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The COVID-19 emergency has worsened existing inequalities, especially those related
to sex and gender. Women have been disproportionately affected, experiencing increased
violence and caregiving responsibilities during lockdowns, economic hardships, disrupted
health services, and school closures (1). Unfortunately, progress toward gender equality has
been eroded by early 2023 (2, 3). Therefore, it’s crucial to prioritize gender in addressing
global challenges to create a more equitable world. Women in oncology, including clinical
trials, have made significant contributions, advancing cancer research and treatment on par
with men. Despite facing historical biases, they excel in molecular and cellular oncology
and foster diverse collaborations. Empowering women in this field requires promoting
mentorship, supportive work environments, gender equality in funding, and leadership
roles. By embracing the potential of all scientists, we can accelerate the fight against cancer
and improve treatments. This article aims to highlight women scientists’” diverse research in
oncology. This impressive Research Topic highlights 14 distinguished articles on various
forms of cancer, all of which were authored by remarkable women.

Lung cancer is the top cause of cancer deaths; it surpasses the combined deaths from
breast, prostate, and pancreatic cancers (4). Liu et al. investigated the role of m6A
demethylase ALKBH5 in non-small-cell lung cancer-derived cancer stem-like cells
(CSCs). The study revealed that ALKBHS5 is highly expressed in lung CSCs, positively
correlated with p53. Knocking down ALKBH5 reduced stem markers and inhibited
stemness, while p53 knockdown decreased ALKBH5 expression and malignancies. This
p53/ALKBHS5 axis may be a potential therapeutic target for NSCLC.

Moreover, CDK7 was significantly overexpressed in squamous cell carcinomas
compared to adenocarcinomas, with high CDK?7 levels linked to worse overall and
disease-free survival in NSCLC patients. Kuempers et al. proposed CDK7 as a promising
prognostic biomarker for NSCLC and a potential target for future anticancer therapies.

Furthermore, Owczarek et al. investigated that The CAR protein, highly expressed in lung
cancer, promotes tumor growth through increased cell adhesion and enhanced bl integrin
activity, leading to invasion in 3D models. CAR forms a complex with focal adhesion proteins,
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activating the GTPase Rapl, which mediates enhanced integrin
activation and potentially contributes to lung cancer metastasis.
Targeted therapies are crucial for lung cancer with low survival
rates. Ion channels called Acid sensors like ion channels (ASICs) are
promising targets that detect changes in pH levels within the tumor
microenvironment. Several types of ASICs and degenerin/epithelial
Na+ channel (DEG/ENaC) and ENaC subunits can form different
channels, influencing how cells respond to stimuli. Sudarikova et al.
demonstrated that Mambalgin-2 inhibits the growth and migration
of lung adenocarcinoma cells by inducing G2/M cell cycle arrest and
ASICla/o-ENaC/-YENaC heterotrimeric
channels, bypassing resistance mechanisms in bulky tumors, thus

apoptosis. It targets
holding potential for novel channel-targeting anticancer drugs.

Malignant melanoma, a highly aggressive skin malignancy
causing significant global mortality, exhibits an intriguing duality.
While it contributes to numerous deaths, it also sparks a robust
anti-tumor immune response, one of the most immunogenic
cancers. Kwiatkowska et al. has compiled data showing that the
transcription factor Yin Yang 1 (YY1) is key in cancer progression.
It controls genes related to cell death, immune response, and
metastasis. It also affects melanoma survival, proliferation, and
stem cell-related transcription factors. Focusing on YY1 and its
pathways can lead to novel therapeutic strategies, improving
melanoma treatment. More research is needed to determine its
specific role in pathogenesis, progression, and drug resistance for
potential therapeutic breakthroughs.

Another exciting review was presented by Popovic and Tartare-
Decket about the extracellular matrix (ECM) as a critical component
for tissue homeostasis. Changes in the ECM structure of melanoma
tumors increase stiffness, promoting disease progression and poor
survival rates. Melanoma cells interact with the ECM through
receptors, secreted factors, or enzymes. Stromal fibroblasts deposit
and remodel the ECM, enabling interactions with melanoma cells.
Understanding ECM properties is critical to understanding melanoma
progression and resistance. Targeting ECM abnormalities with
therapies has the potential to improve treatment outcomes.

Prasuhn et al. describes a case report of a patient with malignant
uveal melanoma and exudative retinal detachment, treated with
plaque brachytherapy resulting in tumor regression. After one year,
a ring-shaped recurrence with extraocular extension appeared,
necessitating enucleation. Genetic analyses revealed GNAQ and
SE3B1 mutations not previously reported in ring melanoma. Ring
melanoma is a rare and aggressive variant of uveal melanoma with
limited treatment options. Regular follow-up and genetic testing are
essential to monitor disease progression and identify potential
therapeutic targets. This case sheds light on the genetic
background of ring melanoma, contributing to the development
of personalized treatment strategies.

Prostate cancer (PCa) is a significant health concern for men,
leading to numerous diagnoses and cancer-related deaths. Despite
successful treatments, recurrence remains a challenge. Garci'a-
Vargas et al. explored the role of HLA-B-associated transcript 1
(BAT1) in PCa. BAT1 was found to be differentially expressed in
patients with varying Gleason scores. This report suggests that
BAT1 expression plays a role in prostate cancer. Reducing BAT1
increases cell migration and inflammation, while overexpression
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decreases these processes. By understanding BAT1’s role, one can
develop better treatments for recurrent PCa.

Erfanparast et al. presented a detailed review of Oral cancer and
non-coding RNAs (ncRNAs). Despite advancements in treatment,
the five-year survival rate remains low, and the molecular
mechanisms underlying oral cancer development are not fully
understood. Noncoding RNAs (ncRNAs), including microRNAs,
long ncRNAs, and circular RNAs, play crucial roles in cancer cell
development, including cell death processes such as apoptosis and
autophagy. Understanding the regulatory relationships between
ncRNAs and cell death pathways is critical in developing targeted
therapies for oral cancer. Manipulating the expression of apoptosis-
regulating ncRNAs may represent a strategy to combat
carcinogenesis and enhance the response to chemotherapy and
radiotherapy. Identifying and profiling ncRNAs in clinical samples
can aid in predicting patient responses to treatments and designing
personalized therapeutic strategies for oral cancer.

Gliomas, the most common brain tumors, are known for their
poor prognosis due to tumor cell migration and invasion in the
brain. Peris-Celda et al. found that high levels of SuFu, a molecular
mediator in this pathway, were associated with increased
dissemination patterns in glioma patients. Further experiments
showed that SuFu overexpression increased cancer stemness
properties and a migratory phenotype in Glioblastoma Cancer
Stem Cells (GB CSCs). Further research is needed to confirm its
role as a mediator of tumor spread and develop effective blocking
agents for improved patient outcomes.

Resistance training (RT) in tumor-bearing mice can prevent
cancer-induced muscle atrophy. Testa et al. investigated the role of
signal transducers and activators of transcription (STAT3) in
mediating muscle atrophy and the effects of RT on its activation.
Resistance training can prevent muscle atrophy caused by cancer in
mice by reducing STAT3 activation, downregulating key genes and
proteins, and improving strength and locomotor capacity. This also
leads to improved quality of life for cancer patients.

Sapochnik et al. have suggested that targeting Nrf2 and its
associated proteins could be a promising therapeutic approach for
treating Kaposi’s sarcoma (KS), a frequently occurring tumor in
individuals with AIDS.

Cyran and Zhitkovich conducted a detailed analysis of how
heat-shock response (HSR) is activated to manage high levels of
proteotoxic stress experienced by cancer cells because of gene
mutations and dysregulation. This results in an increase in heat
shock proteins (HSPs) and HSF1. High levels of HSR components
are linked to drug resistance and poor clinical outcomes in cancer.
Targeting the HSR pathway is a promising approach for treating
human malignancies as it is a common vulnerability in cancer cells.

Fayzullina et al. described Azvudine (FNC) as a novel cytidine
analog with antiviral and anticancer properties. Its inhibitory effects
on RNA viruses and retroviruses, including HIV and SARS-COV-2,
make it a promising antiviral agent. FNC can impede malignant cell
growth and induce apoptosis as an anticancer drug. Further
research is needed to understand its precise mechanisms of
action. As a group of female scientists who have contributed 14
exciting articles to the Women in Molecular and Cancer Oncology
2022 edition, we strongly advocate for gender equality in oncology
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research. By providing more opportunities for women to conduct
research, we can enhance the quality and impact of our work,
ultimately benefiting all cancer patients. Our goal is to promote
progress toward gender equality in the field, and we are dedicated to
making this a reality.
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Azvudine (FNC) is a novel cytidine analogue that has both antiviral and anticancer
activities. This minireview focuses on its underlying molecular mechanisms of
suppressing viral life cycle and cancer cell growth and discusses applications of this
nucleoside drug for advanced therapy of tumors and malignant blood diseases. FNC
inhibits positive-stand RNA viruses, like HCV, EV, SARS-COV-2, HBV, and retroviruses,
including HIV, by suppressing their RNA-dependent polymerase enzymes. It may also
inhibit such enzyme (reverse transcriptase) in the human retrotransposons, including
human endogenous retroviruses (HERVS). As the activation of retrotransposons can be
the major factor of ongoing cancer genome instability and consequently higher
aggressiveness of tumors, FNC has a potential to increase the efficacy of multiple
anticancer therapies. Furthermore, FNC also showed other aspects of anticancer
activity by inhibiting adhesion, migration, invasion, and proliferation of malignant cells. It
was also reported to be involved in cell cycle arrest and apoptosis, thereby inhibiting the
progression of cancer through different pathways. To the date, the grounds of FNC effects
on cancer cells are not fully understood and hence additional studies are needed for better
understanding molecular mechanisms of its anticancer activities to support its medical
use in oncology.

Keywords: FNC, oncology, nucleoside (acid) analogues, azvudine, cancer

INTRODUCTION

Despite the best efforts of mankind, cancer remains one of the major causes of death worldwide
(approximately 10 million deaths in 2020). Moreover, the proportion of cancer-associated deaths
demonstrates a growing trend (https://www.who.int/ru/news-room/fact-sheets/detail/cancer,
https://www.who.int/ru/news-room/fact-sheets/detail/the-top-10-causes-of-death). Many effective
cancer drugs have been developed over the past decades, although none of them can guarantee to
the patient long-lasting survival and protection against relapse (1). Different drugs have different
molecular mechanisms, different clinical indications, and different response rates. In addition,
cancers can frequently develop drug resistance, thus creating a barrier to effective tumor control (2).
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FNC and Cancer

This stresses the importance of finding novel cancer treatment
approaches, their proper combination, and their personalization (3).

FNC (2’-deoxy-2’-B-fluoro-4’-azidocytidine) (Figure 1) also
known as Azvudine is a recently developed cytidine analogue. It
is a new experimental drug that has been shown to be active
against viruses and retrotransposons with RNA-dependent
polymerase enzymes, as well as against cancer cell lines and
xenografts in animal models (4-6). Anticancer activities of
FNC at least in part can be linked with its inhibition of
retrotransposons which had formed about 30-40% of the
human DNA (7, 8). The transcriptional activation of
retrotransposons including HERVs has been reported to be a
consequence of multiple systemic intracellular factors (9) such as
the stress response, epigenetic reprogramming, and intracellular
pathways triggered by the hormones, growth factors, and
cytokines (10).

The expression of retrotransposons and HERVs is tightly
controlled in a normal cell with most of the elements being
transcriptionally repressed (11). However, in cancer cells due to
an overall deregulated epigenetic and transcriptional control,
there is a strong transcriptional reactivation of retrotransposons
and HERVs, which also play a role of major genomic regulatory
elements (12). Many cancer types were shown to be associated
with the reactivation of retrotransposons and HERVs: breast
cancer (13), prostate cancer (14), melanoma (15), ovarian cancer
(16), hepatocelular carcinoma (17), germ cell tumors (18), renal
cell carcinoma (19, 20), leukemia (21), glioblastoma (22), and
osteosarcoma (23). Retrotransposons can drive tumorigenesis
through different mechanisms.

Their life cycle comprises transcription of their genomic copy
and further reverse transcription of the respective RNAs, i.e.
generation of a cDNA copy on an RNA template (Figure 2A).
The reverse-transcribed cDNA then integrates into a new
genomic site to generate a new copy of retrotransposon. Most
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FIGURE 1 | 2’-Deoxy-2’-B-fluoro-4’-azidocytidine (FNC) structure.

of such copies accumulated mutations and contain, if any, only
interrupted/truncated non-functional open reading frames (24).
However, there is a fraction of few hundred active human
retrotransposons that harbor a functional reverse transcriptase
(RT) gene (25) and, therefore, can mediate genomic insertion of
new copies (25). Interestingly, most part of the active human
retrotransposons is presented by the elements that don’t code for
RT but instead utilize for their proliferation reverse transcriptase
from the other elements. Indeed, the number of active non-
autonomous retrotransposons of the Alu and SVA families is one
or two orders higher than the number of autonomous elements
with fully functional RT (26). Their functional reactivation in
cancer can result in a dramatic increase of retrotransposition
events, i.e. generation of their novel genomic copies (27).
Interestingly, similar effects were observed also in other long-
term stress conditions such as the retroviral infection by
HIV (28).

It should be mentioned that all human retrotransposons are
repetitive sequences presented in the genome by hundreds
or thousands of copies (29). They totally occupy nearly 40%
of the human DNA and may serve as the substrates for
recombination, especially with the newly inserted copies (8).
Such recombinations can occur especially frequently in cancers,
where DNA repair mechanisms function abnormally (30). These
recombinations lead to various genomic rearrangements and
gene conversion events, including deletions, translocations, and
amplifications (25).

Alternatively, transcriptional reactivation of retrotransposons
in cancer can lead to expression of HERV-encoded oncogenic
proteins that can influence passing through the cell cycle
checkpoints, and possess fusogenic and immunosuppressive
activities (31, 32). On the other hand, massive expression of
multiple normally-silent retrotransposon copies may result in
the appearance of novel antigens that are presented by the major
histocompatibility complex (MHC) molecules. The latter can
provoke specific immune response (33), which can be a specific
anticancer protective mechanism.

Nowadays, there is a growing evidence that the expression of
retrotransposons, especially HERVSs, is connected with cancer
manifestation (17). Moreover, cancer cells with stemness features
and expressing HERVs may exhibit sensitivity to antiretroviral
drugs treatment (10).

This review focuses on the potential action of FNC to treat
aggressive tumors in combination with chemotherapeutic and/or
immunotherapy regimens. We consider known and potential
mechanisms of action of FNC as the anti-cancer therapeutic and
their crosslinks with its antiviral activities.

STRUCTURE OF FNC

FNC is a recently developed nucleoside analogue (1). Nucleosides
consist of a nucleobase and a ribose or deoxyribose sugar residue,
thus showing considerable structural similarity to normal
nucleotides. FNC is a 4'-C-substituted-2'-deoxynucleoside with
a 3’-OH group. It mimics 2'-deoxynucleosides, and its 2'-fluoro
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substituent improves its stability in acidic media (34). The 4'-C
substituted 2’-deoxynucleosides retain all functional groups of 2'-
deoxynucleosides. Thus, FNC can compete with the cellular
internally-generated nucleotides for the incorporation into
DNA and RNA strands, which results in attenuated nucleotide
synthesis, and interferes with cell growth and division (35). The
modification in the second position makes viral RNA-dependent

polymerases more sensitive to FNC. In this case, the molecule can
be incorporated into both RNA and DNA - in the second
position it has fluorine, and not the functional group that
determines the sugar residue type (36). FNC is also a preferred
substrate for deoxycytidine kinase, and it is phosphorylated
with up to 3-fold higher efficiency than its prototype,
deoxycytidine (36).
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PHARMACOLOGICAL MECHANISMS
OF FNC

FNC and Positive-Strand RNA Viruses

FNC was first synthesized in 2009 among many potential
therapeutic molecules for screening more specific treatments of
the Hepatitis C virus (HCV) (37). It showed up to 125 times
greater efficacy than the previously used treatment, and the effect
was more selective (38). Since HCV often cause chronic disease
that may result in liver cirrhosis or hepatocellular carcinoma, it is
important to detect this infection as early as possible to start
treatment. The major antiviral mechanism of FNC is thought to
be the inhibition of viral replication. When FNC is incorporated
into viral RNA newly synthesized by the HCV RNA-dependent
RNA polymerase NS5B, it causes preliminary chain termination
and, therefore, nonfunctional viral genomic RNA (Figure 2B) .

Similarly, RNA synthesis by the RNA-dependent RNA
polymerase can be interrupted for other viruses as well. For
example, Na Xu et al. (6). showed for the first time that FNC can
be used as an effective inhibitor for broad spectrum of human
enterovirus (EV) pathogens. With high specificity and efficiency,
the nucleoside analog is inserted into the positive or negative
RNA strand by EV71 viral RNA-dependent RNA polymerase
3Dpol and results in truncated viral RNAs, as shown by
quantitative real-time reverse transcription-PCR (RT-qPCR).
The same mechanism is suggested also for the FNC antiviral
activity on SARS-COV-2, another virus with the sense single-
stranded RNA genome (39).

FNC and Retroviruses
ENC also may function as the nucleoside reverse transcriptase
inhibitor (NRTI), being a potentially effective agent for the
treatment of retroviral infections. Being preferred targets for
cellular nucleotide kinases, fluoronucleosides can serve as the
good substrates for RNA and DNA polymerases. The
triphosphates of nucleoside analogs compete with the cellular
endogenous deoxyribonucleotides for the incorporation into
DNA during replication. FNC mimics dN, and both viral and
cellular replication complexes can mistakenly include it in the
newly synthesized chain. The 3’-OH group of FNC is unlikely to
be used by polymerases for elongation of viral DNA synthesis,
and may cause immediate chain termination of replication by
blocking further addition of nucleotide residues (40). Due to its
chemical modifications, FNC is targeted for viral RNA-
dependent polymerases, which is why it has low cytotoxicity (6).

To date, FNC is at various stages of clinical and preclinical
trials for many infectious agents, and is an approved anti-HIV
drug - Azvudine (6). Emerging drug-resistant viral strains as well
as long-term toxicity are the main problem in current antiviral
chemotherapy (41). Unlike previous NRTIs (e.g., Lamivudine),
development of drug resistance against FNC requires different
kind of genetic mutations. Thus, FNC could be included in an
anti-AIDS treatment pipeline to overcome drug resistance issues
with other drugs (42).

In addition to nanomolar activity against NRTI-resistant and
multi-resistant HIV strains, it was noted that FNC is extremely

potent against HIV-1 wild-type strain without obvious
cytotoxicity (43). Azvudine has been also shown to be effective
against HIV-2 in vitro (44), and demonstrates a long-lasting
inhibition of HIV infection. A possible mechanism has been
proposed by Sun et al. (40): in FNC-treated HIV-1 patients, FNC
can restore APOBEC3 (A3G) expression in CD4+ T cells. FNC
binds to the Vif-E3 ubiquitin ligase complex, enabling APOBEC3
to avoid Vif-induced ubiquitination and degradation. In turn,
APOBEC3 may effectively restrict viral replication (45). In
addition, FNC showed selective entry and long-term retention
in HIV-1 target cells.

Nearly one-tenth of the patients with HIV are also infected
with the Hepatitis B virus (HBV) due to a similar transmission
path. Importantly, FNC was shown both in vitro and in vivo to
restrict proliferation of human and duck hepatitis B viruses
(HBV and DHBYV, respectively) (46). Moreover, FNC is effective
against both wild-type and lamivudine-resistant HBV clinical
isolates (47). At the same time FNC showed low cytotoxicity,
thus implying acceptable side effects of the treatment. For
example, cytotoxicity test on the human hepatoma cell line
HepG2 showed that FNC could not cause a 50% reduction of
cell viability even at the concentration of 1,000 uM, which is
~200 fold higher than its physiological concentration in some
previous treatments (47). Histopathological analysis also
demonstrated hepatoprotective effect of FNC - less virus-
induced damage to the liver was observed (5).

FNC and Cancer

Cancer cells also can be specifically affected by FNC (Table 1).
First, FNC, as an antiviral drug, suppresses the activity of many
viruses with oncogenic effects. In addition, as a nucleotide
analogue, FNC demonstrates suppression of cell growth and
active proliferation of cancer cells, apparently, penetrating the
synthesized nucleic acid chain and causing chain termination
(49). The sensitivity to antiretroviral drugs treatment for tumor
initiating (stem) cells, expressing HERVs, was demonstrated
(10).Specifically, HERV-K was implemented in the
maintenance and plasticity of CD133-positive melanoma stem
cells. As shown by Giovavinazzo et al., treatment of lung
adenocarcinoma cells A549 and hepatocarcinoma HepG2 with
reverse transcriptase inhibitors such as azidothymidine (AZT)
and efavirenz (EFV) decreased clonogenic, cell growth and
induce apoptosis. Moreover, there are a lot of side effects on
different signaling pathways of the cell, the mechanisms of which
require additional research.

FNC can suppresses tumor progression by inhibiting
adhesion, migration, and invasion of tumor cells in a dose-
dependent manner (50). This has been shown in vitro and in vivo
for non-small-cell lung cancer (NSCLC) cell line H460, and for
two human aggressive non-Hodgkin lymphoma cell lines Raji
and JeKo-1. Both series of experiments showed that following
FNC treatment the expression levels of MMP-2, MMP-9, and
VEGF were suppressed while E-cadherin expression level was
increased. Later, Zhang and colleagues (51) also reported
increased GSK-3P expression following FNC treatment and
concluded that FNC may be considered an effective
chemotherapeutic agent by regulating the invasion and
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TABLE 1 | FNC nucleoside analogues and cancer.

Sr. No. Tumor type Specific cell line 1C-50 Value [uM] Reference
1. Non-Hodgkin lymphoma Raji 0.2 (48)
2 Non-Hodgkin lymphoma JeKo-1 0.29 (4)
3. B-cell non-Hodgkin lymphoma SUDHL-6 4.55 (1)
4. B-cell non-Hodgkin lymphoma RL 1.74 (1)
5. B-cell non-Hodgkin lymphoma Granta-519 0.95 (1)
6. Human non-small cell lung cancer A549 1.22 (1)
7. Acute myeloid leukemia HLB0 3.30 (1)

metastasis of aggressive non-Hodgkin lymphomas via inhibition
of the Wnt/B-catenin signaling pathway.

Most of the studied aspects of FNC effect on cancer cells occur
in a dose- and time-dependent manner. It is thought to inhibit
cell growth by suppressing expression of CDKN1A, PML,
TP53INP1, TNF, SPN and LST1 proteins (4). ENC also
regulates the cell cycle. It may cause cell cycle arrest of a
different period at different concentrations. The gene
expression assay showed that PRNP, TP53INPI, PRKAG2,
SESN2, SESN3, ERN1, CDKNIA, PML and TCF7L2 genes are
linked with the cell cycle arrest in the G1/S or G2/M phase (4).
ENC can also influence gene expression through the regulation
of DNA methylation (50).

The growth and development of a tumor are regulated not
only by the activity of proliferation and the rate of cell growth but
also by the intensity of apoptotic processes. FNC was reported to
induce apoptosis by triggering both the cell death receptor-
mediated extrinsic pathway (4), and mitochondrial apoptotic
pathway (50) for different types of cancers. In the first case, FNC
treatment significantly increased the protein expression of Fas,
FasL and TNF-o. In addition, Zhang et al. (4) found that FNC
treatment also affects expression levels of some other genes that
play a role in the apoptosis: CDKNIA, PML, BIRC3, CASP10 and
TNF-o. In the second case, treatment of H460 cells with FNC
inhibited Bcl-2 expression and potentiated Cytochrome C
(Cyt-C) release, Bax and caspase-3 expression.

Modulating the immune system may be another important
anti-tumor mechanism of FNC and should be investigated. In a
study comparing the gene-expression profiles with and without
ENC treatment, significant changes in the expression of several
genes associated with immunity were shown. The co-stimulatory
signal during T-cell activation and genes associated with IL-2, IL-
4,1L-7, IL-10 pathways has been shown based on Biocarta (4). In
addition, some HERVs have proven effects on the immune
system too: protein products of the translation of retroviral
sequences, for example, the Gag of the HERV-K gene, affect
the interaction of cancer cells with the immune system (14, 19).
Retroviruses’ activity and metabolites, secreted by tumor
microenvironment, inducing immunosuppressive activity along
with other properties of the stem of cancer cells (10). HERVs also
induces local immune checkpoint activation (19). Therefore,
suppression of retroviral activity by FNC can lead to an
increase in the effectiveness of immunotherapeutic strategies.
Actually, targeting of the HERV-K envelope protein by CAR-T
cells has already been reported as a potential immunotherapeutic
approach for melanoma and other tumors (52).

Those pleiotropic effects of FNC on the cell growth, cell cycle
arrest and apoptosis can be mediated by the independent
reasons, or by the common functional nodes. For example,
PML and CDKNI1A are related to all the above processes (4).
This suggests that FNC could be a potent pleiotropic molecule
for treatment of multiple pathological conditions in cancer
(Figure 2C). However, those studies may be considered
fragmentary as they don’t provide comprehensive high-
throughput gene expression analysis connected with the FNC
effects. Therefore, a series of more in-depth studies of the FNC
molecular mechanism of action on the cell cycle and apoptosis
will be critical to support its potential applicability in
cancer therapy.

Thus, FNC can inhibit adhesion, migration, invasion, and
proliferation of tumor cells, is involved in the cell cycle arrest,
immune system process and apoptosis, thereby suppressing the
progression of cancer. Therefore, FNC may affect the occurrence
and development of tumors through multiple molecular
pathways. For most of these processes, it has been shown
that the impact of FNC occurs in a dose- and time-
dependent manner.

The effectiveness of FNC has been already demonstrated
in vitro and in vivo for the cell lines of NSCLC and lung
adenocarcinoma (50), non-Hodgkin lymphomas (49), acute
myeloid leukemia (1), and for mouse xenograft models of
hepatocarcinoma (H22), sarcoma (S180), and gastric
carcinoma (SGC7901) (1).

At the same time, FNC has demonstrated relatively
low toxicity. For example, in the experiments with mantle
cell lymphoma in SCID mice (4) the low- and medium-dose
FNC groups did not demonstrate significant body weight
loss compared to the negative control group. Further
histopathological examination of the liver and kidney tissues
revealed no signs of drug toxicity.

CLINICAL TRIALS OF FNC

FNC has nanomolar activity against NRTI-resistant and multi-
resistant HIV strains. This is most probably due to different
mutations involved in the viral resistance against previously
used NRTIs, and FNC. Indeed, Wang et al. analyzed HIV
strains resistant to FNC-, or previous generation NRTI (3TC
- lamivudine), and found that in 3TC-resistant viruses the
dominant mutation was M184V (valine replacing methionine
at position 184 in the reverse transcriptase gene), which was
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detected in only ~2% of FNC-resistant strains (44). FNC-
resistant clones, in turn, had increased M184I mutation
rate (44).

In a trial “Azvudine vs HIV-infection/AIDS, phase II
(NCT04109183)”, FNC was administered in the form of a
tablet medicine. This was a phase II multicenter, randomized,
double-blind, double-simulation, positive control trial with 172
participants. The subjects were randomized to the treatment
group of 3TC (positive control) or different doses (from 2 to 4
mg per tablet) of FNC. The background drugs (reverse
transcriptase inhibitors therapy) were Efavirenz and Tenofovir
disoproxil fumarate. FNC showed no serious adverse effects,
exhibited desirable pharmacokinetics, and met the efficacy
endpoints (39), thus forming the basis for the third phase trials.

One of such trials has started in March 2020 by HeNan
Sincere Biotech in China (Phase III Clinical Study of Azvudine in
Hiv-infected Treatment Naive Patients, NCT04303598). Based
on the results of the previous phase, the optimal dose of 3 mg
tablet of active ingredient was chosen. This is a randomized,
double-blind, double-simulated, active-controlled phase III trial
with 720 participants enrolled evaluating the efficacy and safety
of Azvudine combined with tenofovir fumarate and efavirenz in
HIV-infected treatment naive patients. FNC in combination
therapy is compared with 3TC, estimated completion date is
August 2022.

Alternatively, the third phase clinical trial evaluating the use
of Azvudine against SARS-COV-2 started on April 2021 and was
estimated to be completed in December 2021. FNC has been
successful against this infection in preclinical trials (53). Later on
in a randomized, open-label, controlled clinical trial of FNC in
the treatment of mild and common COVID-19 (a Pilot Study) it
was found that FNC treatment of mild and common COVID-19
patients may shorten the time of nucleic acid negativity
conversion versus standard antiviral treatment according to the
“Diagnosis and treatment program trial version 5 (or 6)
guidelines” issued by the National Health Commission of
China. The term was reduced by an average of 4.5 days.
During phase 1 of the trial, the climbing testing showed that 6
mg of FNC was still a safe dose, and a dose of 5 mg per day was
chosen for further evaluations. No drug-related adverse effects
were observed in patients treated with FNC versus ~30% after
treatment with standard antiviral drugs (53).
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CAR Co-Operates With Integrins to
Promote Lung Cancer Cell Adhesion
and Invasion

Claudia Owczarek, Elena Ortiz-Zapater %, Jana Kim?, Efthymia Papaevangelou?®,
George Santis® and Maddy Parsons™*

" Randall Centre for Cell and Molecular Biophysics, King’s College London, London, United Kingdom, 2 School of
Biomedical Engineering and Imaging Sciences, King’s College London, St Thomas Hospital, London, United Kingdom,
3 Peter Gorer Department of Immunobiology, School of Imnmunology and Microbial Science, King’s College London,
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The coxsackie and adenovirus receptor (CAR) is a member of the junctional adhesion
molecule (JAM) family of adhesion receptors and is localised to epithelial cell tight and
adherens junctions. CAR has been shown to be highly expressed in lung cancer where it is
proposed to promote tumor growth and regulate epithelial mesenchymal transition (EMT),
however the potential role of CAR in lung cancer metastasis remains poorly understood.
To better understand the role of this receptor in tumor progression, we manipulated CAR
expression in both epithelial-like and mesenchymal-like lung cancer cells. In both cases,
CAR overexpression promoted tumor growth in vivo in immunocompetent mice and
increased cell adhesion in the lung after intravenous injection without altering the EMT
properties of each cell line. Overexpression of WTCAR resulted in increased invasion in 3D
models and enhanced B1 integrin activity in both cell lines, and this was dependent on
phosphorylation of the CAR cytoplasmic tail. Furthermore, phosphorylation of CAR was
enhanced by substrate stiffness in vitro, and CAR expression increased at the boundary of
solid tumors in vivo. Moreover, CAR formed a complex with the focal adhesion proteins
Src, Focal Adhesion Kinase (FAK) and paxilin and promoted activation of the Guanine
Triphosphate (GTP)-ase Ras-related Protein 1 (Rap1), which in turn mediated enhanced
integrin activation. Taken together, our data demonstrate that CAR contributes to lung
cancer metastasis via promotion of cell-matrix adhesion, providing new insight into co-
operation between cell-cell and cell-matrix proteins that regulate different steps
of tumorigenesis.

Keywords: cell-cell adhesion, cell-matrix adhesion, invasion, integrins, coxsackievirus adenovirus receptor (CAR),
lung cancer

Abbreviations: Ad5FK, Adenovirus 5 FiberKnob; CAR, Coxsackie and Adenovirus Receptor; ECM, ExtraCellular Matrix;
EMT, Epithelial-Mesenchymal Transition; FAK, Focal Adhesion Kinase; FRAP, Fluorescence Recovery After Photobleaching;
GEF, Guanine Nucleotide-Exchange Factor; GFP, Green Fluorescent Protein; GST, Glutathione S-transferase; GTP, Guanine
Triphosphate; HSC70, Heat Shock Cognate 70kDa; JAM, Junctional Adhesion Molecule; MAGI-1, Membrane Associated
Guanylate kinase with Inverted orientation 1; PD-L1, Programmed Death-Ligand 1; PKC, Protein Kinase C; Rap1, Ras-related
Protein 1; RIAM, Rap1-GTP Interacting Adaptor Molecule; ROCK, Rho-associated Protein Kinase; SCID, Severe Combined
ImmunoDeficiency; ZO-1, Zonula Occludens 1.
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Owczarek et al.

CAR Promotes Cell-Matrix Adhesion

INTRODUCTION

Lung cancer is the leading cause of cancer death worldwide (1).
Despite advances in treatment options, prognosis remains poor as
lung cancer is mainly diagnosed at advanced stages (2). To
metastasise, tumor cells must undergo a multi-step process
defined as the metastatic cascade. Metastasis requires cell
detachment from the primary tumor, local invasion, intravasation
and survival in the vasculature, extravasation, and colonisation of a
secondary site (3). Adhesion molecules play a crucial role in all the
metastatic steps as they regulate adhesive properties and integrate
extracellular cues with cell intrinsic signalling to regulate other
cellular functions (4). Numerous previous studies have suggested
that metastasis requires cancer cells to undergo epithelial to
mesenchymal transition (EMT) whereby cell-cell adhesions are
downregulated to promote a more pro-migratory phenotype.
However, recent studies have highlighted the dynamic nature of
these phenotypic transitions. Indeed, recent studies discovered the
existence of a wide spectrum of intermediate states whereby a mix of
epithelial and mesenchymal markers are expressed (5).

Members of the Junctional Adhesion Molecule (JAM) family
are aberrantly expressed in several types of cancer where they play
a dual role. JAMs are type I transmembrane glycoproteins
characterised by the presence of two extracellular
immunoglobulin (Ig)-like domains and include JAM-A, JAM-B,
JAM-C and Coxsackie and Adenovirus Receptor (CAR) (6). CAR
was originally identified as a docking receptor for adenovirus type
2 and 5 and coxsackie B virus and subsequently recognized as a
key regulator of cell-cell adhesion (7, 8). CAR is comprised of an
extracellular domain (containing D1 and D2 domains), a
transmembrane region and an unstructured cytoplasmic tail (9).
CAR is found at both tight and adherens junctions where it
regulates cell-cell adhesion via homodimerization in trans
between CAR D1 domains present on adjacent cells and/or via
cytoplasmic interactions with other adhesion molecules such as
Zonula Occludens 1 (ZO-1), E-cadherin and [-catenin (10-13).
Phosphorylation at Ser290/Thr293 residues in the CAR
cytoplasmic tail by Protein Kinase C & (PKC9) plays a crucial
role in its CAR-dependent adhesion dynamics, leading to
enhanced E-cadherin endocytosis (10). Moreover, CAR
associates with P integrins, and this requires the CAR
cytoplasmic domain (14). CAR has also been implicated in
regulation of cell-extracellular matrix (ECM) adhesion as
increased activation of B1 and B3 integrins was shown to be a
direct consequence of CAR-induced p44/42 activation (14).
CAR interactions with the actin cytoskeleton suggest that it
might be involved in additional processes such as cell migration.
Indeed, CAR binds actin and microtubules and it interacts with
the F-actin regulatory kinase Rho-associated Protein Kinase
(ROCK) (15-17).

In addition to regulating cell-cell homeostasis, CAR is
emerging as a key player in disease states such as inflammation
and cancer (8). Phosphorylation of the cytoplasmic tail of CAR
promotes trans-epithelial migration of leukocytes in inflammation
(18). CAR levels are altered at both early and late tumor stages and
variability in its role in tumor progression may depend on pre-
existing endogenous CAR levels (19, 20). Like other JAMs, CAR

has a dual role as it presents both a tumor suppressive and tumor
promoting role according to the type of cancer (17, 21). CAR
expression is upregulated in lung squamous cell carcinoma and
adenocarcinomas and CAR expression level is correlated with
poorer prognosis (22, 23). This makes CAR an attractive target for
cancer treatment. In line with this, inhibition of CAR expression in
lung cancer cells decreases tumor volume in Severe Combined
Immuno Deficiency (SCID) mice and high CAR expression
promotes expression of mesenchymal markers, suggesting it
could play a role in EMT (20). CAR depletion in human lung
cancer cells results in reduced anchorage-independent growth and
tumor growth in mice (24). CAR not only contributes to tumor
development, but also to treatment resistance as it has been
identified as a marker of cancer stem cells in non-small lung
cancer (25).

In this study we aimed to define whether changes to CAR
levels as observed in lung cancer, could contribute to the
metastatic potential via regulation of cell-cell and cell-ECM
adhesion. Our data demonstrate that CAR overexpression
promotes cell adhesion to ECM proteins and cell invasion into
3D collagen gels without affecting classical epithelial to
mesenchymal transition (EMT) markers. Overexpression of
WTCAR promotes tumor growth in vivo and cell adhesion in
the lung after intravenous injection. Mechanistically, we show
that phosphorylation of CAR is responsive to increasing
extracellular stiffness. Overexpression of WTCAR results in
increased B1 integrin activity through activation of the GTPase
Ras-related Protein 1 (Rapl), leading to enhanced CAR-
dependent adhesion. Immunoprecipitation experiments further
show that CAR forms a complex with the focal adhesion proteins
Src, Focal Adhesion Kinase (FAK) and paxillin and that this
requires phosphorylation of CAR. Taken together, these data
suggest that CAR contributes to lung cancer metastasis via
promotion of cell-matrix adhesion.

METHODS

Antibodies and Reagents

Anti-integrin B1 (12G10, Santa Cruz), anti-active 1 integrin
(9EG7, Merck Millipore), anti B-catenin [Santa Cruz (IF)
and BD Bioscience (WB)], anti-CAR antibody (Santa-Cruz),
anti E-Cadherin (Abcam), anti-FAK (Cell signalling), anti-
green fluorescent protein (GFP) (26), anti- Heat Shock
Cognate 70kDa (HSC70) (Sigma-Aldrich), anti-paxillin (BD
Bioscience), anti phospho-FAK (Y397, Cell signalling), anti-
phospho-paxillin (Y118, Cell signalling), anti-phospho-src
(Y418, Millipore), anti-rapl A/B (R&D Systems) and anti-src
(Millipore) antibodies were used for western blot. Adenovirus
Type5 fiberknob (Ad5FK) was produced and purified as
previously described (27). CAR thr290/ser293 polyclonal
antibody was developed by Perbioscience (Thermofisher) using
the peptide Ac-RTS (28)AR(pS)YIGSNH-C and was affinity
purified before use. DAPI (Sigma Aldrich) was used as nuclear
stain for immunofluorescence. Anti-mouse-HRP, anti-rabbit-
HRP, anti-goat-HRP were from DAKO, anti-mouse-568, anti-
rabbit-568, anti-goat-568 and phalloidin-647 were all obtained
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from Invitrogen. Inhibitors to FAK (PF228), RaplA (GGTI1298)
and src (PP2) were all obtained from Tocris.

Plasmids and Primers

CAR phospho-mutants (T290A & S293A, non-phosphorylated
(AACAR) and T290D & S293D, phospho-mimetic (DDCAR) in
both GFP lentiviral backbones and Glutathione S-transferase
(GST) expression vectors were described previously (10).
RalGDS-RBD-GST construct was kindly gifted by Dr Ritu Garg
(King’s College London). Luciferase-mStrawberry lentiviral
plasmid and pMDL, RSV-Rev and CMV-VSVG packaging
plasmids were kindly gifted by Dr Scott Lyons (Cold Spring
Harbor Laboratories). The CXADR CRISPR Guide RNA
targeting sequence TAGATACGCAGTTTCCCCTT cloned into
pSpCas9 BB-2A-GFP (PX458) lentiviral construct and acquired
from Genscript. The following primers were used for gqPCR: CAR
primer forward 5 AAGTGACGCGAGTTCACCTG 3'CAR
primer reverse 5’AGATGTTCAAGACCTGTACACTG 3
18S primer forward 5-CCCATCACCATCTTCCAGGAGC -3’
18S primer reverse 5-CCAGTGAGCTTCCCGTTCAGC -3’.

Cell Culture

LLC1 murine Lewis Lung Carcinoma epithelial cells (29), CMT-
167 murine carcinoma alveogenic epithelial cells (30) were a kind
gift from Prof K.Hodivala-Dilke (Barts Cancer Institute, QMUL,
London) and Human Embryonic Kidney 293T (HEK293T) cells
(purchased from ATCC) were cultured in high glucose DMEM
containing 10% FCS, supplemented with 2mM glutamine.
HEK293T packaging cells were used to generate lentiviral
particles for CAR and GFP lentiviral expression using GFP,
WTCAR-GFP and AACAR-GFP constructs. CAR-CRISPR cell
lines were established via transient transfection of LLC and CMT
parental cells with CXADR CRISPR Guide RNA vector carrying a
GFP tag. The GFP-tagged cells were sorted 24 h post-transfection
using flow cytometry to obtain a homogenous but non-clonal cell
population. CMT and LLC cells were treated with Ad5 FK (100u.g/
mL for 2.5h), FAK inhibitor (PF228; 1uM for 4h), Rap1A inhibitor
(GGTI1298, 10uM for 30min) or Src inhibitor (PP2, 5uM for 4h).
PP2 also inhibits Lck and Fyn members of the Src family of
tyrosine kinases (31) but PP2 has been previously shown to
effectively inhibit Src activity (32) at concentrations used here
(33). Effective inhibition of Src was proven by reduced pY418Src.
Ad5FK was used at concentrations previously shown to block
CAR homodimerisation (18). GGTI298 has been effectively used
to inhibit Rapl processing (34, 35).

Generation of Lentiviral Virus From
HEK-293T Cells

HEK-293T cells were plated at 40% confluency 24 hours prior to
transfection. A transfection mixture containing a total of 7.5 ug
DNA (2.1 ug pCMV8.91, 0.7 ug pMD.G and 3.75 pug of various
lentiviral constructs) was mixed in 500 pL of OptiMEM.
Subsequently, 22.5 pL of PEI transfection reagent was added in
the transfection mixture (3:1 ratio to total DNA). The DNA-PEI
mix was vortexed and incubated for 15 minutes at room
temperature before being added to HEK-293T cells with
OptiMEM. After incubation with the transfection mixture for 5

hours at 37°C, OptiMEM was replaced with complete media.
Lentivirus was harvested after 48 hours by removing the media
and centrifugation at 1200 rpm for 3 minutes to remove any
HEK293T cells. Viruses were then filtered through 0.4 pum sterile
filters and stored in 1 mL aliquots at -80°C.

Lentiviral Infection to Generate Stable

Cell Lines

CMT and LLC cells were plated to 40% confluency 24 hours
prior to viral infection. Polybrene (8 mg/mL) was added into
normal growth media to increase the efficiency of viral infection.
1-4 mL of lentivirus were added to the cells and left to incubate at
37°C for 24-72 hours. Media was replaced 24-48 hours post-
infection to remove the virus and cells were grown and passaged.

GFP-Trap Immunoprecipitation

LLC and CMT cells expressing GFP-tagged proteins were lysed in
IP lysis bufter (pH 7.4, 50 mM Tris, 150 mM NaCl, 50mM NaF, 1
mM EDTA, 1% Triton X-100, 1% NP40, PI cocktail). Lysates were
incubated with 1:1 of GFP—trap®beads (Chromotek) and agarose
resin on a rotator at 4°C for 2 hours. Beads were washed with IP
lysis buffer and immunocomplexes were separated using SDS-
PAGE and immunoblotted for either B1 integrin, FAK, paxillin,
Src or GFP.

GST Pulldown Assay

GST-fusion constructs were expressed in E. coli BL21 competent
cells using conditions recommended by the manufacturer
(Amersham Pharmacia Biotech). Pulldown assays were carried
out using WTCAR-GST, AACAR-GST and DDCAR-GST
cytoplasmic tail constructs as previously described (10). LLC
and CMT cells were cultured in 10 cm dishes until 100%
confluent and lysed in 500 pl IP buffer containing protease and
phosphatase inhibitor cocktails (1:100). Cell lysate proteins were
collected as supernatant after centrifuging at 13,000 rpm for 10
minutes at 4°C. 50 ul of each lysate was kept aside for use in
loading controls while the rest were incubated with pre-washed
GST or CAR-GST beads for 3 hours at 4°C on a rotator.
Following incubation, the unbound fractions were removed
and the beads washed three times with IP buffer before boiling
for 5 minutes in 50 pl of 2X SDS sample loading buffer
containing B-mercaptoethanol (1:50). 40 pl of samples were
loaded onto 10% polyacrylamide gels and immunoblotted.

Western Blotting

CMT and LLC cells were lysed in RIPA buffer (pH 7.4, 10 mM
Tris Base, 150 mM NaCl, ImM EDTA, 1% Triton X- 100)
containing [-mercaptoethanol (1:100). Lysates were subjected
to SDS-PAGE and blotted using PVDF membrane. Blots were
blocked and probed using 5% skimmed milk powder or Bovine
Serum Albumin in TBS-0.1% Tween. Proteins were detected by
ECL chemiluminescence kit (BioRad) and directly imaged using
the BioRad imager digital imaging system.

Immunofluorescence
CMT and LLC cells were plated on 13mm coverslips and
incubated overnight in normal growth media. Cells were
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washed 1x with PBS and then fixed using 4%PFA in PBS for 10
minutes at room temperature and then washed three times with
PBS. Cells were then stored or permeabilised using 0.25%
TritonX-100 in PBS for 5 minutes and washed again three
times with PBS. Following permeabilization, coverslips were
blocked with 5% BSA/PBST for 1 hour at room temperature.
Incubation of cells with primary antibody diluted in 5% BSA/
PBST was then carried out in a dark humid chamber placed at
4°C overnight. Cells were incubated with secondary antibodies
and DAPI diluted in 5% BSA/PBST for 1h at room temperature.
Coverslips were mounted on slides using FluorSafe mounting
media (Calbiochem).

Confocal Microscopy

The slides were analysed using a AIR laser scanning confocal
microscope (Nikon) with a 60x/1.4Plan-APOCHROMAT oil
immersion objective. Images were acquired in ND2 format,
exported as TIFFs, and analysed in Image J. Confocal
microscopy Images of fixed cells were acquired on a Nikon
AIR inverted confocal microscope (Nikon Instruments UK)
with an environmental chamber maintained at 37°C/5% CO2.
Images were taken using a 40x or 60x Plan Fluor oil immersion
objective (numerical aperture of 1 and 1.4, respectively).
Excitation wavelengths of 488 nm (diode laser), 561 nm (diode
laser) or 640 nm (diode laser) were used. In experiments where
multiple cell lines were analysed from the same cell type, all
images were acquired at identical laser settings to permit
comparison of intensities. Images were acquired using NIS-
Elements imaging software (v4) and were saved in Nikon
Elements in the.ND2 format. Image processing was carried out
in Fiji processing software (36).

Fluorescence Recovery Activated Photo
Bleaching (FRAP)

CMT cells expressing WTCAR-GFP and AACAR-GFP were
used for FRAP experiments. CMT cells expressing WTCAR-
GFP were treated with DMSO/anti-src (PP2, for 4h) and used for
FRAP experiments in presence of anti-Src/DMSO. Regions of
interest (23) were drawn across CAR-positive cell-cell junctions
and photobleached by a bleach pulse (0.5 second) at 80% laser
intensity at 488 nm. Recovery of fluorescence within the ROI was
monitored over 6 min. Background and reference ROIs were
selected for background and reference correction. 10 cell-cell
junctions were averaged to generate one FRAP curve for a single
experiment. Fluorescence recovery of CAR-GFP was analysed
using the NIS-Elements Advanced Research software. The
experimental data were fitted using the one-phase decay in
Graphpad Prism.

Cell Matrix Adhesion Assay

CMT and LLC cells were plated on Collagen (Rat Tail Type I) or
Matrigel and allowed to adhere for 2h at 37°C. Cells were fixed
with 4%PFA and nuclei were stained via incubation with DAPI
(1:1000) for 10min. Fluorescent images were acquired on Evos
FL Auto 2 fluorescent microscope (Invitrogen). Tile-scans were
obtained using a 4x air objective with 3.2 MP CMOS camera.
Excitation using DAPI LED light cube was used. Images were

acquired using EVOS software (v2). Tiles were knitted into. TTFF
files using FIJI software and total cell count was obtained by
thresholding for nuclear stain followed by automated counting.
35mm low stiffness [-dishes (1.5kPa and 28 kPa) were obtained
from Ibidi.

Cell Proliferation Assay

LLC and CMT cells were fixed with 4% PFA/PBS for 10 min at
4h, 24h and 48h post-plating. Nuclei were stained with DAPI to
enable cell quantification. Images were acquired as described for
cell matrix adhesion assay.

Inverted Invasion Assay

Transwell inserts with 8 um wide pores were filled with a gel
comprised of Collagen (Rat Tail Type I 1.6 mg/mL), Fibronectin
(10pg/mL) and FCS (2%). LLC and CMT cells plated on top of
each transwell were left to invade through the gel for 72h following
a FCS concentration gradient. Transwells were fixed with 4%PFA
and nuclei stained with DAPI. Confocal sections were taken every
1.5 um in 5 independent fields per transwell with a 20x dry
objective in a Nikon Eclipse Ti-E inverted microscope with AIR Si
Confocal system using Nikon Software Elements. To quantify
invasion levels, images acquired in the DAPI channel were
imported on Fiji software. Cell count was obtained by
thresholding for nuclear stain followed by automated counting.
The percentage of total invading cells present at each depth in the
collagen gel was determined. This was done by dividing the
number of cells present in each layer by the sum of invading
cells present in all layers.

Spheroid Assays

CMT cells were re-suspended in DMEM supplemented with 0.5%
FCS and methylcellulose (37) to generate spheroids via the
hanging drop method. Spheroids were left to form for 48 h at
37°C. A collagen mix containing 2 mg/ml collagen (Rat Tail Type I
collagen), 20 mM Hepes, 10 mM fibronectin, 17.5 mM NaOH and
OptiMEM was made to embed the spheroids. Phase-contrast
images were acquired using the Evos FL Auto 2 fluorescent
microscope with a 10x objective at 0, 24 and 48 hours. Cell
invasion was quantified using Fiji software. The acquired images
(.TIFF format) were imported in Fiji, a region of interest was
manually drawn around each spheroid and the area quantified. Oh
post-embedding spheroids were only comprised of a spheroid
core, whereas 24 and 48 h post-embedding cells started leaving the
core and spheroids were comprised of invading cells in addition to
a spheroid core. Regions of interest were drawn around the entire
spheroid (including invading cells). Spheroid cell invasion was
quantified by dividing the spheroid area at 24h or 48 h by the
spheroid area measured at Oh post-embedding.

In-Vivo Experiments

The use of animals for this study was approved by the Ethical
Review Committee at King’s College London and the Home
Office, UK. All animals were housed in the Biological Support
Unit (BSU) located in New Hunt’s House at King’s College
London. All experiments were carried out under project license
no. P9672569A and personal license no. I83A1F143. For
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subcutaneous tumors, 7.5x10° CMT or LLC cells were re-
suspended in 200 ul PBS. Cells were injected subcutaneously
into the shaved flank of immunocompetent C57BL/6 mice (male,
7-8 weeks old, 20 g weight). Tumors were allowed to grow until
they reached a maximum diameter of 20 mm. A Vernier caliper
was used to measure perpendicular tumor diameter every three
days and tumor volumes were calculated using the following
formula: V = (W(2) x L)/2. For experimental metastasis models,
7.5x10> CMT or LLC cells expressing a luciferase mStrawberry-
tagged construct were re-suspended in 150 ul of PBS and injected
into the mouse tail vein of immunocompetent C57BL/6 mice
(male, 7-8 weeks old, 20 g weight). To detect luminescent cells,
each mouse was injected intra-peritoneally with 200 ul of D-
luciferin (PerkinElmer, 0.15 mg Luciferin/g body weight) PBS
solution before in vivo imaging. Mice were imaged at 4h and 24h
post-injection using the IVIS spectrum imaging system
(PerkinElmer) (38). A region of interest was drawn around
each luminescent signal present in the lung and quantified
using the Living Image® software and measured in Total Flux
[= radiance (photons/sec) in each pixel summed over the ROI
area (cm?) x 47).

Tissue Processing

Tumors extracted from mice were fixed with 4%PFA prior to
paraffin wax embedding. 10 pm thick sections were obtained and
used for DAB staining. Paraffin-embedded sections were dewaxed
and antigen retrieval was carried out via 20min incubation with
sodium citrate buffer (0.0874 M sodium citrate, 0.0126 M citric
acid, pH 6) in a pressure cooker at 95°C. Endogenous peroxidase
activity was blocked via 10 min incubation in hydrogen peroxide
(3% in TBS). Non-specific binding was blocked via incubation
with TBS-1%BSA-1%FBS blocking solution. Tissues were
incubated with primary antibody at 4°C overnight. Secondary
HRP-conjugated antibody was added for 1h at room temperature.
DAB staining was visualised by adding DAB developing solution
for up to 20 min (Dako, Liquid DAB+Substrate Chromogen
system). Tissues were counterstained using haematoxylin for 1
sec. Tissues were dehydrated and mounted with DPX mounting
medium (Sigma-Aldrich).

Statistical Analysis

Data values are expressed as mean + standard error of mean
(s.e.m). All statistical tests were performed using GraphPad
Prism, version 8. Student’s t-test was used for comparing two
groups for statistical analysis. One or two-way analysis of
variance (ANOVA) with post hoc test was used for multiple
comparisons. Statistically significant values were taken as * = p <
0.05, ** = p < 0.01, ** = p < 0.001, *** = p < 0.0001 and were
assigned in specific figures and experiments as shown.

RESULTS

CAR Regulates Lung Cancer Cell Invasion
But Does Not Alter EMT Phenotypes

To explore whether CAR plays a role in tumorigenesis and EMT
we generated a panel of epithelial-like CMT 167 mouse lung

adenocarcinoma cells overexpressing WT or AACAR
(Figure 1A) and where CAR is removed using CRISPR
(Figures 1B-E). As a cell-cell adhesion molecule, CAR has
previously been suggested to play a role in EMT. Notably we
did not observe any changes in cell-cell adhesion behaviour
under normal growth conditions. However, to more formally
address whether changes to EMT may be occurring, we assessed
expression of key characterised EMT markers E-Cadherin, -
catenin and vimentin in these cells. Confocal images
demonstrated colocalization of both WTCAR and AACAR
with E-Cadherin at cell-cell adhesion sites (Supplementary
Figure 1A). Overexpression or deletion of CAR did not change
levels or localisation of E-cadherin or P-catenin as quantified
from confocal images and western blots (Supplementary
Figures 1A-C). Moreover, vimentin was detected in CMT 167
cells, despite their epithelial-like appearance, but the expression
of this protein was unaltered following manipulation of CAR
levels (Supplementary Figure 1D), further indicating that CAR
does not contribute to EMT changes. Whilst our data from fixed
cells suggested that WTCAR and AACAR were similarly
distributed at cell-cell adhesions, we postulated, based on our
previous data in normal lung epithelial cells, that dynamics of
CAR itself would be altered upon phosphorylation of the
cytoplasmic tail (10). Analysis of CAR dynamics at the plasma
membrane using fluorescence recovery after photobleaching
(FRAP) revealed significantly slower recovery of AACAR
compared to WTCAR at cell-cell adhesions (Supplementary
Figures 1E, F) indicating phosphorylation promotes CAR
movement at the membrane but that this does not result in a
tangible change in cell-cell adhesion properties. Functional analysis
of this panel of cells showed a doubling time of approximately 48
hours in parental cells that did not significantly change in CAR
overexpressing or CRISPR cells over this time (Figure 1F).
However, subcutaneous injection of cells into immunocompetent
mice revealed a significant increase in tumor growth in vivo in
WTCAR and AACAR cells, with WTCAR cells showing the highest
proliferative potential (Figure 1G). This data demonstrates that
higher levels of CAR promote tumor growth, and this may be
specific to 3D microenvironments. To determine whether this
enhanced proliferative capacity correlated with invasive potential,
we analysed invasion as measured using 3D inverted invasion assays
and 3D spheroids. In both cases, WTCAR and AACAR promoted
invasion in CMT cells compared to controls (Figures 1H-K).
Collectively these data demonstrate that enhancing CAR
expression can drive a pro-tumorigenic phenotype within
3D environments.

CAR Expression Promotes

Cell-Matrix Adhesion

As our data demonstrated no change in cell-cell adhesion but
enhanced invasion when CAR is overexpressed, we next explored
whether CAR may be mediating a pro-invasive phenotype
through contributions to cell-matrix adhesion. We firstly
explored whether initial attachment to ECM proteins was
altered across the CMT cell panel with a particular focus on
those ECM proteins within the stroma (collagen I) or
surrounding the solid tumor (basement membrane). WTCAR
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FIGURE 1 | CAR promotes lung cancer progression. (A) Representative Western blots of specified proteins in CMT 167 cells, parental (P), GFP expressing (G),
WTCAR-GFP (WT) and AACAR-GFP (36). (B) Representative Western blots of CAR levels in parental (P) and 2 different CAR CRISPR CMT 167 cell populations
(CR1, CR2). (C) Graph shows quantification of CAR levels as in (B) from 4 independent experiments. (D) Representative confocal images of parental and CAR
CRISPR cells stained for CAR (green) and DAPI (blue). Scale bars are 10 um. (E) CAR transcript levels in parental and CRISPR cells by gqPCR relative to 18S control.
Pooled data from 3 independent experiments. (F) Proliferation in specified CMT 167 cells 24h and 48h post-plating. Data is representative of 3 independent
experiments and from 4 replicates per cell line per time point. (G) Tumor volume in mice subcutaneously injected with specified CMT 167 cells. Violin plots shown
with each point represents one animal (n=5 per group). (H) Representative confocal images of nuclei stained in specified CMT 167 cell lines at intervals through 3D
inverted invasion assay. Scale bars are 50 um. (I) Quantification of invasion data from (H) at different depth intervals, pooled from 4 different wells per condition,
representative of 3 independent experiments. (J) Representative phase contrast widefield images of specified CMT 167 cell spheroids images over time. Scale bars
are 100 um. (K) Quantification of spheroid area over time relative to time 0. 10 spheroids per cell line analysed; representative of 3 independent experiments. All
values are mean + SEM. P values *p < 0.05,"p < 0.01, **p < 0.0005, ***p < 0.0001.

overexpression promoted initial CMT cell attachment to both
Collagen I and Matrigel as measured 2 hours post-plating
(Figure 2A). To explore whether this phenotype was
associated with higher levels of active B1 integrins, that are the
major receptor family for these ECM proteins, cells were fixed
and stained with an antibody that recognizes the active

conformation of these receptors (9EG7). Images revealed that
neither WTCAR-GFP nor AACAR-GFP localised to active
integrin containing adhesions (Figure 2B). However,
quantification of data revealed that WTCAR but not AACAR
expressing cells showed a significant enhancement in larger
activePl integrin containing focal adhesions (Figures 2C, D).
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In agreement with this, we also observed significantly increased  treated cells with recombinant Ad5FK to block CAR in trans
activefl integrins in solid tumors following subcutaneous  binding as we have previously (18). Ad5FK enhanced active 1
injection of WTCAR overexpressing cells (Figures 2E, F). To  integrins in both parental and WTCAR expressing CMT cells
test whether CAR engagement in trans at cell-cell adhesions  (Figure 2G), suggesting CAR-CAR homodimers need to be
contributed to this integrin-based adhesion phenotype, we  disengaged at cell-cell adhesions for CAR to promote cell-
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matrix adhesion. To determine if this enhanced adhesion
phenotype was also seen in vivo, we performed IV injections of
CMT cells expressing a luciferase reporter and analysed retention
of cells in the lung over 24 hours. Significantly enhanced
retention of WTCAR cells in lung was seen after 24 hours
(Figures 2H, I) suggesting enhanced cell-matrix stability leads
to increased metastatic potential.

CAR Expression Promotes Adhesion and
Invasion in Mesenchymal Cells

Our data show that CAR engagement at junctions negatively
regulates the ability of epithelial-like carcinoma cells to activate
integrins and undergo invasion. We therefore hypothesised that
overexpressing CAR in mesenchymal lung cancer cells would
promote adhesion and invasion. To test this, we generated LLC
mouse lung carcinoma cells overexpressing WT and AACAR
(Figure 3A), noting these cells express significantly reduced
endogenous CAR compared to CMT 167 cells. Both WTCAR
and AACAR localised to the membrane and was enriched at sites
of transient cell-cell contact (Figure 3B). Analysis following
subcutaneous injection of these cells revealed enhanced tumor
growth in WTCAR overexpressing cells (Figure 3C), similar to
that seen in CMT cells (Figure 1G). WTCAR overexpression also
enhanced initial LLC cell attachment to Collagen I and Matrigel
(Figure 3D). To determine whether CAR was associated with
integrin-containing focal adhesions in mesenchymal lung cancer
cells, WTCAR-GFP and AACAR-GFP overexpressing cells were
stained with antibody to active Bl integrins. Images
demonstrated no clear colocalisation of CAR and Pl integrins
in either cell line (Figure 3E). However, significantly enhanced
B1 integrin activation was measured in WTCAR-GFP
overexpressing cells with a smaller increase seen in AACAR
cells (Figure 3F) as also seen in CMT cells. WT and AACAR
overexpression also enhanced LLC cell invasion in 3D inverted
invasion assays (Figure 3G). Finally, WTCAR overexpression
increased LLC cell retention in the lung following IV injection as
measured using luciferase reporters (Figures 3H, I). These data
suggest that overexpression of CAR in mesenchymal cancer cells
enhances cell-matrix adhesion and invasion, suggesting CAR-
dependent effects on these phenotypes do not require CAR
localisation to adherens and tight junctions.

CAR Is Expressed Highly at Tumor
Boundaries and Is Mechano-Responsive
Our data demonstrate that high expression of CAR positively
regulates tumor cell-matrix adhesion, and this may be distinct
from the known role of CAR at cell-cell adhesion sites. To
determine whether CAR expression levels correlated with sites
of cell-matrix adhesion in tumors, we stained for CAR in tissue
sections from subcutaneous CMT and LLC cell tumors from
immunocompetent mice. An increase in CAR levels was
observed at the edge of solid tumors where cells contact the
ECM in both cell types (Figure 4A). Moreover, phosphorylated
CAR was also readily detected at the boundary of these tissues
(Figure 4B). In addition to the biochemical properties of the
ECM, the stiffness of the matrix surrounding the tumor is

increasingly recognized as a key factor contributing to tumor
growth and invasive potential (40). Enhanced stiffness in the
tumor microenvironment is sensed through integrin-based focal
adhesions and has been associated with increased invasion in
several tumor types. Given our data demonstrating that CAR
contributes to cell-matrix interactions in a phosphorylation-
dependent manner, we next determined whether CAR
phosphorylation was responsive to changes in the matrix
properties. To define this, we analysed CAR phosphorylation
in cells plated on substrates of differing biomechanical
properties; 1.5kPa (normal lung tissue stiffness), 28kPa
(stiffness detected in several lung cancers) or glass (>1Gpa,
standard non-physiological substrate). We analysed levels of
PCAR as a function of CAR expression on a cell-by-cell basis
to control for any variation in CAR expression levels. Data
revealed significantly enhanced levels of CAR phosphorylation
in cells on stiffer ECM (Figures 4C) and this correlated with
higher CAR:P-CAR colocalization co-efficient in both CMT and
LLC cells (Figure 4D). These data show that properties of the
surrounding ECM can lead to altered levels and localisation of
phosphorylated CAR, potentially promoting CAR-dependent
cell-matrix adhesion and invasion.

CAR Forms a Complex With Focal
Adhesion Proteins and Promotes

Rap1 Activity

In order to understand whether the observed CAR-dependent
changes to cell-matrix adhesion were due to CAR physically
engaging with focal adhesion proteins, we performed CAR
immunoprecipitation experiments and probed for candidate
proteins. We chose to focus on B1 integrins, Src, FAK and
paxillin as these are core components of most focal adhesions
formed in cells on collagen substrates and represent key
regulatory elements to control of adhesion formation and
dynamics. WTCAR, but not AACAR formed a complex with
both B1 integrins (Figure 5A) and key focal adhesion
components Src, FAK and paxillin (Figure 5B). Moreover, in
vitro binding assays using the CAR cytoplasmic tail confirmed
binding to FAK, Src and paxillin (Figure 5C) and further
demonstrated dependence on phosphorylation of CAR at
T290/5293 for these interactions as significantly lower binding
was seen with AACAR vs WT or DD (phospho-mimic) CAR
proteins (Figure 5D). To determine whether activity of these
adhesion proteins may contribute to CAR-dependent cell-matrix
adhesion, cells were treated with the Src inhibitor PP2 and the
FAK inhibitor PF573228 (Figures 5E, F). Analysis of activef1
integrins revealed significantly reduced CAR-dependent BI
activation in the presence of both inhibitors (Figure 5G)
indicating these proteins may be mediating CAR-dependent
adhesion effects. To determine if Src activity might additionally
play a role in controlling CAR mobility at the membrane, and
thus its influence on cell-ECM adhesion, FRAP analysis was
performed on WTCAR-GFP expressing cells in the presence of
vehicle control or PP2. PP2 treatment resulted in significantly
reduced CAR mobility at cell-cell adhesions (Figure 5H),
supporting the notion that CAR-Src complex and Src activity
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FIGURE 3 | CAR promotes adhesion and invasion in mesenchymal cells. (A) Representative Western blots of specified proteins in LLC cells, parental, GFP
expressing, WTCAR-GFP and AACAR-GFP. (B) Representative confocal images of WTCAR-GFP and AACAR-GFP expressing LLC cells. CAR is shown in green and
DAPI in blue. Scale bars are 10 um. (C) Tumor volume in mice subcutaneously injected with specified CMT 167 cells. Violin plots shown with each point represents
one animal (n=7-8 per group). (D) Graphs showing % adhesion to collagen and Matrigel of indicated cell lines 2h post-plating. Data is from 3 wells per cell line,
representative of 3 independent experiments. (E) Representative confocal images of WTCAR-GFP and AACAR-GFP LLC cells (CAR; green) stained for active 1
integrins (9EG7; magenta). Scale bars are 10 um. (F) Quantification of images of specified cell lines stained for active B1 integrins (9EG7). Data is from at least 10
fields of view (5-10 cells per field) per condition. Representative of 3 independent experiments. (G) Quantification of inverted invasion data from specified cell lines at
different depth intervals, pooled from 4 different wells per condition, representative of 3 independent experiments. (H) Images of indicated cell lines expressing
luciferase 24 hours after intravenous injection into animals. Representative of 2 independent experiments. (I) Quantification of data as in (H). Violin plots shown with
each point represents one animal (n=4-5 per group). All values are mean + SEM. P values *p < 0.05, **p < 0.01, **p < 0.0005, ***p < 0.0001.

may regulate the CAR-dependent effects on cell-ECM adhesion.  in previous experiments. Data revealed that treatment of cells
Rap1 has also been previously shown to act downstream of the  with GGTI298 lead to suppression of CAR-induced adhesion
related family member JAM-A and controls integrin activation ~ (Figure 5K) indicating that enhanced integrin activation
(41, 42). We therefore assessed Rap1 activity in the CMT 167 cell ~ downstream of CAR is mediated by increased activity of Rapl.
panel to understand if this GTPase may play a role downstream  This data demonstrates that CAR acts to co-ordinate focal
of CAR in driving integrin activity. WTCAR, but not AACAR  adhesion signalling through Src and Rapl1.

overexpression led to significantly enhanced Rapl activity as

measured using pulldown assays, whereas depletion of CAR

reduced Rapl activity (Figures 5I, J). To further determine DISCUSSION

whether this enhanced activation of Rapl contributed to CAR-

dependent, B1 integrin activation, cells were treated with the = Our study provides evidence that CAR contributes to several
Rap1 inhibitor GGT1298 and adhesion to collagen I was tested as  aspects of lung cancer progression including tumor growth,
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adhesion and invasion. Importantly, we show these effects of
CAR overexpression do not require formation of adherens or
tight junctions, where CAR has been previously studied. Multiple
studies have investigated the role of CAR in tumor growth;
however, these reports did not analyse whether CAR
homodimerization in trans and factors dictated by the tumor
microenvironment influenced this phenotype. We propose a
model based on our data (Figure 6) whereby CAR activates
the integrin-regulator Rapl and associates with focal adhesion
molecules and P1 integrins to influence cell-matrix adhesion

LLC

FIGURE 4 | CAR is a mechano-responsive protein. (A) Representative images of sections from tumors formed following subcutaneous injection of LLC or CMT cells
stably expressing WTCAR-GFP, stained for CAR (top panels, brown) or H&E (bottom panels). (B) Representative images of P-CAR staining of frozen sections of
tumors formed following subcutaneous injection of CMT WTCAR-GFP expressing cell. Top panel shows P-CAR alone, bottom panel P-CAR (39), CAR-GFP (green)
and DAPI (blue). (C) Representative confocal images of indicated cell lines plated on 1.5 kPa or 28 kPa stiffness plates, stained for P-CAR (bottom panels) and DAPI
(blue). CAR is shown in green. Graphs beneath each image set show quantification of P-CAR from at least 10 fields of view per cell line, representative of 3
independent experiments. (D) Quantification of colocalization between CAR and P-CAR from images as in (C) from CMT and LLC cells expressing WTCAR-GFP. All

leading to enhanced tumor invasion and metastasis. CAR may
undergo dimerization in cis to bring scaffold molecule MAGI-1
and Rap GEF PDZGEF-2 together to activate Rapl. We speculate
that phospho-CAR is more mobile on the membrane, and under
these conditions can distally regulate integrin activity, without
localizing to focal adhesions, via recruitment of focal adhesion
molecules and/or B1 integrins to the membrane.

CAR expression levels have been shown to differ depending
on the stage of cancer progression. For example, CAR up-
regulation has been implied to promote carcinogenesis in
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FIGURE 5 | CAR forms a complex with focal adhesion proteins. (A) Representative western blot of immunoprecipitation of B1 integrins from specified cell lines
probed for 1 integrin and GFP. Representative of 5 independent experiments. (B) Western blots of immunoprecipitation of GFP or GFP-CAR from lysates from
specified cell lines probed for indicated focal adhesion proteins and GFP. Representative of 5 independent experiments. (C) Western blots of GST pulldowns using
GST only or GST-CAR cytoplasmic tail (VT, AA, DD) using from lysates from CMT parental cells probed for indicated focal adhesion proteins and GST. (D)
Quantification of blots as in C from 5 independent experiments. (E, F) Western blot of lysates from CMT parental cells treated with Src inhibitor [PP2, 1uM, (E)] or
FAK inhibitor [PF228, 1uM, (F)] probed for indicated proteins. (G) Quantification of active B1 integrins (9EG7) from images of specified CMT cell lines treated with
DMSO, PP2 or PF228. Data is from at least 10 fields of view (5-10 cells per field) per condition. Representative of 3 independent experiments. (H) Quantification of
recovery curves of fluorescence intensity for FRAP data from WTCAR-GFP CMT cells +/-PP2. Data is from at least 15 different ROIs per cell line, shown as mean
+/-SEM, representative of 3 independent experiments. (I) Representative Western blots of lysates from Rap1 activity pulldown assays from specified CMT cell lines,
probed for Rap1 and GST. (J) Quantification of data as in (1), pooled from 5 independent experiments. (K) Quantification of CMT parental and WTCAR-GFP cell
adhesion to Matrigel after 2h, following pre-treatment with DMSO or Rap1 inhibitor (GGTI298, 5uM) normalised to control. Data is from 3 wells per cell line,
representative of 3 independent experiments. All values are mean + SEM. P values *p < 0.05, *p < 0.01, **p < 0.0005, ***p < 0.0001.

early-stage breast cancer and breast cancer precursor cells (43,
44). However, CAR is downregulated in advanced disease stages
displaying loss of differentiation in several tumor types (21, 45-
48). Similarly, CAR levels are high during early carcinogenesis in
colon adenomas and decreased during cancer dissemination in
colon cancer metastases (49). However, changes in expression
and function of CAR during carcinogenesis may be tumor-
specific and both positive and negative expression contribute
to different aspects of tumor progression (19). Our data

demonstrate that CAR expression levels are highest at the
boundary between the tumor edge and the stroma, in
agreement with another recent study (28). Moreover, we show
that CAR is a mechanosensitive protein and undergoes enhanced
phosphorylation in response to stiffness. This coupled with our
discovery that CAR can promote integrin activation and
enhanced adhesion both in vitro and in vivo suggests that CAR
may be upregulated both in levels and activation status prior to
invasion where it plays a role in enabling tumor cell escape into
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FIGURE 6 | Working model for CAR-dependent regulation of lung cancer cell
adhesion. Phosphorylated CAR promotes B1 integrin and Rap1 activation.
Similarly to JAM-A, dimerised CAR may promote interaction of scaffold
protein MAGI-1 and the Rap1 GEF PDZ-GEF2, resulting in Rap1 activation.
CAR-mediated Rap1 activation promotes cell-ECM adhesion and may
enhancef1 integrin activity. The latter may in turn be involved in CAR-
mediated promotion of cell invasion. Phosphorylated CAR may recruit 1
integrins and/or focal adhesion components Src, FAK and Paxillin to the
membrane to regulate cell-cell adhesion and to distally control focal adhesion
activity. Figure created with BioRender.com.

the stroma. Our data further suggest that this may be enhanced
in tumors with stiffer extracellular matrix environments, as it has
been shown for other proteins such as Programmed Death-
Ligand 1 (PD-L1) (50). Whilst the precise mechanisms by which
CAR levels and phosphorylation are controlled by mechanical
properties of the matrix remain unclear, this does point towards
a bi-directional interplay between integrins (as key membrane
associated force-sensing molecules) and CAR in the control of
tumor cell invasion.

Our identification of CAR in complex with several key focal
adhesion proteins would indicate CAR-dependent adhesion and
migration may operate through direct co-operation with
integrin-associated proteins. We additionally demonstrated a
dependence upon phosphorylation of the CAR cytoplasmic tail
for formation of these complexes. However, CAR is not clearly or
robustly localised to focal adhesions at the basal surface of
adherent cells, either in CMT 167 or LLC cell lines. This
suggests that this complex may form at cell-cell junctions or
within intracellular endocytic compartments. Indeed, FAK and
Src have been shown to localise to cell-cell contacts in other cell
types and immuno-precipitate with E-cadherin, o-catenin and
[B-catenin (10, 51-53). Both o-catenin and [-catenin have been
suggested as potential interacting partners of CAR and may
therefore mediate formation of this multi-protein complex (54,
55). FAK, Src and paxillin also associate with integrins and recent

work from our lab and others have shown that integrins localise
to cell-cell contacts in several epithelial-like cells (32, 56, 57).
Moreover, we show that Src activity can help to promote CAR
stability at cell-cell adhesion sites, indicating formation of this
complex may in turn control CAR localisation. Given that our
data show CAR forms a complex with total Bl integrins, we
postulate that FAK, Src and paxillin may be recruited to cell
junctions by CAR via B1 integrins to regulate cell-cell adhesion,
as well as controlling levels of active integrins at the cell-matrix
interface. It would be interesting to investigate traffic of integrins
in live cells, given that recent evidence also suggests integrins can
remain as active signalling proteins in endocytic compartments
in cancer cells (58).

Our data show that Rap1 mediates CAR-dependent increase in
cell-ECM adhesion and that CAR over-expression increases Rapl
activity. Rap1 has been suggested to induce integrin-mediated cell-
ECM adhesion through enhanced integrin avidity and affinity for
extracellular ligands, possibly via Rap1-GTP Interacting Adaptor
Molecule (RIAM)-mediated recruitment of talin to integrin
complexes (42). Other junctional molecules such as JAM-A,
Nectin and E-cadherin can also regulate Rapl activity, and
dimerised JAM-A can induce Rapl activation by bringing
Afadin and PDZ-Guanine Exchange Factor 2 (GEF2) in the
same complex (41, 59-61). VE-cadherin-induced Rapl
activation was shown to occur via Membrane Associated
Guanylate kinase with Inverted orientation 1 (MAGI-1) which
localises to cell-cell junctions and forms a complex with PDZ-
GEF2 (62). It is possible that CAR regulates Rapl activity by
creating a complex with MAGI-1 and PDZ-GEF2, and similar to
JAM-A, this complex could be formed via dimerization of CAR
molecules and binding of partners through CAR PDZ-binding
domains. Taken together, these data suggest that CAR could
facilitate the formation of a complex between the Rap GEF
PDZ-GEF2 and the scaffold protein MAGI-1 to activate Rapl
and regulate 1 integrin activity and cell adhesion.

In summary, we have identified a new role for CAR in
mediating cell-matrix adhesion and invasion of lung cancer
cells through co-operation with integrin-based adhesions and
mechanosensing. Our work paves the way for future studies to
explore the relationship between organisation of the extracellular
matrix and CAR levels/phosphorylation in human tumors to
determine whether this receptor represents a potential
therapeutic target to prevent lung cancer cell metastasis.
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Fitness of cells is dependent on protein homeostasis which is maintained by cooperative
activities of protein chaperones and proteolytic machinery. Upon encountering protein-
damaging conditions, cells activate the heat-shock response (HSR) which involves HSF1-
mediated transcriptional upregulation of a group of chaperones — the heat shock proteins
(HSPs). Cancer cells experience high levels of proteotoxic stress due to the production of
mutated proteins, aneuploidy-induced excess of components of multiprotein complexes,
increased translation rates, and dysregulated metabolism. To cope with this chronic state
of proteotoxic stress, cancers almost invariably upregulate major components of HSR,
including HSF1 and individual HSPs. Some oncogenic programs show dependence or
coupling with a particular HSR factor (such as frequent coampilification of HSF1 and MYC
genes). Elevated levels of HSPs and HSF1 are typically associated with drug resistance
and poor clinical outcomes in various malignancies. The non-oncogene dependence
(“addiction”) on protein quality controls represents a pancancer target in treating human
malignancies, offering a potential to enhance efficacy of standard and targeted
chemotherapy and immune checkpoint inhibitors. In cancers with specific
dependencies, HSR components can serve as alternative targets to poorly druggable
oncogenic drivers.

Keywords: cancer, oncology, HSF1, heat shock protein, chaperone, proteotoxic stress

1 INTRODUCTION

Eukaryotic cells rely on a tightly regulated state of protein homeostasis to carry out their functions.
In physiological conditions, proteostasis depends on the cooperation of molecular chaperones, co-
chaperones and proteolytic machinery. Proteins with hydrophobic residues and complex 3-
dimensional structures require molecular chaperones to acquire their functional forms.
Numerous co-chaperones further improve the specificity and selectivity of the process (1, 2). In
stress conditions, the survival of cells depends on the activation of an elaborate cytoprotective
mechanism known as the heat-shock response (HSR). The HSR has evolved as a rapid mechanism
to upregulate selective gene transcription in response to the accumulation of damaged proteins in
cells. It utilizes specific molecular chaperones - the heat shock proteins (HSPs) - as effectors to
minimize the toxic effects of abnormal proteins. When confronted with hostile environmental and
pathophysiological conditions (such as heat, free radicals, nutrient depletion, protein-reactive
chemicals), HSPs act to prevent the aggregation of misfolded and malfunctional proteins. They
promote protein refolding and/or direct them for degradation by the ubiquitin-proteasome or other
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proteolytic systems (3). The HSR is driven by heat shock-
inducible transcription factors (HSFs) which bind to the
promoter regions of the HSPs and dramatically increase
their transcription.

The human genome encodes six HSF isoforms, however, only
HSF1, 2 and 4 contain confirmed DNA-binding domains (4). To
date, three HSFs have been characterized in humans. HSF1 is
expressed in all human tissues and acts as a master regulator for
rapid and robust responses of cells to proteotoxic stress. In
addition to HSPs, HSF1 also affects transcription of a much
broader array of genes such as those involved in cell cycle
control, protein synthesis, embryonic development, ribosome
biogenesis and glucose metabolism (5, 6). Abnormalities in HSF1
are associated with stress sensitivity, aging, neurodegenerative
diseases and oncogenesis (5). HSF2 was initially thought to play
only a role in development. However, strong evidence has
emerged pointing to its complex interactions with HSF1 and
its ability to co-regulate HSR (5, 7, 8). HSF3 is solely a murine
factor, and HSF4 is involved in lens development (9).

In this work, we review the role of HSF1 and HSPs in protein
quality control in physiological conditions and in cancer. We
then analyze the functions of HSF1 in cancer biology, links
between its expression patterns and key oncogenic pathways, and
clinical significance in specific types of cancer. Finally, we discuss
why HSFI is a suitable candidate for anticancer therapy and
describe recent attempts of pharmacological targeting and
potentially beneficial drug combinations.

2 PROTEOTOXIC STRESS AS A STRESS
HALLMARK OF CANCER

A wide array of genetic alterations in cancers results in a set of
common features described as hallmarks of cancer. In 2000,
Hannan and Weinberg (10) named six classical hallmarks of
cancer. Later they expanded this list by adding evasion of
immune surveillance and reprogramming of metabolism (11)
Luo et al. (12) proposed further characteristics shared across
cancer types and contributing to tumor growth and maintenance
of the malignant phenotype. These can be collectively described
as cancer stress hallmarks and include genomic instability,
proteotoxic, mitotic, metabolic and oxidative stress. Targeting
of these attributes is a promising therapeutic strategy. Pervasive
presence of mutator phenotype and aneuploidy in cancer create
proteotoxic stress by producing abnormal proteins and
nonstoichiometric amounts of the components of multiprotein
complexes (12). Higher translation rates and abnormalities of
cancer metabolism further increase the need for protein quality
mechanisms. Thus, survival of cancer cells depends on the robust
functioning of proteostatic processes which can be described as
non-oncogene addiction. HSF1 itself is not tumorigenic (13) but
its depletion restricts growth of diverse cancer lines while having
little effect on normal cells (6). Dependence on protein quality
mechanisms is more ubiquitous in most cancers than
dependence on specific oncogenes and proteostasis represents
a pan-cancer target for the development of new drugs.

3 HEAT SHOCK PROTEINS

HSPs have become synonymous with molecular chaperones but
have a broad range of functions, including folding of newly
translated proteins, assembly of protein complexes, protein
trafficking, developmental processes and immunomodulation.
They are classified according to their molecular masses; the
five major groups include HSP110 (HSPH), HSP90 (HSPC),
HSP70 (HSPA), HSP60 (HSPD), HSP40 (DNAJ) and small HSPs
(HSPB) (14). HSPs can also be divided in accordance with
their function in protein quality control into holdases, whose
function is to bind and hold misfolded proteins to prevent the
formation of toxic aggregates and foldases that actively assist
substrates in assuming their functional conformation.
Chaperones make up about 10% of the overall protein mass of
immortalized human cells, half of which consists of HSP70 and
the more abundant, HSP90. Although HSPs were first identified
as proteins expressed in response to thermal stress, it was soon
discovered that within each family, 2/3 of them are constitutively
expressed, performing housekeeping functions (15). The
specificity and selectivity of association with client proteins is
modulated by co-chaperones (16).

3.1 HSP90

3.1.1 HSP90 Functions

The HSP90 family has five members: inducible cytosolic
HSP90AA1 and HSP90AA?2, constitutively expressed cytosolic
HSP90AB1, mitochondrial TRAP1 and endoplasmic reticulum-
localized HSP90B (Grp94). Cytosolic HSP90s are involved in
many cellular functions, including protein folding, steroid
signaling, DNA repair, protein trafficking, and immunity (17).
HSPI0 has several hundred client proteins and exerts profound
effects on cellular regulatory pathways, with approximately 60%
of kinases, 7% transcription factors and 30% ubiquitin ligases
requiring its assistance (18). A comprehensive list of HSP90
client proteins is provided by the Picard lab'. HSF1 is both a
transcriptional activator and client protein of HSP90 (19). HSPs
feature different profiles of binding selectivity; HSP70 acts at an
early stage of folding, associating with a wide range of protein
regions, whereas HSP90 recognizes specific conformations.
HSP90 and HSP70 are known to perform independently many
of their protein chaperone activities and also to work together in
execution of other protein structure-modifying functions (20).
HSP90 is a comparatively specialized chaperone. Its substrates
generally fall into three categories: (i) proteins with complex
conformations in the last stage of the folding process,
(ii) multiprotein complexes and (iii) proteins bound with their
ligands (18). HSP90 activity is fine-tuned by numerous post-
translational modifications, most notably phosphorylation and
involvement of co-chaperones, such as AHA and p23 (21).
Among many signaling pathways it influences are JAK-STAT,
PI3K-AKT, BCR-ABL and NF-kB. Their regulatory aberrations
have been linked to metastasis, angiogenesis, decreased
apoptosis, EMT and cancer progression (22-24). HSP90 also
stabilizes mutated forms of the tumor-suppressor p53 (TP53),

"https://www.picard.ch
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hampering growth arrest and apoptosis in response to DNA

damage (18).

3.1.2 HSP90 in Cancer

HSP90 has long been recognized as an attractive therapeutic
target due to its frequent overexpression in various cancers and
its importance in the maintenance of a proper conformation for
components of various oncogenic pathways (17, 22). Transcripts
of the two most abundant HSP90 members, HSP90AA1 or

HSP90ABI, are elevated in 17 out of 21 major human cancers
(Figure 1). Glioblastoma, renal clear cell (RCC) carcinoma and
ovarian carcinoma exhibited approximately normal levels of
HSP90 transcripts, whereas acute myeloid leukemia (AML)
had lower gene expression of HSP90. High HSP90AA1 or
HSP90ABI1 expression was associated with a significantly lower
survival in patients with breast carcinoma, cervical carcinoma,
lung adenocarcinoma and head and neck carcinomas
(Figure 2A). Overall survival was better for ovarian and RCC
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FIGURE 1 | Expression of heat shock genes across different types of human cancers. Shown are fold changes in gene expression of individual HSPs in cancers,
which were calculated by dividing the number of transcripts per million in cancer tissue by that in the corresponding normal tissue. Transcript data were accessed
through GEPIA (gepia.cancer-pku.cn) (25). Cancer types analyzed: bladder urothelial carcinoma, breast carcinoma, cervical squamous cell carcinoma and
endocervical adenocarcinoma, colon adenocarcinoma, diffuse large B-cell ymphoma (DLBCL), esophageal carcinoma, glioblastoma multiforme (GBM), head and
neck squamous cell carcinoma, renal clear cell carcinoma, acute myeloid leukemia (AML), hepatocellular carcinoma, lung adenocarcinoma (lung-adeno), lung
squamous cell carcinoma (lung-SCC), ovarian serous cystadenocarcinoma, pancreatic adenocarcinoma, prostate adenocarcinoma, rectum adenocarcinoma,
sarcoma, skin melanoma, stomach adenocarcinoma and uterine carcinosarcoma. The use of imperfectly matched cell populations as normal controls for
hematological malignanies (bone marrow for DLBCL and blood for AML) potentially confounded patterns of normalized HSPs expression in these cancers.
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FIGURE 2 | Heat shock gene expression and survival across 21 types of human cancers. (A) Heatmap showing the relationship between heat shock gene expression
and the overall survival and (B) disease-free survival of patients. Patients were divided into groups with high and low mRNA expression at median. Each heatmap cell
corresponds to a logyo HR (hazard ratio) for respective cancer type. Cells marked with shades of red: HR>0, blue cells: HR<O. Statistically significant relationships are
marked with blue [] or red [_] cell borders. Significance level: p<0.05 in log-rank test. Data were accessed through GEPIA (gepia.cancer-pku.cn) (25).
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cancers with higher HSP90AB1 or both HSP90 forms,
respectively. However, high HSP90 expression did not alter
disease-free survival of the majority of cancers that showed
significantly different overall survival. Only RCC and liver
cancers exhibited the same trend for both overall and disease-
free survival (Figure 2B). Stronger effects of HSP90 expression
on the overall survival than progression-free survival suggests
that this chaperone may play a more important role in cancer
progression/metastasis rather than in the initial therapy
resistance. Problems with the accurate determination of the
start of disease progression may also hamper analysis of its
association with HSP90 and other HSR components.

3.1.3 Targeting HSP90 in Cancer

A multitude of compounds inhibiting HSP90 with promising
anticancer properties in preclinical studies was described (26).
However, in most cases, their clinical efficacy was modest.
Geldanamycin, an ansamycin inhibitor of ATPase activity,
showed promise in reducing tumor growth. However, it is
poorly soluble and hepatotoxic, which precluded its
introduction into clinical practice (27, 28). The synthetic
derivative tanespimycin (17-AAG) was proven safe and
effective in combination with trastuzumab for the treatment of
refractory HER2-positive breast cancer (29). Nevertheless,
further studies on prostate, renal, colorectal, head and neck
and pancreatic cancers did not confirm the effectiveness of
tanespimycin (30-32). The initial success led to the synthesis
and testing of other inhibitors of HSP90 with improved
bioavailability. For instance, KW-2478, a non-ansamycin, non-
purine inhibitor, displayed a good safety profile and some
antitumor activity in multiple myeloma in vivo with a
synergistic action in combination with the proteasome
inhibitor bortezomib (33). However, clinical trials with
advanced solid tumors (prostate, melanoma, pancreas,
gastrointestinal, NSCLC) showed either no significant
improvement in survival or high toxicity (32). HSP90
inhibition leads to a compensatory response resulting in the
increase of HSP70, which can serve as a biomarker for successful
HSP90 blockade (34).

3.2 HSP70
3.2.1 HSP70 Functions
The human genome encodes 17 genes and 30 pseudogenes,
generating 13 HSP70 gene products, which are subdivided into
7 phylogenetic families. The most abundant and well-studied
members are in group VI comprising cytoplasmic and nuclear
chaperones (HSPA1, HSPAS8, and HSPA6) and group VII
encompassing chaperones expressed in the endoplasmic
reticulum (HSPA5) (35). Two major inducible forms HSPA1/
HSP70-1 and HSPA1B/HSP70-2 differ by two amino acids and
are collectively referred to as HSP70. HSPA8/HSP70-8/HSC72 is
a constitutively expressed cytoplasmic protein, whereas HSPA6
is inducible and expressed in many types of immune cells (36).
HSPA5/HSP70-5/GRP78 is an important facilitator of protein
folding and transport across ER membrane (35).

Members of the HSP70 family are present in all cellular
compartments and on cell membranes (37). There is some

degree of tissue specificity in the expression pattern of HSP70
family members. For instance, HSPA8 and HSPA1A are
especially highly expressed in blood vessels and spleen. Yet
HSPAIA and HSPAI1B, despite the very high degree of
homology, are differentially expressed in some tissues (35).
HSP70 family members perform crucial housekeeping
functions such as nascent protein folding, import of proteins
into organelles, protein de-aggregation and assembly of
complexes (37). Their simultaneous deletion is lethal (38). Due
to a low intrinsic ATPase activity, HSP70 never function alone.
Their efficiency and specificity in protein folding are contingent
on co-chaperones: HSP40/DNA]J proteins and nucleotide
exchange factors (NEF). HSP40/DNA]J proteins are numerous,
diverse and assist in the binding of client proteins. Their
conserved ] domain stimulates ATPase activity, which catalyzes
conformational changes. In the next step, NEFs drive ADP and
client protein dissociation. The HSP70 protein folding
machinery functions in cycles, and its key components can be
recycled (39). Proteins with complex structures, such as hormone
receptors and transcription factors, undergo a series of folding
events and are passed on from HSP40/DNAJ proteins to HSP70
where they are subject to repeated binding and folding. Complex
proteins are ultimately delivered to HSP90 (40). NEFs are
classified as (i) nucleotide releasing factors: HSP-BP-1 type and
GRP-type factors; (ii) HSP110/HSPH, which are similar to
HSP70, in some instances even stress-inducible and capable of
preventing protein aggregation independently and (iii) less
explored BAG family (BAG1-6) (41, 42). In physiological
conditions, HSP70 is decidedly more abundant than its co-
chaperones, yet their relative concentrations may have a
regulatory effect (43).

3.2.2 HSP70 in Cancer

HSP70 transcript levels and their impact on the survival of
patients show complex patterns and the extent of expression
was not always predictive of the overall or disease-free survival
among major human cancers. ER-localized HSPA5 (GRP78) was
the most frequently overexpressed HSP70 member whose
transcript levels were elevated in 18 out of 21 major human
cancers (Figure 1). Melanoma, glioblastoma and diffuse B-cell
lymphoma had the highest levels of GRP78 overexpression. High
expression of this chaperone was predictive of poor overall
survival only for three cancers: bladder, glioblastoma and liver
(Figure 2A). Shorter disease-free survival was associated with
higher amounts of GRP78 transcripts only for bladder and
squamous cell lung carcinoma (Figure 2B). Inducible HSP70
forms are expressed in normal cells even in unstressed
conditions, but their levels are elevated in many common
human cancers such as melanoma and carcinomas of the
breast, cervix, stomach, esophagus, prostate, rectum, pancreas
and lung (Figure 1). The overexpression of both HSP70 forms
was particularly high in pancreatic cancer. A significant
association between high expression and lower overall survival
was found only for melanoma, colon and liver cancers and no
effects were detectable in pancreatic cancer (Figure 2A). Overall
survival of patients with renal clear cell (RCC) carcinoma was
better for the high expression group of HSP1A. High expression
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of inducible HSP70 was predictive of a shorter disease-free
survival only for AML, melanoma and stomach and rectal
carcinomas (Figure 2B), which is consistent with the impact
on the overall survival only for melanoma. HSPA2 and HSPA6
showed elevated gene expression in 9 and 10 out of 21 human
cancers, respectively (Figure 1), which was predictive of a
lower overall survival for one cancer for each chaperone.
Other members of HSP70 family showed a less frequent
overexpression among major human cancers and their
significant impact on the overall survival was generally limited
to one cancer. The most common change for HSP12A and
HSP12B was downregulation. Collectively, major human
cancers overexpressed at least one member of the HSP70
family, and this was associated with lower overall survival for 8
cancers. RCC carcinoma was a clear outlier with a significantly
better overall and disease-free survival found for patients with
higher mRNA levels of HSP70. RCC is a unique type of human
cancer caused by the early loss of the VHL E3 ubiquitin ligase
and the resulting constitutive activation of the transcription
factor HIF2 (44). Thus, despite a frequent overexpression of
HSP70 chaperones, which is indicative of beneficial functions in
malignant cells, their abundance does not always associate with
more aggressive cancers.

Mechanistic studies have shown that HSP70 downregulation
impedes cancer cell growth, migration, invasion in various types of
cancer, including colorectal, urothelial, hepatocellular carcinoma,
renal cell carcinoma, pancreatic and breast cancers (45-50). While
the exact mode of action for each of the HSP70 family members in
this capacity has not yet been fully dissected, many molecular
insights are available. The importance of HSP70 in cancer appears
to center on cytoprotection, either through the HSR or by
suppressing apoptotic pathways on many levels. HSP70 prevents
BAX from translocating to mitochondria and associating with
their outer membranes (51). It also indirectly inhibits the JNK/
BIM axis (52). In a different study, HSP70 was found to prevent
the release of apoptosis inducible factor (AIF) and cytochrome c
from mitochondria and cathepsins from lysosomes by stabilizing
their membranes (48, 53). The exact mechanism is not entirely
clear, but it is possible that the two mechanisms are either
complementary or upstream of one another. HSP70 was also
found to inhibit the Apo-2L/TRAIL DISC assembly (54) and its
knockdown sensitized cells to TRAIL-dependent apoptosis (55).
On the other hand, HSP72 blocks the apoptosis-regulating kinase
ASK by directly interacting with it (56). High constitutive
transcription of HSP72 in cancer cells also impedes senescence
pathways (57). HSP70 is important in tumorigenesis. This is
illustrated well by a study using mice injected with cancer
xenografts: overexpression of Her2 resulted in malignant
transformation only when HSP72 expression was intact. HSP72
depletion inhibited transformation (58). Survival of both normal
and malignant cells hinges on the presence of the constitutively
expressed HSC70. Its depletion causes G2/M arrest. Knockdown
of HSP70-2, the inducible chaperone, predominantly
overexpressed in cancers, resulted in G1 arrest (49). There are
many other reports detailing functional interactions between
cancer hallmarks and HSP70 expression (59). Many substances

blocking HSP70 activity have shown promise in human cancer cell
lines and xenograft models (60, 61). However, no HSP70
inhibitors are currently in clinical trials, but attempts have been
made to repurpose existing drugs with HSP70-inhibiting
properties for new indications. This is the case with MKT-077,
which exerts anticancer effects by binding to HSPA9 (mortalin). It
was tested in phase 1 clinical trials on solid tumors but failed due
to renal toxicity and unfavorable pharmacokinetics (62). Another
example is methylene blue which showed suppression of HSPA1A
and HSPBI induction and sensitized melanoma cells to other
chemotherapeutics (63). Ongoing clinical trials explore the
diagnostic potential of HSP70 for the isolation of circulating
tumor cells (ClinicalTrials.gov Identifier: NCT04628806) and in
prevention where HSP70 DNA is a component of a dual vaccine
for the treatment of lesions with increased risk of cervical cancer
(ClinicalTrials.gov Identifier: NCT03911076).

3.3 HSP40

3.3.1 HSP40 Functions

The largest chaperone family, including over 40 members and 49
genes, some of which encoding several splice variants, is HSP40
(DNAYJ). Their key role is partnering with HSP70 and HSP90 and
participating in tasks related to the maintenance of proteostasis
(64). HSP40 are present in all cellular compartments and partake
in protein shuttling, endo- and exocytosis and hormone
signaling. Diverse proteins are classified as DNA] members
based on the presence of a conserved ] domain, whose role is
to enable interaction with other chaperones, stimulate their
ATPase and stabilize the client protein binding (65). Based on
further structural characteristics, DNAJ are subdivided into 3
categories: DNAJA, DNAJB and DNAJC (66). The classification
has functional consequences: DNAJA and DNAJB can bind to
aberrant polypeptides independent of ATP to prevent their
aggregation, the polypeptide chains they recognize are similar
but distinct. An important functional difference is that DNAJA
can work independently, whereas DNAJB necessitate HSP70 to
prevent aggregation. DNAJC members have a specialized
domain that recognizes distinct substrates and delivers them to
different HSP70 members, making these highly versatile
chaperones more specialized in certain contexts.

3.3.2 HSP40 in Cancer

Gene expression of HSP40 chaperones was elevated in 18 out of
21 major human cancers with particularly high levels of
overexpression being found in diffuse B-cell lymphoma and
pancreatic cancer, which represents a general trend for HSP
expression in these two cancers (Figure 1). Bladder, prostate and
RCC carcinomas did not show increases in the abundance of any
of the HSP40 transcripts. High expression of specific HSP40
forms was associated with lower overall survival in 9 out of 21
major human cancers (Figure 2A). A poor survival prognosis in
AML, liver carcinoma and melanoma was observed for more
than one member of the HSP40 family. High expression of
HSP40 was also predictive of shorter progression-free survival
in 9 cancers, 8 of which were the same cancers that showed
shorter overall survival. As discussed above, this consistency
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between progression-free and overall survival was not observed
for HSP70 and HSP90. As with other chaperones, RCC
carcinoma was again a clear outlier that showed a much better
overall and progression-free survival in patients with high
expression of several HSP40 forms (Figures 2A, B).
Interestingly, the overall survival of patients with ovarian
carcinoma showed opposite trends for DNAJA1 and DNAJB2
expression, pointing to their involvement in different oncogenic
programs in this malignancy.

On a protein level, HSP40 expression correlated with a less
aggressive cancer phenotype in some studies. DNAJB4
abundance was associated with a better overall survival and
lower recurrence rates in NSCLC (67-69). In vitro, it inhibited
cell proliferation, motility, invasion and slowed cell cycle through
STAT1/CDKNIA (70). Other studies in lung cancer provided
evidence that overexpression of DNAJB4, mediated by the
transcription factor YY1, hinders invasion via E-cadherin (71).
Conversely, a low expression of DNAJB4 is a feature of highly
malignant and metastatic breast and colon cancers (72). DNAJB4
suppresses activity of Src and the formation of oncogenic
complexes, such as EGFR-Src, STAT3-Src and FAK-Src (73). It
is known that mRNA levels do not always correlate with cellular
protein levels (74). While there is a close correlation between the
two for HSP90, HSPAS5, HSPA8 and HSPBI, it is less clear for
other HSP members. The relationship between mRNA and
protein abundance varies greatly between tissues; one of the
lowest correlation scores is seen in lung. In many cancer types,
such as pancreatic, colonic, ovarian and urothelial, the
transcript-protein correlation is much lower than in normal
tissue (75).

3.4 HSP60

3.4.1 HSP60 Functions

HSP60 (HSPD) facilitates the folding, unfolding and degradation
of mitochondrial proteins. While performing these classical
functions, it is assisted by the co-chaperone HSP10/HSPE.
HSP60 forms a double ring of seven subunits (a 14-mer
complex) bound to a 7-unit ring formed by the co-chaperone.
Together they create a compartment within which client proteins
assume their conformation (76). A third of the HSP60 supply is
located outside the mitochondria: in the cytosol, on the cell
membrane and is secreted in extracellular vesicles (77)
broadening its functions to include (among others) protein
transport, peptide hormone signaling (78, 79). HSP60 also
plays a role in both innate and adaptive immunity and the
pathogenesis of autoimmune disorders (80). It induces cytokine
release from lymphocytes, dendritic cells and macrophages and
interacts with Toll-like receptors 2 and 4, fostering inflammatory
response (80, 81).

3.4.2 HSP60 in Cancer

HSP60 (HSPD) transcript was found to be overexpressed in 17 out
of 21 human cancers with especially high expression seen in
diftuse large B-cell lymphoma and cancers of colon and rectum
(Figure 1). The expression pattern of HSP60 cochaperone HSP10/
HSPE showed a nearly identical trend for overexpression in the

same cancers (elevated expression in 18 out of 21 cancers). High
expression of HSP60 was predictive of a significantly lower
survival in patients with head and neck cancers, liver carcinoma
and lung adenocarcinoma (Figure 2A). Shorter progression-free
survival was found in HSP60 high expression groups of patients
with liver and pancreatic carcinomas (Figure 2B). As with all
other families of HSP proteins, the overall survival of RCC
patients was better in the HSP60-overexpressing group. Despite
the presence of elevated transcript levels for HSP60 and its
cochaperone in the same cancers, high expression of HSP10 was
not associated with shorter overall survival in any cancers and in
ovarian carcinoma, it was associated with better overall survival
(Figure 2A). Thus, it appears that cochaperone-independent
functions of HSP60 could be more important for disease
aggressiveness in patients with head and neck cancers, liver
carcinoma and lung adenocarcinoma. As seen with other HSP
proteins, HSP60 expression had a more limited prediction
potential for progression-free survival than for overall survival.
A multitude of HSP60 functions in cancer and their
contributions to the progression and maintenance of specific
malignant properties has been established in several cancer
models. Mechanistic studies on liver (82), prostate (83), gastric
(84), bladder (85), ovarian (86), pancreatic cancers (87),
neuroblastoma (88) have shown its association with increased
metastatic potential, risk of progression or recurrence and poor
overall outcome. HSP60 was highly expressed in Hodgkin
lymphoma as well as mitogen-stimulated B-, T- and NK-cells
(80, 89). In colonic epithelium, HSP60 is highly expressed during
early carcinogenesis and in preneoplastic lesions, suggesting a
role in cancer progression (90). HSP60 interacts with major
oncogenic pathways, leading to uncontrolled proliferation,
resistance to cell death and senescence, and metastatic spread.
Its transcription is directly activated by c-MYC, triggering
malignant transformation (91). HSP60 is also important for
the activity of multiple apoptosis-controlling processes. It
promotes activation of IKK-NF-kB pathway, which is crucial
for cancer cell survival (92). In pancreatic cancer, HSP60
depletion provokes a decrease in ERK1/2 phosphorylation,
leading to cell arrest and apoptosis, ultimately decreasing
tumor growth (87). HSP60 also regulates autocrine production
of IL-8 in vitro and in vivo via its upstream regulator TGFp,
mediating resistance to apoptosis (93). HSP60 forms complexes
with survivin (a potent inhibitor of apoptosis), stabilizing it and
promoting oncogenesis. In experimental settings, HSP60
knockdown decreased the expression of survivin, disrupted
mitochondrial homeostasis and led to BAX-mediated
apoptosis. In the same study, HSP60 ablation released p53
from its complexes with the chaperone protein restraining its
activity (94). Cancer-associated HSP60 overexpression was a
prerequisite for a loss of replicative senescence, as p53 was
sequestered from interacting with promoters of cell cycle arrest
genes (95). A study by Chandra et al. (96) found that a cytosolic
accumulation of HSP60 was a common feature of all cells in an
early phase of apoptosis induction. The cytosolic accumulation
of HSP60 was either of mitochondrial origin, in which case, upon
release it interacts with procaspase 3, promoting its maturation
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and activation. In this model, the chaperone was not available to
counteract oxidative stress in the mitochondrion, rendering the
cell particularly susceptible to apoptosis. In contrast, HSP60
accumulation of non-mitochondrial origin plays a
cytoprotective role (96). As the primary role of HSP60 is to
mitigate the effects of reactive oxygen species in mitochondria, its
reduction and increased oxidative stress activate AMPK, which
inhibits mTOR curbing cell proliferation (86, 97). In
glioblastoma, this was accompanied by activation of integrin
and WNT pathways and an elevation of EMT markers - key
players in the process of metastatic spread (97). HSP60 also
promoted metastasis by interacting with B-catenin and 03f1
integrin (98, 99). Interestingly, the latter can be prevented by
mizoribine - a pharmacological inhibitor of HSP60 (99).

In some contexts, HSP60 can also assume an anticancer role,
as evident by a better survival in RCC patients with high
expression of this chaperone (Figure 2A). Its knockdown
fostered cancer progression by promoting aerobic glycolysis via
the AMPK pathway and enhanced EMT due to increased
oxidative stress in mitochondria (100). In mice, increased
tumor size of HSP60-depleted RCC xenografts was
observed (100).

3.4.3 HSP60 as Cancer Biomarker and Drug Target
Because HSP60 is widely upregulated in cancer and is present in
detectable quantities in blood serum, it was considered a
potential biomarker to aid cancer diagnosis and monitor the
disease course. Strong evidence exists to support its application
for colonic adenocarcinoma, where a specific immunoassay
detected increased HSP60 serum levels in cancer patients
compared to healthy controls (90). Moreover, HSP60 was
elevated already at an early stage of carcinogenesis - in tubular
adenoma- raising hope for a tool for early detection (101).
Another study on colonic carcinoma found that serum HSP60
had the same sensitivity as carcinoembryonic antigen and
provided additional value by correlating with metastatic
disease (102).

In HCC, HSP60 levels correlated with alpha-fetoprotein and
differentiation grade and predicted favorable outcomes (103). In
prostate cancer, HSP60 levels tracked Gleason score, prostate-
specific antigen levels and were associated with the development
of hormone-refractory disease, prompting further research into
whether HSP60 could interact with the androgen receptor (83).
Other potential uses for HSP60 as a biomarker include AML
(104), lung adenocarcinoma (105, 106), differentiation between
different subtypes of glioma (discussed in more detail by
Nakamura et al.) (104). HSP60 was found to elicit a humoral
response, and autoantibodies against it can have a diagnostic value
in breast cancer, especially in DCIS (107) and osteosarcoma (108).

Several pharmacological modulators of HSP60 were
described. Among the most promising is the immuno-
suppressant mizoribine, which inhibits association with HSP10
and impedes ATPase activity (109, 110). However, given the
molar dosage required to achieve biological effects, the
compound necessitates further structural refinement.
Epolactaene tertiary butyl ester (ETB) covalently binds to
cysteine residues of HSP60, allosterically inhibiting its ATPase

activity (111). Recently a known activator of apoptosis in cancer
cells - myrtucommulone - was shown to interact directly with
HSP60 reducing its activity more efficiently than ETB and
inducing the intrinsic apoptotic pathway by interfering with
mitochondrial functions (112, 113). Other potential HSP60-
targeting drugs include carboranylphenoxyacetanilide, known
primarily as HIFI inhibitor, but its biological effects require
further study (114). A detailed review of substances proposed to
intervene pharmacologically with HSP60, and their activities can
be found elsewhere (104, 115).

3.5 Small Heat Shock Proteins

Small heat shock proteins (sHSPs or HSPB) are defined by the
presence of the o-crystallin domain. The family consists of 11
members, most notably HSPB1 (HSP27), HSPB4 (oi-crystallin A)
and HSPB5 (a-crystallin B). Their monomeric molecular masses
range between 15-40 kDa; however, they usually exist in
oligomeric form or as multimeric complexes of up to 40 units
(116). sHSPs quickly bind to a large variety of client proteins to
prevent the formation of large aggregates. However, they do not
induce conformational changes alone. Instead, the unfolded
protein chains are passed on to other chaperones for further
processing. In contrast to other HSPs, their function is ATP-
independent, i.e., client proteins can be released by association
with another chaperone rather than by ATP hydrolysis (117).
sHSPs are regulated by phosphorylation by multiple kinases,
including MAPK2, MAPK3 and PKD (118, 119). They are highly
expressed in colorectal (120), pancreatic, breast, ovarian,
esophageal and some mesenchymal cancers (116). High
expression of CRYAB (HSPB5) was associated with
significantly lower disease-free and overall survival for bladder,
colon and ovarian carcinomas (Figures 2A, B). HSPBI1, by
far the most researched sHSP member, is linked to tumor
invasion and metastasis, epithelial-mesenchymal transition
(EMT), reduced apoptosis, drug resistance. An antisense
oligonucleotide inhibitor of HSPBI, apatorsen, was tested in
phase II clinical trials in patients with prostate, NSCLC (121),
pancreatic (122) and urothelial cancers (123), failing to improve
the outcomes in all but one study (124).

4 HSF1

4.1 Structure and Function

HSF1 exists predominantly in the cytoplasm in a monomeric,
inactive state. HSF1 monomer consists of the following
functional modules: (i) N-terminal DNA-binding domain
which can also interact with cofactors and modulate
transactivation (4), (ii) leucine-zipper domains 1-3 (LZ1-3)
collectively described as trimerization domain, facilitate
interactions with other HSF monomers, (iii) regulatory domain
which is subject to elaborate modifications, including
phosphorylation, acetylation, SUMOylation, (iv) leucine-zipper
LZ4, repressing oligomerization (9) and (v) activation domain
located at the C-terminal side. The DBD and oligomerization
domains are highly conserved between HSF1 and HSF2 (125).
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The classical model of HSF1 activation posits that accumulation
of misfolded proteins causes HSP70, HSP90 and likely other
chaperones to dissociate from monomeric HSF1 and bind
unfolded peptide chains (126, 127). This allows HSF1 to
trimerize, translocate to the nucleus and bind to the heat shock
elements in promoter regions of its gene targets (128). Trimeric
HSF1 is capable of binding to DNA, but trimerization alone is
not sufficient to transactivate target genes. HSF1 was shown to
become active upon phosphorylation (125, 127). Each of the
steps requires the assistance of multiple cofactors and different
combinations of those fine-tune the overall HSR (4). Detailed
studies of HSF1 structure indicate that elevated temperatures
induce structural changes in HSF1, such as the unfolding of the
regulatory domain and tighter packing of the trimerization
region, resulting in increased trimer formation (129, 130). A
ribonucleoprotein complex consisting of eEFla and a non-
coding RNA sequence HSR1 was found to promote HSF1
activation (131).

The DNA-binding sites for HSF1 feature inverted repeats of
consensus sequence nGAAn. Multiple heat shock elements
(HSE) may exist within one gene promoter, and the number of
repeats and spatial orientation of bound sequences may vary
(132). Attachment of HSF1 and its cofactors to HSE releases
polymerase II elongation complex and enhances gene
transcription (133). Deletion of HSF1 allows for basal
expression of heat-shock proteins but abrogates the acute
response (9). During HSR, HSF1 induces the expression of
HSPs, co-chaperones and components of the ubiquitin-
proteasome system to remove proteins damaged beyond repair
(126). The cell cycle is halted to allow time for repair, while the
transcription of genes unrelated to damage repair is globally
repressed (134). Although short-term heat shock is well tolerated
by Hsfl-/- animals, prolonged hyperthermia and additional
inhibition of HSP90 are deleterious (135). In HsfI-/- mice, heat
shock upregulates ~40% of the genes activated in wild-type
littermates (135). Mahat et al. (133) used precision run-on
sequencing to look at the genome-wide transcriptional profile
of HSF1 following heat shock. The study compared
transcriptional response in wild-type mice with HsfI-/- and
double Hsfl-/- and Hsf2-/- gene knockouts and showed the
HSR was dynamic and robust with approximately 1500 genes
being activated and several thousand repressed. Overall, the
proposed new model subdivides genes into (a) upregulated
throughout the HSR, such as the HSPs, (b) genes upregulated
transiently (only in the initial phase of HSR), such as certain
cytoskeletal components, (c) large proportion of genes activated
at a later timepoint, possibly by transcriptional factors activated
by HSF1 and repressed genes. HSF1 can also apparently exert
enhancer effects on some genes by regulating their expression
from a distance (133, 136).

4.2 Regulation of HSF1

Transcription of HSF1 appears to be stable and transcript
abundance may be subject to splicing regulation (137). HSF1 is
also capable of augmenting its own protein abundance at the
translation level. In stress, JNK phosphorylates mTORCI at

Ser567, inhibiting translation. HSF1 salvages mTORCI from
inactivation by binding JNK (138). Dampening of HSR occurs
via a negative feedback loop exerted on HSF1 by HSP70,
HSC70 and HSP40 (DNAJB1). The three chaperones aid
monomerization and dissociation of HSF1 from DNA (139).
Another mechanism involves overexpression of HSP70, which
shifts the balance between HSF1 kinases and phosphatases (140).

HSF1 is subjected to a plethora of post-translational
modifications. Phosphorylation occurs mainly within the
regulatory domain on multiple serine and threonine residues
and can exert both positive (Ser326, T142, Ser320) and negative
regulatory effects (Ser303, Ser307, Ser363, T142) (141-143). The
first systematic analysis of phosphorylation sites was carried out
by Guettouche et al. (144) and identified 12 novel
phosphorylated serine residues, including Ser326, which is
considered crucial for HSF1 transcriptional activity. HSF1-
targeting kinases include AKT1, members of the MAPK family
(MEK1, MK2, p38), PLK, PKA, CK2 and mTORC (145, 146).
AKT1 phosphorylates multiple sites and activates HSF1
transcriptional activity by fostering association with other co-
factors (Ser326, Thr527, Ser230) and allowing trimerization
(Thr142) (146). In metabolic stress, AMPK phosphorylates
HSF1 at Ser121, suppressing HSR (147). Generally, serine and
threonine residues can be modified by several kinases, and one
kinase can modify residues with opposing functions. For
example, Ser419 phosphorylation by PLK1 facilitates the
nuclear translocation of HSF1 (148). In contrast, HSF1
phosphorylation by PLK1 at Ser216 during mitosis mediates its
ubiquitination and degradation. This modification also serves
another purpose unrelated to HSR - it enables CDC20 to be
released from the complex with HSF1 and associate with CDC27,
allowing mitosis to progress (149). The complete landscape of
phosphorylation events, their timing and role in HSF1 activation
is far from clear. However, an engineered HSF1 with 15
disrupted phosphorylation sites was still able to transactivate
its gene targets. What is more, the transactivation properties of
the mutant were stronger than that of wild-type protein (150).
Hyperphosphorylation may regulate the sensitivity of HSF1 to
transduced cues triggering activation. A more recent study
suggested that phosphorylation at specific residues has an
activating effect, whereas hyperphosphorylation results in
dampening of HSR (146). Mathematical modeling and
experimental work in budding yeast led to the formulation of a
two-factor model of HSFI activation where the key event is its
dissociation from HSP70. Phosphorylation events augment the
transcription activity and integrate signals from different cellular
pathways (151, 152). Other post-translational modifications of
HSF1 include its acetylation and SUMOylation.

Acetylation of lysine residues on HSF1 has a two-fold role. In
the absence of stress, acetyltransferase p300 modifies Lys208 and
Lys298 of HSF1, suppressing its degradation. In stress
conditions, the same enzyme additionally acetylates Lys80,
inhibiting the binding of HSF1 to the phosphate backbone of
DNA (153). Downregulation of p300 results in decreased HSF1
protein levels, due to degradation (153). SIRT1 counteracts this
effect by deacetylating HSF1 and promoting a longer association
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with target gene promoters (154, 155). This form of regulation
appears to play a role in pathologies and could be a target for
intervention. SIRT1 is upregulated in many cancers, potentially
contributing to a chronic hyperactivation of HSF1 in malignancy
(154). A similar mechanism involving p300 and SIRT1 regulates
HIF1 - a partner of HSFI in activation of transcription in
hypoxic conditions (156, 157). Also involved in the regulation
of HSR are histone deacetylases HDAC7, HDAC9 and HDACI,
having both a positive and negative role. HDAC7 and HDAC9
act by removing the inhibitory acetyl group and increase the
robustness of HSR. HDACI, however, may sterically block the
DBD of HSF1, diminishing its DNA binding activity (158).
Histone deacetylases are a target for a new class of anticancer
drugs, some of which have been approved for the treatment of
hematological malignancies (159). Other modes of HSF1
regulation include its SUMOylation (160-162) and a
production of its differentially spliced isoforms (137, 163).

5 HSF1 IN CANCER

Since the discovery of HSR, the understanding of the function of
the heat shock factors has deepened. It is now clear that HSF1 is
involved in many other processes independent of the HSR (164).
Unsurprisingly, the cytoprotective properties of HSF1 are
exploited by cancers to promote cell survival, proliferation,
invasion and metastasis. HSF1 is infrequently mutated across
cancer types, but copy number alterations, especially
amplifications, are common (Figure 3A). The highest
frequency of HSF1 gene amplification is found in ovarian,
pancreatic, breast and liver carcinomas which also show

elevated mRNA levels of HSF1 (Figure 3B). Increased HSF1
gene copy number was associated with significantly shorter
survival in our pan-cancer analysis (Figure 3C). A robust
upregulation of HSF1 mRNA in DLBC lymphoma (Figure 3B)
can at least partially be responsible for strong increases in gene
expression for most HSPs in this cancer (Figure 1). The cause for
a broad decrease of HSPs expression accompanied by a potent
induction of only three HSPs (HSPA2, HSPA12B and DNAJA4)
in another hematological malignancy AML (Figure 1) is less
clear as its HSF1 mRNA levels were not reduced (Figure 3B). It is
possible that the use of peripheral blood cells as a normal tissue
control for AML does not provide a good biological reference. In
a meta-analysis of 10 studies, including 3159 patients, HSF1
protein abundance was also associated with shorter overall
survival in esophageal squamous cell carcinoma, breast cancer,
HCC, as well as non-small cell lung cancer (NSCLC) and
pancreatic cancer (167). HSF1 expression also correlated with
clinicopathological features of aggressiveness such as tumor,
nodal and metastasis stage and histological grade (167). Cells
with a more malignant phenotype have a higher abundance of
HSF1 in the nucleus, and a higher amount of phosphorylated
Ser326 (168). Strong nuclear staining for HSF1 was shown in
cervix, colon, lung, pancreas, prostate, mesenchymal tumors
(168). Association of HSF1 expression with unfavorable
prognosis was also shown in oral squamous cell carcinoma
(169), gastric (170) and esophageal cancer (171).

HSF1 supports carcinogenesis through a variety of pathways.
Upon topical application of a mutagen, Hsfl-/- mice developed
fewer tumors, had lower tumor burden and survived longer than
their wild-type littermates (6). In this model of RAS-driven
carcinogenesis, the overall incidence of tumors was much
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lower when Hsfl was deactivated, yet once a neoplasm was
formed, the proportion of benign and malignant tumors was
unchanged. In a separate set of experiments, the impact of Hsfl
deactivation in animals with a dominant p53 mutant was tested.
Again, mice with intact Hsfl function developed larger tumors
and survived shortest. Hsfl-/+ littermates showed an
intermediate phenotype, while the Hsfl-/- group was most
resistant to carcinogenesis. Heterozygotes developed more
carcinomas, while among Hsfl wild-type mice, sarcomas were
more common. Several common human carcinogens, including
a widespread water contaminant arsenic (172) and endogenous/
exogenous carcinogen formaldehyde (173) are known to robustly
activate HSF1 and HSR, which may play a pro-oncogenic role by
promoting survival of damaged cells.

HSF1 fosters cancer cell to grow independently of growth
signals (6). Mendillo et al. (168) demonstrated that HSF1 drives a
transcriptional program, distinct from the HSR, which supports
growth and development of malignant cells. The transcriptional
signature involves 456 genes and correlates with poor patient
outcomes across a variety of cancers. It encompasses pathways
coordinating metabolism, cell cycle, DNA repair, apoptosis,
adhesion, translation (168). HSF1 maintains ribosomal
biogenesis and promotes glycolysis, which is the main energy-
producing metabolic pathway from glucose in cancer cells (6). A
bioinformatic analysis of over 10 000 cancer genomes showed
that copy number alterations (CNA) of chromosome locus
8q24.3 was a common event across cancers and correlated with
poor prognosis (174). Our pan-cancer analysis found that
amplifications in HSF1 and MYC genes (both situated at this

locus) co-occurred in a high percentage of cases (Figure 3D). For
the top 4 cancers with the highest frequency of HSF1
amplification (ovarian, pancreatic, breast and liver -
Figure 3A), the percentage of HSF1 co-amplification with
MYC ranged from 67% to 90% (Figure 3E). Zhang et al. (175)
report that about a third of top 100 most overexpressed genes
constituting the HSF1 cancer signature are located at 8q21-24.
The authors suggested that the co-expression of the genes cannot
be fully explained by their co-localization and raised a possibility
of a link to mRNA pre-processing (175).

5.1 HSF1 in Major Cancer Types

5.1.1 Breast Cancer

In our analysis of publicly available mRNA data (n=1903), high
expression of HSF1 in breast adenocarcinoma correlates with
poor prognosis (Figures 4A-C). Increased levels of HSF1 were
associated with shorter overall survival and relapse-free survival.
Samples with higher RNA expression of HSF1 also had higher
histologic grade (X test p-value<10'10) and tumor stage (X2-test
p-value= 1.93¢®). While most patients with stage I breast cancer
had low HSF1 expression, at more advanced stages elevated
HSFlexpression was more common. Negative ER, PR status and
HER2 gain are also more likely in cases with high HSF1
transcripts (X>-test p-values: 4.72¢ %, 1.98°'% and 7.56°7
respectively). While mutations of HSFI gene were uncommon,
gene amplifications were found in 18% of patients. Previously
published meta-analyses of RNA data did not find a statistically
significant correlation of HSF1 with prognosis or reported
significance for ER-positive patients only, which likely results
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from a lower number of cases studied (176, 177). Normal breast
tissue typically shows no nuclear HSF1 staining, whereas HSF1
was commonly detectable in cancers, most abundantly in high-
grade carcinoma (178). The increase in nuclear HSF1 was found
at an early stage in carcinogenesis and was already seen in
carcinoma in situ. Strong nuclear staining of HSF1 correlated
with tumor stage and low differentiation (178). Estrogens can
promote phosphorylation of HSF1 at $326 in ER-positive breast
cancers. The activated HSF1 then fosters the transcription of
several critical genes, including HSPB8, LHX4, PRKCE, WWCl,
and GREB1 (179). Tumors with elevated HSF1 protein
expression were also more likely to be ER-negative, HER2-
positive and triple-negative (which typically have a more
aggressive course) and were often diagnosed at more advanced
stages (178). HSF1 appears to be involved in both ER and HER2
pathways. HSF1 associates with multiple proteins, including
HDACI, HDAC2 and metastasis-associated protein 1 (MTAL).
These complexes accumulate in close proximity to promoters of
estrogen-responsive genes, inhibiting their expression (180). The
development of endocrine resistance involves multiple
mechanisms, from overexpression of cytokines to transcription
factors (STAT, NFkB, HIF1A, MYC). It is of great clinical
interest to resolve the functions of HSF1 and HSPs in this
process. HSF1 may decrease transcription and increase the
degradation of ERat (181), while HSP70 and HSP90 can bind
to steroid receptors and alter their activity (182).

HER2, overexpressed in up to 50% of breast carcinoma cases,
is known to promote tumor cell growth. In HER2-positive breast
cancer, HSF1 promotes malignant transformation and
metastasis. Non-malignant HER2-expressing cells acquire
malignant characteristics, manifested as the formation of
transformed foci in vitro and tumors in mice only in the
presence of functional HSF1 (183). HER2 also activates HSF1
and its effectors, including HSP90, which results in the activation
of RAS-RAF-ERK1/2 axis. In HsfI*" mice, despite
overexpression of HER2, tumorigenesis was significantly
impaired, which was experimentally observed as decreased
proliferation, invasion and EMT (184). Mechanistically, HER2
activated HSF1 via the PI3K-AKT-mTOR axis and inhibition of
HER?2, either pharmacological with lapatinib or transient
knockdown, attenuated HSF1 activity (185). Consequently, a
feedback loop exists, with HER2 activating HSF1, which in turn
activates many of its classical effectors, such as HSP70 and
HSP90, which further enhance HSF1 transcription (185). HSF1
and HSPs were consistently and very highly expressed in cells
resistant to the tyrosine kinase inhibitor lapatinib, which
disrupted both HER2 and EGFR pathways. In this context,
targeting HSF1 decreased the expression of ERBB2, mut-p53
and components of several compensatory pathways implicated
in resistance to this mode of therapy, suggesting that
combination therapy with HSF1 inhibitor could be useful in
preventing resistance to lapatinib (186).

5.1.2 Ovarian Cancer

Ovarian cancer is the most lethal female-specific cancer. Serous
ovarian adenocarcinoma had elevated HSF1 mRNA expression in
comparison to normal ovarian tissue (Figure 3B). A higher

expression ovarian cancer group had a statistically better overall
survival (Figure 4D). Gene CNA and chromosomal rearrangements
were more prevalent in ovarian cancer than in any other human
malignancy (Figure 3A). Intrachromosomal rearrangements in
ovarian cancers were found to influence gene expression at loci
distant from the aberration (187). A genome-wide search identified
8q24 (where HSF1 is situated) as high-risk loci in ovarian cancer
(188). However, deletion of 8q24.3 increases 5-year mortality (174).
On the protein level, malignant tumors express HSF1 more
abundantly than benign ovarian tumors (189). HSF1 was barely
detectable by IHC in normal ovarian tissue but high in different
types of tumors: serous, mucinous, endometrioid, clear cell (190).
Further, phosphorylation of HSF1 at Ser326 in ovarian cancer
samples was associated with poor prognosis (191). HSF1
depletion triggered apoptosis in cancerous cells and suppressed
carcinogenesis in nude mice implanted with xenografts (190). HSF1
was also linked to EMT in 3D cell culture model of ovarian
carcinoma (192). Apart from HSF1 being a potential target of
combinatory antitumor therapy, it could also be a useful
diagnostic tool. Detection of autoantibodies against HSF1 in early-
stage high-grade ovarian serous carcinoma (FIGO Ia-Ic) increased
diagnostic accuracy of CA-125 (193). As 81% of ovarian cancers
express the ERot (194), resolving the interactions of HSF1 and
hormone receptor status could also be clinically important.

5.1.3 Lung Cancer

NSCLC is the most common type of human lung cancer. Higher
levels of HSF1 mRNA were associated with lower overall survival
in a cohort of NSCLC (Figure 4E). HSF1 gene amplifications
were found in 11% of these aggressive tumors. On a protein level,
a systematic meta-analysis confirmed the inverse relationship
between HSF1 and overall survival in NSCLC (167). Moreover,
in a study of 105 patients with NSCLC, 42.9% of tissue samples
exhibited a high nuclear abundance of HSF1, correlating with
poor overall survival, cancer stage and nodal metastasis (195).
The same study suggested that nuclear accumulation of HSF1
may play a role in tumor neoangiogenesis (195). Further
supporting its importance in malignant properties of NSCLC
cells, HSF1 was a key factor allowing them to thrive
independently of attachment to a surface. Although depletion
of this transcription factor sensitized cancer cells to anoikis,
HSF1 activation in normal bronchial epithelium did not confer
the ability of anchorage-independent growth (196). HSF1 was
also highly expressed in lung adenocarcinoma brain metastases
(197). The ABL kinase-HSF1-E2F axis promotes cell cycle
progression and cell survival. Its disruption by means of
knockdown or targeted pharmacological inhibition provided a
proof of concept for a therapeutic intervention (197). HSF1 also
directs a malignancy-supporting program in surrounding
stromal cells mediated by TGFf and SD1. Higher expression of
HSF1 in stromal cells from patients with stage I NSCLC was
associated with significantly shorter disease-free survival (198).
HSF1 was also an independent predictor of progression-free
survival in NSCLC with positive KRAS and EGFR mutation
status (198). A recent study identified HSF1 as a target for
pharmacological intervention to overcome the resistance to the
EGFR inhibitor erlotinib. The authors demonstrated the
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effectiveness of this approach using the HSF1 inhibitor emetine
to suppress tumor growth in mice (199). Yoon et al. (200)
described a natural compound promoting the degradation of
the active form of HSF1 through dephosphorylation at $326 in
H460 cells, where it induced growth arrest, apoptosis and
bolstered the effect of radiotherapy, paclitaxel and cisplatin. In
line with the concept of targeting non-oncogene addiction, its
effect was more pronounced in cancer cells (200). It would be
interesting to see whether this strategy shows similar
effectiveness in vivo.

5.1.4 Hepatocellular Carcinoma

HSF1 RNA transcripts were more abundant in tumors than
neighboring normal liver tissue (Figure 3B) and correlated with
adverse prognosis (Figure 4F). In immunohistochemistry,
healthy liver cells showed faint immunoreactivity compared to
strong staining seen in HCC cells (201). These observations were
corroborated by another study, showing that high protein
abundance of HSF1 and phospho-Ser326-HSF1 were increased
in HCC and negatively correlated with tumor progression and
survival (82). The role of HSF1 in oncogenesis and maintenance
was well documented by ablation experiments. HSF1 knockout
decreased cell proliferation and upregulated expression of the
G1-S inhibitor Rb1 (82). HSF1 knockdown in human HCC cells
suppressed cell proliferation and fostered apoptosis by disrupting
the PI3K-AKT-mTOR axis (201). The relationship between
HSF1 and mTOR, also seen in other cancer types, was
demonstrated as a necessary component for MYC-driven HCC
(202). Overexpression of cMYC is common in HCC. HSF1 and
MYC were amplified in 10 and 12% of samples, respectively and
co-occurred for >95% HSF1 cases (Figure 3E). Patients with
overexpression of both genes had the shortest overall survival
and higher-grade tumors. At the same time, human specimen of
HCC often features an inactivation of either of the genes; in very
rare cases of both (203). HSF1 knockdown downregulated cMYC
and slowed the growth of cMYC-dependent HCC in mice. In
turn, the silencing of cMYC in human HCC cells downregulated
HSF1. In mice with dominant-negative HSF1, the growth of
MYC-dependent tumors was completely halted (203). Specific
biochemical mechanisms have not yet been demonstrated, but
upon HSF1 knockdown, murine tumors overexpressing MYC
experienced a dysregulation of its targets involved in metabolism
and ribosome biogenesis (203).

5.1.5 Colorectal Cancer

HSF1 is highly expressed in colorectal adenocarcinoma on both
transcript and protein level (204, 205). In our analysis, HSF1
RNA expression was not significantly associated with overall
survival over 10 years, but patients with elevated HSF1 had lower
5-year survival (Figure 4G). HSFlstimulates glutaminolysis via
GLS1 and activates mTOR in colorectal cancer cells; its
knockdown restricts cell growth. Pharmacological inhibition or
genetic abolishment of HSF1 suppressed carcinogenesis in mice
(205). High expression of HSPs in inflammatory gut diseases and
early stages of cancer are well documented (206). A recent study
linked HSF1 to colitis-associated colon cancer through
inflammatory remodeling of extracellular matrix (206).

5.1.6 Melanoma

HSF1 expression assessed by IHC was associated with greater
disease severity as it was stronger in metastatic than in primary
lesions. Strong nuclear staining also indicated shorter disease-
free survival (207). The upregulation of HSF1 in melanoma likely
resulted from its inefficient degradation due to frequent
mutations or downregulation of the ubiquitin ligase FBXW70
(207). HSF1 depletion in vitro resulted in a reversible decrease in
migration and invasion. HSF1 depletion markedly lowered the
tumorigenic potential of melanoma cells in nude mice (208).

6 HEAT-SHOCK RESPONSE AND
CANCER IMMUNOSURVEILLANCE

Tumors grow when the host immune system fails to recognize
them as foreign. Cancer cells have evolved different strategies to
achieve this, including downregulating the expression of MHC],
eliminating T cells within the tumor tissue and reduced antigen
cross-presentation (209). It is well established that chaperones
are involved in the immune response through their ability to
stably bind polypeptide chains. HSPs bind tumor antigens,
forming complexes recognized by monocytes, macrophages, B
cells, dendritic cells, ultimately leading to cytotoxic T cell
activation. All major HSPs interact with antigen-presenting
cells via CD40, CD91 and LOX1 (210).

In recent years therapies with PD-1/PD-L1 inhibitors (also
known as immune checkpoint inhibitors) have been widely
introduced into clinical practice, yielding spectacular success in
selected patients, but the overall response rate among all cancers
remains around 12% (211). Based on this success, research efforts
are invested into gaining a deeper understanding the
mechanisms governing their expression and the links to
patient outcomes. The binding of PD-1 with its ligand sends
an inhibitory signal invoking decreased proliferation and activity
of cytotoxic T cells, diminished cytokine production and
differentiation of regulatory T cells, allowing cancer cells to
escape the host immune surveillance (212). Yang et al. (213)
have shown that HSF1 phosphorylation at Thr120 by PIM2
increased its transcriptional activity and promoted binding to
HSE in the PD-L1 promoter, enhancing its expression. pThr120-
HSF1 was associated with increased migration, invasion and
proliferation in breast cancer cells in vitro. While targeted
inhibition of PIM2 and HSF1 resulted in decreased tumor size
in each case, combined treatment had a synergistic effect and
arrested tumor growth entirely in murine xenografts (213).
Similarly, previous studies show that blocking PIM kinases
leads to a decreased PD-L1 expression (214). No studies
combining HSF1 inhibitors and PD-L1 inhibitors have yet
been published. Therapies targeting multiple HSPs are
suggestive of an antitumor potential for a combined HSF1-
targeted/immune checkpoint therapy. The effects of a multi-
subtype HSP/peptide vaccine tested in murine osteosarcoma
were potentiated by the addition of a PD-L1 inhibitor. The
combination triggered elevated cytokine production, stimulated
CD4+ and CD8+ T cells and mitigated lung metastasis better
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than each therapeutic modality alone (215). Almost all HSP-
inhibitors have been administered so far on intermittent dosage
schemes. However, pharmacokinetics seems important, not only
for the efficacy of HSF1-HSP axis inhibition but also for the
accompanying immune effects. In comparison to a high acute
dose regimen, a sustained low-dose inhibition of HSP90 slowed
the progression of colon cancer in immunocompetent mice more
effectively and produced a higher density of more diverse tumor-
associated antigens. In the same experiment, additional
administration of an immune adjuvant further improved
tumor control and complete ablation of tumor in some
cases (216).

HSE is present in the promoters of a plethora of genes,
including those related to immune response such as FasL and
HLA-G. Hyperthermia elevated the expression of a non-
canonical MHC class I molecule HLA-G but did not affect
other genes in this class (217). HLA-G is a low-polymorphism
gene, generally expressed in tumors and fetal tissues, promoting
immune tolerance. It inhibits the proliferation and cytotoxic
activity of T cells and NK cells and is known to impair host
immune responses against cancer cells (218, 219). Other stress-
inducible genes containing HSE in the promoter region include
major histocompatibility class I chain-related proteins A and B
(MICA and MICB). MICA and MICB bind to NKG2D receptors,
activating NK cells. HSF1 knockdown leads to a decrease in
MICB only, whereas pharmacological inhibition by NZ28
depressed both MICA and MICB, causing a strong inhibition
of NK cytotoxic activity (inhibition of HSP90 did not change
MICA and MICB levels) (220). However, the effects of this
inhibitor may be partially attributed to its non-specific mode
of action and modulation of the NF-kB pathway. The family of
NKG2D-ligands comprises six other members (ULBP1-6) whose
promoters contain HSE, but their direct activation by HSF1 was
not yet established.

7 HSF1 AND CANCER THERAPY

7.1 HSF1 and Drug Resistance
Another function of HSFI, independent of the heat shock
response, is the promotion of drug resistance. Chemotherapy
remains the mainstay of treatment for hematologic malignancies
and metastatic cancers, and resistance to cytotoxic agents is
common and often leads to therapy failure. One mechanism of
multidrug resistance involves a superfamily of membrane
transporters - the ATP-binding cassette (ABC) - which pump
hydrophobic molecules out of the cell (221). Strong evidence
exists that HSF1 contributes to the functioning of an ABC
subgroup - ABCBI (also referred to as P-glycoprotein and
MDR1). Elevated P-glycoprotein drastically reduces prognosis
in hematologic malignancies, solid and epithelial tumors and can
transport a broad range of substrates across cellular membranes
such as anthracyclines, taxanes, alkaloids, topoisomerase II
inhibitors (221).

MDRI gene features several HSE regulatory sequences, and
its promoter is activated in response to stress (222). The increase

in MDRI expression is not associated with the accumulation of
heat shock proteins, and the exact mode(s) of control over
MDRI expression exerted by HSFI1 is less clear. Transfection
with a constitutively active HSF1 led to increased MDR1 mRNA
and protein levels and stimulated vinblastine efflux. The
induction of the MDR phenotype was dependent on HSF1
recognizing and binding to binding the HSE in the MDR
promoter (223). The concept of HSF1 transcriptional control is
supported by the fact that inhibition of HSF1 binding to HSE by
quercetin suppressed MDR-dependent drug resistance (224).
However, in doxorubicin-resistant osteosarcoma cells,
increased HSF1 expression was not coupled to elevated MDRI1
transcription as has been shown in a luciferase reporter assay.
Also, disruption of the HSE had no effect on induction of the
MDR phenotype (225). Melanoma cells overexpressing mutant
HSF1 with a deletion in the transcriptional activation domain
were resistant to doxorubicin and paclitaxel (but not cisplatin,
bortezomib and vinblastine), correlating with overexpression of
several ABC transporters (ABCB1, ABCB8, ABCC1, ABCC2,
ABCC5 and ABCDI1) and increased drug efflux (226). The
overabundance of the inactive mutant also suppressed heat
shock response through the dominant-negative effect. In
contrast, transfection with a constitutively active form of HSF1
elevated HSP expression in the absence of drug resistance (226).
Opverall, such observations suggest an involvement of HSF1 at a
post-transcriptional level. Of note, although ABCs transport a
broad array of substrates, the drug efflux induced by HSF1
transfections was selective and differed between cell lines. The
reasons for the observed functional specificity remain to
be elucidated.

HSF1 is a known regulator of autophagy - a cytoprotective
response to stress - which when inhibited, sensitizes cells to radio-
and chemotherapy (227). To this end, the transcriptional
induction of autophagy via autophagy-related protein 7
(ATG7), fosters autophagosome formation and ultimately cell
survival (228). Conversely, drug sensitivity was increased
following HSF1 knockdown. Consistent with its cytoprotective
role, ATG7 expression was associated with poor prognosis in
breast cancer patients (229). A few members of the autophagy-
related protein family also feature HSE regions, suggesting that
these findings can be extrapolated to other proteins, for example,
ATG4B, which attenuates the cytotoxicity of epirubicin in
hepatocellular carcinoma cells (230). The mechanisms through
which HSF1 and autophagy influence drug resistance are likely
diverse. An interesting model of autophagy induction was
proposed in a study on melanoma cells resistant to apoptosis by
ER stress inducers (such as thapsigargin). Stress-induced
transcriptional activation of RIPK1 via HSF1, downstream of
XBP1, consequently promoting cell survival. No HSF1 activation
occurred in cells sensitive to apoptosis by ER stress inducers (231).

7.2 Proteasome Inhibitors

Multiple myeloma is an example of a disease where a strategy for
targeting the malignancy-associated proteotoxic state is
successful. Myeloma cells experience elevated proteotoxic
stress, not only due to rapid growth and dysbalanced metabolic
conditions but also due to rampant immunoglobulin production.
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This, in turn, leads to unfolded protein response and HSR
activation (232). The molecular sequelae of proteasome
inhibition involve a stark increase in HSP70, HSP27 and HSF1
expression (233). Silencing HSF1 in myeloma cells, as well as
selective pharmacological inhibition of HSF1, strongly sensitizes
cells to proteasome inhibition (234). In contrast, downregulation
of individual HSPs in combination with proteasome inhibition
was not as effective. This treatment was dependent on the basal
HSP expression level and HSF1 suppression was less effective in
cell lines with already elevated HSPs (235).

7.3 HSF1 as a Target for Pharmacotherapy
HSF1 is not an easily druggable molecule as it lacks a discernible
binding site for small molecule inhibitors, its activation process
is complex, and is subject to numerous posttranslational
modifications in response to different forms and degrees
of proteotoxic stress. Many potential inhibitors have been
developed, often derivates of natural medicinal products, as
well as products of in silico designs and large-scale screens of
synthetic chemical libraries (236). Unfortunately, in many cases,
the exact mechanism of action and drug specificity remain
unknown. An ideal inhibitor would bind directly and with a
high affinity to HSF1. Keeping in mind the potential future use
as a clinical drug, the substance should exhibit its function at low
concentrations and have favorable pharmacokinetics. To date,
only three compounds with a known, on-target mode of action
have been identified: KRIBB11, Ij;gp; 115, SchA and iaRNA™SHL,
A recent review by Dong et al. provides a detailed overview of
the available compounds, their structure and mode of
action (237).

The first direct inhibitor of HSF1, KRIBB11, was identified in a
screen of over 6000 molecules (238). A luciferase reporter assay
showed a decrease in HSP70 synthesis. Experimental evidence
from affinity chromatography confirmed that KRIBB11 binds to
HSF1 and abolishes the recruitment of pTEFb, which is necessary
for the release of RNA polymerase II and continuation of
transcription. KRIBB11 is highly effective with an ICsy = 1.2
uM and 10 uM, almost completely preventing the association of
pTEFb to the HSP70-promoter. Experiments in nude mice
revealed a 47% decrease in tumor volume and depletion of
HSP70. This finding indicated a significant antitumor activity
with limited general toxicity (238). Following a structure-activity
analysis of HSF1 DBD (DNA-binding domain), Iyysp;115 was
developed (239). Interestingly, despite binding to the DBD, it does
not inhibit the HSF1 association with the HSE but rather
modulates its transcriptional activity. The efficacy of Ijygg;115
was experimentally validated in several cancer cell lines. The
structure targeted by Ijjsg; 115 is also present on HSF2. Therefore,
it is possible that this inhibitor affects the function of both
transcription factors (239). Salamanca et al. (240) utilized a
different strategy and developed an RNA aptamer competing
with HSE for binding with the DBD of HSF1. The inhibitory
aptamer- iaRNA™"'. was evaluated in yeast, Drosophila and
human cancer cells, where a reduction in colony-forming
ability and an increase in apoptosis were noted. Difficulties with
drug delivery in vivo currently hamper the application of this
approach to pre-clinical studies (240). Recently, Chen et al. (241)

reported HIF1-inibiting properties of deoxyschizandrin (also
termed shizandrin A) which is a bioactive molecule derived
from a Chinese medicinal plant Schisandra chinensis. Evidence
from surface plasmon resonance and computer modeling
suggested that deoxyschizandrin binds to HSFI directly by
inducing conformational changes to the binding site. The
compound caused cell cycle arrest and death by apoptosis in
human colorectal cancer cells in vitro. However, despite its direct
binding to HSF1, deoxyschizandrin also appears to alter other
functions in cells (241).

8 CONCLUDING REMARKS

Human cancers almost invariably overexpress main constituents
of HSR, including individual HSPs and HSF1. Upregulation and
its importance for maintenance of multiple oncogenic pathways
identifies HSR as one of pan-cancer targets (Figure 5).
Preclinical models and more limited clinical studies showed
promising results with selected inhibitors of the HSR pathway.
A new direction for exploration of antioncogenic effects of HSR
inhibition, which has been impossible to detect in the classic
tumor xenograft models in immunodeficient mice, is the
modulation of immunosuppressive activity by cancers.
Combinatory therapy including HSR-targeting drugs offers a
potential to enhance the efficacy of clinically used drugs,
including immune checkpoint inhibitors. The development of
more specific inhibitors with better pharmacokinetic properties
is needed for targeting of HSR components, including HSFI, for

Proteotoxic stress of oncogenesis

adaptation

Pancancer
targets

THSPs, THSF1

l

« Stress reduction
» Stress resistance
* Proliferation

* Oncogene support
* Immune evasion
* Drug resistance

 Transformation and progression
* Poor clinical outcomes

FIGURE 5 | Flow chart depicting the role of heat shock proteins and HSF1 in
cancers.
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successful cancer therapy. A strong association with poor
prognosis or selective upregulation in malignancy are typically
used as the initial screens to identify specific HSR proteins as
clinically promising targets for drug development. Another
approach for the selection of a drug target can involve
identification of HSR components that exhibit a clear pattern
of coexpression and/or dependency for a major oncogene that by
itself is poorly druggable. Coamplification of HSF1 with a
notoriously undruggable MYC oncogene points to HSF1
inhibition as a potential therapeutic strategy for numerous
MYC-driven human malignancies. Higher translation activity
is necessary to support a rapid growth of transformed cells, but
the overabundance of nascent proteins also increases demand for
the chaperone/HSR system, which is further exacerbated by
aneuploidy-associated excesses in the production of unstable
proteins. Thus, it is conceivable that cancers with activating
mutations in the protein translation-controlling pathways such
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RNA Demethylase ALKBHS5 Prevents
Lung Cancer Progression by
Regulating EMT and Stemness

via Regulating p53

Xiangli Liu, Ziyi Wang, Qiwei Yang, Xiaohai Hu, Qiang Fu, Xinyu Zhang and Wenya Li*

Department of Thoracic Surgery, The First Affiliated Hospital of China Medical University, Shenyang, China

Background: Although N6-methyladenosine (m°A) RNA methylation is the most
abundant reversible methylation of mRNA, which plays a critical role in regulating
cancer processing, few studies have examined the role of m®A in nonsmall-cell lung
cancer-derived cancer stem-like cells (CSCs).

Methods: CSCs were enriched by culturing NSCLC cells in a serum-free medium, and
stem factors, including CD24, CD44, ALDH1, Nanog, Oct4, and Sox2 were detected by
Western blot. ALKBH5 expression was measured by employing a tissue array. Global
mCA methylation was measured after ALKBH5 knockdown. Malignances of CSCs were
detected by performing CCK-8 assay, invasion assay, cell cycle analysis, and tumor
formation in vitro and in vivo.

Results: m°A demethylase ALKBHS5 is highly expressed in CSCs derived from NSCLC.
Knockdown of ALKBH5 increased global m®A level, and also increased E-cadherin,
decreased stem hallmarkers, Nanog and Oct4, and inhibited stemness of CSCs. In lung
carcinoma, ALKBH5 is found to be positively correlated with p53 by using Gene
Expression Profiling Interactive Analysis (GEPIA) online tool. P53 transcriptionally
regulates ALKBH5 and subsequently regulates the global m°A methylation level.
Knockdown of p53 or inhibition of p53’s transcriptional activity by addition of its
specific inhibitor PFT-or decreased expression of ALKBH5 and CSCs’ malignancies,
including proliferation, invasion, and tumor formation ability, indicating that p53 may
partially regulate CSC’s malignancies via ALKBHS5. Furthermore, we also found p53
transcriptionally regulates PRRX1, which is consistent with our previous report.

Conclusion: Collectively, our findings indicate the pivotal role of ALKBH5 in CSCs derived
from NSCLC and highlight the regulatory function of the p53/ALKBH5 axis in modulating
CSC progression, which could be a promising therapeutic target for NSCLC.

Keywords: nonsmall-cell lung cancer (NSCLC), N6-methyladenosine (m®A) methylation, cancer stem-like cells
(CSCs), ALKBHS5, epithelial and mesenchymal transition (EMT)
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INTRODUCTION

This small group of cells, known as cancer stem cells (CSCs), is
characteristic of stem cells. The ability of CSCs to self-renew,
multidifferentiate, transfer (1), and evade drug-induced cell
death is mainly due to their dormant stem-like properties (2),
which are characterized by clinical recurrence; the diffuse tumor
cells remained inactive for long periods of time. This may occur
in the early stages of the disease or after treatment interventions.
Activation of these dormant cells contributes to tumor growth
and recurrence. The self-protection of CSCs is achieved through
asymmetric cell division cycles in which CSC populations are
retained, resulting in heterogeneous tumor populations of CSCs
and nonstem-like cancer cells (3). These nonstem-like cancer
cells experienced rapid symmetric cell proliferation, making
them susceptible to traditional cancer treatments and
preserving the cancer stem cell population, vindicating
treatment failure and cancer recurrence. These important
clinical findings further stimulate strong interest in the further
study of CSCs and their involvement in the treatment of drug-
resistant lung cancer alternatives. CSCs exhibit high drug
resistance and toughness due to prolonged telomere duration,
initiation of apoptotic pathways, enhanced membrane transport
protein activity, and enhanced mobility and metastasis.

The complete treatment of cancer depends on revealing its
origin. Lung CSCs identify and demonstrate resistance to various
lung cancer treatment regimens. These include conventional
therapies, biomolecules, and targeted therapies. The
elimination of lung cancer stem cells during therapeutic
interventions is critical because it prevents tumor expansion,
recurrence, and metastasis. Although little is known about the
biology of pulmonary embolism, various markers of pulmonary
embolism have been distinguished and considered. These
markers were incorporated but not limited to ALDHI1, CD133,
side groups (Hoechst negative), CD44, CD87, and CD117. These
markers are associated with chemoresistance in the treatment of
various first-line diseases. Therefore, it is widely believed that
CSC is closely related to pathological features, resulting in a poor
clinical prognosis.

N6-methyladenosine (m®A) is the most common internal
chemical modification in eukaryotes. In mammals, m°A installed
by m®A methyltransferase METTL3 and METTL14 is erased by
fat mass and obesity-related proteins (FTO) or o-ketoglutaric
acid-dependent dioxygenase homologs 5 (ALKBH5) (4-7). The
effects of MRNA m°A modification on cellular processes include
changes in RNA stability (6, 8), translation efficiency (9, 10),
secondary structure (11), subcellular localization (12), alternative
polyadenylation, and splicing (13). m°A methyltransferase is
critical for the speed and differentiation of mouse embryonic
stem cells and circadian clock. FTO is known to regulate fat
production and energy homeostasis (14). ALKBHS5 is
overexpressed in testis but downregulated in the heart and
brain, affecting nuclear RNA output and metabolism, gene
expression, and mouse fertility (7). ALKBH5 knockout mice
are viable, but significant changes in the expression of key genes
required for spermatogenesis and maturation indicate a
spermatogenesis disorder, although the overall increase in m°A

levels in the testes is modest (7). These studies suggest that key
gene expression changes, which are sensitive to the function of
mCA regulators, can cause significant phenotypic changes. So far,
however, the biological significance and key target genes of these
m®A modulators in human cancer remain elusive.

Regulation of ALKBH5 is manifested by multiple tumors (15,
16). A previous report shows when ALKBHS5 is reduced in PC,
the combination of P53 with ALKBH5 promoter was confirmed
by genome analysis, microarray verification, and luciferase
analysis, combined with bioinformatics prediction, indicating
that P53 was transcriptionally activated on ALKBH5 gene. As a
well-investigated transcriptional activator, p53 mutated about
half of the malignant diseases and may explain the
downregulation of ALKBH5 expression.

The molecular mechanism of RNA M6 methylation in
regulating malignancies of different kinds of cancer has only
recently begun to be elucidated. Dominissini and colleagues tried
to explain the roles of m°A methylation via regulating p53
signaling pathways, DNA mismatch repair, and RNA
degradation (17). It is also reported that more than 7,000
human genes were sequenced using m°A and found that
silencing m®A methyltransferase regulates the p53 signaling
pathway-mediated apoptosis. Gabbert and Martin also
reported that in gastric cancer, m°A modification may exert
critical regulatory roles via regulating p53 signaling pathway
(18, 19).

In recent years, the carcinogenic or antitumor function of
paired related homeobox 1 (PRRX1) has been reported in many
kinds of tumors. In glioma and pancreatic cancer, PRRX1 is
overexpressed in tumor-initiating cells and plays a regulatory
role in tumor invasion and metastasis. In breast, lung, or
hepatocellular carcinoma, PRRX1 inhibits the self-renewal and
stem cell support of tumor-initiating cells (20, 21). In the field of
sarcoma research, mice that eventually develop osteosarcoma
p53 and Rb lack PRRX1-positive cells or osteoblasts (22-25),
suggesting that PRRX1-positive cells play a key role in the
development of osteosarcoma. However, the function of
PRRX1 in human osteosarcoma has not been determined. In
our previous report, it is presented that PRRX1 regulates the
stemness phenotype and epithelial-mesenchymal transition
(EMT) in CSCs enriched from nonsmall cell lung cancer
(NSCLC) (26). However, the exact role of PRRX1 in regulating
NSCLC is still largely unknown.

Here, we examined the correlation between m®A methylation
regulated by ALKBH5 and malignancies in human NSCLC-
derived CSCs. We further investigated the modification of m°A
methylation on p53 using human NSCLC cell lines A549 and
PC-9.

MATERIAL AND METHODS

Cell Culture and Enrichment of CSCs

Nonsmall cell lung cancer (NSCLC) cell lines A549 and PC-9
were all purchased from the American Type Culture Collection
(ATCC). Cells were routinely maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
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serum (FBS, Gibco, Ca, USA) and antibiotics (50 U/ml penicillin
and 50 pg/ml streptomycin, Gibco) at 37°C in a humidified
atmosphere containing 5% CO,. To enrich CSCs from either
cells, viable cells were seeded at a 6-well plate and cultured in
DMEM/Ham Nutrient Mixture F-12 (F-12) (1:1) supplemented
with epidermal growth factor (EGF, 20 ng/ml, Sigma-Aldrich,
USA), human fibroblast growth factor basic (hFGFb, 10 ng/ml,
Sigma-Aldrich, USA), and 2% B27 (Life Technologies, USA) for
14 days. Every 3 days, the medium was half-refreshed with the
addition of relative supplements. For storage, cells were collected
and suspended in DMEM/F-12 without the addition of serum
and frozen in liquid nitrogen until use.

Cell Viability Analysis

Cells were suspended and adjusted to a concentration of 1 x 106
cells/ml. For each well of a 96-well plate, 2,500 cells were seeded
and allowed to attach to the bottom of the plate overnight. To
analyze cell viability, the Cell Counting Kit-8 (CCK-8, Sigma-
Aldrich, St. Louis, MO, USA)-prepared solution was employed
and 10 pl of CCK-8 solution was added into each well for a 4-h
coincubation at 37°C away from light. OD450 was detected by a
microplate reader (Synergy 2 Multi-Mode Microplate Reader,
BioTek, Winooski, VT, USA) to determine the cell viability.

Reverse-Transcription Quantitative PCR

One microgram of total RNA was reverse transcripted following
the instruction of the manufacturer, and complementary DNA
(cDNA) was used as a template by using Reverse Transcriptase Kit
(RIBOBIO, Guangzhou, China). The primers were listed as follow:
CD24 sense primer 5'-CTCCTACCCACGCAGATTTATTC-3'
and antisense primer 5-AGAGTGAGACCACGAAGAGAC-3';
CD44 sense primer 5'-CTGCCGCTTTGCAGGTGTA-3" and
antisense primer 5'-CATTGTGGGCAAGGTGCTATT-3";
ALDHI sense primer 5-GCACGCCAGACTTACCTGTC-3’
and antisense primer 5-CCTCCTCAGTTGCAGGATTAAAG-
3’; Nanog sense primer 5 -TTTGTGGGCCTGAAGAAAACT-3’
and antisense primer 5-AGGGCTGTCCTGAATAAGCAG-3';
Oct4 sense primer 5-CTGGGTTGATCCTCGGACCT-3' and
antisense primer 5'-CCATCGGAGTTGCTCTCCA-3'; Sox2
sense primer 5-3’ and antisense primer 5-3; METTL3 sense
primer 5-TTGTCTCCAACCTTCCGTAGT-3" and antisense
primer 5'-CCAGATCAGAGAGGTGGTGTAG-3’; METTLI14
sense primer 5'-AGTGCCGACAGCATTGGTG-3" and
antisense primer 5-GGAGCAGAGGTATCATAGGAAGC-3;
YTHDEF1 sense primer 5-ACCTGTCCAGCTATTACCCG-3’
and antisense primer 5-TGGTGAGGTATGGAATCGGAG-3';
WTAP sense primer 5'-CITCCCAAGAAGGTTCGATTGA-3’
and antisense primer 5-TCAGACTCTCTTAGGCCAGTTAC-
3’; FTO sense primer 5-ACTTGGCTCCCTTATCTGACC-3’
and antisense primer 5'-3’; ALKBH5 sense primer 5'-T
GTGCAGTGTGAGAAAGGCTT-3" and antisense primer 5'-
CCACCAGCTTTTGGATCACCA-3'; B-actin sense primer 5'-C
ATGTACGTTGCTATCCAGGC-3’ and antisense primer 5'-
CTCCTTAATGTCACGCACGAT-3'. PCR was then carried out
using PowerUp SYBR™ Green Master Mix (Thermo Scientific,
Waltham, MA, USA) following the manufacturer’s instructions.

mRNA levels were normalized against B-actin mRNA and
expressed relative to the control conditions.

Western Blot

To detect specific protein levels, Western blot was carried out by
using primary antibodies, which were all rabbit monoclonal and
bought from Abcam (Cambridge, Britain). The primary
antibodies used was listed as followed: anti-CD24 (Cat. No.:
ab202073); anti-CD44 (Cat. No.: 189524); anti-ALDHI1 (Cat.
No.: ab227984); anti-Nanog (Cat. No.: ab109250); anti-Oct4
(Cat. No.: ab200834); anti-Sox2 (Cat. No.: ab92494); anti-3-
actin (Cat. No.: ab115777); anti-METTL3 (Cat. No.:
ab195352); anti-METTL14 (Cat. No.: ab252562); anti-YTHDF1
(Cat. No.: ab252346); anti-WTAP (Cat. No.: ab195380); anti-
FTO (Cat. No.: ab126605); anti-ALKBH5 (Cat. No.: ab195377);
anti-E-cadherin (Cat. No.: ab231303); anti-p53 (Cat. No.:
ab32389); anti-PRRX1 (Cat. No.: ab211292). All antibodies
were diluted at 1:1,000. Goat anti-rabbit IgG H&L antibody
(HRP ladled, 1:10,000, #ab7090) was used as a secondary
antibody. Blot bands were quantified via densitometry with
Image J software (National Institutes of Health Baltimore, MD,
USA). B-Actin was used as an internal reference.

Detection of m®A Methylation Level

To quantitatively measure the m®A methylation level, total RNA
was extracted from tissue samples using TRIzol reagent (Thermo
Scientific, USA) following the manufacturer’s instruction, and
then m®A RNA methylation quantification kit (Thermo
Scientific, USA) was employed for this purpose by following
manufacturer’s instruction. The percentage of m°A-methylated
mRNA in the total mRNA was calculated to access the m°A
methylation level. Briefly, 200 ng mRNA of each sample was
loaded in the assay well. A capture antibody specific for m°A
(Synaptic Systems, catalog No. 202003, at dilution of 1:2,000) was
then added to the wells. Two-hour incubation later, wells were
washed three times using washing buffer, and a detection
antibody (Abcam, Catalog. No. ab6747, at dilution of 1:5,000)
was added to each well. The developer solution was added to
each well following the wash steps to remove any liquid while
protecting samples from light. The color was developed and
captured using a 450-nm wavelength optical meter.

GEPIA Analysis

The online database gene expression profiling interactive analysis
(GEPIA) (http://gepia.cancer-pku.cn/index.html) was used to
investigate differential expression analysis, profiling according
to pathological stages, patient survival analysis, and
correlation analysis

Pl Staining and Flow Cytometric Analysis
Cells were collected and adjusted to a concentration of 1 x 106
cells/ml and then fixed using 70% anhydrous ethanol overnight,
stained with 50 pg/ml propidium iodide (PI, Sigma) for 30 min at
4°C, and then assessed with a Beckman Navios. The cell phase is
represented by G0-G1, S, and G2-M.
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Invasion

To assess invasive capacity, a 24-well Transwell insert system
(Corning, NY) prelaid with Matrigel was used. For each well, 1 x
104 cells were plated in the top chamber containing a Matrigel-
coated membrane (60 ug of Matrigel for each well). In the lower
chamber, a medium containing 10% FBS was filled to be used as a
chemoattractant. After 48-h incubation, cells on the lower
surface of the membrane were fixed with methanol and stained
with 0.1% crystal violet. The number of cells invading the
membrane was counted under a microscope (Olympus,
Tokyo, Japan).

Colony Formation

Cells at 2.5 x 103 were seeded in 0.3% low melting soft agar laid
on 0.6% low melting soft agar support for 3-week incubation.
Colonies were fixed with methanol and stained with 0.1% crystal
violet in 20% methanol for 30 min. Each assay was performed
in triplicate.

Tissue Microarray of ISH

Clinical Colorectal Cancer Tissue Microarray

Lung adenocarcinoma tissue microarrays (HLugS120CS01) and
lung squamous cell carcinoma (HLuGA150CS03) were
purchased from Outdo Biotech (Shanghai Outdo Biotech Co.
Ltd., China). Completed clinicopathology data were collected for
further analysis. The EnVision+detetion system (Dako) was
employed to perform immunohistochemistry following the
manufacturer’s instructions. A semiquantitative scoring
criterion for IHC of ALKBHS5 staining was used (week or
moderated was considered negative; strong was considered
positive). Two independent pathologists, blinded to the
clinicopathological information, performed the identification.

Human Protein Antibody Membrane

Array Analysis

Fifteen different proteins were embedded on a human Protein
Antibody Membrane Array (Cat. No.: ab211066, Abcam)
according to the manufacturer’s instructions. The experiments
were performed following the manufacturer’s instructions.
Briefly, 650 ug total protein of each sample was used for 2-h
incubation with membrane. Detection of proteins was performed
by incubation with horseradish peroxidase(HRP)-conjugated
streptavidin for 2 h. Signal intensities were detected by
chemiluminescence, and the membranes (n = 2) were briefly
exposed to x-ray films (GE Healthcare, Munich, Germany)
for 30 s.

RNA Knockdown

To knockdown an inverted and self-complementary hairpin DNA
oligonucleotide, encoding a short-hairpin RNA-targeting ALKBH5
mRNA was chemically synthesized (RIBOBIO, Guangzhou, China),
aligned, and cloned into the lentiviral vector pLL3.7 (RIBOBIO,
Guangzhou, China) that coexpresses the fluorescent protein GFP.
As a control, we used shRNA-targeting Luciferase mRNA. Oligos
used to construct the shRNA-targeting ALKBH5 a were as follows:
5'-CCTCATAGTCGCTGCGCTCG-3"; 5'-ATAGTTGTCCCGG

GACGTCA-3' (reverse). Oligos used as control shRNA were as
follows: 5'-TTCTCCGAACGTGTCACGA-3’ (forward); 5'-
ACGTGACACGTTCGGAGAATT-3' (reverse).

Animal Experiment

All the animal experiments were conducted according to
the ethics committee. All procedures in this section were
approved by the Medical Ethics Committee of the Shanghai
Outdo Biotech Company and performed according to the ethical
guidelines (ethics No.: YB M-05-02). Four-week-old female
BALB/c nude mice were purchased from Dashuo Experimental
Animal Company (Chengdu, China) and raised in the SPF
animal facilities.

Cells at 1 x 106 were subcutaneously injected into the mice
similarly to nude mice. Twenty-eight days later, grafted tumors
were collected and morphologically analyzed. The proliferating
capacity was measured by Ki67 staining.

Statistical Analysis

Each experiment was performed at least three times. The software
GraphPad Prism software was used for data analysis. Statistical
analyses were performed using ANOVA (equal variance) or
Welch’s ANOVA (unequal variance). A statistically significant
difference among groups was defined as P < 0.05.

RESULTS

ALKBHS5 Is Upregulated in CSCs
Compared With Those in Parental Cells
and Leads to a Decrease in Global

mC®A Methylation

Aiming to investigate the functional role of m°A methylation in
CSCs derived from lung adenocarcinoma cells, we firstly
enriched spheres from A549 and PC9 cells by culturing in a
serum-free medium (SFM) (Figure 1A). Ten days after being
cultured in SEFM, spheres (diameter >20 pm) were observed
suspended in a medium, which is a characteristic of CSCs.
Collected spheres present more vigorous viability from days 1
to 5 in a serum-supplemented medium (Figure 1B). We then
accessed stem factors, including CD24, CD44, ALDH1, Nanog,
Oct4, and Sox2 and expectedly found all these stem factors
(Figures 1C, D).

By considering the critical roles of m°A methylation in
regulating CSCs, we tried to determine the expression levels of
m®A methylation in CSCs compared with that in relevant PCs.
As shown in Figure 2A, CSCs present a relatively low level of
m®A methylation compared with that in relevant PCs. We then
measured m°A methylation regulatory genes, including
METTL3, METLL14, YTHDF1, FTO, WTAP, and ALKBH5 by
reverse-transcription quantitative PCR (RT-qPCR) and found
that METTL3, FTO, and ALKBHS5 were comparatively higher in
CSCs normalized to PCs (Figure 2B). Consistent upregulation of
METTL3, FTO, and ALKBH5 in CSCs were also observed by
performing Western blot analysis (Figure 2C). By performing
online database searching of the GEPIA database, although FTO
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FIGURE 1 | Enrichment of CSCs from A549 and PC-9 cells. (A) After being cultured in a serum-free medium, spheres derived from A549 and PC-9 were imaged at
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and ALKBHS5 present no obvious difference between tumor and
adjacent tissue, METLLS3 significantly decreased in tumor tissues
compared with adjacent tissues (Figure 2D).

ALKBHS5 Is Upregulated in CSCs and
Enhances Malignancies

To evaluate the effects of METTL3 and ALKBH5 on m°A
methylation in NSCLC CSCs, siRNAs targeting METTL3 or
ALKBH5 were transfected efficiently into cells (Figure 3A).
Seventy-two hours later after transfection, m°A methylation level
was measured, and, expectedly, results presented that knockdown of
ALBKHS5 significantly increased m°A methylation, and oppositely,

knockdown of METLL3 decreased m°A methylation (Figure 3B).
Knockdown of ALKBH5, but not METLL3, significantly inhibited
malignant behaviors of CSCs, including cell proliferation
(Figure 3C), cell cycle promotion (Figure 3D), invasion
(Figure 3E), and colony formation (Figure 3F). These results
indicate that ALKBH5, but not METLL3, plays a critical
regulatory role in malignancies via regulating m°A methylation in
NSCLC CSCs. We then further employed a tissue array to evaluate
the protein level of ALKBH5 in LUAD and LUSC. Figures 4A, B
presents that, compared with adjacent tissues, tumor tissue presents
obvious higher intensity of ALKBHS5, which indicated that ALKBH5
may be upregulated in tumor tissues compared with adjacent tissues.

Frontiers in Oncology | www.frontiersin.org

April 2022 | Volume 12 | Article 858694


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Liu et al.

ALKBH5 Regulates EMT and Stemness

ALKBHS5 Is Critical for Maintaining
Stemness in CSCs

To determine the effects of METLL3 and ALKBHS5 on the stem-like
property of NSCLC CSCs, a stem factor protein array was employed
after METTL3 or ALKBH5 knockdown. After METTL3 and
ALKBH5 knockdown, E-cadherin protein level was significantly
increased, and Nanog, Oct4, and Sox2 were decreased significantly
(Figure 5A), indicating that knockdown of METLL3 or ALKBH5
potentially regulates stemness of NSCLC CSCs. Sphere formation
was further performed to confirm their role in regulating stemness,
and, expectedly, results presented that knockdown of either
METLL3 or ALKBHS5 inhibited sphere formation (Figure 5B).
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FIGURE 2 | CSCs present a relatively lower m°A methylation level compared with their parental cells. (A) Global mPA methylation was measured in CSCs and its
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Changes in E-cadherin, Nanog, Oct4, and Sox2 indicated that
these two proteins, especially ALKBH5 are critical for maintaining
stemness (Figure 5C). Knockdown of ALKBHS5 significantly
modified hallmarkers of EMT, including E-cadherin, Nanog,
Oct4, and Sox2, indicating its critical role in maintaining the
stemness of CSCs.

P53 Transcriptionally Regulates ALKBH5
and Malignancies in CSCs

It is identified that ALKBHS5 is a downstream target gene of p53,
which is a key regulator of malignancies in various cancers. By
searching the GEPIA database, it is illustrated that, both in
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FIGURE 3 | ALKBHS5 is tightly associated with global m°A methylation level and promotes cell cycle progression and invasive capacity. (A) Efficient knockdown of
METTL3 or ALKBH5 was confirmed by performing a Western blot analysis. (B) After METTL3 or ALKBH5 knockdown, the global m®A methylation was measured.
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METTL3 or ALKBH5 knockdown, the cell cycle distribution was measured by performing Pl staining followed by flow cytometric analysis. *p < 0.05 vs. siScrambled
group. After METTL3 or ALKBH5 knockdown, invasive capacity (E) or tumor formation in soft agar (F) was respectively analyzed.

LUAD and LUSA, mRNA levels of p53 are positively correlated
with that of ALKBHS5 (Figure 6A), which prompted us to
identify the regulatory role of p53 on ALBKHS5. To identify the
effects of p53 on m°A methylation, we efficiently knocked down
p53 in A549 (Figure 6B) and overexpressed p53 in PC-9, which
is a p53-null cell line (Figure 6B). After efficient knockdown of
p53, ALKBH5 mRNA was significantly downregulated
(Figure 6C), which was also observed after blockage of p53’s
transcriptional activity via inhibiting its DNA-binding activity
(Figure 6C). We then further analyzed the m°A methylation
level after interfering with p53 activity. Expectedly, both p53
knockdown and inhibition of p53’s transcriptional activity
significantly increased the m®A methylation in NSCLC
CSCs (Figure 6D).

We further analyzed the roles of p53 on malignancies of
NSCLC CSCs via regulating p53 transcriptional activity.
Expectedly, in A549 CSCs, knockdown of p53 slightly inhibited

malignancies, including cell proliferation, entry of cell cycle,
invasion, and tumor formation in vitro (Figures 7A-D), which
were achieved by the addition of PFT-a, indicating that the roles
of p53 in regulating malignancies were due to its transcriptional
activity. In PC-9 CSCs, overexpression of p53 significantly
inhibited malignancies in PC-9 CSCs, which were reversed by
the addition of PFT-0,, indicating that p53 may, at least, partially
regulates malignancies via ALKBH5 in NSCLC CSCs
(Figures 7A-D).

P53 Potentially Regulates EMT and
Stemness via PRRX1

It is reported that p53 functions as a transcriptional factor of
PRRX1 and E-cadherin by targeting their upstream promoter
region. In our previous study, PRRX1 was observed to be a
negative regulator of E-cadherin, which is a marker of EMT.
These results prompted us to detect the regulatory roles of p53
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on PRRX1 and E-cadherin. As the results presented, knockdown  significantly smaller than the control group (Figures 9A, B). By

of p53 significantly decreased PRRX1 mRNA and oppositely  performing Ki67 staining to evaluate the proliferative capacity of

increased E-cadherin mRNA in A549 CSCs (Figure 8A).  tumors, expectedly, knockdown of Ki67 obviously decreased the

Overexpression of p53 in PC-9 CSCs increased PRRX1 mRNA  Ki67-positive proportion in tumors (Figure 9C).

and decreased E-cadherin mRNA, which were reversed by the

addition of PFT-a, indicating that p53’s transcriptional activity is

critical for its regulatory roles on PRRX1 and E-cadherin DISCUSSION

(Figure 8A). These changes in protein levels were further

confirmed by performing a Western blot analysis (Figure 8B).  In this study, we presented that m°A demethylase ALKBH5,

Taken together, p53 may act as a key regulator of PRRX1,  which is transcriptionally regulated by p53, modifies

ALKBHS5, and E-cadherin. the epithelial and mesenchymal transition process and
To further confirm the roles of ALKBH5 in regulating tumor ~ maintenance of stemness of cancer stem-like cells derived from

growth in vivo, A549 CSCs with knocked-down ALKBH5 were ~ NSCLC. In our previous report, it is presented that PRRX1

planted in nude mice. Twenty-eight days later, transplanted  regulates the stemness phenotype and EMT of CSCs derived

tumors in the ALKBH5 knockdown group were presented as  from NSCLC via stabilizing Sox2 (7). Figures 5, 8 present that
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downregulation of ALKBH5 or p53 significantly decreased Sox2 ~ tumor cells acquire the ability of invasion and migration, and
and increased E-cadherin protein levels, which is consistent with ~ promote the dissemination of tumor cells from the primary
our previous findings and demonstrated the upstream regulating  lesion, which is one of the initial steps of tumor recurrence and
roles of ALKBH5 in modulating malignancies of CSCs derived =~ metastasis; MET can make tumor cells regain the ability of

from NSCLC. colonization and formation of tumor metastasis, then the cells
PRRXI1 is a member of the paired homeobox family, which ~ resurge to complete tumor metastasis. At the same time, tumor
plays an important role in tumors. EMT and mesenchymal-  IMT can make the tumor acquire stemness, and the two are

epithelial transition (MET) are two important mechanisms  correlated. PRRXI1 is closely related to the occurrence of EMT,
leading to tumor recurrence and metastasis. EMT can make  and it is an important transcription factor regulating EMT,
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which plays an important role in tumor recurrence and
metastasis and tumor stemness maintenance (27). Studies have
shown that overexpressed PRRX1 can induce EMT in hepatoma
cells by activating the TGF-f pathway to promote B-catenin
entry into the nucleus, while downregulation of Prrx1 can inhibit
the expression of Slug and TGF-B-R2 by upregulating Pitx2-
microRNA pathway, then relieve the inhibition of Slug on E-
cadherin, thus leading to the occurrence of MET in hepatoma
cells, which is closely related to metastasis and recurrence of liver
cancer (28). The role of PRRX1 varies in tumors of different systems
and types. In liver cancer, downregulation of PRRX1 can promote
tumors to produce stem cell-like features (29). However, it is found
that overexpression of PRRX1 is closely related to tumor EMT,
tumor stemness, tumor metastasis, and prognosis in pancreatic
cancer (30), colorectal cancer (26), and papillary thyroid cancer
(31). The above differences may be related to the differences in
PRRX1’s expression and function in different tumors.

In our previous report, main PRRX1 isoforms were
investigated, and results found that PRRX1A, the main type of
PRRXI1 isoforms, promotes malignant behaviors via
transcriptional activation of TGF-f depending on TGF-B/TGF-
BR signaling pathway, and subsequently regulates EMT process
(7). Meanwhile, PRRX1A tightly binds to and stabilizes Sox2,
which may be the main cause of the decrease in stemness. Here, it
is found that downregulation of ALKBH5, but not METLLS3,
significantly increased E-cadherin and decreased Oct4 and Sox2
proteins, which indicated its regulatory roles in the EMT process
and maintenance of stemness. This indicates that ALKBH5 may
be a direct regulator of PRRX1 and results in subsequent
modification of EMT and stemness via PRRX1. However, we
failed to evaluate the mRNA and protein levels of different
isotypes of PRRX1, including PRRX1A and PRRX1B, which
should be evaluated in further study.

m6A RNA methylation is involved in the phenotype of tumor
stem cells by regulating gene expression. YTHDF2 is an m®A

reader, which has been proved to be associated with the
prognosis of patients with hepatocellular carcinoma. Some
studies suggest that YTHDF2 can promote the stemness
phenotype of hepatoma cells by regulating the m®A
methylation of the Oct4 gene (32). At the same time, m°A
methylation can enhance the stemness of hepatoma cells by
upregulating LINC00106 (33). In addition, m®A methylation can
also improve the stemness of hepatoma cells by regulating the
stability of MGAT5 mRNA (34). In this study, we evaluated the
protein levels of the main components of m®A methylation,
including METLL3, METLL14, YTHDF1, WTAP, FTO, and
ALKBH5. Only METTL3 and ALKBHS5 are upregulated in
CSCs compared with that in parental cells. Moreover, only
knockdown of ALKBH5 significantly regulates m®A
methylation, stemness, EMT, and malignancies together in
NSCLC CSCs. ALKBHS5 was reported to exert opposite roles in
different kinds of cancers, indicating that it may regulate different
m°A methylation profiles in a different context.

P53, as a kind of tumor suppressor protein, can maintain the
balance between self-renewal and differentiation, thus maintaining
the stability of the internal environment of organs. In recent years,
some studies have shown that the gain-of-function (GOF) mutation
of p53 further improves the stemness of cancer cells (35). In
addition to posttranslational regulation of p53 protein’s stability
and activity, p53 expression is also regulated by promoter
methylation and m®A RNA methylation at the transcriptional
and posttranscriptional levels. Studies have shown that a food-
borne mycotoxin FA can reduce P53 expression in human liver
cancer cells by reducing the expression level of m°A-p53 (36). In
addition, the m°A demethylase ALKBH5 can activate PER1 via an
mC®A-ythdf2-dependent manner and reactivate the ATM-CHK2-
P53 #CDC25C signaling pathway, inhibiting the growth of tumor
cells. We presented that in LUAD and LUSC tissue samples,
ALKBHS5 is positively correlated with p53 and transcriptionally
regulated by p53. Knockdown of p53 resulted in ALKBHS5 decrease
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FIGURE 9 | ALKBH5 knockdown decreased tumor formation in nude mice. (A) Volume of CSCs formed tumors in nude mice after seeding 5 x 10° cells. Tumor
formation was morphologically identified by H&E staining (B), and cell proliferation marker Ki67 (C) were further measured.

and global m°A methylation increase. These results demonstrated
that ALKBH5 may be a downstream regulator of p53.

Our findings collectively show that ALKBH5 regulates EMT
and maintenance of stemness of CSCs derived from NSCLC. P53
was found to act as an upstream regulator of ALKBH5 and exerts
key roles in these processes. Targeting the p53-ALKBH5-PRRX1
axes may offer a promising therapeutic approach in curing
metastatic NSCLC.
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The molecular mechanisms for uveal ring melanoma are still unclear until today. In this
case report, we describe a patient with a malignant uveal melanoma with exudative retinal
detachment that had been treated with plaque brachytherapy, resulting in successful
tumor regression. After 1 year, a ring-shaped recurrence with extraocular extension
appeared, and the eye required enucleation. Histological and molecular genetic analyses
revealed an epithelioid-cell-type melanoma with complete circumferential involvement of
the ciliary body and, so far, unreported GNAQ and SF3B1 mutations in ring melanoma.
Therefore, this report gives new genetic background information on this ocular tumor
usually leading to enucleation.

Keywords: uveal melanoma, ring melanoma, GNAQ, SF3B1, brachytherapy, case report

INTRODUCTION

Uveal melanomas represent the most frequently diagnosed primary intraocular malignant tumor in
adults and are potentially life-threatening (1). Among uveal melanomas, the variant ring melanoma
is a very rare entity and comprises around 0.3% of all uveal melanomas (2). It was first introduced as
“ring sarcoma” by Ewetzky et al. to describe an unusual circumferential growth pattern of uveal
melanoma involving the ciliary body and the iris (3). Ring melanomas are summarized as uveal
melanomas manifesting as a circumferential growth pattern around the eye that can present in the
choroid, ciliary body, anterior chamber angle, and iris with different features (2).

Here we describe a rare case of ring melanoma that manifested as a relapse of a uveal melanoma
after plaque brachytherapy. The molecular genetic assessment revealed a unique and, so far,
unreported mutation status.

Frontiers in Oncology | www.frontiersin.org

66 May 2022 | Volume 12 | Article 873252


https://www.frontiersin.org/articles/10.3389/fonc.2022.873252/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.873252/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.873252/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:michelle.prasuhn@uksh.de
https://doi.org/10.3389/fonc.2022.873252
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.873252
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.873252&domain=pdf&date_stamp=2022-05-25

Prasuhn et al.

Genetic Analyses in Ring Melanoma

BACKGROUND

Patient Information

A 72-year-old female patient was referred to our clinic with a
suspicious, prominent choroidal lesion on her left eye that was
noticed by her ophthalmologist in a routine checkup. The patient
did not report any symptoms, and further ophthalmological
medical history was unremarkable. General medical history
revealed type 2 diabetes and hypertension treated with
metformin, hydrochlorothiazide, nitrendipine, and candesartan.
The patient did not report any prior malignancies, and the family
health history concerning cancer or ophthalmological conditions
was unremarkable as well.

Case Presentation

The best-corrected visual acuity (BCVA) on both eyes was 20/30,
and the intraocular pressure was normal (15/18 mmHg). Upon
slit-lamp examination, we found a moderate cataract on both eyes
and an otherwise normal anterior segment, including any
alterations of the iris. Fundoscopy of the left eye revealed a
prominent melanocytic proliferation in the inferior hemisphere
with surrounding subretinal fluid extending towards the inferior
arcade (Figure 1). Another small, flat melanocytic lesion was
visible next to the optic disk. Using ultrasound B-scans, we
recognized a medium reflective tumor with a base of 13.6 x 10.8
mm and a thickness of 6.0 mm, with surrounding tumor-related
retinal detachment (Figure 1). We carried out an ultrasound
biomicroscopy (UBM), which showed a little swelling of the
inferior ciliary body (max. 2.5 mm) but no infiltration of the
surrounding structures. Upon these findings, the clinically
suspected diagnosis was a uveal melanoma. Staging analyses
including magnetic resonance imaging of the head, computed
tomography (chest and abdomen), and ultrasound of the abdomen
(dermatological and gynecological assessment) revealed no
metastases or other suspicious lesions. The blood tests were

unremarkable, especially for liver enzymes and S100. We
discussed with the patient the option of taking a biopsy before
therapy initiation, but since the tumor showed clinically distinct
features for uveal melanoma, we decided on immediate therapeutic
intervention. Therefore, we performed brachytherapy of the tumor
with ruthenium-106 only shortly after the first visit.
Intraoperatively, the diaphanoscopy showed that the tumor
expanded even further anteriorly and along the ciliary body than
we preoperatively suspected in UBM. Therefore, we first applied
the ruthenium-106 plaque above the main part of the tumor
(tumor apex dose 150 Gy, scleral dose 1,004 Gy) and relocated
the plaque “edge to edge” after 7 days and above the minor part for
another 6 days (tumor apex dose, 125 Gy; scleral dose, 850).
During plaque removal, we additionally applied triamcinolone
intravitreally to reduce the subretinal fluid surrounding the tumor
as previously described by Parrazzoni et al. (4).

In the subsequent visits over 6 months, we noted a continuous
decrease in tumor size until there was no uveal thickening
detectable on ultrasound and no more subretinal fluid. At 7
months after the therapy with ruthenium-106, we confirmed a
good local tumor control. However, the patient developed a
radiation retinopathy with macular edema and deterioration of
BCVA to 20/80, so we decided to inject triamcinolone
intravitreally. When we saw the patient in our clinic 4 weeks
after the injection, she had developed a posterior pole cataract
which decreased the vision to hand motion and did not enable us
to perform a fundus examination anymore. Therefore, we soon
carried out cataract surgery without complications, which
improved the patient’s vision. Only a few weeks afterward, we
noticed a suspicious melanotic lesion of the iris with
vascularization that was not present before. The UBM revealed
thickening of the ciliary body, measuring 1.5 x 1.5mm.
Furthermore, we saw a still active radiation retinopathy, and a
new exudative retinal detachment has formed. Suspecting a toxic
tumor syndrome, we decided to perform a vitrectomy with

FIGURE 1 | Presentation of the initial tumor. (A) The image of the posterior pole illustrates a melanotic tumor with subretinal fluid. (B) The B-scan ultrasound reveals
a multilobulated tumor with a size of 13.6 x 10.8 mm and a thickness of 6.0 mm and with surrounding subretinal fluid.
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endoresection of the original melanoma, reattachment of the
retina with silicone oil tamponade, and biopsy of the new iridial
lesion. The latter unveiled histopathological findings that are
typical of uveal melanoma with an epithelioid cell type (increased
expression of HMB45 and MelanA and high proliferative activity
in Ki67 staining). With the biopsy of the iris and the resected
melanoma, we carried out additional molecular genetic
analyses. Fluorescence in situ hybridization (FISH) of the iris
biopsy disclosed monosomy 3, heterozygous deletion in 1p36,
and excessive copies of MYC in 8q24. In next-generation
sequencing [the targeted gene panel including GNA22: codon
p-Arg625 and p.GIn209 (NM_002067); GNAQ: codon p.Argl83
and p.GIn209 (NM_002072); SF3BI1: codon p.Arg625
(NM_012433) and MiSeq sequencing by synthesis (Illumina;
coverage 250, average reads per exon >1,000), both probes
revealed c.626A>T in GNAQ (encoding G Protein Subunit
Alpha Q), leading to p.GIn209Leu, and c.1874G>A in SF3BI
(encoding splicing factor 3B subunit 1), leading to p.Arg625His.
Analyses concerning GNA11 (encoding G Protein Subunit Alpha
11) showed a wild-type status. Soon after vitrectomy and
endoresection, we noticed that the iridial lesions had increased
in number and size, along with severe iridial vascularization and
a prominent episcleral (sentinel) vessel (Figure 2). In UBM, we
saw a circumferential infiltration of the iris and ciliary body,
leading to the diagnosis of a ring melanoma (Figure 2).
Considering the aggressiveness of the tumor progression to a
ring melanoma and taking into account the toxic tumor
syndrome with vision loss to hand motion, we had to decide
on the enucleation of the left eye in agreement with the patient.
The enucleation took place without complications, and the
histopathological analyses of the enucleated eye confirmed the
annular growth of the tumor around the iris (Figure 3).

5 Mag: 1.0X
30 Deg
35 MHz

Figure 4 illustrates and summarizes the chronology of the case.

The patient returns to our clinic for regular follow-up visits,
during which we did not detect any signs of a local recurrence
until today at 1 year after enucleation.

Over the disease course, the patient had received regular
aftercare examinations to exclude metastases, including
ultrasound imaging of the abdomen, serum liver enzyme levels,
and chest X-rays. There were no suspicious lesions at any time.

DISCUSSION

Ring melanomas represent a very rare variant of uveal melanomas
that are associated with a poor prognosis and often result in the
enucleation of the affected eye (2). Detailed epidemiological studies
are hampered by the rarity of this entity. Demirci et al. studied 8,800
patients with uveal melanoma and detected 23 cases with ciliary
body ring melanoma (0.3%). In this study, all of the cases were
managed with enucleation (2). It is often impossible to identify the
site of primary growth, which can be the ciliary body, the base of the
iris, or the iridociliary junction.

To our knowledge, so far, there are only two case descriptions of
patients in which a relapse of a treated localized uveal melanoma
presented as a ring melanoma. Meyer et al. described a patient
diagnosed with ring melanoma 3 years after a proton beam
treatment for a ciliary body melanoma (5). Tay et al. reported a
ring-shaped recurrence with extrascleral extension of a ciliary body
melanoma after plaque brachytherapy (6). In their case, the tumor
relapsed 14 years after brachytherapy, shortly after performing
trabeculectomy. In all published cases, it remains unclear whether
these findings are real tumor recurrences or subclinical remaining
tumor cells in the iridociliary junction.

- Gain: 86 dB
-1 0 dB

in: 85 dB

Gai
TVG: 0 di

FIGURE 2 | Presentation of the recurrence. (A) The slit-lamp examination of the anterior segment shows an episcleral sentinel vessel and vascularized, melanotic
lesions infiltrating the iris circumferentially. (B) Close-up image focusing on the iridial lesions with vascularization. (C) The ultrasound biomicroscopy (UBM) of the
temporal-inferior iridociliary junction illustrates the thickening of the iris. (D) The UBM of the inferior-anterior segment reveals ciliary body infiltration, measuring 2.75 x
3.84 mm at this site. With UBM, iridial and ciliary body thickening was unveiled circumferentially.
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FIGURE 3 | Histopathological examination. Hematoxylin and eosin stain of the iridociliary junction, magnification: x10. (A) Superior, (B) nasal parts of the iris were
missing due to paraffin embedding; (C) inferior; (D) temporal. All images expose infiltration of an epithelioid-cell-type tumor infiltrating the ciliary body.

Our case represents a highly aggressive disease course of uveal
melanoma which recurred after brachytherapy. The preoperatively
present exudative retinal detachment is a known predictive factor
for recurrence after radiation therapy (7, 8). In our patient, after
plaque brachytherapy, we were able to observe a very good response
with tumor remission until there was no more tumor prominence
noticeable on ultrasound. The first signs of a recurrence presented
only 1 year after brachytherapy with new melanotic iridial lesions.

Clinically, the differential diagnoses of a multilocular melanoma
and a de novo melanoma after brachytherapy must be taken into
consideration. Since we were able to illustrate a continuous
circumferential tumor growth infiltrating the iris and ciliary body
in UBM and later in the histopathological assessment, the diagnosis
of aring melanoma can be made. It can be speculated that the partial
thickening of the ciliary body that we noticed before brachytherapy
was already the beginning of a ring melanoma, which would
represent a typical course in ring melanomas (2).

The histopathological and genetic analyses revealed the same
characteristics in the treated uveal melanoma, and the latter
detected iridial lesions, suggesting the ring melanoma to be most
likely a relapse of the primary uveal melanoma. However, it cannot
be completely excluded that the ring melanoma formed de novo.

Our histopathological analyses revealed an epithelioid cell
type, which is a rather rare form of uveal melanoma and is
associated with a poorer prognosis (9, 10).

Ring melanomas have not been systematically reviewed
concerning their genetic features. However, molecular genetic
analyses gain more and more importance as they provide us with
information that are of increasing clinical relevance, especially

concerning prognosis and personalized therapy options. This
case reports a unique genetic pattern that has not been shown in
ring melanoma yet.

Utilizing FISH, we detected 23% chromosomal aberrations
concerning monosomy 3 (complete loss of one chromosome 3).
Monosomy 3 is a significant predictor for a higher relapse rate
and lower overall survival rates (11, 12). All analyzed nuclei
showed changes of pl, which is a common feature of uveal
melanoma (13). The amplification of MYC, as in this case, occurs
in about 40% of all uveal melanoma (14).

Using next-generation sequencing, we investigated GNA11,
GNAQ, and SF3BI1. The activating hotspot mutation ¢.626 A>T in
GNAQ, which leads to an amino acid change from glutamine to
leucine, has already been described and occurs in approximately
45% of primary uveal melanomas and 22% of uveal metastases
(15). The mutations lead to the constitutive activation of the Goq
and Gol1 subunits by decreasing their GTPase activity, which is
required to return them to an inactive state. This results in the
constitutive activation of G-protein-coupled signaling pathways,
such as MAPK, PI3K, PKC, Akt/mTOR, Rac/Rho, Wnt/fB-
catenin, and Hippo (13, 16). GNAQ mutations occur early in
uveal melanoma as tumor-initiating mutations and do not seem
to have a prognostic value (17).

Moreover, we were able to find a mutation in SF3BI that
leads to an amino acid exchange of arginine to histidine
(c.1874G>A; p.Arg625His). The mutations of codon 625 in
SF3B1 can be identified in 20% of uveal melanomas (18). They
result in an aberrant splicing pattern of important apoptotic
genes through the usage of an alternative 3’ splice site upstream
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Radiation maculopathy
Cataract progression
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Xic tumor syndrome
New iridial melanotic
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FIGURE 4 | The timeline illustrates the rapid disease course in this case. In about 1 year and 2 months, the patient received the primary diagnosis of uveal melanoma, underwent
brachytherapy with good tumor regression, was treated for radiation retinopathy, then diagnosed with a ring-shaped relapse, and underwent enucleation of the eye. The left gray
side lists important clinical features, and the right blue side demonstrates surgical interventions. IV], intravitreal injection; Ru'®, ruthenium-106; 23G, 23-gauge.

of the canonical 3’ splice site (16). The mutation ¢.1874G>A uveal melanomas, with a metastatic rate of 52% after 5 years of
has so far only been described by Hou et al. in 19 of 85  follow-up (2). Additionally, ciliary body infiltration, monosomy
examined uveal melanomas (19). The clinical significance of 3, epithelioid cell type, and extrascleral extension are limiting
this variant concerning disease course and prognosis is still ~ factors. The patient regularly returns to our clinic and attends
unclear. However, information on the mutation status in uveal aftercare examinations. So far, no signs of a local recurrence or
melanoma are crucial as more and more individual therapeutic =~ metastatic disease could be detected.
concepts are emerging. Since SF3BI is involved in splicing, With this case report, we want to emphasize the importance of
there has been growing interest in splicing modulators.  regular follow-up visits of patients with uveal melanoma, without and
Additionally, SF3BI mutations may also be sensitive to  with pupil dilation. The interindividual disease course is highly
nonsense-mediated mRNA decay inhibitors or protein  variable, and in cases like this, disease progression and the
arginine methyltransferase 5 inhibitors (13, 20, 21). possibility to intervene could be missed if follow-up intervals are
To date, the management options for ring melanomas are still  extended. Additionally, we would like to encourage the genetic testing
limited. Based on the large tumor dimension, enucleation is  of biopsies of uveal melanoma and especially ring melanoma. Even
usually the preferred treatment option. The tumor in our case  though this entity is very rare, genetic testing is crucial to gain further
has certain characteristics that limit our patient’s prognosis.  insights into the pathomechanisms and could have therapeutic
First, ring melanomas have a poorer prognosis than localized  relevance as individualized treatment strategies emerge.
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CONCLUDING REMARKS

This case illustrates a particularly aggressive local disease course
in a uveal melanoma that relapsed as a ring melanoma. We
detected hotspot mutations in GNAQ and SF3BI that have been
described in uveal melanoma, but not ring melanoma. Molecular
genetic analyses like in this case provide valuable insights into the
disease entity that form the base for future therapeutic concepts
as personalized medicine gains more and more importance.
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Malignant melanoma, with its increasing incidence and high potential to form metastases,
is one of the most aggressive types of skin malignancies responsible for a significant
number of deaths worldwide. However, melanoma also demonstrates a high potential for
induction of a specific adaptive anti-tumor immune response being one of the most
immunogenic malignancies. Yin Yang 1 (YY1) transcription factor is essential to numerous
cellular processes and the regulation of transcriptional and posttranslational modifications
of various genes. It regulates programmed cell death 1 (PD1) and lymphocyte-activation
gene 3 (LAGQ3) by binding to its promoters, as well as suppresses both Fas and TRAIL by
negatively regulating DR5 transcription and expression and interaction with the silencer
region of the Fas promoter, rendering cells resistant to apoptosis. Moreover, YY1 is
considered a master regulator in various stages of embryogenesis, especially in neural
crest stem cells (NCSCs) survival and proliferation as it acts as transcriptional repressor on
cancer stem cells-related transcription factors. In addition, YY1 increases the metastatic
potential of melanoma through negative regulation of microRNA-9 (miR-9) expression,
acts as a cofactor of transcription factor EB (TFEB) and contributes to autophagy
regulation, mainly due to increased transcription of genes related to autophagy and
lysosome biogenesis. Therefore, focusing on the detailed biology and administration of
therapies that directly target YY1 or crosstalk pathways in malignant melanoma could
facilitate the development of new and more effective treatment strategies and improve
patients’ outcomes.

Keywords: malignant melanoma, immunotherapy, treatment resistance, YY1, PD1

INTRODUCTION

Malignant melanoma is one of the most aggressive types of skin malignancy, presenting high
potential to form metastases. The incidence of melanoma has significantly increased all over the
world within the last decades (1). Many factors can contribute to the malignant transformation of
melanocytes and melanocytic lesions, among which one can distinguish a complex interaction
between environmental and genetic factors (2). Oncogenic mutations in genes are widely observed
in melanoma, with MEK, BRAF, NRAS, and NF1 being the most common ones (2).
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The first step of the therapeutic management of cutaneous
melanoma is surgical excision of the primary lesion with
adequate margins. In a case of melanoma in situ or very thin
melanomas (<0.8 mm), surgery is considered sufficient, whereas
patients with more advanced stages often require adjuvant
therapy (3). Malignant melanoma is a neoplasm which often
shows resistance to standard cytotoxic treatments. However, it
demonstrates a high potential for induction of a specific adaptive
anti-tumor immune response being one of the most
immunogenic malignancies (4). In recent years, the knowledge
regarding the molecular biology of malignant melanoma has
been expanding, and, thus, a huge progress in the field of
immunotherapy (with its many innovative therapeutics) in the
treatment of malignant melanoma has been observed. However,
achieving disease remission or at least stabilization in patients
with poor response to immunotherapy is almost impossible.
Therefore, a better understanding of processes by which
malignant cells evade immune surveillance is needed to
increase treatment efficacy or reverse resistance. Recently, the
possible role of the Yin Yang 1 (YY1) transcription factor in the
pathogenesis and drug resistance of malignant melanoma
is considered.

YY1, also known as a nuclear factor-E1 (NF-E1), is a GLI-Kruppel
class of zinc finger protein transcription factors (5). YY1 is
ubiquitously expressed, and its expression is on the same level
within all tissues of the human body (6). This multifunction
protein is essential to numerous cellular processes and the
regulation of transcriptional and posttranslational modifications of
various genes (7-9). The transcription factor YY1 has been studied in
many cancers. To date, it was shown that YY1 exerts a role in
tumorigenesis, mainly through alteration in cell cycle signaling
pathways, the process of epithelial-mesenchymal transition,
resistance to immunotherapy and targeted therapy, as well as the
formation of metastasis (10-13). Moreover, the role of YY1 in
modulating chronic inflammation, apoptosis evasion, angiogenesis,
and genome instability have been previously described in the
literature (14-16).

In the present review, we have highlighted the importance of
the overexpression of the transcription factor YY1 in malignant
melanoma tumorigenesis and its possible role in tumor
surveillance and treatment resistance.

THE STRUCTURE AND FUNCTION OF YIN
YANG 1 PROTEIN

The human YY1 consists of 414 amino acids and was first
described as a transcriptional repressor that interacts with the
P5 promoter for the adeno-associated virus (5, 17). However,
YY1 can either positively or negatively regulate its target genes,
acting as both a transcriptional activator and repressor. YY1
recognizes and binds to specific DNA sequences through the four
zincs fingers, forming the DNA-binding domain (18). Both DNA
binding-dependent and independent functions of YY1 have been
already described. A recent study showed that YY1 also controls
gene expression by binding to active enhancers and promoter-

proximal elements (19). Furthermore, the pattern of this control
varies due to the many interactions with versatile proteins. YY1
can also act indirectly, by affecting the chromatin state via the
recruitment of histone methylases, acetylases, and deacetylases
(20-22). These findings could enlighten the variety of YYI’s
functions including gene activation and repression. YY1 might
impact positive or negative effects on transcription by
influencing the positioning of other transcription factors in
enhancers and promoters.

YY1 AND IMMUNE CELLS

The expression of YY1 influences the development of B and T
cells on every stage (23). Germinal centers are vitally important
for humoral immunity. During germinal center development, B
cells depend strictly on YY1 expression (24). It was shown that
the deletion of the YY1 gene reduces the amount of germinal
center B cells and decreases survival. Interestingly, YY1 possesses
dual functions, either as an activator or repressor. YY1 induces
Th2 cells differentiation and, contrarily, blocks Treg cell
differentiation and function. To control Th2 cytokine genes,
YY1 mediates chromatin remodeling and chromosomal
lopping of the Th2 cytokine locus (25). The primary function
of Treg cells is the prevention of excessive immune response
through inhibition of differentiation and proliferation of other T
cells subpopulations, such as Th1, Th2, Th17, and Tth cells (26).
YY1 inhibits the differentiation and function of Treg cells by
blocking Foxp3 - a transcription factor for Treg cells (27). Since
melanomas are infiltrated by large numbers of Tregs to evade
immune response, downregulation of the Treg cells’ function in
tumor microenvironment may enhance protective immunity
against this cancer. On the other hand, the YY1 seems to
promote T cell exhaustion by repressing IL-2 and upregulating
checkpoint inhibitors. Exploring the exact role of YY1 on the
molecular riddles of the melanoma microenvironment may shed
light on new and better treatment strategies against this cancer.

MALIGNANT MELANOMA EVADES AND
INHIBITS IMMUNE RESPONSES

Malignant melanoma may evade the host’s cellular regulatory
and immune system. Chronic inflammation can lead to
exhaustion of the immune system, and inhibitory receptors
and their ligands play a crucial role in this process (28). The
persistent antigen exposure by melanoma cells is dependent on
the up-regulation of immune checkpoints, such as programmed
cell death 1 (PD1), cytotoxic T lymphocyte antigen 4 (CTLA4),
T-cell immunoglobulin, and mucin-domain containing-3
(TIM3) or lymphocyte-activation gene 3 (LAG3) and results in
negative feedback for the cytotoxic T-cells. Thus, blocking the
different immune checkpoints has become a cornerstone of
modern immunotherapy and the usefulness of CTLA-4, PD-1
and PD-L1/2 blockers in advanced melanoma therapy has been
most widely studied to date (29, 30). However, there is still a large
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group of patients in whom treatment with checkpoint inhibitors
proved to be unsuccessful. In addition, prolonged treatment with
the same medication could potentially lead to cross-resistance to
a variety of therapies.

REGULATION OF PD1 AND LAG3 BY YY1

Interestingly, YY1 regulates PD1 and LAG3 by binding to the
promoters of PD1 and LAG3. In the study provided by Balkhi et al.
(31), mutation of the YY1’s binding sites elicits increased
transcription with repeat T-cell stimulation, which proves that
both PD1 and LAGS3 are positively regulated by YY1 (Figure 1). In
melanoma, functional exhaustion with increased fractions of PD1+
CD4 cells were found to be associated with a high level of YY1. On
the other hand, downregulation of YY1 in repeatedly stimulated
cells causes a reduction of PD1 and LAG3. Moreover, in the
aforementioned study, 15 human melanoma samples and 10
normal skin biopsies were examined. Exhaustion of tumor-
infiltrating lymphocytes was mostly tied with overexpression of
PD1, along with YY1-cofactor Ezh2. In normal skin, no exhaustion
markers were found. Human melanoma sections stained by
immunofluorescence showed activation of the p38MAPK/JNK
pathway in tumor-infiltrating lymphocytes, which drives YY1
expression, leading to PD1 upregulation. These findings
significantly improved our knowledge of the relevance of T-cell
activation through a p38MAPK/INK/YY1 pathway.

The specific tumor microenvironment uses several
mechanisms to defend itself from cell death mediated by
cytotoxic T-cells (32). One of them is an upregulation of PD-
L1 expression. Multiple pathways have been identified by which
YY1 could be involved in regulating PD-L1 expression. Recent
findings indicate that therapies directly targeting YY1 or cross
talk pathways could improve patients’ outcomes due to the
downregulation of PD-L1 expression on tumor cells.

YY1 REGULATES DRUG RESISTANCE
IN MELANOMA

During tumorigenesis, pathways that regulate cell survival and
apoptosis, become dysregulated. Bonavida et al. proposed a
model of a dysregulated circuit consisting of the NF-xB/Snail/
YY1/PTEN/RKIP loop, which may be crucial for melanoma cell
growth, survival, and drug resistance (33, 34). Upon activation,
the NF-kB signaling pathway (via autophagosomes, p62 and JNK
signaling leading to the expression of their target genes HIF-1c,
IL-8, BCL2 and BCLXL) regulates the transcription of YY1 and
Snail 1 (35). In response to stimulation, these target genes further
negatively regulate the phosphatase, and tensin homolog
(PTEN), and RKIP which in turn activates the AKT/mTOR-C1
pathway and its interaction with LC3. Contrarily, the induction
of RKIP downregulates NF-kB signaling and thus inhibits YY1
and Snail 1. At the same time, the expression of PTEN inhibits
the PI3K/AKT (phosphoinositide-3-kinase/AKT) pathway
(Figure 2) leading to a significant inhibition of AKT-mediated
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FIGURE 1 | Schematic diagram illustrating the regulation of PD1 and LAG3
by YY1. Stimulation of receptors on the immune cells results in the activation
of the MAP3K, leading to the upregulation of JNK and p38. p38 and JNK; in
turn, activate YY1. YY1 bind to the PD1 and LAG3 promoters to initiate
transcription. This mechanism is correlated with the exhaustion of tumor
infiltrating T lymphocytes, and thus assists melanoma progression.
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FIGURE 2 | Schematic diagram illustrating the mechanism by which YY1
regulates drug resistance in cancers: Activation of the YY1 negatively
regulates DR5 transcription by binding to the DR5 promoter region, which
elicits resistance to TRAIL-induced apoptosis. YY1 binds to the silencer
region of the Fas promoter, blocks Fas expression and further leads to
downregulation of Fas expression and resistance of cancerous cells to Fas-
mediated apoptosis. High NF-kB expression corresponds to low RKIP
expression, as well as NF-kB induces YY1 expression, which then represses
PTEN. The underexpression of Fas is also caused by NF-«xB’s activation of
YY1. YY1 induces SNAIL, the repressor of RKIP. Expression of YY1 and Snail
is participating in downregulation of PTEN and DR5. As a result, YY1
promotes epithelial to mesenchymal transition (EMT) and metastasis through
upregulation of Snail.

signaling pathway, but also to autophagy proteins such as LC3-1/
II, LAMP, cathepsin B, and PI3K-AKT-MTOR. Increased PI3K/
AKT activity appears to have a major role in resistance to BRAF
inhibitors (36).

The regulation of various processes in cancer cells is strongly
dependent on the different expression levels of each of the gene
products. There is evidence revealing that YY1 is involved in
melanoma resistance to apoptosis (37, 38). The extrinsic pathway
of apoptosis involves death ligands on the surface of cytotoxic cells,
which bind corresponding receptors on target cells. The molecular
pathways by which Fas and TRAIL activate both the extrinsic and
intrinsic apoptosis pathways have been well characterized (39).
However, the exact mechanisms of resistance to TRAIL and Fas
have not yet been fully elucidated. YY1 may play a role in this
process, as YY1 can suppress both Fas and TRAIL, rendering cells
resistant to apoptosis. Expression of Fas is negatively regulated by
the interaction of YY1 with the silencer region of the Fas promoter
(40). In another mechanism, YY1 negatively regulates DR5
transcription and expression, inducing resistance to TRAIL-

induced apoptosis (41). Fas and TRAIL-mediated apoptosis can
be restored by inhibiting YY1, which can reverse the resistance to
many drugs.

The studies of new and more effective treatment strategies for
melanoma are of great interest as still many patients with advanced
melanomas demonstrate poor outcomes. As already mentioned,
YY1 strongly contributes to the pathogenesis of this malignancy. The
research above describes numerous melanoma oncogenes, several of
which seem to be a good target for future therapies. Patients with
melanoma may benefit from the inhibition of EMT. This approach
aims to target miRNAs to downregulate YY1 expression and resultin
the inhibition of EMT in cancer cells (42). Previous findings
demonstrated that YY1 is inhibited by nitric oxide. In the NF-xB/
SNAIL/YY1/RKIP/PTEN loop, nitric oxide donors downregulate
YY1 through S-nitrosylation and subsequently lead to inhibition of
EMT. Inhibiting YY1 by nitric oxide may also sensitize melanoma
cells to immunotherapies, like Fas-L, TRAIL, and anti-PDLI-
dependent treatment (32, 41, 43). Moreover, YY1 activity is
reduced significantly by rituximab, which results in up-regulation
of Fas-induced apoptosis. Therefore, combined treatment with YY1
inhibitors may help overcome the problem of tumor cells’ resistance
(39). Finally, YY1 promotes melanoma angiogenesis, acting as a
positive regulator of VEGF. A therapeutic intervention involving this
mechanism may reduce neoangiogenesis and tumor growth

Still, many questions arise regarding the exact role of YY1 in
melanoma pathogenesis, progression, and drug resistance. A
deeper characterization of YY1 molecular pathways of action
may help define novel biomarkers useful in the prognosis
of melanoma.

YY1 AND CANCER STEM CELLS

Malignant melanoma originates from differentiated melanocytes
that arise from neural crest stem cells (NCSCs) (44). However, a
multitude of biochemical data suggests that it could also
originate from cancer stem cells (CSCs) called tumor-initiating
cells (TICs). CSCs are pluripotent cells with self-renewal
potential, allowing cell proliferation without losing its
differentiation potential. They are proved to be associated with
worse clinical outcomes. The multilineage differentiation abilities
can contribute to melanoma diversity and heterogeneity (45, 46).
Assuming that melanoma formation is related to the CSC
population, identifying molecular targets in these cells could
help to provide new treatment modalities. It seems that YY1 may
be associated with melanoma CSCs.

Overexpression of many transcription factors such as SRY-Box
Transcription Factor 2 (SOX2), octamer-binding transcription
factor 4 (OCT4), B lymphoma Mo-MLV insertion region 1
homolog (BMI1), and Nanog Homeobox protein (NANOG) have
been identified as key players in CSCs-related tumor initiation and
metastasis formation. Interestingly, YY1 expression may also
depend on Sox2, OCT4, BMI1, and NANOG's activities (47). The
study by Kaufhold et al. (47) has identified YY1 as a possible
transcriptional repressor that acts on CSCs-related transcription
factors. The correlation between expression levels of YY1 and Sox2
was observed among all cancer types. Subsequently, the four groups
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of cancers were distinguished. The highest expression of YY1 and
Sox2 proteins represented the group assembled by melanoma,
colorectal cancer, and lymphomas. In addition, the study showed
the presence of putative YY1 binding sites on all regulatory regions
of the transcription factors. However, none of the putative
transcription binding sites for BMI1, SOX2, and OCT4 were
found on the YY1 or each other’s regulatory regions, suggesting a
multi-dynamic regulatory control of expression.

The invasiveness of malignant melanoma is attributed by
some authors to SOX2 overexpression. Conversely, recent
studies revealed that malignant melanoma initiation and
progression are not affected by complete inhibition of SOX2
function (48). It can be explained by different study designs, as
well as the aforementioned melanoma heterogeneity. Another set
of data suggests that melanoma formation in vitro and in vivo is
counteracted by the inactivation of neural crest stem cell factor
SOX10. Furthermore, a subset of genes bound by YY1 is also co-
bound by SOX10, which strongly suggests a connection between
YY1-dependent metabolic processes and SOX10 (48). YY1 is
considered a master regulator in various stages of embryogenesis,
especially in NCSCs survival and proliferation.

YY1 plays a crucial role in metabolic reprogramming that
converts a normal melanocyte into a melanoma-competent cell.
This transition is achieved via binding and regulation of a subset
of genes responsible for glucose metabolism, mitochondrial
electron transfer chain, tricarboxylic acid cycle, one carbon
metabolism, nucleotide metabolism, and protein synthesis.
Varum et al. have found that the loss of YY1 leads to, among
others, a reduction in basal oxygen consumption rates, maximal
respiratory capacity, and ATP turnover, essential for cancer
proliferation. These findings were especially expressed in
melanoma cells, suggesting their particular sensitiveness to
YY1 knockdown. They also reported that YY1 not only co-
binds in different combinations with SOX10 and MITF
(Melanocyte Inducing Transcription Factor) but also controls a
MITF and c-MYC-regulated gene set. Therefore, it affects cancer
stem cells metabolism in melanoma (49, 50).

THE ROLE OF YY1 IN TUMOR ANGIOGENESIS

Angiogenesis is crucial in the growth of various cancers,
including malignant melanoma. This process allows to supply
nutrients and oxygen to tumor cells. Studies have shown that
without angiogenesis, the growth of a tumor larger than 1 mm is
restricted, as diffusion of oxygen from blood vessels is not
sufficient (51). To date, the family of vascular endothelial
growth factors (VEGFs) turned out to be the major mediator
of tumor angiogenesis. VEGF family consists of structurally
related molecules including VEGF-A, VEGF-B, VEGF-C,
VEGF-D, among which VEGF-A is typically referred to as
VEGEF (52). Through interaction with the VEGF receptor
(VEGFR), VEGF promotes endothelial cell proliferation, which
further mediates sprouting of angiogenesis. YY1 may participate
in this process through positive regulation of VEGF transcription
(53, 54). Moreover, YY1 regulates the increase of VEGF by
suppressing HIF-1o. proteasomal degradation which causes its

accumulation (Figure 3). HIF-1a. plays a pivotal role in the
adaptation of cancer cells to hypoxia, as well as promotes tumor
angiogenesis through contribution to endothelial cell
proliferation and migration (55). A fraction of cells that can
survive hypoxia exhibit a more invasive phenotype and
refraction to anticancer therapies. In another mechanism, YY1
can influence tumor angiogenesis by increasing the expression of
angiopoietin factors ANG-1 and ANG-2, which are mediators of
microvascular remodeling and capillary maturation (Figure 3).
Current findings suggest that YY1 regulates the expression of
angiogenic genes that are critical for proper vascular
development and maintaining homeostasis. The study
conducted by Zhang et al. showed that endothelial cell specific
YY1 deletion in mice causes embryonic lethality due to abnormal
angiogenesis (56). Extensive research also revealed that YY1
deletion in the tamoxifen-inducible endothelial cell-specific
YY1 deficient mouse model inhibited angiogenesis and the
melanoma growth (57). A high level of YY1 expression was
noted in tumor cells and tumor-associated endothelial cells in
human melanoma tissues. These findings suggest that silencing
endothelial YY1 could decline melanoma angiogenesis and thus
can be a potential effective treatment option. Future research
should focus on the usefulness of nitric oxide and rituximab to
decrease tumor angiogenesis, as those drugs can potentially
inhibit YY1 expression (39, 40).

YY1 AND MELANOMA METASTASIS

Tumor metastasis is an intricate process involving various signaling
pathways. Genetic alterations enable the cancer cells to acquire the

FIGURE 3 | Schematic diagram illustrating the role of YY1 in tumor
angiogenesis. YY1 regulates the increase of VEGF by suppressing HIF-1¢, which
also upregulates the expression of angiopoietin factors ANG-1 and ANG-2.
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biological properties essential for forming distinct metastasis. Zhao
et al. discovered that YY1 increases the metastatic potential of
melanoma through negative regulation of microRNA-9 (miR-9)
expression (58). MiR-9 acts as a NF-xB-Snaill pathway suppressor,
therefore, inhibits migration and invasion of malignant melanoma
cells (59, 60). MiR-9 directly binds to RING1 and YY1 binding
protein (RYBP) 3’ untranslated region (3’UTR), thus leading to
mRNA degradation. These findings demonstrated a potential role
of RYBP as an oncogene by identification of a novel and vital
YY1 ~ miR-9 ~ RYBP axis (58).

YY1 expression is closely related to tumor metastasis. YY1
directly binds the snail 3" enhancer, which regulates snail
transcription. To change the chromatin structure of the 3’
enhancer, YY1 participates in the recruitment of histone
modification enzymes. It is well known that the migratory
capacity of cancers is defined by snail overexpression. The
regulation of the Snail gene is crucial for the epithelial-
mesenchymal transitions (EMT), a process in which epithelial
cells acquire invasive properties by transformation into
migrating mesenchymal cells. EMT is essential for cancer
invasiveness. As mentioned before, YY1 is an integral part of
the NF-kB/Snail/YY1/RKIP axis, which in turn is the positive
EMT regulator. However, the exact regulation of the Snail gene
by the YY1 is not yet fully understood.

YY1 AND AUTOPHAGY

The importance of autophagy in the regulation of cancer cell
biology and its response to various therapies is now intensively
investigated. Autophagy is an intracellular degradative process.
This mechanism requires the formation of autophagosomes and
then fusion with lysosomes. Some studies to date have shown
that the resistance of cancer cells to anticancer drugs can increase
through the upregulation of autophagy (61, 62). It was recently
introduced that YY1 acts as a cofactor of TFEB and contributes
to autophagy regulation, mainly due to increased transcription of
genes related to autophagy and lysosome biogenesis (63, 64).
These authors also investigated whether YY1 mediated
autophagy could modulate the activity of one of the commonly
used in melanoma patients BRAF inhibitors — vemurafenib (63).
Interestingly, the research showed that suppression of YY1
contributes to increased antitumor efficacy of vemurafenib (63).

Therefore, YY1 directs the apoptosis-anti-apoptosis balance
in favor of tumor cells survival, protecting the cells from damage
and activating autophagy-mediated survival (65). Protein kinase
inhibitor - sorafenib was shown to block human receptor
tyrosine kinase (c-Kit), platelet-derived growth factor receptor
(PDGFR), vascular endothelial growth factor receptor (VEGFR),
BRAF, and c-RAF signaling pathways both in vitro and in vivo. It
prevents the tumor growth of hepatocellular, breast, and
pancreatic cancer types and suppresses tumor growth and
metastasis in melanoma by c-Kit inhibition (66). Interestingly,
sorafenib may sensitize melanoma to vemurafenib through
activation of oxidative stress (upregulated reactive oxygen
species production, malondialdehyde, and iron, but decreased

glutathione concentration). Moreover, sorafenib strongly
promoted vemurafenib-mediated cell death (67).

YY1 AS A PROGNOSTIC MARKER OF
MELANOMA

YY1 is characterized by a multifunctional mechanism of action,
as it can act as an initiator, activator, or repressor of
transcription. Increased levels of YY1 have been observed in
both primary and metastatic melanoma (58). The overexpression
of YY1 might be associated with melanoma progression, as it is
involved in many biological processes, including modulation of
the immune response, apoptosis, epithelial to mesenchymal
transition, angiogenesis, and metastasis formation. Given that
YY1 is essential for many biological processes, it may be an
interesting prognostic target for melanoma.

Bioinformatics analyses on the expression of YY1 in melanomas
seem to confirm the relevant role of this transcription factor in
melanoma development and progression (68). It was revealed that
an increased level of YY1 positively correlates with mRNA
expression of the nectin like molecule-5 (NECL-5) gene (69).
NECL-5 is a cell adhesion molecule, the decrease of which
reduces migration, proliferation, and metastasis of cancer cells.
The study conducted by Bevelacqua et al. suggests that NECL-5
may be a potential marker of melanoma progression (69).
Additional bioinformatics studies also suggested an association
between YY1 and MITF in melanoma progression (70). MITF
activity strongly influences the phenotype of melanoma cells and
determines its invasiveness (70). YY1 is one of the transcription
factors that regulate MITF-dependent genes. Moreover, both MITF
and YY1 are localized in the area of promoters of genes important in
melanocyte differentiation. Besides MITF, transcription factor
activator protein 2 A (TFAP2A) and SOX10 have also been
identified to be localized alongside YY1. Furthermore, MITF
interacts with PBAF (polybromo-associated BRG1/BRM-
associated factor) chromatin remodelling complex comprising
BRG1 and CHD7 (chromodomain helicase DNA binding protein
7) (71). BRGI is essential for melanoma cell proliferation in vitro
and for normal melanocyte development in vivo and combinations
of MITF, SOX10, TFAP2A, and YY1 bind between two BRGI-
occupied nucleosomes thus defining both a signature of
transcription factors essential for the melanocyte lineage and a
specific chromatin organization of the regulatory elements they
occupy (71). Finally, recently published data of genome wide
association study identified about 20 melanoma susceptibility loci,
one of which was MX2 - the HIV-1 restriction gene (72). It was
shown that the level of MX2 expression is critically mediated by YY1
further underlying the role of YY1 in melanoma (72).

However, still many questions arise regarding the exact role of
YY1 in melanoma pathogenesis, progression, and drug
resistance. A deeper characterization of YY1 molecular
pathways of action may help to define novel biomarkers useful
in melanoma prognosis. Future studies must investigate those
molecular pathways to find more putative targets to develop
innovative therapeutic approaches.
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CONCLUSIONS

In summary, YY1 seems to play a crucial role in many of the metabolic
processes. Therefore, focusing on the detailed biology and administration
of therapies that directly target YY1 or crosstalk pathways in malignant
melanoma could facilitate the development of new and more effective
treatment strategies and improve patients’ outcomes.
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Lung cancer is one of the most common cancer types in the world. Despite existing
treatment strategies, overall patient survival remains low and new targeted therapies are
required. Acidification of the tumor microenvironment drives the growth and metastasis of
many cancers. Acid sensors such as acid-sensing ion channels (ASICs) may become
promising targets for lung cancer therapy. Previously, we showed that inhibition of the
ASIC1 channels by a recombinant analogue of mambalgin-2 from Dendroaspis polylepis
controls oncogenic processes in leukemia, glioma, and melanoma cells. Here, we studied
the effects and molecular targets of mambalgin-2 in lung adenocarcinoma A549 and
Lewis cells, lung transformed WI-38 fibroblasts, and lung normal HLF fibroblasts. We
found that mambalgin-2 inhibits the growth and migration of A549, metastatic Lewis P29
cells, and WI-38 cells, but not of normal fibroblasts. A549, Lewis, and WI-38 cells
expressed different ASIC and ENaC subunits, while normal fibroblasts did not at all.
Mambalgin-2 induced G2/M cell cycle arrest and apoptosis in lung adenocarcinoma cells.
In line, acidification-evoked inward currents were observed only in A549 and WI-38 cells.
Gene knockdown showed that the anti-proliferative and anti-migratory activity of
mambalgin-2 is dependent on the expression of ASIC1a, o-ENaC, and y-ENaC. Using
affinity extraction and immunoprecipitation, mambalgin-2 targeting of ASIC1a/o-ENaC/y-
ENaC heteromeric channels in A549 cells was shown. Electrophysiology studies in
Xenopus oocytes revealed that mambalgin-2 inhibits the ASIC1a/a-ENaC/y-ENaC
channels with higher efficacy than the ASIC1a channels, pointing on the heteromeric
channels as a primary target of the toxin in cancer cells. Finally, bioinformatics analysis
showed that the increased expression of ASIC1 and y-ENaC correlates with a worse
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survival prognosis for patients with lung adenocarcinoma. Thus, the ASIC1a/o-ENaC/y-
ENaC heterotrimer can be considered a marker of cell oncogenicity and its targeting is
promising for the design of new selective cancer therapeutics.

Keywords: acid-sensing ion channel, degenerin/epithelial Na*+ channel, lung adenocarcinoma, mambalgin-2, lung

cancer therapy

INTRODUCTION

Lung cancer is one of the most common cancer types in the
world with the highest frequency of disease-associated morbidity
and mortality. According to the cancer statistics from the Global
Cancer Observatory (GLOBOCAN) in 2020, lung cancer
accounts for 2.2 million newly diagnosed cases and 1.8 million
deaths (18% of total cancer deaths) (1). Approximately 85% of all
lung cancer diagnostic cases are non-small cell lung cancer
(NSCLC), such as lung adenocarcinoma (2). Despite the
existing treatment strategies for this disease such as
chemotherapy, radiotherapy, and surgery, the overall patient
survival rate remains low. Therefore, it is important to develop
novel therapies and to search for specific targets to substantially
improve the treatment and survival prognosis for patients with
lung adenocarcinoma.

Tumor progression is accompanied by inflammatory
processes, immunosuppression, hypoxia, and acidification of the
microenvironment (3, 4). Acidosis of the microenvironment
induced by local hypoxia and enhanced glycolytic activity is one
of the biochemical characteristics of tumors. The local extracellular
pH value may drop to 6.2-6.9 in solid tumors (4, 5) and to pH 5.5
or lower in chronic inflammatory conditions (6). Low extracellular
pH was shown to promote progression, invasion, and metastasis of
the tumors (5, 7, 8).

Different types of ion channels are involved in the regulation
of many physiological and pathological functions in cells and
tissues. Among them, acid-sensing ion channels (ASICs)
contribute to cellular response to the altered pH in the tumor
environment due to their ability to be activated by low
extracellular pH. ASICs are proton-gated cation channels and
belong to the degenerin/epithelial Na* channel (DEG/ENaC)
superfamily (9). Currently, at least four genes encoding six types
of the ASIC subunits are known: ASICla, ASIC1b, ASIC2a,
ASIC2b, ASIC3, ASIC4 (10). ENaCs are sodium-selective
channels that are expressed in a variety of epithelial and non-
epithelial cells and tissues (11). Currently, the four subunits (o-
ENaC, B-ENaC, y-ENaC, and 8-ENaC) are identified. Usually
they form the heteromeric channels (12, 13). ASIC subunits
alone or in combination with ENaC subunits can form
functionally active homo- or heterotrimeric channels with
different physiological and biophysical properties. For example,
the hybrid channels formed by ASIC1 and ENaCs were reported
(14). In addition to a high level of ASIC expression in the
nervous system, where they are involved in physiological
processes such as pain perception, synaptic plasticity, learning,
and memory, most ASIC and ENaC subunits are present in
different non-excitable tissues, and the channels formed by them

can also be implicated in tumor pathogenesis. Our previous
results and literature data point on the possible ASIC1 and ENaC
expressions in leukemia (15), glioma (16), melanoma (17), breast
cancer (18), and pancreatic (19), lung (3), and hepatocellular
carcinoma cells (20), where the ASICl-containing channels
participate in the regulation of cancer cell proliferation,
migration, and invasion. In particular, the ASICla-containing
channels affect the proliferation and migration of lung
adenocarcinoma A549 cells induced by extracellular acidosis
(3). However, the detailed molecular mechanisms of the ASIC1
oncogenic effects in lung adenocarcinoma as well as the
prospects of the selective ASIC1 targeting for lung cancer
therapy remain unclear.

Amiloride and psalmotoxin from the venom of the tarantula
Psalmopoeus cambridgei (PcTx1) are the best known inhibitors
of ASICla (21), and their antiproliferative effects on several types
of tumor cells, including glioma (22) and carcinoma (3, 18), were
reported. PcTx1 is the only specific inhibitor of the homomeric
ASICla channel, but it is not suitable for clinical use, since it can
inhibit and potentiate the heteromeric ASIC1a/ASIC2a channels
upon different conditions, and its action is dependent on the pH
value (23). Amiloride, which is widely used to inhibit the ASIC1
channels, demonstrates low selectivity and is more specific for
the ENaC channels (24). Mambalgins isolated from the venom of
black mamba Dendroaspis polylepis are three-finger small
proteins from the Ly6/uPAR family (25), which reversibly
selectively inhibit both the homomeric (ASICla) and
heteromeric (ASICla/2a, ASICla/2b) channels containing the
ASICla subunit (26). Previously, we demonstrated that the
selective blocking of the amiloride-sensitive ASICla-containing
channels by recombinant mambalgin-2 inhibits the proliferation
of leukemia (15) and glioblastoma cells (16) causing the cell cycle
arrest in the Gl phase and apoptosis, without affecting the
proliferation of normal astrocytes.

Here, we studied mambalgin-2’s effects on the growth and
migration of human lung adenocarcinoma A549 cells, murine
parental and metastatic lung adenocarcinoma Lewis cells, human
lung immortalized fibroblasts WI-38, and human lung primary
normal fibroblasts HLF-140. Also, we analyzed the expression
profile of various ASIC and ENaC subunits and activation of the
acid-sensitive channels in the cells in the absence and presence of
mambalgin-2. Results obtained together with the affinity
purification data and electrophysiology study in X. laevis
oocytes allowed us to identify and characterize the new
selective target of mambalgin-2 in cancer cells—the
heteromeric ASICla/0-ENaC/y-ENaC channels. Bioinformatic
analysis revealed a correlation between the increased expression
of mRNAs coding the ASIC1 and y-ENaC subunits with the
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worse survival prognosis for the patients with lung
adenocarcinoma. Data obtained point on the heteromeric
ASICla/o-ENaC/y-ENaC channels as a promising target for
new lung cancer therapies.

MATERIALS AND METHODS

Mambalgin-2 Production and
Characterization

Recombinant mambalgin-2 was produced in E. coli as described
previously (27). The purity and homogeneity of the recombinant
protein (> 95%) were confirmed by HPLC, MALDI-MS, and
SDS-PAGE. Disulfide bond formation was confirmed in the
reaction with Ellman’s reagent (Sigma-Aldrich, Saint-Louis,
MO, USA). The correct spatial structure of the recombinant
protein was confirmed by 1D 'H-NMR-spectroscopy.

Cell Cultures

Human lung carcinoma A549 cell line and pseudo-normal
human embryonic lung fibroblasts WI-38 VA 13 subline 2RA
(transformed by SV-40 to increase the number of passages) were
obtained from the shared research facility “Vertebrate cell
culture collection” (Institute of Cytology, St. Petersburg,
Russia). A549 cells were cultured in DMEM medium from
Biolot (St. Petersburg, Russia), 10% FBS (Biowest, Nuaille,
France), and 80 mg/mL gentamicin, and WI-38 in EMEM
medium (Biolot, St. Petersburg, Russia) supplemented with 1%
non-essential amino acids (NEAA, Thermo Fisher Sci, Waltham,
MA, USA), 10% FBS, and 80 mg/mL gentamycin. Primary
normal embryo human lung fibroblasts HLF-104 (designated
below as HLF) cells (Biolot) were passaged in EMEM medium
(Biolot) containing 10% FBS and 80 mg/mL gentamycin. Murine
Lewis lung adenocarcinoma cells and its metastatic subline P29
were a kind gift from Dr. B.S. Akopov and were cultivated in
DMEM supplemented with 10% FBS. Cells were maintained at
37°C in a humidified atmosphere with 5% CO,. All types of the
cells were subcultured twice per week. Cells were passaged no
more than 40 times and regularly tested for the absence of
mycoplasma contamination by the PCR kit (MycoReport,
Evrogen, Moscow, Russia).

Cell and Spheroid Proliferation Assay

To assay the influence of the medium acidification on the cell
growth, the cells were seeded in 96-well culture plates (5 x 10° cells
per well) and grown for 24 h. After that, the medium was aspirated
and changed to the fresh one with pH 7.4 (normal medium) or 5.5
(containing 10 mM MES, acidic medium) and cells were incubated
for 72 h without the medium change. To study mambalgin-2’s
influence on the cell proliferation, the cells were seeded in 96-well
cell culture plates (5 x 10° cells/per well) in the normal or acidic
medium and grown for 24 h. Thereafter, mambalgin-2 (from the
10 mM stock solution in 100% DMSO) was dissolved in the
normal or acidic medium and added to the cells at concentrations
from 10" to 10> M for further incubation during 72 h without

the medium change. The maximal DMSO concentration did not
exceed 0.1%. The added DMSO did not influence the cell growth
as was established in additional experiments. For spheroid
reconstruction, A549 cells (1 x 10° cells per well) were seeded
on 96-well plates treated by poly(2-hydroxyethyl methacrylate)
(Sigma-Aldrich) at pH 5.5 and incubated with 1 puM of
mambalgin-2 for 24 h.

To analyze the cell viability of cells and spheroids, we used the
WST-1 colorimetric test as described earlier (28). Briefly, WST-1
(water-soluble tetrazolium salt 1; Santa Cruz, Dallas, TX, USA)
and 1-m-PMS (1-methoxy-5-methylphenazinium methyl
sulfate, Santa Cruz) were added to the cells in concentrations
of 0.25 mM and 5 UM, respectively, for 1 h, and formation of the
colored product was measured at 450 nm with background
subtraction at 655 nm on microplate reader Bio-Rad 680 (Bio-
Rad, Hercules, CA, USA). The data were normalized to averaged
readout from the control wells containing the cells without added
compounds. The concentration—effect curves were fitted in the
GraphPad Prism 8.0 software (GraphPad Software, San Diego,
CA, USA). For investigation of the influence of medium
acidification on the cells’ viability, the cells cultivated at pH 7.4
(normal medium) were used as control. For visualization of
spheroids, they were aspirated from wells, stained with 0.4%
Trypan Blue (PanEco, Moscow, Russia), and imaged using the
CellDrop Brightfield Cell Counter (DeNovix, Wilmington,
DE, USA).

Gene Silencing

To block the expression of native ASICla, a-ENaC, and y-ENaC,
A549 cells were transfected with corresponding siRNA (Table
S1, Synthol, Russia). Cells were seeded in six-well culture plates
(2 x 10° cells/well) and grown for 24 h. Then, three siRNAs to
different parts of the corresponding genes were mixed (1 ug per
well), and the mixture was diluted in 100 pl of the transfection
buffer (Pan-Biotech, Aidenbach, Germany), incubated for 5 min,
and mixed with 15 pul of the pre-diluted PANFect A-plus
transfection reagent (Pan-Biotech). The final mixture was
incubated for 30 min and added to A549 cells. The cells were
incubated in a CO, incubator for 4 h, and the cell media were
replaced by the fresh one. After 96 h of incubation, the cells were
detached by Versene and divided into two parts. The first part
was incubated with ASICla (sheep, 1:1,000, ABIN350049,
Antibodies-Online, Aachen, Germany), o-ENaC (rabbit,
1:1,000, ABIN1841945, Antibodies-Online), or y-ENaC
(mouse, 1:1,000, ABIN1865926, Antibodies-Online), washed,
and incubated with the secondary TRITC-conjugated
antibodies (713-025-003, 111-025-003, and 615-025-214,
Jackson ImmunoResearch, West Grove, USA, for ASICla, o-
ENaC, and y-ENaC, respectively). The expression of the surface
receptors was analyzed using the Attune NxT Flow Cytometer
(Life Technologies, Carlsbad, CA, USA) for confirmation of gene
knockdown (Figure S1). The second part of the cells was seeded
in 96-well culture plates (5 x 10* cells per well) at pH 7.4 or 5.5
and incubated with different concentrations of mambalgin-2 for
72 h without media change, and the WST-1 assay was performed
as described above.
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“Wound-Healing” Migration Assay

To form the experimental wounds, cells were seeded into Ibidi
Culture-Inserts 2 Well (Ibidi, Grifelfing, Germany, 4-5 x 10*
cells/well) installed in 24-well culture plates. The cells were
placed in a cell culture incubator with 37°C and 5% CO,
overnight to allow spreading. Before the experiments, the
inserts were removed, and the culture medium was replaced
with the normal or acidic fresh medium with or without 1 uM of
mambalgin-2 (from the 10 mM stock solution in 100% DMSO)
or equal DMSO amount. The phase-contrast images of the initial
gaps were captured under an inverted microscope (10x objective,
MicroMed, St. Petersburg, Russia) using the Toupcam 5.1 MPix
CMOS Camera (ToupTek Photonics, Hangzhou, China)
controlled by the ToupView 3.7 software (ToupTek
Photonics). Then, the images of the same gaps were captured
after 24 h from the start of the experiment. The gap sizes were
calculated manually using the “Measure Area” tool in the Image]J
software (NIH, Bethesda, MD, USA) and normalized to the size
of the initial gap (0 h). The area occupied by the migrated cells
(in % from the initial gaps) was compared between groups.

Real-Time PCR

Total RNA was isolated using the Bio-Rad Aurum RNA isolation
kit (Bio-Rad) according to the manufacturer’s instructions.
cDNA was synthesized by the Mint reverse transcriptase kit
(Evrogen). After that, QPCR was performed with the ready-to-
use SYBR Green HS mix (Evrogen) and primers specific to the
ACCN2 (coding the ASICla isoform, PubMed Gene ID
NM_020039.4), ACCN1, ACCN3, ACCN4, SCNNIA, and
SCNNIG genes (Table S2) using the Roche LightCycler 96
amplifier (Roche, Basel Switzerland). Data were analyzed by
the AACt method and LightCycler SW software (Roche), and
the gene expression was normalized to the expression of f3-
ACTIN, GPDH, and RPL13a housekeeping genes.

Cell Cycle Analysis

For analysis of mambalgin-2’s influence on the cell cycle, the
A549 and metastatic Lewis cells were seeded in six-well culture
plates (2 x 10 cells per well) at pH 5.5, grown for 24 h, and
incubated with 1 UM mambalgin-2 for 72 h without the media
change. Then the cells were detached from the wells by 0.5%
trypsin-EDTA, washed with Earle’s Balanced Salt Solution
(EBSS), and fixed in ice-cold 70% ethanol for 24 h at -20°C.
After fixation, the cells were washed twice with EBSS, and DNA
was extracted by 5 min of incubation with the DNA extraction
buffer (200 mM Na,HPO, with 0.004% Triton X-100, pH 7.8).
Then the cells were washed with EBSS, resuspended in the DNA
staining solution (EBSS, 50 mg/ml propidium iodide, 0.2 mg/mL
DNAse-free RNAse A), and analyzed using the Attune NxT flow
cytometer (Life Technologies). The data were analyzed using the
Attune NxT flow cytometer Software (Life Technologies).

Analysis of Phosphatidylserine
Externalization

To investigate apoptosis in A549 and Lewis cells, we used
Annexin V for detection of phosphatidylserine externalization

—one of the early apoptosis markers. Briefly, cells were seeded in
six-well culture plates (2 x 10° cells per well) at pH 5.5, grown for
24 h, and incubated with 1 pM mambalgin-2 for 72 h without the
media change. After incubation, the cells were detached using the
Versene solution and washed with annexin-binding buffer
(V13246, Thermo Fisher Scientific). Then, the cells were
incubated with Annexin V conjugated to Alexa 488 (A13201,
Thermo Fisher Scientific) for 20 min, washed with the annexin-
binding buffer, and analyzed using the Attune NxT flow
cytometer (Life Technologies). The data were analyzed using
the Attune NxT Software (Life Technologies).

Patch-Clamp Recordings

Electrophysiological experiments on different cell lines (A549,
WI-38, and HLF) were performed using the whole-cell
configuration of the patch-clamp technique. Cells were placed
(passaged) on sterile 4 x 4-mm coverslips in 35-mm Petri dishes
1-2 days before the experiment. Ion current records were
acquired with the Axopatch 200B amplifier (Molecular
Devices, San Jose, CA, USA), the analog-digital interface
Digidata 1550A and PC running the Clampex software
(Molecular Devices). Borosilicate micropipettes (BF-150-110-
10, Sutter Instruments, Novato, CA, USA) were pulled at a P-
97 puller (Sutter Instrument) to a resistance of 3-6 MC when
filled with a relevant intracellular solution containing (in mM)
140 K-Aspartate, 5 NaCl, 1 MgCl,, 2 EGTA/KOH, 20 HEPES/
TRIS, and 0.176 CaCl, to establish free ionized calcium
concentration [Ca®*]i at 0.01 uM. Typical bath solution (in the
chamber) contained (in mM) 145 NaCl, 2 CaCl,, 1 MgCl,, and
10 HEPES/TRIS (pH 7.4). For bath extracellular solution with
pH 5.5, HEPES/TRIS was replaced by MES. Gap-free ion
currents were recorded at holding membrane potential -50
mV. Data were low-pass filtered at 200 Hz and analyzed using
Axon pClamp 10.5 software suite (Molecular Devices).

Immunoprecipitation, Affinity Purification,
and Western Blotting

For investigation of the mambalgin-2 targets in A549 cells,
mambalgin-2 (1 mg/ml) was coupled to NHS-activated
Sepharose 4 Fast Flow (Cat #17-0906-01, GE Healthcare,
Chicago, IL, USA) according to the manufacturer’s instructions.
The resin blocked by 500 mM ethanolamine without any protein
coupled was used as a negative control. The membrane fraction of
A549 cells (5 x 107 cells per sample) was solubilized in 2% Triton
X-100 (Cat# A4975, Panreac, Barcelona, Spain), diluted 10 times
with TBS buffer (100 mM TRIS, 150 mM NaCl, pH 8.0), and
incubated with the resin for 16 h at 4°C in TBS. After that, non-
specifically bound proteins were sequentially washed out from the
resin with five volumes of TBS, five volumes of TBS + 1 M NaCl +
0.5% Triton X-100, and five volumes of TBS + 0.5% Triton X-100.
The specifically bound proteins were eluted by five volumes of 200
mM glycine (pH 2.6), diluted in the loading buffer (120 mM Tris-
HCIL, 20% [v/v] glycerol, 10% [v/v] mercaptoethanol, 4% [w/v]
sodium dodecyl sulfate, and 0.05% [w/v] bromophenol blue, pH
6.8), submitted to gel electrophoresis, blotted onto nitrocellulose
membranes (GE Healthcare), and blocked for 2 h in 5% skim milk
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(Sigma-Aldrich) in TBS (50 mM Tris, 150 mM NaCl, pH 7.4)
buffer + 0.1% Tween-20 (AppliChem, Darmstadt, Germany). The
membranes were then incubated overnight at 4°C with primary
antibodies against ASICla (mouse, 1:1,000, SMC-427, StressMarq
Biosciences, Victoria, Canada), o-ENaC (rabbit, 1:1,000,
ABIN1841945, Antibodies-Online), or y-ENaC (mouse, 1:1,000,
ABIN1865926, Antibodies-Online), washed three times with TBS
+ 0.1% Tween-20, and incubated with HRP-conjugated secondary
anti-rabbit antibody (1:5,000, 111-035-003, Jackson
ImmunoResearch), in the case of o-ENaC or anti-mouse
antibody (1:5,000, 715-035-150, Jackson ImmunoResearch) in
the cases of ASICla or y-ENaC for 1 h (20°C). After that,
membranes were washed four times with TBS + 0.1% Tween-20,
and an HRP signal was detected by ECL substrate (Bio-Rad) using
the ImageQuant LAS 500 chemidocumenter (GE Healthcare).

To study the formation of the ASIC1/a-ENaC/y-ENaC
heterotrimers in A549 cells, 100 pg of ASICla antibody (sheep,
final concentration 1 mg/ml ABIN350049, Antibodies-Online) was
conjugated to Protein-A agarose (Cat #10037259, Roche) in
accordance with the manufacturer’s protocols. The membrane
fraction of A549 cells (5 x 107 cells per sample) was solubilized in
2% Triton X-100 (Panreac) and diluted 10 times with TBS buffer
(100 mM Tris, 150 mM NaCl, pH 8.0). After that, the lysates were
pre-cleared by empty Protein A-conjugated agarose (Roche) for 4 h
at RT to avoid non-specific binding and then incubated with the
ASICla antibody-coupled agarose for 16 h at 4°C in TBS. The
empty agarose blocked with 1% skim dry milk (Sigma-Aldrich) was
used as a negative control. After that, non-specifically bound
proteins were sequentially washed out from the resin with five
volumes of TBS, five volumes of TBS + 1 M NaCl + 0.5% Triton X-
100, and five volumes of TBS + 0.5% Triton X-100. The specifically
bound proteins were eluted by 10 min of heating in the loading
buffer (120 mM Tris-HCI, 20% [v/v] glycerol, 10% [v/v]
mercaptoethanol, 4% [w/v] sodium dodecyl sulfate, and 0.05%
[w/v] bromophenol blue, pH 6.8), submitted to gel
electrophoresis, blotted onto nitrocellulose membranes (GE
Healthcare), and blocked for 2 h with 5% skim milk (Sigma-
Aldrich) in TBS buffer (50 mM Tris, 150 mM NaCl, pH 74) +
0.1% Tween-20. The membranes were incubated overnight at 4°C
with the primary antibodies against o-ENaC (rabbit, 1:1,000,
ABIN1841945, Antibodies-Online) or y-ENaC (mouse, 1:1,000,
ABIN1865926, Antibodies-Online), washed three times with TBS
+ 0.1% Tween-20, and incubated with the HRP-conjugated
secondary anti-rabbit antibody (1:5,000, 111-035-003, Jackson
ImmunoResearch), in the case of ®-ENaC or anti-mouse
antibody (1:5,000, 715-035-150, Jackson ImmunoResearch) in the
case of y-ENaC for 1 h (20°C). After that, the membranes were
washed four times with TBS + 0.1% Tween-20, and an HRP signal
was detected by ECL substrate (Bio-Rad) using the ImageQuant
LAS 500 chemidocumenter (GE Healthcare).

Expression of ASICs/ENaCs in

X. laevis Oocytes

For expression of the human homomeric ASICla (hASICla) and
human heteromeric ASICla/a-ENAC/y-ENAC (hASICla/o-

ENAC/y-ENAC) channels in Xenopus laevis oocytes, the
linearized plasmids were transcribed using the T7
mMESSAGE-mMACHINE Transcription Kit (Thermo Fischer
Scientific). Oocytes were defolliculated and injected with 2.5-10
ng of mRNA. mRNA transcripts of hASICla, hENACa, and
hENACY were synthesized by the nMESSAGE-mMACHINE T7
kit (Cat# AM1344, Thermo Fisher Scientific) according to the
protocol for capped transcripts supplied by the manufacturer.
For hASIC1a/ENACa/ENACY expression, the corresponding
mRNAs were mixed at the 1:1:1 molar ratio. The preparation
of Xenopus oocytes at defolliculated stages V-VI was done as
previously described (29). Non-injected defolliculated oocytes
were used as the control for an absence of endogenous ASIC
expression. After injection, the oocytes were kept for 2-3 days at
19°C and then up to 7 days at 15°C in ND-96 medium
supplemented with gentamycin (Cat# G1264, Merck,
Darmstadt, Germany) (50 ng/ml) and containing (in mM) 96
NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, and 10 HEPES, pH 74.
Plasmids bearing hASICla, ho-ENAC, and hy-ENAC were
kindly provided by Dr. Alexander Staruschenko (University of
South Florida, Tampa, FL, USA).

Electrophysiological Recordings in

X. laevis Oocytes

Two-electrode voltage-clamp recordings were performed using
the GeneClamp500 amplifier (Axon Instruments, Inverurie, UK)
at the holding potential of -50 mV as described previously (29).
The output signal was filtered at 20 Hz and digitized at 100 Hz
using the L780 AD converter (L-Card, Moscow, Russia).
Microelectrodes were filled with 3 M KCIl. The external
perfusion solution of oocytes was ND-96 with pH 7.4 for both
hASICla and hASICla/o-ENAC/Yy-ENAC, and it was fed to a
perfusion chamber (volume ~50 pl) by a gravity-flow system at
2.5 ml/min. The currents were stimulated by a pH drop to 5.0 for
both hASICla and hASICla/0-ENAC/y-ENAC.

The pH drop was done by fast perfusion solution exchange
for 0.1 s to ND-96 containing 10 mM MES instead of HEPES and
adjusted to the target pH. The pH drop was kept for 7 s, and the
solution was exchanged to ND-96 with pH 7.4 afterward. The
treatment of oocytes with the mambalgin-2-containing solution
was performed by solution exchange in the recording chamber
for 15 s before the current stimulation. Lyophilized mambalgin-2
was dissolved in 100% DMSO to a 10-mM stock solution and
then diluted to a target concentration with ND-96 right before
the experiment. Amiloride (Sigma-Aldrich) was diluted in ND-
96 (pH 7.4) from the 500-mM stock in 100% DMSO. The
concentration of DMSO in the recording solution was kept
below 1% in the all experiments. The exchange of extracellular
solutions was performed using a computer-controlled
valve system.

The dose-response curves for mambalgin-2 were recorded in
the 0-10-uM concentration range. Each oocyte was tested with
all concentrations of mambalgin-2. Dose-response curves were
fitted using the Hill equation: Y = 100%/(1 + 10A((LogICs, - X)
*nH)), where Y is the normalized current amplitude (the
normalization was done independently for each oocyte), X is
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the ligand concentration in the logarithmic scale, and nH is the
Hill coefficient (slope factor).

TCGA Database Analysis

Data of the TCGA GTEX (healthy lung biopsies) and LUAD
(lung adenocarcinoma) studies were accessed via the UCSC Xena
platform (30). For comparison of the ASIC and ENaC
expressions in normal lungs, adenocarcinomas, and
adenocarcinoma-surrounding tissues, the data on the mRNA
expression of the genes ACCN2, ACCN1, ACCN3, ACCN4,
SCNNIA, and SCNNIG coding the ASIC1, ASIC2, ASIC3,
ASIC4, a-ENaC, and y-ENaC subunits, respectively, were
downloaded from the GTEX and LUAD studies and analyzed
by the GraphPad Prism 8.0 software (GraphPad Software).
Please note that the genes coding the ASIC1 and ASIC2
subunits are designated as ACCN2 and ACCNI, respectively.
For analysis of the relationships between the ASIC/ENaC mRNA
expression and lung adenocarcinoma patients’ survival, the
patients with lung adenocarcinoma on the I stage and on the
II-IV stages were subdivided into two groups with the ACCN2,
ACCNI1, ACCN3, ACCN4, SCNNI1A, and SCNNIG expression
above (high) or below (low) the median value. Overall survival
curves were analyzed according to the Kaplan-Meier method for
estimation of the survival function from the lifetime data, and
lifetime functions were compared using the log-rank test directly
in the UCSC Xena platform interface.

Statistical Analysis

Data are presented as mean + SEM. Sample numbers (n) are
indicated in the figure legends. No exclusion criteria were applied
for the experimental data. The absence of the outliers in each
dataset was confirmed by the Grubbs’ test (alpha = 0.05). Before
the comparisons, the data were tested for normality (Shapiro-
Wilk test, at p = 0.05) and for the homogeneity of variances
(Levene’s test, at p = 0.05). The data were analyzed using the one-
way ANOVA with appropriate multiple-comparison post-hoc
test, one-sample t-test, two-tailed t-test for normally-distributed
data, and Welch’s unequal variance t-test for data without the
variance homogeneity as indicated in the figure legends. For
comparison of the patients’ survival with the different mRNA
expressions of ASICs and ENaCs, the log-rank test was used.
Differences in the data were considered statistically significant at
p < 0.05. Analysis was performed using the GraphPad Prism 8.0
software (GraphPad Software).

RESULTS

Mambalgin-2 Inhibits the Growth and
Migration of Lung Adenocarcinoma Cells
Previously, we showed that the recombinant analogue of
mambalgin-2 inhibits the growth of leukemia (15) and glioma
cells (16) and the growth and migration of melanoma cells (17).
Here, we tested mambalgin-2’s effect on lung adenocarcinoma
A549 and Lewis cells, lung transformed WI-38 fibroblasts, and
lung normal HLF fibroblasts. As the acidification of the cell

media results in stimulation of the growth, migration, and
invasion of melanoma cells and influences the expression
pattern of the ASIC and ENac subunits (17), we studied
mambalgin-2’s activity in cells cultivated in the normal (pH
7.4) and acidic (pH 5.5) media.

WST-1 assay revealed that mambalgin-2 reduced the
proliferation of A549 cells cultivated in both the normal and
acidic media up to ~75% of the control (untreated cells) upon
72 h of incubation with the toxin. Mambalgin-2 demonstrated a
dose-dependent activity with EC5y 9.29 £ 0.9 nM and 0.59 + 0.1
nM in A549 cells cultivated at pH 7.4 and 5.5, respectively
(Figure 1A). The maximal antiproliferative effect of mambalgin-
2 on A549 cells was observed at the 1 puM concentration
(Figure 1A). Mambalgin-2 did not affect the growth of Lewis
lung adenocarcinoma (Lewis cells) at any pH but inhibited the
growth of Lewis metastatic subline P29 (Lewis-P29 cells) at pH
5.5 with ECsy 17.47 £ 5.3 uM (Figures S2A, B).

Mambalgin-2 did not affect the viability of WI-38 fibroblasts
cultivated in the normal media up to the 1 uM concentration but
suppressed their growth up to ~65% upon cultivation in the
acidic medium with ECs significantly higher than that found for
A549 cells (276.5 + 14.3 nM, Figure 1B). Notably, no significant
effect of mambalgin-2 on the growth of HLF fibroblasts
cultivated at either pH 7.4 or 5.5 was observed (Figure 1C).

Study of 1 tM mambalgin-2’s influence on the migration of
A549 cells by wound healing assay revealed the toxin’s inhibitory
activity only at acidic conditions (Figure 2). Incubation with
mambalgin-2 for 24 and 48 h at pH 5.5 resulted in 2- and 3-fold
decreases in the cell motility, respectively (Figures 2B, C).
Similarly, 1 uM mambalgin-2 affected the migration of Lewis-
P29 cells only at pH 5.5 (Figure S3). Thus, we can conclude that
mambalgin-2’s effect on A549 cells observed by wound healing
assay is most likely related with influence on the cell migration
rather than on their growth, while the toxin action on the growth
and migration of Lewis-P29 cells was equal.

Media acidification per se significantly inhibited the
migration of A549, WI-38, and HLF cells upon 24 h of
incubation with the most prominent effect in HLF cells even in
the absence of mambalgin-2 (Figures S4A-F). The inhibition
effect of acidification was increased in the series A549 < WI-38 <
HLF. However, incubation of A549 cells upon 48 h at acidic
conditions restored the cell migratory activity (Figure 2B),
pointing on the successful adaptation of the cells to the acidic
media. The media acidification did not influence the viability of
A549 and WI-38 cells, while it significantly reduced the
proliferation of HLF cells (Figure S4G). In contrast,
mamblagin-2 inhibited the growth of A549 and WI-38 cells,
and no effect was found in normal fibroblasts (Figure 1). Thus,
we can conclude that the effects observed in the studied cells in
the presence of mambalgin-2 are conditioned by the toxin’s
interaction with its targets.

To translate mambalgin-2’s effects on a 3D cell model, we
used multicellular spheroids reconstructed from A549 cells.
Analysis with Trypan Blue showed that the control spheroids
(in the absence of mambalgin-2) were composed of viable cells as
they were impermeable for Trypan Blue. However, the spheroids
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FIGURE 1 | Dose-response effects of mambalgin-2 on viability of A549 (A, D, E), WI-38 (B), and HLF (C) cells. (A-C) Cells were cultured at pH 7.4 and at pH 5.5.
Data are presented as % of the control (untreated cells) + SEM (n = 4). (D) Examples of the spheroids reconstructed from A549 cells incubated in the absence or
presence of 1 pM of mambalgin-2 after staining by Trypan Blue, scale bar = 25 ym. (E) Influence of 1 uM of mambalgin-2 on the viability of the spheroids
reconstructed from A549 cells. Data are presented as % of the control (untreated spheroids) + SEM (n = 3). *#(p < 0.001) indicates difference between untreated
and treated spheroids according to one-sample t-test.
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for Trypan Blue (Figure 1D). This points on the loss of cell ~ Arrest and Apoptosis in Lung
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treatment. WST-1 assay confirmed that mambalgin-2 inhibited

the viability of cells in the spheroids up to ~37% from the control = Previously, we showed that mambalgin-2 induces the cell cycle
level (untreated spheroids, Figure 1E). arrest and apoptosis in leukemia and glioma cells (15, 16). Here,
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FIGURE 2 | Influence of mambalgin-2 on migration of A549 cells cultivated at pH 7.4 and 5.5. (A, B) Representative pictures of wounds for A549 cells incubated at
pH 7.4 (A) and at pH 5.5 (B) in the absence or presence of 1 uM of mambalgin-2. Cells were incubated with mambalgin-2 at pH 7.4 for 24 h and at pH 5.5 for 48 h.
Scale bar = 100 um. (C) Wound area occupied by migrating A549 cells. Data are presented as % of the wound surface, occupied by migrating cells + SEM (n = 6),
**(p < 0.01) indicates significant difference between the data groups by two-tailed t-test.
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we analyzed the toxin’s action in A549 and Lewis-P29 cells at
pH 5.5. Flow cytometry analysis revealed that in A549 cells,
mambalgin-2 reduces the cell number in the Gl phase
from ~54% to ~38% and increases the cell number in the G2/
M phase from ~23% to ~34% (Figures 3A, B), pointing on the
cell cycle arrest in the G2/M phase. A significant increase in the
sub-G1 population (from ~2.7% to 8.8%, Figure 3B) is
characteristic for apoptosis (31). Indeed, the analysis by flow
cytometry revealed that the number of A549 cells with
externalized phosphatidylserine significantly increased upon the
incubation with 1 pM mambalgin-2 from ~3.6% to ~25.2%
(Figures 3C, D). Moreover, ~9.4% of A549 cells possessed not
only externalized phosphatidylserine but also bound propidium
iodide upon mambalgin-2 treatment (Figures 3C, D). This
points to the membrane integrity loss and the late apoptosis
induction. An even more profound G2/M cell cycle arrest was
observed in Lewis-P29 cells upon incubation with 1 uM
mambalgin-2 (Figures S5A, B), although the apoptosis
induction was not so prominent as in the case of A549 cells
(~ 12% of early apoptotic cells) (Figures S5C, D).

Expression of mRNAs Coding ASIC and
ENaC Subunits in Lung Transformed and
Normal Cells

As mambalgin-2’s action in A549 and Lewis-P29 cells was pH-
dependent (Figures 1A, 2C, $2B, S3C), we proposed that it can
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be connected with the expression of some ASIC and/or ENaC
subunits. In order to elucidate the expression pattern of the
DEG/ENaC channels and to explain the reason of the
mambalgin-2 selectivity in different lung-derived cells, we
analyzed the expression of the ACCN2, ACCN1, ACCN3,
ACCN4, SCNNIA, and SCNNIG genes coding the ASICla
isoform, ASIC2, ASIC3, ASIC4, o-ENaC, and y-ENaC
subunits, respectively, in A549, Lewis, WI-38, and HLF cells
by real-time PCR. We found that mRNAs of all the
investigated channels except ASIC3 were presented in A549
cells. WI-38 fibroblasts demonstrated a higher expression of
mRNA coding the ASICla, ASIC2, ASIC4, and y-ENaC
subunits than in A549 cells. In contrast, the expression of
mRNA coding o-ENaC was significantly down-regulated in
WI-38 cells in comparison with A549 cells (Figure 4).
Surprisingly, HLF cells demonstrated little expression only of
mRNA coding y-ENaC, while the expression of the genes
coding other ASIC and ENaC subunits was not found at all
(Figure 4). Parental Lewis cells did not express ASICla at all
and demonstrated the significantly lower expression of o-
ENaC than metastatic Lewis-P29 cells, while all the studied
ASIC and ENaC genes were presented in Lewis-P29 cells
(Figure S6). As mambalgin-2 did not affect the proliferation
of parental Lewis cells (Figure S2), we propose that the toxin’s
influence on the lung cancer cell growth is related at least with
the ASICla expression.
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FIGURE 3 | Analysis of cell cycle and apoptosis induction by mambalgin-2 in A549 cells. (A) Representative nucleus population distribution of A549 cells incubated
in the absence (control) or presence of 1 M mambalgin-2. (B) % of cells in each cell cycle phase. Data are presented as % of cells in each cell cycle phase + SEM
(n=4).* (p <0.01) and ** (p < 0.001) indicate significant difference between the data groups by two-tailed t-test. (C) Representative pictures of phosphatidylserine
externalization analysis upon the 1 uM mambalgin-2 treatment of A549 cells by flow cytometry with Annexin V-488 and propidium iodide (control is in absence of
mambalgin-2). (D) Percentage of A549 cells with externalized phosphatidylserine and bound propidium iodide in the absence (control) or presence of 1 uM
mambalgin-2. The data are presented as % of live, early apoptotic, late apoptotic, and dead cells + SEM (n = 4). * (p < 0.05) and *** (p < 0.001) indicate the

significant difference between data groups by a two-tailed t-test.

Frontiers in Oncology | www.frontiersin.org 87

June 2022 | Volume 12 | Article 904742


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Sudarikova et al.

ASIC1/a-ENaC/y-ENaC Targeting Controls Lung Adenocarcinoma

0.005
0.004- [ A549
00021 [ wi-3s

5 0.002T B HLF

>

o

< 0.0005 -

IJE! 0.0005

0.0000

ASIC1a

*
8
o
T
Khk  dkk 1
° L |
o O]
2
ASIC4 a—ENaC y-ENaC

FIGURE 4 | gPCR analysis of the ACCN2, ACCN1, ACCN3, ACCN4, SCNN1A, and SCNN1G expression in A549, WI-38, and HLF cells. Gene expression was
normalized to the B-ACTIN, GPDH, and RPL13a housekeeping genes and presented as relative mRNA level + SEM (n = 6). * (p < 0.05), ** (p < 0.01), and *** (p <
0.001) indicate significant difference between the data groups according to one-way ANOVA followed Tukey’s post-hoc test, n.s. - no significant difference (p>0.05).

Functional Expression of DEG/ENaC
Channels in Lung Adenocarcinoma Cells
and Immortalized Lung Fibroblasts
To determine the presence of the functionally active ASIC-like
channels in lung cancer and normal cells, electrophysiological
experiments in A549, WI-38, and HLF cells were carried out
using the patch-clamp technique in the whole-cell configuration
(Figure 5A). It was found that a rapid change in the pH value of
the external (bath) solution from 7.4 to 5.5 in most cases
activated the inward transmembrane currents in A549 cells
with a peak amplitude from 12.8 to 109 pA (Figures 5B, C). A
decrease in pH led to the rapid increase in the current amplitude
to a maximum followed by the slower decrease in the course of
desensitization to a stationary level, which is typical for the acid-
sensing ion channel ASICla. The addition of 10 uM benzamil
[analogue of amiloride with IC5, ~ 3.50 pM at the ASICl
channels (24)] to the extracellular solution caused the
suppression of the inward currents activated by acidification of
the extracellular solution to pH 5.5 up to ~25% of the initial value
(Figure 5B). Subsequent replacement of the extracellular
solution with the solutions without benzamil (with pH 7.4 and
5.5) led to the reactivation of the ASIC channels (Figure 5B). The
data obtained indicate the expression of the functionally active
ASICla channels in the membrane of A549 cells. Similar to A549
cells, in the whole-cell experiments in immortalized WI-38
fibroblasts, we also recorded the currents induced by the rapid
drop in the pH value of the extracellular solution from 7.4 to pH
5.5 with the kinetic parameters, which are characteristic for the
ASICla-containing channels. The amplitude of the currents was
in the range from 54.7 to 479.1 pA (Figures 5E, F). In line with
nearly zero expression of the ASIC genes (Figure 4) and absence
of mambalgin-2’s effect on HLF cells (Figure 1C), the whole-cell
experiments in lung primary fibroblasts did not reveal the
presence of any acidification-induced currents (Figure 5H).
Finally, we studied the effect of 1 UM mambalgin-2 on the
acid-sensing ion currents in A549 and WI-38 cells. The addition

of mambalgin-2 to the extracellular solution fully inhibited the
channel activity at pH 5.5 in both types of cells (Figures 5D, G).
Thus, mambalgin-2 selectively inhibits the growth of the cells,
which express the functional ASICla containing channels on
their plasma membrane.

Mambalgin-2 Binds to ASIC1a/oa-ENaC/y-
ENaC Heterotrimer in Lung
Adenocarcinoma Cells

Different mambalgin-2 effects (Figures 1A, B) and expression
patterns of the genes coding the ASIC and ENaC subunits
(Figure 4) in A549 and WI-38 cells allowed us to hypothesize
that mambalgin-2 has another acid-sensitive target in cancer
cells than the described earlier homomeric ASICla
channels (26).

Recently, we have proposed that the target of mambalgin-2 in
melanoma cells could be the heteromeric acid-sensitive channels
ASIC1/a-ENaC/y-ENaC (17). To investigate whether
mambalgin-2 interacts with the ASICla, a-ENaC, and y-ENaC
subunits in A549 cells, we performed an extraction of these
subunits from the membrane fraction of A549 cells by affinity
chromatography using an N-hydroxysuccinimide resin coupled
with mambalgin-2. The empty resin blocked by 500 mM
ethanolamine was used as a negative control. Analysis by
Western blotting revealed that mambalgin-2 extracted
detectable amounts of the ASICla, o-ENaC, and y-ENaC
subunits from the membrane fraction of A549 cells
(Figures 6A-C and S7). To confirm the formation of the
ASICla/o-ENaC/y-ENaC heterotrimers, we performed the
immunoprecipitation of the ASICla partners from the
membrane fraction of A549 cells using the protein A-agarose
coupled with the antibody against ASICla. Western blotting
revealed extraction of the o-ENaC and y-ENaC subunits
(Figures 6D, E and S8) pointing on the direct interaction of
ASICla with o-ENaC and y-ENaC. Altogether, our data point on
the formation of the ASICla/0-ENaC/y-ENaC heterotrimers in
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A549 cells and on the possible interaction of mambalgin-2 with
these heteromeric channels.

Mambalgin-2 Inhibits ASIC1a/a-ENaC/y-
ENaC Heterotrimer Much More Effectively
Than ASIC1a Homotrimer

To finally prove that the ASICla/oi-ENaC/y-ENaC heterotrimers
can be the target of mambalgin-2, we studied the toxin’s ability to
modulate the acidification-induced currents in X. laevis oocytes
expressing the human ASICla, a-ENAC, and y-ENAC subunits
in a ratio 1:1:1 using the two-electrode voltage clamp technique
(Figure 7A). We have observed the current responses stimulated
by the pH drop from 7.4 to 5.0, which could be reversibly
inhibited by the mambalgin-2 treatment before the stimulation
(Figures 7B, C). No currents were elicited by the pH drop in
non-injected oocytes, confirming that the observed responses
could be attributed only to heterologous expression (Figure S9).
Surprisingly, mambalgin-2 inhibited the heterotrimeric
hASICla/0-ENAC/y-ENAC channels with significantly higher
efficacy than the hASICla homotrimeric channels (Figure 7D).
The inhibitory action of mambalgin-2 on both receptor types is
described by the single-component Hill’s equation, characterized
by the following parameters: IC5, = 79 + 5 nM, ny = 2.9 + 0.5,
bottom = 0.23 + 0.02 and ICsp = 0.59 £ 0.13 UM, ny = 1.6 + 0.5,
bottom = 0.18 + 0.06 for hASICla/0-ENAC/y-ENAC and
hASICla, respectively. Notably, the dose-response curves for

amiloride were identical at the hASICla and hASICla/a-ENAC/
v-ENAC channels (F-test F m 3, 32 = 1.009; Figure 7E). Thus, we
confirmed that mambalgin-2 is an inhibitor of the ASICla/a-
ENaC/y-ENaC heterotrimeric channels.

Anti-Proliferative and Anti-Migratory
Activity of Mambalgin-2 at Low pH Is
Dependent on the Expression of ASIC1a,
a-ENaC, and y-ENaC
In order to confirm the implication of the members of DEG/
ENac superfamily in the anti-proliferative activity of mambalgin-
2, we performed the knockdown of the genes coding the ASICla,
0-ENaC, and y-ENaC subunits by siRNA in A549 cells. ASIC1
knockdown completely abolished the mambalgin-2 activity at
pH 7.4 and significantly decreased it at pH 5.5 (Figure 8A,
Table 1). However, the down-regulation of the o-ENaC and v-
ENaC expression significantly decreased the mambalgin-2
activity only at pH 5.5 and even slightly increased it at pH 7.4
(Figures 8B, C). These results mean that mambalgin-2 can
regulate the growth of A549 cells even at neutral pH, and this
effect is mediated by ASICI. Notably, the ASICla, o-ENaC, and
v-ENaC knockdown did not affect the A549 cell growth per se
both at 7.4 and 5.5 pH (Figure S1E).

The migration assay revealed that knockdown of the a-ENaC
expression impaired the migration of A549 cells at pH 5.5, while
knockdown of the ASICla and y-ENaC expression did not
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of the patch-clamp technique and protocol of experiments. Representative current traces recorded in X. laevis oocytes expressing the hASIC1a (B) and hASIC1a/o-ENAC/
¥-ENAC (C) channels; traces for non-injected oocytes were used as control and are shown in Figure $9. The pre-incubation with mambalgin-2 was 15 s (shown off time
scale), the stimulation phase (pH 5.0) was 7 s, and the recovery phase is not shown. (D) Dose-response curves for mambalgin-2 inhibitory effect. For each mambalgin-2
concentration, the current response was normalized to the control experiment. Each data point represents an average from independent experiments in different oocytes +
SEM (n =11 for both channels). The fitted curves are described by single-component Hill's equation. (E) Dose—response curves for amiloride inhibitory effect. The data
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(D) Representative pictures of wounds for A549 cells incubated at pH 5.5 in the presence of 1 pM of mambalgin-2 upon knockdown of ASIC1a, a-ENaC, and y-ENaC
genes. Scale bar = 100 pm. Analysis of gene knockdown influence on the migration of A549 cells in the absence of mambalgin-2 is given in Figures S1F, G. (E) Wound
area occupied by migrating A549 cells. Data are presented as % of the wound surface, occupied by migrating cells + SEM (n = 8); *(p < 0.001) and ** (p < 0.001)
indicate significant difference between the data groups by one-way ANOVA followed by Tukey’s post-hoc test.

(Figure S1G). In line with the data on the proliferation at pH 5.5
(Figures 8A-C), knockdown of any genes coding the ASICla, o
ENaC, and y-ENaC subunits significantly impaired the anti-
migration activity of mambalgin-2 at pH 5.5 (Figures 8D, E).
Thus, all three ASIC1, o-ENaC, and y-ENaC subunits are
necessary for the mambalgin-2 function in A549 cells at
acidic conditions.

Elevated Expression of ASIC1 in Lung
Adenocarcinoma Correlates With Worse
Survival Prognosis for Patients

To evaluate the physiological role of the different members of the
DEG/ENaC family in the lung adenocarcinoma progression, we
performed a comparative analysis of the expression of the ACCN2,
ACCNI1, ACCN3, ACCN4, SCNNIA, and SCNNIG genes in
human lung adenocarcinoma tissues, tissues surrounding lung
adenocarcinoma, and human healthy lung samples from TCGA
LUAD and GTEX databases. We found that the ACCN2 and
ACCNI expression was elevated in lung adenocarcinoma in
comparison to normal lung samples and lung adenocarcinoma
surrounding tissue (Figure 9A). The expression levels of ACCN3
and ACCN4 were significantly lower in adenocarcinoma and
surrounding tissue than in healthy lung samples (Figure 9A).

The expression of mRNA coding the o-ENaC and y-ENaC
subunits was up-regulated in adenocarcinoma-surrounding
tissue, but the expression of these mRNAs was up- and down-
regulated, respectively, in adenocarcinoma in comparison to
normal tissue (Figure 9A).

To study the correlation between the expression of the ASIC
and ENaC subunits and survival prognosis for the patients with
lung adenocarcinoma at different stages of the disease, we
performed the Kaplan-Meier analysis of the patient biopsies
from the TCGA LUAD database. No correlation was found
between the expression of the studied ASIC and ENAC subunits
and the survival prognosis for the patients with lung
adenocarcinoma at stage I (Figure 9B). Analysis of the samples
from the patients with adenocarcinoma at stages II-IV by the
Kaplan-Meier method showed that the patients with a lower
expression of mRNA coding the ASICI and y-ENaC subunits
demonstrated the better survival prognosis (Figure 9C). In
contrast, a lower expression of mRNA coding ASIC4 correlated
with the worse survival prognosis (Figure 9C). The expression of
all other investigated genes did not correlate with the survival
prognosis of the patients with lung adenocarcinoma at the stages
II-IV. Thus, both ASICI and y-ENaC may be implicated in the
lung adenocarcinoma progression. It should be noted that mRNA
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TABLE 1 | Parameters describing the effect of ASIC1a, a-ENaC, and y-ENaC knockdown on the anti-proliferative activity of mambalgin-2 in A549 cells.

Gene knockdown pH 7.4 pH 5.5

A, % ECs0, NM Ay, % ECso, N(M
Scramble 76.63 £ 1.2 26+1.9 7542 1.7 0.4 +0.02
ASIC1a n.d. n.d. 72.35+6.5 507.4 + 27.7¢
a-ENaC 79.44 £ 2.7 35+04 n.d. n.d.
v-ENaC 7161 +18 1415 £ 2.36 7469 + 2.6 375.3 + 25.37

ASignificant difference between ECs, values of mambalgin-2 upon and without knockdown of the corresponding gene according to F-test (p < 0.001, n = 4).

expression does not necessarily correlate with the protein
expression, so we cannot conclude that the ASIC1 and y-ENaC
subunits are really involved in lung adenocarcinoma progression,
but the demonstrated phenomenon may point on the existence of
a new class of molecular targets for lung cancer therapy.

DISCUSSION

Acidification of the tumor and its microenvironment drives the
growth and metastasis of cancer cells (32). ASICs, the acid-

[ healthy lung (n = 288)

[J adenocarcinoma surrounding tissue (n = 109)

sensitive channels from the DEG/ENaC family, are one of the
most abundant sensors of acidification on the plasma membrane
and participate in the pathogenesis of many cancers including
lung, breast, pancreatic, and hepatocellular carcinomas (3, 18-
20). Thus, these channels can be considered prospective targets
for cancer therapy. However, a lack of selective and effective
inhibitors hampers the targeting of these receptors. Previously,
we demonstrated that mambalgin-2 from black mamba
Dendroaspis polylepis controls the progression of leukemia
(15), glioma (16), and melanoma cells (17). Here we studied
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FIGURE 9 | Bioinformatic analysis of the ACCN2, ACCN1, ACCNS, ACCN4, SCNN1A, and SCNN1G expression in healthy people and patients with lung adenocarcinoma
from the GTEX and TCGA LUAD databases. (A) Analysis of the gene expression in healthy lung biopsies (GTEX study) and in samples of lung adenocarcinoma surrounding
tissue, and lung adenocarcinoma specimen (TCGA LUAD study). Data are presented as normalized gene expression + SEM; ** (p < 0.001) indicates significant difference
between the data groups by one-way ANOVA followed by Tukey’s post-hoc test. (B, C) Kaplan-Meier analysis of the correlation between survival of the patients with lung
adenocarcinoma at | (B) and IV stages (C) and different expressions of the ACCN2, ACCN1, ACCN3, ACCN4, SCNN1A, and SCNN1G genes. * (p <0.05) indicates
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the effects and molecular targets of mambalgin-2 in lung
adenocarcinoma cells and normal lung fibroblasts.

Mambalgin-2 inhibited the growth and migration of A549
and Lewis-P29 cells and growth of WI-38 cells, and more
pronounced effects were observed at low pH (Figures 1A, 24,
B, S2B, S3). No toxin effect in normal HLF fibroblasts is
consistent with the previously reported selective action of
mambalgin-2 in glioma and melanoma cells, but not in normal
astrocytes and keratinocytes (16, 17). This difference in the
action points on the existence of a “pharmacological
window”—the concentration range—in which mambalgin-2
inhibits the growth of cancer cells without a toxicity for
normal ones. This selectivity of the action allowed us to
propose the different presentations of the mambalgin-2 targets
on the plasma membrane surface of the cancer and normal cells.
Indeed, the study of the expression repertoire of the genes coding
the ASIC and ENaC subunits revealed that in contrast to lung
adenocarcinoma cells, lung normal fibroblasts do not express
ASICs and o-ENaCs at all (Figure 4). A similar situation is
observed in Lewis cells: the parental Lewis lung carcinoma cells
resistant to mambalgin-2 do not express ASICI, while metastatic
Lewis cells sensitive to mambalgin-2 express very high amounts
of ASICL. Study of the functionally active acid-sensitive channels
in A549, WI-38, and HLF cells confirmed the absence of these
channels only in lung normal fibroblasts (Figures 5B, E, H).
Notably, WI-38 cells, in spite of their common use as a model of
normal cells, are transformed by the SV40 virus to increase the
possible number of passages, and this transformation may lead to
appearance of tumorigenicity by inactivation of the tumor-
suppressing p53 and Rb proteins important for the cell cycle
control in epithelial cells (33). Thus, this cell line occupies a
middle position sharing some properties of cancer and
normal cells.

In glioblastoma cells, the ASIC1 subunit can form the
heterotrimer with the o- and y-ENaC subunits (14, 34).
Extracellular microenvironment acidification leads to the
recruitment of the ASIC1/ENaC channels into the cell
membrane (14), and the inward cation current mediated by
these heteromeric channels may drive the glioma cell growth and
migration (35). Previously, we demonstrated that mambalgin-2
extracts the ASICla and o-/y-ENaC subunits from the
membrane fraction of the patient-derived melanoma cells (17).
Here, we showed the mambalgin-2 binding to the ASICla, o
ENaC, and y-ENaC subunits extracted from the membrane
fraction of A549 cells (Figures 6A-C) and the formation of
the ASICla/a-ENaC/y-ENaC complex (Figures 6D, E). Analysis
using siRNA confirmed that the all three subunits are important
for mambalgin-2’s effect on the viability and migration of A549
cells at pH 5.5 (Figure 8).

For the first time, we studied the mambalgin-2 influence on
the acidification-evoked currents through the ASICla/ai-ENaC/
v-ENaC heterotrimeric channels (Figure 7). It was revealed that
the toxin inhibits the heteromeric channels much more
effectively than ASICla homomeric ones, while amiloride
inhibits both types of the channels with the same efficacy
(Figures 7D, E). Our results are consistent with the previously

published data on the properties of the heterotrimeric ASIC/
ENaC complexes (36). It was proposed that the different
pharmacological properties of the homomeric and
heterotrimeric channels can be explained by the formation of
new inter-subunit interactions. No difference in the amiloride
inhibitory effect at these channels (Figure 7E) also agrees with
those data, which suggest that the amiloride binding site within
the pore is formed by the single ASIC subunit (36). Interestingly,
PcTx1 was shown to be a valuable tool for a functional
discrimination between the heteromeric channels with different
combinations of the ASICla/ASIC2a subunits (37). Here we
demonstrated that mambalgin-2, similar to PcTx1, can be used
in the same way to discriminate between the homomeric ASICla
and heteromeric ASICla/a-ENaC/y-ENaC channels.

A stronger interaction with the ASICla/o-ENaC/y-ENaC
heterotrimers can explain the more pronounced antiproliferative
effect of mambalgin-2 in A549 than in WI-38 cells (Figures 1A,
B). Indeed, mRNAs coding the ASICla, ai-ENaC, and y-ENaC
subunits were found in A549 cells, while mRNA for o-ENaC was
absent in WI-38 cells. We propose that mambalgin-2 targets the
homomeric ASICI channels in WI-38 cells, while the toxin effect
in A549 cells can be related both with the homomeric ASIC1 and
heteromeric ASICla/o-ENaC/y-ENaC channels. In line with it,
inhibition of ASICI by PcTx or the ACCN2 gene knock-down
both significantly reduced the migration of A549 cells (3).

Previously, we showed that mambalgin-2 causes the cell cycle
arrest in the G1 and S phases for leukemia and glioma cells (15,
16), but in A549 and Lewis-P29 cells it causes the cell cycle arrest
in the G2/M phase (Figures 3A, B). This points on the possible
implication of different intracellular mechanisms for control of
the growth of leukemia/glioma and carcinoma cells. Moreover,
mambalgin-2 promotes the more prominent cell cycle arrest but
less severe apoptosis in Lewis-P29 cells in comparison with A549
cells (Figures 3 and S5), which can also indicate the existence of
different intracellular pathways and/or molecular targets in
cancer cells modulated by mambalgin-2. Additionally,
mambalgin-2 inhibited the proliferation of A549 cells even at
pH 7.4 (Figure 1A) and the knockdown only of the ASICI
expression abolished the toxin effect at normal pH (Figure 8A).
Possibly, mambalgin-2 can bind to the ASICla channels in the
closed or desensitized states (26, 38) and activate the
metabotropic signaling through the channel without the pore
opening. In line with this suggestion, it was shown that the
intracellular domain of the ASIC channels can interact with
different intracellular signaling messengers (39).

Bioinformatic analysis of the gene expression in the tissues
from the patients with lung adenocarcinoma revealed possible
implications of ASICI, ASIC2, ASIC3, ASIC4, o.-ENaC, and y-
ENaC in the disease progression (Figure 9A). Indeed, all these
channels are involved in acidosis-induced tumor progression:
ASIC1 and o-ENaC mediate the epithelial-mesenchymal
transition of pancreatic cancer (19, 40), while ASIC2 promotes
the invasion and metastasis of colorectal cancer (41).
Interestingly, ASIC3, which is down-regulated in lung
adenocarcinoma samples, may also drive the migration of
pancreatic cancer cells (19), so its role in cancer progression
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may depend on the carcinoma type. Notably, ASIC4 may down-
regulate the ASICla expression on the cell surface (42). Thus, its
down-regulation in lung carcinoma samples may be linked with
the up-regulation of ASICI. In line, the low expression of the
gene coding ASIC1 and the high expression of the gene coding
ASIC4 are correlated with better survival prognosis for the
patients with lung adenocarcinoma at II-IV stages
(Figure 9C). Overexpression of y-ENaC was previously
described for cervical cancers (43). Observed here, the lower
expression of y-ENaC in lung adenocarcinoma in comparison
with normal lungs (Figure 9A) and the correlation of the
increased y-ENaC expression with worse survival prognosis
(Figure 9C) may reflect the need to maintain the proper ratio
between the ASIC homomers and ASIC1/o-ENaC/y-ENaC
heteromers in tumors and requires an additional detailed
study. Notably, the bioinformatic analysis only points on the
ASIC1- and y-ENaC-containing channels as on promising
targets for lung cancer, but further study is required to
confirmthe actual implication of these channels in lung
carcinoma progression.

The behavior of cells in a monolayer is significantly different
from that of cells in bulky tumors. This is due to intercellular
interactions, differences in pH, and different expression levels of
the molecules responsible for the cell proliferation inside and
outside the tumor (44). Moreover, signaling pathways can differ
in bulky tumors and cell monolayers, which leads to the
development of resistance to chemotherapeutic substances
(45). Here, we showed that mambalgin-2 inhibits the growth of
the multicellular spheroids reconstructed from A549 cells
(Figures 1D, E). Thus, it can bypass the resistance
mechanisms of the bulky tumors at least in in vitro
experiments. Interestingly, previously we showed that another
three-finger protein SLURP-1 inhibits the growth of the
spheroids reconstructed from A549 cells (46). Probably, a
three-finger fold can be used for the design of novel channel-
targeting anticancer drugs.

In summary, the selective inhibition of the growth and
migration of lung adenocarcinoma cells by mambalgin-2 was
shown. For the first time, interaction of mambalgin-2 with the
ASICla/a-ENaC/y-ENaC heterotrimeric channels was confirmed
by both the affinity chromatography in lung adenocarcinoma cells
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Purpose: Although the role of signal transducers and activators of transcription (STAT3)
in cachexia due to the association of circulating IL-6 and muscle wasting has been
extensively demonstrated, the effect of resistance training on STAT3 in mediating muscle
atrophy in tumor-bearing mice is unknown. The aim of this study is to investigate the
effects of resistance exercise training on inflammatory cytokines and oxidative-mediated
STAT3 activation and muscle loss prevention in tumor-bearing mice.

Methods: Male Swiss mice were inoculated with Ehrlich tumor cells and exposed or not
exposed to resistance exercise protocol of ladder climbing. Skeletal muscle STAT3
protein content was measured, compared between groups, and tested for possible
association with plasma interleukins and local oxidative stress markers. Components of
the ubiquitin-proteasome and autophagy pathways were assessed by real-time PCR or
immunoblotting.

Results: Resistance training prevented STAT3 excessive activation in skeletal muscle
mediated by the overabundance of plasma IL-6 and muscle oxidative stress. These
mechanisms contributed to preventing the increased key genes and proteins of ubiquitin-
proteasome and autophagy pathways in tumor-bearing mice, such as Atrogin-1, LC3B-II,
and Beclin-1. Beyond preventing muscle atrophy, RT also prevented strength loss and
impaired locomotor capacity, hallmarks of sarcopenia.

Conclusion: Our results suggest that STAT3 inhibition is central in resistance exercise
protective effects against cancer-induced muscle atrophy and strength loss.

Keywords: autophagy, cancer cachexia, muscle wasting, strength, ubiquitin-proteasome
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Exercise Against Cancer Cachexia

INTRODUCTION

Muscle wasting and cachexia are recognized as important and
preeminent complications in cancer development and treatment
(1). Cachexia, and in particular skeletal muscle wasting and
weakness, leads to decreased functional capacity that negatively
impacts the cancer patient’s quality of life, treatment adherence,
and survival (2). Indeed, muscle wasting and cachexia
development have been demonstrated to increase the length of
stay (6 vs. 3 days), hospitalization cost (44%), and thereby, risk of
mortality in cachectic compared to non-cachectic cancer
patients (3).

Despite the relevance of cachexia syndrome to cancer patient
outcomes, anti-cachexia treatments are still lacking. The
currently available standard-of-care for cachectic cancer
patients is limited to nutritional support, while there are still
no specific drugs available to counteract muscle wasting and
cancer cachexia. In this scenario, resistance exercise training
(RT) emerges as an anti-cachexia strategy. Recent pre-clinical
studies have demonstrated that RT counteracted muscle wasting
and functional decline (4-6). However, the mechanism by which
RT protects against cancer-induced muscle wasting and strength
loss is still debated.

Skeletal muscle loss during cancer occurs due to an imbalance
between muscle protein synthesis and degradation (7). Such
imbalance has been demonstrated to be driven by the tumor
that releases proteolysis induction factors and promotes a sort of
modification that, in turn, causes increased reactive oxygen
species (ROS) formation and chronic inflammatory state, both
key triggers for proteolytic pathway up-regulation in skeletal
muscle (8). Indeed, excessive ROS formation and inflammatory
cytokines release (i.e., tumoral necrosis factor-alpha [TNF-a,
interleukin- 6, and 1B [IL-6 and IL-1B]) are master mediators of
proteolytic systems and muscle atrophy during cancer (9). Signal
transducer and activator of transcription 3 (STAT3) is a member
of the STAT protein family in humans that is markedly
phosphorylated in response to cytokines and ROS formation,
acting as a transcriptional activator of proteolytic pathways such
as ubiquitin-proteasome system (UPS), the major contractile
proteins degradation system in skeletal muscle (10). Recently,
some studies have also indicated that STAT3 participates in the
process of autophagy during cancer (11, 12). Among other
related cytokines, IL-6 is a potent STAT3 activator. Indeed,
pre-clinical studies have demonstrated that STAT3 is activated
in muscle mediated by IL-6 excess and significantly contributes
to muscle wasting during cancer (13-17). Despite the importance
of STAT3 to mediate muscle wasting and the emerging anti-
atrophy protective effect of RT during cancer, the effect of RT on
STAT3-mediated muscle atrophy in tumor-bearing mice
is unknown.

This study aimed to investigate the effects of RT on STAT3
activation by increased inflammatory cytokines and oxidative
damage during tumor-induced muscle atrophy and strength loss.
We hypothesized that RT may protect against the excessive
activation of STAT3 by the overabundance of IL-6 and
oxidative stress during cancer-induced muscle atrophy and
strength loss. RT protective effects against the excessive

activation of STAT3 may attenuate key targets of major
proteolytic pathways, such as UPS and autophagy in skeletal
muscle. Given its position downstream of a variety of cachexia-
promoting factors, STAT3 would be indicated as a potential key
node for future therapeutic treatments.

METHODS
Animals and Study Design

Forty male Swiss mice, aged 6-7 weeks old, were obtained from
our institutional animal facilities. The animals were housed in
collective cages under controlled temperature (22+ 10C), on a
regular dark-light cycle (12h light/dark), and with free access to
food (Nuvilab CR-1, Nuvital Nutrients Ltda., Curitiba, Brazil)
and water during the whole experimental period. All procedures
were approved by the Ethics Committee for Animal Use of the
State University of Londrina (# 28336.2014.38) and followed the
Guidelines of the Brazilian College of Animal Experimentation
(COBEA) recommendations. Animals were placed in individual
cages during the experiment to avoid confounders. Only two
researchers (PSC and FTF) were responsible for group allocation
at the different stages of the experiment. This study was
conducted in accordance with the ARRIVE guidelines (Animal
Research: Reporting of In Vivo Experiments).

Mice were randomly allocated in one of the following four
groups: control (C, n=10), tumor-bearing (T, n= 10), exercised
(E, n=10), and tumor-bearing exercised (TE, n=10). The number
of animals was based on a previous study of our group (18),
based on the number needed to generate cachexia (5% reduced
body weight and muscle atrophy) considering an effect size of
0.90, power of 80%, and significance of 5%. There was no animal
exclusion during the experiment.

Ehrlich breast carcinoma cells were inoculated two days
before starting the resistance exercise training in the T and TE
groups. Animals from groups C and E were injected with
phosphate buffer solution (PBS). Both groups E and TE were
submitted to a progressive resistance training for four weeks.
Meanwhile, the physical activity of the animals in groups C and
T was restricted to the space of their cages. Body weight and
tumor volume were measured three times a week. The animals
were euthanized 48 h after the last session of RT and fasted for
6 h; thus, the experimental design lasted 28 days of RT, 32 days of
tumor growth.

Tumor Cells Inoculation

Ehrlich breast carcinoma cells were inoculated into the right flank
of T and TE mice, as previously described by Frajacomo et al. (18).
Tumor cells were obtained from the ascitic intraperitoneal cavity
(2.0x106 cells in 0.5ml PBS) from host animals, in a phosphate
buffer (PBS, pH 7.4) with 8 uL/mL of 5,000 IU/mL heparin and
centrifuged at 1,000 g. In a Neubauer chamber, the percentage of
viable cells was then determined using trypan blue dye exclusion,
in which non-viable cells were stained blue. Animals from the T
and TE groups were inoculated with a suspension of Ehrlich
tumor cells (1 x 106 in 100pl PBS), subcutaneously into the right
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flank, after which tumors were left to develop for 32 days. The
inoculation of tumor cells occurred just once, and animals from
the C and E groups received 100ul of PBS.

RT Protocol

RT was performed as previously described in a ladder-climbing
protocol for rats (5, 6, 19) adapted to mice. RT consisted of a set
of ladder-climbing (0.5m, 0.01m grid, 900 incline) projected so it
favored 8-12 dynamic movements per climb. At the top of the
ladder, a dark, covered chamber was placed so the mice could
rest between the climbing bouts. One week after adapting to the
climbing apparatus, the mice were subjected to four to eight
ladder climbs with loads attached to their tails that progressively
increased in weight according to their daily performance. Thus,
the maximum load achieved by each mouse in the previous
training session served as a parameter to determine the
subsequent training load of that mouse. The procedure was
repeated three times per week for 28 days, for 12 training
sessions total. Mice in the C and T-groups performed
movements that were restricted to their space in their cages,
except on days one and 28, when all animals were submitted to
an RT protocol to determine their maximal load-carrying ability.

Grip Strength, Locomotion, and
Exploratory Activity
Once a week, the grip strength of the mice was determined using a
dynamometer EEF 305 Grip Strength Meter (Insight R, Ribeirdo
Preto, Brazil) as previously described by Voltarelli et al. (20). The
quantitative data used corresponds to the mean strength of three
attempts performed by the animals. Data were reported as
percentage changes from the control group. All tests were
carried out under the same experimental conditions for all mice.
Locomotion and exploratory activity were determined using
an open field arena (60 x 60 cm) as previously described by
Voltarelli et al. (20). Briefly, the animals were recorded (digital
camera, Logitech, C920, 30 Hz, fixed 90 cm above the arena) for a
total of five minutes while they freely explored the open field
arena. Using an automatic tracking method via DVideo software
interface (21), the total distance traveled was measured and used
as a locomotion and exploration parameter. Center crosses was
calculated and used as a fragility index, since decreased
exploration in the center of the open-field by the rodents
is interpreted as a tendency for absence of novelty-seeking and
risk-taking behavior (22).

Euthanasia and Tissue Preparation

Forty-eight hours after the last RT session (32 days after tumor
cells inoculation), the mice were anesthetized with isoflurane
(5%) and euthanized by exsanguination. Blood was collected by
cardiac puncture and placed into heparinized tubes, centrifuged
at 1,000 g and the plasma separated and stored at -80°C for
further analysis. Soleus and extensor digitorum skeletal
muscles (EDL) were dissected, weighed, and fixed in 4%
paraformaldehyde for histological analysis. Tumors, spleen,
gastrocnemius skeletal muscle, and retroperitoneal fat were
also removed and weighed; gastrocnemius was quickly frozen
in liquid nitrogen and then stored at -80°C for further analysis.

The sum of the weights of the gastrocnemius, soleus, and EDL
was used as muscle mass parameter.

Histological Analysis

For optical microscopy analysis, soleus and EDL were fixed in 4%
paraformaldehyde for 24 hours, dehydrated with graded ethanol,
and embedded in paraffin blocks. Semi-thin sections of 5um
thickness were performed in a microtome, placed on glass slides,
and subsequently stained with picrosirius red (H&E). For the
determination of the fiber cross-sectional area (CSA) of skeletal
muscles, images were captured on an optical microscope at a
magnification of 100x, and the CSA of muscle fibers was
quantified in six animals per group using Image] software
(National Institutes of Health, Bethesda, MD, USA).

Cytokines and Oxidative Stress

Response Analysis

Plasma TNF-o (Ref: #88-7340-88) and IL-6 (Ref: #88-7064-88)
were determined using the ELISA Ready-SET-Go kit from
eBioscience (San Diego, CA, USA). Skeletal muscle samples
were homogenized in 500uL PBS containing protease inhibitor.
Lipid peroxidation was determined by the quantification of
malondialdehyde on a thiobarbituric acid reaction substances
(TBARS) as previously described by Spirlandeli et al. (23).
Advanced oxidation protein products (AOPP) were determined
according to Witko-Sarsat et al. (24). Reduced and oxidized
glutathione levels (GSH and GSSG, respectively) were measured
as described by Rahman et al. (25).

Determination of mMRNA Expression

RNA was isolated from 50 mg of frozen gastrocnemius using a
RiboPure Kit (part no. AM 1924; Ambion, Austin, TX, USA)
according to the manufacturer’s instructions, after which total
RNA was quantified by spectrophotometry at an optical density of
260/280 (NanoDrop 2000c; Thermo Scientific, Waltham, MA,
USA). An additional DNase I treatment (DNA-free kit, part no.
AM1906; Ambion, Austin, TX, USA) was performed to remove
contaminating genomic DNA from the isolated RNA. Next,
complementary DNA (cDNA) was synthesized from 1000 ng of
total RNA using a high-capacity cDNA reverse transcription kit
(part no. 4374966; Applied Biosystems, Foster City, CA, USA). A
quantitative polymerase chain reaction (PCR) was performed
using the ViiA7 Real-Time PCR System (Ap(glied Biosystems,
Foster City, CA, USA). The following Tagman™ gene expression
assays (Applied Biosystems, Foster City, CA, USA) were used in
this study: FOXO1, FOXO3, Atrogin-1, and PGC-1c.. PCR cycles
were as follows: one cycle of 500C for 2 minutes, one cycle of 95°C
for 20 seconds, 40 cycles of 01 second at 95°C, 20 seconds at 60°C.
All amplification reactions were performed in triplicate, and
peptidylprolyl isomerase A and beta-actin were used as a
reference gene to normalize reactions. The relative expression
was determined by the 2-AACT method.

Immunoblotting

Proteins from gastrocnemius muscle samples were extracted using
the extraction buffer [50 mM of HEPES, 40 mM of NaCl, 2 mM of
EDTA, 1.5 mM of Na3VO4, 50 mM of NaF, 0.1% sodium dodecyl
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sulfate (SDS), 0.1% Triton X-100, and a protease and phosphatase
inhibitor cocktail (#5872 Cell Signaling Technology, Danvers, MA,
USA)] at 1:10 proportion. The total protein was determined by
BCA assay (QPRO BCA protein assay, Cyanogen, Bologna, Italy),
and equivalent amounts of 20-80 g protein were electrophoresed
on 10% SDS-PAGE in running buffer with 25 mM of Tris-base, 1.92
M of glycine (pH 8.6), and 1% SDS. Gels were blotted into a
polyvinylidene difluoride (Immun-Blot® PVDF Membrane, Bio-
Rad, Hercules, CA, USA) in transfer buffer containing 25 mM of
Tris, 192 mM of glycine (pH 8.3), and 20% methanol. Non-specific
binding was blocked with 5% (w/v) dry nonfat milk in TBS-T (anti-
Fbx32/atrogin-1 1:1,000 Abcam catalog #ab74023, anti-MuRF-1
1:1,000 Abcam catalog #ab172479, anti-Phospho-Stat3 (Tyr705)
1:1,000 Cell Signaling catalog #9131, anti-Stat3 1:1,000 Cell
Signaling catalog #12640; Anti SQSTM1/p62 1:1,000 Cell
Signaling catalog #5114; Anti-Beclin-1 1:1,100 Invitrogen Catalog
#PA1-18857; Anti-LC3B 1:1,100 Invitrogen Catalog #PA5-32254)
overnight at 4°C, washed, and incubated with a secondary
horseradish peroxidase-conjugated anti-rabbit antibody
(anti-rabbit IgG 1:4,000 Bio-Rad, Hercules, CA, USA).
Immunoreactivity bands were detected by enhanced
chemiluminescence ECL (GE Healthcare, Chicago, IL, USA)
according to the manufacturer’s instructions. Total protein
determined using a Ponceau buffer was used for normalization.
Band quantification was performed by optical densitometry using
Image Studio Lite Ver 5.2 (Li-Cor Biosciences, Lincoln, NE, USA).

Statistical Analyses
All data were expressed as mean * standard deviation except CSA
that was presented in dispersion data and frequency distribution.

The data normality was checked using Shapiro-Wilk and
D’Agostino-Pearson tests. Two-way analysis of variance
(ANOVA) was applied for parametric group comparisons. When
an F ratio was significant, Tukey’s post hoc test was used to identify
significant differences. The Kruskal-Wallis test compared the CSA
muscles, followed by Dunn’s post hoc test. The Pearson’s
correlation coefficient was used to determine the association
among STAT3 protein content and interleukins and oxidative
damage parameters. The significance level was significant when
P< 0.05 in all cases. GraphPad Prism 5 and Origin 12.0 were used
for statistical analysis and graphic production.

RESULTS

Resistance Training Prevented Tumor-
Induced Muscle Wasting

Tumor grew progressively, reaching 15.5 + 3.2% of the body
weight of the mice 32 days after tumor cell inoculation in both T
and TE groups. No changes in tumor volume or weight were
demonstrated between T and TE groups (Figures 1A, B).
Tumor-bearing mice exhibited significantly (P <.05) less weight
(6.5 + 1.1%) when compared to the controls (Figure 1C).
Tumor-bearing mice also presented splenomegaly, significantly
less retroperitoneal fat and a significant 16.1% reduction in
muscle mass compared to control mice (Figures 1E-J). RT
partially mitigated muscle wasting (P <.05) but did not prevent
body weight and fat loss, tumor growth or splenomegaly. No
changes in food intake emerged among the groups (Figure 1D).
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FIGURE 1 | Resistance training prevented tumor-induced muscle wasting. (A) tumor volume over the 4 weeks (n = 10) and (B) tumor mass (n = 10), (C) weight

gain (n = 10), (D) food intake (n = 10), (E) spleen and (F) fat weight (n = 10), (G) sum of skeletal muscle mass (n = 10), (H) soleus (n = 10), (I) EDL (n = 10) and (J)
gastrocnemius (n = 10) mass after 4 weeks of experiment for groups control, tumor-bearing, exercised and tumor-bearing exercised. Results are mean + standard
deviation. *p < .05, compared with control; *p < .05, compared with Tumor-bearing group (by ANOVA two-way followed by Tukey post-hoc test). C, control group;
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Resistance Training Attenuated Tumor-
Induced Muscle Atrophy, Strength Loss,
and Impaired Locomotor Capacity

The tumor development provoked EDL and soleus muscle atrophy
compared to the control group, as demonstrated by muscle fiber
CSA (Figure 2). By contrast, RT mitigated the muscle atrophy in
both EDL and soleus muscles (P <.05). Tumor development also

bearing exercised.
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impaired muscle strength measured by grip strength and maximal
training load (Figures 3A, B) and locomotion and exploration
capacity in tumor-bearing mice (Figures 3C, D). RT prevented
muscle strength loss and impaired mice locomotion and
exploration capacity (P <.05) (Figure 3). Notably, the maximal
training load was greater in tumor-bearing exercised mice than in
the healthy sedentary control group (Figure 3B).

FIGURE 2 | Resistance exercise attenuates tumor-induced muscle loss. Scatter plot of the median cross-sectional area (left) and cross-sectional area distribution by
occurrence number (right) of (A) soleus muscle (n = 6) and (B) EDL muscles (n = 6); representative images of cross-sectional area of soleus muscle (C) in groups
control, tumor bearing, exercised and tumor-bearing exercised. *p < .05, compared with control group; *p < .05, compared with Tumor-bearing group (by Kruskal-
Wallis test followed by Dunn’s post-hoc). C, control group; CSA, Cross Sectional Area; E, exercised; EDL, extensor digitorum longus; T, tumor-bearing; TE, tumor-
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FIGURE 3 | Resistance exercise preclude impaired muscle function provoked by tumor growth. (A) grip strength gain (n = 10) and (B) maximal carrying load (n = 10)
over 4 weeks. (C) locomotor/exploratory capacity demonstrated by total travelled distance (n = 8) and (D) number of center crosses (n = 8) in groups control, tumor-
bearing, exercised and tumor-bearing exercised. Results are mean + standard deviation. *o < .05, compared with control; *o < .05, compared with Tumor-bearing group
(by ANOVA two-way followed by Tukey post-hoc test). C, control group; E, exercised; T, tumor-bearing; TE, tumor-bearing exercised.
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Lipid Peroxidation
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development presented characteristics of pro-inflammatory  Expression of the RNA for FoXO1, FoXO3, and Atrogin-1, key
scenario, as demonstrated by significant (P <.05) elevated TNF-  genes in skeletal muscle proteolysis, were elevated along with the
o and IL-6 in plasma of tumor-bearing mice compared to the  tumor development (Figure 5A). We also observed markedly
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FIGURE 4 | Resistance exercise prevents tumor growth-induced STAT3 phosphorylation associated to elevated IL-6 and skeletal muscle oxidative stress. (A) Skeletal
muscle protein levels of STAT3 (n = 7), (B) plasmatic concentration of IL-6 (n = 10) and (C) TNF-o (n = 10), (D) skeletal muscle concentration of TBARS (n = 10),

(E) AOPP (n = 10) and (F) GSH/GSSG ratio (n = 10). (G) Association between skeletal muscle protein levels of STAT3 and IL-6 plasma concentration and (H) skeletal
muscle TBARS concentration (n = 7) for groups control, tumor-bearing, exercised and tumor-bearing exercised groups. Results are mean + standard deviation. *p < .05,
compared with control; *o < .05, compared with Tumor-bearing group (by ANOVA two-way followed by Tukey post-hoc test). AOPP, advanced oxidation protein
products; C, control group; E, exercised; GSH, Glutathione; GSSG, Glutathione disulfide; pSTAT-3, Signal transducers of transcription- phosphorylated; STAT-3, Signal
transducers of transcription; T, tumor-bearing; TBARS, Thiobarbituric acid reactive substances; TE, tumor-bearing exercised; TNF-a., tumor necrosis factor-alpha.
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did not presented any changes in muscle-specific ubiquitin
ligases or autophagy proteins, except for modest elevated
p62 (Figure 5F).

DISCUSSION

Given the emerging data demonstrating the protective effects of
RT and the importance of STAT3 on mediating muscle wasting
during cachexia, we sought to determine if the protective effects
of RT on tumor-induced muscle atrophy and strength loss are
associated with the STAT3 signaling mechanism in skeletal
muscle. Specifically, we hypothesized that STAT3 changes
mediated by RT play a central role in the protective effects of
RT during cancer-induced muscle atrophy and strength loss.
Indeed, our results show that STAT3 activation mediated by
elevated IL-6 plasma concentration and oxidative damage in
skeletal muscle plays a key role in tumor-induced muscle
atrophy. In contrast and remarkably, RT attenuated muscle
atrophy by preventing STAT3 phosphorylation-mediated
decreasing IL-6 and muscle lipid peroxidation. This protection
contributed to preventing the increase of key genes and proteins
of ubiquitin-proteasome and autophagy pathways in tumor-
bearing mice, such as Atrogin-1, LC3B-II, Beclin-1 and p62.
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FIGURE 5 | Resistance exercise prevents tumor-induced elevation of proteolytic key genes and proteins linked to ubiquitin-proteasome and autophagy system.

(A) Skeletal muscle mRNA levels of FOXO1, FoXOS3 and Atrogin-1 (n = 6). (B) Skeletal muscle protein levels of MAFbx/Atrogin-1(n = 5), (C) MuRF-1 (n = 5),

(D) LC3B-Il and LC3B-II/LC3B-I ratio (n = 6), (E) Beclin-1 (n = 6) and (F) p62, of control, tumor-bearing, exercised and tumor-bearing exercised groups. Results are
mean =+ standard deviation. *p < .05, compared with control; *p < .05, compared with Tumor-bearing group (by ANOVA two-way followed by Tukey post-hoc test).
C, control group; E, exercised; FoXO, Forkhead box protein; LC3B-l, Light Chain 3B phosphatidylethanolamine conjugate; MAFbx, Muscle atrophy F-box; mRNA,
messenger ribonucleuc acid; Murf-1, Muscle-specific RING finger protein 1; T, tumor-bearing; TE, tumor-bearing exercised.

Considering the invasiveness of acquiring human muscle
tissue from biopsies, we used Ehrlich’s animal model to
investigate the mechanisms responsible for the protective effect
of exercise during cancer cachexia. We used the Ehrlich solid
tumor, a model extensively used as a tool to investigate
antineoplastic drugs (29, 30). We recently demonstrated that
the Ehrlich tumor model reproduces functional and biological
characteristics of cancer cachexia, 28 days after Ehrlich tumor
cells inoculation, such as loss of body weight and muscle mass,
loss of strength, and muscle atrophy (18), as our data confirmed
(Figures 1 and 2). Regarding exercise training, ladder climbing
was chosen as the RT model because it has been previously
demonstrated to be an efficient model to promote muscle
hypertrophy in healthy rodents (19) and in the prevention of
muscle loss during cancer using different tumor models (5, 6).
We also choose ladder climbing as it consists of a voluntary
model of RT, the exercise suggested by a meta-analysis and some
institutional consensus, to be included in the exercise routine of
cancer survivors (31-33).

Chronic inflammation and ROS formation are key drivers of
muscle wasting during cancer, as they are important triggers
of proteolytic pathways (7). More recently, studies have
demonstrated that STAT3 activation, mediated by cytokines
and oxidative stress, plays a central role in regulating skeletal
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muscle mass during cancer progression (13-15, 17). Among
inflammatory cytokines, IL-6 is a key player in STAT3 activation
in skeletal muscle. Indeed, the elevated serum levels of IL-6 or IL-
6 family ligands (e.g., IL-11, Leukemia Inhibitory Factor)
associated with robust activation of the STAT3 pathway in
skeletal muscle has been demonstrated in different cancer
models in advanced stages, such as C26 (13, 15), ApcMin mice
(14), and Lewis lung adenocarcinoma (17). Consistent with
those, our data showed excessive activation of STATS3,
demonstrated by STAT3 phosphorylation, in response to
elevated IL-6 plasma concentration in Ehrlich tumor-bearing
mice compared to controls. Notably, we demonstrated that
STAT3 phosphorylated protein content was strictly associated
with elevated IL-6 plasma concentration. This seems particularly
relevant, as IL-6 is produced not only by the immune system but
also directly by the tumor (34), which makes cancer a unique and
severe form of muscle loss and cachexia.

Along with elevated IL-6 plasma concentration, we also
demonstrated increased skeletal muscle lipid peroxidation
(TBARS) and protein oxidation (AOPP) markers, combined
with imbalanced skeletal muscle redox state, demonstrated by
decreased GSH and GSSG ratio in tumor-bearing mice
compared to control. Remarkably, TBARS concentration was
significantly correlated with STAT3-phosphorylated protein
content in skeletal muscle. Although some studies have already
demonstrated that oxidative stress induced by hydrogen
peroxide (H202) or ultraviolet radiation can activate STAT3 in
the absence of cytokine stimulation (35, 36), the combination of
both elevated inflammatory cytokine and oxidative stress may
potentialize muscle wasting during tumor growth. in an in vitro
model system of murine embryonic fibroblasts, Ng et al. (37)
demonstrated that simultaneous exposure to the interleukin-6
family cytokine Leukemia Inhibitory Factor (LIF) and H202
drives a striking and persistent phosphorylation of STATS3,
whereas STAT3 phosphorylation was only transiently
increased in response to LIF alone.

Notably, our data demonstrated that RT provided protection
against the activation of STAT3, overabundance of IL-6, and
oxidative stress-mediated muscle atrophy in tumor-bearing
mice. Although the anti-inflammation and antioxidant effects
of exercise are disseminated (38, 39), our study is the first to
demonstrate that the protective effects of RT against muscle
atrophy during cancer are strictly related to its capacity to
attenuate STAT3 phosphorylation and activation. It may seem
contradictory, as resistance exercise has been demonstrated to
acutely activate STAT3, a mechanism linked to muscle
hypertrophy (40, 41). Guerci et al. (42) demonstrated that the
IL-6-dependent activation of STAT3 is required for satellite cell
proliferation in response to muscle overloading. However, the
relation between resistance exercise and IL-6-dependent
activation of STAT3 for skeletal atrophy/hypertrophy should
consider that IL-6-dependent activation of STAT3 linked to
muscle hypertrophy in response to exercise is transient (40-
42), while persistent increased IL-6 and STAT3 phosphorylation
and activation are linked to muscle atrophy during pro-
inflammatory conditions such as cancer cachexia (13-15, 17).

Indeed, cancer cachexia patients are exposed to elevated
circulating IL-6 levels for weeks, while circulating IL-6
increases punctually after acute exercise. Otherwise, others
accompanying our study demonstrated that exercise training
inhibits STAT3 phosphorylation-mediated attenuation of pro-
inflammatory condition in chronic diseases (43). Thus, when
debating the role of IL-6 and reactive species-dependent STAT3
activation promoted by exercise, we should take in account that
downstream target activation and its consequences for skeletal
muscle might be different considering health versus
disease conditions.

Beyond prevention of muscle atrophy, we demonstrated that
RT was also able to prevent strength loss and impaired
locomotor capacity. This is relevant given that strength loss
and physical dysfunction are the hallmarks of sarcopenia, a
musculoskeletal disease associated with higher mortality rates
in the general population (44) and cancer survivors (45, 46).
Indeed, our data demonstrated that RT-trained tumor-bearing
mice presented a maximal training load greater than the healthy
sedentary controls, also demonstrating that RT protects against
sarcopenia. These data support the idea that RT may be part of
the standard in oncology treatment, as proposed by some
institutions’ positions (31, 32).

Consistent with elevated IL-6, oxidative stress, STAT3
phosphorylation, and muscle wasting, we demonstrated
elevated expression of key genes and protein levels of UPS and
autophagy pathways in tumor-bearing mice compared to
controls. Specifically, FoXO1, FoXO3, and Atrogin-1 mRNA
levels and protein Murf-1 and Atrogin-1 were markedly
increased in tumor-bearing mice compared to control. The
same was observed for autophagy-related proteins such as
LC3B-II and Beclin-1. Indeed, STAT3 acts as a transcriptional
activator of the UPS proteolytic pathway (10) and has been
demonstrated to trigger autophagy during cancer (11, 12).
Notably, RT was able to prevent the elevation of some
important proteolytic transcriptional factors (p-STATS3,
FoXO1, FoX0O3) and key proteins in UPS and autophagy
pathways, conferring protection against muscle wasting in
tumor-bearing mice. It may seem paradoxical given that the
RT is an exercise modality known to promote hypertrophy and
muscle growth. Therefore, studies from our group have
demonstrated that in healthy rats, RT promotes the activation
of mTORCI signaling by increasing the phosphorylation of
p70S6K, which is associated with skeletal muscle hypertrophy
(6). In tumor-bearing rats, however, the RT-induced attenuation
of myofiber atrophy was independent of the activation of
anabolic mTORCI1 activation; RT prevented muscle atrophy
during cancer, which was associated with reduced
inflammation, oxidative damage, and UPS proteins expression
(6). Coherently, White et al. (47) demonstrated that IL-6
signaling inhibition after the initiation of cancer cachexia
suppresses the progression of cachexia by sparing muscle mass
independently of changes in muscle protein synthesis. These
results suggest that proteolysis inhibition is central in the
protective effects of RT against cancer-induced muscle atrophy
and strength loss. In addition, beyond the ability to confer
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intrinsic local skeletal muscle protective phenotype, RT is also
able to confer a systemic organic response against tumor growth
and the released muscle proteolytic factors such as inflammatory
interleukins (5, 48), mechanisms that contribute to protection
against cancer-induced muscle wasting.

Autophagy operates a massive amount of proteolysis in
different tissues, including skeletal muscle (12). Indeed, altered
lysosomal function has also been reported in several myopathies
(47), including muscle wasting and cachexia in cancer patients
(49) and in pre-clinical models (26-28). The role of STAT3 on
autophagy activation is less known. Studies have proposed
divergent effects of STAT3 phosphorylation on autophagy;
reports have indicated that phosphorylation of STAT3
promotes autophagy activation (50), while others have
indicated that p-STAT3 has an inhibitory effect on autophagy
flux (12, 51). Our study demonstrated that STAT3
phosphorylation coincides with enhanced autophagy,
demonstrated by increased protein expression of LC3B-II and
Beclin-1. Indeed, both the lipidated form of microtubule-
associated protein 1 light chain 3B (LC3B-II) and the ratio
between II and I LC3B isoforms, which are considered reliable
markers of autophagosome formation, are significantly elevated
in the muscle of tumor-bearing mice compared to controls. In
the same way, Beclin-1, a main upstream regulator of autophagic
sequestration, was also elevated in tumor-bearing mice
compared to controls. Important to note moreover, that
increased p62 was also demonstrated in tumor-bearing mice
compared to controls, results that, at first glance, contrast with
the observation that autophagy is clearly enhanced. These results
however, are compatible with previously studies using different
cancer cachexia models (26-28). Indeed, p62 accumulation can
be the result of either increased autophagic sequestration or
reduced autophagosome clearance (52). Penna et al. (26)
demonstrated elevated skeletal muscle LC3-II after colchicine
administration - a microtubule-destabilizing agent that interacts
with tubulin - demonstrating that autophagy is activated in the
muscle of cancer cachectic animals even with elevated p62.
Notably, we demonstrated that RT inhibited STAT3
phosphorylation, which was accompanied by the prevention of
increased autophagic activation. Therefore, our study only
suggests, in the absence of an autophagic flux experiment, that
the phosphorylation of STAT3 in response to exacerbated IL-6
and ROS formation seems to be associated with autophagy
activation during cancer cachexia. In addition, key autophagy
protein inhibition seems to play an important role in the
protective effects of RT on tumor-induced muscle atrophy
since it is directly associated with persistent IL-6 production
and phosphorylation of STATS3.

Of note, heathy exercised mice presented elevated p62
compared to controls, despite no changes in LC3B-II and
Beclin-1, which, on the surface, seems paradoxal given that the
levels of p62 binds LC3 and substrates marked for degradation
by ubiquitylation. However, the effects of resistance training on
p62 levels in muscle of healthy rodents and humans appear to be
controversial. In fact, studies have shown elevated (53), reduced
(54, 55) or unchanged (27, 56) p62 muscle levels promoted by

RT. That controversy may be explained due to the
multifunctional role of p62, protein involved in many
signal transduction pathways, including nutrition sensing
(via mTORCI1), inflammation and apoptosis (via NF-kB),
antioxidant response (via Nrf2) (57), in addition to autophagy
regulation. In fact, studies have demonstrated p62 and Nrf2 are
essential for exercise-mediated enhancement of antioxidant
protein expression in skeletal muscle (58). Yamada et al. (58)
demonstrated Nrf2 translocation into nuclei is a key event in
exercise-mediated increase in antioxidant capacity of skeletal
muscle; exercise-induced Nrf2 nuclei translocation can enhance
the expression of p62 at the transcription level by directly
binding to the promoter region of p62 gene, forming a positive
feedback loop. These authors also demonstrated that the loss of
p62 in muscle significantly reduced regular exercise-mediated
increase of antioxidant enzyme expression (i.e., CuZnSOD and
EcSOD), mimicking observations in Nrf2 mKO mice. Thus, we
speculate that the slight increase in p62 without changes in the
LC3-II/T ratio we found in heathy mice is compatible with the
multifunctional action on this protein, such as exercise induced
antioxidant activity. This however, must be further investigated
in future studies.

It is important to mention that STAT3 is a transcriptional
factor demonstrated to (co-)activate various metabolic
pathways beyond the FoXO superfamily, UPS, and autophagy
in skeletal muscles. Indeed, studies have demonstrated a vast
diversity of assigned functions and other tissues not examined
in our study, including tumors (59). In addition, studies have
demonstrated that acute phosphorylation level of STAT3
imposed by IL-6 addition (12) or physical exercise (40, 41) is
associated with muscle growth and may cause inhibited UPS
and autophagy signaling (12). This response differs from that
demonstrated during persistent inflammation, as the model
we used in the present study. Thus, the STAT3 pathway’s
complexity warrants attention when considering its roles in
RT-induced protection against cancer-induced muscle atrophy.
Other pathways, functions, and targets of STAT3 should be
considered in the future. It is also important to mention that
some limitations must be considered in the present
research. The absence of additional experiments using
STAT3-modulating agents, as well as the absence of
autophagy flux assessment can be considered limitations of
the present study. These could bring new and important data
about the role of STAT3 and autophagy on cancer cachexia and
RT-protection effects.

In conclusion, our data demonstrated that RT prevents
against STAT3 excessive activation in skeletal muscle mediated
by the overabundance of plasma IL-6 and muscle oxidative
stress, a key role to attenuate cancer-induced muscle atrophy.
These mechanisms contributed to preventing the increase of key
genes and proteins of ubiquitin-proteasome and autophagy
pathways in tumor-bearing mice, such as Atrogin-1, LC3B-II,
and Beclin-1. Beyond preventing muscle atrophy, RT also
prevented strength loss and impaired locomotor capacity,
conditions associated with higher mortality rates and better life
quality in cancer patients.
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Oral cancer remains a major public concern with considerable socioeconomic impact in
the world. Despite substantial advancements have been made in treating oral cancer, the
five-year survival rate for oral cancer remained undesirable, and the molecular
mechanisms underlying OSCC carcinogenesis have not been fully understood.
Noncoding RNAs (ncRNAs) include transfer RNAs (tRNAs), as well as small RNAs such
as microRNAs, and the long ncRNAs such as HOTAIR are a large segment of the
transcriptome that do not have apparent protein-coding roles, but they have been verified
to play important roles in diverse biological processes, including cancer cell development.
Cell death, such as apoptosis, necrosis, and autophagy, plays a vital role in the
progression of cancer. A better understanding of the regulatory relationships between
NcRNAs and these various types of cancer cell death is therefore urgently required. The
occurrence and development of oral cancer can be controlled by increasing or decreasing
the expression of ncRNAs, a method which confers broad prospects for oral cancer
treatment. Therefore, it is urgent for us to understand the influence of ncRNAs on the
development of different modes of oral tumor death, and to evaluate whether ncRNAs
have the potential to be used as biological targets for inducing cell death and recurrence of
chemotherapy. The purpose of this review is to describe the impact of ncRNAs on cell
apoptosis and autophagy in oral cancer in order to explore potential targets for oral
cancer therapy.

Keywords: oral cancer, non-coding RNAs, microRNAs, long non-coding RNAs, circular RNAs

INTRODUCTION

Oral cancer is a common and fatal malignancy among head and neck malignant neoplasms; the number
of new cases of oral cancer globally was 354,864 in 2018 (1). At present, principal treatments of oral
cancer include extensive exeresis of the primary carcinoma, with or without neck dissection, and pre-or
postoperative adjuvant chemotherapy and radiotherapy (2). However, the overall 5-year survival rate of
patients with oral cancer was 65%, and the overall 5-year survival rate of patients with advanced oral
cancer was as low as 27% between 2007 and 2013 in the USA (3). Despite the application of
reconstructive radical resection and postoperative radiotherapy or chemotherapy, the 5-year survival
rate of patients with terminal oral cancer has not improved effectively over the past years (4-6).
Furthermore, the dysphagia, maxillofacial malformation and dysarthria induced by the aforementioned
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therapies negatively affect the quality of life and psychology of
patients (7). Therefore, there is a requirement to identify more
effective treatment strategies to improve the survival rate and reduce
complications of patients with oral cancer.

Programmed cell death (PCD) may balance cell death with the
survival of normal cells; the equilibrium becomes disturbed and PCD
plays key roles in ultimate decisions of cancer cell fate. Of note,
apoptosis, autophagy, and programmed necrosis are the three main
forms of PCD, easily distinguished by their morphological differences
(8). Apoptosis, or type I PCD, was first described by Kerr et al. (9),
and is characterized by specific morphological and biochemical
changes of dying cells, including cell shrinkage, nuclear
condensation and fragmentation, dynamic membrane blebbing,
and loss of adhesion to neighbors or to extracellular matrix (8).
Biochemical changes include chromosomal DNA cleavage into
internucleosomal fragments, phosphatidylserine externalization, and
a number of intracellular substrate cleavages by specific proteolysis
(10, 11). Autophagy, or type II PCD, is an evolutionarily conserved
catabolic process beginning with the formation of autophagosomes,
double membrane-bound structures surrounding cytoplasmic
macromolecules and organelles, destined for recycling (12). In
general, autophagy plays a crucial pro-survival role in cell
homeostasis, required during periods of starvation or stress due to
growth factor deprivation (13). However, there is accumulating
evidence that autophagic cells may commit suicide by undergoing
cell death and coping with excessive stress, which differs from
apoptosis and programmed necrosis (14). As ‘the Janus role,
autophagy controls a myriad of physiological processes including
starvation, cell differentiation, cell survival and death. Besides
apoptosis and autophagy, there exists a type III PCD termed
programmed necrosis, which involves cell swelling, organelle

dysfunction and cell lysis (15). Thus, PCD may play an important
role during the preservation of tissue homoeostasis and elimination of
damaged cells, — this has profound effects on malignant tissues (8).

Non-coding RNAs (ncRNAs) are transcripts that do not code
for proteins, which can be roughly divided into small non-coding
RNAs (smaller than 200 nt) and long non-coding RNAs
(IncRNAs, longer than 200 nt) (16-25). NcRNAs account for
the majority of transcriptome, interestingly the amount of
ncRNAs correlates with organismal complexity (26). Emerging
evidence showed that ncRNAs have regulatory roles in diverse
cellular processes both in biological and pathological conditions
including cancer (25, 27-33). Their roles in cancer progression
are being appreciated (29, 34, 35). Among them, microRNAs
(miRNAs), long non-coding RNAs (IncRNAs) and circular
RNAs (circRNAs) are actively studied in recent years. Research
is accelerating to decipher the underlying mechanism of ncRNA-
regulated oral cancer progression (36, 37). Table 1 shows
classification of non-coding RNAs is given in.

Alterations in the molecular mechanisms of cell death are a
common feature of oral cancer, like other cancer types. These
alterations enable malignant cells to survive intrinsic death
signaling leading to the accumulation of genetic aberrations
and helping them to cope with adverse conditions (42).
Although pharmacological targeting of cell death pathways has
been the subject of intensive efforts in recent decades with a
dominant focus on targeting apoptosis, the identification of
factors like ncRNAs that regulates death pathways can open
novel avenues for intervention in oral cancer cells and the
immune system. In this mini-review, we discuss the
importance of ncRNAs in the regulation of two key cell death
processes, apoptosis, and necroptosis, of oral cancer cells and

TABLE 1 | Classification of non-coding RNAs.

Non-coding RNAs

Definition

1. Structural tRNA and rRNA
non-coding

RNAs

2. Regulatory 2.1. small non-coding RNAs: microRNA (miRNA), Piwi-

non-coding interacting RNA (piRNA), Small interfering RNA (siRNA),

RNA Centromere repeat associated small interacting RNA
(crasiRNAs), telomere-specific small RNA (telsRNAs) (40).

2.2, medium non-coding RNA: small nucleolar RNA

(snoRNA), transcription initiation RNA (tiRNA), small nuclear RNA

(snRNA), small cytoplasmic RNA (scRNA), PROMPTs (40).
2.3. long non-coding RNAs:
2.3.1. Biogenesis: Intronic RNA, Enhancer RNA, Promoter

RNA, Antisense RNA, Sense RNA, Intergenic RNA, Bidirectional

RNA (40).

2.3.2. Structure: a) Linear INcRNA, b) Circular IncRNA, c) Long

intergenic noncoding RNAs (incRNA), enhancer-derived RNAs
(eRNAs), transcribed ultraconserved RNAs (TUCRNASs), Natural
antisense transcript (NATs) (40).

2.3.3. Action: cis-acting long non coding RNA (cis-IncRNA),
competing endogenous RNA (ceRNA), trans-acting long non
coding RNA (trans-IncRNA) (40).

A)  The tRNA, 70-87 nucleotides in length, plays critical roles in translation by
transferring amino acids to initialize and elongate peptides (38).

B) In eukaryotes the cytoplasmic ribosomal RNAs (rRNAs) are the 5S (~120
nucleotides), the 5.8S (~150 nucleotides), the 18S (~1800 nucleotides) and the
28S (~4000 to 5000 nucleotides). Play critical role in protein synthesis (39).
Size between 20-50 nucleotides, play critical roles in multiple regulatory
processes, including transcription, post-transcription, and translation.
miRNAs: are small non-coding RNAs that span between 18-24 nucleotides.
miRNASs regulate gene expression on a post-transcriptional level. mIRNAs
modulate and orchestrate cellular pathways, including cell growth, autophagy,
apoptosis, autophagy, and migration pathway (18, 41).

Size between 50-200 nucleotides (40).

Size greater than 200 nucleotides (40).
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delineate the role of ncRNAs in controlling the molecular
networks of these forms of cell death during oral carcinogenesis.

ORAL CANCER

Oral cancer is a subcategory of head and neck cancers that
initiates inside the mouth involving anterior two-thirds of the
tongue, gingivae, mucosal lining of lips and cheeks, sublingual
floor of the mouth, the hard palate and the small retromolar area
(43, 44). Signs and symptoms associated with oral cancer include
a lump or non-healing sore/ulcer present for more than 14 days,
presence of soft red, white or speckled (red and white) patches in
the mouth, difficulty in swallowing, chewing, speaking, jaw or
tongue movements, malocclusion or ill-fitting dentures and
sudden weight loss (45). Oral cancers are the 6th leading
cancer by incidence in the world and 90% of these are
histologically squamous cell carcinoma (46). The 5-year
survival rate is <50% in advanced cases with women having a
more favorable outcome (47). The prognosis of these patients is
always reliant on age, lymph node involvement and primary
tumor size and location (42, 48). The most common risk factors
include the premalignant conditions, consumption of tobacco,
betel nut, alcohol along with poor oral hygiene, UV radiations,
Epstein Barr Virus (EBV) and Human Papilloma Virus (HPV)
especially HPV 16 and 18 (49).

Accumulating evidence supports the idea that human
microbiome are strongly associated with several tumor types.
Oral squamous cell carcinoma(OSCC) is the most frequently
studied oral malignancy and it is also the most prevalent head
and neck cancer overally. However, there is debate considering
the potent role of oral microbiome in the development of OSCC.
A distinctive composition of oral microbiome associated with
OSCC was not found in previous studies. Individual oral
microbiome have the capability to enhance different tumor-
promoting mutations in the pathogenesis of OSCC,however a
direct casusal relationship has not been yet verified (50, 51).
Fusobacterium nucleatum and Porphyromonas gingivalis, the
two main oral microorganisms, have been shown to enhance
tumorigenesis in mice. Infection with P. gingivalis was associated
with tumors of the oro-digestive tract, enhanced invasiveness of
oral cancer and increase proliferation of related stem cells (50).
Previous studies have shown that periodontal inflammation may
enhance inflammation in the gut in vivo through transferring
oral pathobionts to the gut, which activates colonic mononuclear
phagocytes inflammasome and promotes inflammation (52, 53).
Moreover, periodontitis leads to formation of reactive Th17 cells
against oral pathogens. These reactive Th17 cells then migrate to
the gut. In the gut, these orally-based Th1l7 cells become
activated by oral pathobionts translocated from the oral cavity
and initiate colitis, mweanwhile the micribiota of the gut do not
activate these cells (50). Whether inflammation of the gut may
exert similar effect on the oral cavity environment and increases
the severity of inflammatory reactions and head and neck
cancers, has not been yet elucidated. There are few studies on

the impact of the gut microbiome on the immune response to
oral cavity cancer, but they may be worthwhile to pursue.

The extent of oral cancer spread is estimated by staging the
cancer. The commonly used staging system for oral cancer is
TNM system, where T (for tumor) defines the size of the primary
tumor. It is further categorized from 1 to 4 on the basis of tumor
size, a higher number indicates larger size. N (for lymph nodes)
shows extend of cancer spread to lymph nodes in the vicinity of
the organ. It is further categorized to NO (no spread), N1, N2, or
N3. The N1-N3 shows the number of lymph nodes involved
alongside their location and size. M (for metastasis) describes
cancer spread to other parts of the body via lymph or blood. It is
further classified to MO (no spread) and M1 (spread). Overall
oral cancer staging is given as Table 2 (42):

In addition, classification of tumors of the oral cavity and
mobile tongue based on WHO classification is summarized
in below:

(A) Malignant Surface Epithelial Tumors: the major
modification in this group is the oropharynx exclusion. Different
OSCC(oral squamous cell carcinoma) subtypes are adenosquamous
carcinoma,spindle cell carcinoma, basaloid SCC, papillary SCC,
carcinoma cuniculatum, verrucous carcinoma, acantholytic SCC,
and lymphoepithelial SCC (55). (B) Oral Potentially Malignant
Disorders and Oral Epithelial Dysplasia: this group has been
renamed from combining sections entitled Epithelial precursor
lesions and Proliferative verrucous leukoplakia and precancerous
lesions. A recently described type of dysplasia which is positive for
high-risk HPV with characteristic histology (HPV-associated oral
dysplasia) was added to the 4th edition, however the clinical
significance of this finding is not clearly known as malignant
transformation risk is poorly determined. (C) Papillomas :
Condyloma acuminatum, Squamous cell papilloma, Verruca
vulgaris, and Multifocal epithelial hyperplasia. (D) Tumours of
uncertain histogenesis: Congenital granular cell epulis, and
Ectomesenchymal chondromyxoid tumour. (E) Soft tissue and
neural tumors: Rhbadomyoma, Granular cell tumour,
Haemangioma, Lymphangioma, Kaposi sarcoma, Schwannoma,
Myofibroblastic sarcoma and neurofibroma. (F) Oral mucosal
melanoma, (G) Salivary type tumors: Mucoepidermoid carcinoma
and Pleomorphic adenoma, and (H) Haematolymphoid tumours:
CD30-positive T-cell lymphoproliferative disorder, Langerhans cell
histiocytosis, plasmablastic lymphoma and extramedullary myeloid
sarcoma (55-57).

The stage of the disease usually determines the primary
option for the treatment of oral cancer. The treatment options
include surgical resection, chemotherapy, radiotherapy,
immunotherapy alone or in combination. Despite favorable
advancements in the conventional therapeutic modalities,
many disadvantages still need to be addressed; surgical
resection may lead to long-lasting disfigurements, multiple
corrective surgeries usually cause considerable deformities that
leaves patients in psycho-social stress and isolation, whereas
radio- or chemo- therapies end up with significant toxicities or
treatment resistance, all compromising the patients’ quality of
life and well-being (58, 59). Also, locoregional relapse may occur
after years of the treatment leading to recurrent growth of the
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TABLE 2 | TNM classification of carcinomas of the lip and oral cavity (54).

Stage

Primary Tumor

TO No evidence of primary tumor

TIS Carcinoma in situ

T Tumor size 2cm or smaller, 5mm deep or less

T2 Tumor < 2cm, >5mm and > 10mm depth of invasion

or
tumor> 2cm but < 4cm and depth of invasion < 10mm
T3 Larger than 4cm, or deeper than 10mm

Explanation

T4a Extrinsic muscle of the tongue removed, included extensive tumors with bilateral tongue involvement and/or DOI>20 mm.
T4b Very advanced locally disease definition; tumor invades masticator space, pterygoid plates, skull base, and/or encases the internal carotid artery.

Regional lymph nodes (N)
NO The lymph nodes don’t contain cancer cells.

N1 Metastases to the single lymph node. The node is no larger than 3cm across. Node must be extranodal extension negative.
N2a Metastases to multiple ipsilateral nodes, and the node is between 3cm and 6cm across. Nodes must be extranodal extension negative or single ipsilateral or

node 3cm or smaller with extranodal extension.

N2b Metastases to multiple ipsilateral nodes, and the node is between 3cm and 6cm across. The Nodes must be extranodal extension negative.
N2c metastases to bilateral nodes or contralateral nodes none >6 cm. Nodes must be extranodal extension negative

N3 Metastases to nodes >6 cm
N3a  Metastases to nodes >6 cm but extranodal extension negative.

single ipsilateral nodes in machine learning >3 cm in greatest dimension with extranodal extension or multiple ipsilateral, contralateral, or bilateral nodes, any with
extranodal extension or single contralateral node 3cm or smaller and with extranodal extension.

cancers (60). The effectiveness of different therapeutic modalities
is largely dependent on the mutational profile of tumors as
genetic alterations confer new oncogenic potential to cancer
cells. The precise targeting of these alterations together with
treatment regimen modifications decreases therapeutic
resistance and may result in countless lives being saved from
potential morbidity and mortality (42).

PROGRAMMED CELL DEATH
AND CANCER

Cancer, a complex genetic disease resulting from mutation of
oncogenes or tumor suppressor genes, can be developed due to
alteration of signaling pathways; it has been well known to have
numerous links to PCD (61). Apoptosis (type I PCD) is the major
type of cell death that occurs when DNA damage is irreparable. Two
core pathways exist to induce apoptosis, the extrinsic — death
receptor pathway and intrinsic - mitochondrial pathway (62, 63).
The extrinsic pathway is triggered by binding of Fas (and other
similar receptors such as tumor necrosis receptor 1 and its relatives)
plasma-membrane death receptor with its extracellular ligand, Fas-
L. When death stimuli occur, Fas-L combines with Fas to form a
death complex. The Fas/Fas-L composite recruits death domain-
containing protein (FADD) and pro-caspase-8, aggregating to
become the death-inducing signaling complex (DISC).
Consequently, the protein complex activates its pro-caspase-8,
which proceeds to trigger pro-caspase-3, the penultimate enzyme
for execution of the apoptotic process (9). The intrinsic pathway
also leads to apoptosis but under the control of mitochondrial pro-
enzymes. In both cases if a cell becomes initiated by either
extracellular stimuli or intracellular signals, outer mitochondrial
membranes become permeable to internal cytochrome ¢, which is
then released into the cytosol. Cytochrome c recruits Apaf-1 and
pro-caspase-9 to compose the apoptosome, which downstream

triggers a caspase 9/3 signaling cascade, culminating (as concludes
the extrinsic pathway) in apoptosis (64). Accumulating evidence has
shown that abnormal expression of some key regulatory factors may
lead to cancer, indicating the intricate relationships between
apoptosis and cancer.

Autophagy is a major, regulated, catabolic mechanism with
many links to processes that occur in malignant cells, and highly
regulated by some autophagy-related genes (ATGs). It is a crucial
mechanism that responds to either extra- or intracellular stress, and
can result in cell survival under certain circumstances; however,
over-activation of autophagy may result in autophagic cell death
(65). When analyzing relationships between autophagy and cancer,
a common challenge is to determine whether autophagy protects
cell survival or contributes to cell death. Autophagy is well known to
be crucial for cell survival under extreme conditions, and
degradation of intracellular macromolecules provides energy
required for minimal cell functioning when nutrients are scarce.
Consequently, autophagic activation can play a protective role in
early stages of cancer progression. On the other hand, however,
autophagy can perform as a tumor suppressor by activating pro-
autophagic genes and blocking anti-autophagic genes in
oncogenesis (65, 66). However, reminiscent of the Roman god
Janus, autophagy can also play the reverse part — a pro-tumor role in
carcinogenesis — by regulating a number of pathways involving
Beclin-1, Bcl-2, Class III and I PI3K, mTORCI1/C2 and p53 (67).

BIOGENESIS AND FUNCTION OF
MICRORNAS AND THEIR ROLES IN
PROGRAMMED CELL DEATH OF
ORAL CANCER

MicroRNAs (miRNAs) are small (20-23 nts) and non-coding
RNA molecules that negatively influence gene expression by
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binding to mRNAs and thereby promoting degradation of the
target mRNA or blocking its translation into protein (19, 68-79).

MiRNA biogenesis is initiated from the nucleus similar to
other RNAs (80-83). These non-coding RNAs are primarily
synthesized as primary transcripts or pri-miRNAs by RNA
polymerase IT (RNA pol II), which are processed by the RNAse
III, Drosha into pre-miRNAs with long hairpin precursors of
~70-100 nucleotides. After Drosha processing, pre-miRNAs are
transferred for cytoplasmic maturation. The protein exportin 5
combines with the pre-miRNA and GTP-binding nuclear
protein RAN GTP and forms a transport complex (84).
Following movement through the nuclear pore complex, GTP
is degraded and leads to disassembly of the complex and release
of the pre-miRNA into the cytoplasm (85, 86). Pre-miRNAs are
then degraded by Dicer in the cytoplasm to generate mature
miRNAs, leading to the production of a double-stranded ~22-nt
product, made up of the the mature miRNA guide strand and
miRNA* passenger strand. This mature miRNA is subsequently
loaded into the RISC(RNA-induced silencing complex).
Accumulating evidence has found that the passenger strand
may be loaded into the RISC complex in certain
thermodynamic conditions (87, 88). RISC complex can detect
target mRNA based on base-pair complementarity and lead to
cleavage of the mRNA and/or suppression of the mRNA.

In addition, two strands comprise the miRNA duplex, known
as the suffix -3p or -5p (26). One of these strands, is typically
discarded (the passenger strand; annotated *), while the oher
strand plays part in guiding eventual target selection of mRNA
(the guide strand). Strand selection is mainly dependent on the
thermodynamic characteristics of the duplex; the strand that is
more loosely bound to the 5'-end of the duplex is likely to
function as the guide strand. Additional features of miRNA guide
strands include an excess of a purines (A/G rich) at the 5'-end
and a U-bias, while the passenger strands contain excess
pyrimidines (U/C rich) and a C-bias at the 5'-end. Meanwhile,
the guide strand can be modified through different processes,
such as duplex post-transcriptional modification, single point
mutation in the duplex and specific proteins related to the Ago2
in the RISC complex(protein activator of dsRNA-dependent
protein kinase versus trans-activation response RNA-binding
protein) (89-92). Consequently, both arms comprising a pre-
miRNA hairpin can guide miRNAs (93) that are biologically
functional (19).

MicroRNAs act as key regulators of a wide variety of cellular
mechanisms and physiological processes, such as cell cycle
progression, cell division, apoptosis and necroptosis (62, 62,
94-102). Recent studies have demonstrated that numerous
miRNAs can strongly affect the expression of pro- and anti-
apoptotic genes, oncogenes, ER stress- and/or necroptosis-
related genes (20, 103). Aberrations involving miRNAs
implicated in apoptosis or necroptosis could also impact
physiological conditions and promote disease, including
carcinogenesis and infection diseases (19, 104-106). Numerous
studies have demonstrated that miRNAs usually target multiple
mRNAs and they could act as so-called apopto-miRs, oncomiR
or tumor suppressor miRNAs in different cancers. Apopto-miRs

are miRNAs involved in apoptosis, whereas oncomiRs promote
tumor development (107). Elucidating the roles of oncomiRs and
apopto-miRs in particular types of cancers can aid in their utility
as tumor biomarkers for diagnosis, prognosis and selecting the
most suitable treatment option for cancer patients.

MiRNAs can be used as treatment options in two different
strategies. One approach is mediated by a gain of function and
acts to suppress proto-oncogenic miRNAs through
administering antagonists of miRNAs, including such as
antagomiRs, locked-nucleic acids (LNA) and anti-miRs. The
second approach, is directed by replacing a tumor-suppressor
miRNA analogue to aim a loss of function. Among these
strategies, the inhibitory approach is more generally and
theoretically acceptable as it is in harmony with short
interfering RNAs(siRNA) and small molecule inhibitors,
however, the replacement strategy provides a novel
opportunity to identify the therapeutic potential for tumor
suppressors (108). Mimics of miRNA are synthetic
oligonucleotides of two strands processed into single-stranded
miRNA to control target genes expression in target cells (109).
Gene therapy has been used in the past to therapeutically recover
tumor suppressor levels in tumor tissues; however, a practical
application of this strategy is still awaiting. MiRNAs bring in new
opportunities, as in contrast to tumor-suppressor proteins,
miRNA mimics are significantly smaller and do not usually
require entery to the target cells to become activated and can
be administered by systemic routes and technologies frequently
also used by siRNAs. As a result, the delivery barrier for miRNA
mimics appears to be lower than it is for protein-encoding DNA.
Moreover, numerous different observations encourage the
strategy of miRNA replacement therapy: (i)The majority of
differentially expressed miRNAs are decreased in tumor tissue
compared to normal tissue, suggesting that miRNAs are more
likely to act as tumor suppressors than oncogenes (108, 110).;
and (ii) suppression of the processing of endogenous miRNA
leads to an oncogenic transformation and accentuates tumor
formation, indicating that the miRNA tumor-suppressive role
dominates against its oncogenic role (111). Another benefit of
miRNA mimics is that it has a similar sequence to the naturally
occurring miRNA, and thus is considered to target the same
mRNAs, which is also regulated by natural miRNAs. Non-
specific unusual effects are not frequent as miRNA mimics are
thought to act as the naturally occurring counterpart of
interactions between miRNA-mRNA, which have evolved over
a billion years. However, the main reason to identify the
therapeutic potentials of miRNAs is dependent on the fact that
several oncogenes and oncogenic processes commonly dys-
regulated in cancer, can be regulated by a single miRNA
(112).As a result, miRNAs function in harmony with our
previous observations of cancer as a “pathway disease”, which
may only be effectively treated with modifying several oncogenic
pathways (108, 113).

The imbalance between proliferation and apoptosis is one of
the most remarkable features of cancer cells. Therefore,
investigating the regulatory mechanisms of proliferation and
apoptosis is of great importance for cancer research. It has
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been well documented that resistance to apoptosis caused by
several genetic aberrations may promote the uncontrolled
growth, invasion, and metastasis of cancer cells (114).
Apoptosis, as programmed cell death, is mainly mediated by
two pathways: The mitochondrial pathway and the death
receptor pathway (62, 115). It has been confirmed that the
release of cytochrome ¢ from the mitochondria into the cytosol
may trigger the apoptosis via promoting the pro-apoptotic
protein Bax expression, followed by the downstream activation
of caspase-9 and caspase-3 (116, 117). Subsequently, PARP, as a
substrate of caspase-3, is cleaved and activated to induce
apoptosis (118). Recently, Cui et al. (119) investigated the
regulation of miR-378 in the mitochondrial-mediated
apoptotic signaling pathway of oral squamous carcinoma cells
(OSCCQ). The results of their study showed that overexpression of
miR-378 suppressed the proliferation and induced apoptosis of
OSCC cells, while knockdown of miR-378-3p/5p led to the
opposite results. Besides, miR-378 overexpression promoted
the release of cytochrome ¢ from the mitochondria into the
cytosol, up-regulated the Bax/Bcl-2 ratio, and raised the cleaved
caspase-9, cleaved caspase-3, and cleaved PARP levels in OSCC
cells. Conversely, inhibition of miR-378-3p/5p expression
obtained the opposite results. These results suggested that
miR-378 participated in the dysregulation of proliferation and
apoptosis in OSCC cells (119).

PI3K/AKT is an important signaling pathway, which
regulates progression in numerous different types of tumors.
The PI3K/AKT pathway is closely associated with apoptosis.
This pathway controls cell proliferation, growth, translation,
migration, and survival, and overactivation of this signaling
pathway is associated with poor prognosis (120, 121).

Activated PI3K may activate downstream protein kinase AKT;
Activated AKT is able to phosphorylate Bax, inactivate Bax, and
inhibit Bax and Bcl-2 to form dimers, thereby resulting in Bcl-2
dissociation and an anti-apoptotic effect (122, 123). Reportedly,
miRNAs by regulating the PI3K/AKT signaling pathway can lead
to modulation of oral cancer cell apoptosis. For example, miR-
21-5p targeting PDCD4 suppresses apoptosis via regulating the
PI3K/AKT/FOXOL1 signaling pathway in tongue squamous cell
carcinoma (TSCC). Also, inhibition of miR21-5p suppressed the
PI3K/AKT/FOXOL1 signaling pathway, suggesting that inhibiting
the activation of the PI3K/AKT/FOXOL1 signaling pathway may
be a potential strategy for the treatment of TSCC (124). In
addition, miR-378 overexpression was resulted in a decreased p-
AKT level, whereas miR-378-3p/5p silencing could raise the p-
AKT level in OSCC cells. Therefore, the PI3K/AKT signaling
pathway was involved in the regulatory mechanisms of miR378
in OSCC (119). In addition, as shown in Figure 1, miR-29b
suppresses proliferation, migration, and induces apoptosis of
tongue squamous cell carcinoma through PTEN-AKT signaling
pathway by targeting Spl.

MiR-21 is commonly upregulated in toungue squamous cell
carcinoma and carries an unfavorable prognosis by suppressing
cellular apoptosis.On the other hand, its reduced expression was
found to be associated with resistance to chemotherapy (125). In
TSCC, high expression of miR-21 was associated with reduced
expression of PTEN(phosphatase tensin homologue) and TPM1
(tropomyosinl) (126). Several other important tumor suppressor
and oncogenic targets were detected for miR-21 in tumors of the
head and neck, including Ras, HNRPK, reversion inducing cysteine
rich protein with kazal motifs (RECK)andprogrammed cell death 4
(PDCD#4) (125). Furthermore, Zhang et al. (127), found that miR-21

[ Cell cycle ]

[ Apoptosis

R
PTEN transcription

FIGURE 1 | Schematic of pathways involved in the tumor-suppressor role of miR-29b in TSCC cells.
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can affect generation of ROS (reactive oxygen species) through
direct mitigating the activity of SOD3 (superoxide dismutase family
member 3), and through indirect attenuating the production of the
pro-inflammatory mediator, tumor necrosis factor (TNF)-o., thus
decreasing levels of SOD2 to facilitate carcinogenesis. Similarly, high
expression of miR-2463 and miR-18462 is associated with decreased
cellular apoptosis and augmented cellular proliferation (128).
Upregulation of miR-184 exerts anti-apoptotic effects by targeting
c-Myc and the apoptosis-related gene, TNFAIP2 (129, 130).
Another study suggests that ectopic production of miR-184
inhibits the Akt pathway, which is linked to increased cell
apoptosis and death, explaining the effects of miR-184 on
epithelial cells and cancer cell lines via Akt signaling (131).
Highly expressed miR-24 in oral squamous cell carcinoma
appears to directly target DND1(RNA binding protein dead end
1), which leads to resistance to apoptosis.

p27Kipl is a cyclin-dependent kinase inhibitor that regulates
the progression of cells from G1 into the S phase in a cell cycle.
p27Kipl knockdown both inhibited G1 phase arrest and
enhanced ER stress-induced cell apoptosis (132). Thus,
deregulation of p27Kipl has been associated with disease
progression and an unfavorable outcome in several
malignancies (133). Kudo et al. (134) demonstrated that Skp2
siRNA apparently inhibited p27Kipl protein degradation, thus
restraining oral cancer cell proliferation. It indicated that
p27Kipl upregulation played a role in weakening the
malignancy of oral cancer cells (134). Fu et al. (135) exhibited
that miR-155 targeted p27Kip1 gene and suppression of miR-155
lead to upregulated p27Kip1 level, reduced cell proliferation, and
blocked cell cycle, which was similar to Kudo (134). In addition,
Fu and colleagues (135) observed that antagomiR-155
transfection upregulated the CDC73 level in oral cancer cell
line KB, thus promoting cell apoptosis and weakening the
tumorigenicity in nude mice. This study revealed the role of
miR-155 upregulation in reducing p27Kipl expression and
OSCC oncogenesis (135). As result, miR-155 regulates OSCC
cells (Tca8113 cell) proliferation, cycle, and apoptosis via
regulating p27Kipl.

Bmi-1, a polycomb ring finger oncogene, is highly expressed
in multiple cancer cells and is involved in cancer cell
proliferation, invasion, and apoptosis (136). Bmi-1 was first
shown to collaborate with c-MYC in tumorigenesis in mice by
suppressing the INK4A locus, which encodes (both pl6Ink4a
and pl4ARF), two proteins that function to suppress cell
proliferation and promote apoptosis (137). Recently, several
studies have shown evidence for miRNA-mediated regulation
of Bmi-1. miR-128a increases intracellular reactive oxygen
species levels by targeting Bmi-1, which inhibits the growth of
medulloblastoma cells (138) and miR-218 inhibits cell
proliferation and cell cycle progression and promotes apoptosis
by downregulating Bmi-1 in colorectal cancer cells (139). KIM
etal. (140) suggested that the miR-203-induced apoptosis in YD-
38 oral cancer cells was related to the suppression of Bmi-1. The
result of this study demonstrated that miR-203 expression was
significantly down-regulated in YD-38 cells compared to
expression levels in normal human oral keratinocytes. miR-203

can decrease the viability of YD-38 cells in a time- and dose-
dependent manner. In addition, over-expression of miR-203
significantly increased not only DNA segmentation but also
the apoptotic population of YD-38 cells. These results indicate
that miR-203 overexpression induces apoptosis in YD-38 cells.
In addition, they found that both mRNA and protein levels of
Bmi-1 were significantly reduced in YD-38 cells transfected with
miR-203. These results indicate that Bmi-1 is a target gene of
miR-203. miR-203 induces apoptosis in YD-38 cells by directly
targeting Bmi-1, which suggests its possible application as an
anti-cancer therapeutic. Although Bmi-1 is an important target
of miR-203-induced apoptosis in YD-38 human oral cancer cells,
they also suggested that miR-203 might regulate other
genes (140).

Transforming growth factor (TGF)-B1 is known to regulate
various cellular responses, including apoptosis, metastasis, cell
proliferation, and differentiation (141). In the TGF-B1 pathway,
Smad2 and Smad3 are receptor-regulated effector proteins, and
TGF-B induces apoptosis through Smad-mediated expression of
death-associated protein kinase (141). Recently, Huang and
colleagues (142) investigated the role and mechanism of miR
—18a-5p in OSCC and it was revealed that miR—18a-5p was
highly expressed in SCC9 cells compared with normal cells. Then
the effect of miR—-18a-5p upregulation and miR-18a-5p
downregulation was investigated on SCC9 cell viability,
migration, invasion and apoptosis. They found that
overexpression of miR-18a-5p could promote SCC9 cell
viability, migration, invasion and inhibit cell apoptosis. While
miR-18a-5p downregulation inhibited SCC9 cell viability,
migration, invasion and induced cell apoptosis. These results
indicated that miR—18a-5p acts as an oncogene to participate in
OSCC progression and tumorigenesis by regulating the TGF-B1/
Smad2 pathway (142). Also, several studies have shown miR-
18a-5p was upregulated in several cancers such as (143, 144),
hepatocellular carcinoma, prostate cancer and other cancers and
can be act as oncomiR by inhibiting apoptosis of cancer cells
(145-147). Also, in OSCC cells, miR-18a-5p acts as an oncogene
by targeting tumor suppressor genes related to apoptosis.

HOX genes belong to a superfamily of homeobox genes that
encodes transcription factors with important effects on
modulating primary cellular processes, including cell
recognition, growth, and differentiation, which was recently
discovered to be regulated by miRNAs (148). Genes of the
HOX family are highly expressed in leukemias, melanomas,
and in breast, ovarian, cervical, esophageal, and prostate
cancers (149-152). In addition, the aberrant expression of
HOX genes was observed in OSCC (153). HOXB7, a member
of the HOX family of homeodomain transcription factors, is a
critical developmental regulator which influences the
proliferation and survival of progenitor cells. However, its
upregulation has been reported in several malignancies which
contributed to tumorigenesis (154). Accumulating evidence has
shown that HOXB7 was crucial to promoting cell proliferation
and migration to participate in tumorigenesis and inhibit cell
apoptosis (155, 156). Wang et al. (157) reported miR-376¢-3p
directly targeted HOXB7 and reduced the expression of HOXB?7.
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They found that the expression level of MiR-376¢-3p was down-
regulated while HOXB7 was up-regulated in OSCC tissues and
cells than the normal ones. Moreover, the overexpression level of
miR-376¢-3p suppressed proliferation, viability, migration, and
invasion and induced G1/GO arrest and cell apoptosis of SCC-25
cells. As result, they reported that miR-376¢-3p induced cell
apoptosis of OSCC via targeting HOXB7 and suggested it useful
to replenish the expression of miR-376¢-3p for the therapy of
OSCC (157). miRNAs as regulators of apoptotic pathways are
listed in Table 3.

Human Herpesviruses (HHV), which are a group of large
enveloped DNA viruses, have been found in several oral
inflammatory diseases, indicating their role in progression of the
disease. However, the viral components that cause oral illness are
unknown. Interestingly, HHV also leads to expression of numerous
miRNAs, known as viral miRNAs, which may be significantly
involved in regulating pathogen-host interaction by regulating
both the viral life cycle and host biological pathways. Viral
miRNAs(v-miRs) have been detected in diseaded biopsies of the
oral tissue and show their immunoregulatory roles. Accumulation
of v-miRs in tumors of the oral cavity was observed in several
studies (158, 159). For instance, nasopharyngeal carcinoma (NPC)
due to EBV is a well-known oral cancer. Higher levels of seven EBV
miRNAs were found in tissues from NPC and non-cancerous
patients, with ebv-miR-BART7-3p being the most significantly
enhanced (160). Ectopic expression of ebv-miR-BART7-3p in
EBV-negative NPC cells causes a significant rise in metastases in
mice, indicating that viral miRNAs play a role in tumor growth.
Downregulation of PTEN induced by ebv-miR-BART7-3p, causes
accumulation of the B-catenin and Snail. This leads to promoted
EMT (epithelial-to-mesenchymal transition) and progression. An
elevated EBV BART cluster miRNAs was also found in tissue
samples of nasopharyngeal carcinoma (161). Additionally, ebv-
miR-BART1 expression is significantly associated with distinct
pathological features. In terms of mechanism of action, ebv-miR-
BART1 (similar to miR-BART-7-3p) leads to direct downregulation
of the PTEN levels and increased level of phosphorylated FAK,AKT,
Shc,130Cas and ERK1/2. Accordingly, numerous miRNAs in
herpes viruses cause synergistic regulation of the same gene/
pathway to modulate pathological results. High expression of ebv-
miR-BART7 was associated with resistance to treatment with
cisplatin and increased cellular proliferation, migration and
invasion in vitro. Using viral miRNAs as new markers of
diagnosis in the progression of the disease course and treatment
target in conjunction with pre-existing therapeutic modalities may
bring a reliable and potent strategy for tumors and inflammatory
diseases of the oral tract (158).

It has been shown that miRNAs may be applied as potent
biomarkers in oral tumors. For instance, Maclellan et al. (162)
explored the level of expression of different circulating miRNAs
in patients with advanced oral lesions (high risk lesions is
identified as oral cancer or carcinoma in situ). Their study
found that 15 miRNAs were overexpressed and 5 miRNAs
were prominently lowly expressed based on the clinical status
of the disease.Therefore, their study confirmed that five miRNAs
(miR-29a,miR-16, miR-223,let-7b and miR-338-3p)provide

diagnostic potential as non-invasive markers for high-grade
oral lesions or oral cancers (162) and that serum miRNA
profiles combined with additional screening techniques may
significantly enhance the sensitivity for detecting oral cancer.

BIOGENESIS AND FUNCTION OF
LNCRNAS AND LNCRNAS-MEDIATED
PROGRAMMED CELL DEATH OF
ORAL CANCER

LncRNA is a special RNA type defined as transcripts over 200
nucleotides long, but is not translated into proteins (28, 70,
163-166). LncRNAs are numerous and abundant, and were
originally considered to be biologically non-functional
transcriptional noise.

In previous years, achievements in sequencing and analysis of
genome facilitated the discovery of multiple IncRNAs and
biogenesis of IncRNAs became unraveled (167). The majority
of the IncRNAs are transcribed from exonic, intergenic and distal
protein-encoding loci of the genome through the function of the
enzyme RNA polymerase II, and only a tiny portion of these
non-coding RNAs are generated by the RNA polymerase III (Pol
III) complex or the single-polypeptide nuclear RNA polymerase
IV complex. Then the pre-mature IncRNA becomes
polyadenylated at the 3'-end and capped with methyl-
guanosine at the 5'-end (168). It is usually modified by
alternative splicing necessary to produce protein diversity
(169). Alternative splicing can be categorized in three ways.
Firstly, IncRNAs make interaction with certain splicing factors
and then generate RNA-RNA duplexes with molecules of pre-
mRNAs, and eventually, they affect the remodeling of
chromatins, and thus accomplishing target genes splicing
process (170). For instance, LINC-HELLP, a 205 kb-IncRNA,
is found to be involved in regulating splicing and the
pathogenesis of HELLP syndrome related to pregnancy.The
mass spectrometry and purification experiments found that
components of splicing such as the splicing-related factors Y-
Box Binding Protein 1 (YBX1), Poly(RC) Binding Proteins 1 and
2 in addition to the the ribosomal machinery,can detect this
IncRNA. The exact mechanism of regulating this splicing process
by this IncRNA is poorly understood,however, it was shown that
some protein (5-end up to the middle) of the LINC-HELLP
transcript loses its potential to make interactions with its protein
partners due to the presence of mutation in patients with HELLP.
On the contrary, mutations at the far 3’-end enhances the
binding potential (170). Antisense, ‘as-Oct4-pg5’, and brain-
associated’BC200’ are examples of functional IncRNAs that are
not polyadenylated (171, 172).Ovrall, genes encoding IncRNAs
have their unique promoters and DNA motifs and transcription
factors(TFs) (173).

Epigenetic modification plays a major role in biogenesis of
IncRNAs. Methylation of histone has a key role in regulating
transcription. Methylation of histone H3 lysine 4 (H3K4)
represents activation of transcription, while tri-methylated
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TABLE 3 | microRNA can regulate cell death pathways in oral cancer.

miRNAs Expression Cancer cell Target of Inhibition/ Sample type Note Ref
miRNA Induction
of Cell
Death
miR- Down Oral squamous DDRA1 Induction of  Human (OSCC tissue, n= 40), In Overexpression of miR-486-3p can induces (1)
486-3p cell carcinoma apoptosis vitro (OEC-M1 and TW2.6 cells) apoptosis by regulating DDR1 expression.
(OSCO)
miR- Down OSCC LIN28B Induction of  Human (OSCC tissue, n=72), In miR-4282 induces the apoptosis of OSCC cells 2)
4282 apoptosis vivo (mice), In vitro (SCC15 and through a decreased expression level of ZBTB2 via
TSCCA cells) targeting LIN28B.
miR-17 - Human tongue - Inhibition of  In vitro (CAL-27 cells), MiR-17 suppresses the induction of cisplatin-induced  (3)
squamous cell apoptosis In vivo (Xenograft tumor model apoptosis.
carcinoma (BALB/c nude mice)) Suppression of miR-17 causes induction apoptosis
(TSCC) and autophagy by STAT3 signaling.
miR-17- - 0SCC - - In vitro (OC3 cells) miR-17-5p increases (TRAIL R1, HIF-1oe and clAP-1)  (4)
5p or decreases (p53, p21, FADD and TNF RI)
apoptosis-related proteins in irradiated OC3 cell.
miR-27a  Up TSCC - Inhibition of  In vitro (Cal-27 cells and Clinical Decrease expression level of miR-27a lead to 5)
apoptosis TSCC sample) promote cell apoptosis in Cal-27 cells.
miR- Down TSCC and Oral - Induction of  Human (TSCC tissues), Upregulation of miR-145-5p levels cause promote 6,
145-5p cancer apoptosis In vitro (SCC9 and Cal27 cell) cell apoptosis. 7)
miR-183 Up TSCC - Inhibition of  In vitro (SCC25 cell) Downregulation of miR-183 levels lead to induction of  (8)
apoptosis apoptosis through decrease and increase expression
level of casase-3 and BCL-xL, respectively.
miR- Up OSCC - Inhibition of  In vitro (SCC-9 cell) The downregulation of miR-146a-5p levels leads to (©))
146a-5p apoptosis induces apoptosis in OSCC cells.
miR-149 Down OSCC - Induction of  In vitro (PECAPJ41 and HSC-4 Inhibition of miR-149 significantly suppresses (10)
apoptosis cells) apoptosis and autophagy.
miR-155  Up Oral cancer cells  FoxO3a Inhibition of  In vitro (KB and KB/DDP cell line)  Inhibition of miR-155 significantly promotes apoptosis (11)
apoptosis
miR-155  Up 0OSCC p27Kip1 Inhibition of ~ Human (OSCC tissues, n=46), In  Inhibition of MiR-155 significantly promotes apoptosis  (12)
apoptosis vitro (Tca8113 cells) od OSCC cells.
miR- Down 0OSCC KLK4 Induction of  Human (OSCC tissues, n=30), In  miR-378-3p/5p promotes apoptosis of OSCC (13)
378-3p/ apoptosis vitro (KB and Tca8113 cells) through targeting KLK4
5p
miR- Down Oral cancer BICC1 Induction of ~ Human (oral cancer tissues, Overexpression of miR-199b-5p and miR-101-3p (14)
101-3p, apoptosis n=62), In vitro (Tca8113, CAL-27, levels induces apoptosis by targeting BICC1
miR- TSCCA, SCC-9) and In vivo (mice) expression.
199b-5p
miR-214  Up Oral cancer MAPK/ Inhibition of  In vitro (HB cell lines) miR-214 suppresses apoptosis by MAPK/ERK (15)
ERK apoptosis signaling pathway.
signaling
pathway
miR-214  Up Oral cancer RASSF5 Inhibition of  In vitro (KB cell) Downregulation of miR-214 expression lead to (16)
apoptosis inhibition of apoptosis by targeting RASSF5.
miR-139 Down Oral cancer Akt Induction of  In vitro (Tca8113 cell) Overexpression of miR-139 levels cause promote (17)
signaling apoptosis apoptosis through Akt signaling pathway.
pathway
miR-21  Up TSCC PDCD4 Inhibition of ~ Human (TSCC, n= 40), In vitro miR-21-5p inhibits apoptosis by targeting PDCD4 (18)
-5p apoptosis (Cal 27 and SCC9 cells) and regulating the PIBK/AKT/FOXO1 signaling
pathway.
miR-21 - 0OSCC - Inhibition of  In vitro (SCC15 and SCC25 cell) miR-21 can inhibit apoptosis by up-regulating PTEN ~ (19)
apoptosis expression
miR-9 Down OSCC - Induction of  Human (OSCC, n= 21), In vitro Overexpression of miR-9 levels cause induction of (20)
apoptosis (Tca8113 cells) apoptosis
miR-203 Down Oral cancer Bmi-1 Induction of  In vitro (YD-38 cells) Upregulation of miR-203 levels cause induction of (21)
apoptosis apoptosis by targeting Bmi-1.
miR-203  Down Oral cancer SEMABA  Induction of  In vitro (YD-38 cells) miR-203 promotes apoptosis by targeting SEMABA.  (22)
apoptosis
miR- Up 0OSCC CXCL17 Inhibition of  In vitro (Tca8113 and CAL-27) Downregulation of miR-4513 levels promotes (23)
4513 apoptosis apoptosis.
miR- Down 0OSCC HOXB7 Induction of  Human (OSCC, n= 49), In vitro Overexpression of miR-376¢-3p induces the (24)
376¢c-3p apoptosis (SCC-25 cells) apoptosis of SCC-25 cells by targeting HOXB7.

(Continued)
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TABLE 3 | Continued

miRNAs Expression Cancer cell Target of Inhibition/ Sample type Note Ref
miRNA Induction
of Cell
Death
miR-375 Down OSCC IGF-1R Induction of  Human (OSCC, n= 44), In vitro miRNA-375 enhances apoptosis by targeting IGF-1R.  (25)
apoptosis (SCC-4)
miR-124 - 0SCC - Induction of  In vitro (KB and SCC9 cell) Icaritin promotes mitochondrial apoptosis via (26)
apoptosis increasing expression level of miR-124.
miR-26a - Oral cancer cells  Mcl-1 Induction of  In vitro (KB cell) Metformin promotes apoptosis through decreasing 27)
apoptosis Mcl-1 expression by miR-26a.
miR Up 0OSCC PTEN Inhibition of  In vitro (CAL27 and HSC6 cell) miR-221/222 inhibits apoptosis by targeting PTEN. (25)
-221/ apoptosis
222
miR-448 Up 0OSCC MPPED2  Inhibition of ~ Human (OSCC, n= 15), In vitro miR—-448 inhibits apoptosis by targeting MPPED2. (28)
apoptosis (Cal-27 and Scc-9)
miR-29a Down 0OSCC MMP-2 Induction of  Human (OSCC, n= 15), In vitro miR—29a induces apoptosis by targeting MMP-2. (29)
apoptosis (SCC-4)
miR-29b  Down TSCC Sp1 Induction of  Human (OSCC, n= 40), In vitro Upregulation of miR-29b level cause promotes (30)
apoptosis (CAL27 cells) apoptosis in TSCC cells by regulating PTEN-AKT
signaling pathway
miR-29a Down TSCC Wnt/B- Induction of  Human (OSCC, n= 103), In vitro Overexpression of miR—29a induces apoptosis by (81)
catenin apoptosis (HOK, SCC-25 cells) regulating Wnt/B-catenin pathway.
pathway
miR-9 Down OSCC CXCR4 Induction of  In vitro (Tca8113 and SCC-9 cel)  Upregulation of miR-9 level cause promotes 27)
apoptosis apoptosis in OSCC cells by targeting CXCR4
miR-218 - 0OSCC mTOR Induction of  In vitro (OSCC cell line) Overexpression of miR-218 reduces OSCC cell (32)
pathway apoptosis growth by caspase-mediated apoptosis.
miR-17- Down OSCC p21 Induction of  In vitro (OC3 cells) Overexpression of miR-17-5p mediated by radiation  (33)
5p apoptosis treatment leads to induction of apoptosis by
downregulation of p21 levels.
miR- Up Oral cancer cells - Inhibition of  In vitro (SCC-4, SCC-9, SCC-15 Inhibition of miR-1179 induces autophagy by (29)
1179 autophagy  and SCC-25) regulation of MEK/ERK and PI3K/AKT signaling
pathways.
miR-617 Down 0OSCC SERPINET Induction of  In vitro (SCC-090 and PE/CA- Overexpression of miR-617 induces apoptosis of (34)
apoptosis PJ41) OSCC cells by negative regulation of SERPINE1.
miR- Down OSCC CTBP2 Induction of  Human (OSCC, n= 40), In vitro Overexpression of miR-133a induces apoptosis of (35)
133a apoptosis (UT-SCC-15 and CAL-27) OSCC cells by the suppression of CTBP2.
miR- Down 0OSCC AKT2 Induction of  In vitro (Cal27 and SCC-9) miR-149-3p combined with Fluorouracil shows an (36)
149-3p apoptosis additive effect on the OSCC cells apoptosis through
targeting AKT2.
miR-198 Down OSCC - Induction of  In vivo (mice), In vitro (Cal-27 and  Overexpression of miR-198 induces the apoptosis of ~ (37)
apoptosis SCC-9 cells) OSCC cells.
miR- Down OSCC PPM1A Induction of  Human (OSCC, n= 20), In vitro miR-487-3p induces apoptosis of OSCC cell by (38)
487-3p apoptosis (CAL-27 and TCA8113) targeting PPM1A.
miR Up OSCC FOXO1 Inhibition of  In vitro (SCC9 cell) Decrease the expression level of miR-196a induces (39)
-196a apoptosis apoptosis of SCCI cell via regulating FOXO1
expression.
miR- Up OSCC RCAN1 Inhibition of  In vitro (TSCCA and TCA8113 Inhibition of MiR-103a-3p induces the apoptosis of (40)
103a-3p apoptosis cells) OSCC cells by targeting RCAN1.
miR-195 Down OSCC - Induction of  In vitro (OSCC-15/DDP cells) Overexpression of miR-195 induces apoptosis of (18)
apoptosis OSC-15/DDP cells by regulating MEK1.
miR-92b  Up OSCC - Inhibition of  In vitro (CAL-27) Inhibition of MiR-92b induces the apoptosis of OSCC  (41)
apoptosis cells.
miR-101  Down OSCC TGF-BR1  Inhibition of  In vitro (SCC-9 and Tca8113) miR-101 induces apoptosis of OSCC cells through (42)
apoptosis targeting TGF-BR1.
miR-22  Down 0OSCC WNTA Induction of  Human (OSCC, n=50) miR-22 promotes apoptosis of OSCC cells via (43)
apoptosis In vitro (Tca8113 and SAS) targeting WNT1.
miR- Up OSCC TGF-B1/ Inhibition of  In vitro (SCC9 cell) Downregulation of miR-18a-5p promotes apoptosis  (44)
18a-5p Smad2 apoptosis of SCC9 cell by regulation of TGF-f1/Smad2
pathway. pathway.
miR Up OSCC - Inhibition of  In vitro (SCC9, SCC25 and miR-543 inhibits apoptosis of OSCC cell. (45)
-543 apoptosis CAL27 cells)
(Continued)
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TABLE 3 | Continued

miRNAs Expression Cancer cell Target of Inhibition/ Sample type Note Ref
miRNA Induction
of Cell
Death
miR Down OSCC IKKB/NF Induction of  Human (OSCC, n= 60), miR-199a-5p promoted apoptosis of OSCC cells (46)
-199a —xB apoptosis In vitro (Tca8113 and SCC-4 through regulation of the NF-kB pathway via
-5p pathway cells) targeting IKKB.
miR-16 ~ Down 0OSCC AKT3 and Induction of  In vitro (SCC-25 and CAL-27 miR-16 can induce apoptosis of OSCC cells by 47)
BCL2L2 apoptosis cells) decreasing AKT3 and BCL2L2 levels.
miR-186 Down 0OSCC SHP2 Induction of  Human (OSCC tissue, n=14), In Overexpression of miR-186 induces apoptosis of (48)
apoptosis vitro (Tca8113 and SCC-25 cells) OSCC cells through ERK and AKT pathways by
targeting SHP2.
miR-1- Down 0OSCC DKK1 Induction of  In vitro (SCC-4 cells) miR-1-3p promotes apoptosis of SCC-4 cells by (49)
3p apoptosis regulating DKK1.
miR-626  Up 0OSCC RASSF4 Inhibition of ~ Human (OSCC tissue, n=94), In miR-626 can inhibit apoptosis of OSCC cells by (50)
apoptosis vitro (f Ca9-22 and HSC2 cells) targeting RASSF4.

H3K27 symbolizes gene silencing. Several IncRNAs such as
XIST, HOTTIP and FIRRE, etc. play role in activation of
transcriptional genes and organizing 3D nuclear architecture
(173). On the contrary, IncRNA decoys such as IncRNA-DNA
triplex or Alu transcripts can suppress regulation of the
transcription by binding to RNA pol II (174). Different
transcription factors may bind to IncRNAs and produce a
nascent transcript that eventually alters processing of the
mRNA molecule through alternative splicing. Binding of the
IncRNAs to mRNA can enhance or suppress protein translation
or can facilitate mRNA decay (175). Small RNA deep sequencing
(Srna-Seq) experiments have found that IncRNAs have also the
potential to encode small functional RNAs (176). Mature
IncRNAs are also present in the cell cytoplasm and/or nucleus
(177). Although the cytoplasmic IncRNAs do not go under
translation, small peptides were detected that were produced
from IncRNAs due to their association with ribosomes (178).
According to some studies, pseudogenes transcriptionally active
may also generate these molecules or they can be formed through
transcription of the promoter or intergenic loci (179).

Because of enhanced technologies for IncRNA functioning,
structure, and interacting partners, our present understanding of
IncRNA is more thorough. LncRNAs have major role in
maintaining pluripotency of stem cells, differentiation and
related human disorders caused by their dysfunction, and
recently identified IncRNAs were shown to maintain
pluripotency of stem cells and regulate cellular lineage
differentiation. Importantly,the structure and location of the
IncRNAs appears to forecast their function. LncRNAs can
regulate reprogramming of somatic cells and differentiation of
stem cells, thus their manipulation allows more efficient
strategies for stem cell differentiation nd reprogramming of
somatic cells (180). Accordingly, IncRNAs regulate different
stages of human or mice reprogramming through several
exogenous factors. IncRNA-Xist is involved in the development
of an epithelial phenotype during the early stages of conversion
from somatic cells to reprogramming intermediates, whereas
LNCrna-ladr86/91 is implicated in the metabolic transition from
aerobic to anaerobic energy generation (181). lincRNA-p21 plays
role in both the early and late phases(reactivation of the

pluripotency gene network) in reprogramming by inhibiting
cellular proliferation and activation of pluripotency genes,
respectively. Likewise, lincRNA-RoR modulates the initial
phases of reprogramming through inhibition of p53, which is
negative regulator of cell survival, as well as the late phase of
reprogramming via sponging for miR-145, targeting several
pluripotency gene transcripts. lincRNA-1526 and lincRNA-
1463 are associated with inverse regulation of the activation of
the pluripotency genes in reprogramming, while lincRNA-1307
and ladr49/83 can positively regulate the pluripotency genes.
LNCPRESSI1, Snhgl4, Gas5 and Peblr20 are positive regulators
of the pluripotency genes in reprogramming and/or embryonic
stem cells(ESCs) (182). Moreover, there are novel approaches to
comprehend regulation of the IncRNAs. For instance, RAT-seq
allows for the discovery of the genome-wide chromatin binding
sites for each specific IncRNA (183, 184). More significant
functions and fresh mechanistic insights into how IncRNAs
influence biological processes and illnesses will be discovered
using these methods. These new findings might potentially lead
to the discovery of novel therapeutic targets and the development
of new treatments for human diseases (185).

LncRNAs can be divided into three different categories based
on their location in the genome: natural antisense transcripts
(NATs), long gene non-coding RNAs (lincRNAs) and intron
IncRNAs. Upon increasing the binding of UCHL1 mRNA to the
polymer, antisense IncRNA UCHLI enhances the UCHLI
mRNA translation. On the other hand, other IncRNAs, such as
lincRNA-p21, inhibit the translation of their target mRNAs after
binding to them (186). SINEUPs comprises a novel and
functional family of synthetic and natural antisense IncRNAs
that can promote target mRNAs translation without producing
any effect on the circulating level of mRNAs (187). This IncRNA
is comprised of an SINE element (effector domain) embedded
into its structure and a binding domain exerting target specificity
(188). AS-Uchllcomprises a classic example of the natural
SINEUPs. Carrieri et al. observed that AS-Uchll had the
potential to enhance the translation of sense Uchll mRNA in
dopaminergic neuronal cells in mice by promoting association of
Uchll mRNA to heavy polysomes. This process is dependent on
the AS-Uchll inverted SINEB2 element, which does not affect
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the level of Uchll mRNA (187). According to their other study,
HNRNPK and PTBP1 functioned as RNA binding proteins to
interact with SINEUP, and thus contributing to subcellular
distribution of SINEUP RNA and assembly of initiation
complexes of translation (189). Synthetic SINEUPs were found
to be the primary measurable tool to enhance the expression of a
specific target gene. For example, SINEUP-cox7B transcribed in
vitro is a synthetic SINEUP produced against endogenous cox7B
mRNA, which can efficiently and specifically up-regulate the
expression and translation of COX7B protein, leading to
rescuing size of the brain and eye tissues in cox7B morphants
(190). Collectively, SINEUPs contain significant treatment
potential that can be used in different diseases due to
inadequate protein production.

Although IncRNA is not translated into protein, it is still
considered a functional molecule that regulates gene expression
at multiple levels, including the chromatin, transcriptional, and
post-transcriptional levels (191). Indeed, IncRNA is involved in
cell differentiation, cell cycle regulation, stem cell pluripotency,
and maintenance of various biological processes (192, 193).
LncRNAs can affect different apoptotic pathways. For instance,
IncRNA overexpression can reduce the expression of membrane
surface receptors by affecting extrinsic apoptosis pathway (194).
Autophagy not only promotes cell survival but also causes cell
death in some conditions. LncRNA can activate autophagy by
activating related enzymes (194). In addition, IncRNAs can
protect tumor cells from necroptosis by inhibiting the
expression of some related proteins (195). Some IncRNA types
also act as competitive endogenous RNAs to prevent oxidation
and inhibit ferroptosis (195). Increasing evidence shows that
IncRNAs are closely related to PCD, and the relationship
between IncRNA and PCD is associated with the occurrence of
heart disease, cancer cell apoptosis, and cell survival (196). In this
section, we summarize the role of IncRNAs in PCD to determine
the relationship between IncRNAs and PCD of oral cancer cells.

The evasion of apoptosis has been classified as one of the
hallmarks of cancer and is among the main causes of therapy
failure. Most tumors are defective in the activation of apoptosis
owing to the occurrence of genetic or epigenetic events that
either inactivate the p53 pathway or provoke the aberrant
expression of pro-survival BCL-2 family members including
BCL-2, BCL-XL or MCL-1 (197). It has been shown that BCL-
2 exerts a key role in tumorigenesis. In a mouse model of APC-
loss-induced colorectal cancer, BCL-2-dependent impairment of
apoptosis is required for carcinoma onset (198). Importantly,
such unbalance in favor of the pro-survival side of the BCL-2
family confers resistance to radiation, chemotherapeutic agents,
and many selective pathway inhibitors that induce apoptosis
primarily through the activation of the mitochondrial death
machinery (197). Multiple regulatory mechanisms targeting
BCL-2 family members involve a different class of IncRNAs.
Several IncRNAs have been reported to mediate escape from
apoptosis through different mechanisms. For example, IncRNA
HOTTIP (HOXA distal transcript antisense RNA) promotes
BCL-2 expression and induces chemoresistance in small cell
lung cancer by sponging miR-216a (199). In another study,

knockdown of HOTTIP has been shown to induce apoptosis
by increasing Bax expression and decreasing Bcl-2 expression in
prostate cancer cells (200). Sun et al. revealed that HOTTIP acted
as a competitive endogenous RNA for microRNA-216a, thus
preventing Bcl-2 from binding microRNA-216a in lung cancer
cells (199). Recently, Mu et al. (201) reported that IncRNA
HOTTIP knockdown lead to restrained the cell proliferation
and arrested the cell cycle at G1 phase in human TSCC cell lines
(TSCCA and TCA8113 cells). Furthermore, the expression levels
of cyclins B, D1, and E were downregulated in HOTTIP-silenced
cells. Also, HOTTIP silencing suppressed the growth of
xenograft tumors. Besides, they found that the silencing of
HOTTIP cause triggered apoptosis in TSCCA and TCA8113
cells and altered the expression of a group of apoptosis-related
molecules: downregulated Bcl-2, upregulated Bax, and enhanced
the cleavage of caspase 3 and PARP. Knockdown of HOTTIP
also suppressed the migration, invasion, and epithelial-
mesenchymal transition (EMT) of both TSCCA and TCA8113
cell lines. Altogether, the results of their study suggested that
HOTTIP plays a critical role in regulating cell proliferation,
apoptosis, and tumorigenesis of TSCC cells and it may serve as a
promising potential candidate for OTSCC therapy (201).
Disorder of cell proliferation, apoptosis, and metastasis is an
important trigger of cancer occurrence and development. The
PI3K/AKT signaling pathway is an important signaling pathway
that regulates cell proliferation, apoptosis, and metastasis (202).
Recent studies have shown that autophagy plays an important
role in tumorigenesis (203). Moreover, mTOR, which is
downstream of the PI3K/AKT signaling pathway, is a crucial
negative regulator of autophagy (13). Studies on esophageal
squamous cell carcinoma and hepatocellular carcinoma have
shown that high expression of IncRNA-CASC9 activates the
PI3K/AKT signaling pathway, promoting the proliferation,
invasion, and metastasis of cancer cells (204, 205). Recently,
Yang et al. (206) observed that increased CASC9 expression
promotes OSCC cell proliferation. It is unclear whether the
increased CASCY9 expression in cancer cells regulates the
expression of mTOR through the regulation of the PI3K/AKT
signaling pathway to control autophagy. For this reason, they
depleted IncRNA CASC9 in OSCC cells which led to the
significantly decreased expression of p-AKT and p-mTOR, as
well as increased autophagy. Also, CASC9 knockdown partially
rescued the decreased p-mTOR expression and increased
autophagy. Taken together, these findings demonstrated that
CASC9, which is highly expressed in OSCC cells, inhibits
autophagy by activating the AKT/mTOR pathway (206).
Autophagy plays an important role in the occurrence and
development of tumors (207). There exists crosstalk between
autophagy and apoptosis; autophagy can both inhibit and
promote apoptosis to affect the occurrence and development of
cancers (208). Due to the diversity of cells, conditions and
stimulating factors, autophagy acts as a double-edged sword for
apoptosis (209). For example, Zhao Z. et al. found that oxamate
inhibits apoptosis by promoting autophagy to promote gastric
cancer (210); in contrast, Yeh P.S. et al. found that honokiol can
promote apoptosis by promoting autophagy to promote
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neuroblastoma (211). As mentioned, Yang et al. (206) found that
autophagy and apoptosis were both increased in cells with silenced
CASC9. However, apoptosis is significantly reduced in the OSCC
cells cotreated with silenced IncRNA-CASC9 and the autophagy
inhibitor, indicating that silencing CASC9 induced autophagy as a
pro-death response. This study suggested that autophagy can
regulate early apoptosis. Their study also found that CASC9
knockdown in OSCC cells increased and decreased the early
apoptosis and P62 protein expression, respectively (206). It is
shown that P62 can regulate both autophagy and apoptosis, and
many studies reported that P62 mediates apoptosis primarily
through regulating autophagy (212). It has been reported that P62
is incorporated into autophagosomes through binding to LC3 in
autophagy-activated cells, and subsequently P62 is degraded by
autophagy (213); thus, P62 protein expression decreases, and
reduced P62 protein expression increases cell apoptosis. Overall,
Yang et al. (206) supposed that CASC9 depletion in OSCC cells
might promote the binding of P62 to LC3, and then P62 is
incorporated into autophagosomes, resulting in the degradation of
P62; subsequently, reduction of P62 may increase the autophagy-
mediated apoptosis (206). However, the detailed mechanism
remains to be further studied.

Currently, for the treatment of OSCC, cisplatin (DDP) is the
first-line chemotherapy agent, whereas acquired DDP resistance
greatly diminishes drug efficacy and survival benefit. In DDP-
resistant OSCC, Wang et al. reported the increased expression of
IncRNA MALATT1. Specifically, by the activation of PI3K/AKT/
mTOR signaling pathway, MALAT1 overexpression could lead to

A Wnhnt/Bcatenin signaling

DDP resistance, whereas MALAT1 knockdown could effectively
re-sensitize OSCC cells to DDP treatment, suggesting an
instrumental role of MALATI in PI3K/AKT/mTOR signaling-
associated DDP resistance development (214). Furthermore,
PI3K/AKT/mTOR signaling is also known as a critical
regulatory pathway of autophagy, a highly conserved catabolic
process involving the lysosome-mediated degradation of
intracytoplasmic components and participating in a variety of
cellular biological activities (215). Autophagy may block or
promote tumor survival, depending on the various tumor types
and stages. Recently, in OSCC, another IncRNA CASC9 was found
to promote cancer progression through suppressing autophagy-
mediated cell apoptosis via inducing AKT phosphorylation and
the subsequent activation of the AKT/mTOR pathway (206)
(Figure 2). In contrast, the tumor-suppressive IncRNA GAS5
(growth-arrest-specific transcript 5) could suppress proliferation,
migration, invasion, and epithelial-mesenchymal transition
(EMT) in OSCC (216, 217). Mechanically, GAS5 has been
reported to act as a miR-21 sponge in ovarian and cervical
cancer. In OSCC, Zeng et al. observed that GAS5 most likely
also functions in this way. By sequestering miR-21, GAS5 rescues
the expression of PTEN, a negative regulator of PI3K signaling,
from miR-21-mediated repression, and thereby inhibiting the
PI3K/AKT pathway (216) (Figure 2). Taken together,
accumulating reports have revealed the prominent involvement
and implications of IncRNAs in regulating cellular proliferation,
drug resistance, and apoptosis through targeting the PI3K/AKT/
mTOR signaling cascade during oral carcinogenesis.
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FIGURE 2 | LncRNAs involved in the relevant signaling pathways implicated in oral cancer progression. (A) Wnt/B-catenin signaling. (B) PISK/AKT/mTOR signaling.
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Autophagy suppresses tumor initiation and prevent s genomic
instability. However, autophagy contributes to the progression of
advanced cancer by rendering cancer cells resistant to therapeutic
agent. Studies proved that the level of autophagy can be determined
by monitoring its modulators, such as Beclinl, MAP1LC3B, mTOR,
and P62 expressions (218, 219). Takamura et al. indicated that the
deficiency of Beclinl/Atg6 could induce tumorigenesis of liver in
mouse, and Atg5/Atg7 knockout mouse led to P62 gene deficiency
and loss of autophagy. Abnormal accumulations of P62 inhibited
NF -xB signing way and triggered inflammation, which promoted
tumorigenesis. However, upon recovery of autophagy,
inflammation was inhibited, thereby preventing tumorigenesis
(220). Hu et al. reported that low expression of Beclinl was
related to poor differentiation, lymphatic metastasis, and TNM
stag e and was a poor prognostic marker of OSCC (221).
Increasing evidence s showed that autophagy can be regulated by
HOTAIR (222). Yang L et al. found that in hepatocellular
carcinoma, the overexpression of HOTAIR activate d autophagy
by up -regulating ATG3 and ATG7, and the level of autophagy was
inhibited when HOTAIR was knocked down (223). Luan W et al.
reported that HOTAIR promoted the growth and metastasis of
melanoma cells by competitively binding miR-152-3p and
activating the downstream PI3k/Akt/mTOR signaling pathway
(224). Wang et al. indicated that silencing of Beclinl in OSCC
promoted proliferation, inhibited apoptosis and enhanced
chemosensitivity (225). However, whether HOTAIR could
regulate autophagy was unclear. This researchers in another study
found that HOTAIR interference could decrease the
autophagosomes and the expression s of Beclinl, MAP1LC3B,
ATG3 and ATG7 were down -regulated (226). Furthermore, it
increased the expression of mTOR. So, HOTAIR could promote
autophagy in OSCC cells. Besides, they observed that apoptosis rate
accelerated in OSCC cells after HOTAIR was silenced, with
increased expressions of bim, caspase 3, and caspase7 and
decreased expressions of bcl - 2 and mcl -1 decreased. As result,
HOTAIR acts as an oncogene in OSCC cells by accelerating
autophagy and reducing apoptosis as well as silencing HOTAIR
improves sensitivity to cisplatin for OSCC (226).

Maternally expressed 3 (MEG3), a long non-coding RNA,
displays variety of biological functions, involved in diverse
diseases. Researches have showed that MEG3 conferred
endothelial cell aging and disturbed the regenerative angiogenesis
(227). By negatively regulating notch pathway, MEG3 impaired the
functional recovery after ischemic brain injury (228). The evidences
indicated that MEG3 associate with vascular function pathological
processes. MEG3 contributed to neurons apoptosis induced by
hypoxia through miR-181b12/15-LOX axis (229), suggested that
MEG3 may be infaust for neuroprotection. In the trophoblast cells
of preeclampsia, level of MEG3 was down-expressed and resulted in
abnormalities of apoptosis and migration. Although the functions of
MEGS3 were diversiform in nontumor disease, the tumor suppressor
effect of MEG3 was concerned widely (230-232). In addition, recent
studies have shown that the downregulation of MEG3 in lung
cancer cells can activate the WNT pathway (230). The WNT/j3-
catenin signaling pathway, which regulates a variety of cellular
processes, such as cell proliferation, apoptosis, and differentiation, is

one of the classical pathways for signal transduction (233, 234). Liu
and colleagues reported that IncRNA-MEGS3 levels were negatively
correlated with the WNT pathway. They reported also the
expression level of MEG3 was significantly decreased in OSCC
and overexpression of MEG3 inhibited the proliferation and
metastasis of cancer cells and promoted apoptosis. Overall, they
suggested that MEG3 inhibited OSCC cell proliferation, metastasis
and promotes apoptosis by negatively regulating the WNT pathway
(235). Recently, Tan et al. (236) reported IncRNA-MEG3 was
downregulated in OSCC tissues, and the overexpression of MEG3
suppressed migration and promoted apoptosis in OSCC cell lines,
while inhibition of MEG3 exhibited opposite effect. Also, they found
that MEG3 could effectively sponge miR-548d-3p and decrease its
expression level. Moreover, miR-548d-3p repressed the expression
of SOCS5 and SOCS6 through binding their 3°UTR, thereby
modulating the JAK-STAT signaling pathway and functioning as
an oncogene in OSCC cells, as, overexpressed miR-548d-3p inhibits
apoptosis by regulating the JAK-STAT Pathway. Importantly,
overexpression of MEG3 enhanced the expression of SOCS5 and
SOCS6 to regulate JAK-STAT pathway, whereas miR-548d3p
overexpression decreased the effects of MEG3 on levels of SOCS5/
SOCS6. Furthermore, upregulated expression of miR-548d-3p
could abrogate the effect of MEG3 overexpression on migration
and apoptosis in OSCC cell lines. In addition, the overexpression of
MEG3 inhibited tumor migration and facilitated apoptosis in vivo.
Together, the result of their study revealed that MEG3 could
modulate JAK-STAT pathway via miR-548d3p/SOCS5/SOCS6 to
suppresses migration and promote apoptosis in OSCC (236).
Ferroptosis, an iron-dependent programmed cell death, can affect
the prognosis of several tumors. A number of IncRNAs can alter the
outcome of tumors by modulating the process of ferroptosis
(237).In a study of Li et al. (238), the OSCC prognostic model
was established on the basis of 8 frincRNAs which have a prognostic
role and expressed simultaneously with 25 mRNAs. Their study
supported a prognostic model in patients with OSCC comprised of
8 different frincRNAs, including MIAT,AC099850.3, STARD4-AS],
AC090246.1, AC021087.4, HOTARMI1,ALMS1-IT1land
AL512274.1., which can be used as a prognostic indicator and
immune evaluation in OSCC patients and can be subsequently be
used as promising therapeutic targets in these patients (238).
However, little evidence is present considering the regulatory
functions of ncRNAs in oral cancer by ferroptosis. The IncRNAs
which regulate cell death pathways are listed in Table 4.

CIRCULAR RNA BIOGENESIS AND
CIRCRNAS-MEDIATED PROGRAMMED
CELL DEATH OF ORAL CANCER

Circular RNA (circRNA) is a subclass of non-coding RNA
(ncRNA) (239-242). After long non-coding RNA (IncRNA)
and microRNA (miRNA), it has developed into a new research
hotspot in the field of cancer (243). CircRNAs are produced by
reverse splicing and are characterized by a closed single-stranded
structure and lack of 5" cap and 3’ polyadenylation (poly(A)) tail,
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which makes them more stable than IncRNA and miRNA. And
circRNAs are highly conserved in eukaryotes, and their
expression exhibits tissue- and developmental stage-specific.
Numerous studies have revealed that circRNAs have an
important effect on the progression and treatment of cancer
and play a regulatory role in the tumor microenvironment
(TME). Therefore, it suggests that circRNAs may serve as new
cancer biomarkers as well as potential therapeutic targets (239,
240, 244, 245).

Back-splicing biogenesis of circRNAs varies from
conventional splicing of linear RNAs, according to recent
research. They are categorized as intronic-circRNAs, exonic-
circRNAs and exon-intron circRNAs (246). Jeck et al. (247).
Established two different models considering the circRNAs
origination, known as intron-pairing-driven and lariat-driven
circularization.Exon circularization is shown to be dependent on
flanking intronic complementary sequences and alternate
production of inverted repeating Alu pairs, resulting in several
circular RNA transcripts being created from a single gene (248).
Moreover, RBPs(RNA-binding proteins) function as inhibitors
or activators of the circRNAs processing in some circumstances.
It has been demonstrated that the generation of up to one-third
of common circRNAs are consistently regulated by Quaking
(QKI), an alternative splicing factor, and the insertion of QKI
motifs are adequate to promote de novo synthesis of circRNAs
from transcripts normally undergo linear splicing (249).
However, by melting the stem’s structure, ADARI, the double-
strand RNA-editing enzyme,inhibits the synthesis of circRNA
(250). Nonetheless, the exact mechanism of generation of
circRNAs remains poorly clarified.

circRNAs have been identified to be expressed widely in most
organisms. The size of circRNAs ranges from <100 to several
thousand nucleotides, and are produced by a non-canonical
splicing event named back-splicing, during such event the
downstream splice-donor site is covalently linked to upstream
splice-acceptor site (251). The formed closed-loop structure of
circRNAs makes them much more stable than linear RNAs, and
their half-life is about 4 times longer than linear RNAs (252). In
addition, back-splicing makes circRNAs lack 5" cap and 3’ tail,
which enables them resistant to ribonuclease RNase R. This
feature is usually used in experiments to distinguish circRNAs
from linear counterparts (253). According to the sequences it
contains, circRNA can be divided into three main different types:
exon circRNA (EcRNA), intron circRNA (CiRNA) and exon-
intron circRNA (EIcCRNA) (242, 254). Among them, EcCRNA is
the most common and is mainly distributed in the cytoplasm,
while circRNAs containing introns are distributed in the nucleus.
CircRNAs exhibit widespread expression in different species and
abundant expression in human tissues, especially in brain. And
their sequences are highly conserved, and many studies have
detected about 15,000 human circRNAs sequences in mice.
Moreover, their expression exhibits in tissue-, cell- and
developmental stage-specific manner, and partially
dysregulated circRNAs have a close relationship with tumor
pathological differentiation, TNM stage and Lei et al,

indicating that they may be suitable candidates for cancer
biomarkers (253, 255).

In 2000, Hanahan and Weinberg proposed six hallmarks of
cancer that result in the progressive conversion of normal cells
into cancerous cells (256). Most and perhaps all types of human
cancer shared these acquired capabilities, including self-
sufficiency in growth signals, evasion of antigrowth signals,
resistance to cell death, limitless replicative potential, sustained
angiogenesis, tissue invasion and metastasis. In recent years,
some circRNAs have been shown to be involved in these
properties of cancer (257).

As mentioned above, as a mechanism of cell death, apoptosis is
significant for maintaining homeostasis of the internal
environment. Tumor cells can often resist apoptosis, so that
abnormal cells are not properly cleared. Abundant evidence
supports the role of circRNAs in the evasion of apoptosis to
promote cancer progression and blunt therapeutic responses.
Cancer cells have developed various strategies to limit or evade
apoptosis by upregulating anti-apoptotic components (e.g., Bcl-2,
Bcl-xL, and Mcl-1) or decreasing the tumor-suppressive function of
proapoptotic factors (e.g, Bax). These components involved in
apoptosis are broadly inhibited or activated by circRNAs (258). In
this section, we summarize the role of circRNAs in apoptosis to
determine the relationship between circRNAs and the apoptosis of
oral cancer cells (Table 5).

The p53 gene is a common tumor suppressor which is
involved in cell cycle regulation via a variety of pathways and
plays an important role in the development of various tumors,
including OSCC (259). BAX is a water-soluble protein
homologous to BCL-2 and promotes apoptosis. The
overexpression of BAX can antagonize the protective effect of
BCL-2 and cause cell death. It is located downstream of the p53
signaling pathway and is regulated by the p53 gene (260).
Apoptotic protease activating factor-1 (Apaf-1) plays an
important role in the mitochondrial apoptotic pathway, and its
expression is regulated by the BAX gene. Apaf-1 ultimately
mediates caspase family-related proteins, such as caspase-3,
which is generally considered the most important terminal
cleavage enzyme in apoptosis (261, 262). It has been shown
that when hsa_circ_0055538 was overexpressed in OSCC cells
(SCC9 and CAL27 cells), the expression levels of p53, p21, BAX,
Apaf-1, caspase-3, and cleaved caspase-3 increased, while the
expression of Bcl-2 decreased. Thus, upregulation of
circ_0055538 promotes cell apoptosis. As well, downregulation
of hsa_circ_0055538 in SCC9 and CAL27 cells using siRNA and
obtained the opposite results. Hsa_circ_0055538 regulates the
malignant biological behavior of oral squamous cell carcinoma
through the p53/Bcl-2/caspase signaling pathway (263).

Circular RNA itchy E3 ubiquitin-protein ligase (circ-ITCH)
was demonstrated to function as a tumor suppressor in multiple
human cancers, such as lung cancer, ovarian carcinoma, and
colorectal cancer (264). Recently, Hao et al. (265) investigated
the functional role of circ-ITCH in OSCC. They found that the
expression level of circ-ITCH was significantly downregulated in
OSCC samples and reported the decreased expression of circ-
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TABLE 4 | IncRNAs can regulate cell death pathways in oral cancer.

IncRNAs Expression Cancer Targetof Inhibition/ Sample type Note Ref
cell miRNA Induction of
Cell Death
LncRNA Up 0OSCC PIMA1 Inhibition of  In vitro (SAS cell PANDAR inhibits apoptosis by overexpression of PIM1 through binding  (51)
PANDAR apoptosis line) to SRSF7.
INncRNA Up 0OSCC miR-149 Inhibition of Human (OSCC, n= miR-149 induces apoptosis and in contrast, INcCRNA GACAT1 inhibits (10)
GACAT1 apoptosis 20), In vitro apoptosis by sponging miR-149.
and (PECAPJ41 and
autophagy HSC-4 cells)
LncRNA Up 0OSCC FUS/EZH2  Inhibition of Human (OSCC, n=LncRNA PART1 inhibits apoptosis by binding to FUS and stabilizing (52)
PART1 pathway apoptosis 36), EZH2 gene.
In vitro (Tca-8113
and CAL27)
INcRNA Down oscc - Induction of ~ Human (OSCC, Overexpression of INcRNA PTSCS induces apoptosis and autophagy. (53)
PTSC3 apoptosis n=15),
and In vitro (SCC-1 and
autophagy SCC-9 cells)
LncRNA Down 0OSCC miR-221 Inhibition of  In vitro LncRNA SCIRT inhibits apoptosis through sponging miR-221 to (54)
SCIRT apoptosis upregulate INcRNA GASS5.
LncRNA Up 0OSCC miR-1301-  Inhibition of Human (OSCC, LncRNA LINC01207 inhibits apoptosis and autophagy by regulating (55)
LINCO1207 3p apoptosis n=30), In vitro miR-1301-3p/LDHA axis.
and (HSC-3 and HSC-
autophagy 4 cells)
LncRNA Up oscc - Inhibition of ~ Huan (OSCC, LncRNA SNHG16 inhibits apoptosis. (56)
SNHG16 apoptosis n=50), In vivo
(mice), In vitro
(CAL27 and
TCA8113)
INcRNA Up 0OSCC EZH2 Inhibition of  In vitro (Tca-8113  Downregulation of INcRNA HOXA-AS2 promotes apoptosis by (57)
HOXA-AS2 apoptosis cells) regulating HOXA-AS2/EZH2 axis.
LncRNA Up 0OSCC MRE11- Inhibition of Huan (primary IncRNA HITTERS can upregulate the expression level of proteins (58)
HITTERS RAD50- apoptosis OSCC, n=48), In involved in DNA damage repair by binding to the MRE11-RAD50-
NBS1 vitro (SCC25 and NBS1 complex and as a result, attenuate endoplasmic reticulum
complex CAL27) stress-induced apoptosis.
INcRNA Up OSCC miR-98- Inhibition of  In vitro (OSCC=15  Downregulation of INcRNA HOXA11-AS promotes apoptosis by (59)
HOXA11-AS 5p/YBX2 apoptosis and SCC-25 cells)  regulating miR-98-5p/YBX2 axis.
axis
INcRNA Up OSCC miR-216a-  Inhibition of Human (OSCC, Downregulation of DANCR induces apoptosis by targeting miR-216a- (60)
DANCR 5p apoptosis n=86), In vitro 5p.
(SCC15 and CAL-
27)
INcRNA Down TSCC miR-503-  Induction of  Human (TSCC, miR-503-5p prevent the effects of INcCRNA-PART1 on the apoptosis, in  (61)
PART1 5p apoptosis n=40), In vitro return, overexpression of INCRNA-PART1 induces apoptosis by
(CAL-27 and targeting miR-503-5p.
SCC9 cells)
INcRNA Up OSCC  miR-150 Inhibition of ~ Human (OSCC, miR-150-5p can induce apoptosis, in return, INCRNA PVT1 inhibits (62)
PVT1 —5p/GLUT  apoptosis n=70), In vitro apoptosis by regulating the miR-150-5p/GLUT-1 axis.
-1 (SCC-090, SCC-
25 and CAL-27)
Exosomal Up TSCC miR-3169- Inhibition of  In vitro (SCC4/DDP  Exosomal HEIH inhibits apoptosis by sponging miR-3169-5p and (63)
INncRNA 5p apoptosis cells) increasing HDGF levels.
HEIH
LncRNA Up 0OSCC Notch Inhibition of In vitro (TSCCA LncRNA NEAT1 inhibits apoptosis by activating Notch signaling (64)
NEAT1 signaling apoptosis cell) pathway.
pathway
INcRNA XIST  Up 0OSCC miR-27b-  Inhibition of Human (OSCC INcRNA XIST inhibits cell apoptosis in OSCC by regulating miR-27b- (65)
3p apoptosis tissue), In vitro 3p.
INncRNA Up 0OSCC Slug and Inhibition of Human (OSCC, n=IncRNA AC007271.3 inhibits apoptosis in OSCC cells via regulating (66,
AC007271.3 Wnt/B- apoptosis 97), In vitro (SCC9, Slug 67)
catenin SCC15, SCC25)
signaling
pathway
(Continued)
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TABLE 4 | Continued

IncRNAs Expression Cancer Targetof Inhibition/ Sample type Note Ref
cell miRNA  Induction of
Cell Death
LncRNA Up 0OSCC miR-185-  Inhibition of  In vitro (SCC 9 and LncRNA LINC00958 inhibits apoptosis through sponging miR-185-5p/  (68)
LINC00958 S5p/YWHAZ  apoptosis CAL27) YWHAZ axis
axis
LncRNA Up 0OSCC Sirtuini Inhibition of ~ In vitro (HSC4 LINC00958 increases anti-apoptosis protein Bcl-2 levels and (69)
LINC00958 apoptosis cells) decreases pro-apoptosis proteins Bax, c-casp-3. LINC00958 inhibits
apoptosis of OSCC by targeting Sirtuini.
INcRNA Up oscc - Inhibition of ~ In vitro (TCA-8113  Downregulation of INcRNA HOXA-AS?2 induces apoptosis. (70)
HOXA-AS2 apoptosis cells)
INcRNA Up 0OSCC miR-29a/  Inhibition of  In vitro (SCC9 Downregulation of INcRNA SNHG20 promotes apoptosis through (19)
SNHG20 DIXDC1/ apoptosis cells) regulating the miR-29a/DIXDC1/Wnt axis.
Wnt axis.
INcRNA Up 0OSCC AKT/ Inhibition of Human (OSCC, IncRNA CASC9 inhibits autophagy-mediated cell apoptosis through (71)
CASC9 mTOR apoptosis/ n=84), In vitro the AKT/mTOR pathway.
pathway autophagy (SCC15 and
CAL27)
INcRNA down 0OSCC miR-548d-  Induction of  In vivo (mice), In IncRNA MEGS induces apoptosis through modulate JAK-STAT (72)
MEG3 3p apoptosis vitro (H157 and pathway by miR-548d-3p/SOCS5/SOCS6
HSC-2 cells)
INcRNA Up TSCC miR-328 Inhibition of Human (TSCC, INcRNA RP5-916L7.2 suppresses cells apoptosis by targeting miR- (73)
RP5- and miR- apoptosis n=30), In vitro 939-5p and miR-328-5p.
916L7.2 939 (Tca-8113)
INcRNA Up 0OSCC miR-214-  Inhibition of Human (OSCC, LncRNA HOXA11-AS decreases apoptosis and caspase 3 activities by (74)
HOXA11-AS 3p apoptosis n=31), In vitro downregulation expression level of miR-214-3p.
(TSCCA and CAL-
27)
ncRNA Up oscc - Inhibition of Human (OSCC, n= Downregulation LEF1-AS1 lead to induces apoptosis in OSCC cells. (75)
LEF1-AS1 apoptosis 88), In vitro (SCC4
and SCC15 cells)
INcRNA Up 0oscCc - Inhibition of ~ In vitro (SCC15 Suppression of INcRNA HULC induces apoptosis in OSCC cells. (76)
HULC apoptosis and SCC25)
INcRNA Up oscc - Inhibition of Human (OSCC, n= Suppression of INcRNA CRNDE induces the apoptosis of OSCC cells.  (77)
CRNDE apoptosis 52), In vitro (CAL-
27 and SCC-15
cells)
INcRNA Up OSCC  miR-185-  Inhibition of ~ Human (OSCC, n= Suppression of INcCRNA KCNQ1OT1 induces apoptosis by the (78)
KCNQ10T1 5p/Rab14  apoptosis 60), In vitro regulation of miR-185-5p/Rab14 axis.
axis. (SCC15 and HSC-
3 cells)
INcRNA - 0OSCC miR-1297  Induction of  In vitro (UM-SCC6  Overexpression of INcRNA GAS5 by propofol induces cell apoptosis. (79)
GAS5 apoptosis cells) Besides, miR-1297 inhibits GSK3p expression. Upregulation of GSK3
levels by targeting miR-1297 through INcRNA GAS5 lead to enhances
Mgl-1 degradation and induction of cell apoptosis.
LncRNA Down 0OSCC miR-21 Induction of ~ Human (OSCC, LncRNA CASC2 promotes cell apoptosis by regulating of miR-21 (80)
CASC2 apoptosis n=69), In vitro expression.
(Tca8113 and
TSCCa)
LncRNA Down oscc - Induction of  Invitro (Tca-8113  ENST00000470447.1 promotes the apoptosis of Tca-8113 cells. 81)
ENST00000 apoptosis cells)
470447 1
LncRNA Down OSCC PIBK/AKT  Induction of ~ Human (OSCC, LncRNA LINC00961 promotes apoptosis of OSCC cells by regulating (82)
LINC00961 signaling apoptosis n=35), In vitro the PIBK/AKT signaling pathway.
pathway (OSC-4 and CAL-
24)
INcRNA Up OSCC  TGF-p/ Inhibition of Human (OSCC, INcRNA ANRIL inhibits apoptosis of OSCC cells by regulating TGF-p/ (83)
ANRIL Smad apoptosis n=35), In vitro Smad pathway.
pathway (OSC-4 and CAL-
24)
LncRNA Up oscCc - Inhibition of ~ In vitro (CAL-27 LncRNA SNHG16 inhibits apoptosis of OSCC cells. (84)
SNHG16 apoptosis and TSCCA cells)
INcRNA XIST Up OSCC miR-34a- Inhibition of In vitro (Cal-27 and  Downregulation of INcRNA XIST promotes apoptosis of OSCC cells by ~ (85)
5p apoptosis Tca-8113 cells) regulating expression level of miR-34a-5p.
(Continued)
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TABLE 4 | Continued

IncRNAs

INncRNA
LINC00662

INncRNA
HOTAIR

LncRNA
HOTAIR

LncRNA
HOTAIR

INcRNA
HOTAIR
INcRNA
LACAT1
INcRNA
Cbhorfe6
—AS1

INcCRNA
HOTTIP

INcRNA

NEATA

INcRNA

KCNQ10T1

INcRNA
CEBPA-AS1

INncRNA H19

INcRNA
TUC338

INcRNA
MALAT

LncRNA

TUGH

INcRNA
UCA1

INncRNA
MEG3

Expression Cancer

Up

Up

Up

Up

Up

Down

Up

Up

Up

Up

Up

Up

Up

Up

Down

cell

0SCC

0SCC

0SCC

0OSCC

0SCC
0OSCC

0SCC

TSCC

0OSCC

Tongue

cancer

0OSCC

0OSCC

TSCC

TSCC

0OSCC

0SCC

0SCC

Target of
miRNA

miR-4301

miR-365

EGFR

CEBPA

miR-138

Wnt/B-
catenin
signaling
pathway
Wnt/B-
catenin
signaling
miR-184

Inhibition/
Induction of
Cell Death

Inhibition of
apoptosis

Inhibition of
apoptosis
and induction
of autophagy
Inhibition of
apoptosis

Inhibition of
apoptosis

Inhibition of
apoptosis
Inhibition of
apoptosis
Induction of
apoptosis

Inhibition of
apoptosis
Inhibition of
apoptosis
Inhibition of

apoptosis

Inhibition of
apoptosis

Inhibition of
apoptosis

Inhibition of
apoptosis

Inhibition of
apoptosis

Inhibition of
apoptosis

Inhibition of
apoptosis

Induction of
apoptosis

Sample type

Human (OSCC,
n=61), In vitro
(1ISG15 cell)

In vitro (CAL-27)

Human (OSCC, n=
76),

In vitro (Tca8113
and TSCCA)
Human (OSCC, n=
45),

In vitro (Tca8113)
In vitro (Tca8113
cells)

In vitro (Cal-27 and
Tca-8113 cells)
Human (OSCC, n=
30), In vitro (SCC9
cells)

Human (TSCC, n=
30), In vitro
(TSCCA and
TCA8113 cells)
Human (OSCC, n=
30), In vitro (SCC9
cells)

Human (tongue
cancer tissues, n=
50), In vitro (UM1
and CAL-27 cells)
Human (OSCC,
n=60),

In vitro (Tca8113
and Cal-27 cells)
Human (OSCC, n=
42),

In vitro (HSC-2 and
Cag9-22 cells)
Human (TSCC,
n=25)

In vitro (CAL-27
and SCC-9 cells),
In vivo (mice)
Human (OSCC, n=
42),

In vitro (HSC-2 and
Ca9-22 cells)

In vitro (Tca8113
and TSCCA cells)

Human (OSCC, n=
30),

In vitro (Tca8113-
CDDP and
TSCCA-CDDP
cells)

Human (OSCC,
n=83), In vitro

Note Ref
Downregulation of INcRNA LINC00662 promotes apoptosis of OSCC (86)
cells.
INcRNA HOTAIR can act as an oncogene INcRNA in OSCC cells by 87)
decreasing apoptosis and promoting autophagy.
Downregulation of HOTAIR induces apoptosis of OSCC cells. (88)
Downregulation of HOTAIR induces apoptosis of OSCC cells. (89)
DNA damage promotes overexpression of INcRNA HOTAIR mRNA and  (90)
it inhibits apoptosis of Tcag8113 cells.
LACAT1 suppresses apoptosis of OSCC cells by targeting miR-4301. 91)
Overexpression of INcRNA C50rf66—-AS1 promotes apoptosis of OSCC  (92)
cells.
Downregulation of INncRNA HOTTIP promotes apoptosis of TSCC cell 93)
by regulation of apoptosis-related molecules
Downregulation of INcRNA NEAT1 promotes apoptosis in OSCC cells (94)
by regulating miR-365.
Downregulation of KCNQ1OT1 induces apoptosis of TSCC through 62)
intrinsic pathway and regulation of EGFR.
Downregulation of INncRNA CEBPA-AST1 induces apoptosis of OSCC (95)
cell through pathway CEBPA/BcI2 by targeting CEBPA.
IncRNA H19 inhibits apoptosis of OSCC cell through regulating miR- (96)
138 expression.
Downregulation of INcRNA TUC338 induces apoptosis of TSCC cell. 97)
MALAT1 suppresses apoptosis of TSCC cells through modulating (98)
Whnt/B-catenin signaling pathway.
Downregulation of INcRNA TUG1 induces apoptosis of OSCC cells 99)
through modulating Wnt/B-catenin signaling pathway.
IncRNA UCA1 knockdown promotes apoptosis rate of OSCC cell by (100)
sponging miR-184.
INncRNA MEG3 induces apoptosis of OSCC cells (101)

(Continued)
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TABLE 4 | Continued

IncRNAs Expression Cancer Targetof Inhibition/ Sample type Note Ref
cell miRNA  Induction of
Cell Death
(Cal27 and SCC15
cells)
INncRNA Up 0OSCC WNT/B- Inhibition of ~ In vitro (Cal27 and  Downregulation of INncRNA UCA1 promotes apoptosis of OSCC cell (102)
UCA1 catenin apoptosis SCC15 cells) may be by regulating the WNT/B-catenin signaling pathway.
signaling
pathway
INcRNA Up 0OSCC miR-199a-  Inhibition of Human (OSCC Downregulation of INcRNA TTN-AS1 promotes apoptosis of OSCC (103)
TTN-AS1 3p apoptosis tissue, Nn=36), In cells by sponging miR-199a-3p.
vitro (SCC-4 and
HSC-3 cells)
INcRNA Up 0OSCC miR-411-  Inhibition of Human (OSCC INcRNA TTN-AS1 contribute to oral cancer development by inhibition (20)
TTN-AS1 3p apoptosis tissue, N=50), of apoptosis in OSCC cells through regulating miR-411-3p/NFAT5
In vitro (SCC-4 and  axis.
SCC-9 cells)
INcRNA Up TSCC miR-543/  Inhibition of Human (TSCC, n= Downregulation of INcRNA TRG-AS1 induces apoptosis of TSCC cells  (104)
TRG-AST YAP1 apoptosis 57), In vitro (CAL- by regulation of miR-543/YAP1 pathway.
pathway 27 and SCC-15)
LncRNA Up TSCC miR-876-  Inhibition of Human (TSCC, n= Downregulation of INcRNA LINC00519 induces apoptosis of TSCC (105)
LINC00519 3p apoptosis 52), In vitro (SCC-  cells by regulation of miR-876-3p/MACC1 axis.
15 and CAL-27)
LncRNA Down 0OSCC miR-188-  Inhibition of  In vitro (SCC-9 and LncRNA SNHG15 inhibits apoptosis of OSCC cells by sponging miR- (19)
SNHG15 5p apoptosis SCC-15) 188-5p
LncRNA Up OSCC  miR-133a- Inhibition of ~ Human (OSCC Downregulation of LncRNA FER1L4 induces apoptosis of OSCC cells  (106)
FER1L4 5p apoptosis tissue, n= 45), by regulating the miR-133a-5p/Prx1 axis.

In vitro (SCC-9 and

HN4 cells)

ITCH in OSCC is closely correlated with malignant progression
and poor survival in OSCC patients. As well, the results of their
study showed that circ-ITCH overexpression suppressed cell
proliferation, but promoted apoptosis of OSCC cells in vitro.
Also, they observed that the increased apoptosis rates of OSCC
cells with circ-ITCH overexpression were notably diminished by
co-transfection of miR-421, accompanied by the increased
expression of Bcl-2 and the decreased levels of Bax, cleaved
caspase-3 and PDCD4. Overall, the result of their research
showed that circ-ITCH serves as a tumor suppressor in OSCC
partly by suppressing cell proliferation and Inducing apoptosis in
OSCC by regulating miR-421/PDCD4 Axis (265).

Baculoviral IAP repeat-containing 3 (BIRC3) belongs to the
inhibitors of apoptosis (IAP) family of proteins, which suppress
proapoptotic signaling. Several studies have reported that BIRC3
may also impair cancer cell susceptibility to chemotherapy (266).
Recently, Wang et al. (267) built an apoptotic model with TNF-o,
and then they confirmed a circRNA associated with the apoptosis of
OSCC cells, circDOCK1 by comparing the expression profile of
circRNAs in an apoptotic model with that in untreated OSCC cells.
They observed that circDOCKI is highly expressed in OSCC tissue
and cell lines, and circDOCK1 is significantly downregulated in the
apoptosis model. In order to further confirm the biological function
of circDOCK1 in OSCC, they downregulated circDOCK1
expression using siRNAs and observed that the apoptosis rate
increased. With the use of bioinformatics analysis, they surmised
that circDOCK1 could serve as a miR-196a-5p sponge. Besides,
miR-196a-5p may be implicated in cancer-associated pathways and
regulate apoptosis-related genes (268, 269). In order to validate the

circDOCK1/miR-196a-5p/mRNA axis, their results revealed that
when the expression level of circDOCK1 is downregulated, miR-
196-5p was upregulated while BIRC3 was downregulated
accordingly. Moreover, when the expression level of miR-196-5p
is upregulated, circDOCK1 and BIRC3 were downregulated
accordingly, too. At the end of this study, they suggested that
circDOCKI suppresses cell apoptosis via inhibition of miR-196a-5p
by targeting BIRC3 in OSCC (267).

It has been reported that TLR4 can mediate the immune
escape of tumor cells and promote tumor cell to resist drug-
induced apoptosis (270). Ai et al. (271) conducted a TNF-a
induced apoptosis experiment in OSCC cells. The results of their
study showed that TNF-a could induce apoptosis of OSCC cells,
which was enhanced by knockdown of circ_0001461. In contrast,
overexpression of circ_0001461 lead to inhibit the apoptosis of
OSCC cells induced by TNF-a treatment. In addition, they
reported that knockdown of circ_0001461 inhibited the
expression of TLR4 and NF-kB, while overexpression of
circ_0001461 promoted the protein level of TLR4 and NF-kB.
Functionally, circ_0001461 directly targeted miR-145 and
inhibited the proliferation, migration, and invasion of OSCC
cells. TLR4, a direct target of miR-145, served as the key mediator
of circ_0001461 function by promoting the resistance of immune
induced apoptosis of OSCC cells. Together, their results
suggested that circ_0001461 might promote OSCC cells to
resist TNF-a induced apoptosis through TLR4 mediated NF-kB
pathway (271).

Cetuximab is a recombinant human murine chimeric IgGl
monoclonal antibody, which has high affinity for EGFR, inhibits
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TABLE 5 | Circular RNAs can regulate cell death pathways in oral cancer.

Circular-RNAs Expression Cancer Target of Inhibition/ Sample type Note Ref
cell miRNA Induction of
Cell Death
circRNA_100533 Down 0OSCC miR-933 Induction of In vitro (CAL-27 and circRNA_100533 can induce apoptosis of OSCC cells by ~ (107)
apoptosis SCC-9 cell lines) sponging MiR-933, and then regulating GNAS expression.
circBICD2 Up 0OSCC miR-149- Inhibition of Human (Tongue, n= 15; IGF2BP1 inhibits the apoptosis of OSCC cells by regulating (108)
5p apoptosis Buccal, n=5; and the miR-149-5p/IGF2BP1 axis.
gingival, n= 6), In vitro
(SCC25 and CAL27 cells)
circFNDC3B Up 0OSCC miR-520d-  Inhibition of In vitro (CAL27 and Downregulation of circFNDC3B promotes apoptosis of (109)
5p apoptosis SCC15 cells) OSCC cells by regulating the miR-520d-5p/SLC7A11 axis
circ_0109291 Up oscc - Inhibition of Human (OSCC tissue, n= Downregulation of circ_0109291 induces apoptosis of (110)
apoptosis 51), In vitro (CAL27 and OSCC cells.
SCC4 cells)
circ_0002203 Down oscCc - Induction of Human (OSCC tissue, Overexpression of circ_0002203 promotes apoptosis of (111)
apoptosis n=40), In vitro (CAL27 OSCC cells.
and SCC15 cells)
circ_0055538 Down OSCC  The pb3/ Induction of Human (OSCC tissue, n= Overexpression of circ_0055538 induces the apoptosis of  (112)
Bel-2/ apoptosis 44), In vitro (CAL27 and OSCC cells by regulating the p53/Bcl-2/caspase signaling
caspase SCC9 cells) pathway.
signaling
pathway
circ_0007059 Down oscc - Induction of Human (OSCC tissue, Overexpression of circ_0007059 induces the apoptosis of ~ (113)
apoptosis n=52), In vitro (CAL27 OSCC cells maybe by remodulation of AKT/mTOR
and SCC15 cells) pathway.
circ_009755 Down 0oscC - Induction of Human (OSCC tissue, Decrease the expression level of circ_009755 suppresses  (114)
apoptosis n=8), In vitro (CAL27 and  the apoptosis of OSCC cells.
SCC15 cells)
circATRNLA Down 0OSCC miR-23a- Induction of Human (OSCC, tissue, Overexpression of circATRNL1 help to improved sensitivity — (115)
3p apoptosis n= 48), In vitro (HSC3 of OSCC cells to radiotherapy by promotes apoptosis
and SCC25 cells) through sponging miR-23a-3p.
circ_0033144 Up OSCC  miR-579/ Inhibition of Human (OSCC, tissue, Downregulation of cirCBCL11B promotes the apoptosis of  (116)
(CircBCL11B) LASP1 apoptosis n= 50), In vitro (CAL27 OSCC cells by regulating miR-579/LASP1 axis.
axis. and SCC15 cells)
CircSPATAG Down OSCC  miR-182/ Induction of Human (OSCC, serum, CircSPATAG promotes apoptosis of OSCC cell by (117)
TRAF6 axis apoptosis n= 46), In vitro (CAL27 regulating the miR-182/TRAF6 axis.
and SCC9 cells)
Circ-BICD2 Up 0OSCC miR-296- Inhibition of Human (OSCC tissue, n= circ-BICD2 can promote apoptosis of OSCC cells might by (118)
5p apoptosis 35), In vitro (CAL27 and  the regulating the miR-296-5p/TAGLN2 axis.
SCC9 cells)
Circ-ITCH Down 0OSCC miR-421 Induction of Human (OSCC tissue, Overexpression of circ-ITCH promotes apoptosis of OSCC  (119)
apoptosis n=57), In vitro (SCC6 and  cells through regulating miR-421/PDCD4 axis.
HN4 cells)
Circ-PVT1 Up oscCc - Induction of Human (OSCC tissue, circ-PVT1 promotes apoptosis of OSCC cells. (120)
apoptosis n=30), /n vitro (SCC4 and
CAL27 cells)
Circ-KIAA0907 Down 0OSCC miR-96-5p  Induction of Human (OSCC tissue, circ-KIAA0907 induces apoptosis of OSCC cells through (121)
apoptosis n=59), In vitro (HSC6 and  regulating the miR-96-5p/UNC13C axis.
OECMT1 cells)
circKRT1 Up 0OSCC miR-495- Inhibition of Human (OSCC tissue, Downregulation of circKRT1 inhibits the apoptosis of CD8+ (122)
3p apoptosis n=50), In vitro (Cal-27 T cells by regulating by the miR-495-3p/PDL1 axis and
and HSC-3) suggested that suppresses activity of CD8+ T-cell to
induces immune evasion of OSCC cells.
circ_0000140 Down 0OSCC miR-31 Induction of Human (OSCC tissue, circ_0000140 promotes apoptosis of OSCC cells by (123)
apoptosis n=56), In vitro (Cal-27, regulation of miR-31/LATS2 axis.
HSC-3 and HOK cells)
circRNA_043621 Up oscCc - Inhibition of Human (OSCC tissue, n= The circRNA_043621 downregulation leads to induction of ~ (124)
apoptosis 23), apoptosis in OSCC cells.
In vitro (TSCC1 cell)
circRNA_102459 Down oscCc - Induction of Human (OSCC tissue, n= The circRNA_102459 overexpression leads to induction of ~ (124)
apoptosis 23), apoptosis in OSCC cells.
In vitro (TSCC1 cell)
Circ-HIPK3 Up OSCC  miR-381- Inhibition of In vitro (SCC-4 and SCC-  circ-HIPK3 inhibits apoptosis of OSCC cells through (125)
3p apoptosis 9 cells) regulating miR-381-3p/YAP1 axis.
(Continued)
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Circular-RNAs

CircRNA_10103

circ_0001742

circ_0005379

circ_0011946

Circ_0001461

circCDR1as

circHIPK3

circDHTKD1

circ_0005623

Circ_0002141

circ_0005379

circ-PKD2

circ_0001971
circ_0001874
Circ_0001971

Circ_0109291

circ_0000745

Circ-SCMH1

Expression

Down

Up

Down

Up

Up

Up

Up

Up

Up

Down

Down

Up

Up

Up

Up

Cancer

cell

0SscC

TSCC

0OSCC

0scC

0SCC

0OSCC

0SscC

0OSCC

0OSCC

0OSCC

0OSCC

0SCC

0OSCC

0OSCC

0OSCC

0OSCC

Target of

miRNA

miR-431-
Sp

miR-216a

miR-145

miR-876-
Sp

miR-637

miR-326

miR-17-5p

miR-204-3

miR-194
and miR-
204
miR-188-
3p

miR-488

miR-338-
3p

Inhibition/
Induction of
Cell Death

Induction of
apoptosis
Inhibition of
apoptosis

Induction of
apoptosis

Inhibition of
apoptosis

Inhibition of
apoptosis

Induction of
autophagy
and inhibition
of apoptosis
Inhibition of
apoptosis

Inhibition of
apoptosis

Inhibition of
apoptosis

Induction of
apoptosis
Induction of
apoptosis

Inhibits of
apoptosis
Inhibits of
apoptosis

Inhibits of
apoptosis
Inhibition of
apoptosis

Inhibition of
apoptosis

Sample type

In vitro (OECM1 and
HSC3 cells)

Human (TSCC tissue, n=
30),

In vitro (CAL27 and
SCC4 cells)

Human (OSCC tissue, n=
37),

In vitro (SCC25 and
CAL27 cells)

Human (OSCC tissue, n=
30),

In vitro (SCC25 and
CAL27 cells)

Human (OSCC tissue, n=
20),

In vitro (CAL-27 and KB
cells)

Human (OSCC tissue),

In vitro (OSCC cells)

Human (OSCC tissue, n=
40), In vivo (mice)

In vitro (Tca8113 and
SCC-9 cells)

Human (OSCC tissue, n=
56),

In vitro (SCC9 and Cal27
cells)

Human (OSCC tissue, n=
56),

In vitro (SCC-9 and CAL-
27 cells).

Human (OSCC tissue, n=
52),

In vitro (OSCC cells)
Human (OSCC tissue),

In vitro (SCC15 cells)
Human (OSCC tissue, n=
56),

In vitro (SCC15 cells)

In vitro (SCC9 cells)

Human (OSCC tissue, n=
50), In vitro (CAL-27 and
SCC9 cells)

Human (OSCC tissue, n=
60), In vitro (CAL-27/DDP
and UM1/DDP cells)

Human (OSCC tissue, n=
64), In vitro (Cal-27 and
SCC9 cells)

Human (primary OSCC
tissue, n= 62),

In vitro (SCC-15/DDP and
CAL-27/DDP)

Note

Overexpression of circRNA_10103 induces apoptosis of
OECM1 and HSC3 cells.

circ_0001742 inhibits apoptosis of TSCC cells by
regulating the miR-431-5p/ATF3 axis.

Overexpression of circ_0005379 induces apoptosis of
OSCC cells might by regulating the EGFR pathway.

Downregulation of expression level of circ_0011946
induces apoptosis of OSCC cells by the regulation of the
miR-216a-5p/BCL2L2 axis.

Circ_0001461 suppresses apoptosis of OSCC cells by
regulating miR-145/TLR4/NF-«B axis.

Upregulation of circCDR1as levels induces autophagy, and
inhibits apoptosis in OSCC cells by targeting miR-876-5p.

CircHIPK3 inhibits apoptosis of OSCC cells through
regulating the miR-637.

circDHTKD1 inhibits apoptosis of OSCC cells by targeting
miR-326

Circ_0002141 inhibits apoptosis of OSCC cells by
regulating miR-1231/EGFR axis

Overexpression of circ_0005379 promotes apoptosis of
OSCC cells by regulating the miR-17-5p/ACOX1 axis.
circ-PKD2 induces apoptosis of OSCC cell by suppressing
of miR-204-3 activity.

Upregulation of circ_0001971 and circ_0001874
synergistically inhibits apoptosis of OSCC cells.
Circ_0001971 inhibits apoptosis of OSCC by regulating
miR-194 and miR-204.

Circ_0109291 was overexpressed in Cisplatin-resistant
OSCC tissues and cells.

Downregulation of circ_0109291 promotes apoptosis of
OSCC cells by regulating the miR-188-3p/ABCB1 axis.
circ_0000745 inhibits apoptosis of OSCC cells by
regulating expression level of miR-488/CCND1.

Circ-SCMH1 was overexpressed in Cisplatin-resistant
OSCC tissues and cells.

Circ-SCMH1 contribute to oral cancer development by
inhibition of apoptosis in OSCC cells through regulating
miR-338-3p/LIN28B.
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cell cycle progression, and induces tumor cell apoptosis by
specifically binding to the extracellular EGFR domain. This
reduces the production of MMPs and vascular endothelial growth
factors, and inhibits tumor invasion and metastasis. Cetuximab has
shown good clinical efficacy and tolerability for EGFR expression in
head and neck cancers (272, 273). However, unresolved issues with
this drug persist, such as acquired treatment resistance caused by
mutations in KRAS and BRAF, both of which participate in the
EGEFR signaling pathway (274). It has been reported that ncRNAs
can be regulated cetuximab sensitivity in cancer cells (275-277).
Since cetuximab is a commonly used anticancer drug for OSCC
treatment, recently Su et al. (278) performed a drug treatment
experiment to investigate the effect of hsa_circ_0005379 on OSCC
cell viability. In their study, apoptosis rates in hsa_circ_0005379
overexpression cells were measured by annexin V-FITC/PI dual-
label flow cytometry and flow cytometry to detect apoptosis in
different treatment groups of SCC25 and CAL27 (OSCC cell lines)
was used. They found that early apoptotic rates in the mock group
were 0.31 and 0.43% in SCC25 and CAL27 cells, respectively, while
early apoptotic rates in the hsa_circ_0005379 group were 1.12 and
0.91% in SCC25 and CAL27 cells, respectively. Early apoptotic rates
in the mock + cetuximab group were 17.88 and 15.22% in SCC25
and CAL27 cells, respectively, while early cell apoptotic rates in the
circ_0005379 + cetuximab group increased to 38.35 and 35.77% in
SCC25 and CAL27 cells, respectively. Their experimental results
showed that changes in early apoptotic rates are not obvious in cells
after high hsa_circ_0005379 expression in SCC25 and CAL27 cell
lines. However, when cetuximab was added after overexpressing
hsa_circ_0005379 in SCC25 and CAL27 cells, the early apoptotic
rate of the cells significantly increased to 38.35 and 35.77%,
respectively. This study indicated that high hsa_circ_0005379
expression increases cetuximab sensitivity and provides a new
potential target for OSCC anticancer drugs design in the future
(278). The occurrence of cisplatin (DDP) resistance in oral
squamous cell carcinoma (OSCC) is a major challenge for OSCC
treatment. Gao et al. reported that Circ_0109291 was higher
expressed in DDP-resistant OSCC tissues and cells, and its
knockdown suppressed resistance and enhanced the apoptosis of
OSCC cells. They suggested that circ_0109291 could promote the
DDP resistance and inhibit apoptosis of OSCC, and silenced
circ_0109291 might be a key step to inhibit OSCC resistance
(279). In another study, Tan and colleagues (280) found that
circ_0001971 knockdown promoted chemosensitivity (DDP) and
apoptosis in OSCC cells by interacting with miR-194 and miR-204
(280). Such studies show the circRNAs can serve as critical player in
OSCC cell resistance and the functions of the circRNAs provide
insight into their roles in oral cancer chemotherapy resistance. More
studies about circRNAs-mediated PDC of oral cancer are listed
in Table 5.

Recent studies have shown that autophagy plays a critical role in
the occurrence of tumors and malignant transformation (101, 165,
281). In advanced stage tumors, cancer cells survive under low-
nutrition and hypoxic conditions by inducing autophagy due to
cancer cells have higher bioenergy requirements and nutritional
needs than normal cells (165). The elucidation of the association
between autophagy and poor survival in various cancers, suggested

that autophagy may serve as a marker for both diagnostic and
clinicopathological characteristics (282, 283). Thus, understanding
the signaling pathways involved in the regulation of autophagy as
well as its biological functions in OSCC represents new directions in
the development of anticancer therapeutic strategies. Recently, Gao
et al. (284) validated the functional roles of circCDR1as in regulation
of autophagy in OSCC cells and further investigated how
circCDR1as contributed to cell survival via up-regulating
autophagy under a hypoxic microenvironment by using
combination of human tissue model, in vitro cell experiments and
in vivo mice model. They found that overexpression circCDR1as not
only promoted OSCC cells proliferation in vitro and the growth of
implanted tumors in vivo but also stimulated cells autophagy. The
effects of circCDR1as on cellular autophagy contributed to OSCC
progression and development. As well, hypoxia promoted the
expression level of circCDRlas in OSCC cells and elevated
autophagy. In addition, circCDRIlas further increased hypoxia-
mediated autophagy by targeting multiple key regulators of
autophagy. They revealed that circCDR1as enhanced autophagy in
OSCC cells via inhibition of rapamycin (mTOR) activity and
upregulation of AKT and ERKY: pathways. Overexpression of
circCDR1as enhances OSCC cells viability, endoplasmic reticulum
(ER) stress, and inhibited cell apoptosis under a hypoxic
microenvironment. Moreover, circCDR1as is promoted autophagy
in OSCC cells by sponging miR-671-5p. Collectively, the results of
their research revealed that high expression of circCDR1as enhanced
the viability of OSCC cells under a hypoxic microenvironment by
promoting autophagy, suggesting a novel treatment strategy
involving circCDR1as and the inhibition of autophagy in OSCC
cells (284) (Figure 3). Consistent with this studies, Cui et al. (285)
reported overexpression of circCDRIas promoted autophagy, cell
cycle, proliferation, and metastasis and repressed apoptosis in OSCC
cells. CircCDRIas directly targeted miR-876-5p and miR-876-5p
interacted with SLC7A11. MiR-876-5p overexpression was reversed
the effects of circCDRI1as elevation on OSCC cell autophagy, cell
cycle, growth, motility, and apoptosis. In addition, circCDRlas
knockdown blocked tumor growth in vivo. They suggested that
circCDRI1as acted as an oncogene in OSCC progression through
elevating SLC7A11 by targeting miR-876-5p (285).

CONCLUSION

Apoptosis and autophagy are physiologically necessary pathways
that are vital for cell homeostasis and as one of the major
dysregulated processes in the carcinogenesis of oral cancer has
been shown to be regulated by ncRNAs. In the current review, we
have explained the impact of miRNAs, IncRNAs and circRNAs
on apoptosis and autophagy in oral cancer. These ncRNAs
interact with PI3K/Akt, NF-kB, Wnt/B-catenin, EGFR, TGF-$3
and other cancer-related pathways (Tables 3-5). Therefore, they
not only regulate cell death pathway, but also influence other
aspects of oral carcinogenesis.

Manipulation of expression of apoptosis-regulating circRNA,
IncRNAs and miRNAs represent a strategy for combating
carcinogenesis as well as resistance to chemo/radiotherapy. Some
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of the apoptosis-regulating circRNA/miRNA and miRNAs/IncRNAs
have been shown to influence prognosis of lung cancer. The observed
correlation between their expression and patients’ survival is due to
their impact on disease progression as well as response of patients to
EGEFR inhibitors and chemotherapeutic agents.

An acknowledged route of function of IncRNAs and circRNA in
the regulation of apoptosis in oral cancer is their impact on expression
of miRNAs. In fact, they can sponge or sequester miRNAs and release
miRNA targets from their inhibitory effects. Circ-SCMH1/miR-338-
3p, circ_0109291/miR-188-3p, circ_0001971/miR-194/miR-204,
circ_0001874/miR-296, circ-PKD2/miR-204-3p, circ_0001461/
miR-145, circ_0011946/miR-216a-5p, IncRNA-KCNQ1OT1/miR-
185-5p, IncRNA RP5-916L7. 2/miR-328, LncRNA MEG3/miR-
548d-3p, and LINCO00958/miR-4306 are examples of circRNAs/
miRNAs and IncRNAs/miRNAs interactions with verified roles in
the control of oral cancer cells apoptosis. Based on the importance of
apoptotic pathways in determination of response of oral cancer
patients to conventional as well as targeted therapies, identification
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patients with glioma
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Gliomas are the most common brain tumors, which present poor prognosis, due,
in part, to tumor cell migration and infiltration into distant brain areas. However, the
underlying mechanisms causing such effects are unknown. Hedgehog (HH)—-Gli
axis is one of the signaling pathways involved, with a high number of molecular
mediators. In this study, we investigated the association between HH-Gli
intermediates and clinical parameters. We found that high levels of SuFu are
associated with high dissemination patterns in patients with glioma. Therefore, we
analyzed SuFu expression data in three glioma cohorts of surgical samples
(N =1,759) and modified its expression in Glioblastoma Cancer Stem Cells (GB
CSQC) in vitro models. Our data reveal that SuFu overexpression increases cancer
stemness properties together with a migratory phenotype. This work identifies
SuFu as a new molecular player in glioma cell migration and a promising target to
develop blocking agents to decrease GB dissemination.

KEYWORDS

glioma, brain tumors, SuFu = suppressor of fused, migration, hedgehog glioma-
associated oncogene 1 (GLI1), glioblastoma

Introduction

Gliomas are the most common tumors of the central nervous system (CNS) with an
incidence of 6.6 per 100,000 habitants, with a higher incidence in men (1). These
heterogeneous tumors are divided into three groups by their glial cell composition:
astrocytomas, oligodendrogliomas, and ependymomas (2). Tumor grade (I-IV) depends on
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tumor malignancy and is defined and established by the World
Health Organization (WHO) (3). Brain Magnetic Resonance Image
(MRI) and histological evaluation are the gold standard techniques
for glioma diagnostic (4); nonetheless, molecular analysis has been
included in the last 5 years (3). Current glioma medical treatment is
based on surgery, radiotherapy, and chemotherapy with the
alkylating cytostatic agent temozolomide or with nitrosureas,
depending on the tumor grade. The prognosis of patients with
glioma is poor and the median overall survival of the most
aggressive kind, glioblastoma (GB) (classified as grade IV), is less
than 21 months (5). Despite advances in genomics, transcriptomics,
and epigenetic characterization (6), few increases in survival rates
have been observed in the last decades, highlighting the lack of
knowledge about glioma tumor biology.

Tumor initiation, progression, relapse, and, in some cases, even
therapy escape mechanisms are driven, in part, by the presence of a
small subpopulation of cancer stem cells (CSCs) in the brain (7).
CSC invasion capacity of the surrounding brain determines disease
progression; however, the effect of this migration pattern in patients’
prognosis is still unclear (8). One of the signaling pathways that has
been suggested to be involved in gliomagenesis is the Hedgehog
(HH)-Gli axis (9). This signaling cascade is active during the
embryogenic development and normally is repressed in adult life,
except in some pathologies like cancer, where it can be reactivated
(10). Briefly, in humans, the activation of this pathway occurs when
sonic HH binds to the transmembrane protein Patched 1 (Ptchl)
and liberates Smoothened (Smo), which activates Gli transcription
factors (11). The Gli complex is composed of three Gli proteins,
normally suppressed by the negative regulator Suppressor of fused
(SuFu) (12). Mutations on this gene are associated with some CNS
tumors such as medulloblastoma or meningioma (13), and its loss
appears to increase tumorigenesis (14). In an attempt to investigate
HH-GIli pathway in gliomas, some assays have been developed
(15, 16). However, the role of SuFu and its mechanism of action
have not yet been elucidated. For this reason, and to investigate
SuFu function in different grade glioma tumors, we analyzed its
expression in three cohorts (N = 1,759) and established the
correlation with migration and stemness patterns. Our data
reveals that increased levels of SuFu correlate with high
dissemination patterns in patients with glioma and in GB CSCs
in vitro models.

Materials and methods
Human glioma and control samples

A total of 79 surgical samples were obtained from patients
diagnosed with glioma. The brain tumors were classified by
histology (astrocytoma, N = 10; oligodendrolgioma, N = 6;
oligoastrocytoma, N = 1; and GB, N = 62) based on WHO
criteria. Surgical procedures and MRI were conducted at
Hospital La Fe (Valencia, Spain). All patients gave their
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informed patient consent in accordance with the medical and
science ethics review board.

Cancer stem cell cultures

GB18 and GB27 CSCs were processed within 12 h of
extraction, following the previously described protocol (17).
Medium was replaced every 3 days. Sphere-like clusters were
passaged before becoming necrotic by both enzymatic and
mechanical disaggregation with polished Pasteur pipettes.

Vector construction

To induce the overexpression of SuFu in the CSCs, SuFu cDNA
was PCR-amplified and cloned into the vector pWPI, which
contains the GFP sequence following the internal ribosome entry
site (Supplementary Figure 1A). Lentiviruses were generated by
cotransfecting the backbone carrying SuFu along with pCMV
AR8.2 and pMD2 VsVg into 293T cells. Transfection was
performed using the CalPhos Kit (Calbiochem).

To induce the downregulation of SuFu, an entry vector for
the expression of short hairpin RNA (shRNA) was designed with
the BLOCK-iT ™ U6 Entry Vector Kit (Invitrogen) and was then
transfected into 293FT cells using the BLOCK-iT' " Lentiviral
RNA Expression System (Invitrogen). The vector containing the
shRNA was cloned into the pLenti6/BLOCK-iTTM -DEST vector
that contains Blasticidin resistance marker for the selection of
infected cells (Supplementary Figure 1B). The corresponding
empty vector was used as an internal control (shRC-).

Viral particles from both lentiviral systems were collected
after 72 h. The viral particles were then purified by ultra-
centrifugation at 26,000 rpm for 90 min at 4°C and
resuspended in media. These viruses were used to infect CSCs
with the use of Lipofectaminem 2000 (Invitrogen).

Development of infected CSCs

After infection with the upregulating lentiviral vector, CSCs
were sorted by green fluorescent protein (GFP) expression using a
MoFlo High Speed Cell Sorter (Beckman-Coulter). One cell per well
was plated by Fluorescent Activated Cell Sorter (FACS)-automatic
cell deposition in 96-well plates and allowed to expand clonally with
the media being replaced every other day. The clone with the
highest GFP expression, as confirmed by immunocytochemistry
(Supplementary Figure 2), was used for all experiments. The level of
GFP correlated with the level of transgene expression. However,
with each successive passage, diminishing levels of either GFP or
transgene were observed. To minimize variations in the transgene
expression in subsequent passages, all experiments were carried out
within the first 10 passages after clonal selection. As for the cells
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infected with the downregulating vector, blasticidin (4 pg/ml) was
used to select the infected cells. The antibiotic was kept in the media
for at least 10 days, and a booster dose was given every couple
of passages.

RNA extraction and cDNA synthesis

RNA extraction from tissues and CSCs was performed with
TriReagent (Sigma) following the manufacturer’s recommendations.
RNA concentration was measured with a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific). RNA was reverse-
transcribed with the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems).

gRT-PCR

Resulting cDNA was diluted and analyzed by quantitative real-
time PCR (qQRT-PCR) using the Light Cycler 1.5 (Roche) sequence
detection system with the SYBR Premix Ex Taq (Takara). Primers
were designed using the Primer 3 software. Conditions were as
follows: one cycle at 95°C for 10 min, followed by 45 cycles of 10 s at
95°C, 10 s at the primer hybridization temperature and 10 s at 72°C.
27 AL method was adopted to analyze the qRT-PCR results.
Three housekeeping genes (Glyceraldehyde-3-phosphat
dehydrogenase (GAPDH), 2-microglobuline, and B-actin) were
used to normalize the data. All data are expressed as increased/
decreased folds (relative units). Two replicates were set for each
sample, and each reaction was repeated to ensure reproducibility.
The information related to all the primers used can be found in
Supplementary Table 1.

Cell-surface adhesion assay

Adhesion assays were carried out using different types of
surfaces for optimum cell growth. Cell suspensions (2 x 10* cells
per well) were seeded onto different extracellular matrix (ECM)
components such as MatrigelTM (BD Biosciences), Laminin
(Sigma-Aldrich), Fibronectin (Sigma-Aldrich), Gelatin (Sigma-
Aldrich), synthetic Poly-D-Lysine (BD Biosciences), and Poly-L-
Ornithine (Sigma-Aldrich)-coated surfaces.

Furthermore, polystyrene culture plates (BD Biosciences)
were included as controls. Cells were cultured for 48 h, and then,
images were taken with an Axiovert 40 CFL Carl Zeiss,
microscope using a 20x objective.

Immunocytochemistry

All immunocytochemistry was performed on CSCs cultured in
chamber slides and fixed with 4% paraformaldehyde (PFA) for 15
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min at RT. Blocking was then performed with PBS with 2% BSA
and 0.2% Triton X-100 for 1 h at RT. Primary antibodies mouse
monoclonal anti-vinculin (1:300, Sigma-Aldrich), Alexa Fluor 647-
Phalloidin (1:40, Invitrogen) and rabbit anti-SuFu (1:250, Abcam)
were incubated overnight and 1 h at RT respectively. Secondary
antibodies Alexa 488 anti-mouse (1:500 Invitrogen) and Alexa 488
anti- rabbit (1:500, Molecular Probe) were incubated for 1 h and
nuclei were stained with DAPT (1:5000 Sigma-Aldrich). Slides were
mounted with fluorescence mounting medium (Fluoromount™ ™
Aqueous Mounting Medium, Sigma-Aldrich).

Fluorescence was observed under a Leica TCS SP5 - Inverted
Confocal microscope, equipped with four laser lines to detect
immunohistochemical signals. Each confocal micrograph
consisted of 1024 (X) x 1024 (Y) x 16 (Z) pixels and all
parameters were kept constant. Regions of Interest (ROIs) were
defined, and quantification analysis was obtained with Leica
Application Suite Advanced Fluorescence (LAS AF) software. The
experiment was performed twice, with three images of the different
type of cells taken in each event. Negative controls with the
secondary antibodies were carried out in all cases.

Directional changes

5,000 CSCs per well were seeded on a Matrigel-coated 96-
well plate. Changes in direction were tracked using an HCS IN
Cell Analyzer 1000 (Cytiva, UK).

Spheres formation

After tumor sphere dissociation, CSCs were plated in 96-well
plate at a density of 100 cells per well. One week later, spheres
were counted and photographed. Sphere measures were
obtained using Image].

Cell viability assay

For cell viability assay, 3000 cells per well were plated in
triplicates for each group (GB18wt, GB18SuFu and GB18sh5) on
96-well plates. Cell proliferation reagent MTS (CellTiter 96
Aqueous One Solution Reagent (Promega)) was added into
wells and incubated for 3h at 37°C. Then, absorbance was
measured at 490 nm and 630 nm to subtract background and
non-specific absorbance in a plate reader (Varioskan Flash
Multimode Reader, ThermoScientific). These experiments were
performed four times and by triplicate for each time. Cell
viability was expressed as percentage of viable cells.

Migration assays

To evaluate cell migration, a 24-well plate with 8-pum pore
size polycarbonate membrane inserts was used. Cells were
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resuspended in 100 pl serum-free DMEM medium and seeded in
the upper chamber, and 500 pl of media with growth factors was
added to the lower chamber. After 3 h, migrated cells were fixed
with 4% PFA and stained with 0.1% crystal violet. All

experiments were performed in triplicate.

Analysis of SuFu expression in publicly
available glioma datasets

GlioVis data portal (http://gliovis.bioinfo.cnio.es) for
visualization and analysis of brain tumor expression datasets
was used to analyze gene expression data (18). Processed
transcriptomic data from publicly available data cohorts [The
Cancer Genome Atlas (TCGA) (N = 667) and Chinese Glioma
Genome Atlas (CGGA) (N = 1013)] were used.

Statistical analysis

Quantitative variables were tested for normality using the
Saphiro test. Under normally distributed conditions, mean
differences were inferred using the two tailed t-test. The chi-
squared test and Fisher’s exact test were used to compare
independent variables.

Statistical tests were performed using SPSS software version
20. The clinical variables studied were revised on three separate
occasions for each patient and included an independent external
review to minimize the error possibility.

Differences between groups were considered statistically
significant when p < 0.05.

10.3389/fonc.2022.923681

Results

High level of SuFu is associated with a
high dissemination pattern in patients
with glioma

With the aim of obtaining an overview of the HH-GIi
pathway in glioma, we examined the association between pre-
operative MRI clinical parameters and HH-Gli intermediates
expression in tumoral tissue. Among the comparison test
statistics, we found that the most significant corresponds to
higher SuFu levels associated with increased dissemination at the
time of diagnosis (p < 0.01) (Table 1).

For this reason, we decided to focus our study on elucidating
SuFu’s role in glioma tumors. An in silico study, as shown in
Figure 1A, of the SuFu transcriptomic data obtained from TCGA
(N = 667) and CGGA (N = 1,013) cohorts revealed that GB have
lower SuFu expression levels than LGG. Then, we sought to
examine SuFu expression in an external cohort. As presented in
Figure 1B, we observed two defined subpopulations divided in high
and low expression levels of SuFu. In addition, we visualized
matched MRI images from the two most extreme datapoints, the
two patients with the highest and the lowest SuFu. Figure 1C
illustrates the differences between high (left) and low (right) grade of
white matter infiltration, corresponding to SuFu gene expression.

SuFu upregulates stemness without an
effect in CSCs growth/proliferation

To examine the role of SuFu in gliomas, we induced its
upregulation and downregulation in GB18 and GB27 CSCs. In

TABLE 1 Comparison of clinical parameters among themselves and its association with HH-Gli intermediates expression.

Clinical Parameters

Comparison Significance
Tumor size-distance to ventricle (< or > 5 mm) 0.007
Mortality at 6 months after resection 0.009
Dissemination through white matter tracts-Resection 0.007
Mortality at 6 months—distance to ventricle 0.04
Mortality at 6 months-dissemination through white matter tracts 0.039
HH-GIi intermediates expression and clinical parameters

Comparison Significance
Smo-tumor size 0.034
SuFu-dissemination at diagnostic time 0.01

Glioma grade-Glil expression 0.016
Glioma grade-Glil/SuFu 0.041
Glioma grade-Smo/Ptchl 0.038

'LGG, low-grade glioma.
Significant data (p < 0.05) are shown.
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Interpretation
Higher tumor size was related with less distance to the ventricle
More mortality >lower resection
More dissemination >lower resection
More mortality >less distance

More mortality >high dissemination

Interpretation

Higher Smo levels are associated to higher tumor size

Higher SuFu overexpression is associated to increased dissemination
Higher Glil levels are found in LGG'

Higher Glil/SuFu ratio in LGG

Higher Smo/Ptch1 ratio in LGG
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mRNA expression

(A) SuFu mRNA expression analysis in TCGA (N = 667) and CGGA (N = 1,013) gliomas cohort, grouped according to histological type. (B)
Quantitative RT-PCR analysis of SuFu in our cohort (N = 79). (C) Illustrative example of MRI, T2 axial (upper), and coronal T2 Flair Sequence right

(bottom). *P < 0.05, **P < 0.01 and ****P < 0.0001.

an attempt to increase efficacy of downregulation, we tested two
vectors (shR400 and shR537) and used the shR537 for the next
assays due to its higher potency (Figure 2A and Supplementary
Figure 3A). Then, we compared stemness and proliferation
properties in vitro. SuFu overexpression resulted in increased
spheroid formation (Figure 2B and Supplementary Figure 3)
with a higher expression of pluripotency transcriptional factors,
including SOX2, OCT3/4, and BMI-1 (Figure 2C). These results
led us to explore the effect of SuFu in GB CSCs proliferation. We
first monitored spheres growth by measuring their diameter
after a week in culture and no differences were noticed among
groups, as shown in Figure 2D and Supplementary Figure 3.
Second, we added Sonic-Hedgehog (Shh) recombinant
protein to the cell culture media, as it is one of the ligands
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that activate the Hedgehog signaling pathway. The three CSCs
showed similar population doubling time (PDT) values
(Figure 2E). Altogether, by the increased expression
of pluripotency markers and sphere formation counts,
these results suggest that SuFu is involved in GB CSC
stemness potential.

SuFu expression influences cell-cell and
cell-matrix adhesion protein profile

To interrogate about the involvement of SuFu mRNA levels

in cell-cell and cell-ECM interactions, we performed an
adhesion assay using different ECM compounds. As observed
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(A) Western blot analysis for SuFu using GB18 CSCs samples transfected with overexpression and downregulation vector. CSCs transfected with empty
expression vector (shRC-) was used as control. (B) Number of spheres formed by GB18 CSCs (C) Sox2, Oct3/4, and BMI mRNA levels in GB18 CSCs by
gRT-PCR. (D) Diameter of spheres of GB 18CSCs. (E) Duplication time in basal conditions (-sHH) and in the presence of ligand (+sHH). WT, SuFu, and
shR537 CSCs were analyzed. Data are shown as mean + S.D. and are representative of two independent experiments. P-values were calculated based

on the two-tailed two-sample t test. *P < 0.05 and **P < 0.01.

in Figure 3A, we noticed higher adhesion in the SuFu
overexpressed cell line in all materials analyzed. As these
adhesive interactions are mostly mediated by the associated
o and B transmembrane subunits of the integrins, we evaluated
their expression. All B integrins expression levels were similar
for each cell line except for the B5 subunit which was
downregulated in the shRNA cell line (Figure 3B). On the
contrary, all the o subunits were highly upregulated in the
SuFu cell line (Figure 3C). These observations correlate with
the adhesion patterns observed in the previous assays, because
o3 and o5 bind fibronectin and 06 engages laminin which,
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together with collagen IV, are the main compounds of the
Matrigel (19, 20).

As transmembrane integrins play a key role between cell and
ECM interaction, we then investigated actin and vinculin
cytoskeleton protein expression.

The quantification of fluorescence intensity showed a
positive correlation between SuFu expression and actin
levels, whereas SuFu upregulation decreases vinculin
expression in GB CSCs (Figure 3D-G). These changes seem
to also affect the number of directional changes performed by
CSCs in culture (Figure 3H).
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SuFu overexpression increases migratory
phenotype in GB CSCs

The migration pattern was further confirmed by an in vitro
transwell assay (Figure 4A). The number of migrating CSCs
increased when SuFu was overexpressed in comparison with the
other CSCs lines (p < 0.05) (Figure 4B). As it has been proved that
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the epithelial-mesenchymal transition (EMT) process contributes
to the migration of GB tumors, we decided to evaluate several EMT-
related markers (21). Consistent with previous observations, SuFu
overexpression induces the transcription factor Snail, upregulates
the expression of the mesenchymal marker N-cadherin, and
downregulates E-cadherin levels (Figure 4C). All these changes
seem to be induced by SuFu.
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Discussion

The most prominent hallmarks of GB are its enhanced cell
migration and invasiveness. Despite extensive research, the CSC
ability to disseminate along the brain parenchyma presents an
impediment for maximal surgical resection and radiotherapy
(22). Unfortunately, the underlying mechanisms behind these
processes still present a challenge for therapy effectiveness.

Cancer cell migration depends on an interplay between several
factors and ECM compounds, and normally, correlates with the
malignancy grade (23). We and others have demonstrated the
association between high dissemination pattern, lower resection,
and, consequently, a detriment in the overall postoperative survival
(24-26). Elucidating the mechanisms through which glioma cells
spread from the original site would lead to novel blocking
compounds that could improve clinical outcomes (27).

In our cohort, SuFu levels appear to influence dissemination
status at diagnostic time, which has been proposed as a factor
related with stemness in GB and other tumors (28). In fact, our
results indicate that the overexpression of SuFu upregulates GB
stem cell and self-renewal properties without affecting proliferation
rates. Although the dichotomy between migration and proliferation
has generated intense controversy in glioma field (29), here, we
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found that both processes present mutually exclusive behaviors
when we modulate SuFu expression. The “go or grow”
phenomenon is observed in our CSCs with a tendency to the
invasive phenotype.

Specifically, some canonical stem pathways such as
Hedgehog, Wnt, and Notch play a key role in stemness
regulation (30). In accordance with our attachment assay
results, this stem phenotype has been previously accepted as a
factor required for cell-cell and cell-ECM adhesion (31). The
regulation of these interactions is mediated by the of
heterodimeric transmembrane receptors called integrins (32).
Although the interplay between SuFu and those molecules is still
unknown, our experiments suggest that SuFu overexpression
results in an incremental cell-mediated binding.

Several studies described that traction forces and focal adhesion
generated by cells determine cell migration through the ECM (33,
34). In this sense, vinculin, in which its main function apart from
focal adhesion creation is actin cytoskeleton regulation (35), is one
of the most relevant molecules involved. In other tumors, such as
breast, colorectal, and rhabdomyosarcomas cancer, it has been
reported thatloss of vinculin increases cell migration and correlates
with poor prognosis (36-38). The dissemination pattern observed
in our SuFu overexpressed population appears to be related to a loss
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in vinculin and indirect upregulation of actin. The indicated effect
has been observed in lung cancer, suggesting that it can directly
enhance EMT (39), a fact that could be also influenced by  integrin
activation, reducing E-cadherin and upregulating N-cadherin (40).

Although gliomas are not considered tumors with an epithelial
origin, it has been widely accepted that EMT has an essential role in
their development and spread (41). Our results indicate that SuFu is
akey inductor of EMT in GB CSCs. Accordingly, it has been shown
that EMT starts when cells lose their adhesions and then promote
the tumor dissemination (42). The data presented here showcases
that SuFu overexpression is linked to the ability of CSCs to undergo
EMT and stemness. However, discordant results have been
observed in the relation between EMT and stemness in other
tumors, such as pancreas and breast cancer (43, 44). As,
sometimes, mRNA abundance may not have a linear relationship
with the translated protein expression level, further proteomic
experiments are needed to corroborate these findings.

To the best of our knowledge, there is only one published
study in which they attempted to elucidate the role of SuFu in
gliomas. In addition, although they observed that SuFu ectopic
expression restrains cell proliferation and invasion (15), they
performed their experiments in established glioma cell lines with
compromised stem properties, whereas our assays present a
more realistic 3D model (45).

On the basis of our findings, we propose that SuFu could be
used as an invasiveness prognosis biomarker, and it could be a
promising target to develop blocking agents to decrease GB
aggressiveness and dissemination. Indirectly, these treatments
would in fact improve surgical resection efficacy by limiting
dissemination through parenchyma. Even if these results are
promising, in the future, we would need larger cohorts and
further investigation to classify SuFu as a tumor dissemination
molecular mediator.
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The extracellular matrix (ECM) is critical for maintaining tissue homeostasis therefore
its production, assembly and mechanical stiffness are highly regulated in normal
tissues. However, in solid tumors, increased stiffness resulting from abnormal ECM
structural changes is associated with disease progression, an increased risk of
metastasis and poor survival. As a dynamic and key component of the tumor
microenvironment, the ECM is becoming increasingly recognized as an important
feature of tumors, as it has been shown to promote several hallmarks of cancer via
biochemical and biomechanical signaling. In this regard, melanoma cells are highly
sensitive to ECM composition, stiffness and fiber alignment because they interact
directly with the ECM in the tumor microenvironment via cell surface receptors,
secreted factors or enzymes. Importantly, seeing as the ECM is predominantly
deposited and remodeled by myofibroblastic stromal fibroblasts, it is a key avenue
facilitating their paracrine interactions with melanoma cells. This review gives an
overview of melanoma and further describes the critical roles that ECM properties
such as ECM remodeling, ECM-related proteins and stiffness play in cutaneous
melanoma progression, tumor cell plasticity and therapeutic resistance. Finally, given
the emerging importance of ECM dynamics in melanoma, future perspectives on
therapeutic strategies to normalize the ECM in tumors are discussed.

KEYWORDS

tumor stroma cross-talk, ECM remodeling, ECM mediated therapeutic resistance,
melanoma associated fibroblasts, melanoma progression and phenotypic switching

Introduction

Early-stage cutaneous melanoma (clinical stage I — II) that has not presented with nodal
or distant metastasis is effectively treated with surgery (1). However, late-stage cutaneous
melanoma (clinical stages III and IV) can present with metastases in the lymph nodes,
microsatellite and in-transit metastatic lesions (stage III) or it can disseminate to distant
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organs (stage IV) (1). It is therefore concerning that approximately
60% of melanoma patients present with metastatic lesions at the
lymph nodes and 15% of patients experience metastases at distant
organs including the lungs, liver, brain or bone (2, 3). Advanced
melanoma is currently treated with chemo- and more recently, with
immuno- and targeted therapies, however, it is often recalcitrant to
these treatment regimens (2). Prognosis is poor for patients with
advanced melanoma, as approximately 50-60% of these patients
acquire drug resistance and go into therapeutic failure (3, 4). A
possible reason for this, is that melanomas are highly heterogeneous
within single tumors but also amongst different tumors at
metastatic sites (5). This heterogeneity is in part caused by non-
genetic mechanisms, which can drive melanoma cells to readily and
reversibly switch between different phenotypic states (6, 7). The
tumor microenvironment (TME) critically affects melanoma
progression and tumor cell states at both the primary and
secondary sites and has been shown to contribute to therapeutic
resistance (8, 9).

The TME, which has been recognized as a hallmark of
cancer, is a complex and evolving milieu that consists not only
of tumor cells but also consists of non-malignant cell types,
including fibroblasts, immune cells, nerve cells and endothelial
cells, as well as the extracellular matrix (ECM) (10). Thus, the
crosstalk between melanoma cells and their cellular and non-
cellular surroundings plays a key role in disease progression and
impacts the efficacy of anti-cancer therapies (6). The ECM is an
important feature of the melanoma TME because ECM-derived
biochemical and biomechanical cues have been shown to
influence melanoma progression, tumor cell plasticity and
therapeutic resistance (11, 12). The ECM is rich in proteins
that form a 3D-meshwork of varying alignment and stiffness.
Importantly, in cancers including melanoma, the ECM is
drastically remodeled resembling fibrosis, especially during
invasion and in response to therapies (12-15). This review
begins with an overview of melanoma, including disease
progression, current therapies and phenotypic plasticity,
followed by a description of how ECM architecture is modified
in the melanoma TME. Finally, we discuss the role of ECM
signaling in melanoma progression, phenotypic plasticity and
therapeutic resistance and give future perspectives on potential
therapeutic strategies to normalize the melanoma TME.

Overview of melanoma
Melanoma progression

Cutaneous melanoma arises from neural-crest derived
pigment producing melanocytes in the epidermis that have
undergone genetic alterations, leading to aberrant growth and
clonal expansion (16). While some melanomas arise from pre-
existing naevi, the majority of melanomas arise de novo (17). The
Clark model of cutaneous melanoma progression is a classical
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and well accepted model based on histopathological analyses of
melanoma tissue samples at various stages of progression (18).
This model begins with aggregated melanocytes forming a
benign nevus in the epidermis that experience abnormal
growth to form a dysplastic nevus, which can progress, upon
clonal expansion, to the radial growth phase (RGP), where the
melanoma cells are confined to the epidermis (18). Should the
melanoma cells proliferate further and breach the basement
membrane, they progress to the vertical growth phase (VGP), as
the melanoma cells are able to invade the dermis (18). At the
molecular level, melanocytic cells in the benign nevus, frequently
have oncogenic mutations in the BRAF or NRAS genes.
Furthermore, these lesions undergo dysplasia due to the loss of
tumor suppressive signaling and the loss of expression of key cell
cycle regulators. For example, the progression from a dysplastic
nevus to the RGP occurs as a result of unchecked mutations and
epigenetic changes in cell cycle and cell survival regulators
including PTEN, NF1, CDKN2A, and CCNDI that allow the
melanoma cells to bypass senescence (18-20). Additionally,
approximately 15% of melanomas occur due to a familial
genetic predisposition, resulting in germline mutations in
CDKN2A (most common) CDK4, TERT, ACD, TERF2IP,
POTI1, MITF, MCIR, and BAPI (21). The transition from the
RGP to the VGP is characterized by an upregulation of
mesenchymal markers such as N-cadherin, secreted protein
acidic and cysteine rich (SPARC) and B-catenin, as well as the
downregulation of the cell-cell adhesion molecule E-cadherin
(18, 22, 23). Once the melanoma cells have invaded the dermis
they can disseminate via lymphatic or blood vessels and
metastasize to distant organs, which is considered the
metastatic phase (18).

Although the Clark model has often been used as a reference
for melanoma progression in studies investigating the molecular
mechanisms that are driving melanoma progression, it is not
routinely used for clinical melanoma diagnosis and classification.
The first melanoma classification used by clinicians is the Breslow
index, which measures the thickness of the tumor because a direct
correlation exists between the depth of the melanoma in the skin
and patient survival (24). Furthermore, the American Joint
Committee on Cancer (AJCC) has recommended the use of the
TNM (Tumor, Node, Metastasis) classification (stages 0 — IV),
which grades the melanoma according to the thickness, the
presence of ulceration in biopsies and any evidence of
metastatic dissemination or lesions (25). More recently
following the analysis of RNA, DNA and protein in 333
primary or metastatic samples from 331 melanoma patients,
The Cancer Genome Atlas Network has proposed the
classification of melanoma according to genetic mutations into
4 categories: BRAF, NRAS, NF-1 and triple negative (wild type)
(20). The data indicated that mutations in BRAF are prevalent in
50% of melanoma patient samples, followed by NRAS (30%) and
NFI (14%) and 15% of melanomas did not harbor somatic
mutations in BRAF, NRAS or NFI (20).
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Current therapies for
melanoma treatment

Current FDA approved therapies for advanced melanoma
include chemo-, immuno- and targeted therapies (2). The most
commonly used chemotherapeutic drug used for melanoma
treatment is Dacarbazine, which was initially approved for
melanoma in the 1970s (26). However, as a monotherapy it
was shown to have minimal efficacy in treating advanced
melanoma, with the average response rate in patients being
less than 5% and the 5 year survival of patients was suggested to
be less than 6% (26-28). Furthermore, the combination of
Dacarbazine treatment with earlier immunotherapies such as
Interferon -2f3 and Interleukin-2 showed very little improvement
in patient survival (2, 28). Notably, the landscape of advanced
melanoma treatment has changed drastically in the last decade,
following the FDA-approval of immune checkpoint/blockade
inhibitors and targeted therapies (4, 29). It is important to note
that the genetic classification of melanomas has become
particularly important in determining whether a patient is
eligible for immuno- or targeted therapy, as the administration
of either immuno- or targeted therapy depends on the BRAF
status (2). Should the patient have wild type BRAF, they are
treated with immune check-point inhibitors and if a V600E/K
mutation is identified in BRAF, they can be treated with BRAF
and MEK inhibitors or with immunotherapy (2, 26).

Immunotherapy involves the administration of immune
checkpoint inhibitors, which are antibodies against cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4) and programmed
cell death protein 1 (PD-1) receptor/PD-1 ligand (PD-L1) (2,
30). Mechanistically, the anti-CTLA-4 antibody binds to the
inhibitory checkpoint CTLA-4 receptor that is present on the
surface of regulatory T-cells, which prohibits the interaction of
T-cells with antigen presenting cells that express the CTLA-4
ligand, B7 co-stimulatory molecule (31). The binding of anti-
CTLA-4 antibodies to CTLA-4 promotes the activation of T-
cells and the inhibition of the immune checkpoint blockade
(30, 31). Activated T-cells are then able to illicit an immune
response via cytokine secretion, clonal expansion and infiltration
into the tumor leading to tumor regression (30, 31). To date,
Ipilimumab is the only FDA approved anti- CTLA-4 antibody
for the treatment of malignant melanoma and is used in clinics
as a monotherapy or in combination with the anti-PD-1
antibody Nivolumab (2, 30). T-cell activation can also be
suppressed via another receptor-ligand interaction, whereby
ligands PD-L1 and PD-L2 can bind the PD-1 receptor,
resulting in a co-inhibitory effect (2, 30). The anti-PD-L1
antibody prevents the binding of PD-L1 or PD-L2 to the PD-1
receptor, thereby promoting T-cell activation (32). The PD-1
receptor is expressed on the surface of immune cells including T-
cells. Melanoma cells express the ligands PD-L1 and PD-L2 and
fibroblasts present in the TME were shown to express the ligand
PD-L2 (33, 34). In 2014, Nivolumab became the first FDA-
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approved anti-PD-1 antibody for the treatment of unresectable
or metastatic melanoma and subsequently, Pembrolizumab was
also approved by the FDA for malignant melanoma treatment in
2015 (2, 28, 30). Currently, Nivolumab and Pembrolizumab are
administered as monotherapies or Ipilimumab can be
administered in combination Nivolumab with as a
combination therapy (2, 28, 35). Although immunotherapies
have improved overall and relapse free survival in patients with
late stage (stage III and IV) melanoma, immune-related adverse
effects are particularly common in these patients including
diarrhea, fatigue, skin rash, nausea, headaches and joint pain (2).

BRAF and MEK inhibitors, target the mitogen-activated
protein kinase (MAPK)/ERK signaling pathway which is
constitutively active in BRAF mutant melanoma (2, 30). BRAF
encodes the rapidly accelerated fibrosarcoma (RAF) serine/
threonine kinases (isoforms: ARAF, BRAF and CRAF) that
constitutively dimerize due to the V600E mutation (36).
Seeing as BRAF and its isoforms are upstream of the MAPK
signaling cascade, they amplify its constitutive activation (37,
38). The MAPK signalling cascade has been shown to play a role
in key processes of melanomagenesis such as differentiation,
survival, proliferation, metastasis, invasion and angiogenesis
(36). Briefly, this signaling pathway is activated by
extracellular signals binding to G-coupled receptors or
receptor tyrosine kinase (RTK) at the cell membrane, which
then activates intracellular GTPase NRAS (also KRAS and
HRAS) to NRAS-GTP that is able to further activate all 3 RAF
protein isoforms, including BRAF (37, 39). This results in the
phosphorylation of downstream MAP/ERK kinases (MEK) and
the initiation of the MAPK signaling cascade by further
phosphorylation of ERK1/2, which can induce transcriptional
and translational signaling (37, 39). Vemurafenib was the first
selective oral BRAF small molecule inhibitor, approved in 2011
by the FDA, for advanced melanoma treatment and in 2013 a
second selective BRAF inhibitor, Dabrafenib, was approved by
the FDA (2, 39). Furthermore, the MEK inhibitor Trametinib
became FDA-approved in 2013. In clinical trials Trametinib was
also partially successful in treating melanomas harbouring
NRAS mutations (2, 40). Vemurafenib, Dabrafenib and
Trametinib can all be administered as monotherapies and
Dabrafenib and Trametinib can also be administered as a part
of BRAF and MEK inhibitor combination therapy (2, 4).
Furthermore, in 2015, the FDA approved the oral
administration of the MEK inhibitor Cobimetinib in
combination with Vemurafenib, as a combination therapy
(2, 38).

Seeing as these immuno- and targeted therapies significantly
improved overall response in approximately 40% of melanoma
patients, they are fast becoming the standard of care for
unresectable or metastatic melanoma in many countries
including the United Kingdom, the United States, Australia
and in Europe (2, 30). Approximately 50-60% of melanoma
patients treated with the current FDA-approved immuno- and
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targeted therapies respond transiently to treatment but
unfortunately often progress to develop therapeutic resistance
(4, 29). It is therefore not surprising that the resistant
mechanisms employed by melanoma cells to circumvent these
treatments constitute a major research area in the field of
melanoma (3, 41).

Melanoma plasticity

It is fast becoming accepted that non-genetic heterogeneity is
a key feature of melanomas that contributes to tumor progression
and therapeutic resistance (3, 6, 41). Non-genetic heterogeneity is
characterized by melanoma cell plasticity, as it has been shown
that within a tumor. In order to adapt to changing pressure and
various conditions in the TME, melanoma cells exist in different
phenotypic states and can readily switch between distinct
transcriptional programs, which are suggested to be distinct for
different phenotypic states (3, 6, 41). For example, some
melanoma cells might be highly differentiated, more
proliferative and melanocytic, whereas some cells might be in a
slow-cycling dedifferentiated and more invasive mesenchymal-
like state (41). Phenotypic switching of melanoma cells has been
shown to occur as a result of reversible epigenetic changes caused
by but not limited to chromatin remodeling, microRNAs, long
non-coding RNAs and histone modifications (3, 41). These
transcriptional and epigenetic changes are thought to occur in
melanoma cells as an adaptive response to cues in the TME such
as hypoxia, glucose or amino acid deprivation, secreted and
inflammatory factors, ECM mechano-signaling and in response
to immuno- and targeted therapies (3, 7, 41, 42). In response to
these cues, melanoma cells are able to temporarily reprogram their
phenotype with regards to their proliferation, cell cycling,
metabolic status and motility (7, 41).

To date, melanoma cells have been described to exist in
several phenotypic states including the differentiated
proliferative and melanocytic, the dedifferentiated invasive and
mesenchymal-like, the dedifferentiated neural crest stem cell-
like, starved, as well as transitory states (43-47). The melanocytic
and invasive mesenchymal-like states were identified in
melanoma patient tumors using RNA sequencing (44). Single-
cell RNA sequencing further identified the differentiated,
starved, neural crest-like states, as well as the melanocytic
(more proliferative) and mesenchymal-like (more invasive)
states in primary melanoma cells that were isolated from
biopsies of melanoma patients, who were treated with BRAF
or MEK inhibitors (45, 48). These phenotypic states have been
linked to distinct transcriptomic profiles and gene signatures in
melanoma cells (43-45, 47, 49, 50). More specifically, changes in
the expression of the master regulator microphthalmia-
associated transcription factor (MITF) has been associated
with melanoma phenotypic switching (41, 49, 51).
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Molecular signatures associated with
drug resistant melanoma phenotypes

MITE is a key transcription factor that regulates melanocyte
development, pigmentation and melanoma progression and has
been implicated in cellular processes such as differentiation,
survival, cell cycle regulation, senescence bypass, autophagy
and lysosomal production and regulation (52). Furthermore,
MITF plays a role in genetic processes such as DNA damage
repair and chromosome stability (52). Interestingly, MITF was
recently shown to directly repress genes associated with the
expression of ECM and focal adhesion pathways, demonstrating
its involvement in regulating cell-ECM interactions (53). With
regards to melanoma phenotypic states, MITF™®" expressing
melanoma cells have been associated with a more differentiated,

melanocytic and proliferative state, whereas MITF'*"

expressing
melanoma cells have been characterized as more aggressive,
dedifferentiated and mesenchymal-like and were found to be
associated with invasion and therapeutic resistance (44, 49, 51).

A second transcriptomic signature that has been associated
with the melanoma cell phenotypic switch that is inversely
correlated to MITF expression, is the expression of the
receptor tyrosine kinase AXL (50, 54). This receptor is
expressed by cancer cells including melanoma cells and
immune cells (55). The binding of AXL and its ligand growth
arrest-specific protein 6 (GAS6) induces intracellular signaling
that can affect cancer progression, metastasis and drug resistance
(55). In melanoma, compared to the MITEM8PAXT oY signature,
which promotes a more proliferative and drug sensitive
phenotype, the MITF'®YAXL"®" signature is specifically
associated with an invasive, mesenchymal-like phenotype (50,
54). Importantly, MITF°¥AXL"#" expression was shown to be
common in BRAF mutated melanoma and has been identified in
patients who relapsed following BRAF and MEK inhibitors
treatment, thereby indicating that this signature results in a
drug resistant phenotype (50).

Melanoma cells that have the MITF°"AXL"&" signature,
which are associated with a more dedifferentiated phenotype can
express epithelial to mesenchymal transition (EMT) molecular
markers (3, 41, 56). It is important to note that melanoma cells
cannot undergo EMT as melanocytes arise from the
neuroectoderm but melanoma cells can be reprogrammed to
mesenchymal-like cells (56, 57). In this regard, MITF/AXL
expression was shown to correlate with SOX10 and SOX9
transcriptional signatures, which are molecular markers of
epithelial-like and mesenchymal-like phenotypes, respectively
(41). Therefore, MITF¥AXL s expressing melanoma cells
have been associated with SOX10°“SOX9"E" expression and
the opposite was shown for MITFM"AXL'™" expressing cells.
Furthermore, lower levels of SOX10 have been shown to
contribute to therapeutic resistance, in part, via the
transcription factors JUN and/or AP-1 and TEAD (47, 58).
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The SOX10"°"SOX9"" signature has also been shown to induce
a mesenchymal-like phenotype in melanoma cells with the
increased expression of mesenchymal markers such as
vimentin, platelet derived growth factor receptor- (PDGFRp)
and o-smooth muscle actin («SMA) (46, 59-61). Importantly,
this signature has also been associated with drug resistance
(12, 14).

Additionally, the HIPPO pathway, in particular the
transcriptional co-activator yes-activated protein (YAP)-
mediated signaling, has been implicated in the dedifferentiated,
invasive mesenchymal-like phenotype (14, 41, 56). Accordingly,
YAP and its downstream TEAD signature have been shown to
be associated with melanoma metastasis and invasion (62-65).
Importantly, there is also some evidence that in melanoma cells,
the nuclear accumulation of the two transcriptional co-activator
paralogs and mechanotransducers YAP and TAZ promotes
resistance to BRAF inhibitors (65). More specifically, in
MITF°AXL"®" melanoma cells that were resistant to the
BRAF inhibitor Vemurafenib, increased actin stress-fiber
formation and remodeling were observed, which were shown
to be dependent on increased levels of nuclear YAP/TAZ (65).
Furthermore, the pharmacological inhibition or knockdown of
YAP in BRAF inhibitor resistant melanoma cells decreased
ERK1/2 signaling, remodeling of the actin cytoskeleton and
tumor growth and therefore enhanced BRAF inhibitor efficacy
(14, 66). Importantly, this adaptive phenotypic transition of
melanoma cells towards a dedifferentiated state, associated with
upregulated expression of genes involved in EMT, ECM
reprogramming, wound healing, cytoskeletal remodeling and
YAP/TAZ/TEAD signatures has also been linked to immune
evasion and resistance to PD-1 blockade immunotherapy
(67, 68).

Interestingly, melanoma cells in a highly differentiated and
melanocytic state, characterized by MITF™®", expression have
also been shown to play a role in resistance to BRAF and MEK
targeted therapies, via the rheostatic (on/off) regulation of the
transcription factors, PAX3 and BRN2 (51, 69). Furthermore, it
has been observed that BRAF inhibitor treatment led to the
enrichment of a small population of melanoma cells in a
dedifferentiated state, termed BRAF inhibitor persister cells.
These persister cells constitutively expressed the Aryl
hydrocarbon Receptor (AhR) transcription factor and were
shown to promote relapse (21, 70). In addition, another
population of persister melanoma cells was recently described
to account for minimal residual disease (MRD), as this cell
population had acquired tolerance to MAPK inhibitors via non-
genetic mechanisms. This distinct phenotype was shown to be a
transient neural crest stem cell (NCSC) population, which was
shown to be dependent on the glial cell line-derived
neurotrophic factor cascade that consequently resulted in AKT
driven survival via focal adhesion kinase (FAK) signaling (71).
To this end, the evidence for the role of phenotypic switching by
melanoma cells, as an adaptive process involved in non-
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mutational resistance, is convincing but the investigation into
other transitory phenotypic states and the factors that influence
and regulate this phenotypic switching is ongoing (70). Given
that melanoma cells can readily switch between these different
phenotypic states in response to external cues from the TME or
therapeutic insults, it is critical to improve our understanding of
the biochemical and biomechanical signaling between
melanoma cells and the tumorigenic ECM.

ECM architecture modification and
therapeutic resistance

Key players in ECM modification

A major cause of altered ECM organization and dynamics
during cancer is dysregulated ECM synthesis and remodeling by
fibroblasts that have differentiated into cancer-associated
fibroblasts (CAFs). ECM remodeling in the TME and organ
fibrosis display striking similarities and are both considered to be
dysregulated wound healing processes (12). CAFs are the
predominant cells in the stroma that modify ECM architecture
using several ECM remodeling mechanisms (72). Importantly,
CAFs organize and rigidify the ECM by exuding mechanical and
tractional forces, resulting in the deposition of ECM fibers that
are radially aligned in a parallel fashion (73, 74). CAFs are
activated fibroblasts that can originate from resident fibroblasts
but may also arise from mesenchymal stem cells, endothelial
cells and epithelial cancer cells that have undergone EMT (72,
75, 76). To date, there is no unique marker by which CAFs can
be identified, as CAFs express a combination 0SMA, fibroblast
activation protein-o. (FAPa), B,integrin (CD29), fibroblast
specific protein 1 (S100A4), caveolin 1, podoplanin and
PDGFRB (72, 76, 77). Furthermore, CAFs can express various
combinations of these markers and at different levels (78). Given
the numerous cells of origin of CAFs and their expression of
various markers, it is not surprising that the CAF population in
the TME is heterogeneous (72). Several studies have identified
two key CAF phenotypically distinct clusters, inflammatory
CAFs (iCAFs) and myofibroblastic CAFs (myCAFs), in the
TME of breast cancer, pancreatic adenocarcinoma and
melanoma (78-82). myCAFs exhibit myofibroblastic properties
that are associated with increased levels of aSMA expression,
ECM remodeling, actin-myosin adhesion, wound healing and
transforming growth factor B (TGFP) and interferon of
(IFNof) signaling pathways (79, 82-84). Furthermore,
myCAFs were found to be located in the vicinity of cancer
cells suggesting that paracrine signaling between myCAFs and
cancer cells is critical for ECM remodeling in the TME (78, 82).

In cutaneous melanoma, melanoma-associated fibroblasts
(MAFs) are primarily responsible for depositing and remodeling
ECM in the TME (85). Interestingly, in aged skin, ECM
architecture was shown to be modified to a more aligned
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organization by aged fibroblasts that produced less of the
hyaluronic and proteoglycan link protein, HAPLNI1. This
aligned ECM in aged skin was shown to promote metastasis
and influence therapeutic response and immune cell motility in
the melanoma TME (86). ECM remodeling and fiber alignment
by MAFs therefore play an important role in melanoma cell
invasion and migration, immune escape, metastasis, intra-
tumoral heterogeneity and therapeutic resistance (14, 56,
87-90).

ECM stiffness and fiber alignment in solid tumors,
including breast carcinoma, sarcomas and melanoma,
contribute to increased interstitial pressure, which results in
blood vessel collapse and impaired blood supply, leading to
hypoxic conditions (91). Importantly, variations in ECM
biophysical properties and mechanical forces have been
described to alter cellular metabolism in cancer cells (92,
93). Importantly, immunohistochemical analyses of primary
and metastatic melanoma patient samples in a tissue
microarray, showed that molecular markers of collagen
levels were associated with the transcriptomic signature for
melanoma cell phenotypic dedifferentiation via the YAP/
PAX3/MITF axis (90). Furthermore, this dedifferentiated
phenotype was found to be associated with increased
collagen fiber abundance and correlated with poorer
survival of melanoma patients (90).

Interestingly, we recently showed that melanoma cells that
have the specific MITF*YAXL"" transcriptomic signature and a
dedifferentiated, invasive and mesenchymal-like phenotype,
display the ability to autonomously deposit and remodel the
ECM, resulting in a dense collagen rich and highly organized
(aligned fibers) stiff ECM (14). Furthermore, mass spectrometry
was used to compare the biochemical composition of 3D-ECM
deposited by dedifferentiated, invasive and mesenchymal-like
(MITF'°YAXL"#") or differentiated and melanocytic
(MITFM8PAXL'°Y) melanoma cells. Matrices derived from
dedifferentiated, melanoma cells were found to be enriched for
key ECM structural proteins (e.g., fibronectin, laminin, collagen
I, collagen IV, collagen VIII, tenascin) and proteins involved in
ECM remodeling processes (e.g., Thrombospondin-1, Lysyl
oxidase homolog 2 (LOXL2), ADAMTS-like protein 1 and
Plasminogen activator inhibitor 1) (14).

MAFs and dedifferentiated mesenchymal-like melanoma cells
can produce and remodel the ECM in response to cues from the
TME such as secreted factors (e.g., TGFf, PDGF, fibroblast growth
factor 2), hypoxia, ECM mechanical signals and in response to
BRAF inhibitor treatment (85). On the other hand, melanoma cells
adhere to the ECM and interact directly with the ECM via cell
surface receptors. Melanoma cells are therefore highly sensitive to
the presence of specific ECM proteins, the alignment of ECM fibers
and the mechanical stiffness of the ECM, which can all induce
intracellular signaling and metabolic reprogramming, thereby
altering melanoma cell behavior (3, 13, 14, 62). Furthermore,
melanoma cells have been shown to reprogram fibroblasts in the
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lymph node to modify the biochemical properties and architecture
of the ECM in the lymph node. This reprogramming of reticular
fibroblasts is important for melanoma cell invasion at the metastatic
site which is often the lymph node (94, 95). Thus, the role of the
ECM in melanoma progression and therapeutic resistance
resembles a feedback loop, which involves the interplay between
fibroblasts, melanoma cells and ECM biochemical and
biomechanical properties.

ECM remodeling mechanisms

ECM remodeling leads to alterations in ECM composition,
fiber organization and stiffness that can influence melanoma
progression, phenotypic switching and therapeutic response
(96). The ECM is remodeled via three key mechanisms: i)
ECM deposition and post translational modification, ii)
degradation and iii) force-mediated ECM modification (97).
The protein-rich ECM consists of approximately 300
macromolecules that are termed the core matrisome (98). Key
matrisome components include collagens (e.g., collagen I,
collagen IV), glycoproteins (e.g., fibronectin, laminin, elastin,
tenascin), proteoglycans which are glycoproteins that have
attached glycosaminoglycans (e.g., hyaluronan, perlecan).
Furthermore, matrisome associated proteins include ECM-
bound growth and secreted factors (e.g., vascular endothelial
growth factor, hepatocyte growth factor, PDGF) and
matricellular proteins (e.g., SPARC) (98, 99). ECM
composition is dependent on the deposition and post-
translational modification of ECM proteins (97).

During ECM deposition and post translational modification,
ECM proteins are synthesized and translocated to the Golgi in
the cytoplasm, where further post translational modifications
can occur (97). For example, collagen is first synthesized as pre-
collagen and is post translationally modified in the Golgi to a
procollagen a-chain by glycosylation, pro-peptide alignment,
disulphide bond formation and hydroxylation (97).
Hydroxylation of the procollagen a-chain by lysyl
hydroxylases results in triple helix formation of procollagen o
chains, which is followed by the secretion of procollagen o-
helices into the extracellular space (97). In the extracellular
space, collagen fibrils are formed by proteolytic cleavage of
pro-peptides at the C and N terminals (97). Thereafter, the
collagen fibrils are assembled via covalent cross-linking by lysyl
oxidase (LOX) family members (97). For example, LOXL2
secreted by CAFs, crosslinks collagen and elastin fibers (100).
The cross linking of ECM fibrils, in particular collagen fibers, is
important for fiber assembly and also increases the tensile
strength and stiffness of the ECM (97). Furthermore, collagen
fibers are also cross linked to other ECM fibers such as
fibronectin fibers by tissue transglutaminase 2, as the
deposition of collagen I and III is dependent on the presence
and stability of deposited fibronectin (97).
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The second mechanism by which the ECM is modified is
degradation, which involves the proteolytic cleavage of ECM
components by proteases such as matrix metalloproteases
(MMPs) (101). Proteolytic cleavage of ECM components
promotes the release of ECM fragments, growth factors and
cytokines in the ECM milleu, which promotes migration and
infiltration of cells in the TME (102). ECM degradation therefore
plays an important role in the crosstalk between the ECM,
melanoma cells, MAFs and other cells present in the TME
such as immune and endothelial cells (96, 97).

The third mechanism by which the ECM is remodeled, is
force-mediated modification (96, 97). This involves the binding
of cellular receptors such as integrins to ECM molecules
including collagens and fibronectin. This leads to traction and
mechanical forces, which are transduced to ECM molecules via
integrins (96, 97). This results in conformational changes that
expose binding sites on ECM molecules, which can then self-
assemble into fibrils and create an ECM with aligned and parallel
fibers (97). Seeing as melanoma cells interact directly with the
ECM via cell membrane receptors at each stage of melanoma
progression, ECM remodeling is tightly regulated during
melanomagenesis (13). However, the role of ECM-derived
mechanical signaling, which is called mechanotransduction, in
melanoma biology is not entirely understood and is currently a
dynamic and growing topic in the field.

ECM-mediated signaling in
melanoma progression

ECM architecture has been shown to play important roles in
melanoma phenotypic switching, metastasis and therapeutic
resistance because ECM composition, alignment and stiffness
directly affect intracellular signaling (96, 97, 103). These
intracellular signaling cascades alter melanoma cell behavior
and occur as a result of direct binding with the ECM via
transmembrane receptors, including integrins and discoidin
domain receptors (DDRs) (102). In this regard, fibrillar
collagen I and non-fibrillar collagen IV, as well as fibronectin,
play important roles in melanoma cell adhesion and migration,
thereby promoting metastasis and invasion (13, 102). Melanoma
cells were shown to directly interact with collagen IV in the TME
via integrins (0, and 03f;), which promoted melanoma cell
spreading and motility, through the activation of MMP2 and
MMP9 (104-107). Seeing as collagen IV is a found in basement
membranes, integrin-mediated interaction of melanoma cells
with collagen IV is necessary for melanoma cells to breach the
basement membrane when progressing from the RGP to the
VGP, where they invade into the dermis prior to disseminating
to other organs via lymphatics and blood vessels (108, 109).
Integrins have also been described to play an important role in
melanoma cell adhesion to other ECM components including
laminin, which is also found in basement membranes and
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fibronectin (108, 110). For example, integrins (0.4f3; and ois3;)
were found to be involved in promoting melanoma cell
attachment to fibronectin fibers which promoted migration of
melanoma cells (108).

The direct interaction of melanoma cells with fibrillar
collagen I via DRR1 and DDR2 has also been shown to
contribute to melanoma cell migration and invasion (111-
113). For example, one study showed that in murine
melanoma cells, the interaction of DDR2 with collagen I
resulted in increased expression of MMP2 and MMP9 via the
intracellular ERK/NF-xB signaling pathway and promoted
melanoma cell invasion (112). Furthermore, the interaction of
cancer cells with aligned ECM fibers promoted directional
migration of cancer cells (102, 114). In this regard, melanoma
cells were found to mimic the directional migration of fibroblasts
along collagen fibrils in a 3D collagen ECM model (114, 115).
Melanoma cells were described to elongate and migrate in
parallel to collagen fibrils by extending actin-rich protrusions,
called filapodia, which adhere to and detach from collagen fibrils
in cycles, as the melanoma cells are migrating (115).
Furthermore, fibronectin was found to be an essential ECM
adhesive component required for the directional migration of
pancreatic, prostate and head and neck squamous carcinoma
cells (116). The fibronectin monomer consists of 15 domains
and two extra domains and the extra domain A (EDA) has also
been implicated in the activation of TGFP signaling and its
presence in tumors has been associated with increased ECM
remodeling, MMP expression and actin cytoskeleton re-
organization (117).

Interestingly, melanoma invasion is affected by both ECM
fiber alignment and ECM stiffness, as the shape of melanoma
cells was shown to change in response to stiffer and more fibrous
substrates (118). For example, the elongation of melanoma cells
along aligned collagenous fibers was observed and melanoma
cell polarization was found to be directly proportional to
collagen matrix fiber alignment (118). Several other studies
support these findings, as aligned matrices were shown to
promote carcinoma, pancreatic cancer and ovarian cancer cell
elongation and invasion (87, 119, 120). Furthermore, ECM fiber
alignment and stiffness have been reported to be critical for
breast cancer invasion, which is reviewed in detail by Kai et al,
2019 (102, 121-123). Surprisingly in contrast to these studies,
experiments using varying ECM stiffness models, suggested that
the correlation between melanoma cell invasion and substrate
stiffness might differ to what was observed for other cancer
models. Melanoma cell invasion was shown to be restricted by
both soft and highly stiff collagen substrates, suggesting a non-
linear relationship between substrate stiffness and optimum
invasion (14, 124). These findings are further supported by
another group which showed that collagen matrices of an
intermediate stiffness provided the optimal conditions for
facilitating melanoma cell invasion (118). These differences
might be related to the tissue origin of the breast cancer and
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melanoma cells. Breast tissue is softer than the skin because
breast tissue differs to the skin in term of its rigidity and
elasticity. Thus, during malignancy, breast cancer cells initially
progress in a softer matrix associated with the physiological
breast tissue stiffness but require a stiffer matrix for invasion,
whereas melanoma cells initially progress in a stiffer
environment in the skin and require a softer and less dense
matrix for invasion (125, 126).

It is important to note that the studies discussed in this
section employed in vitro (e.g., hydrogels or decellularized
matrices) or animal models to investigate the role of ECM
alignment and stiffness in melanoma progression, in particular
during melanoma cell migration and invasion. These findings
have yet to be confirmed in clinical melanoma samples.

ECM architecture influences responses
to targeted- and immuno-therapies

ECM stiftness and alignment, caused by collagen abundance
and crosslinking in the TME, have been shown to contribute to
melanoma cell phenotypic switching and therapeutic resistance
by inducing mechanosignaling, which can alter cellular behavior
to promote a mechanosensitive and resistant mesenchymal-like
phenotype (14, 90). Collagen abundance and stiffness were
shown to promote the nuclear localization of YAP, which
regulated melanoma cell pigmentation and differentiation
through the expression of MITF (90). Moreover, one study
suggested that higher MITF levels in melanoma cells might be
associated with the repression of ECM and focal adhesion genes
(53). The effect of MITF repression of these genes was found to
be reversible when MITF was knocked down in melanoma cells,
resulting in increased focal adhesion complexes and resistance to
BRAF inhibitor treatment (53). Interestingly, our group
demonstrated that stiffer collagen substrates resulted in
increased in mechanosensing via YAP and myocardin-related
transcription factor (MRTF) in MITF"®Y, dedifferentiated,
invasive mesenchymal-like melanoma cells, in response to
BRAF inhibitor treatment (14). Furthermore, this
mechanosensitivity promoted melanoma cells to deposit a stiff,
organized and drug-protective ECM and these observations were
further confirmed in vivo (14).

We also recently demonstrated that stiff and aligned collagen
and fibronectin rich matrices deposited by MAFs protected
melanoma cells from BRAF/MEK inhibitor treatment, when
melanoma cells were cultured on top of these matrices (127).
This matrix-mediated drug resistance was demonstrated to be
DDRI and DDR2 dependent and promoted melanoma cell
survival via the NIK/IKKo/NF-xB2 signaling pathway (127).
Therefore, the alignment of fibrils and ECM composition plays
an important role in melanoma cell migration and contributes to
melanoma cell escape mechanisms to targeted therapies. These
studies therefore suggest that in melanoma cells, ECM
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topography plays important roles in MITF levels and therefore
contribute to phenotypic switching and drug adaptive responses.

The induction of ECM-related signaling pathways is a
mechanism that is implored by melanoma cells to evade BRAF
inhibition and confers tolerance and resistance to BRAF
inhibitor treatment (53, 71, 88, 127, 128). For example, one
study described upregulated expression of the collagenase and
metalloproteinase MT1-MMP in melanoma cells, which
acquired resistance to the BRAF inhibitor Vemurafenib (128).
Furthermore, this resistance mechanism involved [,integrin/
FAK signaling and was also dependent on the TGF cascade
(128). Importantly, the inhibition of this ECM signaling cascade,
using the MT1-MMP selective inhibitor ND322 restored
melanoma cell sensitivity to BRAF inhibitor treatment (128).
Interestingly, in PDX models treated with MAPK inhibitors, a
subpopulation of drug-tolerant melanoma cells was described to
be associated with the emergence of a transient neural crest stem
cell (NCSC) state. The NCSC state was a persister state that most
closely corresponds to the minimal residual disease (MRD)
observed in clinics and displayed increased activation of FAK-
dependent AKT survival signaling (71). Delaying the onset of
this non-genetic resistance was achieved by FAK inhibition and
the consequential targeting of NCSC-like melanoma cells (71).

Interestingly, BRAF inhibitor treatment has also been
implicated in activating MAFs to remodel the ECM making it
stiffer, which induced drug tolerance in melanoma cells (88).
Furthermore, the direct interaction of melanoma cells via
Biintegrin with the ECM deposited by MAFs, induced
intracellular FAK signaling that consequently re-activated the
ERK signaling pathway in melanoma cells, following BRAF
inhibitor treatment (88). Importantly, a fibroblastic and
remodeled ECM was observed in the tumoral stroma of
melanoma tissue from Vemurafenib (BRAF inhibitor) treated
patients (88). Additionally, myCAF (myofibroblastic MAF)
clusters with distinguished ECM and TGFf signaling
signatures have been associated with primary resistance to
immunotherapies in samples from non-responder melanoma
patients (81).

These studies therefore provide some insight into the
contribution of ECM signaling and remodeling in response to
targeted- and immuno-therapies, in melanoma. However, these
ECM-related resistance mechanisms employed by melanoma
cells appear to be multifaceted and warrant further investigation.

Strategies to normalize the TME

Given that MAFs are the primary cells that remodel the ECM in
the TME and that ECM composition, alignment and stiffness have
been shown to promote metastasis, immunosuppression and
therapeutic resistance, an obvious strategy to counteract this effect
is to target MAF functions in the melanoma TME. However, it was
reported that ablating CAFs in pancreatic ductal adenocarcinoma
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(PDAC) mouse models resulted in invasive, dedifferentiated and
highly hypoxic tumors (129). Furthermore, evidence of EMT and
cancer stem cells were observed in tumors, which resulted in poor
patient survival and immune suppression. Additionally, the authors
also reported that lower myofibroblast number in PDAC patient
tumors correlated with reduced patient survival (129). Interestingly,
another study showed that targeting iCAFs by JAK inhibition
shifted them to a myCAF phenotype in vivo (130). In contrast,
another group reported that the blockade of CAF contractility by
the JAK1/2 inhibitor, Ruxolitinib, counteracted CAF-dependent
carcinoma cell invasion and ECM remodeling (131). Thus, the
issue of functional complexity and phenotypic heterogeneity of
CAFs must be taken into consideration for the development of
effective anti-CAF therapies (78). Therefore, the current opinion in
the field is to rather achieve normalization in the TME than
completely ablate CAFs (132, 133). This approach focuses on
restoring homeostasis in the TME, in particular with regards to
the ECM, to resemble a non-tumorigenic normal tissue-like state
(132, 133). One possible way to achieve this could be to reprogram
MAFs to a normal fibroblast phenotype. However, this requires
improved understanding of the mechanisms underpinning the
activation and functional diversity of MAFs in the melanoma TME.

In light of the current opinion to rather normalize the fibrotic-
like tumorigenic ECM than ablate CAFs in the TME, it might be
worthwhile to investigate whether the repurposing of anti-fibrotic
drugs that are used to treat idiopathic pulmonary fibrosis, such as
the TGFf regulator Pirfenidone or the triple tyrosine kinase
inhibitor Nintedanib, in combination with current therapies,
might disrupt MAF signaling and ECM-mediated resistance (62).
Another strategy might be to identify novel druggable targets in
melanoma cells that promote the ECM remodeling abilities
associated with the dedifferentiated, mesenchymal-like and
resistant phenotype in melanoma cells. We recently identified a
fibrosis-associated miRNA cluster (miR-143/-145) that was shown
to play an important role in driving the ECM program in
dedifferentiated, invasive and mesenchymal-like melanoma cells
(15). Furthermore, we also found that, in an allograft melanoma
model, the anti-fibrotic drug Nintedanib was efficient in preventing
miR-143/-145 cluster upregulation in melanoma cells and in
combination with MAPK targeting therapy, normalized the
tumoral ECM niche and delayed relapse (15).

Another approach might be to disrupt ECM fiber
linearization in the melanoma TME by targeting the YAP
mechanotransduction pathway and DDR1/2-dependent
collagen signaling using Verteporfin and Imatinib, respectively
(134, 135). This treatment strategy might prevent targeted
therapy-induced collagen linearization and ECM remodeling,
thereby potentially abrogating the permissive stroma and
improve drug response. Interestingly, a recent study found
that collagen linearization can be reversed and consequently
metastasis can be hampered by genetically or pharmacologically
restoring levels of the secreted factor WISP2. WISP2 and WISP1
are matricellular proteins secreted by cancer cells (136). WISP1
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binds to linearized collagen type I, whereas WISP2 inhibits the
binding of WISP1 to collagen type I and in turn inhibits collagen
linearization. The authors found that in cancer patients, WISP2
expression was lower in solid tumors. Therefore, the restoration
of a higher WISP2:WISP1 ratio, in an in vivo cancer model,
normalized collagen fibers in the TME and drastically inhibited
metastasis (136). Therapeutically disrupting ECM fiber
linearization might therefore prove to be a valuable strategy in
achieving ECM normalization in the melanoma TME.
Approaches to normalize the fibrotic-like ECM in the TME
have also been described to improve response to immunotherapy
(137). One study showed that, in isogenic murine cancer models,
including melanoma, targeting DDR2, using the tyrosine kinase
inhibitor Dasatinib, in combination with anti-PD-1, improved
therapeutic response to immunotherapy (137). Furthermore,
another group showed that targeting collagen stabilization
(crosslinking) using a LOX inhibitor in combination with anti-
PD-1 in vivo, not only reduced overall tumor stiffness but also
allowed for improved T-cell migration in the melanoma TME,
thereby improving the overall efficacy of this immunotherapy
(138). Furthermore, in a preclinical melanoma study, mouse
survival was prolonged when CAFs were targeted with
Nintedanib in combination with anti-PD-1 treatment. Tumor
growth was described to be repressed due to the disruption the
fibrotic-like ECM, which led to improved infiltration of CD8+ T
cells and the production of granzyme B, therefore improving anti-
tumor immunity and response to immunotherapy in tumor-
bearing mice (139). Another potential therapeutic strategy to
normalize the TME was suggested by a group that investigated
the combination of shPD-L1 loaded nanoparticles and the ECM
degradation enzyme hyaluronidase in an in vivo melanoma model
(140). The authors found that the hyaluronidase degraded the
hyaluronic acid in tumors, thereby increasing the infiltration of
the shPD-L1 loaded nanoparticles in the TME and resulted in
improved PD-L1 gene silencing (140). Additionally, another
group carried out an epigenetic screen to identify novel
druggable targets for melanoma treatment and identified TP-
472 (targets bromodomain-7/9) as a potential drug, as it effectively
inhibited melanoma cell proliferation (141). Interestingly,
transcriptome-wide mRNA sequencing revealed that TP-472
treatment downregulated genes encoding various ECM proteins,
such as integrins, collagens, and fibronectins in melanoma cells
(141). Therefore, these studies suggest that normalizing the
fibrotic and dense ECM in the melanoma TME might facilitate
improved immune cell infiltration and overall immune anti-
tumor response, which has the potential to significantly improve
the efficacy of immunotherapies and patient prognosis.
Interestingly, there is some evidence that ECM molecules can
serve as biomarkers and can predict the efficacy of immunotherapy
treatment in melanoma patients (142, 143). For example, one study
described that higher levels of ECM and tissue remodeling proteins
such as MMP degraded type III and type IV collagens, quantified in
patient serum from metastatic melanoma patients prior to immune
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checkpoint inhibitor treatment, were predictors of poorer overall
survival (143). Furthermore, another group recently demonstrated
that levels of the ECM protein elastin microfibril interface-located
protein 2 (EMILIN-2) vary amongst melanoma patients and that
the absence of EMILIN-2 expression was shown to be associated
with higher PD-LI expression levels, that in turn, improved the
efficacy of immunotherapy. A possible reason for this observation
was suggested using an in vivo Emilin2-/- mouse model that
showed improved vessel normalization and a decrease in hypoxia
within tumors (142). Further investigation of ECM markers in
melanoma patient serum might therefore be an interesting avenue
to further explore, in order to identify novel melanoma
prognostic biomarkers.

The normalization of the melanoma TME therefore has the
potential to limit immune suppression, increase therapeutic
responses and improve advanced melanoma patient prognosis.
However, novel therapeutic strategies to prevent or reverse the
altered ECM within tumors require further investigation.

Conclusion

The ECM is a dynamic feature of the TME that can
dramatically influence cancer biology. Herein, we reviewed how
melanoma ECM topology is remodeled by MAFs and
dedifferentiated, invasive and mesenchymal-like melanoma cells.
These remodeling changes result in ECM architectural
modifications including changes in ECM deposition,
composition, fiber alignment and mechanical stiffness.
Importantly, these biophysical modifications influence
melanoma cell, fibroblast and immune cell behaviors, generate
intra-tumoral heterogeneity, promote metastasis and compromise
anti-melanoma treatments. Furthermore, we give insight into how
melanoma cells react to these architectural changes, as they
interact directly with the ECM via transmembrane receptors, in
a reciprocal manner, which influences melanoma cell migration,
invasion and phenotypic tumor states. Notably, we provide
evidence on how ECM composition, alignment and stiffness
contribute to melanoma cells evading therapies and provide a
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Kaposi's sarcoma (KS) is the most common tumor in AIDS patients. The highly
vascularized patient’s skin lesions are composed of cells derived from the
endothelial tissue transformed by the KSHV virus. Heme oxygenase-1 (HO-1) is
an enzyme upregulated by the Kaposi's sarcoma-associated herpesvirus
(KSHV) and highly expressed in human Kaposi Sarcoma (KS) lesions. The
oncogenic G protein-coupled receptor (KSHV-GPCR or vGPCR) is expressed
by the viral genome in infected cells. It is involved in KS development, HO-1
expression, and vascular endothelial growth factor (VEGF) expression. vVGPCR
induces HO-1 expression and HO-1 dependent transformation through the
Gal3 subunit of heterotrimeric G proteins and the small GTPase RhoA. We have
found several lines of evidence supporting a role for Nrf2 transcription factors
and family members in the vGPCR-Gal3-RhoA signaling pathway that
converges on the HO-1 gene promoter. Our current information assigns a
major role to ERK1/2MAPK pathways as intermediates in signaling from vGPCR
to Nrf2, influencing Nrf2 translocation to the cell nucleus, Nrf2 transactivation
activity, and consequently HO-1 expression. Experiments in nude mice show
that the tumorigenic effect of vGPCR is dependent on Nrf2. In the context of a
complete KSHV genome, we show that the lack of vVGPCR increased
cytoplasmic localization of Nrf2 correlated with a downregulation of HO-1
expression. Moreover, we also found an increase in phospho-Nrf2 nuclear
localization in mouse KS-like KSHV (positive) tumors compared to KSHV
(negative) mouse KS-like tumors. Our data highlights the fundamental role of
Nrf2 linking vGPCR signaling to the HO-1 promoter, acting upon not only HO-1
gene expression regulation but also in the tumorigenesis induced by vGPCR.
Overall, these data pinpoint this transcription factor or its associated proteins as
putative pharmacological or therapeutic targets in KS.
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Introduction

Exposure of cells to environmental toxicants and potential
carcinogens has been linked to pathologic processes, including
neurodegenerative and cardiovascular diseases, as well as to
cancers (1). Eukaryotic cells have developed complex
responses to detoxify potentially harmful substances and
maintain cellular redox homeostasis in which different
signaling cascades participate. The response involves the
induction of cytoprotective and detoxifying enzymes consisting
of phase I (cytochrome P450s) and phase II (detoxifying and
antioxidant proteins) enzymes (2). The expression of these genes
attempts to restore the cell to a basal state, preventing damage to
cellular components sensitive to redox changes (i.e., proteins,
lipids, and DNA) (3). One such enzyme is Heme oxygenase-1
(HO-1), an inducible and ubiquitous 32-kDa enzyme that
regulates heme metabolism and iron levels by catalyzing the
degradation of the heme group. The products of this enzymatic
reaction are carbon monoxide, free iron, and biliverdin. This
final product is subsequently reduced to the antioxidant
bilirubin (4). HO-1 activity can be regulated at different levels,
but it depends primarily on the control of HO-1 expression at
the transcriptional level (4-6). A variety of stress-inducing
stimuli, antioxidants, growth factors, and hormones can
induce HO-1 expression (7-10). HO-1 has been considered a
cytoprotective molecule because of heme metabolism products’
antioxidant properties. It has been involved in several
physiological responses against oxidative and cellular stress
and inflammation (5). However, several studies have now
expanded this notion and defined HO-1 as an important
regulator of the physiology of the vasculature, vascular
endothelial growth factor (VEGF) secretion, endothelial cell
cycle control, proliferation, angiogenesis, and tumorigenesis (6,
11-14).

The transcriptional regulation of HO-1 is mainly controlled
by Nrf2, a transcription factor of the leucine zipper-type, a
cap’n’collar bZip protein ubiquitously expressed and responsible
for the basal and inducible expression of proteins involved in the
oxidative stress response, drug metabolism, cytoprotection,
apoptosis, differentiation, proliferation, and growth (15). Nrf2
undergoes spatial-temporal regulation switched on and off by
tightly regulated mechanisms. Proteasomal degradation
regulates the cell’s response to inflammatory, hypoxic,
oxidative, and xenobiotic stimuli. In unstressed conditions or
resting cells, the level of Nrf2 protein is maintained at very low
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levels by its inhibitor Keapl which sequesters Nrf2 in the cytosol
and facilitates its degradation via the proteasome. Several
mechanisms by which Nrf2 can be regulated independently of
Keapl were described (16, 17). In the presence of Nrf2 inducers,
Nrf2 is liberated from Keap, translocates to the nucleus, and
forms a heterodimer with small masculoaponeurotic
fibrosarcoma (Maf) binding to the Antioxidant Response
Element (ARE), a cis-acting enhancer sequence (TCAG/
CXXXGC) (15, 18, 19). The genes that are Nrf2-regulated can
be classified into phase II enzymes, antioxidants, molecular
chaperones, DNA repair enzymes, and anti-inflammatory
response proteins (20). Importantly, the Nrf2 promoter
displays an ARE sequence within its promoter region to
initiate its transcription further enhancing the adaptive cell
defense response (15). Nrf2 seems to play a dual role in
cancer, potentially acting as both a tumor suppressor and an
oncogenic factor. Raised Nrf2 levels have been detected in an
array of cancer tissues including lung (21, 22) and pancreas (23,
24). It is proposed that this provides cells with enhanced chemo-
resistance as well as supports increased proliferation thus
promoting cancer growth and development (23). Nrf2-
deficient mice are more susceptible to toxicity by compounds
such as paracetamol and tobacco smoke and too many diseases.
Interestingly, Nrf2 /" mice do survive and can procreate which
suggests that Nrf2 is not necessarily vital for survival in
unstressed cells and is only called upon in the presence of
stress or insult (25). However, Nrf2 plays a major role in
health and disease and therefore is a potential therapeutic
target. This fact highlights the need to understand and
determine whether gene expression regulation of Nrf2 would
be beneficial in both the short and long-term and its
intermediate signaling mediators.

The most frequent type of tumor in AIDS patients is Kaposi
sarcoma (KS), formed by spindle cells derived from endothelial cells
transformed by KSHV (26, 27). The product of orf 74 in the KSHV
genome is a constitutively active G protein-coupled receptor
(VGPCR) that plays an important role in the development of
KSHV-induced oncogenesis (26, 28-31). Only a few cells in KS-
like lesions express vGPCR (28), however, down-regulation of the
receptor in these cells results in a decreased expression of angiogenic
factors and tumor regression (32, 33). vGPCR is homologous to the
mammalian interleukin-8 receptor. A mutation confers vGPCR its
constitutive, ligand-independent activity (34-36). It has been shown
that the expression of vGPCR in fibroblasts induces transformation,
angiogenesis in endothelial cells (EC), and angioproliferative KS-like
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lesions in mice (28, 31, 37). HO-1 expression is induced during
KSHYV infection of human dermal microvascular endothelial cells
(DMVEC) and is highly expressed in biopsy tissues from oral AIDS-
Kaposi sarcoma lesions (38). Moreover, KSHV induction of HO-1 in
lymphatic EC (LEC) occurs in two distinct phases, a transient phase
upon acute infection and a sustained phase coincident with the
establishment of viral latency (39). Previous work from our
laboratory and collaborators shows that vGPCR induces HO-1
mRNA and protein levels in fibroblasts and endothelial cells and
that these facts correlate with increased cell proliferation, survival,
and VEGF-A expression, one of the determinant events in KS
development. Inhibition of HO-1 expression or activity impairs the
tumorigenesis induced by vGPCR in allograft tumor animal models
(40). Several studies show that vGPCR contributes to KS
development by switching on a complex network of signaling
pathways (29, 41). vGPCR activates downstream effectors by
coupling to different subunits of heterotrimeric G proteins (42-44).
We have shown that the expression of both Gal2 and Gal3 subunits
mimicked vGPCR-induced HO-1 expression and transformation
through the small GTPase RhoA. Reduced expression of RhoA
impairs vGPCR-induced VEGF expression and secretion, cell
survival and proliferation, and transformation both in cell culture
and in a murine allograft tumor model (40, 45). Despite the
implication of HO-1 as a vVGPCR downstream target, the nature of
the molecular pathways connecting the receptor to HO-1 expression
regulation remains unknown.

Previous reports have shown that KSHV de novo infection of
HMVEC-d requires ROS for Nrf2 activation during the early stages
of infection and establishment of latency and observed activated Nrf2
levels in KSHV positive KS and Primary Effusion Lymphoma (PEL)
lesion cells (46). Moreover, two simultaneous Nrf2 activation
pathways necessary for the sustained expression of the Nrf2 target
gene have been shown to occur in KSHV-infected long-term-infected
telomerase-immortalized endothelial (TTVE-LTC) cells (47).

In this study, using a combination of biological models that
include cells transformed by vGPCR in culture, tumors in mice,
and KSHV full genome-bearing cells, including KSHV-Bacl6
based mutant system with vGPCR deletion, we have shown that
the effect of vGPCR signaling on HO-1 expression and
tumorigenesis is mediated by ARE sites and its associated
transcription factor Nrf2. Moreover, vGPCR not only affects
the transcriptional activation of Nrf2 but also induces Nrf2
nuclear translocation. Nrf2 transcriptional activity and nuclear
translocation are mainly mediated by vGPCR-induced activation
of the Go12/13-RhoA-ERK1/2 signaling pathway.

Experimental procedures
DNA constructs

The plasmid pHO-1-Luc was provided by J. Alam and
contained a 15- kb murine HO-1 promoter upstream of a
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luciferase gene (reporter gene vector pSK-luc) as described
previously (48). pCEFL-AU5-vGPCR was constructed in Dr.
Gutkind’s laboratory introducing vGPCR cDNA as a Bgl2/
Notl fragment in pCEFLAUS5 (28). The reporter construct
pGL3_Nrf2-3xARE-Luc (minimum promoter containing three
ARE sites in tandem, T/CGCTGAGTCA) was a gift of M.
Marinissen, and the pG5 Luc (minimum promoter containing
5 sites for GAL4 binding) was purchased from Promega. The
expression plasmid for Nrf2 WT, pCDNA3 His B - V5 Nrf2
(Wild Type), was a kind gift from M. McMahon y J. Hayes and
previously described (49). Briefly, the PCR amplification of the
murine Nrf2 coding sequence and 50 nucleotides of the 5'-
untranslated region was ligated into EcoRV-digested
pcDNA3.1/V5HisB (Invitrogen), allowing expression of
mNrf2-V5-his fusion protein from a CMV promoter. The
expression plasmid for Nrf2 Dominant Negative (Nrf2 DN)
(reporter gene vector pEF) was provided by J. Alam and
described previously (48). The expression plasmids
pCDNA3_Gol2-QL and pCEFL_HA_Gal3-QL were
obtained by cloning the constitutively active forms of both
c¢DNAs and cloned as Bgl2/Not1 fragments into pCDNA3 and
pCEFL-HA, respectively. pCEFL_AU5_RhoA-QL and
pCEFL_Rho-N19 Dominant Negative were cloned as
BamH1/EcoR1 fragments and introduced in the respective
vectors in Dr. Gutkind’s laboratory who provided them as a
gift (40, 50, 51). The expression vectors for the MEKs were
previously described (52).

Cell lines and transfections

NIH3T3 fibroblasts were received from Dr. S. Gutkind’s
laboratory and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen) supplemented with 10% calf
serum. Stable transfections of NIH3T3 for vGPCR were
received from Dr. S. Gutkind’s laboratory and described
previously (40). Stable transfections of NIH3T3_vGPCR for
different shRNAs were performed using the Lipofectamine
Plus Reagent (Invitrogen). NIH3T3_vGPCR cells were plated
at 60% confluence in 10 cm plates and transfected with 2ug of
ShRNA (shScramble and shRNAs targeted against Nrf2 - GIPZ
Nfe2l2 shRNA Thermo RMM4532-EG18024). Transfected cells
were selected with 750 ug/ml G418 (Promega Corp., Madrid,
Spain) and 0.4ug/ml Puromycin (Invitrogen). mECs were
obtained from Balb/C mice (NCI, Bethesda, MD) as previously
described (33). By transfection with KSHVBac36, the vector
containing the insert with the genome of KSHV in Bacterial
Artificial Chromosome (KSHVBac36), mECK36 cells were
generated. mECKnull is a variant of the latter that lost the
plasmid and was subsequently used as the source for the
generation of mECK16-delta-Revertant or mECK16-delta-
VGPCR cell lines, which express reinstalled KSHV genomes in
its complete or devoid of vGPCR versions, respectively (53).
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Luciferase reporter assays

Cells were transfected with different expression plasmids
together with lug of the indicated reporter plasmid per well in 6-
well plates. In all cases, the total amount of plasmid DNA was
adjusted with pcDNA3 empty and 0.2ug of pCDNA3-b-
galactosidase. Firefly luciferase activity in cellular lysates was
assayed using the luciferase reporter system catalog number E1500
(Promega Corp.), and light emission was quantified using a
luminometer (Junior Berlthold). To study transcriptional activation
domains of transcription factors, we used the Luciferase GAL4
reporter system, where a Gal4 DBD — Nrf2 TAD vector expresses a
fusion protein containing the DNA binding domain of GAL4 and the
transactivation domain of Nrf2, is co-transfected with the pG5 Luc.
When co-transfected in the same cell, these two constructs allow for
the assessment of the regulation of gene expression by signal
transduction pathways that impinge on the transcription factor
Nrf2 using luciferase as a reporter gene. All assays were performed
in three biological replicates and measured in triplicates
for quantification.

RT-qPCR

Total cellular RNA was isolated using TRIReagent
(Genbiotech-MRC) using the manufacturer’s protocols. RNA
concentration was measured by NanodropTM (Thermo Fisher),
and 2ug of RNA was treated with RNase-free DNase I
(Invitrogen). DNase treatment was performed for 15 min at
room temperature, followed by EDTA treatment for 10 minutes
at 65 ° to stop the DNase. After DNase treatment, the samples were
incubated for 5 minutes at 65 ° in the presence of 500ng OligodT
(Genbiotech). ¢cDNA synthesis was performed using MMLV
(Moloney murine leukemia virus) reverse transcriptase (RT)
(Promega) with RNaseOUT (Invitrogen) for 50 minutes at 37°.
qPCR was performed using 1ul of cDNA in a BioRad CFX96
instrument with 9ul of the Master Mix qPCR 2.0 (PB-L, Productos
Bio-Logicos), including SYBR Green detection. qPCR cycles: STEP
1 95° 3min; STEP 2 (x40) 95° 20seg, 62° 20 seg and 72° 30 seg with
reading; STEP 3 95° 1 min; STEP 4 Melting curve 60° 30seg, 95°
30seg (temperature of the sample is then increased incrementally as
the instrument continues to measure fluorescence). Luciferase
mRNA was quantified by qPCR using the following primer set:
forward (5-CCGCCGTTGTTGTTTTG- 3) and reverse (5-
ACACAACTCCTCCGCGC-3). For vGPCR, the primer
sequences were: forward (5-AGGAGCGATAGATATACTG-3)
and reverse (5-CAACACTTCTGCCAATAG-3). Luciferase and
vGPCR mRNA expression were normalized against the Beta-
galactosidase mRNA, in which primer sequences were: forward
(5-CCACGGAGAATCCGACG-3) and reverse (5-
GCGAGGCGGTTTTCTCC-3). In every run, melting curve
analysis was performed to verify the specificity of products and
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water and No-RT controls. Three biological replicates were used for
each sample and measured in triplicates in the gPCR analysis. Data
were analyzed using the AACT method previously described (54);
we used this method because the genes were amplified with
comparable efficiencies. Target gene expression was normalized to
Beta-galactosidase by taking the difference between CT values for
target genes and Beta-galactosidase (ACT value). These values were
then calibrated to the control sample to give the AACT value. The
fold target gene expression is given by the formula: 2-AACT. We
used Beta-galactosidase as a reference gene to normalize
transfected cells.

Western blot

Nrf2 and phospho-Nrf2 were detected by Western blotting
with anti-Nrf2 (Abcam ab89443) and anti-phospho-Nrf2
(Abcam ab76026). For kinase analysis, we used anti-ERK2
(Santa Cruz: sc-154), Anti-Phospho-ERK1/2 (Santa Cruz sc-
7383), Anti-p38 (Santa Cruz sc-535-G), Anti-Phospho-p38 (Cell
Signaling 9211), Anti-JNK (Santa Cruz sc- 474-G), Anti-
Phospho-JNK (Cell Signaling 9255S), Anti-Aktl (Santa Cruz
sc-1618), Anti-Phospho-Akt1/2/3 (Santa Cruz sc-16646-R),
Anti-Keapl (Cell Signaling 8047) and anti-HO-1 (Cell
Signaling 43966). Proteins were visualized by enhanced
chemiluminescence detection (Amersham Biosciences) using
secondary antibodies coupled to horseradish peroxidase or
secondary antibodies coupled to fluorophores and detected
using an Odyssey System (Li-cor). The MEK inhibitor
PD98059 (catalog number 513000) was purchased from
Calbiochem (San Diego, California).

Indirect immunofluorescence

NIH3T3, NIH3T3_vGPCR, NIH3T3_Gal2-QL, NIH3T3
Gol13-QL, and NIH3T3 RhoA-QL cells were seeded on glass
coverslips. Cells were serum-starved for 24 h, washed twice with
Iml PBS, and then fixed and permeabilized with 4%
formaldehyde and 0.05% Triton X-100 in 1ml PBS for 10 min.
After washing with PBS, cells were blocked with 1% bovine
serum albumin and incubated with anti Nrf2 (Abcam) as
primary antibody O.N. at 4C°. Following incubation, cells were
washed three times with 1ml PBS and then incubated for an
additional hour with the corresponding secondary antibody
(1:1000) conjugated with fluorescein isothiocyanate (Molecular
Probes). Cells were washed three times with 1ml PBS and stained
with Propidium Iodide (1 ug/ml) (Molecular Probes) in the last
wash. Coverslips were mounted in Mowiol mounting medium
(Sigma) and viewed using a confocal microscope (Fluoview
FV300, Olympus, Japan). For nucleus/cytoplasm ratio
quantification of protein localization, we used ImageJ and the
results were displayed in the graph as fluorescence intensity
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ratio. Values near one indicate homogenous protein localization,
while values over one indicate mainly nuclear localization, and
values below one indicate localization mainly cytoplasmically.
For mouse-KS tumor immunofluorescence analysis, we used
frozen mouse KSHV (+) and KSHV (-) tumor samples obtained
as previously described (33, 55). Briefly, mECK36 KSHV (+)
cells injected subcutaneously into the flanks of nude mice form
mouse KSHV (+) tumors 5 weeks after injection. KSHV (-)
tumor cells injected subcutaneously into the flanks of nude mice
form KSHV (-) tumors 3 weeks after injection.
Immunofluorescence assay (IFA) of mECK16-deltavGPCR,
mECKI16A-Revertant, Mouse KSHV-positive, and KSHV-
negative tumors was performed as previously described (56).
Briefly, cells were fixed in 4% paraformaldehyde for 10 min and
washed with PBS. Cells were permeabilized in 0.2% Triton-X/
PBS for 20 min at 4°C. After blocking with 3% of BSA in PBS and
0.1% Tween 20 for 60 min, samples were incubated with primary
antibodies overnight at 4C. After PBS washing, samples were
incubated with fluorescent secondary antibodies for 1 hour
(Molecular Probes), washed, and mounted with ProLong Gold
antifade reagent with DAPI (Molecular Probes).

Tumor xenografts in athymic nude mice
and antitumor effect of Nrf2 silencing

NIH3T3, NIH3T3_vGPCR, NIH3T3_vGPCR_shScramble,
NIH3T3_vGPCR_shNrf2 stable cell lines were used to induce
tumor allografts in 7-week athymic (nu/nu) nude mice. Cells
were harvested, washed, counted, and resuspended in PBS. 1 X
10° NIH3T3_vGPCR (control) or NIH3T3_vGPCR_shNrf2 cells
were injected subcutaneously in the right flank of six and five nude
mice, respectively. Mice were monitored twice weekly until each
animal developed one tumor in the area of the cell injection. Tumor
volume and body weight were measured every other day during the
investigation period. Tumor volumes (V) were determined by the
formula V=LxW?x0.5, with L being the longest cross-section and W
the shortest. Data are mean + S.E.M expressed as tumor volume
(cm®), calculated as described above. Animals from each group were
euthanized for tissue retrieval at the various time points indicated in
the study. Using standard protocols, the tissues were fixed in 4%
buffered paraformaldehyde overnight, dehydrated, and embedded
in paraffin. H&E-stained sections were used for diagnostic purposes.

All animal studies were carried out according to the
Institutional Animal Care and Use Committee of the Facultad
de Ciencias Exactas y Naturales (FCEN) the University of
Buenos Aires approved protocol, and local government
regulations (Servicio Nacional de Sanidad y Calidad
Agroalimentaria, RS617/2002, Argentina). All mice were
maintained under a 12:12 h dark/light cycle with food and
water ad libitum. They were grouped-housed (3-5 mice per
cage). Male and female mice were used and randomly assigned
to the different experimental groups. All mice were euthanized
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by Carbon Dioxide inhalation using especially appropriate
equipment of the Animal Facility.

Statistical analysis

Sample sizes were estimated based on variance obtained
from previous studies, an alpha level of 0.05, and statistical
power >0.8. To minimize any possible bias during tumor
measurements, mice from both experimental groups were
housed together and were evaluated in random order by
experimenters blinded to the treatment conditions. No
exclusion criteria were a priori established, and all injected
mice were included in the analysis. Normality of data
distributions was estimated with Shapiro-Wilk tests, two-tailed
parametric statistics were used in all cases, and the threshold for
significance was set at p = 0.05. The p values are indicated along
with statistical parameters, such as the number of cells and
animals used in each experiment in the results and the figure
legends. Statistical analysis was performed with GraphPad Prism
9 software. Group differences were analyzed by student t-test or
ANOVA followed by Dunnet Test. Experimental groups are
compared to the control. Two-way repeated measures ANOVA
was used for tumor volume analysis. A p-value <0.05 (*) was
considered statistically significant.

Image analysis and quantification

Different band intensities corresponding to Western blot
detection of protein samples were quantified using the
Image] software.

Results

ARE elements are involved in the
vVGPCR-mediated activation of HO-1

We performed Luciferase Reporter Assays to identify the
elements within the HO-1 promoter responsible for vGPCR
activation. For this aim, we used a reporter construct containing
4.9KDb of the HO-1 promoter (HO-1 4.9 Luc) and serial deletions
(HO-1 3.8 Luc, HO-1 1.4 Luc, and HO-1 0.3 Luc) (Figure 1A).
As shown in Figure 1B, the loss of the proximal ARE reduces the
transcriptional activity of the HO-1 (4.9Kb) promoter. This
result suggests that the ARE sequence might be responsible for
HO-1 promoter activation by vGPCR. Next, we used a
minimum promoter containing three ARE sites in tandem
(3xARE Luc) to determine the role of the HO-1 ARE sites in
activating the HO-1 promoter by vGPCR. We co-transfected this
reporter with expression plasmids for Nrf2 WT and Nrf2
Dominant Negative (DN), lacking the Nrf2 transactivation
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domain as control of responsiveness of the reporter
(Supplementary Figure 1). To evaluate the effect of over-
expression of vGPCR, we co-transfected the 3xARE Luc
reporter with expression plasmids for vGPCR. As seen in
Figure 1C, vGPCR produced an increment in the reporter
activity, indicating that vGPCR may activate ARE sites in
target genes. To determine if the transcription factor Nrf2
mediated this effect, we co-transfected vVGPCR with plasmids
that express Nrf2 WT or Nrf2 DN. Interestingly co-transfection
with vGPCR and Nrf2 WT produce a higher induction than the
observed for vGPCR alone, suggesting that vGPCR and Nrf2
may be linked by a common signaling pathway. The induction
produced by vGPCR was abolished by Nrf2 DN. Altogether,
these results (Figure 1C) suggest that vGPCR activates ARE sites
through Nrf2. These results were confirmed by RT-qPCR
analysis of Luciferase mRNA expression (Figure 1D). vGPCR
over-expression was confirmed by RT-qPCR (Figure 1E).

Like many GPCRs, vGPCR activates downstream effectors
like Gou12, Goul3, and RhoA. To determine if those proteins were
involved as mediators in the activation mechanism of the ARE
sites by vGPCR, we performed luciferase assays with the 3xARE
Luc construct co-transfected with expression vectors for vGPCR
and downstream effectors. As shown in Figure 1F, vGPCR and
its downstream effectors activate transcriptional response at the
ARE sites. Moreover, the activation of ARE sites by vGPCR,
Go12, and Gol3 are RhoA dependent, as the co-transfection
with RhoA Dominant Negative (RhoAN19) produces a decrease
in the activation of the reporter when compared with the effect
produced by vGPCR, Gou12 and Goul3 alone (Figure 1G). These
results suggest that vVGPCR, Gou12, and Goul3 activate ARE sites
through RhoA.

Key role of Nrf2 on HO-1 activation
by vGPCR

To evaluate the role of Nrf2 in the induction of the HO-1
promoter by vGPCR, we performed Luciferase Reporter Assays.
We used a reporter with the luciferase gene upstream of the
murine HO-1 promoter. As seen in Figure 2, vGPCR induces an
increment in the activity of the HO-1 promoter when compared
to cells transfected with a control plasmid (pCDNA3.1 empty).
To demonstrate that this effect was mediated through Nrf2, we
co-transfected vGPCR with Nrf2 WT or with Nrf2 DN. The
effect of co-transfection of vGPCR and Nrf2 WT in HO-1
promoter was bigger than the effect of vGPCR alone.
Interestingly, the co-transfection of vGPCR with Nrf2 DN
produced a decrease of about 30% respective to the effect of
vGPCR alone. These results suggest that Nrf2 plays a key role in
activating the HO-1 promoter by vGPCR (Figure 2A). These
results were confirmed by RT-qPCR analysis of Luciferase
mRNA expression (Figure 2B).

Frontiers in Oncology

169

10.3389/fonc.2022.890825

VGPCR activates Nrf2 TAD and induces
Nrf2 nuclear translocation

Like many transcription factors, Nrf2 has to be activated on
its Transcriptional Activated Domain (TAD) to recruit the
transcriptional machinery needed to activate the transcription
of target genes. To determine if vGPCR affects TAD activation,
we performed luciferase assays. We co-expressed a Gal4DBD-
Nrf2TAD fusion protein and a Gal4 Binding Element upstream
luciferase and evaluated reporter activity in control cells and cells
overexpressing VGPCR, Go12-QL, Ga13-QL, or RhoAQL. As
shown in Figure 3A, vGPCR and the downstream signaling
components can activate this promoter, suggesting that Nrf2-
TAD targets vGCPR-triggered signaling. In basal conditions,
Nrf2 localizes in the cytoplasm, and Keapl drives it to
proteasomal degradation, whereas in stimulated conditions,
the complex Nrf2-Keapl is dissociated, and Nrf2 translocated
to the nucleus. To determine if vGPCR affects Nrf2 nuclear
translocation, we performed immunofluorescence assays using a
specific Nrf2 antibody on NIH3T3, NIH3T3_vGPCR,
NIH3T3_Gol2-QL, NIH3T3_Gal3-QL and NIH3T3_RhoA-
QL (all stable cell lines). As shown in Figure 3B, in NIH3T3
cells, Nrf2 has a predominantly cytoplasmic localization
whereas, in the four stable cell lines that express vGPCR,
Gol2-QL, Gal3-QL, or RhoA-QL, Nrf2 is found
predominantly in the nucleus (Figures 3B-C). These results
suggest that vGPCR and its effectors downstream have the
same effect on Nrf2 nuclear translocation.

VGPCR increases expression levels and
phosphorylation of Nrf2

Given that it has been reported that Nrf2 is directed to
proteasomal degradation and that in-stimulated conditions, it
can be phosphorylated; we wondered if overexpression of
VGPCR could stabilize the protein levels of Nrf2 and affect its
phosphorylation levels. For this purpose, we performed Western
Blots using lysates of NIH3T3 and NIH3T3_vGPCR cells and
evaluated the levels of total and phosphorylated Nrf2 proteins in
both cell lines. As seen in Figure 4A, vGPCR augments the level
of total and phosphorylated Nrf2. These results suggest that
vGPCR not only stabilizes Nrf2, but it also induces Nrf2
phosphorylation levels.

It is known that different post-translational modifications
such as phosphorylation, ubiquitination, sumoylation, and many
others can modify Nrf2 and Keapl. We evaluated different
kinase activation pathways in our model to determine if
phosphorylation on the Nrf2-Keapl complex is a mediator of
the VGPCR effect. We performed Western Blot assays with
specific antibody pairs (phospho-protein and total protein) for
four different relevant kinases, ERK1/2 (Figure 4B), p38
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FIGURE 1

10.3389/fonc.2022.890825

(A) Serial deletions of the 4.9Kb region of the HO-1 promoter. (B) Luciferase activity of serial deletions of the HO-1 promoter after co-transfection of
the reporter construct with a plasmid that expresses vGPCR. The results are expressed as fold induction relative to cells transfected with the 4.9Kb
promoter construct. (C) Luciferase activity of a minimum promoter with three ARE sites in tandem (3xARE Luc) after transfection of vVGPCR; effect of
co-transfection with vVGPCR and Nrf2 WT, and effect of co-transfection with vGCPR and Nrf2 DN. The results are expressed as fold induction relative to
control cells (transfected with the reporter and an empty vector). (D) Fold-changes of Luciferase mRNA expression were assessed by RT-gqPCR in
triplicate and are presented as means + SD. (E) Fold-changes of vVGPCR mRNA expression were assessed by RT-gPCR in triplicate and are presented as
means + SD. (F) Luciferase activity of the 3xARE Luc reporter constructs after transfection with plasmids expressing VGPCR, Ga12-QL, Gol3-QL, and
RhoA-QL (constitutively active forms of Ga12, Gal3, and RhoA, respectively). The results are expressed as fold induction relative to control cells
(transfected with the reporter and an empty vector). (G) Luciferase activity of the 3xARE Luc after co-transfection with vVGPCR, Go12-QL, and Gol3-QL
with or without RhoA-N19 (a dominant negative form of RhoA). The results are expressed as fold induction relative to control cells (transfected with the
reporter and an empty vector). P-value <0.05 (*). P-value <0.002 (**). P-value <0.0002 (***)
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(A) Luciferase activity of the murine HO-1 promoter after transfection with vVGPCR; co-transfection with Nrf2 WT and the dominant negative
Nrf2 DN. The results are expressed as fold induction relative to control cells (transfected with the reporter and an empty vector). (B) Fold-
changes of Luciferase mRNA expression were assessed by RT-qPCR in triplicate and are presented as means + SD. (*P <0.05).p-value <0.05 (*)

(Figure 4C), AKT (Figure 4D), and JNK (Figure 4E). In all cases,
we evaluated NIH3T3, NIH3T3_vGPCR, and an appropriate
positive control (see Figures 4B-E). As seen in Figure 4, vVGPCR
can activate ERK1/2 and p38 but not AKT and JNK in
our model.

VGPCR effects on Nrf2 transcriptional
activity are mediated by ERK1/2

As we showed, vGPCR affects Nrf2 transcriptional activity,
so we wanted to know if the ERK1/2 pathway mediated this
effect. For this aim, we performed Luciferase assays with the
murine HO-1 promoter (Figure 5A), the 3xARE Luc (Figure 5B),
and the GAL4-Nrf2TAD reporter system (Figure 5C). We
transfected NIH3T3_vGPCR cells with the reporter construct.
We activated the ERK1/2 pathway co- transfecting with
expression plasmids for MEK-EE (constitutive activated) or
inhibited the pathway co-transfecting with MEK-AA
(dominant negative). Figure 5A shows that co-transfection of
vGPCR and MEK-EE did not produce a higher effect in HO-1
promoter activation compared to vGPCR alone. This might be
due to a saturation of the system when activation of the signaling
axis to this particular reporter construct is already ignited by
vGPCR. On the other hand, co-transfection of vGPCR with
MEK-AA diminished the effect observed with vGPCR alone.
Figures 5B, C showed a higher effect when co-transfecting
vGPCR with MEK-EE than vGCPR alone. According to this
result, co-transfection with vGPCR and MEK-AA produced a
decrease in reporter activation concerning vGPCR alone. These
results suggest that the ERK1/2 pathway mediates the vVGCPR
effect on Nrf2 transcriptional activity, which might have
participated in HO-1 promoter activation.
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VGPCR effect on Nrf2 nuclear
translocation is mediated by ERK1/2

To evaluate the ability of vGPCR to induce Nrf2 nuclear
translocation by ERK1/2 signaling, we performed
immunofluorescence assays using an Nrf2-specific antibody
treating NIH3T3_ vGPCR cells with or without the MEK
inhibitor PD98059 (20uM) for 2hs. Figure 6 shows that the
inhibition of the ERK1/2 pathway by PD98059 impairs the
nuclear translocation of Nrf2. The ratio of Nuclear
Fluorescence/Cytoplasm Fluorescence drops from 2.5 in
NIH3T3_vGCPR cells, which indicates nuclear localization to
0.5, indicative of cytoplasmic localization. This result suggests
that the effect of vVGPCR on Nrf2 nuclear localization is mediated
by ERK1/2. Whereas vGPCR increases Nrf2 stability and
phosphorylation and considering that vGCPR activates the
ERK1/2 pathway, we wanted to test if the ERK1/2 pathway has
a role in Nrf2 phosphorylation. As seen in Supplementary
Figure 2, the inhibition of the ERK1/2 pathway did not produce
a decrease in the phosphorylation levels of Nrf2 induced by
vGPCR, suggesting that the effect of ERK1/2 may not be
through direct phosphorylation of Nrf2 (Supplementary Figure 2).

Silencing of Nrf2 impairs vGPCR-induced
tumorigenesis in mice

Whereas parental NTH3T3 cells are non-transformed, they
acquire the capability to form foci in cell culture models and to
induce tumors in nude mice when transfected by a plasmid
construct expressing an oncogene. Thus, vGPCR-overexpressing
NIH3T3 cells, but not the parental cells, have been reported to
induce tumors when injected into nude mice (57). Prompted by
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FIGURE 3

(A) Luciferase activity of the GAL4 reporter system to study transcriptional activation domains of transcription factors. pG5Luc and pGAL4_Nrf2TAD
reporter plasmids were co-transfected with plasmids expressing VGPCR, Gal2-QL, Gol3-QL, and RhoA-QL. The results are expressed as fold induction
relative to control cells (transfected with the reporter and an empty vector). (B) vGPCR, Ga12-QL, Gal3-QL, and RhoA-QL induced nuclear
translocation of Nrf2. Confocal microscopy of NIH3T3 stable cell lines for the expression of vVGPCR, Gal2-QL, Gal3-QL, and RhoA-QL were incubated
with anti-Nrf2 and anti-rabbit FITC. For visualizing the nucleus, propidium iodide was used. Magnification 40X. (C) Quantification of fluorescence
intensity for the nucleus/cytoplasm localization of Nrf2 in the different conditions from (B). p-value <0.05 (*).
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FIGURE 4

(A) Western Blot Assays performed in NIH3T3 and NIH3T3_vGPCR were evaluated for Nrf2 levels and Nrf2 phosphorylation using anti-phospho
Nrf2 and anti- Nrf2. As loading control we used GAPDH. (B) Western Blot Assays performed in lysates of NIH3T3 and NIH3T3_vGPCR cells were
evaluated for activation of ERK using anti-phospho ERK1/2 and anti-ERK2; as a control, we used NIH3T3 cells treated with PDGF 5 minutes. (C)
Activation p38 using anti-phospho p38 and anti-p38; as control, we used NIH3T3 cells treated with Anisomycin for 20 minutes. (D) Activation of
AKT using anti-phospho AKT and anti-AKT as a control, we used NIH3T3 cells treated with PDGF for 20 minutes. (E) Activation of JNK using
anti-phospho JNK and anti-JNK as a control, we used NIH3T3 cells treated with PDGF for 20 minutes.

our findings, we used these models to investigate whether
silencing Nrf2 could affect vGPCR-induced tumorigenesis in
vivo. For this aim, we transfected the NTH3T3_vGPCR cell line
with different sShRNAs directed against Nrf2 (NIH3T3_vGCPR-
shNrf2) and with a control shRNA (NIH3T3_vGPCR-
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shScramble). We generated stable cell lines and evaluated
them for Nrf2 expression levels. As shown in Figure 7A, stable
cell lines named NIH3T3_vGPCR-shNrf2-2 and
NIH3T3_vGPCR-shNrf2-2.1 showed lower levels of Nrf2
expression when compared with NIH3T3_vGPCR. We
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injected 1x10° NIH3T3_vGPCR (control) or NIH3T3_vGPCR-
shNrf2-2.1 cells into the right flank of six and five nude mice,
respectively, and observed the mice twice a week. In
concordance with the in vitro described effects upon HO-1
expression, silencing Nrf2 by shRNA strongly impacts the
tumorigenic behavior of transformed cells in vivo. Tumors
produced by NIH3T3_vGPCR-shNrf2_2.1 tend to be smaller
than the ones observed in the NIH3T3_vGPCR group
(Figures 7B-C); probably due to the significant delay in tumor
onset found for Nrf2 silenced cells (Figure 7D).
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+
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FIGURE 6

Nrf2 subcellular localization and
activation by vGPCR in full KSHV
genome bearing cells and KS-like mouse
tumors

To determine the specific contribution of vGPCR signaling to
the subcellular localization of Nrf2 in the context of full KSHV
genome-bearing cells, we used a previously described Bac16-delta
vGPCR mutant or its revertant in mECK36 cells that have lost the
Bac36 episome by lack of antibiotic selection, mECK16-

Merge B

Nrf2 Nucleus/Cytoplasm
(Fluorescence intensity ratio)

Inhibition of ERK1/2 activity block Nrf2 nuclear translocation. (A) Confocal microscopy of NIH3T3 stable cell lines for vVGPCR control or treated
with PD98059 20uM and incubated with anti-Nrf2 and anti-rabbit FITC. For visualizing the nucleus, propidium iodide was used. Magnification
40X. (B) Quantification of fluorescence intensity for the nucleus/cytoplasm localization of Nrf2 in the different conditions from (A)
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(A) Western Blot Assays performed in NIH3T3_vGPCR or different NIH3T3_vGPCR stable cell lines for the expression of shRNAs targeting Nrf2.
We used an anti-Nrf2 antibody to detect Nrf2 levels in the different cell lines. (B) 1 X 10° NIH3T3_vGPCR (control) or NIH3T3_vGPCR_shNrf2 2.1
cells were injected subcutaneously in the right flank of six and five nude mice respectively. Data are mean + S.E.M expressed as tumor volume
(cm?®), calculated as Materials and Methods described. (Two-way repeated measures ANOVA, treatment factor Fy g; = 2.47 p = 0.15). (C) An
example of tumor-bearing mice from each group is depicted. H&E staining from representative tumors from mice injected with NIH3T3_vGPCR
or NIH3T3_vGPCR_shNrf2 cells, respectively. (D) The tumor onset was defined as the first day of appearance of a measurable tumor. Data are
mean + S.E.M. NIH3T3_vGPCR: 57+ 44.33; NIH3T3 _vGPCR_shNrf2: 90.6 + 30.56. p-value <0.05 (*).

deltavGPCR, and mECKI16-revertant, respectively (53). In
Figure 8A, top panel, Nrf2 subcellular localization is mainly
nuclear in cells infected with the complete KSHV genome
(mECK16-revertant cells), but in cells infected with a KSHV
virus lacking vGPCR (mECK16-deltavGPCR cells) the Nrf2
subcellular localization shift to a more cytoplasmic signal
(Figure 8A bottom panel). Moreover, western blot analysis of
these cells showed that the cytoplasmic subcellular localization of
Nrf2 in vGPCR mutant cells correlates with increased expression of
Keapl and decreased expression of HO-1, Figure 8B. Finally, we
were able to show that in KSHV-positive [KSHV (+)] mouse KS-
like tumors, Nrf2 activation (Nrf2 phosphorylation) and
subcellular localization is mainly nuclear in contrast with that
observed in KSHV-negative [KSHV (-)] mouse tumors, Figure 8C.
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Discussion

Kaposi’s sarcoma (KS) is the most common tumor in AIDS
patients, and the highly vascularized patient’s skin lesions are
composed of the cells that derive from the endothelial tissue
transformed by the KSHV virus (58). In previous works from
our laboratory and collaborators, we have contributed to
showing how the expression of vGPCR in fibroblasts produces
transformation with foci formation in Petri dishes and tumors
in nude mice. The lesions produced by these tumors in animals
are rich in vessel irrigation, which resembles those of human
patients with KS (31, 57). In addition, we have demonstrated
that vGPCR induces the gene coding for HO-1 in both
fibroblasts and endothelial cells and that this increase in HO-
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(A) Immunofluorescence analysis of mMECK16-revertant and mECK16-AvGPCR cells to evaluate Nrf2 expression (red), GFP signal comes from the
BAC16 plasmid (green), and nuclei were counterstained with DAPI (blue). (B) Western Blot Assays were performed in mECK16-revertant and
mMECK16-AvGPCR cell lines for the expression of Keapl and HO-1; Actin was used as a loading control. (C) Immunofluorescence analysis of
mouse KSHV (+) and mouse KSHV (=) tumors to evaluate Nrf2 phosphorylation (red), nuclei were counterstained with DAPI (blue)

1 expression levels correlates with and is necessary for increased
proliferation and cell survival. On the other hand, we have
shown that the inhibition of HO-1 expression or its activity
causes a reduction in the size of the vGPCR- induced tumors in
mice (40). In cells transformed by vGPCR, it has been reported
the activation of at least three major signal transduction
pathways MAPKS ERK1/2, JNK, and p38 (59, 60). In
addition, the cascade of PI3K/Akt has been reported as
activated by the viral oncogene VGPCR. Activation of Akt
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would be dependent on PI3K and would have beta and
gamma subunits of G proteins as intermediates (61). Small
GTP binding proteins of the Rho family, such as RhoA and
Racl, as well as alpha subunits of heterotrimeric G proteins,
increase their GTP loading in cells expressing vGPCR with their
subsequent activation (40, 45). We have shown that vGPCR
induces HO-1 expression and cell transformation using a
pathway that sequentially includes the Go12/13 and RhoA
proteins (40, 45) Figure 9.
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Regarding the role of HO-1 in the development of tumors,
some results suggest that HO-1 can act as a cytoprotective
enzyme, reducing the risk of developing some types of tumors.
However, HO-1 is given a “dual” role. On one hand, it acts as a
protective agent in healthy tissues, but on the other hand, it can
act as an antiapoptotic and proangiogenic mediator. In one way
or another, although the role of HO-1 as a target of vGPCR is
clear, we still do not entirely know the mechanism that regulates
its promoter expression. The transcription factors that bind to
the HO-1 promoter are still poorly characterized as the signal
transduction pathways that regulate them. The transcriptional
regulation at the ARE site level is mainly controlled by Nrf2, a
transcription factor of the leucine zipper-type (6) Figure 9.

According to our previous results and current global
knowledge, we hypothesize that Nrf2 acts as a key factor in
regulating the promoter of HO-1 by vGPCR. We contribute new
data that links vGPCR with the promoter of HO-1, highlighting
the fundamental role of Nrf2 as a mediator not only in the
regulation of HO-1 but also in the tumorigenesis induced by
VvGPCR. We have described that the loss of the ARE element
(located at the -4 Kb position) from the HO-1 promoter results
in a decrease in reporter activity, indicating that this site is
important in vGPCR mediated activation of HO-1 (Figure 1B).

We have determined the relevance of ARE sites on vGPCR-
mediated activation. On one hand, we show that the deletion of a
promoter region containing this sequence produces a decrease in
the activation of the HO-1 promoter (Figure 1B) and, on the
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other hand, that vGPCR can activate a minimal promoter with
ARE sites in tandem (3xARE Luc) (Figures 1C-D). Regarding
the downstream elements of vGPCR, it was described by our
group and co-workers, that vVGPCR activates the HO-1 promoter
through the small Gai12/13 G protein and RhoA (40, 45). In the
present report, we demonstrated that both vGPCR and Goi12/13
activate ARE sites through RhoA and that they are not
independent pathways since when co-transfected with a
dominant negative form of RhoA, the effect produced by
vGPCR and Goul2/13 was hampered (Figures 1F-G). This
suggests that these elements are key in the activation of Nrf2.
Once this was demonstrated, we considered it important to
study the role of the transcription factor protein Nrf2. Figures 1,
2 show that Nrf2 is key for activating the HO-1 promoter and
the ARE sites. We showed that Nrf2 can recruit the
transcriptional machinery and induce expression of a reporter
gene in response to VGPCR and downstream elements.
vGPCR activates different transcription factors that control
different genes. In our model, although vGPCR can induce NF-
KB through Racl, and the HO-1 promoter has binding sites for
this transcription factor, we provide evidence that Nrf2 has a key
role as a transcription factor in the regulation of HO-1 mediated
by vGPCR. Nrf2 activation seems to proceed via RhoA and not
Racl, although a more thorough study is currently being
followed to determine the nature of Racl involvement. This
suggests a fine regulation by a complex network of proteins that
are differentially activated in difterent models and regulate gene

/
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Signaling axis connecting the KSHV encoded oncogene VGPCR to the HO-1 promoter (Hmox-1) involves Ga12/13 and RhoA dependent Erk1/2

MAPK mediated activation of the transcription factor Nrf2
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expression orchestrating the biological response
(proliferation, angiogenesis).

Another key aspect is the subcellular localization of Nrf2. It
must be translocated to the nucleus to act as a transcription
factor. We demonstrate here that both vGPCR and downstream
elements can induce nuclear translocation of Nrf2 (Figure 3).
This suggests that vGPCR is not only capable of inducing
translocation to the nucleus of Nrf2 but that it may bind ARE
elements and recruit the transcriptional machinery necessary for
transcription initiation.

Work from different groups shows that vGPCR can activate
different signaling pathways in different models. For example,
Bais et al. have demonstrated that vGPCR activates the JNK and
p38 pathways (57). In endothelial cells, vGPCR activates
multiple pathways, including AMPc and AKT (41, 61, 62).
The activation of this pathway has also been described in
NIH3T3 cells. In this report, even using the same cell line, we
have not seen AKT activation (Figure 4D), but we confirm that
vGPCR activates the ERK1/2 and p38 pathways, as shown in
Figures 4B-C. Numerous studies suggest that phosphorylation
of Nrf2 may contribute to its regulation. Nrf2 contains serines,
threonines, and tyrosines that can provide phosphorylation sites
for various kinases. For example, it has been shown that PKC
can phosphorylate Nrf2 in serine 40 (Neh2) and disrupt the
association between Nrf2/Keapl, thus promoting the
translocation of Nrf2 to the nucleus (63). Keum et al.
demonstrated that p38 could phosphorylate Nrf2, promote its
association with Keapl and thus prevent its nuclear
translocation (64). We have shown that vGPCR stabilizes and
increases the phosphorylation levels of Nrf2 (Figure 4A).

Furthermore, vGPCR activates the ERK1/2 pathway and
influences Nrf2 transcriptional activation (Figure 5) and nuclear
translocation (Figure 6). However, we observed no effect on Nrf2
phosphorylation when we treated NIH3T3_vGPCR cells with
the MEK inhibitor PD98059 (Supplementary Figure 2). This
could be due, for example, to the fact that Nrf2 is being
phosphorylated in several residues and that inhibition of the
ERK pathway affects only certain amino acids, among which
Serine 40 is not found to recognize the antibody used herein.
Another possibility that justifies this result would be that vGPCR
activates the phosphorylation of Nrf2 by an ERK-independent
pathway and that ERK is regulating some proteins related to the
import of Nrf2 to the nucleus. In this way, the inhibition of the
ERK pathway would impede the translocation to the nucleus of
Nrf2 in an indirect fashion. We cannot determine with the
techniques performed whether the increase of Nrf2 is due to an
increase in the half-life of Nrf2 or if it is due to an increase in the
expression of the Nrf2 gene. However, our results clearly show
the involvement of ERK1/2 as an intermediary between the
vGPCR-G012/13-RhoA axis and nuclear translocation of Nrf2,
as well as its transcriptional activation.

By performing experiments in nude mice, we show that the
tumorigenic effect of vGPCR is affected by the silencing of Nrf2
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(Figure 7). Cells that clearly show a decrease in Nrf2 expression by
Western Blot were able to form tumors but with a markedly
significant delay. Interestingly, the immunohistochemical analysis
of control and experimental groups has shown detectable Nrf2
levels. However, experimental groups have shown only residual
expression levels. This data tells us about a positive selection of
cells expressing Nrf2 produced in vivo on the population of
injected cells and provides extra data regarding the importance
of expressing Nrf2 so that these cells can develop a tumor.

Studies published by Gjyshi et al. have shown that de novo
infection of endothelial cells by KSHV leads to an increase in
Nrf2 expression, an increase in the nuclear fraction of Nrf2, and
an increase in phosphorylation levels of Nrf2 (46, 47). In
addition, they have demonstrated that the increase in Nrf2
stability is not due directly to the dissociation of Nrf2 from
Keapl but also increases the expression of Nrf2 and,
consequently, HO-1. It is noteworthy that those works used
the complete genome of KSHV so that different proteins may be
involved in regulating HO-1. To test the relevant oncogenic role
of vGPCR in Nrf2 activation in the context of the complete
KSHV genome, we used a deletion mutant of vGPCR and
showed the lack of vGPCR induced an increase in cytoplasmic
localization of Nrf2 correlated with a downregulation of HO-1
expression. Moreover, when we compare mouse KS-like KSHV
(positive) tumors with KSHV (negative) tumors, we also show
an increase in phospho-Nrf2 nuclear localization in KSHV
(positive) tumors (Figure 8).

Many of the experiments in this study are performed using
NIH3TS3 cells as a biological scenario. These cells are widely used
for validating oncogene activity, allowing consistency with our
previous signaling studies (40, 45). Anyway, to test an
environment more related to cells infected with KSHV, we
have performed experiments that show vGPCR-dependent
control of HO-1 expression under the control of Nrf2, with a
model developed in Dr. Mesri’s laboratory using mouse bone
marrow cells of the endothelial cell lineage expressing the
complete KSHV genome in its wild type form or variants.

It is also important to note that many pathways begin to
interact when infected with the complete genome of KSHV. For
example, regarding the increase of HO-1, we mention that KSHV
increases the stability and phosphorylation of Nrf2, but it is also
known that the BACHI (repressor of HO-1 expression) mRNA is
negatively regulated by viral miRNA miR-K12-11 (65, 66). This
might imply that the expression of vGPCR and miR-K12-11 are two
independent mechanisms that converge on the increase of HO-1.

We have previously shown that vGPCR is one of the key
genes for tumor development induced by infection with KSHV
(56). Our laboratory had previously reported that vGPCR
targeted the HO-1 promoter through the Go12/13-RhoA
proteins and that the development of these tumors was
mediated by HO-1; we have also demonstrated that
pharmacological inhibition or decreased HO-1 expression
produced a decrease in tumor size (40). Throughout this work,
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we have been able to deepen the study on the effects of vGPCR
on the expression of HO-1. We have shown that vGPCR not
only activates Goi12/13-RhoA, but these proteins are signaling
towards ARE sites present in the HO-1 promoter and that the
transcription factor Nrf2 is key in this regulation. We have also
shown that vGPCR-G012/13-RhoA signal to MAPK ERK1/2
and that vGPCR activates p38 MAPK. Regarding the role of
ERK, we have demonstrated that it affects translocation to the
nucleus of Nrf2 and the transcriptional activation of its
transactivation domain. Finally, experiments in nude mice
show that the tumorigenic effect of vGPCR is affected by the
silencing of Nrf2 since mice injected with NIH3T3_vGPCR-
shNrf2 cells showed a delay in tumor development. Altogether,
our results show that vGPCR signals through Go12/13, RhoA,
and Erkl/2 to the HO-1 promoter in an Nrf2-dependent
manner, as sketched in Figure 9. Our report points out Nrf2
and its associated factors as a putative pharmacological target for
controlling cell growth in cells transformed by KSHV oncogenes
providing the basis to focus our efforts in considering Nrf2 and
associated proteins as therapeutic targets in KS treatment.
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Aim: Non-small cell lung cancer (NSCLC) remains the leading cause of cancer-
related death globally despite promising progress of personalized therapy
approaches. Cyclin-dependent kinase 7 (CDK7) is a kinase involved in
transcription, overexpressed in a broad spectrum of cancer types and found
to be associated with an unfavourable prognosis. In this study, we aimed to
investigate the protein expression of CDK7 in a large cohort of NSCLC
incorporating adenocarcinomas (@dNSCLC) and squamous cell carcinomas
(sgNSCLC) and to correlate its expression with clinicopathological data.

Methods: We performed immunohistochemical staining of CDK7 on our
cohort of NSCLC including 258 adNSCLC and 101 sgNSCLC and measured
protein expression via a semi-automated read out. According to the median
value of CDK7 the cohort was stratified in a CDK7 high and low expressing
group, respectively, and results were correlated with clinico-pathological data.

Results: CDK7 was significantly higher expressed in sgqNSCLC than in adNSCLC.
In the group of sqNSCLC, CDK7 expression was significantly higher in sqNSCLC
with lymph node metastases than in sgNSCLC with NO stage. We found a
significantly worse overall survival and disease-free survival for patients with
CDKY high expressing NSCLC.

Conclusion: Since a high CDK7 expression seems to be linked with a poor
prognosis it might serve as a promising novel prognostic biomarker and its
assessment could be implied in future routine diagnostic workup of NSCLC
samples. Considering that CDK7 inhibitors are currently tested in several trials
for advanced solid malignancies, it may also be a new target for future anti-
cancer therapy.
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Introduction

Non-small cell lung cancer (NSCLC) remains, despite
promising progress of personalized therapy approaches, the
leading cause of cancer-related death globally (1).

The cyclin-dependent kinases (CDK) are a family of several
serine/threonine kinases that regulate essential cellular
processes. They are broadly divided into the two major

Subclasses of cell cycle-associated CDKs and transcription-
associated CDKs, the latter group including CDK7. The
transcription-associated CDKs play major roles in the
multistep process of RNA polymerase II transcription. CDK7
is a 346 amino acid protein that binds to cyclin H and the
accessory protein MAT1 to function as a CDK-activating kinase.
CDK7 regulates the initiation of transcription and promoter
escape by phosphorylating the carboxy-terminal domain of RNA
Pol II and therefore has a general role in transcription (2).
Overexpression of CDK7 is commonly observed in a broad
spectrum of human cancers for example breast cancer,
hepatocellular carcinoma, gastric cancer, colorectal cancer,
squamous cell carcinomas of the oral cavity, head and neck
(HNSCC) and esophagus, as well as ovarian cancer (3-10). Here,
it was found to associate with aggressive clinicopathological
features and unfavourable prognosis, except for ER+ breast
cancer where its overexpression is linked with a better
prognosis (11).

Due to CDKs control processes critical for cancer cell
survival and growth, they have been discussed as promising
therapeutic targets. Elevated CDK7 expression in tumor cells
compared with their normal counterparts raise the possibility
that tumors with increased expression of CDK7 may be more
sensitive to CDK7 inhibition, particularly in the case of ER+
breast cancer, where the CDK7-activated nuclear receptor, ERa.,
drives tumor progression (12). However, there does not seem to
be clear evidence in the literature regarding the question of

Abbreviations: adNSCLC, pulmonary lung adenocarcinoma; CDKIs, CDK
inhibitors; CDK7, Cyclin-depending Kinase 7; DFS, disease-free survival;
ESCC, esophageal squamous cell carcinomas; FFPE, Formalin-fixed paraffin-
embedded; HNSCC, head and neck squamous cell carcinomas; IHC,
Immunohistochemistry; OD, optical density; OS, overall survival; OSCCs,
oral squamous cell carcinomas; SCC, squamous cell carcinoma; sqNSCLC,

pulmonary squamous cell carcinoma; TMA, tissue microarrays.
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whether protein expression of CDK?7 is related to sensitivity
towards CDK?7 inhibitors.

Until now, even multiple CDK inhibitors (CDKIs) have
been developed and tested in different cancer types (2, 12).
CDKIs, specifically the ones that block the enzyme activity of
CDK4 and CDK6, have been approved by FDA for the
treatment of metastatic hormone receptor-positive breast
cancer (13).

Concerning lung cancer, THZI, a selective CDK7
covalent inhibitor, has recently been shown to be effective in
reducing the expression of superenhancer-associated genes
and inhibiting growth of small cell lung cancer (SCLC) (14).
The more specific CDK7 inhibitor YKL-5-124 was found
to predominately disrupt cell cycle progression while
simultaneously triggering immune response signaling
in SCLC, which provides a rationale for new
combination regimens consisting of CDK7 inhibitors and
immunotherapy (15).

There are also some studies on CDK?7 inhibition for NSCLC
(1, 16-18). Cheng et al. (16) could show that treatment with
THZ1 suppressed proliferation and migration of human NSCLC
cell lines, arrested cell cycle at G2/M phase and induced
apoptosis. They found that CDK?7 inhibition blocked the
glycolysis pathway without affecting glutamine metabolism,
suggesting that the inhibitory effect of THZI is due in part to
an impairment of cancer metabolism. Hur et al. (18) investigated
the effects of THZI in squamous cell carcinoma cell lines with
SOX2 amplification and also found that THZ1 treatment led to
suppression of cell growth and apoptotic cell death. They
conclude that THZ1 may effectively control the proliferation
and survival of SOX2-amplified squamous cell carcinoma cells
through a decrease in global transcriptional activity. Ji et al. (17)
found that THZI1-tolerant cells partially recovered their
sensitivity to 3rd generation EGFR-TKIs and conclude that
CDK?7 inhibitors could potentially be used as a therapeutic
strategy to overcome EMT-associated EGFR-TKI resistance
in NSCLC.

However, the CDK7-mediated mechanisms involved in
progression of NSCLC are not fully understood and protein
expression of CDK7 in NSCLC has not extensively been studied
so far.

In this study, we aimed to investigate the protein expression
of CDK?7 in a huge cohort of NSCLC incorporating pulmonary
adenocarcinomas (adNSCLC) and pulmonary squamous cell
carcinomas (sqNSCLC) and to correlate its expression with
clinicopathological data and survival.
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Material and methods
Cohort

359 patients with lung cancer (258 adNSCLC, 101
sqNSCLC) undergoing surgical resection were enrolled in this
study. The median age of the patients (157 female, 202 male) at
initial diagnosis was 67 years. At the time of the last follow-up,
56 patients were alive and 294 were deceased. Tumors were
graded according to the 2015 World Health Organization
Classification of Lung Tumors. 6 of the primary tumors were
graded as G1 (1.7%), 176 as G2 (49%), and 175 as G3 (48.7%). In
3 cases (0.8%) grading was not provided. For determination of
tumor state, the 8th Edition of UICC/TNM staging system was
used. From primary tumors, 160 (44.6%), 95 (26.5%), 59 (16.4%)
and 43 (12%) were classified as pT1, pT2, pT3 and pT4,
respectively. In 2 cases (0.6%) note concerning T-stage was
missing. In 31 cases (23 adNSCLC and 8 sqNSCLC,
respectively) note concerning N-stage was missing. Archived
tissue blocks and slides were collected from 2005 to 2017. All
data were anonymized before inclusion in this retrospective
study cohort.

This study was approved by the Internal Review Board of the
University of Luebeck (file number 16-277, 16-278).

Immunohistochemistry (IHC)

IHC staining was performed according to the
manufacturer’s instructions, using the Ventana Discovery
(Ventana Medical System) automated staining system. In brief,
slides were incubated with a primary CDK7- antibody (mouse
monoclonal, CDK7 (MO1) Mouse mAb #2916, 1:100, Cell
Signaling, Danvers, MA, USA).

For THC, tissue microarrays (TMA) were constructed from
formalin-fixed paraffin-embedded (FFPE) tumor blocks as
described previously (19). In short, for TMA construction each
sample was represented in triplicates of 0.6 mm diameter cores.
A tumor sample was incorporated in further analysis if at least
one core was evaluable. Staining was considered positive if
staining was nuclear.

Stained slides were scanned (Panoramic Desk, 3DHistech)
and evaluation of the staining intensity was performed with the
bioimage analysis software QuPath, short for Quantitative
Pathology (20, 21). This software allows objective assessment
of the staining intensity in different cellular compartments
within specified regions of interest (ROI). ROIs were defined
as tumor cell areas that were annotated in each TMA core to
exclude stromal cells and benign areas from evaluation
(Supplement Figure 1). Due to nuclear staining of CDK7,
mean Nuclear DAB optical density (OD) of each core was
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automatically calculated. This resulted in continuous arbitrary
variables to reflect protein expression of the tumor cells. For
further analysis, mean value of the patients’ triplets was
obtained. A representative subset of the cores was reviewed by
two independent pathologists (CK and SP) with regard to a
meaningful evaluation performed by the software. This ensured
that expression above the calculated median corresponded
conventional-morphologically to moderate to strong nuclear
staining, and expression below the median to an absent or
weak nuclear staining. Median of nuclear DAB OD (0.2497)
from all samples was used to dichotomize the cohort into CDK7
high and low expressing group. On basis of this dichotomization,
the statistical analysis concerning survival and correlation with
other clinicopathological data was carried out.

Statistical analyses

For the statistical analyses and data visualization, R
software (version 4.0.2, R Foundation, Vienna, Austria;
http://www.R-project.org) was used. T-tests were used to
associate CDK7 expression with tumor entity and to
examine differences between primary tumors with and
without nodal metastases. To analyze a correlation of CDK7
expression with clinicopathological characteristics T-tests
were applied. Chi-square tests were used to distinguish
whether there were differences in clinicopathological
features of the CDK7 low and CDK7 high expressing
groups, which we considered in the survival analyses.
Kaplan-Meier curves were used to illustrate overall survival
(OS) and disease-free survival (DFS) in dependency of CDK7
expression and were statistically proved by log-rank tests. All
tests were two-tailed and p-values of < 0.05 were considered
statistically significant.

Results

CDK7 expression pattern in
primary NSCLC

CDK?7 showed nuclear staining. Expression pattern for
CDK?7 between the cores originating from one tumor sample
was homogenous meaning that the intratumoral difference in
expression of the cells was neglectable. Figure 1 provides pictures
of immunohistochemical stainings. However, the overall
expression between patients varied with a range of expression
intensities from absent to strong immunoreactivity.

For further analyses, the cohort was divided in a CDK7 low
and a CDK7 high expressing group by stratifying samples
according to the median OD value of CDK7 (n= 179 each).
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FIGURE 1

Exemplary pictures of CDK7 expression patterns in NSCLC. Left: adNSCLC with low (top) and high (below) expression (nuclear DAB OD 0.1547
and 0.5006, respectively). Right: sqNSCLC with low (top) and high (below) expression (nuclear DAB OD 0.1524 and 0.3969, respectively) of
CDK7. Median nuclear DAB OD = 0.2497). The figures demonstrate specific nuclear staining that appears homogenous within the cores.

(Objective magnification X100 and 400, respectively).

Considering the two groups of adNSCLC and sqNSCLC (69.3%) were CDK7 high and 31 (30.7%) were CDK7 low
separately, one striking result was that CDK7 was expressing tumors. Of the 258 adNSCLC instead, 109 (42.2%)
significantly higher expressed in sqNSCLC than in were CDK7 high and 149 (57.8%) were CDK7 low

adNSCLC (p <0.0001; Figure 2). Of the 101 sqNSCLC, 70 expressing tumors.

% %k %k

0.6- .

0.4+

CDK?7 expression

0.2 1

n =101

adNSCLC sqNSCLC
tumor histology

FIGURE 2

CDK7 expression in dependency of tumor histology. CDK7 is significantly higher expressed in sgNSCLC compared to adNSCLC (*** p <0.0001).
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Correlation of CDK7 expression with
clinicopathological characteristics

Concerning the whole cohort, there was no significant
correlation of CDK7 expression concerning T-status, N-status,
M-status, and UICC-status, grading, or time to recurrence.
However, there was a trend for a higher UICC-stage (p 0.32)
and worse grading (p 0.24) with increasing CDK7 expression
(data not shown). Furthermore, CDK7 expression tended to be
higher in primary carcinomas that later recurred compared to
primary tumors that showed no relapse (p 0.34). One significant
result was observed with regard to sex meaning that CDK7 was
higher expressed in NSCLC of male patients (p=0.0274).

Considering these parameters in the two groups of
adNSCLC and sqNSCLC separately, we observed that CDK7
expression was significantly higher in sqNSCLC with lymph
node metastases than in sqNSCLC with NO stage (p 0.039;
Figure 3). This could not be stated for the group of adNSCLC
(p 0.086; not shown). There were no further significant
differences concerning T-status, M-status, and UICC-status,
grading or time to recurrence between the two entities with
regard to CDK7 expression.

10.3389/fonc.2022.927140

Correlation of CDK7 expression
with survival

We analyzed whether CDK7 expression could predict OS.
Required follow-up data were available for the majority of the
cohort of 346 cases (96.4%). By stratifying samples according to
the median, two equal-size groups (high CDK7 expressing
tumors above median (n=173) and low CDK7 expressing
tumors below median (n=173)) were created (Table 1).

Concerning the whole cohort, Kaplan-Meier curve indicates
a significantly worse OS for patients with CDK7 high expressing
NSCLC than for patients with CDK7 low expressing NSCLC
(log-rank test p 0.0036; Figure 4A). For OS, the 5-year survival
rates were estimated at 58% for CDK7 high expression and 78%
for low expression, respectively.

Due to expression of CDK7 was significantly different between
adNSCLC and sqgNSCLC, we assessed OS between both entities.
We arrived at the same result for the subcohort of adNSCLC
meaning that patients with CDK7 high expressing adNSCLC
showed a significantly worse OS (p 0.0046; Figure 4B). 5-year
survival rates were estimated at 55% for CDK7 high expressing
adNSCLC and 80% for low CDK7 expressing adNSCLC.

*
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FIGURE 3

CDK?7 expression between sgNSCLC with and without lymph node metastases. Compared to sqNSCLC with a pNO stage, sqNSCLC with lymph
node metastases show a significant higher CDK7 expression (* p 0.039)
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TABLE 1 Overview of clinico-pathological characteristics of CDK7 high and low expressing group.

Sex
female
male

Age

> median
< median
T-stage
missing
T(1,2)
T(3,4)
N-Stage
missing
N(0)
N(1,2)
M-Stage
missing
M(0)

M(1)
UICC-Stage
missing
Mean (SD)
Range
Median (Q1, Q3)
Grading
missing
G(1,2)
G(3,4)

For the subcohort of sqNSCLC there was no difference concerning

CDK?7 low (n=173)

82 (47.4%)
91 (52.6%)

84 (48.6%)
89 (51.4%)

0
121 (69.9%)
52 (30.1%)

6
125 (74.9%)
42 (25.1%)

129
41 (93.2%)
3 (6.8%)

2
1.719 (0.842)
1.000 - 4.000

1.000 (1.000, 2.000)

1
87 (50.6%)
85 (49.4%)

OS in dependency of CDK?7 expression (p 0.55; not shown).

In the following, we investigated if CDK7 expression has also
an implication regarding DFS thereby taking the whole cohort as

FIGURE 4

percent survival
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o
o

5-year overall survival

69 (39.9%)
104 (60.1%)

87 (50.3%)
86 (49.7%)

2
125 (73.1%)
46 (26.9%)

22
105 (69.5%)
46 (30.5%)

120
50 (94.3%)
3 (5.7%)

17
1.782 (0.867)
1.000 - 4.000
2.000 (1.000, 2.250)

2
89 (52.0%)
82 (48.0%)

CDK?7 high (n=173)

10.3389/fonc.2022.927140

total (n=346) p-value
0,159
151 (43.6%)
195 (56.4%)
0,747
171 (49.4%)
175 (50.6%)
0,517
2
246 (71.5%)
98 (28.5%)
0,29
28
230 (72.3%)
88 (27.7%)
0,814
249
91 (93.8%)
6 (6.2%)
0,507
19
1.749 (0.853)
1.000 - 4.000
1.000 (1.000, 2.000)
0,786

3
176 (51.3%)
167 (48.7%)

well as the subcohorts separately into consideration. Survival

analysis was restricted to 202 patients with required follow-up

data. According to the median, Kaplan-Meier curve indicates a

significantly worse DFS for patients with CDK7 high expression

5-year overall survival

percent survival
o
o
o

CDK?7 Expression CDK7 Expression
0.25
— low Log-rank — low Log-rank
— high p =0.0036 — high p =0.0046
0.00
10 20 30 40 50 60 0 10 20 30 40 50 60
months months

Kaplan Meier graphs with a p-value of Log-rank test of (A) 5-year overall survival of the whole cohort and (B) 5-year overall survival of the
subcohort of adNSCLC. Median of CDK7 expression was used to stratify the cohort in two groups with expression above median considered as
high expression and expression below median considered as low expression. Upregulation of CDK7 correlated significantly with a shorter OS for
the whole cohort and group of adNSCLC (p=0.0036 and p=0.0046, respectively).
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in NSCLC than for patients with CDK7 low expression in
NSCLC (log-rank test p 0.022; Figure 5A). 5-year disease-free
survival rates were 32% and 56% for high and low CDK7
expression, respectively.

The same applies to the group of adNSCLC (p 0.027;
Figure 5B). Here, 5-year survival rates were estimated at 31%
for CDK7 high expressing adNSCLC and 64% for low CDK7
expressing adNSCLC.

As for OS, we also found no difference of DFS in dependency
of CDK7 expression for the subcohort of sqNSCLC (p 0.15;
not shown).

To assess if the prognostic value of CDK7 expression was
independent of other prognostic factors for 5-year OS and 5-year
DES, at first univariable followed by multivariable cox regression
was performed. It was found that high CDK?7 expression was not
an independent prognostic factor neither for OS nor for DFS
(OS: HR=4.92 (95% CI 0.92-26.41), p=0.063; DFS: HR= 0.94
(95% CI 0.47-1.89), p=0.858).

Discussion

Despite promising advances in the therapy of NSCLC, the
identification of new prognostic and therapeutically targetable
biomarkers is needed. Molecular targeted therapy has improved
the survival of adNSCLC patients, while less advances have been
made in the treatment of sqNSCLC (18). Recently, transcription-
associated CDKs, to which CDK?7 also belongs, have emerged as an
exciting area of great promise in oncology. Various studies
demonstrate that cancers depend on oncogenic transcription
factors and their downstream networks can be therapeutically
targeted by CDK7 inhibitors of which THZI is the best known
(2). The role of CDK7 in NSCLC has not yet been investigated as

10.3389/fonc.2022.927140

thoroughly as in other malignancies, and concerning lung cancer,
there are already more insights for SCLC than for NSCLC.
However, for NSCLC, there are few in vitro studies using cell
lines from pulmonary adenocarcinoma and squamous cell
carcinoma demonstrating that THZ1 effectively inhibits cell
proliferation and migration, causes cell-cycle arrest, induces
apoptosis, and suppresses glycolysis (1, 16-18). Wang et al. (1)
have conducted extensive in vitro- and in vivo- studies and could
demonstrate that CDK?7 silencing and inhibition with THZ1 elicited
apoptosis and suppressed tumor growth of NSCLC. Moreover,
THZ1 boosted antitumor immunity by recruiting infiltrating CD8+
T cells and synergized with anti-PD-1 therapy. The authors
conclude that the combined CDK7 inhibition and anti-PD-1
therapy could be an effective treatment of NSCLC.

However, no direct link between protein expression of
CDK?7 and sensitivity towards CDK7 inhibition is mentioned
in the studies. There are only few studies dealing with protein
expression of CDK7 on lung cancer. To the best of our
knowledge, this should be the first study to investigate protein
expression of CDK?7 in a large cohort of NSCLC containing both
adNSCLC and sqNSCLC, which represent the two major
subtypes of NSCLC (approx. 60 and 30%, respectively) (18, 22).

CDKY7 expression pattern

Concerning evaluation of expression pattern, we set a high and
low expressing group according to the median nuclear DAB OD
value of CDK?7 resulting in two groups of equal size (n=179 each).
Automatically calculated values reflecting protein expression of the
tumor cells were reviewed with regard to a meaningful evaluation
by two pathologists. Expression values above the calculated median
corresponded conventional-morphologically to moderate to strong

A B
5-year disease-free survival 5-year disease-free survival
1.00 1.00
® 0.75 s 075
2 2
: :
2 050 2050
3 8
e " o
g 0.25 CDK7 Expression 20 5 CDK?7 Expression
! — low Log-rank : — low Log-rank
— high p=0.022 — high p=0.027
0.00 0.00
0 10 20 30 40 50 60 0 10 20 30 40 50 60
months months

FIGURE 5

Kaplan Meier graphs with a p-value of Log-rank test of (A) 5-year disease-free survival of the whole cohort and (B) 5-year disease-free survival
of the subcohort of adNSCLC. Median of CDK7 expression was used to stratify the cohort in two groups with expression above median
considered as high expression and expression below median considered as low expression. Upregulation of CDK7 correlated significantly with a
shorter DFS for the whole cohort and group of adNSCLC (p=0.0022 and p=0.0027, respectively).
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nuclear staining, and expression below the median to an absent or
weak nuclear staining.

Our observed expression pattern fits into data in literature. For
example, in a study by Wang et al., the group sizes of CDK7 low and
high expressing adNSCLC in two independent cohorts were also
approximately equal (cohort 1: CDK7 low n=52 (56.5%), CDK7
high n=40 (43.5%); cohort 2: CDK7 low n=118 (53.2%), CDK?7 high
n=104 (46.8%)). In this regard, assessment of immunohistochemical
staining must be taken into account. In above-mentioned study,
evaluation of CDK? staining pattern is comparable to ours. CDK7
staining was semi-quantified scored as 0 to 3+ using signal intensity
in the tumor cell nuclei (no staining = 0, weak = 1, moderate = 2,
strong = 3). CDK7 score > 2 was used as cut-off for dividing the
samples into a high and low expression group. In another study
dealing with CDK7 expression on adNSCLC corresponding group
sizes are not explicitly stated (22).

There are seemingly so far no published studies concerning
protein expression of CDK7 in sqNSCLC. However, there are
studies that have investigated squamous cell carcinomas (SCC)
of other sites. Jiang et al. examined protein expression of CDK7
in oral squamous cell carcinomas (OSCCs) (n=113).
Immunoreactivity was evaluated using the immunoreactive
score reaching from 0 to 12 (intensity score x proportion
score defining intensity score as 0 = negative, 1 = weak,
2 =moderate, 3= strong and defining proportion score as 0 =
negative, 1= <10%, 2 = 11-50%, 3 = 51-80%, 4 = >80% positive
cells). The distribution of the samples in a CDK7 low and high
expressing group was 54.8% (n=62) and 45.2% (n=51),
respectively and was thus also even. Zhang et al. who
examined protein expression of CDK7 in 98 esophageal
squamous cell carcinomas (ESCC) used the same score and
with that found a higher proportion of CDK7 high expressing
tumors (81.6%, n=80).

We found that CDK7 was significantly higher expressed on
sqNSCLC than on adNSCLC (Figure 2). Since there are no other
studies that have comparatively investigated the protein
expression of CDK7 on both entities, our results are not
comparable one to one.

Prognostic significance

Concerning survival data, we found a high CDK7 protein
expression to be associated with a poor OS and DEFS for the
whole cohort and the group of adNSCLC (Figures 4 and 5). This
finding is in line with that of Wang et al. In this already above-
mentioned study, two independent cohorts of pure adNSCLC
(n =92 and 222, respectively) were investigated (1). The authors
stated a significantly poorer OS (p 0.036 and 0.003, respectively)
in adNSCLC with high CDK?7 protein expression. Bian et al. (22)
examined 100 samples of adNSCLC via immunohistochemistry
and also found a significantly poorer OS for patients with high
expression of CDK7 (p < 0.0001).
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In agreement with these findings, studies investigating
protein expression of CDK7 in squamous cell carcinomas
stated a relationship of increased CDK7 expression with poor
prognosis. Since no studies concerning protein expression of
CDK7 in sqNSCLC are published so far, literature regarding
CDKT7 expression on squamous cell carcinomas (SCC) of other
sites is discussed. Jiang et al. found an elevated CDK7
expression on OSCCs to be significantly associated with a
reduced OS as well as DES (p 0.022 and 0.010, respectively)
(7). Zhang et al. (9) stated that patients with CDK7 high
expressing ESCC had a significantly shorter OS (p 0.01) and
identified CDK?7 as an independent prognostic indicator of OS.
Jagomast et al. (8) also noted that CDK7 overexpression
resulted in significantly worse 5-year OS as well as DFS rates
for HNSCC patients (p 0.037 and 0.016, respectively). Since
aetiological factors for sqNSCLC include first of all smoking
which also applies to OSCC, ESCC, and HNSCC a comparison
of CDK7 expression between these carcinoma entities
is justified.

Just mentioned results are in contrast to our finding that
there was no significant association of CDK7 expression with
regard to OS and DFS in the subcohort of sqNSCLC. Here, the
relatively smaller number of cases compared to the number of
adNSCLC in our cohort (n= 101 vs. 258) should be taken into
consideration. Still, the reasons are not entirely comprehensible
especially since the group size of sqNSCLC (n=101) is
comparable to SCC cohorts in literature and since etiologic
factors overlap (7, 9). Possible reasons could be different
definitions for high vs. low expressing tumors (cf (7, 9).) and a
smaller cohort size compared to the study of Jagomast et al.
(n=419) who used the same definition for CDK7 low vs. CDK7
high (8). Whether CDK7 is indeed no prognostic for sqNSCLC
should be investigated on independent and larger
sqNSCLC cohorts.

Interestingly, we found an overall higher expression of
CDKY7 for sqNSCLC than for adNSCLC (Figure 2), for which
we could not demonstrate an association with survival data. In
addition, for sqNSCLC we found a higher expression of CDK7 in
primary tumors that were nodally metastatic than in non-
metastatic sQNSCLC (Figure 3). The results were significant
(p 0.039) even though the proportion of sqNSCLC with
metastases was smaller than the proportion of sqNSCLC
without metastases (n=17 (18.3%) vs n=76 (81.7%), Figure 3).
Since metastasis generally results in poorer survival, the data
appear contradictory. Here, it should be taken into account that
the group of sqNSCLC (n=101) might be too small to provide an
association with survival data. However, this finding may suggest
that immunohistochemically detected overexpression of CDK7
on sqNSCLC is indicative of lymph node metastasizing and thus
greater aggressiveness. These findings need further analysis on
larger cohorts of sqNSCLC. Studies investigating CDK7
expression on SCC did not discover a significant correlation
with N-Stage (7-9).
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There was no significant association of CDK7 expression in
dependency of lymph node metastasizing in the subcohort of
adNSCLC (p 0.086) although the proportion of metastatic
adNSCLC (n=77; 32.8%) among adNSCLC was higher than
the proportion of metastatic sQNSCLC among sqNSCLC.
Studies that have investigated CDK7 expression on adNSCLC
do not address correlation with metastasis, so no comparison
with our data can be made here.

Correlation of CDK7 Expression with
other clinicopathological variables

The only significant correlation was found in relation to sex
meaning that CDK?7 was higher expressed in NSCLC from male
patients (p=0.0274). This observation should however be
primarily a coincidence without having a causal relationship.
Our observation that CDK7 expression does actually not
associate with clinicopathological data other than survival
broadly fits with those from cited literature. However, for
example, Jiang et al. found an elevated CDK7 expression on
OSCCs to be significantly associated with higher T-stage (p
0.009) (7) and Zhang et al. stated that overexpression of CDK7
was significantly associated with worse tumor grade (p<0.01).
Studies on protein expression of CDK7 on adNSCLC do not
explicitly address its correlation with clinic-pathological
parameters on which we focused (1, 22).

In summary, to our knowledge, we are seemingly the first to
examine CDK7 protein expression on a cohort of NSCLC
containing both adNSCLC and sqNSCLC. These data are of
interest due to promising in vitro studies on CDK7 and its
inhibition in NSCLC exist already. We found CDK7 be to
significantly higher expressed on sqNSCLC than on adNSCLC.
CDK7 expression was significantly higher in sqNSCLC with
lymph node metastases than in sqQNSCLC with NO stage,
indicating a greater aggressiveness. We found a significantly
worse OS and DFS for CDK7 high expressing tumors in the
whole NSCLC cohort and subcohort of adNSCLC.

Our findings suggest that the CDK7 protein expression
status could offer valuable information about prognosis of
NSCLC patients and thereby it could serve as indicator for a
meaningful follow-up management. Therefore, its involvement
in routine diagnostic workup of NSCLC samples could be
meaningful in the future. Additionally, due to its clear nuclear
staining, expression pattern would be effortless to evaluate.

Our study has the major limitation that our results are not
validated with an independent cohort. Since the results of a
single biomarker study have limited value, validation from other
researchers on independent cohorts is required.

Given promising previous findings of in vitro studies with
CDK?7 inhibitors on NSCLC cells together with our findings and
assuming that protein expression of CDK?7 in the large cohort of
NSCLC might indicate sensitivity to CDK7 inhibition, one could
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suggest that CDK7 might serve as a novel prognostic biomarker
and additionally as therapeutic target.

Finally, prospective studies are necessary to validate our
findings on independent cohorts, to investigate a correlation
between CDK?7 protein expression and sensitivity towards CDK7
inhibition, and to unravel molecular mechanisms by which
CDK?7 contributes to poor prognosis in NSCLC.
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invasion and pro-inflammatory
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Prostate cancer (PCa) accounts for more than 1 in 5 diagnoses and is the
second cause of cancer-related deaths in men. Although PCa may be
successfully treated, patients may undergo cancer recurrence and there is a
need for new biomarkers to improve the prediction of prostate cancer
recurrence and improve treatment. Our laboratory demonstrated that HLA-
B-associated transcript 1 (BAT1) was differentially expressed in patients with
high Gleason scores when compared to low Gleason scores. BATL is an anti-
inflammatory gene but its role in PCa has not been identified. The objective of
this study is to understand the role of BAT1 in prostate cancer. In vitro studies
showed that BAT1 down-regulation increased cell migration and invasion. In
contrast, BAT1 overexpression decreased cell migration and invasion. RT-PCR
analysis showed differential expression of pro-inflammatory cytokines (TNF-a
and IL-6) and cell adhesion and migration genes (MMP10, MMP13, and TIMPs)
in BAT1 overexpressed cells when compared to BAT1 siRNA cells. Our in vivo
studies demonstrated up-regulation of TNF-q, IL-6, and MMP10 in tumors
developed from transfected BAT1 shRNA cells when compared to tumors
developed from BAT1 cDNA cells. These findings indicate that BAT1 down-
regulation modulates TNF-a and IL-6 expression which may lead to the
secretion of MMP-10 and inhibition of TIMP2.
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1 Introduction

Prostate cancer (PCa) accounts for more than 1 in 5
diagnoses of cancer in the United States and is the second
leading cause of cancer-related deaths in men in the country
(1). PCa may be successfully treated with radical prostatectomy,
radiation therapy, and other treatments (2). However, patients
may undergo cancer recurrence. There is a need for the
development of new biomarkers to improve the prediction of
cancer recurrence and treatment. Previous findings in our
laboratory demonstrated that Human Leukocyte Antigen
(HLA)-B Associated Transcript 1 (BAT1) or DDX39B was
differentially expressed in patients with high Gleason scores
when compared to low Gleason scores. The characterization of
biomarkers in PCa may lead to a better prognosis and outcome
for PCa patients.

BATI1 is a member of the DEAD-box family of RNA-
dependent ATPases. BAT1 is located on the short arm of
chromosome 6 in the region of the major histocompatibility
complex (MHC) III and is about ~40kb telomeric of tumor
necrosis factor-alpha (TNF-o) (3). Its role in splicing is to
transfer pre-mRNA from the nucleus to the cytoplasm (4).
Studies have shown that unidentified MHC class III genes play
a role in inflammatory and immunopathological responses in
diseases such as ulcerative colitis, diabetes, rheumatoid arthritis,
and multiple sclerosis (5-12). Specifically, HLAs that are located
on chromosome 6 and are part of the major histocompatibility
complex are highly polymorphic in humans leading to increase
immune response through inflammatory cytokine expression
(12-14). BAT1 was identifled as an anti-inflammatory gene
through the modulation of pro-inflammatory cytokines tumor
necrosis factor-alpha (TNF-a), interleukin-1 (IL-1), and
interleukin-6 (IL-6) in diabetes, Chagas cardiomyopathy, and
Plasmodium vivax malaria. Patients that had Chagas
cardiomyopathy or Plasmodium vivax malaria and presented
polymorphisms in the -22C/G and -348C/T promoter region of
BATI, lead to the increased expression on pro-inflammatory
cytokines, specifically, TNF-o. and IL-6 when compared to
patients that did not have polymorphisms in the promoter
region of BAT1 (15-20). The presence of inflammatory
components plays a pivotal role in the cancer tumor
microenvironment and favors metastasis/cell invasion thus,
promoting oncogenesis. The identification of BAT1 as an anti-
inflammatory gene in other types of diseases suggests that BAT1
is playing a role in immune response (21). The objective of this
study was to identify the biological role of BATI in
prostate cancer.

In this study, we evaluated the role of BAT1 in migration,
invasion, and inflammation using in vitro and in vivo models of
PCa. We demonstrated that BAT1 down-regulation leads to an
increase in PCa cell migration and invasion in vitro. In contrast,
BATT1 overexpression decreased PCa cell migration and invasion
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in vitro. We studied alternative pathways associated with
migration and invasion. We focused on matrix
metalloproteinases (MMPs) and tissue inhibitors of matrix
metalloproteinases (TIMPs). MMP dysregulation in cancer
leads to the degradation of the extracellular matrix (ECM)
during tissue remodeling and inflammation, which leads to
metastasis (22-24). MMPs are proteolytic enzymes that
remodel the microenvironment and are present during an
event of wound healing and inflammation (25-27). MMPs are
highly expressed in diverse types of cancer including breast,
prostate, bronchial, and squamous cell carcinoma (28-32).
Studies have shown that MMPs are expressed in different
prostatic cell types, suggesting that the proteolytic axis during
prostate cancer invasion and metastasis is coordinated by
stromal and epithelial components (29-31). TIMPs are natural
inhibitors of MMPs and their loss of inhibition leads to tumor
progression and inflammation in PCa (32, 33). MMPs have been
found to be involved in epithelial-mesenchymal transition
(EMT). EMT is the transition from epithelial cells to
mesenchymal cells and it is characterized by the changes in
cell morphology that decrease adhesiveness caused by
rearrangements of the cytoskeletal system of tumor cells and
this allows them to invade and metastasize surrounding tissues.
In addition, it has been shown that EMT is related to the
invasion and metastasis ability of tumors in the liver, breast,
prostate, and colorectal cancer (32). In our study, BATI
overexpression decreased TNF-o, IL-6, and MMP mRNA
expression when compared to BAT1 down-regulation in PCa
cells in vitro. Concurrently, BAT1 overexpression increased
TIMP RNA expression when compared to BAT1 down-
regulation in PCa cells in vitro. In vivo studies demonstrated
that BAT1 down-regulation increased TNF-c, IL-6, and MMP-
10 expression. These findings suggest that BAT1 down-
regulation causes inflammation and promotes cell migration
and invasion. BAT1 overexpression may decrease PCa
progression through the modulation of inflammation and
migration. BAT1 may serve as a potential biomarker for
PCa recurrence.

2 Materials and methods
2.1 In vitro experiments

2.1.1 Cell culture

Human prostate cancer cell lines, 22RV1 and PC3 obtained
from American Type Culture Collection (ATCC, VA, USA)
were cultured in RPMI-1640 medium (Hyclone, Waltham, MA,
USA) containing 5% penicillin-streptomycin (Pen Strep) (Gibco,
Life Technologies, Carlsbad, CA, USA) and 10% fetal bovine
serum (FBS) (Hyclone, Waltham, MA, USA). Cells were
incubated at 37°C and 5% CO2 in a humidified incubator.
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2.1.2 RNAi-mediated transfection

Prostate cancer cells, PC3 and 22RV1, were seeded and
transfected with BAT1 siRNA (si-BAT1) (Sigma, St. Louis,
MO) using Lipofectamine RNAiIMAX transfection reagent
(Invitrogen, Carlsbad, CA) and OPTI-MEM Reduced Serum
Medium (Life Technologies, Carlsbad, CA) following the
manufacturer’s protocol. These cells were used for in vitro
experiments for transient transfection.

The BAT1 siRNA sequence used was: sense 5-CUUUC
UCGGUAUCAGCAGUATAT-3" and anti-sense 5-ACU
GCUGAUACCGAGAAAGATAT-3’. The control for this
transfection was PC3 or 22RV1 cells transfected with the
Mission Negative Universal Control siRNA sequence targeting
no gene (Sigma, St. Louis, MO).

2.1.3 BAT1 cDNA prostate cancer cells

Prostate cancer cells, PC3 and 22RV1, were seeded and
transfected with BAT cDNA-GFP tagged lentiviral particles
(BAT1cDNA) (pLenti-C-mGFP vector) (Origene, Rockville,
MD, USA) using Polybrene transfection reagent (EMD
Millipore, Burlington, MA) and OPTI-MEM Reduced Serum
Medium. Cells were selected by culturing in the presence of
puromycin. These cells were used for in vitro and in vivo
experiments for stable cell line transfection. The control for
this transfection was PC3 or 22RV1 with no transfection.

2.1.4 BAT1 shRNA prostate cancer cells

Prostate cancer 22RV1 cells were seeded and transfected
with BAT1 shRNA lentiviral particles (shBAT1) (pLKO.1
vector) (Clone ID: TRCN0000074383) (Sigma, St. Louis, MO)
using Polybrene transfection reagent (EMD Millipore,
Burlington, MA) and OPTI-MEM Reduced Serum Medium.
Cells were selected by culturing in the presence of puromycin.
These cells were used for in vivo experiments for stable cell line
transfection. The control was mice that had 22RV1 cells with no
transfection. The BAT1 shRNA lentiviral particle (pLKO.1
vector) sequence used was: CCGGCCTCAACCTC
AAACACATTAACTCGAGTTAATGTGTTTGAGGTTGAGG
TTTTT.

2.1.5 Western blot

Cells were trypsinized, lysed using cell lysis buffer, and
centrifuged. Protein concentration was determined using the
Bio-Rad DC Protein Assay Kit and a spectrophotometer at 750
nm to obtain the quantity of protein in ug/uL. Forty (ug) of
protein were loaded and separated using 12% SDS-PAGE and
transferred onto a PVDF membrane (Bio-Rad, Hercules, CA,
USA), followed by blocking in 5% BSA (Fisher Scientific, Fair
Lawn, NJ, USA) for 1 hour at room temperature. BAT1 rabbit
monoclonal antibody (1:1000 dilution) (Epitomics, Burlingame,
CA) and anti-GFP (1:10000 dilution) (Abcam, Cambridge, MA,
USA) were added and incubated overnight at 4 °C. Detection
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was achieved with the appropriate secondary antibody and
enhanced chemiluminescence (ECL) kit (Bio-Rad, Hercules,
CA, USA). Image ] software (NIH, Bethesda, MD, USA) was
used to quantitatively analyze the protein expression levels. -
actin (Sigma, A5441, Monoclonal Anti- B Actin Mouse) protein
expression was used as the loading control.

2.1.6 Migration assay

Cell migration was assayed using the wound healing method.
Control PC3, siBAT1 PC3 or BAT1cDNA PC3 cells were seeded
at a density of 2x10° cells/mL and grown in a monolayer in six-
well dishes until 95% confluent. Cells were serum starved in
RPMI medium overnight. Cells were wounded in the center of
the well using a 200 pL pipette tip, washed with 1X PBS, and
incubated with RPMI-1640 serum-containing medium. Images
of the wound were obtained at 0, 12, and 24 hours after
wounding at a 4X magnification using a Nikon Eclipse TS100
microscope (Nikon, Tokyo, Japan). Wound width was measured
using the Image Pro Plus Software (Meyer Instruments, Inc.,
Houston, TX, USA). 22RV1 cells were not used for the migration
assay because these cells do not grow in a confluent monolayer.

2.1.7 Invasion assay

Cell invasion assay was performed using the Boyden
chamber method. siBAT1 or BAT1cDNA PC3 and 22RV1
cells were seeded at a density of 5x10* cells/mL in serum-free
RPMI-1640 medium in the upper chamber membrane of 24-well
Transwell inserts (Corning, Corning, NY, USA) previously
coated with laminin (Becton Dickinson, Franklin Lakes, NJ,
USA). The lower chamber contained 600 uL of RPMI-1640
medium with 10% FBS and 5% Pen Strep. Cells were incubated
at 37°C and 5% CO2 for 12 and 24 hours. Cells that did not
invade the membrane from the insert were removed with a
cotton swab dipped in 1X PBS. The membrane was then fixed by
submerging the insert in 10% formalin (Thermo Scientific
Waltham, MA, USA) and counterstained with hematoxylin
(American Master Tech, Lodi, CA, USA). The Boyden
membrane was removed and mounted on a glass slide. Images
were obtained using 4X magnifications with a Nikon Eclipse
TS100 microscope (Nikon, Tokyo, Japan). Invasive cells were
counted using the Image Pro Plus Software (Meyer Instruments,
Inc., Houston, TX, USA).

2.1.8 Cell proliferation

PC3 and 22RV1 siBAT1 or BAT1cDNA cells were seeded at
a density of 1x10* cells/well in a 96-well plate. Cell proliferation
was assayed at 24 hours using 20 uL of CellTiter 96® AQueous
One Solution Reagent (Promega, Madison, WI, USA) and 100
pL of RPMI medium, and incubated for 2 hours at 37°C and 5%
CO2 in a humidified incubator. The plates were read at 490 nm
using the xMarkTM Microplate Absorbance Spectrophotometer
(Bio-Rad, Hercules, CA, USA).
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2.1.9 Cell viability

Cell viability and apoptosis assays were performed using
flow cytometry (FACs analysis) with the Muse Cell Analyzer
(EMD Millipore Merck KGaA, Darmstadt, Germany). PC3 and
22RV1 cells were seeded and grown in a 6-well cell culture plate,
transfected with either siBAT1 or BAT1cDNA, and collected
into tubes 24 hours after transfection. Cells were suspended in
1X PBS and 1 mL was transferred to a new tube. Twenty UL of
cell suspension were stained with 380 UL of the Muse Count and
Viability reagent and incubated (protected from light) for 5
minutes at room temperature. For 22RV1 cells, the protocol was
the same with the exception that 20 UL of the Muse cell dispersal
reagent (EMD Millipore Merck KGaA, Darmstadt, Germany)
was added to 20 pL cells with 380 uL of the Muse Count and
Viability reagent to each sample.

2.1.10 Apoptosis

siBAT1 or BAT1cDNA PC3 cells (1x107) were resuspended
in 1X PBS, stained with 100 UL of annexin-V, and incubated and
protected from light for 20 minutes at room temperature. For
22RV1 cells, 2x10°-2x107 cells/1mL was added to tubes, 50 uL of
cell suspension was mixed with 50 uL of the Muse cell dispersal
reagent and were incubated protected from light for 20 minutes
at room temperature. Cell populations were gated using the
Muse software.

2.1.11 RNA isolation and gRT-PCR

Total RNA was extracted from siBAT1 or BAT1cDNA PC3
and 22RV1 cells using the RNeasy Mini Isolation Kit (Qiagen,
Venlo, The Netherlands) following the manufacturer’s protocol.
cDNA was synthesized using the iScript cDNA Synthesis Kit
(Bio-Rad, USA) according to the manufacturer’s instructions.
PCR amplification was done using real-time PCR with the iQ
SYBR Green Supermix (Bio-Rad, USA) and the Step One Plus
Real-time PCR System (Applied Biosystems, Carlsbad; CA,
USA) as follows: 95°C for 5min, 95°C for 15seconds and
60°C for 1 min at 40 cycles. Changes in mRNA expression
were analyzed using the AACt method and the Step One
Software. Negative fold changes were determined by dividing
1/Average Fold Change obtained. Expression levels were
normalized to GAPDH expression.

2.2 In vivo experiments

2.2.1 Orthotopic mouse model

For in vivo experiments, human prostate cancer 22RV1 cells
(250,000 cells contained in 70 uL) transfected with shBAT1 (n=5
mice) or BAT1cDNA (n=5 mice) were mixed with 30 uL
collagen and injected into the anterior prostate lobules of 7-8-
week-old male ICR-SCID mice (Taconic, Germantown, NY,

USA) to generate 2 tumors (one per each prostate lobule).
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Our control mice (n=6) were injected with non-transfected
22RV1 cells. Mice were kept in a pathogen-free environment
under the Institutional Animal Care and Use Committee
regulations at The University of Puerto Rico Medical Sciences
Campus animal facility (Protocol #A8700110). Mice were
anesthetized and sacrificed. Furthermore, prostate tumors and
livers were collected, weighed, and used for histologic analysis.

2.2.2 Tissue collection and
histological examination

Tumors collected were fixed in 10% buffered formalin and
embedded in paraffin. Formalin-fixed paraffin-embedded
(FFPE) tumors were cut at 5 pm sections using a microtome
(Leica Microsystems, Wetzlar, Germany) and mounted on
slides. Slides were deparaffinized in xylene, hydrated using
serial descending concentrations of alcohol, stained with
hematoxylin, followed by stain differentiation with eosin, and
dehydrated with increasing serial dilutions of ethanol and
xylene. Slides were mounted with coverslips using permount-
mounting medium. As described by Lsaacs and Hukku (33)
tumors were classified into four categories by a degree of
differentiation: well differentiated, moderately differentiated,
poorly differentiated, and anaplastic. Well-differentiated
tumors are characterized by the presence of glandular
structures, lumen, basement membrane, and stroma.
Moderately differentiated tumors are characterized by smaller
glandular structures with the lumen obstructed by tumor cells.
However, the basement membrane and stroma remained intact.
Tumors classified as poorly differentiated have an absence of
glandular structures, and basement membrane, and do not show
a consistent relationship between tumor cells and stroma.
Individual tumor cells, however, still show a normal nucleus to
cytoplasm ratio. Tumors classified as anaplastic lack appearance
of tissue organization and individual tumor cells show irregular
nucleus size and abnormal nucleus to cytoplasm ratio. Our
tumors collected represent n=6 tumors for control, n=5
tumors for BAT1cDNA, and n=3 tumors for shBAT1.

2.2.3 Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) mice tumor
tissues were dewaxed in xylene and rehydrated in descending
concentrations of alcohol and deionized water. Antigen retrieval
was performed using the Antigen Unmasking Solution (Vector
Laboratories, Burlingame, CA, USA) followed by quenching of
endogenous peroxidase with 3% v/v H,O,. Sections were
blocked for 1 hour with horse serum (R.T.U Vectastain Kit,
Vector Laboratories, Burlingame, CA, USA) and left overnight
with the primary antibody at 4°C in a humidified chamber. The
primary antibodies used were: BAT1 (1:50 dilution) (Epitomics,
Burlingame, CA, USA), Cleaved Caspase-3 (1:200 dilution) (Cell
Signaling, Danvers, MA, USA), Ki67 (1:1000 dilution) (Vector
Laboratories, Burlingame, CA, USA), TNF-o (1:100 dilution)
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(Abcam, Cambridge, MA, USA), IL-6 (1:25 dilution) (Novus
Biologicals, Littleton, CO, USA), and MMP10 (1:100 dilution)
(Abcam, Cambridge, MA, USA). Protein expression was
detected with the peroxidase substrate kit (ImmPACT DAB)
(Vector Laboratories, Burlingame, CA, USA). Hematoxylin was
used as a counterstain. Digital images were obtained using an
Olympus IX71 Inverted microscope (Olympus America,
Melville, NY, USA) at a 20x magnification. To quantify BATI,
Cleaved Caspase-3 expression, and Ki67 expression, a set of 5
random fields per slide were chosen and the number of total
cells, negative cells, and positive cells were quantified. The
number of positive cells in response to the primary antibody
was divided over the number of total cells and a percentage per
field was determined. The 5 total fields per slide were then
averaged to generate a percentage of positive cells. To quantify
MMP10, TNF-0, and IL-6 expression, a subjective scale from 1-
4 was used. In this scale, we gave a score of one (1) if 25% or less
of the tumor cells were stained, a score of two (2) if 26% to 50%
of the tumor cells were stained, a score of three (3) if 51% to 75%
of the tumor cells were stained, and a score of four (4) if more
than 75% of the tumor cells were stained. The score was given in
a blind manner. All images were analyzed using Image the Pro
Plus Software (Meyer Instruments, Inc., Houston, TX, USA).

2.2.4 Immunofluorescence

Paraffin-embedded tissue (FFPE) was dewaxed in xylene
(x2) and rehydrated in descending concentrations of alcohol
and deionized water. Antigen retrieval was performed using the
Antigen Unmasking Solution (Vector Laboratories, Burlingame,
CA, USA) and the heat was applied using a microwave. Slides
were placed on ice and then followed by quenching of
endogenous peroxidase with 3% v/v H,O,. Sections were
blocked for 1 hour with 10% FBS and left overnight with the
primary antibody at 4°C in a humidified chamber. The primary
antibody used was CD31 (1:50 dilution) (Abcam, Cambridge;
MA, USA). The secondary antibody used was Alexa-Fluor 594
(anti-rabbit) 1:1000 (Molecular Probes, Life Technologies,
Carlsbad, CA, USA) and, nuclei were stained with DAPI
1:5000 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Digital images were obtained using an Olympus IX71 Inverted
microscope (Olympus America, Melville, NY, USA) at a 20X
magnification. To quantify CD31, sets of 5 random fields were
chosen per slide and the total number of blood vessels was
counted and averaged per slide.

2.2.5 Statistical analysis

All in vitro experiments were performed in triplicates (n=3).
Results represent the mean + standard error of the mean (SEM).
Differences between treatments were analyzed using the
Student’s t-test at a 95% confidence interval. P-values <0.05
were considered statistically significant. Statistical analysis was
done using GraphPad Prism Software (GraphPad Software, CA,
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USA). For in vivo statistical analysis was done using the analysis
of variance (ANOVA) and the GraphPad Prism Software
(GraphPad Software, CA, USA).

3 Results

3.1 BAT1 expression was decreased after
siRNA transfection and increased after
cDNA transfection in PC3 and

22RV1 cells

To investigate the role of BAT1 in prostate cancer cells, we
transfected PC3 and 22RV1 cells with siBAT1 to down-regulate
BAT1 expression or BATIcDNA to overexpress BATI
expression. Protein and RNA extraction from transfected cells
were obtained and subjected to SDS-PAGE western blot analysis
or qRT-PCR to determine efficient transfection. siBAT1 PC3
cells showed significantly less expression of BAT1 by western
blot analysis and qRT-PCR when compared to control
(Figures 1A, B). Additionally, siBAT1 22RV1 cells showed
significantly less expression of BAT1 by western blot analysis
and qRT-PCR when compared to control (Figures 1E, F). In
contrast, BAT1cDNA PC3 and 22RV1 cells showed a significant
increase in BAT1 expression by western blot and qRT-PCR
analysis when compared to control (Figures 1C, D, G, H).

3.2 BAT1 down-regulation significantly
increased cell migration and BAT1
overexpression significantly decreased
cell migration in PC3 cells

The ability of PC3 cells to migrate after BAT1 expression
was altered. Results showed that siBAT1 PC3 cells had a
significant increase in migratory potential at 12 hours and at
24 hours when compared to control (Figures 2A, B).
Conversely, BATIcDNA PC3 cells showed a significant
decrease in migratory potential of 37% at 12 hours and 44%
at 24 hours when compared to control (Figures 2C, D). 22RV1
cells were not used for the migration assay because these cells
do not grow in a confluent monolayer.

3.3 BAT1 down-regulation significantly
increased cell invasion and BAT1
overexpression significantly decreased
cell invasion in PC3 and 22RV1 cells

The effects of BAT1 expression in invasion were examined
using the Transwell assay siBAT1 PC3 cells significantly
increased cell invasion at 12 hours and 24 hours when
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FIGURE 1

Control BAT1ONA

BAT1 Expression was decreased after siRNA Transfection and increased after cDNA Transfection in PC3 and 22RV1 cells. The samples were
collected for a period of 24 hours. (A) Representative images and quantification of BAT1 protein expression in PC3 prostate cancer cells using
western blot analysis showed a significant decrease in siBAT1 transfected cells when compared to control (*P<0.05). (B) Quantification of BAT1
RNA expression using RT-PCR in PC3 prostate cancer cells showed a significant decrease in BAT1 expression in siBAT1 transfected cells when
compared to control (****P < 0.0001). (C) Representative images and quantification of BAT1 protein expression in PC3 prostate cancer cells
using western blot analysis showed a significant increase in protein expression in BATLIcDNA when compared to control (***P < 0.001). (D)
Quantification of BAT1 RNA expression using RT-PCR in PC3 prostate cancer cells showed a significant increase in BAT1 protein expression in
BAT1cDNA cells when compared to control (**P < 0.01). (E) Representative images and quantification of BAT1 protein expression in 22RV1
prostate cancer cells using western blot analysis showed a significant decrease in siBAT1 transfected cells when compared to control

(**P < 0.01). (F) Quantification of BAT1 RNA expression using RT-PCR in 22RV1 prostate cancer cells showed a significant decrease in BAT1
expression in siBAT1 transfected cells when compared to control (**P < 0.01) (G) Representative images and quantification of BAT1 protein
expression in 22RV1 prostate cancer cells using western blot analysis showed a significant increase in BATIcDNA when compared to control
(***P < 0.001). (H) Quantification of BAT1 RNA expression using RT-PCR in 22RV1 prostate cancer cells showed a significant increase in BAT1
protein expression in BATIcDNA cells when compared to control (**P < 0.01).

compared to control (Figures 3A, C). Moreover, siBAT1 22RV1
cells significantly increased cell invasion at 12 hours and 24
hours when compared to control (Figures 3B, D). On the
contrary, BAT1IcDNA PC3 cells significantly decreased cell
invasion at 12 hours and 24 hours when compared to control
(Figures 3E, G). Furthermore, cell invasion significantly
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decreased in BATIcDNA 22RV1 cells at 12 hours and 24
hours when compared to control (Figures 3F, H). Also, to
determine if changes in migration and invasion were due to
changes in proliferation and apoptosis, we performed a
proliferation assay using MTT and an apoptosis assay using
FACs analysis. Results showed no significant changes in these
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FIGURE 2

BAT1 down-regulation increased PC3 prostate cancer cell migration and BAT1 overexpression decreased PC3 prostate cancer cell migration.

(A) Representative images of Control PC3 and siBAT1 PC3 cells using 4X magnification. (B) Relative invasion of siBAT1 PC3 cells caused a
significant increase in migration at 12hrs (**P < 0.01) and 24hrs (*P < 0.05) when compared to control. (C) Representative images of Control
PC3 and BAT1cDNA PC3 cells using 4X magnification. (D) Relative invasion of (+) BATLIcDNA PC3 cells caused a significant decrease in migration
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at 12hrs (**P < 0.01) and 24hrs (***P < 0.001) when compared to control.

molecular hallmarks of cancer (Supplemental Figures S1-S3).
These data suggest that BAT1 suppresses cell migration and
invasion without altering proliferation or apoptosis in vitro.

3.4 Alteration of BAT1 expression
showed changes in genes associated
with inflammation, adhesion, and
metastasis in PC3 and 22RV1 cells using
qRT-PCR

Previous studies have associated the role of BAT1 as an anti-
inflammatory gene in diseases such as Chagas cardiomyopathy
and Plasmodium vivax malaria through the modulation of
tumor necrosis factor-alpha (TNF-0)) and interleukin-6 (IL-6)
(16, 18). It is known that inflammation can eventually lead to cell

Frontiers in Oncology

198

*
100 —
-
T
50 =
c L} T T Ll
Control siBAT1 Control siBAT1
12 hrs 24 hrs
dekk
100- —
T
80
ok
—
01 T
40
20
0 Y :
Control BAT1°®™ Control BAT1°PMA
12 hrs 24 hrs

migration and metastasis (34, 35). Thus, we wanted to identify a
detailed signaling pathway that might be involved with BAT1
expression in PCa cell progression using qRT-PCR. Results
demonstrated significant changes in TNF-o, IL-6, MMP-10,
and TIMP2 expression. BAT1cDNA PC3 cells significantly
decreased TNF-o, IL-6, and matrix metallopeptidase 13
(MMP-13) expression when compared to siBAT1 PC3 cells
(Figure 4 and Table 1). Results showed significant decreases in
TNF-o, IL-6, and matrix metallopeptidase 10 (MMP-10)
expressions in BAT1cDNA 22RV1 cells when compared to
siBAT1 22RV1 cells (Figures 4C, D, F). Additionally, tissue
inhibitor of metalloproteinase 2 (TIMP2) expression, was
significantly increased in BAT1cDNA 22RV1 cells when
compared to siBAT1 22RV1 cells. These results suggest that
BAT1 is altering inflammatory cytokine expression and
metastatic gene expression.
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FIGURE 3

BAT1 down-regulation increased PC3 and 22RV1 prostate cancer cell and BAT1 overexpression decreased PC3 and 22RV1 prostate cancer cell
invasion. (A, B) Representative images of invasive siBAT1 PC3 and 22RV1 cells at a 4X magnification. (C) Relative invasion of siBAT1 PC3 cells
caused a significant increase in invasion when compared to control at 12hrs (**P < 0.01) and 24hrs (****P < 0.0001). (D) Relative invasion of
siBAT1 22RV1 cells caused a significant increase in invasion when compared to control at 12hrs (*P < 0.05) and 24hrs (***P < 0.001). (E, F)
Representative images of invasive BATIcDNA PC3 and 22RV1 cells at a 4X magnification. (G) Relative invasion of BATIcDNA PC3 cells caused a
significant decrease in invasion when compared to control at 12hrs (****P < 0.0001) and 24hrs (****P < 0.0001). (H) Relative invasion of
BAT1cDNA 22RV1 cells caused a significant decrease in invasion when compared to control at 12hrs (***P < 0.001) and 24hrs (***P < 0.001).
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FIGURE 4

BAT1 expression showed changes in genes associated with inflammation, adhesion, and metastasis in PC3 and 22RV1 cells using gRT-PCR. The
samples were collected for a period of 24 hours. (A, C) BATIcDNA PC3 and 22RV1 cells showed a significant decrease in TNF-o expression
when compared to siBAT1 (****P < 0.0001). (B, D) BAT1cDNA PC3 and 22RV1 cells showed a significant decrease in IL-6 expression when
compared to siBAT1 (**P < 0.01) (***P < 0.001). (E) BAT1cDNA PC3 cells showed a significant decrease in MMP13 expression when compared to
SiIBATL (****P < 0.0001). (F) BATLIcDNA 22RV1 cells showed a significant decrease in MMP10 expression when compared to siBAT1 (**P < 0.01).
(G) BAT1cDNA 22RV1 cells showed a significant increase in TIMP2 expression when compared to siBAT1 (***P < 0.001).

TABLE 1 Alteration of BAT1 expression showed changes in genes associated with inflammation, adhesion and metastasis in PC3 and 22RV1 cells

using qRT-PCR.

Cell Line Transfected Gene
PC3 BAT1PM ys PC3 siBAT1 TNF-o.
PC3 BAT1PMA yvs PC3 siBATI IL-6
PC3 BAT1"M* vs PC3 siBAT1 MMP13
22RV1 BAT1PNA ys 22RV1 siBATI TNE-o
22RV1 BAT1PNA vs 22RV1 siBATI IL-6
22RV1 BAT1PNA ys 22RV1 siBATI TIMP2
22RV1 BAT1PNA vs 22RV1 siBATI MMP10

3.5 In vivo expression of BAT], Ki-67,
TNK- ¢, IL-6 and MMP10

Prior to 22RV1 prostate cancer cells injection into SCID
mice prostate lobules, we confirmed transfection of BATI
expression using western blot analysis (Supplemental Figure
S4). PC3 cells were not used for in vivo experiments because
they do not grow properly in these models. Tumors developed
in SCID mice were examined by immunohistochemistry.
H&E sections were evaluated by a pathologist for the
observation of inflammation and histological classification.
The tumors were classified as poorly differentiated or
anaplastic. (Supplemental Figure S5). BAT1 expression was
significantly increased in BAT1cDNA prostate tumors when
compared to control and shBATI1 prostate tumors
(Figures 5A, B). Although tumors from shBAT1 transfected
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Function Fold
Change

Involved in systemic inflammation -1.35
Pro-inflammatory cytokine -0.92
Involved in cancer migration -6.25
Involved in systemic inflammation -4.34
Pro-inflammatory cytokine -9.09
Directly suppress the proliferation of endothelial cells 4.33
Involved in cancer migration -4.00

mice showed no statistical significance in BAT1 expression
when compared to control, results represent a tendency to
decrease expression.

To evaluate whether BAT1 expression altered proliferation,
apoptosis, or angiogenesis in vivo, mice prostate tumor sections
were examined by immunohistochemistry or immunofluorescence.
The nuclear marker Ki67 was used to determine changes in
proliferation. Mice prostate tumors developed from BAT1cDNA
and shBAT1 transfected cells significantly decreased cell
proliferation when compared to control (Figure 5C). shBAT1
tumors showed an increase in TNF-or expression when compared
to control and BAT1cDNA (Figure 5D). Apoptosis using the pro-
apoptotic marker cleaved caspase-3 showed no change in
expression for all groups (Supplemental Figure S6). To determine
if BAT1 expression plays a role in angiogenesis, mice prostate
tumor sections were subjected to immunofluorescence using the
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FIGURE 5

In vivo expression of BAT1, Ki67, TNF-o, IL-6, and MMP10. All of the samples were collected for a period of 24 hours. (A) Representative images
of immunohistochemical staining BAT1 expression in mice prostate tumors previously injected with 22RV1 cells, BATIcDNA 22RV1 cells, or
shBAT1 22RV1 cells at a 20X (50pum) or 60X magnification (10um) magnification. (B) Quantification mice prostate tumors obtained from
BAT1cDNA mice prostate tumors showed a significant increase in BAT1 expression using immunohistochemistry when compared to control (*P
< 0.05) and shBAT1 (**P < 0.01). (C) shBAT1 (**P < 0.01) and BAT1cDNA (*P < 0.05) tumors showed a significant decrease in Ki67 expression
when compared to control. (D) shBAT1 tumors showed a significant increase in TNF-a expression when compared to control and BATIcDNA
(*P < 0.05). (E) shBAT1 tumors showed a significant increase in IL-6 expression when compared to control and BAT1IcDNA mice prostate tumors
(*P < 0.05). (F) shBAT1 tumors showed a significant increase in MMP10 expression when compared to control (*P < 0.05).
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angiogenesis marker CD31. Results showed no significant change in
the number of blood vessels for all groups (Supplemental Figure S7).

In vitro results showed changes in cell invasion, migration,
and genes associated with inflammation and metastasis. In an
inflammatory event, the downregulation of BAT1 may stimulate
increases in pro-inflammatory cytokines, TNF-o and IL-6. Cells
may lose their ability to maintain tight junctions and cell-cell
adhesion leading to invasive potential through the secretion of
MMPs and the inhibition of TIMPs. MMPs degrade the
extracellular matrix leading to invasion of mesenchymal cells
into the bloodstream, thus promoting metastasis. Based on this
signaling pathway, we identified significant changes in TNF-a,
IL-6, and matrix metallopeptidase 10 (MMP-10) gene
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expression when we performed RT-PCR in PC3 and 22RV1
prostate cancer cells, thus, we wanted to determine if there
would be significant changes in expression in an in vivo mouse
model. Immunohistochemistry analysis in mice prostate tumors
showed that shBAT1 significantly increased TNF-o. and IL-6
expression when compared to control and BAT1cDNA tumors
(Figures 5D, E). Additionally, MMP-10 expression was
significantly increased in shBAT1 mice prostate tumors when
compared to control (Figure 5F). These findings suggest that
BAT1 down-regulation leads to activation of pro-inflammatory
cytokines TNF-a and IL-6, which leads to the secretion of
MMP-10, inhibition of TIMP2, and promotion of invasion
and migration (Figure 6).
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extracellular matrix degradation.

4 Discussion

Studies have shown that unidentified MHC class III genes play
a role in inflammatory and immunopathological responses in
diseases such as ulcerative colitis, diabetes, rheumatoid arthritis,
and multiple sclerosis (5-12). The RNA helicase and MHC class
III gene, BAT1, has been identified as an anti-inflammatory gene
in diseases such as Chagas cardiomyopathy, Plasmodium vivax
malaria, multiple sclerosis, and insulin dependent diabetes
mellitus by the modulation of the pro-inflammatory cytokines
TNF-a, IL-6 and IL-1 expression (12-14, 36). Nevertheless, the
functional role of BAT1 in PCa recurrence has not been revealed.
Immunohistochemical analysis demonstrated that BATI
expression was differentially expressed in patients with high
Gleason scores when compared to PCa patients with low
Gleason scores. In this work, we determined the role of BAT1
in migration, invasion, and gene expression using in vitro and in
vivo PCa models.

In this study, genetic down-regulation of BAT1 significantly
increased cell migration, invasion, and expression of TNF-q, IL-
6, MMP10, and MMP13 while it decreased the expression of
TIMP2. Conversely, overexpression of BAT1 significantly
decreased cell migration, invasion, and expression of TNF-a,
IL-6, MMP10, and MMP13 while it increased the expression of
TIMP2. However, apoptosis and cell proliferation were not
affected in either group due to no significant changes observed
in the proliferation and apoptosis assays using FACs analysis.
The results suggest that BAT1 mechanisms do not involve
changes in proliferation or apoptotic pathways. Taken
together, these data indicate that BAT1 overexpression may
function as an anti-inflammatory gene and suppressor of
metastasis and invasion in PCa. Since metastasis and invasion
eventually may promote recurrence, understanding and
identifying the mechanisms by which BAT1 functions may
lead to better treatment options for recurrent PCa patients.

Cancer cell invasion is an important hallmark of cancer and
an essential step toward metastasis (37, 38). In our study, we
observed increases in cell migration and invasion in PCa cells
transfected with siBAT1 and decreases in cell migration and
invasion in PCa cells transfected with BAT1cDNA. Based on

Frontiers in Oncology

202

these results, we wanted to determine changes in genes that were
associated with invasion, adhesion, and metastasis. We expected
to detect changes in matrix metalloproteinases (MMPs) and its
inhibitor, tissue inhibitors of matrix metalloproteinases
(TIMPs). Significant changes were determined in MMP-10,
MMP-13, and TIMP2. These results were expected due to
previously published data that have identified MMPs to be
involved in EMT, which is related to the invasion and
metastasis ability of tumors in various types of cancer,
including PCa.

BATI1 expression has been implicated in alterations of
inflammation, specifically, through the modulation of TNF-o
and IL-6 expression in inflammatory diseases (15-18). In a
tumor microenvironment or inflammatory event, mesenchymal
cells can secrete TNF-o. and IL-6 (32, 39). The pro-inflammatory
cytokine TNF-o. can subsequently lead to the release of MMPs
(32). To study the functional role of BAT1 in inflammatory
cytokine secretion, QRT-PCR was performed to confirm mRNA
expressions of TNF-ot and IL-6 in vitro. Results showed decreases
in TNF-o and IL-6 expression in PCa cells treated with
BAT1cDNA when compared to siBAT1. These results were
expected due to studies identifying BAT1 polymorphisms
(decreases in BAT1 expression) with inflammation in patients
that had an immune response disease. These findings also may
explain why we found changes in migratory and invasive
potential. We subsequently measured changes in cell migration
and invasion in vitro, which may be contributed to the expression
of TNF-a. and IL-6 in PC3 and 22RV1 cells. Based on these
results, we hypothesized that the secretion of pro-inflammatory
cytokines may lead to metastatic potential through EMT. To verify
our hypothesis, Western Blot analysis was performed to confirm
the overexpression of Vimentin and N-Cadherin proteins.
However, results showed no significant changes in Vimentin
and N-cadherin protein expression in siBAT1 PCa cells
compared to control cells (Figure S9).

IHC analysis showed that shBAT1 mice prostate tumors
increased TNF-a, IL-6, and MMP-10 expression. These findings
correlated to our qRT-PCR results demonstrating an increase in
MMP-10 expression in vitro. Additionally, MMP-10 (stromelysin-
2) has been overexpressed in various cancers including gastric,
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bladder, renal, esophageal, skin, and non-small cell lung cancer
(40, 41). MMP-10 plays an important role in the development and
progression of malignant tumors. MMP-10 expression has been
implicated in the modulation of invasion, apoptosis, angiogenesis,
and cell proliferation in cancer (42).

This study has some limitations including that no migration
and invasion studies were performed in the in vivo models, and
additional experiments need to be performed to supplement and
conclude that the promotion of invasion and migration is present
in the in vivo model possibly due to the changes described on
TNE- o, IL-6, MMP-10, and TIMP2 in this manuscript. Another
limitation was that the migration assays in vitro were only
performed using the PC3 cell line because the 22RV1 cell line
grows in clusters and are not appropriate for the wound healing
test. Lastly, for the in vivo experiments, only the 22RV1 cell line
was used because previous studies in our laboratory had shown
that they grow better in mice in comparison with the PC3 cell line.
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