FU showed an improved performance with sequence II over the
concurrent administration.Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  4 of 22 
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counts on three separate experiments and indicate the result of the inhibition of drug combination 

divided by the sum of the inhibition of a single drug to obtain the values of SQ. Error bars, SD. 
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On the contrary, with the resistant C13* cells both 5-FU and RTX increased their cytotoxicities when 

Figure 1. Effects of scheduled combinations of the [D-Gln4]LR peptide with cDDP, paclitaxel, 5FU and
RTX on the SQ values in A2780 and A2780/CP cell lines. (A) concurrent combinations for 72 h.
(B) Sequential combinations, as described in Section 4. The bars represent the mean of duplicate cell
counts on three separate experiments and indicate the result of the inhibition of drug combination
divided by the sum of the inhibition of a single drug to obtain the values of SQ. Error bars, SD.

With the second pair of cell lines, 2008 and C13*, concurrent administration was additive for
cDDP, 5-FU, and paclitaxel at the lower dose, supra-additive at the higher dose of paclitaxel and
for RTX at both doses (Figure 2 and Figure 4). Sequential exposure to [D-Gln4]LR and then to the
drugs did not enhance cell killing with the cDDP-sensitive 2008 cells with respect to the concurrent
administration. On the contrary, with the resistant C13* cells both 5-FU and RTX increased their
cytotoxicities when administered after [D-Gln4]LR; in particular, RTX exhibited a synergistic efficacy at
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the lower dose. A general enhancement of cytotoxicity, with SQ values higher than unity, was obtained
with both combined treatments of IGROV-1 cells, at almost all drug doses employed (Figures 3 and 4).
Advantages of the sequential treatment according to schedule II over the concurrent treatments were
demonstrated by supra-additive or synergistic SQ values obtained with 5-FU and RTX using this
schedule, in particular at the lower concentrations tested. Interestingly, this scheduled combination
with RTX 10 nM reached a synergistic SQ value of about 1.7. On the other hand, when drug treatment
preceded exposure to the peptide (sequence III) the anti-proliferative results were antagonistic with all
drugs and cell lines tested (Figure 4). As summarized in Figure 4, the IGROV-1 and A2780 cell lines show
similar overall response profiles to the tested combinations. In fact, almost all the combinations, except
5-FU at low dose administered after [D-Gln4]LR peptide, showed synergistic activity. On the other
hand, all the combinations in which the [D-Gln4]LR peptide was administered after the drugs showed
antagonism or, in a few cases, additive activities. Regarding the tested combinations: (i) RTX-high
dose in concurrent administration with the [D-Gln4]LR peptide has a synergistic activity towards all
the tested cell lines; (ii) low-dose RTX and high-dose 5-FU administered after the [D-Gln4]LR peptide
show synergistic activity towards all cell lines, except the 2008 cells; (iii) high-dose RTX and paclitaxel
in the concurrent administration and high-dose paclitaxel administered after the [D-Gln4]LR peptide
showed synergistic activity towards all cell lines, except C13*.

Taken together these results show that scheduling may be crucial for potentiating the antitumor
effect of [D-Gln4]LR. In particular, its combination with 5-FU and RTX, i.e., drugs that target folate
cycle enzymes, but also with cDDP and paclitaxel, shows enhanced effectiveness when the drugs are
administered after the peptide.

2.2. [DGln4]LR Combination with Chemotherapy Drugs Cause Great Perturbation of Cell Cycle and
Promotes Apoptosis

Looking for a possible mechanism underlying the antiproliferative activity and correlating with
the additive or synergistic effects of the combination between [DGln4]LR with the chemotherapy drugs
cDDP, 5-FU and RTX, a perturbation of the cell distribution in the different phases of the cell cycle
was tested in cytofluorimetric experiments (DNA content analysis) on the 2008 and C13* cell lines.
The percentage of cells in the different phases of the cell cycle is reported in Figures 5 and 6, Table S2
and Figures S1–S3.

Figure 5 and Table S2 report the results obtained with 2008 and C13* cell lines treated with 5 µM
peptide and two pairs of 5-FU concentrations (5–10 µM and 10–20 µM), in sensitive and resistant cells,
respectively. After 72 h, untreated cells of both lines showed a normal diploid distribution presenting
fast proliferation characteristics. 5-FU, both alone and in combination, had a very scant effect in
perturbing the distribution of the C13*-resistant cells in the different phases of cell cycle, even if a
synergistic but modest accumulation of cells in sub-G1 phase was observed with 20 µM 5-FU, a finding
indicative of apoptotic cell death (hypodiploid cells).

On the contrary, 2008 cells were more sensitive to both concentrations of 5-FU (5–10 µM) showing
a reduction of cell accumulation in the G0/G1 phase, coupled with an increase of cell accumulation in
both S and sub-G1 phases. The increase of sub-G1 phases (apoptotic cells) was almost doubled by
combination with the peptide, reaching approximately 20% of synergistic cell killing (SQ = 1.38-1.33).

The other two chemotherapy drugs, cDDP and RTX caused a great decrease of sensitive cell
accumulation in the G0/G1 phase that paralleled with a remarkable increase of percentage of the sub-G1
phase cell population (apoptotic cells), The combination of the peptide with each chemotherapy drug
produced a synergistic accumulation of hypodiploid 2008 cells in comparison to single drug treatment
(SQ = 1.1-1.2). This effect was also accompanied by a decrease of cell accumulation in all phases of cell
cycle (Figure 6, Figures S1 and S2, Table S3). Notably, treatment with each drug alone deranged the
cell-cycle phase distribution even in the resistant C13* cells, in which the percentage of the sub-G1
phase population was synergistically increased by combining the peptide with cDDP (SQ = 1.7) and
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with RTX (SQ = 1.13). RTX alone was also very effective as an apoptosis-inducing agent, particularly in
sensitive cells.

Interestingly, an additive and a synergistic accumulation of cell population in the sub-G1 phase
was also observed in the sensitive and resistant cells, respectively, already after 48 hr treatment with
combinations of the peptide with either cDDP or RTX (Table S3 and Figure S3).Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  6 of 22 
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Figure 2. Effects of scheduled combinations of [DGln4]LR peptide with cDDP, paclitaxel, 5FU and RTX
on the SQ values in 2008 and C13* cell lines. (A) concurrent combinations for 72 h. (B) Sequential
combinations as described in Section 4. The bars represent the mean of duplicate cell counts on three
separate experiments and indicate the results of the inhibition of drug combinations divided by the
sum of the inhibition of a single drug to obtain the values of SQ. Error bars, SD.
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Figure 5. Effect of the [DGln4]LR peptide and 5-FU alone and in combination on the cell cycle
phase distribution of 2008 and C13* cells by cytofluorimetric analysis of the DNA content by PI
staining. After a 72 exposure to 5 µM [DGln4]LR and to the indicated concentrations of 5-FU alone
or in concurrent combinations. Cells were processed according to methods described in Section 4.
The inserted numbers indicate the percentages of cells in the different phases of the cell cycle and are
the mean of two/three experiments. The error bars are omitted for a clearer visualization.

2.3. Liposome Characterization

Next, we move on, and pass from the SAINT-PhD delivery system to the engineered PEGylated
liposomes, which represent an advancement towards a more drug-like delivery system. The PEGylated
liposomes strategy is deemed necessary to implement further in vivo studies of the [D-Gln4]LR peptide
in combination with standard drugs.
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Liposomes showed a size of about 200 nm with a good dimensional homogeneity, as shown by
the low polydispersity index (PDI) value (Table 1). Moreover, the PDI did not show any significant
alteration after drug addition, indicating that neither the homogeneity nor the stability of the liposomes
were affected by the inclusion of the drug. The same occurred with the surface charge.
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Figure 6. Effect of the [DGln4]LR peptide and cDDP alone and in combination on the cell cycle phase
distribution of 2008 and C13* cells by cytofluorimetric analysis of the DNA content by PI staining.
After a 72 exposure to 5 µM [DGln4]LR and 5 µM (2008 cells) or 10 µM (C13* cells) cDDP or 20 nM
RTX alone and in concurrent combinations, cells were processed according to Section 4. The inserted
numbers indicate the percentages of cells in the different phases of the cell cycle and are the mean of
two/three experiments. The error bars were omitted for a clearer visualization.
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Table 1. Physicochemical characterization of the optimized unloaded and [D-Gln4]LR-loaded
liposomes. Each value represents the mean ± SD; PDI: polydispersity index; DL: drug loading;
EE: encapsulation efficiency.

Sample Z-Average (nm) PDI Z-Potential (mV) DL (µg/mg) EE (%)

DOPE:CHEMS:DSPE_PEG
(PpHL) 198 ± 30 0.279 ± 0.077 −14.54 ± 2.41 - -

[D-Gln4]LR_ DOPE:CHEMS:DSPE_PEG
([D-Gln4]LR-PpHL)

209 ± 19 0.289 ± 0.072 −14.28 ± 2.19 21.03 ± 1.66 42 ± 3

The peptide was efficiently encapsulated in the liposomes. The drug loading (DL) was
21.03 ± 1.66 µg peptide/mg of lipid and the encapsulation efficiency approximately 40%. Consistently
with the two-fold drug/lipid ratio used in the preparation, this formulation exhibited a DL twice that of
the already reported homologue formulation [26]. The obtained loaded liposomes efficiently retained
the peptide: after an 8 h incubation, only 30% of the initially encapsulated peptide was released and no
further escape was observed in the next 16 h (Figure 7).
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in phosphate buffer saline (PBS; pH 7.4). Error bars, SD; where not visible, error bars did not exceed
symbol size.

2.4. Cytotoxicity of Peptide-Loaded Liposomes

The antiproliferative activity of the peptide encapsulated in these optimized liposomes (PpHL)
was tested by the MTT assay on three OC cell lines, the cDDP-resistant C13* cells and their sensitive
counterparts, the 2008, and the IGROV-1 cell lines, the latter sensitive to cDDP too.

In the first experiment, the cells were exposed to increasing concentrations of the peptide-loaded
liposomes ([D-Gln4]LR-PpHL) according to the optimised protocol reported, using the unloaded
carriers as a control. Moreover, the free [D-Gln4]LR peptide at the equivalent concentration was used
for comparison. The elaborated results are reported in Figure 8. The unloaded liposomes (PpHL) were
not toxic towards all cell lines since cell viabilities higher than 85% were observed for all the liposome
concentrations and cells considered (Figure 8A).

Concerning the effect of [D-Gln4]LR-PpHL, a marked difference in cytotoxicity between loaded
and unloaded carriers was observed, particularly with the cDDP-sensitive 2008 cell line. Indeed,
at the higher liposome concentration, 0.25 mg/mL, a 50% viability was obtained with these cells,
while a slightly higher survival, 63%, was exhibited by the cDDP-resistant C13* cells. On the other
hand, IGROV-1 cells, despite their cDDP-sensitivity, proved quite resistant to the peptide-loaded
liposomes, exhibiting cell viabilities about 80% with all the amounts of liposomes employed. It should
be noticed that IGROV1 cells are known to exhibit a different behaviour to drug treatment. Despite
being sensitive to cisplatin in vitro, they are resistant to Asta Z, and present an intermediate drug
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response to adriamycin. Finally, concerning the effect of drug loading, its doubling caused only a
moderate increase in cytotoxicity on the C13* cells, with a 63% survival vs a 70% survival measured
with the original preparation [26], a finding likely due to the saturation of the intracellular target
enzyme, hTS.

The importance of these liposomes as vehicles for the peptide internalization into cells was
confirmed by the inability of the free [D-Gln4]LR peptide to interfere with the growth of all three cell
lines [26].
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Figure 8. MTT test on C13*, 2008 and IGROV-1 cell lines. Cells were incubated with increasing amounts
of [D-Gln4]LR-PpHL and PpHL (A) for 15 h, followed by a further 48-h incubation after the removal
of the treatment. The results were expressed as percentage of cell growth with respect to the control
(untreated cells), set at 100% of viability. Error bars, SD. Comparison between groups was performed
by the ANOVA one-way test. Statistical significance levels were defined as * p < 0.05, ** p < 0.01
and *** p < 0.005. (B) The synergism of cell growth inhibition is reported as synergism quotient (SQ).
The Concurrent chart corresponds to simultaneous liposomes + drug-exposure; D+L chart corresponds
to sequential exposure in which the drugs (cDDP or RTX) was given 24 h before liposomes; L+D chart
corresponds to the reversed sequential exposure. Error bars, SD.
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2.5. Sequence-Dependent Synergistic Antiproliferative Effect of Peptide-Loaded Liposomes in Combination with
RTX or cDDP

The peptide-loaded liposomes [D-Gln4]LR-PpHL at a concentration of 0.125 mg/mL, corresponding
to 2.12 µM overall extracellular peptide concentration, was combined with RTX and cDDP at different
concentrations, according to the cell line sensitivities to these drugs, 10 nM RTX and 5 µM cDDP for
C13*, 10 nM RTX and 2.5 µM cDDP for IGROV-1 and 2008 cells, respectively. Peptide-loaded liposomes
combined with the two anticancer drugs showed greater efficacy against both cDDP-sensitive and
-resistant cell lines when administered concurrently or sequentially (liposome, L+drug, D) (sequences I
and II, respectively), while the reversed schedule (D+L, sequence III) produced an antagonistic effect;
the combination sequences leading to the synergistic antiproliferative effect are the same observed
with the SAINT-PhD delivery system (Figures 1–4). Noteworthy, sequences I and II synergistically
killed even IGROV-1 cells, i.e., the least responsive to the peptide-loaded liposomes alone (Figure 8A).
The SQ values obtained are shown in Figure 8B.

3. Discussion

The [D-Gln4]LR peptide and its lead, LR, have exhibited cancer cell-growth inhibitory activity by
mainly reducing the abundance of the active form of hTS, and, unlike 5-FU and PMX, without inducing
overexpression of the enzyme [19,21], but even by down-modulating the expression of other folate
pathway genes, DHFR and AICAR transformylase (ATIC) [22]. Cells that acquire resistance to classical
TS inhibitors because of an enhanced TS expression exhibit general cross-resistance with platinum-based
drugs [3] and display cross-resistance to antifolates such as RTX [27,28].

Antifolates targeting hTS are not well known in OC therapy. All those inhibitors bind at the
protein active site and this cause the loss of the translational control and TS levels regulations [29].
Our hypothesis was that if TS levels are reduced, drug resistance mechanisms will be limited or
prevented. So, we propose a change of paradigm in TS inhibition based on new drugs that, unlike
the well-known, traditional TS inhibitors (RTX, PMX, 5FU), bind at the protein interface. [22,30–32].
These compounds can be combined with platinum drugs, RTX, PMX or 5FU to keep TS levels low and
contrast drug resistance development.

Owing to the intricate biochemical interconnections and the difference in biological pathway
modulation between the peptides and the classical drugs that, in order to explore strategies to
overcome tumour drug resistance and achieve greater therapeutic gains, the present in vitro study has
investigated the effects of combining the novel TS inhibitor peptides with cDDP [1], as well as some
classical antifolate agents. To provide a mechanistic interpretation of the results of our combination
experiments, we first start from known individual drug effects as well as some drug-combination
literature reports.

Combination of cDDP with classical folate cycle inhibitors, such as 5-FU, has been explored in
experimental and clinical studies and has exhibited a pronounced activity against various types of
human tumours, including chemo-resistant ovarian carcinoma [33,34]. However, the response and
toxicity varied considerably according to the schedule and dose used [35,36]. The explanation of
the synergistic response attained with 5-FU plus cDDP likely involves more than one mechanism.
On one hand, it was correlated to increased TS inhibition related to higher levels of FdUMP, the active
5-FU metabolite. This, in turn, was associated with an increase in the intracellular reduced folate levels
in the tumour cells by inhibition of the transport of L-methionine by cDDP, a well-known biochemical
mechanism by which cDDP potentiates the cytotoxicity of 5-FU, [33,37]. However, a greater degree of
fragmentation of both nascent and parent DNA was indicated as another possible mechanism of the
5-FU/cDDP synergism [38]. Finally, the better objective response to this drug combination exhibited by
5-FU-resistant patients has been explained by showing that TS inhibition by treatment with platinum
drugs and 5-FU also occurs at the transcriptional level [39]. Overall, these explanations establish a
causal relationship between hTS inhibition and a decreased efficiency of the mechanisms of repair and
substitution of damaged DNA. This might apply to our case as well: the peptide delivered by the
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liposomes, before (sequence II) or concurrent (sequence I) with cDDP, causing the folate cycle enzyme
inhibition, may hamper the repair and substitution of the DNA damaged by cDDP. Additional support
to this mechanistic hypothesis comes from the previously reported evidence that treatment of OC cells
with the TS inhibiting peptide [D-Gln4]LR induces deregulation of such folate-related proteins as TS,
DHFR and SHMT1 [21]. In particular, the idea that cDDP and the peptide may act synergistically on
the folate pathway is reasonable since TS and DHFR operate in the same metabolic cycle [40–42].

Other nodal proteins of the folate pathway were found to be affected by the LR and [D-Gln4]LR
peptides. Among these, ATIC, is an enzyme involved in purine biosynthesis, and NME2, also known
as nucleoside diphosphate kinase B, plays a major role in the synthesis of nucleoside triphosphates
other than ATP [22]. Because both ATIC and NME2 are down-regulated following treatment with our
peptidic inhibitors and are modulated at the gene level by c-Myc [43], a role of this proto-oncogene in
the mechanism of action of the two peptides seems likely. Furthermore, the involvement of c-Myc in
the mechanism of the observed synergistic effect of the peptides with cDDP and 5-FU is suggested by
the known important role played by the downregulation of c-Myc in the cell response to cisplatin and
to 5-FU [43–45].

The observed synergy of the peptide with RTX might be related to several different effects: RTX
and/or its polyglutamated derivatives reduces the purine biosynthesis as suggested by the increase in
the intracellular levels of phosphoribosylpyrophosphate (PRPP) following a 24 h exposure of colon
carcinoma cells to RTX [46]. Because RTX is also a moderate direct inhibitor of DHFR, the observed
peptide/RTX synergy could result from inhibition of this enzyme and the consequent increase of PRPP
levels in the cell via inhibition of purinic biosynthesis [45], thereby potentiating the cellular inhibitory
effects of the peptide.

In addition, the synergistic effect of combining the peptides with cDDP or the other drugs may
derive from mis-incorporated genomic uracil, resulting from TS inhibition, which induces DNA
damage and early cell-cycle arrest as a result of BER activity, and is a critical determinant of sensitivity
to antifolate-based TS inhibition [46].

Our findings on the dependence of the effects of the combination of peptides and RTX on the
administration schedule correlate with previous reports where synergistic effects, were obtained by
a sequential exposure to the DHFR inhibitor methotrexate (MTX) followed by RTX [47]. Actually,
the interaction between different antifolates or between antifolates and a Pt drug quite generally
follows a preferential treatment schedule. In most cases, simultaneous and continuous administration
of RTX and cisplatin, or the sequential administration of RTX followed by cisplatin, produce the
highest cytotoxicity, while the reversed sequential administration produces antagonistic effects and
thus resulting inappropriate [42].

In our case, the observed sequence-dependent synergy might be accounted for in connection
with the finding that HSP90 and TRAP1, that are critical regulators of survival of tumour cells,
are among the proteins down-regulated by the peptides. TRAP1 has been described as a mitochondrial
chaperone of HSP90AA1. Effective cytoprotection may require TRAP-1 phosphorylation by the
mitochondrial-localized kinase, PINK1, which associates with TRAP-1 in vivo. The high expression of
TRAP-1 in cancer has been implicated in the inhibition of mitochondrial apoptosis, suppression of
ROS production and acquisition of resistance to standard chemotherapeutics [48]. On the opposite
hand, decreased TRAP1 expression leads to the accumulation of ubiquitinated/misfolded proteins and
proteotoxic stress, a condition that makes cells more sensitive to apoptotic insults, including those
caused by treatment with such drugs as cDDP [1]. HSP90 is a ubiquitously expressed molecular
chaperone that is involved in the posttranslational folding and stability of multiple mutated, chimeric
and over-expressed signalling proteins that promote the growth and/or survival of cancer cells [49].
Previous studies have shown that HSP90 is highly expressed in OC, and a sub-member, HSP90AA1,
has been shown to be required for the survival and proliferation of human OC SKOV3 cells. High levels
of HSP90AA1 can increase chemo-resistance to cisplatin of SKOV3 cells [50]. Moreover, the concomitant
overexpression of ATIC and TRAP1 has been associated to chemoresistance to both cisplatin and
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5-FU [51,52]. Therefore, inhibition of HSP90 could potentially act as a promising adjuvant to
chemotherapies to overcome drug resistance. Inhibition of these two chaperones, HSP90AA1 and
TRAP1 has been already reported following treatment with the antifolate drug MTX and yielded a
synergistic effect by interfering with the synthesis of purines [53]. In this light, disabling of HSP90
cancer networks in their multiple subcellular compartments, mitochondrial and cytosolic, by our
peptidic inhibitors, may cause irreversible collapse of mitochondria, degradation of HSP90 client
proteins in the cytosol, and tumour cell killing by apoptosis and/or autophagy, thus favoring the action
of both cDDP and RTX. Also, because RTX induces mitochondrial mediated apoptosis in SGC7901
human cancer cells by disrupting the PI3K/AKT/Hsp-90 cascade and mitochondrial integrity [54–56],
a peptide-induced HSP90 disabling may explain the higher efficacy of a sequential treatment schedule.

The combination synergy of the peptide with paclitaxel, that like the other mentioned
chemotherapeutic drugs, is frequently used in OC therapy, is justified by several experiments that
report, already at the clinical level, on the positive effects of the combination of this microtubule
stabilizer with folate-cycle inhibitors and/or platinum drugs [57–59].

4. Materials and Methods

4.1. Materials

Raltitrexed (RTX) and paclitaxel were purchased from Selleckchem (Houston, TX, USA) and were
dissolved in DMSO immediately before addition to the cell cultures. Cisplatin (cDDP) was obtained
from Santa Cruz Biotechnology. All other chemicals were purchased from Sigma–Aldrich S.r.L. (Milan,
Italy), except otherwise indicated.

Reagents for liposome formulation: cholesteryl hemisuccinate (CHEMS) purchased from
Sigma–Aldrich (St. Louis, MO, USA); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and
[N-(Cabonyl-methoxypolyethyleneglycol-2000)]-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
sodium salt (DSPE_PEG) purchased from Lipoid (Ludwigshafen, Germany). The active peptide
[D-Gln4]LR and the internal standard (IS) for quantitative analysis, LR-Ala7, were synthesized as
previously described [21,22]. All the other reagents were of analytical grade.

4.2. Cell Lines

The five human cancer cell lines of ovarian origin, IGROV-1, A2780, A2780/CP, 2008 and C13*,
were grown as monolayers in RPMI 1640 medium containing 10% heat-inactivated foetal bovine
serum and 50 µg/mL gentamycin sulphate. The 2008 cell line was established from a patient with
serous cystadenocarcinoma of the ovary, and their cisplatin (cDDP)-resistant variant C13* cell line,
was developed by monthly exposure to cDDP, followed by chronic exposure to stepwise increases
in cDDP concentration [60,61]. The human ovarian carcinoma A2780/CP cells are about 10 fold
resistant to cDDP and derived from the parent A2780 cell line [62]. The IGROV-1 cell line, originating
from an ovarian carcinoma of a 47 years old woman, was established in monolayer tissue culture.
The IGROV-1 cell line exhibits an epithelial character, highly tumorigenic properties and a low doubling
time. In addition, there are consistent cytogenetic markers in which oncogenic rearrangements
can occur. IGROV-1 is therefore proposed as a model for experimental studies of human ovarian
adenocarcinoma, including molecular and cell biology, preclinical pharmacology and experimental
therapeutics [63]. The cells were incubated at 37 ◦C under 5% CO2 for at least 24 h before treatment
with the peptides. All cell media and serum were purchased from Lonza (Lonza Group Ltd., Basel,
Switzerland). Cultures were equilibrated with humidified 5% CO2 in air at 37 ◦C. All studies were
performed in Mycoplasma negative cells, as routinely determined with the MycoAlert Mycoplasma
detection kit (Lonza Group Ltd., Basel, Switzerland).
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4.3. Cell Transfection with [D-Gln4]LR Peptide by Means of the Delivery System SAINT-PhD

Treatment with peptide was performed according to the standard transfection protocol of the
SAINT-PhD delivery system (Synvolux Therapeutics, Groningen, the Netherland). Complexes of
peptide (µg) with SAINT-PhD (µL) were prepared at a ratio of 8 µg/20 µL (which corresponds to a
concentration of 5 µM final). For each protein sample, complexes were prepared as follows: for the
treatment of a 24-well, an appropriate amount of the peptide was diluted in HBS, then SAINT-PhD
was pipetted into the solution without vortexing. The mixture was incubated for 5 min at room
temperature, then filled with serum-free medium. The culture medium was aspirated from the cells,
the SAINT-PhD/peptide complex was added to the wells and incubated 4 h (37 ◦C; 5% CO2). After this
time, complete RPMI was added to reach the appropriate volume.

4.4. Liposome Characterization

DOPE:CHEMS:DSPE_PEG (PpHL) liposomes were prepared using the Reverse Phase Evaporation
technique followed by homogenization using Ultraturrax (Ika-euroturrax T 25 basic, IkaLabortechnik,
Staufen, Germany). Briefly, phospholipid solutions in chloroform at fixed concentration,
DOPE:CHEMS:DSPE (22.8: 15.2: 2 mM) for nPpHL liposomes and DOPE:CHEMS:DSPE_PEG (22.8:
15.2: 2 mM) for PpHL liposomes, were employed and an amount of 4 mg of [D-Gln4]LR was loaded
in the liposomes obtaining a final suspension of 15 mg/mL in HBS (Hepes Buffer Saline with 20 mM
Hepes and 135 mM NaCl) [29]. Size, size homogeneity and surface charge of the liposomes diluted in
water (1:5 v:v) were measured by Zetasizer Nano ZS analyser system (Zetasizer version 6.12; Malvern
Instruments, Worcs, UK), equipped with a 4 mW He–Ne laser (633 nm) and a DTS software (Version 5.0).
Measurements were performed in triplicate and each measurement was averaged over at least 12 runs.

Drug loading (DL), encapsulation efficiency (EE) and drug release were analysed by liquid
chromatography (Agilent 1200 Series LC system; Agilent, Technologies, Milan, Italy) coupled with
triple-quadrupole mass spectrometry (LC-MS/MS) (Agilent 6410 triple quadrupole-mass spectrometer,
Agilent technologies, Milan, Italy), as described previously [26].

4.5. Cytotoxicity of Liposome-Drug Combinations by MTT Assay

The cytotoxicity assay was performed by the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide; Sigma, Milan, Italy) assay (MTT assay) [64]. Briefly, C13*, 2008 and IGROV-1 cell lines were
seeded at a density of 30,000 cells/well in 24-well plate in complete RPMI-1640 medium for at least
24 h. Immediately prior to the cell treatment, the culture medium was aspirated from each well and
replaced with 500 µL of complete medium, containing either the unloaded or the [D-Gln4]LR-loaded
liposomes at concentrations of 0.05, 0.075, 0.125 and 0.250 mg/mL; moreover, cells were treated,
for comparison, with equivalent amounts of naked peptide. Cells were then incubated in complete
medium suspension in 5% CO2 incubator at 37 ◦C for 15 h. Then, they were washed with PBS, added
with 500 µL of complete RPMI-1640 medium and incubated for additional 48 h. After incubation,
a final concentration of 0.5 mg/mL MTT was added to the medium and then incubated at 37 ◦C for 1 h.
The medium was removed and the dark blue formazan crystals dissolved in DMSO were determined
spectrophotometrically at 535 nm by the multi-plate reader Genios Pro (Tecan, Austria) with Magellan
6 software, and the results are expressed as percentage of cell growth with respect to the control
(untreated cells).

4.6. Synergy Analysis

The nature of the combination between [D-Gln4]LR-PEG liposomes and drugs (namely cDDP or
RTX), combined at a fixed ratio either simultaneously or sequentially, was quantified by synergism
quotient (SQ) [65,66]. SQ was defined as the net growth inhibitory effect of the analogue combination
divided by the sum of the net individual analogue effects on growth inhibition. A quotient of > 1
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indicates a synergistic effect, between 0.9 and 1.1 indicates an additive effect, while a quotient of < 1
indicates an antagonistic effect.

C13*, 2008 and IGROV-1 cell lines were exposed to the combinations using 3 different modalities.
Simultaneous drug-exposure (sequence I): cDDP or RTX were given simultaneously with liposomes
for 3 days; liposomes before (sequence II): [D-Gln4]LR loaded liposomes was given 24 h before cDDP
or RTX; drugs before: the drug (cDDP or RTX) was given 24 h before liposomes (sequence III).

All the incubation experiments were carried out according to the optimized protocol in which
cells were exposed to liposome treatments for 15 h after the medium had been replaced with fresh one.
Growth inhibition was assayed by MTT assay and the cytotoxicity of each combination was compared
with the cytotoxicities of the drugs alone. Each experiment was performed at least 3 times.

The heatmap and clustering have been realized with the open source software R and
Bioconductor repository, using ggplot2 and Heatplus packages (https://cran.r-project.org/ [67];
https://www.bioconductor.org/ [68]). For the clustering (Euclidean distance, complete linkage
clustering), in order to highlight the distance between antagonism, addition and synergy values, the
synergism quotient values were elaborated as follow: for synergism quotient values < 0.9, a value of
10 was subtracted; for synergism quotient values ≥ 1.1, a value of 10 was added.

4.7. Flow Cytometric Analysis of Cell Cycle

Quantitative measurements of the cell cycle phase distribution were performed by flow
cytometry [69]. Cells were suspended in 0.5 mL of hypotonic fluorochrome solution (25 µg/mL
PI, 0.1% sodium citrate, 0.1% Triton X-100). The samples were kept at 4 ◦C in the dark for at least
30 min, dispersed by repeated pipetting before flow cytometry analysis in a FACSCoulter Attune®

NxT Acoustic Focusing Cytometer (Invitrogen, Milan, Italy) equipped with a single 488 nm argon
laser. The percentage of nuclei in the different phases of the cell cycle (G0/G1, S and G2/M) was
calculated with a DNA cell cycle analysis software (Attune® NxT Software version 1.0). A minimum
of 1 × 104 cells/sample were analysed for each sample.

4.8. Statistical Analysis

A statistical analysis was performed using the one-way analysis of variance (ANOVA). The data
are represented as means ± SD. A difference was considered statistically significant at * p < 0.05,
** p < 0.01 or *** p < 0.005.

5. Conclusions

This work has demonstrated that the TS allosteric inhibitor, the [D-Gln4]LR peptide, showed a
schedule-dependent synergistic antiproliferative effect against OC cells in combination with cDDP,
RTX, 5-FU and paclitaxel. More precisely, simultaneous exposure as well as 24 h pre-treatment with the
peptide, produced a synergistic cell killing, while a reversed schedule that consists in pre-treating with
the non-peptidic drugs was always antagonistic. Furthermore, for the first time, we have provided
evidence that this peptide can overcome resistance to cDDP, as its combination with this alkylating agent
was synergistic also against the cDDP-resistant cell lines. Also, we have demonstrated a synergistic
antiproliferative effect of the peptide in combination with 5-FU, or with RTX even against the C13*
and A2780/CP cell lines that had been selected for their resistance to cDDP and cross-resistance to
5-FU and RTX, and feature amplified expression of the folate cycle enzymes [43]. Most of these effects
paralleled with great alteration of cell cycle and additive or synergistic accumulation of apoptotic
cells. Additionally, the present study indicates how liposome PEGylation, without changing the
behaviour of the encapsulated drug, preserves its effectiveness and its therapeutic effect, making it
comparable with that obtained with a specific peptide delivery system. Also, delivery by PEGylated
liposomes allowed the carried peptide to be of effective formulations with other chemotherapy drugs.
Notably, our results, in line with previous published evidence, show that, for a successful, synergistic
functional combinatorial targeted therapy, careful attention must be paid to exposure, dose, schedule
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and target engagement. Thus, the results of this drug combination investigation concerning both
in cytotoxicity and cell cycle studies imply the occurrence of complex biochemical interconnections
between the peptide and the classical drugs used in this study. Many of these interactions involve
apoptotic mechanisms accounting for the effects observed and discussed.

Overall, the results of this preclinical study suggest that the association of standard drugs with
this novel peptidic hTS inhibitor encapsulated into PEGylated pH-sensitive liposomes is a promising
strategy to impact the drug resistance problem and, combined with intracellular mechanistic analysis,
may represent a rational basis for future clinical applications in ovarian tumor patients.
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Abstract: Current outcome prediction markers for localized prostate cancer (PCa) are insufficient.
The impact of the lipid-modifying Sphingomyelin Phosphodiesterase Acid Like 3B (SMPDL3B) in
PCa is unknown. Two cohorts of patients with PCa who underwent radical prostatectomy (n = 40,
n = 56) and benign prostate hyperplasia (BPH) controls (n = 8, n = 11) were profiled for SMPDL3B
expression with qRT-PCR. Publicly available PCa cohorts (Memorial Sloane Kettering Cancer Centre
(MSKCC; n = 131, n = 29 controls) and The Cancer Genome Atlas (TCGA; n = 497, n = 53 controls))
served for validation. SMPDL3B’s impact on proliferation and migration was analyzed in PC3
cells by siRNA knockdown. In both cohorts, a Gleason score and T stage independent significant
overexpression of SMPDL3B was seen in PCa compared to BPH (p < 0.001 each). A lower expression
of SMPDL3B was associated with a shorter overall survival (OS) (p = 0.005) in long term follow-up.
A SMPDL3B overexpression in PCa tissue was confirmed in the validation cohorts (p < 0.001 each).
In the TCGA patients with low SMPDL3B expression, biochemical recurrence-free survival (p = 0.011)
and progression-free interval (p < 0.001) were shorter. Knockdown of SMPDL3B impaired PC3 cell
migration but not proliferation (p = 0.0081). In summary, SMPLD3B is highly overexpressed in PCa
tissue, is inversely associated with localized PCa prognosis, and impairs PCa cell migration.

Keywords: cancer cell migration; prognosis; biomarker; extracellular vesicles; lipid metabolism

1. Introduction

Prostate cancer (PCa) is the most common solid tumor entity in men in developed countries [1,2].
Most tumors are detected in early stages and then, tend to show low aggressiveness with a slow tumor
growth. Some of these patients probably do not need radical therapy. Aggressive PCa tumors on the
other hand quickly metastasize to regional lymph nodes and the skeleton. This results in a fatal disease
state that requires a long and demanding therapy. Therefore, it is of paramount priority to identify
those patients in need of definite local treatment and those which can be spared from overtreatment.

Reliable PCa markers are needed both for therapy decision-making and risk prediction of tumor
recurrence after curatively intended therapy, as the currently available tools still have significant
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deficiencies. In a recent study, we identified a number of potential protein biomarkers for high-risk PCa
by proteomic profiling of PCa cells and their extracellular vesicles (EVs) combined with a screening of
publicly available databases [3]. EVs have shown to be of great relevance for multiple tumor-associated
processes such as local tumor invasion, induction of neoangiogenesis, and premetastatic niche
formation in different tumor entities including PCa [4,5]. Screening of potential markers revealed
that the SMPDL3B (acid sphingomyelinase-like phosphodiesterase 3B) protein is associated with
PCa-derived EVs. Gonzales et al. have already detected the SMPDL3B protein among hundreds of
others in human urinary EVs [6]. Principe et al. could detect the protein in analyses of EV’s isolated
from expressed prostate secretions in human urine [7]. Furthermore, our database analyses indicated
an overexpression of the coding SMPDL3B gene in PCa tissue [3].

The SMPDL3B protein is an important enzyme for the lipid-modulation of the cell membrane
and thus influences, e.g., the membrane fluidity [8]. So far, nothing has been published about
the role of SMPDL3B in PCa. Recently, it was reported that SMPDL3B has impact on podocyte
function in renal glomeruli. Thus, the SMPDL3B expression rate in vitro and in vivo correlates with
podocyte damage in diabetic kidney disease (DKD) [9]. Apparently, insulin receptor signaling in
podocytes in DKD is disturbed via the SMPDL3B-mediated reduction of ceramide-1-phosphate [10].
Watanabe et al. identified SMPDL3B as potential marker for therapeutic response in rituximab-based
immuno-suppressive therapy in pediatric patients with intractable kidney disease with proteinuria [11].
This approach is mainly based on the findings of Heinz et al., who first described SMPDL3B as a
negative regulator of innate immunity via reduction of Toll-like receptor function on macrophages [8].

Based on our previous findings we aimed to elucidate the role of SMPDL3B on the transcription
level. Therefore, SMPDL3B expression and its influence on clinical outcome was analyzed by real-time
quantitative polymerase chain reaction (qRT-PCR) in two cohorts of patients with benign prostate
hyperplasia (BPH), localized and locally advanced PCa. Furthermore, these results were validated in
current, publicly available PCa expression data sets, and in vitro analyses were performed in a PCa
cell line.

2. Results

2.1. qRT-PCR Analyses in Patients

In both cohorts analyzed with qRT-PCR a significant overexpression of SMPDL3B could be seen in
tumor samples compared to BPH samples (Tissue scan: 6.46× and Mannheim: 37.81×, Mann–Whitney
for both p < 0.001). This was also seen after stratification of tumor samples for T stage (both p < 0.001,
Figure 1a,b) and Gleason score (both p < 0.001, Figure 1c,d). In the tissue scan cohort, multiple
comparison showed significant overexpression of SMPDL3B in both locally confined (T1/2: 5.42×,
p = 0.001) and locally advanced (T3/4: 8.94×, p < 0.001) PCa and in different Gleason groups (≤ 6: 7.01×,
p = 0.002; 7: 6.00×, p < 0.001; ≥ 8: 7.14×, p = 0.004) compared to BPH. No significant differences were
seen between tumor groups. Similar results were seen in the Mannheim cohort: T1/2 vs. BPH: 46.6×
(p < 0.001), T3/4 vs. BPH: 32.37 (p < 0.001), Gleason ≤ 6 vs. BPH: 50.19 (p < 0.001). Controversially,
no significant overexpression in Gleason 7 or Gleason ≥ 8 compared to BPH was seen, while the
expression was also significantly higher in Gleason ≤ 6 tumors compared to Gleason 7 (p = 0.045) and
Gleason ≥ 8 (p = 0.030) tumors. In the Mannheim cohort, SMPDL3B expression did not correlate with
the serum PSA level (Spearman r =−0.103, p = 0.453). For the tissue scan cohort, no serum PSA data
were available.
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Figure 1. Expression of Sphingomyelin Phosphodiesterase Acid Like 3B (SMPDL3B) was analyzed 
by qRT-PCR. (a) Both locally confined and locally advanced tumors showed an overexpression of 
SMPDL3B compared to benign prostate hyperplasia (BPH). (b) In the Mannheim cohort, T1/2 and 
T3/4 tumors had an SMPDL3B overexpression. (c) All three Gleason groups had an SMPDL3B 
overexpression in the tissue scan cohort. (d) In the Mannheim cohort, Gleason 6 tumors had an 
overexpression of SMPDL3B both compared to BPH and to Gleason 7 and ≥ 8 tumors. (* p > 0.05; ** p 
> 0.01; *** p > 0.001) 

Interestingly, after a 50:50 division of the Mannheim cohort into two groups by SMPDL3B 
expression, a lower expression of SMPDL3B in tumor samples correlated with a shorter OS (Figure 
2a, p = 0.005) in long-term follow-up (average follow-up time: 168 months). Using the same cutoff, no 
significant difference was seen for BCR (Figure 2b). 

 

Figure 2. (a) In the Mannheim cohort, a low expression of SMPDL3B correlated with a significantly 
shorter overall survival (OS) but (b) not with a shorter biochemical recurrence (BCR)-free survival of 
patients with localized prostate cancer (PCa) who underwent RP. 

  

Figure 1. Expression of Sphingomyelin Phosphodiesterase Acid Like 3B (SMPDL3B) was analyzed
by qRT-PCR. (a) Both locally confined and locally advanced tumors showed an overexpression of
SMPDL3B compared to benign prostate hyperplasia (BPH). (b) In the Mannheim cohort, T1/2 and T3/4
tumors had an SMPDL3B overexpression. (c) All three Gleason groups had an SMPDL3B overexpression
in the tissue scan cohort. (d) In the Mannheim cohort, Gleason 6 tumors had an overexpression of
SMPDL3B both compared to BPH and to Gleason 7 and ≥ 8 tumors. (* p > 0.05; ** p > 0.01; *** p > 0.001)

Interestingly, after a 50:50 division of the Mannheim cohort into two groups by SMPDL3B
expression, a lower expression of SMPDL3B in tumor samples correlated with a shorter OS (Figure 2a,
p = 0.005) in long-term follow-up (average follow-up time: 168 months). Using the same cutoff,
no significant difference was seen for BCR (Figure 2b).
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Figure 2. (a) In the Mannheim cohort, a low expression of SMPDL3B correlated with a significantly
shorter overall survival (OS) but (b) not with a shorter biochemical recurrence (BCR)-free survival of
patients with localized prostate cancer (PCa) who underwent RP.
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2.2. In Silico Validation

In silico analyses confirmed the overexpression of SMPDL3B in PCa tissue in the MSKCC dataset
(p < 0.001) and in the TCGA dataset (p < 0.001). In the MSKCC dataset, this was both seen for T2 and
T3/4 tumors (both p < 0.001), with no differences in expression between T2 and T3/4 tumors (Figure 3a).
In the TCGA cohort, besides a higher expression in T2 and T3/4 compared to BPH (both p < 0.001),
interestingly, also a significantly higher expression in T2 compared to T3/4 tumors was seen (p < 0.001,
Figure 3b).
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Figure 3. (a) and (b) Both in the Memorial Sloane Kettering Cancer Centre (MSKCC) and in The Cancer
Genome Atlas (TCGA) cohort, the expression of SMPDL3B was higher in T2 and in T3/4 tumors
compared to BPH. In the TCGA cohort, the expression was also significantly higher in T2 compared to
T3/4 tumors. (c) and (d) A low expression of SMPDL3B was associated with a significantly shorter
BCR-free survival and progression-free interval (PFI) in the PCa patients from the TCGA cohort.
(*** p > 0.001)

In the TCGA cohort, the SMPDL3B expression correlated positively with the expression of KLK3,
the gene which codes for PSA, (r = 0.287, p < 0.001) and correlated negatively with the expression of AR
(r = −0.148, p < 0.001) and the Gleason sum score (r =−0.336, p < 0.001). Again, with a 50:50 SMPDL3B
expression cut-off in the MSKCC cohort, no difference was seen for BCR-free survival and OS. Yet,
the number of events in this cohort is quite small (only 26 cases with BCR and only 7 deceased patients).
In the TCGA cohort, also no significant difference was seen for OS (only n = 10 patients deceased in
total), but a low expression in tumor samples correlated with a significantly shorter BCR-free survival
(p = 0.043) and a shorter progression-free interval (p < 0.001) (Figure 3c,d).

2.3. Functional Experiments

The siRNA knockdown of SMPDL3B significantly impaired migration of PC3 cells compared to
nontargeting siCtrl (n = 16). In brief, 24 h after application of the defect, the wound area of the cells
treated with siSMPDL3B was 0.666 ± 0.107 compared to siCtrl at 0.556 ± 0.236 (p = 0.98). After 48 h of
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growth, the wound area of the cells treated with siSMPDL3B was 0.264 ± 0.116 compared to siCtrl at
0.079 ± 0.054, (p= 0.0081, Figure 4a,b).
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Figure 4. (a) Wound-healing migration assay in PC3 cells after siRNA knockdown of SMPDL3B (n = 16).
Images were taken at 0, 24, and 48 h after scratch. Calculation of the wound area was performed using
TScratch software® (black and white images), with a percentage of the wound area being given for
each image. (b) Quantitative results of the migration assay which showed a significant reduction of
the migration of siSMPDL3B-transfected cells compared to siCtrl after 48 h (p = 0.0081). (** p > 0.01)
(c) PC3 cell proliferation after siRNA knockdown was not significantly altered after knockdown of
SMPDL3B (n = 10, p = 0.74).

However, the siRNA knockdown of SMPDL3B had no significant effect on PC3 cell proliferation
after 96 h in n = 10 replicates compared to siCtrl (2.165 ± 0.312 vs. 2.103 ± 0.273, respectively) (Figure 4c).

3. Discussion

PCa development is highly heterogenetic and a multifactorial process with intracellular
dysregulations on several molecular levels [12]. Although these mechanisms are gaining a better
understanding, it is probably the PCa diversity that has prevented potential tumor progression
markers from being reliable. A little-noticed factor that plays an important role in cancer signaling
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is the lipid-based cell membrane [13]. In addition to its central role as boundary and stabilizer of
cells, cell membranes can present different cancer-specific surface structures such as proteins and
carbohydrates. In this study, we focused on the GPI membrane-anchored phosphodiesterase SMPDL3B.
This, to date, little described protein is an enzymatic component of the lipid rafts of cell membranes
and appears to be involved in a wide variety of molecular processes including the sphingomyelin
metabolism [8]. Besides its relevance for membrane fluidity and lipid composition, SMPDL3B has
been identified as a negative regulator of the innate immune signaling [14]. In addition, SMPDL3B
overexpression reduces cell apoptosis and strengthens the actin skeleton.

Yet, little is known about the role of SMPDL3B in malignant diseases. In context of PCa, it has
only been described in one study so far. By coincidence, Zhu et al. found SMPDL3B overexpression in
docetaxel-resistant PC3 cells in a microarray analysis [15].

To our knowledge, this is the first study in which a significant overexpression of SMPDL3B
in PCa tissue compared to nonmalignant prostate tissue could be demonstrated in two different
patient cohorts. Since this overexpression was independent of the serum PSA level, SMDPL3B could
potentially serve as an additional PCa screening marker. Curiously, we were able to show that a lower
SMPDL3B expression in PCa was associated with a shorter OS but not with a shorter BCR-free survival.
In silico validation in two freely available PCa cohorts (MSKCC, TCGA) confirmed a general SMPDL3B
overexpression in patients with PCa. While the MSKCC cohort also showed no correlation of SMPDL3B
expression with BCR-free survival, the TCGA cohort indicated that low SMPDL3B expression was
associated with shorter BCR-free survival. This is in line with our findings of a stage-dependent, higher
SMPDL3B expression in T2 tumors compared to T3/4 tumors. Interestingly, recent studies show that
an excess of SMPDL3B leads to a decrease in ceramide-1-phosphate (C1P), a bioactive sphingolipid
metabolite regulating key physiologic cell functions. In turn, C1P has been shown to interfere in cancer
cell growth, migration, and survival [16]. One gene expression study described a downregulation of
SMPDL3B during the mesenchymal to epithelial transition [17]. This might partly explain the inverse
association of SMPDL3B expression with PCa patient prognosis.

Both the mechanisms regulating SMPDL3B expression and function and its main substrates remain
unclear. However, SMPDL3B can cleave choline-containing substrates including CDP-choline and
release phosphate from ATP and ADP. Furthermore, amino acid residues close to the active center of
SMPDL3B have been identified. These can recognize endogenous molecules that modulate macrophage
function [14]. Studies could show that decreased SMPDL3B levels lead to membrane disorder and a
TLR-moderated hyperinflammatory cell phenotype [14]. One could speculate that high concentrations
of SMPDL3B lead to a higher membrane stability and thus less disruption of cytoskeleton-lipid raft
assemblies promoting carcinogenesis [18]. At the same time, its higher occurrence would reduce the
inflammatory environmental reaction and thus reduce the cancer-specific immune defense.

The siRNA knockdown of SMPDL3B lead to a decrease in tumor cell migration. No effects on the
proliferation rate were found. This may be explained by the important role of SMPDL3B for membrane
stability. However, additional functional studies are required to confirm these results.

To the best of our knowledge, the present study for the first time showed that SMPDL3B is
overexpressed in PCa independent of PSA, with higher expression levels in early stages. Its correlation
with other clinical parameters promotes its potential applicability in screening and outcome prediction
of PCa.

Excitingly, rituximab (RTX), a well-established monoclonal antibody against cell membrane-based
CD20, which is used, e.g., in the treatment of malignant hematological diseases, also binds to
SMPDL3B [19]. Different case reports have already shown a potential clinical use of RTX in the
treatment of metastatic PCA [20–22]]. RTX binds to SMPDL3B in a CD20-independent mechanism [23],
which leads to a stabilization of the SMPDL3B concentration in the raft domains and thus, to the
stabilization of the cell membrane. Based on this, it could be shown that RTX-treated cells are less
radiation sensitive [24]. Considering a modification of the antibody-structure presupposed, one could
possibly revert this effect for a combination with PCa radiotherapy. Presumably, an antibody-mediated
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decrease in membrane-anchored SMPDL3B would lower the membrane stability and could render
PCa cells more susceptible to external radiation.

SMPDL3B is a promising biomarker candidate, with potential value for screening and outcome
prediction in PCa and at the same time could be an easily accessible target structure in PCa therapy.

4. Materials and Methods

4.1. Patient Characteristics

The expression of SMPDL3B was analyzed by qRT-PCR in a complementary deoxyribonucleic acid
(cDNA) array (OriGene, Rockville, MD, USA; n = 40 PCa patients and n = 8 benign control samples,
patient characteristics Table S1) and a cohort of 55 patients who underwent radical prostatectomy
(RP) in the Department of Urology and Urosurgery of the Mannheim Medical Center between
1998 and 2001 (patient characteristics in Table S2). Tumor-free prostate tissue from patients who
underwent cystoprostatectomy or transurethral resection of the prostate served as controls (n = 11).
All experiments conducted in this retrospective analysis were in accordance with the institutional ethics
review board (ethics approval date 05.12.2013, ethics number: 2013-845R-MA). The study includes
retrospective analysis of patient data and qRT-PCR analysis of patient tissue samples obtained during
surgery for routine pathologic examination. All analyses and experiments were approved by the
local ethic committee (Medical Ethics Committee II of the Medical Faculty Mannheim; ethic approval:
2013-845R-MA).

The Memorial Sloane Kettering Cancer Centre (MSKCC, n = 131, n = 29 controls, Table S3) [25]
and The Cancer Genome Atlas (TCGA, n = 497, n = 53 controls, Table S4) [26] were obtained from
cBioPortal [27], and the University of California, Santa Cruz Xena Browser [28] served for in silico
validation. SMPDL3B RNA expression was stratified by tumor characteristics, i.e., serum prostate
specific antigen (PSA) levels and was correlated with biochemical recurrence (BCR)-free survival,
progression-free survival (PFS), and overall survival (OS).

4.2. RNA Extraction and qRT-PCR Analyses

Hematoxylin- and eosin-stained sections of tumor-bearing or tumor-free formalin-fixed
paraffin-embedded (FFPE) prostate tissue specimen of the Mannheim cohort were reviewed by a
trained uropathologist. Areas with at least 70% of tumor or tumor-free areas from control patients were
marked and dissected from subsequent unstained 10 µm tissue sections. Ribonucleic acid (RNA) was
extracted using the bead-based XTRAKT FFPE Kit (Stratifyer, Cologne, Germany), as recommended
by the manufacturer and recently published [29].

Multiplexed specific cDNA synthesis with equimolar pooling of transcript-specific reverse PCR
primers was used. Superscript III (Life Technologies, Darmstadt, Germany) was used as reverse
transcriptase at 55 ◦C for 120 min, followed by an incubation at 70 ◦C for 15 min. cDNA was
immediately used for qPCR or stored at −20 ◦C.

In the cDNA array and the Mannheim cohort, the expression of SMPDL3B was determined in
relation to the housekeeping gene calmodulin 2 (CALM2) on a StepOnePlus qRT-PCR Cycler (Applied
Biosystems, Waltham, MA, USA) (all sequences in Table S5). Relative expression was calculated with
the 2(−∆∆CT) method [30]. The methodology was recently published elsewhere [29]. The sequences of
primers and probes are given in Supplementary Table S1.

4.3. Small Interfering RNA (siRNA) Knockdown

The impact of SMPDL3B siRNA knockdown on proliferation and migration was analyzed in
humane metastatic PC3 prostate cancer cells. These were obtained from ATCC (Wesel, Germany)
and grown under standard conditions in DMEM medium (Life Technologies, Carlsbad, CA, USA)
supplemented with 10% FCS (Sigma Aldrich, St. Louis, LA, USA). siGENOME pooled and individual
siRNAs against SMPDL3B were transfected using DharmaFECT I transfection reagent (Dharmacon,
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Lafayette, CO, USA) (siSMPDL3B). Dharmacon nontargeting siRNAs were used as negative control
(siCtrl). Briefly, cells were detached, harvested, spun down, and diluted to the desired concentration.
Meanwhile siRNAs were diluted to a target concentration of 30 nMol in pure RPMI (Life Technologies)
and incubated for 10 min at room temperature. DharmaFECT I was diluted 1:1000 in RPMI medium.
After 10 min, diluted siRNA and transfection reagent were mixed (1:1) and again incubated at room
temperature for 30 min. Hereafter, cell suspension was added to the transfection mix (3:1) and
incubated at 37 ◦C.

qRT-PCR was conducted to validate knockdown SMPDL3B. RNA extraction was performed using
the RNeasy Mini Kit (Qiagen, Hilden, Germany) as recommended by the manufacturer. cDNA synthesis
was performed as described previously [31]: in brief, 40 µL of diluted RNAs were mixed with 4 µL
of 5 mg/mL pdN6 random primers, 4 µL of 10 mM dNTP Mix, 16 µL of 5×M-MLV buffer, 8 µL of
0.1 M RNase inhibitor, 4 µL of 0.1 M DTT, and 4 µL of M-MLV reverse transcriptase (all from Roche
Diagnostics, Basel, Switzerland). After an incubation for 2 h at 37 ◦C and a deactivation step of 5 min
at 65 ◦C, cDNA was directly used for qPCR or stored at −20 ◦C. qRT-PCR analyses were performed
using the same primers, reagents, and PCR protocol as described for tissue sample analyses.

4.4. Proliferation Assay

PC3 cells were seeded and transfected in 96-well plates (4500 cells in 100 µL/well). After 24 h,
the supernatant was replaced by 100 µL of fresh growth medium. After further 96 h of incubation,
10 µL of MTT-reagent (stock concentration 1.585 mg/mL, product number G3582, Promega, Mannheim,
Germany) was added to each well and incubated for 3 h at 37 ◦C. Absorption measurement at 570 nm
was done with an Infinite M1000 PRO plate reader (Tecan, Männedorf, Switzerland).

4.5. Migration Assay

Using the same transfection protocol, a wound-healing migration assay of PC3 cells was performed.
The cells were seeded in 24-well plates (250,000 cells in 1 mL of DMEM with 10% FCS per well).
The medium was changed 24 h after transfection. Again 24 h later, a defined scratch was introduced
in the center of the well with a sterile 200 µL pipette tip, and the medium was changed again.
The scratch was photographed at 10×magnification. Subsequent images were acquired after 24 and
48 h. The cell-free space in the scratch area was calculated with the open source software TScratch
(ETH Zürich, Switzerland) [32]. The free area at 24 and 48 h after scratch was normalized to the initial
scratch size.

4.6. Statistics

Statistical calculations were performed using Prism 7 (GraphPad, La Jolla, CA, USA). Different
subgroups were tested for normal distribution using the D’Agostino-Pearson test for normal distribution.
In case of a normal distribution, subsequent group comparisons were performed by two-sided t-test
or parametric ANOVA with subsequent Turkey’s post hoc multiple comparison tests. In case of
non-normal distribution Mann–Whitney test or Kruskal–Wallis test with Dunn’s post hoc multiple
comparison tests were performed. Outcome correlations in Kaplan–Meier analyses were done using
the log-rank test. Correlations with the PSA serum level were performed using Spearman correlation.
p-values ≤ 0.05 were deemed significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/12/4373/
s1. Table S1: Characteristics of the purchased cohort; Table S2: Characteristics of the Mannheim cohort; Table S3:
Characteristics of the MSKCC cohort; Table S4: Characteristics of the TCGA cohort; Table S5: Primers & Probes.
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28. Goldman, M.; Craft, B.; Hastie, M.; Repečka, K.; McDade, F.; Kamath, A.; Banerjee, A.; Luo, Y.; Rogers, D.;
Brooks, A.N.; et al. The UCSC Xena platform for public and private cancer genomics data visualization and
interpretation. bioRxiv 2019, 326470. [CrossRef]

29. Worst, T.S.; Waldbillig, F.; Abdelhadi, A.; Weis, C.-A.; Gottschalt, M.; Steidler, A.; von Hardenberg, J.;
Michel, M.S.; Erben, P. The EEF1A2 gene expression as risk predictor in localized prostate cancer. BMC Urol.
2017, 17, 86. [CrossRef]

30. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR
and the 2−∆∆CT Method. Methods 2001, 25, 402–408. [CrossRef]

31. Worst, T.S.; Meyer, Y.; Gottschalt, M.; Weis, C.-A.; von Hardenberg, J.; Frank, C.; Steidler, A.; Michel, M.S.;
Erben, P. RAB27A, RAB27B and VPS36 are downregulated in advanced prostate cancer and show functional
relevance in prostate cancer cells. Int. J. Oncol. 2017, 50, 920–932. [CrossRef] [PubMed]

32. Ashby, W.J.; Zijlstra, A. Established and novel methods of interrogating two-dimensional cell migration.
Integr. Biol. (Camb.) 2012, 4, 1338–1350. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

158



 International Journal of 

Molecular Sciences

Article

Hedgehog Signal Inhibitor GANT61 Inhibits
the Malignant Behavior of Undifferentiated
Hepatocellular Carcinoma Cells by Targeting
Non-Canonical GLI Signaling

Kensuke Harada, Ryuya Ohashi, Kyoko Naito and Keita Kanki *

Department of Biomedical Engineering, Faculty of Engineering, Okayama University of Science, 1-1 Ridai-cho,
Kita-ku, Okayama 700-0005, Japan; t15s047hk@ous.jp (K.H.); t16s011or@ous.jp (R.O.); t20mm02nk@ous.jp (K.N.)
* Correspondence: kkanki@bme.ous.ac.jp

Received: 11 March 2020; Accepted: 27 April 2020; Published: 28 April 2020

Abstract: The Hedgehog (HH)–GLI pathway plays an important role in cell dedifferentiation
and is therefore pivotally involved in the malignant transformation of cancer cells. GANT61,
a selective inhibitor of GLI1 and GLI2, was reported as a promising treatment for cancer
in various tissues; however, the biological impact of GANT61 in hepatocellular carcinoma
(HCC), especially in undifferentiated HCC cells, remains unclear. In this study, we investigated
the antitumor effect of GANT61 using two undifferentiated hepatoma cell lines: HLE and HLF.
Quantitative PCR and RT-PCR analyses revealed that these cells express GLI transcripts, showing
mesenchymal phenotypes characterized by the loss of epithelial and hepatic markers and specific
expression of epithelial–mesenchymal transition (EMT)-related genes. GANT61 significantly reduced
the proliferation and cell viability after drug treatment using 5-FU and Mitomycin C. We showed
that GLI transcript levels were down-regulated by the MEK inhibitor U0126 and the Raf inhibitor
sorafenib, suggesting that non-canonical signaling including the Ras–Raf–MEK–ERK pathway is
involved. Sphere formation and migration were significantly decreased by GANT61 treatment, and it
is suggested that the underlying molecular mechanisms are the down-regulation of stemness-related
genes (Oct4, Bmi1, CD44, and ALDH) and the EMT-related gene Snail1. The data presented here
showed that direct inhibition of GLI might be beneficial for the treatment of dedifferentiated HCC.

Keywords: GANT61; non-canonical Hedgehog-GLI signaling; hepatocellular carcinoma

1. Introduction

Hepatocellular carcinoma (HCC), the most frequently diagnosed primary liver cancer, is an
aggressive disease caused by chronic hepatitis B or C virus infection, excessive alcohol intake,
non-alcoholic steatohepatitis, or exposure to aflatoxin B [1]. The prognosis for patients with advanced
stage HCC is poor because of its high rates of recurrence and intrahepatic metastasis. Consequently,
there is an essential requirement for the development of an improved therapeutic strategy that aims to
inhibit tumor progression. The malignant transformation of tumor cells is related to dedifferentiation
of the cells [2]. A loss of cellular specific functions, increased proliferation, and enhanced glycolytic
activity are the common features of tumor cells. Additional genetic mutations often cause aberrant
activation of intracellular signaling pathways, leading to a loss of cell–cell adhesion, increased cell
motility, and anchorage-independent cell proliferation, which are the crucial malignant phenotypes
that trigger invasiveness and metastasis [3].

The Hedgehog (HH) pathway, originally identified as an important pathway during embryonic
development, is known to play a role in carcinogenesis in various tissues including the liver [4]. In
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recent years, inappropriate HH signaling was demonstrated in more than 30% of human cancers [5].
Canonical activation of HH signaling is triggered by the binding of HH ligands (SHH, IHH, and DHH)
to their receptor Patched-1 (PTCH) on the surface of target cells. Ligand-bound PTCH lost its inhibitory
regulation on Smoothened (SMO); thus, active SMO causes the downstream glioma-associated
homologue (GLI) transcription factors GLI1 and GLI2 to be activated via nuclear translocation [6,7].
GLI target genes include factors involved in cell proliferation, survival, self-renewal, and invasiveness;
therefore, aberrant activation of this signal pathway has a positive correlation with poor prognosis [8,9].
Small-molecule inhibitors of the HH-GLI signal, such as SMO inhibitors, were developed to increase
the clinical benefit of patients. Some have entered clinical trials as promising therapies for advanced
cancers, including basal cell carcinoma and medulloblastoma [10–12]. However, several patients were
reported to be resistant to the SMO inhibitor because of an acquired mutation in SMO that disrupts drug
binding and mutations in genes downstream of SMO, such as SUFU mutations [13–15]. Moreover, an
alternative activation pathway of GLI, namely the non-canonical HH pathway, has been identified [16].
These problems of drug resistance led to the development of new small molecules that function as
direct inhibitors of GLI transcription.

GANT61 is a selective inhibitor of GLI1- and GLI2-mediated gene transactivation. Preclinical
studies were performed for numerous cancer types, including rhabdomyosarcoma, neuroblastoma, and
leukemia, as well as colon, pancreas, cervix, skin, lung, head-neck, and gastric cancers [5]. Although
substantial promising results were reported, the biological impact of GANT61 in HCC, in particular
undifferentiated HCC cells, has not been clarified. In this study, we investigated the antitumor
effect of GANT61 in undifferentiated HCC cells, which show greater expression of GLI transcription
factors than well-differentiated HCC cells. The presented data show that GANT61 significantly
reduced cell proliferation and viability after drug treatment. Malignant phenotypes, such as sphere
formation and migration, were significantly decreased with reduced expression of stemness-related
and epithelial–mesenchymal transition (EMT)-related genes. We also found that the gene expression
of GLI is regulated, in part, by non-canonical signaling, including the Ras–Raf–MEK–ERK pathway, in
these cells. Our data suggest that the application of a direct inhibitor of GLI transcription might be
beneficial for the treatment of dedifferentiated HCC.

2. Results

2.1. Preferential Expression of GLI Genes in Undifferentiated HCC Cell Lines

To determine the intracellular status of GLI-mediated signaling in hepatoma cell lines, a gene
expression analysis of GLI1, GLI2, and GLI3 was performed on a panel of hepatoma cells including
three differentiated (HepG2, HuH1, and HuH7) and two undifferentiated (HLE and HLF) types
of HCC cell. Quantitative PCR revealed that GLI1 mRNA is expressed in both differentiated and
undifferentiated HCC cells, being highly expressed in undifferentiated cells (Figure 1a). Among HCC
cells, HepG2, a typical well-differentiated type of HCC cell showed the lowest expression of the GLI1
gene. The expression of GLI2 and GLI3 was positively detected in undifferentiated cells but not in
differentiated HCC cells. Morphologically, HepG2 showed an epithelial-like shape characterized
by tight cell adhesion, while HLE and HLF showed mesenchymal morphology characterized by
loose cell contact and an irregular cell shape (Figure 1b). RT-PCR analysis revealed that HLE and
HLF lack the expression of E-cadherin and hepatic markers (ALB and HNF4α), but these cells express
mesenchymal markers such as vimentin, CD44, snail1, and twist1 (Figure 1c). These data suggest that
GLI-mediated signaling is activated in undifferentiated HCC cell lines showing the mesenchymal
phenotype. Therefore, we chose HLE and HLF cells to investigate the effect of the HH signaling
inhibitor GANT61.
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Figure 1. Preferential expression of GLI genes in undifferentiated hepatocellular carcinoma (HCC) cell
lines. (a) Relative gene expression levels of GLI1, GLI2, and GLI3 compared to β-actin were determined
in hepatoma cell lines by qRT-PCR analysis (UD; undetectable). (b) Microscopic observation of HepG2
(left), HLE (center), and HLF (right). Scale bar = 20 µm. (c) RT-PCR analysis of cell-type specific
markers including E-cadherin (epithelial), Albumin, HNF4α (hepatic), Vimentin, CD44, Snail1, Twist1
(mesenchymal), and β-actin as a house keeping gene.

2.2. Antitumor Effect of GANT61 on the Proliferation of Undifferentiated HCC Cells

To evaluate the antitumor potential of GANT61, cell proliferation was investigated in HLE and
HLF cells treated with 0–10 µM of GANT61. No statistically significant effect on cell proliferation
was observed during the first two days of treatment (Figure 2a). In both types of cell, significant
inhibition of cell proliferation was observed on day 3 of 10 µM treatment (Figure 2b). Treatment with
a concentration greater than 10 µM, for example, with 20 or 30 µM, markedly decreased cell viability at
days 2 and 3 of the experiment (Figure 2c). Therefore, we selected a treatment with 10 µM of GANT61,
a quantity which did not largely affect the viability of HCC cells, for further experiments.
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Figure 2. Antitumor effect of GANT61 on the cell proliferation of undifferentiated HCC cells. (a)
HLE and HLF cells were treated with 0, 1, 5, and 10 µM of GANT61 for 3 days for cell proliferation
assays. Cell viability was determined by WST assay and expressed as the relative number of viable
cells compared to day 0. (b) Column graphs showing the values at day 3 of the experiment. (c) HLE
and HLF cells were treated with 0, 10, 20, and 30 µM of GANT61 for 3 days and analyzed as described
in (a). * p < 0.05, ** p < 0.01 vs. the vehicle control (Dimethylsulfoxide; DMSO).

2.3. Drug-Specific Enhancing Effect of Cytotoxicity by GANT61 and Involvement of the Ras–Raf–MEK–ERK
Pathway in the Regulation of GLI Expression in Undifferentiated HCC Cells

Next, to examine the effect on drug sensitivity, HLE and HLF cells were treated with a series
of concentrations of Mitomycin C (0–50 µg/mL), 5-FU (0–500 µg/mL), and sorafenib (0–50 µg/mL) in
combination with GANT61 for 48 h. GANT61 was used at 10 µM which showed no inhibitory effect
on the proliferation of HLE and HLF cells up to 48 h after the treatment. The three anticancer drugs
significantly reduced the cell viability of HLE and HLF cells in a dose-dependent manner; however,
the effect of combination treatment with GANT61 differed between the drugs. GANT61 significantly
reduced the viability of HCC cells treated with relatively high concentrations of mitomycin C and 5-FU.
In contrast, this enhancement of drug sensitivity was barely observed in the combination with sorafenib
(Figure 3a,b). To understand the mechanism of the drug-specific effect of GANT61, we next examined
the expression level of GLI mRNA in sorafenib-treated cells. Sorafenib is known as a multi-kinase
inhibitor that targets the kinase activity of B-Raf, vascular endothelial growth factor receptors (VEGFRs),
and platelet-derived growth factor receptor β (PDGFR-β). We first examined the amount of the active
forms of MEK1 and ERK1/2, downstream molecules of the Ras–Raf pathway, in HLE cells treated with
the inhibitors. Phosphorylated forms of MEK1 (p-MEK1) and ERK1/2 (p-ERK1/2) were shown to be
decreased by treatment with the MEK inhibitor U0126 (1 µM) and sorafenib (10 µM) (Figure 3c,d).
Quantitative PCR revealed that these treatments significantly decreased the expression levels of GLI1,
GLI2, and GLI3 mRNA (Figure 3e). Altogether, these data suggest that GANT61 has an antitumor
effect by decreasing cell proliferation and cell viability when it is combined with anticancer drugs in
undifferentiated HCC cells. The effect of combination treatment on drug sensitivity differed between
the drugs due to the non-canonical regulation of GLI-mediated signaling by the Ras–Raf–MEK–ERK
pathway, a critical target of sorafenib.
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Figure 3. Drug-specific enhancing effect of cytotoxicity by GANT61 and involvement of the
Ras–Raf–MEK–ERK pathway in the regulation of GLI expression in undifferentiated HCC cells.
Cell viability assays of HLE (a) and HLF (b) cells treated with 10 µM of GANT61 in combination with
various concentrations of anticancer drugs. After 48 h, cell viability was measured by WST assay and is
expressed as the percentage of drug-free control. (c) Western blot analysis of phospho-MEK
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(Ser2017/221), total MEK, and phospho-ERK (Thr202/Tyr204) in the lysate extracted from the cells
treated with U1026 (1 µM) and sorafenib (Sora) (10 µM) for 24 h. β-Actin served as a control of
protein loading. (d) Relative protein expression levels were calculated from the band intensity with
ImageJ software (NIH). (e) Relative gene expression levels of GLI1, GLI2, and GLI3 in U1026- and
sorafenib-treated cells compared to the control (DMSO). * p < 0.05, ** p < 0.01 vs. the vehicle control
(DMSO).

2.4. GANT61 Inhibits the Sphere Forming Capacity of Undifferentiated HCC Cells

To examine the effect of GANT61 on the cancer stem cell (CSC)-like phenotype, sphere formation
in suspension culture was performed in the presence or absence of GANT61. HLE and HLF cells
were able to form large spheres in a low adherence plate with media containing the vehicle. In
contrast, large spheres were barely observed in the presence of 10 µM of GANT61 (Figure 4a,b). To
understand the possible molecular mechanism underlying this, we next examined the expression of
stemness-related genes in control and GANT61-treated cells. Quantitative PCR revealed that Oct4,
a transcription factor related to pluripotency and self-renewal, was significantly down-regulated in
HLE cells treated with GANT61. In HLF cells, GANT61 treatment showed a tendency to reduce
the expression of three genes—Oct4, Bmi1 and CD44—although the difference was not statistically
significant (Figure 4c). Two subtypes of aldehyde dehydrogenase, ALDH1A1 and ALDH1A3, were
significantly down-regulated by GANT61 in HLF and HLE cells, respectively. These data suggest that
GANT61 inhibits sphere formation by down-regulating stemness-related genes in undifferentiated
HCC cells.Int. J. Mol. Sci. 2020, 21, x 7 of 15 
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Figure 4. GANT61 inhibits sphere formation by down-regulating stemness-related genes.
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(a) Morphological appearance of spheres formed in the presence or absence of 10 µM GANT61. HLE
(upper) and HLF (lower) cells were cultured in an ultra-low-attachment culture plate for 10 days and
photographed. Scale bar = 100 µm. (b) The diameter of the sphere was measured in five representative
spheres of each group. (c) Quantitative PCR of stemness-related genes Oct4, Bmi1, CD44, ALDH1A1,
and ALDH1A3 in HLE (left) and HLF (right) cells treated with 10 µM of GANT61. GAPDH mRNA was
used as an internal control. * p < 0.05, ** p < 0.01 vs. the vehicle control (DMSO).

2.5. GANT61 Inhibits Cell Migration by Down-Regulating Snail1 Gene Expression

To investigate the effect of GANT61 on cell migration ability, a wound healing assay was
performed by scratching monolayer-cultured cells. To exclude the effect on cell proliferation, assays
were performed under the condition of serum deprivation (1% FBS or serum-free) using 5 and 10 µM
of GANT61. Twenty-four hours after scratching, GANT61-treated cells showed slower migration than
control cells (Figure 5a). Quantification of cell migrating activity was carried out by measuring a closed
area after 24 h, and this revealed a significant and dose-dependent decrease in cell migrating activity in
HLE and HLF cells (Figure 5b).Int. J. Mol. Sci. 2020, 21, x 8 of 15 

 

 

Figure 5. Wound healing assay of undifferentiated HCC cells treated with GANT61. (a) Scratched 

area of monolayer-cultured HLE (upper) and HLF (lower) cells treated with 5 μM (GANT5) and 10 

μM (GANT10) of GANT61 under the serum-free condition. (b) A closed area was used to evaluate 

cell migration activity. * p < 0.05, ** p < 0.01 vs. the vehicle control (DMSO). 

To confirm the inhibitory effect of GANT61 on cell migration, a transwell assay was performed. 

As shown in Figure 6, GANT61 lowered the migration of HLE cells in a dose-dependent manner 

(Figure 6a,b). Furthermore, an increase in the epithelial marker E-cadherin and a decrease in the 

mesenchymal marker vimentin were observed by Western blotting of the lysates extracted from 

GANT61-treated cells (Figure 6c). Quantitative PCR revealed that the mesenchymal transcription 

factor Snail1 was down-regulated by GANT61 treatment compared to the control (Figure 6d). Snail 

knockdown by small-interference RNA (siRNA) significantly reduced the migration ability of HLE 

cells (Figure 6e–g). Together, these data suggest that GANT61 inhibits cell migration by attenuating 

the mesenchymal phenotype of undifferentiated HCC cells. 

Control GANT5 GANT10

0h

24h

0h

24h

HLF

HLE

(a) (b)

0

10

20

30

40

50

Control GANT5 GANT10

cl
o

se
d

 a
re

a
 (

%
)

**
*

0

10

20

30

40

50

60

Control GANT5 GANT10

cl
o

se
d

 a
re

a
 (

%
)

**
*

HLF

HLE

Figure 5. Wound healing assay of undifferentiated HCC cells treated with GANT61. (a) Scratched area
of monolayer-cultured HLE (upper) and HLF (lower) cells treated with 5 µM (GANT5) and 10 µM
(GANT10) of GANT61 under the serum-free condition. (b) A closed area was used to evaluate cell
migration activity. * p < 0.05, ** p < 0.01 vs. the vehicle control (DMSO).

To confirm the inhibitory effect of GANT61 on cell migration, a transwell assay was performed.
As shown in Figure 6, GANT61 lowered the migration of HLE cells in a dose-dependent manner
(Figure 6a,b). Furthermore, an increase in the epithelial marker E-cadherin and a decrease in
the mesenchymal marker vimentin were observed by Western blotting of the lysates extracted from
GANT61-treated cells (Figure 6c). Quantitative PCR revealed that the mesenchymal transcription
factor Snail1 was down-regulated by GANT61 treatment compared to the control (Figure 6d). Snail
knockdown by small-interference RNA (siRNA) significantly reduced the migration ability of HLE
cells (Figure 6e–g). Together, these data suggest that GANT61 inhibits cell migration by attenuating
the mesenchymal phenotype of undifferentiated HCC cells.
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Figure 6. GANT61 inhibits cell migration by attenuating the mesenchymal phenotype of HLE cells. (a)
Transwell migration assay of HLE cells treated with 5 µM (GANT5) and 10 µM (GANT10) of GANT61.
Migrated cells were stained with crystal violet. (b) The migration activity of the cells is expressed as
a percentage of the cell number compared with the control. (c) Western blotting of E-cadherin, vimentin,
and β-actin as an loading control. (d) Quantitarive PCR analysis of EMT-related transcription factors
Snail1, Twist1, and Zeb1 in HLE (left) and HLF (right) cells treated with 10 µM GANT61. (e) Quantitative
PCR analysis of Snail mRNA in HLE cells treated with control (si-Control) and Snail (si-Snail) siRNA.
(f,g) Transwell migration assay of siRNA-treated HLE cells and their migration activity. * p < 0.05,
** p < 0.01 vs. vehicle control (DMSO).

3. Discussion

The HH-GLI signaling pathway was shown to play a critical function during development by
regulating cellular proliferation and differentiation. In wound healing and regeneration processes,
this pathway plays important roles in cellular differentiation, migration, and maintenance of tissue
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progenitor cells [17]. Therefore, aberrant activation of this signal in cancer cells leads to malignant
transformations such as dedifferentiation, acquisition of stemness features, and migration potency. In
this study, we investigated the biological significance of GLI-mediated signaling in undifferentiated
HCC cell lines using the GLI specific inhibitor GANT61. We found preferential expression of GLI
mRNAs in undifferentiated HCC cell lines that showed the mesenchymal phenotype. Consistent
with previous reports, HLE and HLF were characterized by increased mesenchymal markers and
the loss of epithelial and hepatic markers [18,19]. Among GLI genes, GLI2 and repressor GLI3 were
specifically expressed in undifferentiated HCC cells. Generally, GLI1 acts mainly transcriptional
activation in cancer cells, whereas GLI2 requires N-terminal processing for full activation [20,21]. GLI2
is reported to induce genomic instability by inhibiting apoptosis, which is responsible for eliminating
transformed aberrant cells [22]. These reports and our data suggest that GLI2 expression, in addition
to that of GLI1, contributes to the promotion of cell dedifferentiation and confers HCC cells with
mesenchymal phenotypes.

To determine the biological impact of GANT61 in undifferentiated HCC cells, we investigated
the cell proliferation and sensitivity to cell death induced by anticancer drugs in GANT61-treated HLE
and HLF cells. Although we observed a positive antitumor effect of GANT61 on cell viability, the impact
seemed to be relatively weak compared with that observed in other type of cancers. For instance,
previous studies reported that only 10%–40% of cells remained viable after treatment with 10–20 µM
of GANT61 in lung, melanoma, prostate, glioma, and breast cancer cells [23–29]. These reports and
our observation allow us to hypothesize that the GANT61 target may be a small subpopulation in
HLE and HLF cells. In combination treatment, there was little enhancing effect on drug sensitivity
when GANT61was used with low concentrations of mitomycin C and 5-FU; however, a significant
decrease in cell viability was observed when GANT61 was used in combination with relatively high
concentrations of these drugs. This result suggests that a small population of drug-resistant cells
were targeted by GANT61. Previous reports showed that HH-signal inhibitors, such as the SMO
inhibitor and direct GLI inhibitors, have antitumor effects by targeting CSC-like cell populations [30,31].
Therefore, it is reasonable to hypothesize that a small subpopulation of CSC-like cells which depends
on GLI signaling would be a target of GANT61.

Interestingly, we observed no enhancement of cell death in combination with sorafenib,
a multi-kinase inhibitor targeting the serine–threonine kinases Raf-1 and B-Raf and the receptor
tyrosine kinase activity of VEGFRs and PDGFR-β. A possible mechanism underlying the drug-specific
response might be explained by the observation that sorafenib down-regulated the expression of
GLI genes. GLI-dependent transcription is known to be activated in an HH ligand-independent
manner, namely non-canonical HH signaling, which includes oncogenic intracellular signaling
pathways such as PI3–AKT, TGFβ–smad, and Ras–Raf–MEK–ERK [16]. Therefore, in undifferentiated
HCC, the GLI-mediated HH pathway is suggested to be regulated, at least in part, by
the Ras–Raf–MEK–ERK pathway.

Increasing evidence is suggesting that the acquisition of stemness features in tumor cells is
correlated with poor clinical outcomes in various type of cancers. These malignantly transformed cells
often show enhanced resistance to chemotherapy, anchorage-independent survival, and migration
potency that causes postoperative recurrence and metastasis. As well as well-known oncogenic
intracellular signaling components such as Wnt/β-catenin, Notch, TGF-β, and AKT, HH-GLI signaling
was described as an important pathway for maintaining the stemness of undifferentiated and/or
immature cells [3]. In normal liver development, HH-GLI signaling contributes to the proliferation
of immature progenitor cells, and its activation progressively decreases during liver epithelial cell
maturation [32]. HH-GLI signal activation re-increases when the tissue regenerates after injury to
promote the proliferation of liver progenitor cells. Therefore, HH-GLI signaling is considered to
promote dedifferentiation and confer cancer cells to have stemness features, making it a promising
target for cancer therapy. In this study, we observed significant decreases in sphere forming activity
and cell migration by GANT61. Gene expression analysis revealed that GLI inhibition significantly
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down-regulated Oct4 in HLE cells and in HLF cells, showing a tendency to reduce the expression of
stemness-related genes (Oct4, Bmi1, and CD44) which play important roles in anchorage-independent
cell growth. We also observed significant down-regulation of ALDH mRNA expression by GANT61.
ALDH was shown to play an important role in self-renewal in various cancers including HCC and was
reported to be regulated by GLI signaling in melanomas [33,34]. Therefore, these stemness-related
genes may be crucial targets of GLI signaling in undifferentiated HCC. In the sphere assay, the rate of
sphere formation was found to be about 1% for the cells seeded in a low-attachment dish (data not
shown). In future research, identification and isolation of a subpopulation that has sphere forming
activity is required to assess the critical effect of GANT61.

A significant decrease in cell motility by GANT61 was confirmed in a wound healing assay and
transwell assay. These assays and the Western blot analysis suggest that the mesenchymal features of
undifferentiated HCC cells are attenuated by GANT61 treatment. In terms of the molecular mechanism,
Snail1, a pivotal transcriptional regulator for migration potency, was found to be down-regulated in
HLE cells. Although Snail1 is known as a key regulator of EMT, the impact of GANT61 on mRNA
expression differed among two cell lines (Figure 6d). Moreover, GANT61 treatment was associated with
greater inhibition of migration activity than Snail knockdown, despite the weaker down-regulation
effect of Snail mRNA compared with that of si-Snail (Figure 6b,g). Together, these results suggest that
other genes, in addition to Snail, responsible for cell migration may be affected by GANT61. A thorough
study of target genes including coding and non-coding genes should be required to understand
the cell-type-specific action of GAN61. An anti-migrative effect was related to HH signaling inhibition
by the SMO inhibitors NVP-LDE-225 and GDC-0449, both of which were approved for clinical
application [35–37]. However, these drugs may be ineffective for the non-canonical GLI-activation
pathway observed in this study. In addition to the SMO inhibitor, the use of a direct inhibitor of
GLI and/or inhibitors of signaling pathways involved in the non-canonical HH-GLI pathway may be
required for effective treatment.

As depicted in Figure 7, the results of our study demonstrate that the HH-GLI signal inhibitor
GANT61 has an antitumor effect on the malignant character of undifferentiated HCC cells with
the mesenchymal phenotype. Direct inhibition of GLI was suggested to be beneficial in the case of
dedifferentiated HCC which is involved in non-canonical HH-GLI signaling.
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4. Materials and Methods

4.1. Cell Culture and Reagents

Hepatoma cell lines (HepG2, HuH1, HuH7, HLE and HLF) were purchased from RIKEN BRC.
Cells were maintained in DMEM containing 10% FBS, 4.5 mg/mL glucose, and 2 mM l-glutamine in
a humidified incubator at 37 ◦C and 5% CO2. GANT61 (Santa Cruz Biotechnology; sc-202630) and
sorafenib (ChemScene LLC; Monmouth Junction, NJ, USA) were dissolved in DMSO at a concentration
of 10 mM and stored in a freezer at –20 ◦C.

4.2. Cell Viability Assays

Cell viability was determined by the WST assay using the Cell Counting Kit-8 (Dojin Chemical Co.,
Ltd.; Kumamoto, Japan). Briefly, cells were cultured in a 96-well plate and subjected to the experiment.
To determine cell viability, a 10% volume of CCK-8 reagent was added to each well, and the plate was
incubated for 1 h at 37 ◦C. Cell viability was calculated by measuring the absorbance at a wavelength
of 450 nm. For cell proliferating assays, cells were seeded at 3 × 103 cells/well and measured at 24, 48,
and 72 h after the treatment. The relative number of viable cells was calculated from OD450 to create
proliferation curves.

4.3. Gene Expression Analysis

Total RNA was isolated using the TRIZOL reagent in accordance with the manufacturer's
instructions (Invitrogen; Carlsbad, CA, USA). One microgram of RNA was used to synthesize cDNA
using GeneAce Reverse Transcriptase (Nippon Gene; Tokyo, Japan). A gene expression analysis was
performed using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific; Waltham, MA, USA)
and the ABI qPCR system (Thermo Fisher Scientific). The primers used in this study are listed in
Supplementary Table S1.

4.4. Sphere Forming Assay

A sphere assay was performed by seeding HLE and HLF cells in a 12-well low-attachment plate.
Cells were treated with DMSO or 10 µM of GANT61 and incubated for 10 days. Half of the medium was
changed every three days. Formed spheres were photographed and their diameters were measured.

4.5. Cell Migration Assays

Cells were grown at 90%–100% confluency and subjected to the experiment. Monolayer cells
were scratched using microtips and photographed at day 0. Cells were treated with serum-free DMEM
containing DMSO or 10 µM of GANT61 for 24 h and photographed at day 1. A closed area was used to
evaluate cell migration activity.

4.6. Transwell Migration Assays

HLE cells were pre-treated with DMSO or GANT61 (5 and 10 µM) in a serum-starved condition
for 24 h. A total of 5 × 104 cells were seeded into the upper chambers of transwell inserts with 8 µM
pores (Corning Inc.; Corning, NY, USA) with DMEM but without serum. The bottom well contained
10% FBS DMEM to induce cell migration. After 24 h, the cells that migrated to the underside of
the membrane were fixed and stained with crystal violet containing 10% methanol and counted to
quantify the migration ability. A knockdown experiment was performed by transfection of Stealth
RNAi Pre-Designed siRNAs (Thermo Fisher Scientific) for Snail mRNA and a negative control for 24 h.
Cells treated with siRNA were subjected to the transwell assay as described above.
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4.7. Western Blot Analysis

Cell lysates were prepared from the cells subjected to the experiment by using Cell Lysis Buffer
(Cell Signaling Technology; Danvers, MA, USA) and stored in a deep freezer until use. The protein
concentration was determined by the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).
Equal amounts of the protein sample were separated on a SDS-PAGE and immunoblotted with
antibodies against human E-cadherin (Santa Cruz Biotechnology), vimentin (Santa Cruz Biotechnology),
MEK1 (Novus Biologicals, Centennial CO, USA), phospho-MEK1/2 (Ser2017/221) (Cell Signaling
Technology), phospho-ERK1/2 (Thr202/Tyr204) (Cell Signaling Technology), and beta-actin (Cell
Signaling Technology). HRP-conjugated secondary antibodies were used to detect primary antibodies
and were visualized with ECL detection reagent (GE Healthcare UK; Buckinghamshire, UK) and
a light-sensitive X-ray film (Fuji film; Tokyo, Japan).

4.8. Statistical Analysis

Statistical comparisons for in vitro experiments were performed using Student’s t-tests. p < 0.05
was considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/9/3126/
s1.
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Abstract: Programmed death-ligand 1 (PD-L1) expression is a predictor of immune checkpoint
inhibitor (ICI) treatment efficacy. The clinical efficacy of ICIs for non-small-cell lung cancer (NSCLC)
patients harboring major mutations, such as EGFR or ALK mutations, is limited. We genotyped
190 patients with advanced lung adenocarcinomas who received nivolumab or pembrolizumab
monotherapy, and examined the efficacy in NSCLC patients with or without major mutations.
Among the patients enrolled in the genotyping study, 47 patients harbored EGFR mutations, 25 patients
had KRAS mutations, 5 patients had a HER2 mutation, 6 patients had a BRAF mutation, and 7 patients
had ALK rearrangement. The status of PD-L1 expression was evaluated in 151 patients, and the
rate of high PD-L1 expression (≥50%) was significantly higher in patients with ALK mutations.
The progression-free survival was 0.6 (95% CI: 0.2–2.1) months for ALK-positive patients and 1.8 (95%
CI: 1.2–2.1) months for EGFR-positive patients. All patients with ALK rearrangement showed disease
progression within three months from the initiation of anti-PD-1 treatment. Our data suggested that
ICI treatment was significantly less efficacious in patients with ALK rearrangement than in patients
with EGFR mutations, and PD-L1 expression was not a critical biomarker for ICI treatment for patients
with one of these mutations.

Keywords: ALK; EGFR; non-small-cell lung cancer (NSCLC); immune checkpoint inhibitor
(ICI); adenocarcinoma

1. Introduction

Anaplastic lymphoma kinase (ALK) is a tyrosine kinase that is constitutively activated in certain
types of cancers due to genetic abnormalities, such as chromosomal translocations, gene amplification,
and point mutations [1,2]. In 2007, Mano et al. [3] reported a small translocation within chromosome 2
in lung adenocarcinoma cells, which results in the generation of an echinoderm microtubule-associated
protein-like 4 (EML4)–ALK fusion gene. The ALK is a receptor tyrosine kinase that is responsible for
cell growth, but when it is fused with EML4, the enzyme activity is increased to become an EML4–ALK
kinase that has strong oncogenic potential. Additionally, Mano et al. [4] reported the oncogenicity of
the EML4–ALK fusion gene in genetically modified mice, which produced EML4–ALK kinase specific
to lungs and developed multiple lung cancers soon after birth.

ALK gene rearrangement occurs in a small portion of patients with non-small-cell lung cancer
(NSCLC) [5], but it accounts for about 30%–40% of lung adenocarcinoma in young individuals, and is
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present in many non-smokers and patients with epidermal growth factor receptor (EGFR)-mutated
lung cancer [6–8]. ALK tyrosine kinase inhibitors (TKIs) are effective in NSCLC patients with ALK
gene rearrangement. Crizotinib, a first-generation ALK inhibitor that was originally developed as
a c-Met inhibitor, also potently inhibits ALK kinase [9,10]. Crizotinib showed clinical benefit for
NSCLC patients with ALK rearrangement beyond cytotoxic chemotherapy in the PROFILE 1007 trial
and PROFILE 1014 trial, and has been approved and used in clinical practice [9,10]. However, after
the initial positive response, all patients developed resistance to crizotinib after approximately one
year. The most frequent resistance mechanism is the L1196M gatekeeper mutation, but resistance
mechanisms of ALK inhibitors are more diverse than those of EGFR TKIs [11–13]. Second-generation
ALK inhibitors have been developed as effective drugs for ALK-positive NSCLC patients who have
acquired resistance, such as alectinib, which has shown remarkable efficacy after acquired resistance to
crizotinib in clinical trials [14]. To answer the question of whether sequential treatment with alectinib
after crizotinib is better than alectinib for ALK-positive NSCLC as an initial treatment, alectinib and
crizotinib were previously compared as a first-line treatment for ALK-positive NSCLC. The results
showed that alectinib was superior to crizotinib as a first-line treatment for ALK-positive NSCLC [15,16].
However, resistance to alectinib eventually developed. Moreover, the resistance mechanism of alectinib
has been reported to be more diverse than that of crizotinib [17]. Approximately 30% of resistance to
ALK inhibitors is due to gene mutations, but the new acquired resistance mechanisms are diverse [18].
Attempting to overcome resistance by focusing on resistant mutated genes is not a common treatment
strategy [19]. Therefore, cytotoxic chemotherapy and immune therapy are needed to treat patients
who develop resistance to ALK inhibitors. Treatment after acquired resistance to ALK inhibitors
include other ALK inhibitors, but an immune checkpoint inhibitor (ICI) + chemotherapy, which is the
standard first-line treatment for NSCLC without a driver oncogene, is a candidate for ALK inhibitor
resistance. However, there is less data on the efficacy of ICIs for ALK-rearranged NSCLC. Among the
clinical trials for ICI + chemotherapy, those including ALK- and EGFR-positive cases have reported
the use of atezorizumab + bevacizumab + carboplatin + paclitaxel (ABCP) (IMPOWER 150 trial).
For EGFR/ALK-positive cases, ABCP showed a 70.6% objective response rate (ORR), and ABCP was
superior to BCP in progression-free survival (PFS) and overall survival (OS) in a subgroup analysis
(PFS—hazard ratio (HR): 0.59, 95% confidence interval (CI): 0.37–0.94; OS—HR: 0.54, 95% CI: 0.29–1.0).
However, only 11 ALK-positive cases were included in the IMPOWER 150 trial [20]. Similarly, there
are a few reports of ALK-positive NSCLC with ICI monotherapy [21,22]. Additionally, in many clinical
trials, ALK and EGFR are administered in combination. Although the backgrounds of patients who have
EGFR- and ALK-positive tumors commonly include non-smokers and young patients [6–8], it is unclear
whether a similar clinical course is followed in immunotherapy. It has been reported that programmed
death-ligand 1 (PD-L1) expression is high in ALK-positive lung cancer [23,24]. PD-L1 expression is one
of the predictors of efficacy for ICI treatment [25,26]. However, there are a few reports of studies that
have investigated the efficacy of PD-1 inhibitors in ALK-rearranged NSCLC patients [21,22]. Therefore,
we compared the efficacies of ICIs for the treatment of lung adenocarcinoma with ALK rearrangement
and other oncogene drivers, including EGFR mutations.

2. Results

2.1. Patients and Treatment

The median follow-up was 10.2 months (range: 0–51 months). The patient characteristics are
summarized in Table 1. The median age of the patients was 66 years (range: 32–87 years). All patients
had adenocarcinoma, and 141 patients were smokers. The Eastern Cooperative Oncology Group
Performance Status (PS) was 0 to 1 for 166 patients and 2 to 3 for 24 patients. Anti-PD-1 therapy was the
first-line treatment for 27 patients, the second-line treatment for 70 patients, and the third-line treatment
for 93 patients. Nivolumab was used to treat 138 patients, and pembrolizumab was used to treat 52
patients. Forty-seven patients (24%) harbored EGFR mutations, 25 patients (13%) had v-Ki-ras2 Kirsten
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rat sarcoma viral oncogene homolog (KRAS) mutations, 5 patients (3%) had a human epidermal growth
factor receptor type 2 (HER2) mutation, 6 patients (3%) had a B-Raf proto-oncogene, serine/threonine
kinase (BRAF) mutation, and 7 patients (4%) had ALK rearrangement. The status of PD-L1 expression
could be evaluated in 117 (62%) patients. Fifty-eight patients had high PD-L1 expression (≥50%),
52 patients had low PD-L1 expression (1%–49%), and 41 patients were PD-L1 negative.

Table 1. Patient characteristics.

Characteristics N = 190

Age Median (Range) 66 (32–87)
<75 years 173 (91%)
≤75 years 17 (9%)

Sex Male 128 (67%)
Female 62 (33%)

Stage Relapse post-operation 32 (17%)
III/IV 158 (83%)

ICI Nivolumab 138 (73%)
Pembrolizumab 52 (27%)

ECOG PS 0–1 166 (87%)
2–3 24 (13%)

Histology Adenocarcinoma 190 (100%)
Smoking Smoker 141 (74%)

Non-smoker 49 (26%)
Mutation EGFR 47 (25%)

ALK 7 (4%)
Others 40 (21%)
None 96 (51%)

PD-L1 status Unknown 39 (21%)
0 41 (22%)

1%–49% 52 (27%)
≥50% 58 (31%)

ICI, immune checkpoint inhibitor; ECOG: Eastern Cooperative Oncology Group; PS: Performance status; and PD-L1,
program death-ligand 1.

When the database was closed, 23 of the patients were continuing anti-PD-1 treatment. For efficacy
measurements, the objective response rate (ORR) and the median progression-free survival (PFS) in all
patients (N = 190) were 22% and 2.4 (95% CI: 2.0–3.1) months, respectively (Figure 1A), and the OS
of patients treated with anti-PD-1 therapy was 14.3 (95% CI: 10.0–19.3) months (Figure 1B). The PFS
and OS data presented in this cohort are comparable to those presented in ICI monotherapy clinical
trials [20,25–27].

2.2. PD-L1 Expression for Each Mutation

The PD-L1 expression for each mutation is shown in Figure 1C. The rate of high PD-L1 expression
(≥50%) was significantly higher in patients with ALK mutations than in patients with other mutations,
including EGFR mutations.

2.3. Efficacy of Immune Checkpoint Inhibitors According to Oncogenic Subtype

The PFS was 0.6 (95% CI: 0.2–2.1) months for ALK-positive patients, 1.8 (95% CI: 1.2–2.1) months
for EGFR-positive patients, 3.2 (95% CI: 1.8–7.6) months for patients with other mutations, and 3.2
(95% CI: 2.3–4.8) months for patients without any mutations (Figure 2A). Among patients with EGFR
or ALK mutations, the PFS following ICI treatment was significantly longer in patients with EGFR
mutations than in those with ALK mutations (ALK: 0.6 (95% CI: 0.2–2.1) months, EGFR: 1.8 (95% CI:
1.2–2.1) months; p < 0.01) (Figure 2B). The predictive factors in the univariate and multivariate analyses
are presented in Table 2. The good PS (0–1), PD-L1 status (positive), mutation (without EGFR or

175



Int. J. Mol. Sci. 2020, 21, 2623

ALK), and baseline C-reactive protein (CRP) value (<1.0 mg/dL) were significant factors for PFS of
ICI-treated patients.
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Figure 1. Clinical outcomes and PD-L1 expression in patients treated with ICI. (A) Progression-free
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Table 2. Univariate and multivariate analyses for progression-free survival of ICI-treated patients.

Univariate Multivariate

Objectives Risk Ratio 95% CI p-Value

Sex Male/Female 0.62 0.45–0.85 <0.01 0.37
Mutation Without EGFR, ALK/EGFR, or ALK 0.54 0.39–0.75 <0.01 0.02

PS 0–1/2–3 0.24 0.15–0.38 <0.01 <0.01
PD-L1 Positive/negative 0.57 0.39–0.83 <0.01 0.01

Smoking Smoker/non-smoker 0.59 0.42–0.83 <0.01 0.92
CRP <1.0/≥1.0 mg/dL 0.65 0.48–0.88 <0.01 0.02
LDH <245/≥245 U 0.59 0.43–0.81 <0.01 0.07

Albumin <3.5/≥3.5 g/dL 0.68 0.48–0.98 0.04 0.8
NLR <5.0/≥5.0 0.56 0.40–0.80 <0.01 0.33

PS, performance status; PD-L1, program death-ligand 1; CRP, C-reactive protein; LDH, lactate dehydrogenase;
and NLR, neutrophil-to-lymphocyte ratio.
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The PFS of ICI-treated patients with PD-L1 high expression (≥50%), PD-L1 low expression
(1%–49%), and PD-L1-negative tumors was 5.2 (95% CI: 2.1–9.2) months, 2.9 (95% CI: 2.1–4.8) months,
and 2.1 (95% CI: 1.4–3.2) months (Figure 3A), and the OS was 25.4 (95% CI: 15.5–32.0) months, 18.3 (95%
CI: 8.3–23.0) months, and 10.9 (95% CI: 6.5–20.3) months, respectively (Figure 3B).
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survival based on PD-L1 status in all patients viable for PD-L1 assessment (N = 151). (C) Progression-free
survival based on PD-L1 status in patients without EGFR or ALK mutations (N = 141) and (D,E) with
EGFR or ALK mutations (N = 54).

The PFS of ICI was significantly longer in patients who were PD-L1 positive than in those who
were PD-L1 negative in the group without EGFR or ALK mutations (PD-L1 positive: 5.2 (95% CI: 3.1–8.6)
months (Figure 3C), PD-L1 negative: 2.1 (95% CI: 1.4–3.8) months; P < 0.01), but for patients with
EGFR or ALK mutations, there was no significant difference between the PFS of ICI-treated patients
who were PD-L1 positive and those who were PD-L1 negative (PD-L1 positive: 1.8 (95% CI: 1.0–2.1)
months, PD-L1 negative: 1.9 (95% CI: 0.9–5.1) months; P = 0.83) (Figure 3D). ICI-treated patients with
PD-L1 high expression (≥50%) and patients with ALK or EGFR mutations showed short PFS. The PFS
of patients with PD-L1 high expression (≥50%), PD-L1 low expression (1%–49%), and PD-L1-negative
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tumors in the group with ALK or EGFR mutations was 1.9 (95% CI: 0.9–5.1) months, 1.9 (95% CI:
0.9–2.7) months, and 1.7 (95% CI: 0.6–2.8) months, respectively (Figure 3E).

All patients with ALK rearrangement showed disease progression within three months from the
initiation of anti-PD-1 treatment.

3. Discussion

We found that anti-PD-1 therapy was less efficacious in patients with ALK rearrangement than in
patients with other mutations, including EGFR mutations. Recently, several studies that examined
the correlation between oncogenic subtype and efficacy of ICIs have been reported [21,22,27–29].
Mazieres et al. reported the association between the efficacy of ICI and driver oncogenes and found that
patients with actionable mutations (EGFR, ALK, and ROS-1) had poor ICI treatment outcomes [22,30].
The present study is the first to show the difference in ICI efficacy between patients with EGFR mutations
and ALK rearrangement. TKIs are used as first-line treatment for patients with driver oncogenes,
but after patients become resistant, ICI treatment is considered at any stage. The efficacy of nivolumab
was found to be inferior to that of docetaxel in patients with EGFR mutations in the Checkmate
057 trial [27], but there is less data on the efficacies of ICIs for NSCLC with ALK rearrangement.
Different ALK inhibitors are clinically used subsequent to the resistance to ALK inhibitors, but ICI
+ chemotherapy, which is the standard first-line treatment for NSCLC without a driver oncogene,
is another option. However, little is known about the efficacy of these regimens in patients with
an EGFR or ALK mutation. The IMPOWER 150 trial [20] reported ICI + chemotherapy efficacy in
patients, including those with ALK and EGFR mutations, and ABCP was used for treatment in the trial.
In the EGFR-positive cases, ABCP gave a 70.6% ORR, and the HR for BCP therapy was 0.61 (95% CI:
0.29–1.28). However, only 11 ALK-positive patients were included in the IMPOWER 150 trial, and the
effects of treatment on those patients were not described [20].

In addition, it is not known whether the predictive factors of ICI treatment efficacy are equivalent
between patients with and without driver oncogenes. In this study, a multivariate analysis detected
that good PS (0–1), PD-L1 status (positive), mutation (without EGFR or ALK), and baseline C-reactive
protein (CRP) value (<1.0 mg/dL) were significant factors for PFS following ICI treatment. There are
some reports that ICI treatment has less efficacy in patients with a high CRP level. There are several
reports, including our report, that ICI treatment has less efficacy in patients with poor PS or high
CRP. It is thought that these are due to immunosuppression and the relationship with inflammatory
cytokines [31–33], but the reasons are not clear. Therefore, CRP is not a clear biomarker. However,
PD-L1 expression, one of the biomarkers of ICI treatment, is important when determining the course
of treatment [24,25]. We do not know whether PD-L1 is a suitable biomarker for patients with EGFR or
ALK mutations. In this study, we found that the correlation between PD-L1 expression and the effect of
ICI treatment was not strongly associated in patients with ALK rearrangement, in spite of the small
population included in the study.

Recently, several studies have shown that oncogenic signals derived from mutations or loss
of tumor suppressor genes upregulate the expression of immune checkpoint molecules in cancer
cells during immune escape [34]. In EGFR-mutated NSCLC, PD-L1 expression was reportedly
enhanced, which resulted in the suppression of T-cell function via activation of the PD-1/PD-L1
pathway. Furthermore, it has been reported that the EML4-ALK rearrangement upregulated PD-L1
expression via HIF-1α and STAT3 in vitro [35].

The expression of PD-L1 occurs by two mechanisms. First, tumor-infiltrating lymphocytes (TIL)
in the tumor microenvironment produce interferon-γ, thereby upregulating PD-L1. Thus, PD-L1
expression may be correlated with the existence of TILs, and PD-L1 may be used as a biomarker of the
efficacy of ICI treatment [36–38]. Second, PD-L1 is upregulated by a pathway downstream of the driver
oncogene [35,39]. In this case, the expression of PD-L1 was increased secondarily with no relationship
with the presence of TILs or effects of ICI. In the present study, all patients with ALK-positive cases
experienced exacerbation within three months after the initiation of ICI treatment, even patients with
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high expression of PD-L1. This result indicates that PD-L1 expression may not be an effective predictor
in patients with lung cancer who have ALK or EGFR mutations (Figure 4).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 15 

 

 
Figure 4. Different types of tumor microenvironment in PD-L1-positive tumors. (A) Adaptive immune
resistance type: Tumor Infiltrating Lymphocyte (+); (B) Intrinsic induction type: Tumor Infiltrating
Lymphocyte (−)

Another point to be considered in the treatment with ICI for ALK-positive patients is that
early treatment with ICI could take away the next treatment opportunity. For example, some
patients experience a unique pattern of progression disease called hyperprogression [40–42], which
is characterized by rapid disease progression after the initiation of ICI. Patients who experience
hyperprogression show poor prognosis, and they cannot take the next treatment. Some retrospective
studies have also reported an increased risk of hepatotoxicity with the sequential use of ICIs and
crizotinib [43]. These data are consistent with the unexpected severe AE rates reported for different
combinations of ALK inhibitors and PD-1/PD-L1 inhibitors [44]. Patients who show sever AEs cannot
take the next treatment until the AEs are reduced. Patients with EGFR or ALK mutations respond to
TKIs dramatically. Even after they acquire resistance to TKIs, they are still subjected to certain cytotoxic
chemotherapeutic effects. In particular, pemetrexed has been reported to have good antitumor activity
in patients with ALK rearrangement [45]. Therefore, it is a great disadvantage that these patients
cannot receive the next treatment because an ICI was used earlier.

In this study, the effect of ICI in patients with other mutations was almost equivalent to the effect
in patients without mutations, and PD-L1 expression served as a predictive factor. These differences
between EGFR, ALK, and other oncogenes were not biologically obvious. However, EGFR and ALK
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greatly contribute to carcinogenesis as driver oncogenes, and targeted therapy is effective. Other genes,
including KRAS, may not be as carcinogenic as EGFR or ALK.

There were several limitations in this study. First, this was a retrospective study at a single
institution. Bylicki et al. reported that there were no significantly difference in PFS between the ALK
group (2.4 months) and the EGFR group (2.2 months). The PFS of ALK-positive patients were shorter
in our study (0.6 months) compared with the Bylicki study [22]. There are some differences in the
Bylicki study and our study, such as race, smoking status, and gender proportion, but these are not
sufficient reasons to explain the difference. Therefore, these differences may be accidental due to the
small sample size. Therefore, larger studies need to be performed to accurately validate the usefulness
of ICI treatment in ALK-positive patients. Second, the treatment lines of ICI varied in this study.
In lung cancer, it is unknown whether TKIs affect the efficacy of ICI treatment. Treatment with a TKI
is recommended for the initial treatment of NSCLC patients with a driver oncogene, and almost all
patients with a driver oncogene, except EGFR exon 20 insertion, were pre-treated with a TKI in this
study. The effects of prior treatment with a TKI may be considered as a reason for poor efficacy of ICI
treatment in patients with EGFR and ALK mutations. Given this limitation, prospective trials will be
required to confirm the effect of driver oncogenes on the efficacy of ICI treatments. However, in patients
with EGFR mutations or ALK rearrangement, TKI is firmly positioned as an initial treatment because of
its high efficacy, and it is difficult to verify the effect of ICI with or without a treatment history of TKI.
A single-arm phase 2 trial for EGFR-positive lung cancer in EGFR TKI-untreated patients had been
initiated, but was stopped during the interim analysis because of poor efficacy [46]. EGFR itself may
be a factor that lowers the effect of ICI, and the patients’ sex may also be a factor. In addition, in lung
cancer patients, pneumonitis frequently occurred in the combination therapy of pembrolizumab and
osimertinib in the TATTON trial, and there were concerns about safety in the combination treatment of
TKI and ICI [47]. In addition, there have been some reports of pneumonitis caused by treatment with
osimertinib after ICI. Therefore, the sequential treatment strategy of TKI followed by ICI is difficult in
lung cancer. In addition, it has been reported that the efficacy of ICI will be poor in late-treatment
lines. Patients with EGFR or ALK mutations tend to receive ICI as a late-line treatment because other
candidates are preferred for the treatment. However, in this study, there was no bias in the treatment
line between patients with EGFR and ALK mutations and other cases. Third, this study did not include
information on adverse effects. In melanoma patients, adverse effects, including vitiligo and rash,
were reported to be good prognostic factors for patients treated with nivolumab [27,48].

4. Materials and Methods

4.1. Patients

We retrospectively analyzed 190 advanced lung adenocarcinoma patients who received nivolumab
or pembrolizumab (ICIs) monotherapy from January 2015 to September 2018 at the Aichi Cancer
Center Hospital. The database was closed on 1 May 2019; at this time, 117 of the 190 patients had
died. This study was approved by the Institutional Review Board in our institution (ACC-2019-1-002).
The informed consent was waived because of the retrospective nature of this study.

Data on patient characteristics, genetic characteristics (EGFR, KRAS, ALK, HER2, and
BRAF), baseline laboratory data (C-reactive protein (CRP), lactate dehydrogenase (LDH),
neutrophil-to-lymphocyte ratio (NLR), and serum albumin level), PD-L1 expression of the tumors,
objective response, PFS of ICI, and OS were obtained. Serum LDH and CRP levels were measured
just before initiation of treatment with ICI. The cut-off values for LDH, CRP, albumin, and NLR were
determined from standard values and previous reports [18,41–43] and in this study, we used the
following levels: serum LDH: <245 vs. ≥245 IU/L, serum CRP: <1.0 vs. ≥1.0 mg/dL, serum albumin:
<3.5 vs. ≥3.5 mg/dL, and NLR: <5 vs. ≥5.
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4.2. Analysis of Efficacy of ICI

The patients received at least one infusion of nivolumab (3 mg/kg every 2 weeks) or pembrolizumab
(200 mg/body every 3 weeks) monotherapy. The patients were treated with an ICI until they showed
disease progression or experienced unacceptable adverse events. In general, the patients underwent
radiographic imaging every 2 months and were evaluated for tumor response according to the Response
Evaluation Criteria in Solid Tumors, version 1.1. The ORR was calculated as the total percentage of
patients with a complete response or a partial response.

4.3. Mutation Analyses of EGFR, ALK, KRAS, HER2, and BRAF

EGFR mutations (exons 18–21) were identified through the cycleave polymerase chain reaction
(PCR) method. HER2 (exon 20), KRAS (exons 2 and 3), and BRAF mutations (exons 11–15) were analyzed
using fragment analysis, and the results were partially validated with direct sequencing, as previously
reported [40]. ALK fusions were examined by reverse transcriptase (RT)-PCR, immunohistochemistry
(IHC) analysis, or fluorescence in situ hybridization (FISH) assays (Vysis ALK Break Apart FISH Probe
Kit; Vysis, Inc, Downers Grove, IL, USA). A tumor was considered to be ALK positive when two or
more mutations were present or the RT-PCR, IHC, or FISH tests had positive results, as previously
reported [49].

4.4. PD-L1 Expression Analysis

Tumor PD-L1 protein expression was evaluated during pre-treatment of (archival or recent)
tumor biopsy or surgical resection specimens using an automated IHC assay. Depending on the drug,
the antibody for companion diagnostic testing varied. The 28-8 pharmDx (Dako, North America,
Carpinteria, CA, USA) and pembrolizumab use 22C3 pharmDx (Dako North America, Carpinteria, CA,
USA). PD-L1 was evaluated, before initial treatment, with the 22C3 antibody for currently diagnosed
cases. However, PD-L1 expression was evaluated by using the 28-8 antibody in cases treated with
an ICI before pembrolizumab was approved. Therefore, two antibodies were used to examine some
patients. In this study, PD-L1 expression was evaluated by using the values obtained by the antibodies
used for companion diagnostic testing. The status of PD-L1 expression was measured as the proportion
of PD-L1-expressing tumor cells in a section that included 100 or more tumor cells. In 190 patients,
we identified 151 patients with tumor specimens that were evaluated for PD-L1 expression.

4.5. Statistical Analysis

All statistical analyses were performed using the JMP version 11 statistical software package
(SAS Institute, Cary, NC, USA). Differences in the baseline characteristics between the groups were
compared by Fisher’s exact tests for categorical data. PFS was calculated from the date of therapy
initiation to disease progression. OS was calculated from the date of nivolumab therapy initiation
to death and censored at the date of the last visit for patients whose death could not be confirmed.
The survival probabilities were estimated using the Kaplan–Meier method, where differences in the
variables were calculated with the log-rank test. The multivariate regression analysis was performed
according to the Cox proportional hazard model. Covariates with P ≤ 0.05 in the univariate analysis
were included in the multivariate model.

5. Conclusions

ICI treatment was significantly less efficacious in patients with ALK rearrangement than in patients
with EGFR mutations, but there was no significant difference in efficacy between patients with other
mutations and no mutations. ICIs have an important role in the treatment strategy for advanced
NSCLC, but patients with ALK and EGFR mutations showed little benefit from ICIs. In addition, PD-L1
expression was not a critical biomarker for ICI treatment in patients with EGFR or ALK mutations.
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This is important information when choosing the next treatment after TKIs. Further investigation of
the association of each driver oncogene with the efficacy of ICI treatment is warranted.
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Abbreviations

ALK Anaplastic lymphoma kinase
EML4 Echinoderm microtubule-associated protein-like 4
NSCLC Non-small-cell lung cancer
EGFR Epidermal growth factor receptor
TKIs Tyrosine kinase inhibitors
ICI Immune checkpoint inhibitor
ABCP Atezorizumab + bevacizumab + carboplatin + paclitaxel
PFS Progression-free survival
OS Overall survival
HR Hazard ratio
CI Confidence interval
PD-L1 Programmed death-ligand 1
KRAS v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
HER2 Human epidermal growth factor receptor type 2
BRAF B-Raf proto-oncogene, serine/threonine kinase
ORR Objective response rate
TIL Tumor-infiltrating lymphocytes
CRP C-reactive protein
LDH Lactate dehydrogenase
NLR Neutrophil-to-lymphocyte ratio
PCR Reverse transcriptase
IHC Immunohistochemistry
FISH Fluorescence in situ hybridization
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Abstract: Microtubules (MTs), microfilaments, and intermediate filaments, the main constituents
of the cytoskeleton, undergo continuous structural changes (metamorphosis), which are central to
cellular growth, division, and release of microvesicles (MVs). Altered MTs dynamics, uncontrolled
proliferation, and increased production of MVs are hallmarks of carcinogenesis. Class III beta-tubulin
(β3-tubulin), one of seven β-tubulin isotypes, is a primary component of MT, which correlates with
enhanced neoplastic cell survival, metastasis and resistance to chemotherapy. We studied the effects
of β3-tubulin gene silencing on MTs dynamics, cell cycle, and MVs release in human malignant
melanoma cells (A375). The knockdown of β3-tubulin induced G2/M cell cycle arrest, impaired
MTs dynamics, and reduced spontaneous MVs release. Additional studies are therefore required to
elucidate the pathophysiologic and therapeutic role of β3-tubulin in melanoma.

Keywords: melanoma; β3-tubulin; microtubules; microvesicles

1. Introduction

Class III beta-tubulin (β3-tubulin), encoded by the TUBB3 gene, is one of seven beta-tubulin
isotypes in the human genome. It is constitutively expressed in neurons of the peripheral and central
nervous system, regulating neuronal differentiation and development [1]. Microtubules (MTs), which
comprise the cytoskeleton in almost all eukaryotic cells [2], are assembled through the dimerization of
α- and β-tubulin proteins [3]. The dynamics of MTs, which involve phases of elongation, shortening,
and pause [4], are relevant to intracellular trafficking, the formation of the mitotic spindle, cytokinesis,
cell membrane blebbing, cell migration, and phagocytosis [2,5–7].

Microvesicles (MVs) are secreted by intact cells as microscopic membrane-enclosed sacs ranging in
diameter from 100 to 1000 nm. They are formed by plasma membrane protrusions (buds), which then
close and become separated from the progenitor cell, eventually to be released into the extracellular
environment [8,9]. MVs are distinguished from the more homogeneous exosomes (40–100 nm), which
are formed intracellularly within microvesicular bodies, and are thus of endosomal origin [10,11].
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Membrane-bound proteins and luminal content determine the MV’s function, which consequently
relates to the cell of origin [9,12]. Melanoma cell-derived MVs are postulated to play a biological
role in the process of carcinogenesis. For example, malignant transformation of melanocytes is
associated with the increased production and release of MVs with procoagulant activity, leading
to a hypercoagulable state, a major cause of death in cancer patients [13,14]. Murine melanoma
cell-derived MVs promote metastasis and immunosuppression through regulatory T-cell expansion
and apoptosis of tumor-specific CD8+ cytotoxic T-cells, effects mediated by the MV-associated Fas
ligand or TRAIL [15].

Furthermore, the remote delivery of peripheral mast cells originated-MVs to lymph nodes via the
lymphatics would allow for more systemic modulation of inflammation and immunosuppression [10].
A similar mechanism may be involved in the invasion of melanoma cells into the dermis. Overall, MVs
are postulated to promote cancer initiation, survival, and spread [12,13,16]. Herein, we hypothesize
that β3-tubulin interferes with microtubule dynamics, cell cycle regulation, and the spontaneous
release of MVs in A375 human malignant melanoma cells.

2. Results

2.1. A375 Cells Express β3-Tubulin mRNA and Protein

β3-tubulin is highly expressed in malignant as compared with normal melanocytes, and siRNA
knockdown of β3-tubulin hinders the migration of melanoma cells [17]. Using RT-PCR and Western
blot analysis, we demonstrated that the A375 human malignant melanoma cells express β3-tubulin
mRNA and protein (Figure 1A). siRNA knockdown of β3-tubulin significantly reduced the mRNA
and protein expression by 79.3% ± 7.7% (p < 0.001) and 83% ± 4.9% (p < 0.01), respectively. The effect
of treatment with either β3-tubulin siRNA or control siRNA on the immunostaining of melanoma cells
A375 with both β3-tubulin and a specific molecular marker for melanoma cells (melanoma-associated
antigen, or MAA) confirmed the specificity of β3-tubulin knockdown by β3-tubulin siRNA (Figure 1B
and Figure S1), with no observed effect on cell viability assessed by an MTT assay (Figure 1C).

2.2. siRNA Knockdown of β3-Tubulin Reduces the Spontaneous Release of MVs by A375 Cells

The spontaneous release of MVs by A375 cells was assessed using Alexa fluor 488-labeled wheat
germ agglutinin (WGA) to stain cell membranes, followed by fluorescence microscopy. A375 cells
release ring-like MVs with clear intravesicular spaces with sizes ranging from 200 to 1000 nm (Figure 1F).
MVs were also detected in the culture medium (Figure 1G). The effect of β3-tubulin knockdown on
MVs counts was assessed by flow cytometric quantification of MAA-labeled MVs in the culture media
of naïve, control-, and β3-tubulin siRNA-treated cells. Knockdown of β3-tubulin induced a significant
48.63% (p < 0.001) reduction of released MVs, relative to naïve cells (Figure 1D,E), while control siRNA
did not affect MVs release from cells. These data demonstrate that β3-tubulin modulates, at least in
part, spontaneous MVs release from A375 melanoma cells.

2.3. siRNA Knockdown of β3-Tubulin Suppresses MTs Dynamics and Induces G2/M Cell Cycle Arrest

Altered cellular MTs dynamics, including elongation, shortening, and a pause, are salient to
carcinogenesis, broad-spectrum chemotherapy resistance and cell survival [18]. The effect of β3-tubulin
knockdown on MTs dynamics in A375 cells transfected with EGFP-microtubule-associated protein-4
cDNA (EGFP-MAP4) was assessed. A sequence of frames, five-second apart, of the life-history of
MTs +ends transitioning between phases of elongation (growth), shortening, and pause is shown
(Figure 2A). MTs +end displacements (growth/shortening) of naïve and control siRNA-treated cells
were greater than those of β3-tubulin knockdown cells (Figure 2A, Figure S2, and Table S1). The
rate of total growth and total shortening were reduced by 39.7% ± 5% (p < 0.001) and 52% ± 4.7%
(p < 0.001), respectively, in β3-tubulin knockdown cells as compared to naïve cells, whereas control
siRNA treatment had no effect on these parameters. Further, pause frequency was significantly higher
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in β3-tubulin knockdown cells by 19.04 % ± 4.2% (p < 0.05), whereas overall MTs dynamicity was
significantly reduced by 46.53% ± 4.3% (p < 0.001).
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magnification ×630 (bar, 20 μm). (C) MTT assay shows the effect of siRNA treatment on the cellular 
viability of A375 cells. Flow cytometric contour plots (D) and quantification (E) of MVs collected 
from the culture media of naïve, ctrl-, and β3-tubulin-siRNA treated cells and immunostained with 
an MAA antibody or isotype control, plots illustrate the percentage of positively stained MVs (D, red 
square gated events). Super-resolution microscopy with maximum intensity projection of a confocal 

Figure 1. β3-tubulin knockdown reduces the numbers of microvesicles (MVs) spontaneously released
by A375 melanoma cells under the standard culture conditions. (A) Western blots of β3-tubulin and
GAPDH loading control (panel A, left), and RT-PCR quantification of β3-tubulin mRNA expression
normalized to the CT values of RPL19 (panel A, right). (B) Naïve, control (ctrl)−, and β3-tubulin
siRNA-treated cells were immunostained with antibodies specific for β3-tubulin (green) and MAA
(orange), DAPI (blue) was used as nuclear DNA counterstain, original magnification ×630 (bar,
20 µm). (C) MTT assay shows the effect of siRNA treatment on the cellular viability of A375 cells.
Flow cytometric contour plots (D) and quantification (E) of MVs collected from the culture media
of naïve, ctrl-, and β3-tubulin-siRNA treated cells and immunostained with an MAA antibody or
isotype control, plots illustrate the percentage of positively stained MVs (D, red square gated events).
Super-resolution microscopy with maximum intensity projection of a confocal stack micrographs of
A375 cells (F), or MVs collected from culture media (G), stained with Alexa fluor 488-conjugated-WGA,
red rectangles, in F and G, show randomly selected areas for higher magnification (right enlarged
micrographs), illustrating ring-like microvesicles of varying sizes (200–1000 nm) with optically clear
lumen. Original magnification ×1000, scale bar 5 µm (left graphs) or 1 µm (magnified right graphs).
Statistical significance was determined between different groups using an ANOVA with Tukey’s
correction for multiple comparisons. n = 5, *** p < 0.001 versus naïve cells.
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Figure 2. β3-tubulin knockdown suppresses microtubules (MTs) dynamics and disrupts cell cycle in
A375 cells. (Panel (A), right) Micrographs of EGFP-MAP-4-labeled MTs in naïve, ctrl-, and β3-tubulin
siRNA-treated A375 cells. Images were acquired every 5 s and show MTs +end growth (arrows)
and shortening (arrowheads). Original magnification ×1000 (bar, 5 µm). (panel (A) left) Traces of
ten representative MTs +end displacements (growth and shortening) measured over a period of 75 s.
Quantification of dynamic growth and shortening (panel (B), left), and pause frequency (panel (B),
middle) and dynamicity (panel (B), right). (C) Flow cytometric histograms (top panels), and cell cycle
growth phase distribution analysis (bottom panel) demonstrate the effect of β3-tubulin knockdown on
cell cycle in A375 cells. Statistical significance between naïve, ctrl-, and β3-tubulin-siRNA groups was
determined using an ANOVA with Tukey’s correction for multiple comparisons. n = 10 (MTs analysis)
or = 6 (cell cycle analysis), *** p < 0.001, and * p < 0.05 versus naïve cells.

Cell cycle analysis revealed that growth phase redistribution in β3-tubulin knockdown cells as
compared to naïve cells, where G2/M and polyploidy (> G2/M) cells were significantly increased by
53.12% (p < 0.001) and 245.74% (p < 0.001), respectively. Furthermore, G0/G1 cells were significantly
reduced by 45.49% (p < 0.001). Similar effects were not seen in control siRNA-treated cells. There was
no significant change in the less than G0 (< G0) and S populations (Figure 2C and Figure S3).

3. Discussion

By understanding the mechanisms of carcinogenesis at the cellular and molecular level, current
research focuses on targeting strategies for melanoma prevention and treatment. With essential
regulatory roles in a myriad of inter- and intra-cellular activities, MTs dynamicity is an important
target for many anti-cancer therapeutics [19–22]. β-tubulin is a structural protein that maintains the
microtubule cytoskeleton. Distinct from the other six beta-tubulin isotypes in the human genome,
β3-tubulin has a unique molecular structure that facilitates its binding to factors involved in the oxidative
stress and nutrient deprivation response, thereby bolstering the survival of stressed cells [23]. For
example, induced expression of β3-tubulin promotes resistance to the widely used chemotherapeutic
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agent, paclitaxel, in Hela and MCF-7 cell lines [24]. Furthermore, increased levels of β3-tubulin
expression have been linked to malignant transformation and migration of melanocytes [17]. In tandem
with these studies, our Q-PCR, Western blot, and immunofluorescence data confirmed that β3-tubulin
was highly expressed in the human malignant melanoma cell line (A375).

To understand the relevance of β3-tubulin on melanoma progression, we used siRNA to
knockdown β3-tubulin in the A375 cell line. We studied several factors known to contribute to
metastasis and drug resistance, namely MVs release, MTs dynamics, and cell cycle regulation [19–22,25].
Our data demonstrated significant suppression of MTs dynamic parameters (e.g., growth, shortening,
and pause frequencies), implying that β3-tubulin is critical for MTs dynamicity. As normal MTs
dynamics are essential for mitotic spindle formation and function, disrupting MTs dynamics would
lead to the activation of the cell cycle checkpoints and force the malignant cells to initiate growth arrest
and apoptotic cell death [26]. Despite the importance of β-tubulin isotypes in resistance to antimitotic
drugs [27,28], there are no studies to date examining the role of β3-tubulin in cell cycle regulation in
malignant melanoma. Thus, we investigated the effect of β3-tubulin siRNA on the cell cycle in A375
melanoma cells, and the data demonstrated robust induction of G2/M arrest and a significant increase
in polyploidy population in β3-tubulin siRNA-treated cells. Such data provide direct evidence that
β3-tubulin alters melanoma cell cycle regulation. G2/M arrest, which may be the result of defective
mitotic spindle formation, was shown to enhance the cytotoxic effect of chemotherapy in melanoma cell
lines [29,30]. These results are consistent with previous work on Hela cells [31], where the reduction
of β3-tubulin expression by siRNA resulted in partial inhibition of cell growth. Interestingly, in
H460 (non-small cell lung cancer), β3 tubulin siRNA increased vincristine-and paclitaxel-induced
suppression of microtubule dynamicity and cell death at low and high drug concentrations, respectively,
while there was no effect on the G2/M population [32]; such data might propose varied and cell-specific
roles of β3 tubulin in different cell types.

Despite the importance of MVs as potential therapeutic targets in cancer (i.e., angiogenesis,
matrix degradation and invasion, metastasis, and immunosuppression) and thrombosis [9,12,33],
the mechanisms of their biogenesis and release remain poorly characterized. Several lines of
evidence demonstrate that MVs are important for melanoma progression [13,14], coagulation [12], and
inflammatory skin conditions (i.e., psoriasis) [34]. The correlation between MTs dynamics and MVs
release was previously studied in mastocytoma P815 cell [35], where the authors demonstrated that
microvesicle formation and shedding require MTs disruption. The role of MTs in controlling other
cellular activities, such as movement and intracellular vesicle transportation was also reported [36,37].
However, the mechanisms of MVs biogenesis and release in melanoma cells remain controversial.
Herein, we demonstrated that β3-tubulin knockdown-induced repression of MTs dynamicity was
associated with a reduction in the numbers of the MVs released by A375 cells, implying that β3-tubulin
may play a role in MVs production via regulating the MTs dynamics in melanoma cells. Further studies
are required to elucidate the mechanistic role of the α- and β- tubulins isotypes in the treatment and
prevention of melanoma progression.

4. Materials and Methods

4.1. Cell Culture EGFP-MAP-4 Transfection and siRNA Silencing

A375 human malignant melanoma cells (ATCC® CRL-3224) were propagated in Dulbecco′s
Modified Eagle′s Medium (DMEM—catalog no. 11995-065, Life Technologies, Grand Island, NY, USA)
containing 4.5 g/L D-glucose, L-glutamate, 110 mg/L sodium pyruvate, and supplemented with 10%
fetal bovine serum (FBS—catalog no. 098105, MULTICEL) and 1% penicillin-streptomycin (catalog no.
15140-122, Life Technologies). EGFP-MAP-4 transfection (provided by Dr. Joanna Olmsted, University
of Rochester, USA) was performed as previously described [24]: briefly, cells were seeded in twelve-well
plates at a density of 150,000 cells per well and transfected with 1 µg plasmid DNA using lipofectamine
2000 (catalog no. P/N52887, Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.
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Transfected cells were selected by growing in a growth medium containing G418, 2 mg/mL (catalog
no. A1720; Sigma-Aldrich, Oakville, ON, Canada). For siRNA silencing, A375 cells were transfected
with 25 nM of β3-tubulin siRNA (catalog no. sc-105009, Santa Cruz Biotechnology, Dallas, TX,
USA) or FlexiTube Lamin A/C non-targeting siRNA (catalog no. SI03650332, Qiagen, Valencia, CA,
USA), using transfection reagent lipofectamine RNAiMAX (catalog no. 13778-075, Thermo Fisher
Scientific, Carlsbad, CA, USA) as per the manufacturer’s protocol. Western analysis, RNA isolation,
immunofluorescent microscopy, and MVs purification were performed 48 h after transfection, unless
otherwise stated.

4.2. RNA Isolation, cDNA Synthesis, and qPCR

Total RNA was extracted using NucleoSpin RNA purification kits (catalog no. 740955- 250, D-Mark
Biosciences, Düren, Germany) and 500 ng was used for cDNA synthesis (qScript cDNA Synthesis kit,
catalog no. CA101414-098, Quanta Biosciences, Gaithersburg, MD, USA). Real-time PCR (RT-PCR)
was performed with a StepOne Plus PCR machine (Applied Biosystems, Foster City, CA, USA) using
the fast SYBR Green master mix (catalog no. 4385618, Life Technologies). The amplification conditions
were 95 ◦C for 20 s followed by forty cycles at 95 ◦C for 3 s and 60 ◦C for 30 s. Primer sequences were
as follows: β3-tubulin, forward 5′-CGA AGC CAG CAG TGT CTA AA-3′, reverse 5′-GGA GGA CGA
GGC CAT AAA TAC-3′; ribosomal protein L19 (RPL19), forward 5′-ATC GAT CGC CAC ATG TAT
CA-3′, reverse 5′-GCG TGC TTC CTT GGT CTT AG-3′.

4.3. Electrophoresis, Western Analysis, and Fluorescent Microscopy

Fifty micrograms of A375 melanoma cell lysate protein in radioimmunoprecipitation assay buffer
(RIPA) containing 1% of Halt™ protease inhibitor cocktail (catalog no.1861279, ThermoScientific) was
separated by SDS-PAGE and transferred onto nitrocellulose membranes (catalog no. rpn203d, GE
Health). Membranes were immunoprobed with rabbit monoclonal anti-human β3-tubulin (catalog no.
d71g9-xp, Cell Signaling), or mouse anti-human glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
catalog no. 4699-9555, Biogenesis). The secondary antibodies were peroxidase-conjugated goat
anti-rabbit IgG (catalog no. 111-035-003, Jackson ImmunoResearch) and peroxidase-affini-pure goat
anti-mouse IgG (catalog no. 115-035-003, Jackson ImmunoResearch). Immune complex visualization
was carried out using ECL TM prime WB reagents (catalog no. rpn2232sk, GE Health). For fluorescence
microscopy, A375 melanoma cells were fixed in pre-warmed culturing medium containing 3.7%
formaldehyde (catalog no. f-8775, Sigma) for 15 min at 37 ◦C. Cellular and vesicular membranes were
labeled with Alexa 488-conjugated wheat germ agglutinin (WGA, catalog no. W11261, Invitrogen)
5 µg/mL diluted in PBS for 10 min at room temperature followed by two washes in PBS. For cytoplasmic
and inner membrane-bound protein immuno-detection, cells were permeabilized for 5 min at room
temperature with 0.2% tween X-100 (catalog no. t9284, Sigma) in PBS and blocked for 1 h at room
temperature using a blocking buffer (PBS containing 5% albumin bovine serum, catalog no. a-4503,
Sigma). The cells were probed with antibodies against β3-tubulin, melanoma associated antigen
(MAA, mouse monoclonal anti human, catalog no. ab34165, Abcam), isotype controls (rabbit IgG
(monoclonal, catalog no. ab172730, Abcam), or mouse IgG 2b (catalog no. 557351, BD Pharmingen))
diluted in blocking buffer and incubated overnight at 4 ◦C. The secondary antibodies used were rabbit
Alexa fluor 488 goat anti-rabbit (catalog no. A11034, Invitrogen) and mouse Alexa fluor 555 goat
anti-mouse (catalog no. A21424, Life technologies). 4′,6-diamidino-2-phenylindole (DAPI, catalog
no. d21490, Molecular probes) was used as a nuclear counterstain marker. Immunoprobed cells were
mounted using prolong gold anti-fad reagent (catalog no. p36930, Invitrogen) and visualized by
confocal microscopy and structured illumination super-resolution microscopy (Zeiss Elyria).

4.4. MVs Purification and Flowcytometric Quantification

MVs purification was carried out following the referenced protocol by Lima et al. [13]. Briefly,
A375 melanoma cell culture supernatants were centrifuged at 800× g for 10 min to exclude floating
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dead cells and debris. Another centrifugation for 15 min at 14,000× g yielded a pellet, which was
resuspended and recollected by repeat centrifugation (this and subsequent centrifugations were at
14,000× g for 15 min at 4 ◦C). The washed pellet containing MVs was suspended in 100 µL ice-cold
PBS. MVs were fixed by adding 900 µL of 100% methanol at −20 ◦C dropwise with vigorous vortexing.
This suspension was incubated at −20 ◦C for 5 min followed by the addition of 1 mL of ice-cold PBS.
Fixed MVs were pelleted by centrifugation, resuspended in 250 µL blocking buffer and incubated at
room temperature for 1 h. MVs were collected by centrifugation and immunostained overnight at
4 ◦C in 250 µL of the blocking buffer containing a mouse monoclonal MAA antibody or mouse IgG
2b isotype control at a concentration of 1 µg/mL. MVs were then washed once in PBS, incubated one
hour at room temperature in a blocking buffer containing Alexa fluor 488 goat anti-mouse (catalog no.
a11001, Life Technologies) and washed once in PBS. MVs quantification was assessed using a flow
cytometry (Guava® easyCyte; MilliporeSigma). Data analysis was carried out using FCS express 6
plus research edition software.

4.5. Analysis of Microtubules Dynamics

A375 cells were transfected with EGFP-MAP-4 (provided by Dr. Joanna Olmsted, University of
Rochester, USA) as previously described [24]. MTs dynamics analysis was performed as previously
published [38]: briefly, MTs +ends were tracked using ImageJ software (Manual tracking plugin,
https://imagej.nih.gov/ij/plugins/track/track.html). Only 0.5 µm changes in growth/shortening traces
were plotted for each MT. Any growth or shortening event below the 0.5 µm threshold was considered
a pause. The growth/shortening rate was calculated by dividing the sum of all growth (positive) or the
sum of all shortening (negative) by the total time spent growing or shortening respectively. Pause
frequencies were calculated by dividing the total number of pauses by the total measuring time. MTs
dynamicity was extracted by dividing the sum of total length (growth and shortening) by the total
measuring duration. Data was analyzed using GraphPad Prism 6, and MS-Excel software. Data
Significances were calculated using a student t-test and one-way analysis of variants (ANOVA) with
Tukey’s correction for multiple comparison.

4.6. Propidium Iodide (PI)-Staining and Cell Cycle Analysis

A375 cells were fixed for 30 min in 70% ethanol at 4 ◦C and washed 2× in PBS. RNase (100 µg/mL)
was added, and the cells were incubated for 20 min at 37 ◦C, followed with 2×washes in PBS. Cells
were then incubated in 3 µM PI (catalog no. p4170; Sigma) in the staining solution (100 mM tris, PH 7.4,
150 mM NaCl, 1 mM CaCl2, 0.5 mM MgCl2, and 0.1% Nonidet P-40) for 15 min at room temperature.
Cell cycle analysis was conducted using a flow cytometer (Guava® easyCyte; MilliporeSigma). Data
analysis was carried out using FlowJo v10.6.1 software.

5. Conclusions

β3-tubulin knockdown suppresses MTs dynamics, decreases MVs release, and induces G2/M
cell cycle arrest in human malignant melanoma cells (A375). β3-tubulin, an important microtubular
protein, may therefore be used to study the role of MTs and MVs in the pathogenesis and treatment
of melanoma.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/5/1656/
s1.

Author Contributions: Research design: M.O.A., A.G., P.R.M., Conducted experiments and data acquisition:
M.O.A., A.G., P.S., P.R.M., Contributed new reagent or analytical tool: S.S.L., G.J.L., M.A., Performed data analysis:
M.O.A., A.G., G.J.L., S.S.L., M.A., P.R.M., Wrote or contributed to the drafting, writing and critically reviewing of
the manuscript: M.O.A., A.G., G.J.L., M.A., S.S.L., P.S., P.R.M., Given final approval of the version to be published:
M.O.A., P.R.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

193



Int. J. Mol. Sci. 2020, 21, 1656

Acknowledgments: The authors gratefully acknowledge the support provided by Susanne V. Gibson and the
Canadian Dermatology Foundation.

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

Abbreviations

MTs Microtubules
MVs Microvesicles
WGA Wheat germ agglutinin
MAA Melanoma associated antigen

References

1. Katsetos, C.D.; Herman, M.M.; Mork, S.J. Class III beta-tubulin in human development and cancer. Cell Motil.
Cytoskelet. 2003, 55, 77–96. [CrossRef] [PubMed]

2. Kueh, H.Y.; Mitchison, T.J. Structural plasticity in actin and tubulin polymer dynamics. Science 2009, 325,
960–963. [CrossRef]

3. Desai, A.; Mitchison, T.J. Microtubule polymerization dynamics. Annu. Rev. Cell Dev. Biol. 1997, 13, 83–117.
[CrossRef] [PubMed]

4. Karp, G. Cell and Molecular Biology: Concepts and Experiments; John Wiley & Sons: Hoboken, NJ, USA, 2005;
p. 355.

5. Sugiyama, T.; Pramanik, M.K.; Yumura, S. Microtubule-Mediated Inositol Lipid Signaling Plays Critical
Roles in Regulation of Blebbing. PLoS ONE 2015, 10, e0137032. [CrossRef] [PubMed]

6. Ganguly, A.; Yang, H.; Sharma, R.; Patel, K.D.; Cabral, F. The role of microtubules and their dynamics in cell
migration. J. Biol. Chem. 2012, 287, 43359–43369. [CrossRef] [PubMed]

7. Knabbe, J.; Nassal, J.P.; Verhage, M.; Kuner, T. Secretory vesicle trafficking in awake and anaesthetized mice:
Differential speeds in axons versus synapses. J. Physiol. 2018, 596, 3759–3773. [CrossRef]

8. Kobayashi, T.; Okamoto, H.; Yamada, J.-I.; Setaka, M.; Kwan, T. Vesiculation of platelet plasma membranes.
Dilauroylglycerophosphocholine-induced shedding of a platelet plasma membrane fraction enriched in
acetylcholinesterase activity. Biochim. Biophys. Acta 1984, 778, 210–218.

9. Théry, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. Nat. Rev.
Immunol. 2009, 9, 581–593. [CrossRef]

10. Kunder, C.; John, A.L.S.; Li, G.; Leong, K.W.; Berwin, B.; Staats, H.F.; Abraham, S.N. Mast cell-derived
particles deliver peripheral signals to remote lymph nodes. J. Exp. Med. 2009, 206, 2455–2467. [CrossRef]

11. Latifkar, A.; Hur, Y.H.; Sanchez, J.C.; Cerione, R.A.; Antonyak, M.A. New insights into extracellular vesicle
biogenesis and function. J. Cell Sci. 2019, 132, jcs222406. [CrossRef]

12. Leroyer, A.; Anfosso, F.; Lacroix, R.; Sabatier, F.; Simoncini, S.; Njock, M.-S.; Jourde, N.; Brunet, P.;
Camoin-Jau, L.; Sampol, J.; et al. Endothelial-derived microparticles: Biological conveyors at the crossroad
of inflammation, thrombosis and angiogenesis. Thromb. Haemost. 2010, 104, 456–463. [CrossRef] [PubMed]

13. Lima, L.G.; Chammas, R.; Monteiro, R.Q.; Moreira, M.E.C.; Barcinski, M.A. Tumor-derived microvesicles
modulate the establishment of metastatic melanoma in a phosphatidylserine-dependent manner. Cancer Lett.
2009, 283, 168–175. [CrossRef] [PubMed]

14. Laresche, C.; Pelletier, F.; Garnache-Ottou, F.; Lihoreau, T.; Biichlé, S.; Mourey, G.; Saas, P.; Humbert, P.;
Seilles, E.; Aubin, F. Increased levels of circulating microparticles are associated with increased procoagulant
activity in patients with cutaneous malignant melanoma. J. Investig. Dermatol. 2014, 134, 176–182. [CrossRef]
[PubMed]

15. Wieckowski, E.U.; Visus, C.; Szajnik, M.; Szczepanski, M.J.; Storkus, W.; Whiteside, T.L. Tumor-derived
microvesicles promote regulatory T cell expansion and induce apoptosis in tumor-reactive activated CD8+ T
lymphocytes. J. Immunol. 2009, 183, 3720–3730. [CrossRef] [PubMed]

16. Muhsin-Sharafaldine, M.-R.; Saunderson, S.; Dunn, A.C.; Faed, J.M.; Kleffmann, T.; McLellan, A. Procoagulant
and immunogenic properties of melanoma exosomes, microvesicles and apoptotic vesicles. Oncotarget 2016,
7, 56279–56294. [CrossRef]

194



Int. J. Mol. Sci. 2020, 21, 1656

17. Orfanidis, K.; Wäster, P.; Lundmark, K.; Rosdahl, I.; Öllinger, K. Evaluation of tubulin beta-3 as a novel
senescence-associated gene in melanocytic malignant transformation. Pigment Cell Melanoma Res. 2017, 30,
243–254. [CrossRef]

18. Rodrigues-Ferreira, S.; Molina, A.; Nahmias, C. Microtubule-associated tumor suppressors as prognostic
biomarkers in breast cancer. Breast Cancer Res. Treat. 2019, 179, 267–273. [CrossRef]

19. Cirillo, L.; Gotta, M.; Meraldi, P. The Elephant in the Room: The Role of Microtubules in Cancer. Adv. Exp.
Med. Biol. 2017, 1002, 93–124.

20. Dumontet, C.; Duran, G.E.; Steger, K.A.; Murphy, G.L.; Sussman, H.H.; Sikic, B.I. Differential expression of
tubulin isotypes during the cell cycle. Cell Motil. Cytoskelet. 1996, 35, 49–58. [CrossRef]

21. Jordan, M.A.; Wilson, L. Microtubules as a target for anticancer drugs. Nat. Rev. Cancer 2004, 4, 253–265.
[CrossRef]

22. Dumontet, C.; Jordan, M.A. Microtubule-binding agents: A dynamic field of cancer therapeutics. Nat. Rev.
Drug Discov. 2010, 9, 790–803. [CrossRef] [PubMed]

23. Cicchillitti, L.; Penci, R.; Di Michele, M.; Filippetti, F.; Rotilio, D.; Donati, M.B.; Scambia, G.; Ferlini, C.
Proteomic characterization of cytoskeletal and mitochondrial class III beta-tubulin. Mol. Cancer 2008, 7,
2070–2079. [CrossRef] [PubMed]

24. Ganguly, A.; Yang, H.; Cabral, F. Class III beta-tubulin counteracts the ability of paclitaxel to inhibit cell
migration. Oncotarget 2011, 2, 368–377. [CrossRef] [PubMed]

25. Parker, A.L.; Kavallaris, M.; McCarroll, J.A. Microtubules and their role in cellular stress in cancer. Front. Oncol.
2014, 4, 153. [CrossRef] [PubMed]

26. Jordan, M.A.; Kamath, K. How do microtubule-targeted drugs work? An overview. Curr. Cancer Drug Targets
2007, 7, 730–742. [CrossRef] [PubMed]

27. Bhattacharya, R.; Cabral, F. A ubiquitous beta-tubulin disrupts microtubule assembly and inhibits cell
proliferation. Mol. Biol. Cell 2004, 15, 3123–3131. [CrossRef] [PubMed]

28. Burkhart, C.A.; Kavallaris, M.; Band Horwitz, S. The role of beta-tubulin isotypes in resistance to antimitotic
drugs. Biochim. Biophys. Acta 2001, 1471, O1–O9.

29. Priebe, M.K.; Dewert, N.; Amschler, K.; Erpenbeck, L.; Heinzerling, L.; Schön, M.P.; Seitz, C.S.; Lorenz, V.N.
c-Rel is a cell cycle modulator in human melanoma cells. Exp. Dermatol. 2019, 28, 121–128. [CrossRef]

30. Liu, J.; Jiang, G.; Mao, P.; Zhang, J.; Zhang, L.; Liu, L.; Wang, J.; Owusu, L.; Ren, B.; Tang, Y.; et al.
Down-regulation of GADD45A enhances chemosensitivity in melanoma. Sci. Rep. 2018, 8, 4111. [CrossRef]

31. Shibazaki, M.; Maesawa, C.; Akasaka, K.; Kasai, S.; Yasuhira, S.; Kanno, K.; Nakayama, I.; Sugiyama, T.;
Wakabayasi, G.; Masuda, T.; et al. Transcriptional and post-transcriptional regulation of betaIII-tubulin
protein expression in relation with cell cycle-dependent regulation of tumor cells. Int. J. Oncol. 2012, 40,
695–702.

32. Gan, P.P.; McCarroll, J.A.; Po’Uha, S.T.; Kamath, K.; Jordan, M.A.; Kavallaris, M. Microtubule dynamics,
mitotic arrest, and apoptosis: Drug-induced differential effects of betaIII-tubulin. Mol. Cancer 2010, 9,
1339–1348. [CrossRef] [PubMed]

33. Castellana, D.; Toti, F.; Freyssinet, J.M. Membrane microvesicles: Macromessengers in cancer disease and
progression. Thromb. Res. 2010, 125 (Suppl. 2), S84–S88. [CrossRef]

34. Pelletier, F.; Garnache-Ottou, F.; Angelot, F.; Biichlé, S.; Vidal, C.; Humbert, P.; Saas, P.; Seilles, E.;
Aubin, F. Increased levels of circulating endothelial-derived microparticles and small-size platelet-derived
microparticles in psoriasis. J. Investig. Dermatol. 2011, 131, 1573–1576. [CrossRef] [PubMed]

35. Liepins, A. Possible role of microtubules in tumor cell surface membrane shedding, permeability, and
lympholysis. Cell. Immunol. 1983, 76, 120–128. [CrossRef]

36. Downing, K.H.; Nogales, E. New insights into microtubule structure and function from the atomic model of
tubulin. Eur. Biophys. J. 1998, 27, 431–436. [CrossRef]

37. Nogales, E. Structural insights into microtubule function. Annu. Rev. Biochem. 2000, 69, 277–302. [CrossRef]
38. Gierke, S.; Kumar, P.; Wittmann, T. Analysis of microtubule polymerization dynamics in live cells.

Methods Cell Biol. 2010, 97, 15–33.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

195





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





Academic Open 
Access Publishing

www.mdpi.com ISBN 978-3-0365-7926-9


	Cover-front.pdf
	Book.pdf
	Cover-back.pdf

