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Editorial on the Research Topic

Epigenetics in Cancer: Mechanisms and Drug Development

This research topic “Epigenetics in Cancer: Mechanisms and Drug Development” consists of 14
articles contributed by more than 120 authors in the fields of cancer epigenetics and
therapeutics. The topic enumerates collecting different research directions including
transcription and chromatin roles in gene regulation, DNA modifications, RNA epigenetics,
non-coding RNA, and epigenomic methods. In addition to bringing the newest findings on
epigenetic mechanisms, a special focus will be given to novel and promising therapeutic drugs
aimed at reversing specific epigenetic alterations.

In recent years, new targets of tumor immunotherapy have been found. For example, a checkpoint
with forkhead associated and ring finger domain (CHFR) is one of the keys to immune checkpoints,
and its activity is lost through promoter hypermethylation or mutation in many tumor and cancer
cell lines. Chen et al. demonstrated that the epigenetic characteristics of the CHFR gene were a new
prognostic feature. Dong et al. discussed the latest findings of the potential application of PIWILI in
chemotherapy resistance of tumors through multiple signaling pathways.

The occurrence of cancer is related to the abnormal expression of many genes. Opioid binding
protein/cell adhesion molecule-like (OPCML) is a protein-coding gene that has been associated with
a variety of cancers, including ovarian cancer. Shao et al. observed that the DNA methylation level of
the OPCML promoter region CG25853078 was positively correlated with its expression.

C-terminal Src kinase (Csk) and Csk homologous kinase (Chk) are the main endogenous
inhibitors of Src family kinases (SFK) (Chueh et al., 2021). Zhu et al. found that increased DNA
methylation levels may be caused by increased DNMT levels, leading to decreased expression of CHK
mRNA and CHK protein and promoting the increase of carcinogenic characteristics of colon cancer
cells. Epigenetic regulation of the CHK expression in colon cancer cells has significant biological
effects, including cell proliferation, wound healing, and cell invasion.

In epigenetic modification, mRNA modification plays the same role as DNA methylation.
Scientists have identified more than 100 chemical modification methods of RNA, among which
N6-methyl adenine (m6A) accounts for 80% of RNA methylation modification (Zhou et al., 2020).
M6A methylation modification has been proven to be reversible, which is controlled by
methyltransferases (writers), methylated readers, and demethylases (Tan et al, 2021). The fat
and obesity-related protein (FTO) has been identified as the first m6A methylase inhibitor and has
been one of the most attractive target proteins for the development of m6A methylase inhibitors to
treat cancer (Lu et al.).
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More than ten kinds of posttranslational modifications (PTM) can
occur on histones entangled with DNA, including methylation,
acetylation, propionylation, phosphorylation, and ubiquitination.
The most common ones are methylation and acetylation. Histone
methylation is regulated by histone methyltransferases (HMTs) and
histone demethylases (HDMs) (He and Lomberk). HMTs and HDMs
balance each other to maintain histone methylation levels, and their
imbalance may promote cancer. Acetylation is regulated by HATSs
and histone deacetylases (HDACs) (Zhang et al; Li et al, 2022).

Abnormal DNA methylation has become a recurrent
carcinogenic event (Liang et al., 2021). Zhu et al. emphasized
that genetic aberrations rather than phenotypes (DNA
methylation) can be targeted by identifying the molecular
basis of carcinogenesis. In addition, although the restoration of
the epigenome to normal is seen as a therapeutic strategy, it has
not yet been proven to be the primary mechanism of treatment. It
is necessary to create drugs that interfere with adaptive
mechanisms, and this method is increasingly being proven.

In conclusion, the “Epigenetics in Cancer: Mechanisms and
Drug Development” research topic highlights the importance of
developing novel epigenetic targets for cancer therapy.
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Memphis, TN, United States, * Center for Cancer Research, University of Tennessee Health Science Center, Memphis, TN,
United States

Background: Poorly differentiated endometrioild adenocarcinoma and serous
adenocarcinoma represent an aggressive subtype of endometrial cancer (EC).
Programmed death-ligand-1 (PD-L1) was known to exhibit a tumor cell-intrinsic function
in mediating immune-independent tumor progression. However, the functional relevance
of tumor cell-intrinsic PD-L1 expression in aggressive EC cells and the mechanisms
regulating its expression remain unknown.

Methods: PD-L1 expression in 65 EC tissues and 18 normal endometrium samples
was analyzed using immunohistochemical staining. The effects of PD-L1 on aggressive
EC cell growth, migration and invasion were investigated by cell functional assays.
Luciferase reporter assays were used to reveal the microRNA-216a (miR-216a)-
dependent mechanism modulating the expression of PD-L1.

Results: Positive PD-L1 expression was identified in 84% of benign cases but only in
12% of the EC samples, and the staining levels of PD-L1 in EC tissues were significantly
lower than those in the normal tissues. Higher PD-L1 expression predicts favorable
survival in EC. Ectopic expression of PD-L1 in aggressive EC cells results in decreased
cell proliferation and the loss of mesenchymal phenotypes. Mechanistically, PD-L1
exerts the anti-tumor effects by downregulating MCL-1 expression. We found that
PD-L1 levels in aggressive EC cells are regulated by miR-216a, which directly targets
PD-L1. We further identified a mechanism whereby the long non-coding RNA MEG3
represses the expression of miR-216a, thereby leading to increased PD-L1 expression
and significant inhibition of cell migration and invasion.

Conclusion: These results reveal an unappreciated tumor cell-intrinsic role for PD-L1
as a tumor suppressor in aggressive EC cells, and identify MEG3 and miR-216a as
upstream regulators of PD-L1.

Keywords: PD-L1, MEG3, miR-216a, long non-coding RNA, EMT, endometrial cancer
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PD-L1, Tumor Suppressor in EC

INTRODUCTION

Endometrial cancer (EC) is the most common gynecologic
malignancy in developed countries, with approximately 89,929
deaths worldwide in 2018 (Bray et al., 2018). ECs are classified
into various histological subtypes: including endometrioid EC,
serous EC, clear-cell EC, and mixed (usually endometrioid and
serous components) EC (Gaber et al., 2016). Unlike the majority
of ECs, which are usually associated with well-differentiated
endometrioid histology, early stage disease, and a more favorable
prognosis, poorly differentiated endometrioid ECs and serous
ECs are generally seen in older patients, are more aggressive,
and are characterized by a high rate of recurrence and metastasis
(Gaber et al., 2016).

In the early stage of tumor metastasis, an epithelial-
mesenchymal transition (EMT) program occurs and contributes
to the acquisition of invasive properties, enabling epithelial cells
to lose polarity and adhesion capacity, but acquire the features
of mesenchymal cells (Valastyan and Weinberg, 2011). A small
cohort of transcription factors (such as TWIST1, ZEB1, Snail,
and Slug) is recognized to affect EMT induction by controlling
the expression of epithelial genes (for example, ZO-1 and
E-cadherin) and mesenchymal genes (including Vimentin and
HSP47) (Valastyan and Weinberg, 2011). MCL-1, a member of
the Bcl-2 family of proteins, plays an essential role in promoting
cell survival and metastasis in many cancers (De Blasio et al,,
2018) and was discovered to be the key EMT inducer in
EC (Konno et al, 2014). The EMT process is also regulated
by complex epigenetic regulatory mechanisms, such as DNA
methylation and histone modifications, as well as non-coding
RNAs, including microRNAs (miRNAs) and long non-coding
RNAs (IncRNAs) (Kiesslich et al., 2013; Xu et al., 2020). However,
the molecular mechanisms governing EMT in aggressive EC
remain poorly understood.

Evasion of the immune system is classified as a hallmark
of cancer, which allows cancer cells to escape the attack from
immune cells (Hanahan and Weinberg, 2011). Tumor cells can
exploit the programmed death-1 (PD-1) immune checkpoint
pathway to evade immune cells (Okazaki and Honjo, 2007).
Programmed death-ligand-1 (PD-L1) is a critical immune
checkpoint ligand expressed on the surface of tumor cells, and
binding of PD-L1 to its receptor PD-1 on activated T cells
inhibits anti-tumor immunity by reducing the proliferation,
cytokine secretion, and cytotoxic ability of T cells (Okazaki
and Honjo, 2007). Despite this well-characterized function of
PD-L1 in cancer, emerging studies demonstrate a tumor cell-
intrinsic function of PD-L1 in mediating EMT and immune-
independent tumor progression (Dong et al., 2018c). Elevated
expression levels of PD-L1 were detected in diverse tumors,
and PD-L1 upregulation was significantly correlated with poor
survival (Dong et al., 2018c). For example, PD-L1 was highly
expressed in cervical cancer tissues, and overexpression of
PD-L1 significantly increased cancer cell proliferation and
invasion (Dong et al., 2018a). However, the silencing of PD-
L1 expression in cholangiocarcinoma cells and lung cancer
cells promoted tumor growth (Tamai et al., 2014; Wang X.
et al, 2020). In patients with melanoma (Taube etal., 2012),

colorectal cancer (Droeser et al., 2013), or Merkel-cell carcinoma
(Lipson et al., 2013), higher PD-L1 expression was significantly
correlated with improved survival, indicating that tumor
cell-intrinsic PD-L1 may exert either pro- or anti-tumor
functions, and that its roles might be tissue- or tumor-
type dependent.

Previous studies have shown conflicting results regarding the
expression patterns of PD-L1 and its prognostic value in EC
(Marinelli et al., 2019). The fraction of ECs that are positive
for PD-L1 expression varied from 14 to 59% (Mo et al., 2016;
Li et al,, 2018; Engerud et al., 2020). Although it was reported
that PD-L1 expression has no significant impact on patient
survival (Engerud et al., 2020), recent studies presented contrary
results showing that higher PD-L1 expression in EC samples was
associated with improved survival (Yamashita et al., 2017; Liu
etal., 2019; Zhang et al., 2020). Also, increased PD-L1 expression
in EC cells was significantly correlated with well-differentiated
histology and a lower risk of myometrial invasion and lymphatic
spread (Zhang et al., 2020).

Until now, the biological function of PD-L1 and the
mechanisms associated with PD-L1 expression in aggressive EC
cells have not yet been explored. In this study, we found that PD-
L1 protein expression was frequently downregulated in EC tissues
and that increased PD-L1 expression level was associated with
prolonged survival rates of EC patients. Our data identified PD-
L1 as a novel tumor suppressor in aggressive EC cells and showed
that loss of PD-L1 expression enhances the invasive abilities of
EC cells by inducing EMT through the upregulation of MCL-1
expression. We further define a molecular mechanism whereby
the long non-coding RNA MEG3/microRNA-216a (miR-216a)
axis mediates the repression of PD-LI in aggressive EC cells.
Thus, this work uncovered a unique, tumor-suppressor function
of PD-L1 in an aggressive subtype of EC, where options for
effective treatment are limited.

MATERIALS AND METHODS

Patients and Tissue Specimens

Acquisition and use of human tissue samples was approved
by the Research Medical Ethics Committee of Sun Yat-sen
University Cancer Center. Written consent was obtained from
each patient before sample collection. A total of 65 human
primary EC tissues and 18 normal endometrium samples were
obtained from the patients who underwent surgical resection
without preoperative treatment, at the Sun Yat-sen University
Cancer Center. The diagnosis of EC or normal endometrium
was confirmed by histological examination. All clinical and
pathological features, including tumor grade, tumor stage,
tumor size, and myometrial invasion, were obtained from
hospital records.

Immunohistochemistry of Human

Tissues

Immunohistochemical (IHC) staining was performed as we
previously described (Konno et al., 2014). In brief, formalin-
fixed, paraffin-embedded tissues of 65 primary EC tissues and 18
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normal endometrium tissues were analyzed for the expression
of PD-L1. Sections from these tissues were deparaffinized in
xylene, rehydrated in grades of alcohol, rinsed in tap water,
and blocked with 3% hydrogen peroxide. After antigen retrieval
by citrate buffer using a microwave oven, the sections were
incubated with the primary antibody against PD-L1 (dilution
1:200, clone E1L3N, Cell Signaling, Danvers, MA, United States)
at 4°C overnight. For positive control, this study used human
cervical cancer tissues with previously characterized levels of
PD-L1 expression (Dong et al., 2018a). Negative control slides
without primary antibodies were also included. The IHC staining
score was assessed by two experienced pathologists who were
blinded to the patients’ clinicopathological data. For the purpose
of this study, the stromal tissue was excluded from scoring.
Scoring was based on intensity and extensity. The percentage of
stained cells was determined as: 0 (no positive cell), 1 (<10%),
2 (10-50%), and 3 (>50%). The intensity of IHC staining was
determined as: 0 (no staining), 1 (weak staining), 2 (moderate
staining), and 3 (strong staining). The overall IHC score of
each section was calculated by adding the proportion score
to the intensity score of each case (range, 0-6), as previously
reported (Konno et al, 2014). Any sample was defined as
having positive PD-L1 staining if the overall IHC score was
>1, and any sample was defined as having negative PD-L1
staining if the overall IHC score was 0. Overall IHC scores of
>2 were defined as a high expression of PD-L1 staining, and
overall THC scores of <2 were defined as a low expression
of PD-L1 staining, based on receiver operating characteristic
(ROC) analysis.

Human Cell Lines and Cell Culture

Human EC cell lines, including HEC-50 (JCRB Cell Bank,
Osaka, Japan) and HOUA-I (RIKEN Cell Bank, Tsukuba,
Japan), were derived from poorly differentiated endometrioid
EC. The human EC cell line HEC-1 (JCRB Cell Bank,
Osaka, Japan) was derived from a moderately differentiated
endometrioid EC and has invasive properties. The highly invasive
sub-population of HEC-50 cells (referred to as HEC-50-HI
cells) was generated using Matrigel invasion chambers, as we
previously described (Dong et al., 2011). The immortalized
human endometrial epithelial cell line (EM) was a kind
gift from Dr. Satoru Kyo (Shimane University, Japan) (Kyo
et al., 2003). The human cervical cancer cell line HeLa was
obtained from the American Type Culture Collection (ATCC).
These cells were cultured in DMEM/F12 medium (Sigma-
Aldrich, St. Louis, MO, United States) supplemented with
10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA,
United States). The human serous EC cell line SPAC-1-L was
kindly provided by Dr. Fumihiko Suzuki (Tohoku University,
Sendai, Japan) and maintained in RPMI-1640 medium (Sigma-
Aldrich, St. Louis, MO, United States) supplemented with 10%
FBS (Invitrogen).

Transient Transfection

The PD-L1 ¢cDNA expresion vector pCMV6-PD-L1 (PD-L1-
vec, RC213071), the MCL-1 cDNA expression vector pCMV6-
MCL-1 (MCL-1-vec, RC200521), the MEG3 expression vector

pPCMV6-MEG3 (MEG3-vec, SC105816) and the pCMV6 control
vector (Ctr-vec, PS100001) were purchased from OriGene
(Rockville, MD, United States). The PD-LI-specific siRNA
(PD-L1-siRNA, s26547), the MCL-I-specific siRNA (MCL-1-
siRNA, AM51331), the MEG3-specific siRNA (MEG3-siRNA,
n272552), the negative control siRNA (Ctr-siRNA, AM4611),
miR-216a mimic (PM10545), control mimic (AM17110), miR-
216a inhibitor (AM10545) and control inhibitor (AM17010)
were purchased from Invitrogen (Carlsbad). The cells were
seeded in growth medium at a density of 40-50% 1 day
before transfection. Transfection of vector, siRNA, miRNA
mimics or miRNA inhibitor into EC cells was carried out
using the Lipofectamine 2000 reagent (Invitrogen) following the
manufacturer’s instructions. After 48 h, the cells were harvested
for the following tests.

Western Blotting

Protein extracts for western blotting were prepared in M-Per
Mammalian Protein Extraction Reagent (Pierce, Rockford, IL,
United States), separated by SDS-polyacrylamide gels, and then
transferred to PVDF membrane (GE Healthcare Life Sciences,
Piscataway, NJ, United States). Membranes were incubated with
primary antibodies including: PD-L1 (1:1000, clone E1L3N, Cell
Signaling), MCL-1 (1:1000, #4572, Cell Signaling), ZO-1 (1:1000,
#5406, Cell Signaling), Vimentin (1:1000, A01189, GenScript,
Edison, NJ, United States), and GAPDH (1:3000, sc-47724,
Santa Cruz Biotechnologies, Santa Cruz, CA, United States),
and then with HRP-conjugated secondary antibody. Finally,
blots were developed with the ECL detection kit (Amersham
Pharmacia Biotech, United Kingdom). GAPDH served as the
loading control. Immunoblot images were quantified using the
NIH Image software.

PD-L1 Knockdown and Overexpression
in EC Cells

To silence PD-L1 gene expression, lentiviral particles encoding
two short hairpin RNA RNAs (shRNAs: HSH064502
and HSHO099746) targeting PD-L1 and a control shRNA
(CSHCTRO001) were purchased from Genecopoeia (Guangzhou,
China). Stably transfected HEC-50 cells were selected
using 1 pg/mL puromycin (Sigma-Aldrich, St. Louis, MO,
United States). For overexpressing PD-L1 in SPAC-1-L cells,
PD-L1-vec and Ctr-vec were used to transfect SPAC-1-L cells
using the Lipofectamine 2000 reagent (Invitrogen). Stable
PD-L1-overexpressing SPAC-1-L cells and control cells were
selected using 0.5 mg/mL neomycin (Sigma-Aldrich, St.
Louis, MO, United States) and confirmed by western blotting
for PD-L1.

Cell Proliferation Assay

Cell proliferation was investigated using the Cell Counting Kit-8
(CCK-8) assay (Dojindo, Japan) according to the manufacturer’s
instructions. Five thousand cells were seeded per well in a 96-
well plate and cultured for the indicated times. 10 pl of CCK-8
reagent was added into each well and incubated for 1 h. The
absorbance was assessed at 450 nm by a microplate reader
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(Bio-Rad, Hercules, CA, United States). Each experiment was
performed in triplicate.

Wound-Healing Assay

Wound-healing assay was performed as previously described
(Konno et al., 2014). In brief, confluent cells were scraped by a
200 pl pipette tip to create a wound, and debris was removed
by PBS washing. Growth media were replaced with fresh media
containing Mitomycin C (5 pg/ml, Sigma-Aldrich, St. Louis, MO,
United States) and incubated for 12 h. Cells were imaged after
creation of the wound and 12 h later. Distance migrated was
quantitated by taking pictures at 0 and 12 h.

Transwell Invasion Assay and Transwell
Migration Assay

For invasion assays, 5 x 10% cells suspended in medium
without FBS were plated on the upper wells of Matrigel-coated
Transwell plates (8 wm pore size, Corning Costar Co., Lowell,
CA, United States). The insert was incubated in 750 ]l medium
with 10% FBS. After culturing for 24 h, the membranes were
treated with 10% formaldehyde for 3 min, and then stained with
2% crystal violet for 15 min at room temperature. The non-
invasive cells were removed by swiping the top of membrane with
cotton swabs. Cells that invaded across the transwell membrane
were counted using a light microscope in 10 randomly selected
high-power fields. Transwell migration assays were performed
in the same manner as the transwell invasion assays, except
that the membrane was not coated with Matrigel, and the
incubation time was 12 h.

Caspase-Glo 3/7 Assay

The enzymatic activity of caspase-3/7 was determined using
the Caspase-Glo 3/7 assay kit following the manufacturer’s
instructions (Promega, Madison, WI, United States), as
previously reported (Konno et al., 2014). Briefly, 3 x 10° cells
were plated in triplicates in 96-well plates and transfected
as indicated. An equal amount of Caspase-Glo 3/7 substrate
was added to the culture and subsequently incubated for 3 h.
Following incubation, caspase-3/7 activities were evaluated as
an indicator of cell apoptosis using a GloMax-96 Microplate
luminometer (Promega). The results were shown as the fold
change relative to the control cells.

Gain-of-Function Screening for PD-L1

Based on Cell Functional Assays

The indicated EC cell lines or human cervical cancer cell
line HeLa were transiently transfected with PD-L1-vec or Ctr-
vec using the Lipofectamine 2000 reagent (Invitrogen). After
incubation for 48 h, cell proliferation, apoptosis, migration,
and invasion were determined using CCK-8 assay, Caspase-
Glo 3/7 assay, transwell migration assay, and transwell invasion
assay, respectively. The results were given as the fold changes
in cell proliferation, apoptosis, migration and invasion of
the PD-LI-vec-transfected cells as compared to the Ctr-vec-
transfected cells.

Quantitative Reverse Transcription-PCR
(GQRT-PCR)

Total RNA was isolated with the TRIzol reagent (Invitrogen).
Total mRNA was reversely transcribed into ¢cDNA using an
M-MLV Reverse Transcriptase Kit (Invitrogen). Quantitative
RT-PCR was performed using SYBR Premix Ex Taq II
(Takara, Shiga, Japan) in an ABI-7300 Real-Time PCR system
(Applied Biosystems, Foster City, CA, United States). The
primers used were as follows: human PD-LI, sense: GTGGC
ATCCAAGATACAAACTCAA, anti-sense: TCCTTCCTCTTG
TCACGCTCA; human ZO-1, sense: GGAGAGGTGTTCCG
TGTTGT, anti-sense: GAGCGGACAAATCCTCTCTG; human
Vimentin, sense: TGAGTACCGGAGACAGGTGCAG, anti-
sense: TAGCAGCTTCAACGGCAAAGTTC; human Snail,
sense: GACCACTATGCCGCGCTCTT, anti-sense: TCGCTy
GTAGTTAGGCTTCCGATT; human MCL-1, sense: CCAAGG
CATGCTTCGGAAA, anti-sense: TCACAATCCTGCCCCAG
TTT; human MEG3, sense: TCCATGCTGAGCTGCTGCCAAG,
anti-sense:  AGTCGACAAAGACTGACACCC; and human
GAPDH, sense: GAAGGTGAAGGTCGGAGTC, anti-sense:
GAAGATGGTGATGGGATTTC. GAPDH was used as an
internal control. The levels of miR-138/193a/216a/217 were
measured using the NCode SYBR GreenER miRNA qRT-
PCR analysis kit (Invitrogen) according to the manufacturer’s
protocol. The forward primers for miRNA analysis had the
same sequences as the mature miRNAs. The relative expression
of these miRNAs was normalized against that of the U6
endogenous control.

Luciferase Reporter Assay

Human PD-L1 3'-untranslated region (3-UTR) luciferase
reporter vector and the Luc-Pair™ Duo-Luciferase Assay
Kit were purchased from GeneCopoeia (Rockville, MD,
United States). Mutations (MUT) of the miR-216a binding site
in the PD-L1 3'-UTR were generated using a QuickChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA, United States).
EC cells with 60-70% confluency were co-transfected with the
wild-type (WT) or mutant PD-L1 3'-UTR luciferase reporter
vector, together with miR-216a mimic, miR-216a inhibitor, or
the respective control, using the Lipofectamine 2000 reagent
(Invitrogen). 48 h later, cell lysates were collected and the
Firefly and Renilla luciferase activities of each group were
tested following the protocol of the Luc-Pair™ Duo-Luciferase
Assay Kit (GeneCopoeia). The Firefly luciferase activities were
normalized by Renilla luciferase activities.

Statistical Analysis

All experiments were carried out with at least three replicates.
Data are presented as the mean + standard error of the mean.
Statistical analysis was performed using SPSS 18.0 statistical
software (SPSS, Chicago). Comparisons between two groups
were made using the two-tailed Students t-tests and Mann-
Whitney U tests. The y>2-tests and Fishers exact tests were
applied to analyze the relationship between PD-L1 expression
and clinicopathological status. Differences were considered
statistically significant when P < 0.05.
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RESULTS

Downregulation of PD-L1 Correlates

With Poor Survival in EC

First, the mRNA expression of PD-LI in different cancer types
was assessed by comparing normal vs. tumor tissues using the
UALCAN portal, which contains the Cancer Genome Atlas
(TCGA) gene expression data from 31 cancer types for further
analysis (Chandrashekar et al., 2017). Consistent with our
previous study (Dong et al, 2018a), we observed relatively
higher levels of PD-L1 in human cervical cancer tissues as
compared to normal tissues (Figure 1A). Interestingly, the
mRNA expression of PD-L1 in primary EC tissues was lower than
that in the normal samples (Figure 1A). To verify these results,
we examined the expression of PD-LI in the TCGA datasets at
the Firebrowse website (Deng et al., 2017). The results revealed
that PD-L1 expression was clearly elevated in cervical cancer
tissues compared with normal tissues (Figure 1B). However,
EC tissues showed a decrease in PD-L1 levels as compared to
normal tissues (Figure 1B). Similarly, the comparison of PD-L1
expression in EC tissues vs. normal tissues though the Wanderer
and ENCORI databases (Li et al., 2014; Diez-Villanueva et al.,
2015) demonstrated significantly lower expression of PD-L1 in
EC tissues (Figures 1C,D).

To determine whether PD-L1 protein expression was also
differentially regulated in EC tissues, we extracted the IHC images
from the Human Protein Atlas (HPA) database (Uhlén et al.,
2015). As expected, PD-L1 was expressed at high levels in human
cervical cancer tissues but not in the adjacent normal tissues
(Figure 1E). In contrast, IHC staining of EC tissues and adjacent
normal tissues with the same antibody showed that PD-L1 levels
are very low or completely absent in most EC cells (Figure 1E).

To establish the prognostic importance of PD-L1 expression
in EC, we visited the KM plotter (Nagy et al, 2018) and
HPA databases to analyze the effects of PD-L1 expression in
patients with EC. Higher expression of PD-L1 was associated
with increased overall survival in EC patients (Figure 1F). When
individual tumor grades (1, 2, and 3) were considered, higher PD-
L1 represented a favorable factor for the prognosis of EC patients
at histological grade 3 (P = 0.014) (Supplementary Figure 1).
There was a marginally significant relationship between increased
PD-L1 expression and improved overall survival in patients at
histological grade 2 (P = 0.073) (Supplementary Figure 1).
There was no association of PD-L1 expression with survival
in EC patients at histological grade 1 (data not shown). These
results suggested that increased PD-L1 expression predicts
favorable survival in EC (practically those patients with high-
grade disease).

The Protein Expression of PD-L1 Is
Downregulated in Human EC Tissues,
and PD-L1 Acts as a Tumor Suppressor
in Aggressive EC Cells

To further explore the expression of PD-L1 in EC, we examined
PD-L1 protein expression in 65 primary EC tissues and 18 normal

endometrium tissues using IHC analysis. For our study, we used a
rabbit monoclonal antibody (clone E1L3N, Cell Signaling), which
is highly sensitive and specific for the detection of PD-L1 protein
(Kluger et al., 2017; Keller et al., 2018), and which was validated
in our previous IHC study (Dong et al., 2018a).

The positive PD-L1 staining in EC cells was localized mainly
in the cytoplasm, although some membranous localization was
seen (Figure 2A). As illustrated in Figure 2B, PD-L1 was
broadly expressed in normal tissues; however, PD-L1 expression
was absent or low in EC tissues. The positive staining rate
of PD-L1 was 84% in benign samples, but only 12% in EC
samples (P < 0.00001) (Figure 2B). Moreover, the mean PD-
L1 staining score in EC tissues was significantly lower than
that in normal tissues (P = 0.00001) (Figure 2C). A trend
of higher PD-L1 expression was noted in patients younger
than 50 years, and in patients with low-grade tumors (grade
1/2), early stage tumors (stage I), smaller tumor size (tumor
diameter <3 cm), or superficial myometrial invasion (<1/2),
although this did not reach statistical significance (P > 0.05)
(Supplementary Figure 2).

Consistent with the immunocytochemistry results, our
western blotting analysis confirmed that PD-L1 protein was
expressed at lower levels in all aggressive EC cell lines compared
to a normal endometrial cell line (EM) (Figure 2D). In
particular, PD-L1 expression in the serous EC cell line SPAC-
1-L was much weaker than that in other EC cells (Figure 2D
and Supplementary Figure 3A). HEC-50-HI cells, the sub-
population of HEC-50 cells, are more invasive than the parental
HEC-50 cells and exhibit mesenchymal phenotypes (Dong
et al., 2011). Interestingly, HEC-50-HI cells showed lower
levels of PD-L1 expression than the parental cells (Figure 2D),
indicating that PD-L1 may modulate the invasive properties of
aggressive EC cells.

To examine this possibility, we transfected the human PD-
L1 cDNA expression vector or the control vector into five
aggressive EC cell lines and cervical cancer cell line HeLa for
48 h, and performed a gain-of-function screening using cell
functional assays. Consistent with our previous observations
(Dong et al, 2018a), we found that the overexpression of
PD-L1 could significantly enhance the proliferation, migration,
and invasion, but reduce apoptosis of HeLa cells (Figure 2E).
Our functional screening revealed that overexpressing PD-L1
expression in all aggressive EC cells significantly attenuated
cell proliferation, migration, and invasion, while inducing cell
apoptosis (Figure 2E). Taken together, these results indicated that
loss of PD-L1 protein expression is a frequent event in EC, and
that PD-L1 plays tumor-suppressive roles in aggressive EC cells.

Loss of PD-L1 Induces Cell Proliferation
and Triggers EMT in Aggressive EC Cells

Next, we investigated whether decreased PD-L1 expression
is required for enhanced aggressive EC cell proliferation
and invasiveness. We established SPAC-1-L cells stably
overexpressing PD-L1 and control cells (Figure 3A and
Supplementary Figure 3B), as well as HEC-50 cells stably
expressing control shRNA, or two PD-L1 shRNAs (PD-L1-sh-1
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FIGURE 1 | Downregulation of PD-L1 Correlates with Poor Survival in EC. (A,B) Analysis of PD-L1 expression in human cancer tissues and normal tissues using the
TCGA data retrieved from the UALCAN database (A), and FireBrowse database (B). CESC: human cervical cancer; UCEC: human endometrial cancer. (C,D) PD-L1
mRNA expression in EC samples and normal samples was analyzed using the Wanderer database (C) and ENCORI database (D). (E) IHC staining for PD-L1 in
human cervical cancer tissues and EC tissues with the same antibody (CAB076385, the HPA website) showed that high levels of PD-L1 were present in primary
cervical cancer tissues. In contrast, PD-L1 was negatively or weakly stained in most EC tissues. (F) The probability of overall survival in EC patients expressing high
or low PD-L1 levels was assessed using the KM plotter database (upper) and the HPA database (bottom). Red indicates CESC (human cervical cancer) or UCEC
(human endometrial cancer).

or PD-L1-sh-2) that silenced PD-L1 expression (Figure 3A and Although SPAC-1-L cells are invasive, this cell displays
Supplementary Figure 3B). Because PD-L1-sh-2 showed better an epithelial-like morphology. Overexpression of PD-L1
performance than PD-L1-sh-1, we used PD-L1-sh-2 for all the did not influence the appearance of SPAC-1-L cells (data
downstream experiments. not shown). However, PD-L1 knockdown in HEC-50 cells
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FIGURE 2 | PD-L1 is Frequently Downregulated in EC Tissues and Acts as a Tumor Suppressor in Aggressive EC Cells. (A) Representative immunohistochemical
staining (IHC) images of PD-L1 in EC tissues and normal endometrium tissues. Scale bar, 200 um. PD-L1 staining was mostly detected in cell cytoplasm and
membrane. (B) The pie chart showing the percentages of the population with PD-L1-negative or PD-L1-positive expression in EC tissues and normal endometrium
tissues, determined by IHC analysis. (C) The mean PD-L1 staining score in EC tissues and normal tissues. The mean PD-L1 staining score in EC tissues was
significantly lower than that in the normal tissues. (D) PD-L1 protein levels in a normal endometrial cell line (EM) and human aggressive EC cell lines were determined
by western blot analysis. (E) A gain-of-function screening for PD-L1 that affects the proliferation, apoptosis, migration and invasion of aggressive EC cells. The
indicated EC cell lines or human cervical cancer cell line HeLa were transiently transfected with PD-L1 expression vector (PD-L1-vec) or the control vector (Ctr-vec),
and subjected to cell functional assays. Heatmap depicting the fold changes in cell proliferation, apoptosis, migration and invasion of the PD-L1-vec-transfected cells
when compared with the Ctr-vec-transfected cells.

induced cell scattering (Figure 3B). Compared to control cells,
overexpression of PD-L1 significantly decreased the proliferative
and invasive capabilities of SPAC-1-L and HEC-50 cells, while
silencing of PD-L1 in HEC-50 and SPAC-1-L cells significantly
enhanced these abilities (Figures 3C-E and Supplementary
Figures 4A-C). These results indicated that EMT may be

involved in the PD-L1-suppressed migratory and invasive
abilities of aggressive EC cells.

Using the Expression Atlas database (Papatheodorou et al.,
2020), which includes RNA sequencing datasets from human
cancer cell lines, we generated a heatmap showing the expression
levels of PD-L1, EMT regulators (MCL-1 and Snail), epithelial
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markers (E-cadherin and ZO-1) and mesenchymal markers E-cadherin, and ZO-1, but high levels of MCL-1, Snail, Vimentin,
(Vimentin and HSP47) in three aggressive EC cell lines (HEC- and HSP47 (Figure 3F). Western blotting and qRT-PCR analysis
1, HEC-50, and KLE). These cells expressed low levels of PD-LI,  confirmed that, knocking down PD-L1 in HEC-50 cells enhanced
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the expression of MCL-1, Vimentin, and Snail, and reduced
the levels of ZO-1 (Figures 3A,G). We also observed that
overexpression of PD-L1 in SPAC-1-L cells led to the inhibition
of EMT, featured with upregulation of ZO-1, and downregulation
of MCL-1, Vimentin, and Snail (Figures 3A,H). Together, these
data suggested that PD-L1 antagonizes EMT signaling-regulated
migration and invasion in aggressive EC cells.

PD-L1 Represses EMT by Decreasing
MCL-1 Expression

As our previous findings pointed out the involvement of MCL-
1 in EMT and the invasion of aggressive EC cells (Konno et al.,
2014), we addressed whether PD-L1 regulates the EMT process
and the invasion of HEC-50 cells by modulating MCL-1. We
found that the silencing of MCL-1 expression with MCL-1-
specific siRNA largely reversed PD-L1-sh-induced mesenchymal
cellular morphology, and significantly inhibited the migratory
and invasive ability that was enhanced by knockdown of
PD-L1 (Figures 4A-C). Our western blotting assays further
demonstrated that siRNA-induced downregulation of MCL-
1 could abrogate the repression of ZO-1, and the induction
of Vimentin expression by PD-L1 inhibition (Figure 4D and
Supplementary Figure 3C). We then asked whether PD-L1
reduced cell growth and invasiveness through repressing MCL-1
expression in SPAC-1-L cells. Overexpression of PD-L1 in SPAC-
1-L cells caused an upregulation of ZO-1 and a downregulation
of Vimentin, and significantly reduced cell growth and invasion.
However, restoration of MCL-1 partially abolished these effects of
PD-L1 (Supplementary Figures 5A,B).

The IHC staining images for MCL-1, ZO-1, and HSP47 were
obtained from the HPA database. The IHC staining of EC
tissues from the same patient showed a high MCL-1 and HSP47
expression and a low ZO-1 expression in EC tissues as compared
to adjacent normal tissues (Figure 4E). The correlation between
MCL-1, ZO-1, and HSP47 expression and overall survival was
analyzed using the KM plotter database. Kaplan-Meier survival
analysis showed that those EC patients with high levels of
MCL-1 and HSP47 and low levels of ZO-1 had a significantly
worse overall survival rate (Figure 4F). Taken together, these
data demonstrated that PD-L1 represses the EMT features of
aggressive EC cells by reducing MCL-1 protein expression.

PD-L1 Is a Direct Target of Oncogenic
MiR-216a

We sought to identify the potential miRNAs that directly
target PD-LI in aggressive EC cells. A flowchart describing
our screening process of miRNAs was shown in Figure 5A.
We first performed a miRNA prediction analysis using the
TargetScan' and miRcode databases®. As a result, 31 miRNAs
appeared simultaneously in these two databases. Next, screening
of the KM plotter database enabled us to find 12 miRNAs,
whose expression is associated with a worse prognosis in EC
(Supplementary Figure 6). Analysis of the TCGA EC datasets

Uhttp://www.targetscan.org/vert_72/
Zhttp://www.mircode.org/

through the miR-TV database (Pan and Lin, 2020) showed
that, nine miRNAs exhibited a significantly higher expression
in EC tissues compared with normal tissues (Supplementary
Figure 7A). The expression of these nine miRNAs in TCGA
EC tissues was examined using the cBioPortal database (Gao
et al, 2013). Four miRNAs, including miR-138, miR-193a,
miR-216a, and miR-217, were amplified in patients with EC
(Supplementary Figure 7B).

Using qRT-PCR assays, we validated that, of the four miRNAs,
only miR-216a and miR-217 were consistently upregulated in
aggressive EC cells as compared to EM cells (Figure 5B and
Supplementary Figure 7C). Thus, we determined that miR-216a
and miR-217 were likely candidates for further investigation.
Compared to the respective controls, the mRNA expression of
PD-L1 decreased markedly when miR-216a (but not miR-217)
was overexpressed in HEC-50 cells (Figure 5C). Conversely, the
expression of PD-L1 increased significantly after miR-216a (but
not miR-217) was inhibited in SPAC-1-L cells (Figure 5C).

Luciferase reporter assays were further conducted by
employing a luciferase reporter vector containing the PD-LI
3’-UTR sequence flanking the putative binding site of miR-216a.
Mutations in the putative binding sites were created as controls.
The overexpression of miR-216a significantly reduced the
luciferase activities of WT PD-LI 3’-UTR in HEC-50 cells, and
the inhibition of miR-216a increased the luciferase activities
of WT PD-L1 3'-UTR in SPAC-1-L cells (Figure 5D). The
transfection with miR-216a mimic or miR-216a inhibitor into EC
cells showed no significant effects on the luciferase activities of
MUT PD-L13'-UTR (Figure 5D). These results were validated by
western blotting assays showing that overexpression of miR-216a
suppressed the protein expression of PD-L1, whereas inhibition
of miR-216a increased the levels of PD-L1 in EC cells (Figure 5E
and Supplementary Figure 3D). These data suggested that
PD-L1 is a direct target of miR-216a in aggressive EC cells.

To determine the role of miR-216a in aggressive EC cells,
we overexpressed miR-216a in HEC-50 cells that have a low
endogenous expression of miR-216a, and also transfected miR-
216a inhibitor into SPAC-1-L cells expressing high levels of
miR-216a. Overexpression of miR-216a significantly induced
the migration and invasion of HEC-50 cells (Figure 5F). Cell
migration and invasion were significantly reduced in SPAC-
1-L cells following knockdown of miR-216a (Figure 5G).
Consistently, the mRNA expression of MCL-1 and Vimentin
was upregulated, whereas the levels of ZO-1 were decreased,
when miR-216a was overexpressed (Figure 5H). In contrast,
miR-216a-silenced SPAC-1-L cells showed decreased MCL-1 and
Vimentin, and increased ZO-1 expression (Figure 5H). These
results demonstrated that PD-L1 is a direct target of oncogenic
miR-216a in aggressive EC cells.

MEG3 Acts as an Upstream Regulator of
MiR-216a and PD-L1

Long non-coding RNAs play key roles in human cancers,
including aggressive EC (Dong et al., 2019b). Several IncRNAs,
such as NEAT1 and MEG3, were reported to regulate
cancer tumorigenesis and metastasis through their interactions
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with DNA, RNA, and proteins (Dong et al., 2018b, Dong
et al, 2019a,b). To elucidate the mechanisms governing PD-
L1 expression, we predicted the IncRNAs that may interact
with miR-216a, by performing a sequence alignment analysis
through the ENCORI and LncBase Predicted v.2 databases
(Paraskevopoulou et al., 2016). To increase the prediction
accuracy, we extracted the overlapping part of the prediction

results across these two databases, and identified 26 candidate
IncRNAs (data not shown). Analysis of the TCGA EC database
in the GEPIA database (Tang et al., 2017) further showed that,
high expression of three candidate IncRNAs (including MEG3,
RPARP-AS1, and SNHG5) was a favorable prognostic marker
for EC (Supplementary Figure 8A). According to the results
from the ENCORI database, only MEG3 (but not RPARP-AS1
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and SNHG5) exhibited significantly lower expression in TCGA
EC tissues as compared to the normal tissues (Figure 6A).
Comparison of the expression of MEG3 in three aggressive
EC cell lines (HEC-1, HEC-50, and KLE) via the Expression
Atlas database revealed that, similar to PD-LI and ZO-1, the
expression level of MEG3 was also low in these cells (Figure 3F).
Using qRT-PCR analysis, we discovered that the levels of MEG3
were significantly downregulated in HEC-50 and SPAC-1-L cells
compared with EM cells (Figure 6B), suggesting a potential
tumor-suppressor role for MEG3 in aggressive EC cells.

Long non-coding RNAs were considered to act as sponges
for miRNAs and inhibit their expression (Dong et al., 2018b,

Dong et al, 2019a). Given that MEG3 acts as a tumor
suppressor to regulate EC progression by functioning as a
competing endogenous RNA (Dong et al., 2019b), and that MEG3
contains the predicted miR-216a-binding site (Supplementary
Figure 8B), we speculated that MEG3 might positively regulate
the levels of PD-L1 by decreasing miR-216a expression in
aggressive EC cells. In line with this notion, knocking down
MEG3 promoted but the ectopic expression of MEG3 inhibited
miR-216a expression in aggressive EC cells (Figures 6C,D).
The role of MEG3 in suppressing cell migration was confirmed
by wound-healing assays in HEC-50 and SPAC-1-L cells
(Figure 6E,F). Consistent with these results, we found that
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knockdown of MEG3 inhibited the protein expression of PD-
L1 compared to control cells, while overexpression of MEG3
increased the expression of PD-L1 in EC cells (Figure 6G and
Supplementary Figure 3E). Our qRT-PCR experiments showed
that transfection with MEG3-specific siRNA downregulated
Z0O-1, and upregulated Vimentin and MCL-1 in HEC-50 cells
(Figure 6H). However, overexpression of MEG3 had the
opposite effects in SPAC-1-L cells (Figure 6I). As expected, the
inhibition of MEG3 in SPAC-1-L cells significantly induced cell
proliferation and invasion, whereas overexpression of MEG3
could significantly reduce the proliferation and invasion of HEC-
50 cells (Supplementary Figures 9A-C). Taken together, these
data supported the possibility that MEG3 negatively regulates the
expression of miR-216a, thus abolishing the miR-216a-induced
repressive effects on the PD-L1 3'-UTR.

DISCUSSION

The incidence rate of aggressive EC has been rapidly increasing
in the United States and Japan (Yamagami et al., 2017; Clarke
et al, 2019). The highly metastatic and often treatment-
refractory nature of aggressive EC correlates with poor patient
survival (Gaber et al, 2016). A better understanding of
the mechanisms behind the tumorigenesis and metastasis of
aggressive EC is urgently needed to improve the early diagnosis
and effective treatment of this cancer. EMT induction and
immune evasion have been demonstrated to promote cancer
development (Valastyan and Weinberg, 2011; Gonzalez et al.,
2018). Although recent studies have linked EMT processes
to immune escape (Terry et al, 2017; Dong et al., 2018c),
little is known about the functional significance of PD-L1 in
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aggressive EC cells. Our study demonstrates a new tumor-
suppressor role of PD-LI in repressing the proliferation and
EMT-associated migration and invasion in aggressive EC cells,
and reveals that the downregulation of MEG3 and induction of
its downstream effector miR-216a is likely a novel mechanism
underlying the downregulation of PD-L1 observed in EC
tissues (Figure 7).

The expression pattern of PD-L1 and its prognostic value
in EC is seemingly controversial in the literature (Mo et al,
2016; Li et al., 2018; Marinelli et al., 2019; Engerud et al,
2020). These conflicting results may be attributed to either
technical reasons or different clinical features of the analyzed
samples (Marinelli et al, 2019). By employing a validated
antibody that exhibited high sensitivity and high specificity
(Dong et al., 2018b; Nagy et al., 2018), we found that, compared
with normal endometrium samples, the protein expression of
PD-L1 was frequently lost in EC tissues. In line with previous
reports describing an inverse correlation between the levels
of PD-L1 and the degree of tumor malignancy in human
EC (Engerud et al., 2020; Zhang et al.,, 2020), we found that
higher protein expression of PD-L1 seems to correlate with
younger patient age, low-grade disease, early stage tumors,
smaller tumor size, or superficial myometrial invasion. Future
studies with a larger sample size are necessary to validate
our current data.

Moreover, previous research has shown that, in patients with
metastatic melanoma (Taube et al., 2012), colorectal cancer
(Droeser etal., 2013), Merkel-cell carcinoma (Lipson et al., 2013),
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FIGURE 7 | Model Summarizing the Role of MEG3, MiR-216a, PD-L1, and
MCL-1 in Controlling the Proliferative and Invasive Potential of aggressive EC
cells. The downregulation of MEG3 causes an elevation of miR-216a
expression. By targeting the 3'-UTR of PD-L7 mRNA, miR-216a suppresses
PD-L1 expression. PD-L1 serves as a tumor-suppressor to inhibit the
proliferation, EMT and invasive potential of aggressive EC cells via repressing
MCL-1 expression.

and EC (Liu et al, 2015), higher PD-L1 expression was
correlated with improved overall survival rates, suggesting that
high PD-L1 expression may be a favorable prognostic marker
in several types of cancer. Consistent with these reports, our
data suggest that PD-L1 loss can identify EC patients with a
worse probability of survival, and that lower expression of PD-
L1 was particularly associated with shorter overall survival in
high-grade ECs, indicating that a PD-LI-negative expression
signature might be an indicator of poor prognosis in ECs with
aggressive behaviors.

Programmed death-ligand-1 exhibits pro-tumor effects via
various mechanisms (Clark et al, 2016; Gupta et al, 2016;
Gato-Canas et al., 2017). Tumor cell-intrinsic PD-L1 promotes
melanoma tumorigenesis in vivo through activating the mTOR
signaling (Clark et al., 2016). In murine melanoma cells, PD-
L1 confers resistance to interferon cytotoxicity and accelerates
tumor progression via a STAT3/caspase-7-dependent pathway
(Gato-Canas et al., 2017). PD-L1 was also shown to enhance
tumor sphere formation of ovarian cancer cells possibly by
increasing SOX2 expression (Gupta et al., 2016). The molecular
link between high PD-L1 expression and EMT in cancer
cells has been noticed (Chen et al, 2017; Qiu et al., 2018).
In glioblastoma multiforme cells, PD-L1 activates the EMT
process by upregulating Slug, B-catenin and Vimentin and by
downregulating E-cadherin, via activation of the RAS/MEK/ERK
signaling (Qiu et al., 2018). Overexpression of PD-L1 enhances
the levels of mesenchymal genes (ZEB1, N-cadherin, and
Vimentin), and contributes to the EMT phenotypes of esophageal
cancer cells (Chen et al,, 2017). However, silencing PD-L1 in
cholangiocarcinoma cells by shRNA can increase tumorigenic
potential and ALDH activity (Tamai et al., 2014). Furthermore,
overexpression of PD-L1 significantly decreases the activities
of PI3K/AKT and RAS/MEK/ERK pathways, leading to the
suppression of lung cancer cell growth in vitro and in
xenografts (Wang X. et al, 2020), providing evidence for
the tumor suppressive role of PD-L1 in specific tumor type.
Our study revealed that, via repression of MCL-1, PD-L1
could induce the expression of ZO-1, while suppressing the
expression of Vimentin. These results showed that tumor cell-
intrinsic PD-L1 has tumor-suppressive functions in aggressive
EC cells, at least through its negative modulation of EMT.
Thus, the silencing of PD-L1 may underline the molecular
mechanisms for inducing and maintaining the mesenchymal
state of aggressive EC cells.

Activation of the PI3K/AKT axis is known to be a central
feature of EMT in numerous cancers (Dong et al., 2014). In
addition, aberrant activation of the RAS/MEK/ERK pathway
in human cancer cells allows them to undergo EMT via
the upregulation of Snail (Tripathi and Garg, 2018). MCL-
1 is an important downstream effector of PI3K/AKT and
RAS/MEK/ERK signaling (Xiang et al., 2018). In this study,
we demonstrated that the upregulation of MCL-1 caused by
PD-L1 silencing contributes to EMT in aggressive EC cells.
Further investigation will be required to determine whether PD-
L1 represses the expression of MCL-1 to attenuate EMT in
aggressive EC cells, through the PI3K/AKT and RAS/MEK/ERK
signaling pathways.
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Since PD-L1 has a critical role in suppressing anti-tumor
immunity, cancer immunotherapy (in particular antibodies that
block the PD-1/PD-L1 interaction) was considered to be a
revolution in cancer treatment (Postow et al., 2015), and has
generated clinical benefit in a subset of patients with EC
(Green et al., 2020). Recently, alternative strategies (such as
combination therapies with chemotherapy and siRNA against
PD-L1 (Yoo et al, 2019)), have been proposed. A nanocarrier-
aided delivery of PD-L1 siRNA, together with gemcitabine,
resulted in a significant reduction in pancreatic cancer growth
(Yoo etal., 2019). However, our cell functional study revealed that
tumor cell-intrinsic PD-L1 plays an anti-tumor role in multiple
aggressive EC cell lines, and downregulation of PD-L1 is sufficient
to stimulate the EMT features and cell invasion in an MCL-
1-dependent manner. Thus, designing therapeutic strategies
aimed at knocking down PD-L1 expression in aggressive EC
may lead to unexpected outcomes, possibly by accelerating
EMT and metastasis. Future research is needed to explore
this possibility.

Although a tumor-suppressive role for miR-216a has been
reported (Zhang et al., 2017), this miRNA was identified as an
oncogenic miRNA in many cancers, including EC (Wang Q.A.
et al., 2020), ovarian cancer (Liu et al., 2017), hepatocellular
carcinoma (Xia et al., 2013), and renal cell carcinoma (Chen
et al, 2018). The direct target genes of miR-216a include
PTEN in EC (Wang Q.A. et al, 2020), and PTEN and
SMAD?7 in hepatocellular carcinoma (Xia et al, 2013). We
have validated that, by directly targeting PD-L1 3'-UTR, miR-
216a decreases PD-L1 levels to promote EMT and cell invasion
in aggressive EC cells. It would be interesting to further
determine the downstream targets of miR-216a and the clinical
significance of miR-216a-regulated pathways in this clinically
important subtype of EC.

Prior studies demonstrated that MEG3 is located at human
chromosome 14q32.3 and is a novel tumor-suppressor IncRNA
in many tumors, including EC (He et al,, 2017; Dong et al,
2019b). Restoring the expression of MEG3 could suppress
cancer initiation, progression, metastasis and chemoresistance
(He et al., 2017). MEG3 levels were downregulated in EC tissues
compared with that in adjacent non-tumor tissues, and EC
patients with low MEG3 expression exhibited shorter overall
survival compared with patients with high expression levels
(Dong et al., 2019b). Here, we defined an anti-cancer function
of MEG3 through the regulation of EMT in aggressive EC cells.
Multiple molecular mechanisms, including gene deletion and
promoter hypermethylation, contribute to the loss of MEG3
expression in tumor cells (He et al, 2017). Further studies
are necessary to unravel the regulatory mechanisms of MEG3
expression in EC development.
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HOXA5 is a homeobox-containing gene associated with the development of the
lung, gastrointestinal tract, and vertebrae. Here, we investigate potential roles and
the gene regulatory mechanism in HOXA5 in breast cancer cells. Our studies
demonstrate that HOXA5 expression is elevated in breast cancer tissues and in
estrogen receptor (ER)-positive breast cancer cells. HOXA5 expression is critical for
breast cancer cell viability. Biochemical studies show that estradiol (E2) regulates
HOXA5 gene expression in cultured breast cancer cells in vitro. HOXA5 expression
is also upregulated in vivo in the mammary tissues of ovariectomized female rats.
E2-induced HOXAS expression is coordinated by ERs. Knockdown of either ERa or ERB
downregulated E2-induced HOXAS expression. Additionally, ER co-regulators, including
CBP/p300 (histone acetylases) and MLL-histone methylases (MLL2, MLLS3), histone
acetylation-, and H3K4 trimethylation levels are enriched at the HOXA5 promoter in
present E2. In summary, our studies demonstrate that HOXAS is overexpressed in breast
cancer and is transcriptionally regulated via estradiol in breast cancer cells.

Keywords: HOXAS5, breast cancer, estradiol, gene expression, estrogen receptors, chromatin

INTRODUCTION

HOX genes are a highly conserved family of homeobox-containing genes that play pivotal roles
in cell differentiation, development, and embryogenesis (Krumlauf, 1994; Zakany and Duboule,
2007). The collinear expression of HOX genes are critical in anterior-posterior patterning during
embryogenesis (Akam, 1987; Mlodzik et al., 1988; Duboule and Dolle, 1989; McGinnis and
Krumlauf, 1992; Mallo et al., 2010). In humans, there are 39 HOX genes that are classified as
HOXA-D clusters (Acampora et al., 1989; Garcia-Fernandez, 2005; Holland et al., 2007; Mallo
and Alonso, 2013), and they primarily function as transcription factors (Svingen and Tonissen,
2006; Plowright et al., 2009; Ladam and Sagerstrom, 2014; Zheng et al., 2015; Morgan et al., 2016).
They bind to their target gene promoters via their homeodomain and control gene expression
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(Hanson et al., 1999; Shah and Sukumar, 2010; Boube et al,,
2014; Taniguchi, 2014). Though HOX genes were originally
described to exhibit collinear expression, especially during
embryogenesis, recent studies demonstrate that each HOX gene
may be independently regulated and expressed in various adult
tissues (Taylor et al., 1998; Neville et al., 2002; Takahashi et al.,
2004; Dunwell and Holland, 2016; Rux and Wellik, 2017).
Additionally, HOX gene expressions are misregulated in a variety
of cancers (Grier et al., 2005; Shah and Sukumar, 2010; Gray
et al., 2011; Bhatlekar et al., 2014). HOX genes are associated
with cancer cell proliferation, angiogenesis, and tumor growth
(Hayashida et al., 2010; Ansari et al., 2011a,b; Shrestha et al., 2012;
Hussain et al., 2015; Deb et al., 2016). HOX gene expression is
increasingly recognized as a potential biomarker and target of
therapeutic intervention. For example, HOXB9Y, a key player in
mammary gland development, is upregulated in breast cancer,
regulates growth and angiogenic factors, and is a potential
biomarker (Ansari et al., 2011b; Shrestha et al., 2012). Similarly,
another HOX gene, such as HOXC6, implicated in mammary
gland development and breast cancer, regulates tumor growth
factors and induces 3-D-colony formation (Ansari et al., 2011a;
Hussain et al, 2015). HOXB7 overexpression is linked with
cell proliferation, neoplastic transformation, and tumorigenesis
(Wu et al., 2006; Nguyen Kovochich et al., 2013). Spinal cord
associated HOXA10 expression is upregulated in breast cancer
and is regulated by estradiol (Chu et al., 2004). Thus, HOX genes
are emerging as major players in gene regulation and cancer;
however, their detailed functions and gene regulatory mechanism
remains elusive.

Homeobox-containing gene HOXA5 is a critical player in
the development of lung, gastrointestinal tract, spleen, kidney,
and vertebrae (Larochelle et al.,, 1999; Jeannotte et al., 2016).
It regulates the expression of various proteins in conjunction
with other paralogs during the ontogeny of normal development
(Larochelle et al., 1999; Jeannotte et al., 2016). Studies also
demonstrate that HOXAS5 expression plays a critical role in
development of the murine central nervous system (Joksimovic
et al, 2005). In addition to its critical role in development,
HOXAS5 expression is dysregulated in breast epithelium and is
linked to breast cancer biogenesis (Raman et al., 2000a,b). Here,
we investigate if HOXAS5 expression is associated with breast
cancer and study its transcriptional regulatory mechanism in
breast cancer cells. We demonstrate that HOXAS5 expression
is elevated in breast cancer, and its expression is regulated by
estradiol (E2).

EXPERIMENTAL SECTION

Cell Culture, Antisense Oligonucleotide

(ASO)-Transfection, and E2 Treatments

CCL228 (colon cancer), H358 (lung cancer), HeLa (cervical
cancer), JAR (choriocarcinoma placenta), MCF10 (normal breast
epithelial), MCF7 (ER-positive breast cancer), T47D (ER-
positive breast cancer), and MDA-MB-231 (ER-negative breast
cancer) cells (from ATCC) were cultured in DMEM that was

supplemented with 10% fetal bovine serum (FBS), 2mM L-
glutamine, and 1% penicillin/streptomycin (100 units and 0.1
mg/mL, respectively) (Wang et al., 2010; Ansari et al., 2011a,
2012a; Shrestha et al., 2012; Kasiri et al., 2013; Bhan et al., 2014a;
Hussain et al., 2015; Deb et al., 2016).

For the estrogen treatment, MCF7 cells were cultured in
phenol red-free DMEM-F-12 supplemented with 10% charcoal-
stripped FBS for at least 3 generations. Cell were then treated with
17B-E2 for 6 h and then subjected to RNA and protein extraction.

All the ASOs were synthesized commercially from IDT-
DNA. MCF7 cells (grown in phenol red-free DMEM-F-12
supplemented with 10% charcoal-stripped FBS) were transfected
with ASOs using iFECT transfection reagent (KD Medicals, Inc.)
with antisense oligonucleotides for 48h (Ansari et al., 2011a;
Kasiri et al., 2013). ASO-transfected cells were then treated with
1nM E2 for 4h followed by RNA and protein extraction for
further analysis.

Immunohistological Analysis of Breast
Cancer Tissue Microarray

Breast cancer tissue microarrays (US Biomax Inc) were
immunostained with DAB staining using HOXAS5 antibody as
described by us previously (REF). Microarray slides was initially
deparaffinized by immersing in xylene (twice, 10 min each),
then sequentially in 100, 95, and 70% ethanol (5 min each) and
then incubated in 0.1 M sodium citrate buffer (at 95°C, 15 min)
for antigen retrieval. For the immunostaining, the slide was
immerged in 3% H,O; (15 min), washed with PBS (x2), blocked
with buffer containing donkey serum, and then incubated with
HOXAS5 antibody (overnight). Slides were washed thrice (PBS)
and then incubated (1.5h) with donkey secondary antibody
(biotinylated). Slides were then washed and incubated with
avidin-biotin complexes (1.5 h), again washed with PBS, followed
by washes with 0.1 M Tris-HCI (pH 7.4, twice). The slide was
subjected to peroxidase labeling (incubated with a DAB substrate,
Vector Laboratories), dehydrated (immersed sequentially in 70,
95, and 100% ethanol), cleaned (incubated in citrisolv agent), and
mounted using DPX mounting solution. Slides were analyzed
under a microscope (Nikon Eclipse TE2000-U, Japan).

RNA and Protein Extraction, RT-PCR, and

Western Blots

RNA extraction: cells were resuspended in DEPC-treated buffer
A (20mM Tris-HC, pH 7.9; 1.5 mM MgCly; 10 mM KCI and
0.5mM DTT; 0.5mM EDTA), incubated on ice (10 min), and
then centrifuged. The supernatant was subjected to phenol-
chloroform extraction. RNA was precipitated using ethanol.
The precipitated RNA was dissolved in DEPC-treated water,
quantified, and then reverse-transcribed into cDNA as described
by us previously (500 ng RNA, 2.4uM of oligo-dT, 100 units
MMLV reverse transcriptase, 1X first strand buffer, 100 uM
dNTPs each, I mM DTT, and 20 units of RNaseOut in 25 pL
total reaction volume). The cDNA was diluted to 100 wL and
then analyzed using regular PCR and qPCR (PCR primer in
Table 1). For the qPCR, 5 pL ¢cDNA was mixed with 5 pL of
SsoFast EvaGreen supermix (Biorad) and PCR primers (100 puM
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TABLE 1 | Primers used for cloning, RT-PCR, ChIP, and antisense experiments.

Primers Forward primers (5'-3') Reverse primers (5'-3')
PCR PRIMERS

GAPDH CAATGACCCCTTCATTGACC  GACAAGCTTCCCGTTCTCAG
HOXA5 ACTCATTTTGCGGTCGCTAT  TTGTAGCCGTAGCCGTACCT
HOXA5-ERE1 CGAGTCCGGCTGAACGGCGG TAGGCACCCAAATATGGGGTA
HOXA5-ERE2  TTATTTCTCCAATTGGCTAAA CCGGCGAGGATGCAGAGGAT
ERa AGCACCCTGAAGTCTCTGGA GATGTGGGAGAGGATGAGGA
ERB AAGAAGATTCCCGGCTTTGT  TCTACGCATTTCCCCTCATC
ANTISENSES

HOXA5 GTCCCTGAATTGCTCGCTCA*

ERa antisense  TCCCACCTTTCATCATTCCC**
ERB antisense  GCCACACTTCACCATTCCCA**
Scramble CGTTTGTCCCTCCAGCATCT**

antisense

**Phosphorothioate antisense oligonucleotides.

each), and then PCR-amplified in a CFX96 qPCR system. Protein
extracts: Whole cell protein extracts were made by suspending
the cells in whole cell extraction buffer (50 mm Tris-HCI, pH
8.0; 150 mM NaCl; 1 mM EDTA; 0.05% NP-40; 0.2 mM PMSF;
0.5mM DTT; and 1x protease inhibitor cocktail). Proteins
were quantified and analyzed by Western blotting (alkaline
phosphatase method).

Chromatin Immunoprecipitation (ChiIP)
Assay

ChIP analyses were performed using similar procedures
described by us previously (Wang et al., 2010; Ansari et al., 2011a,
2012a; Shrestha et al., 2012; Kasiri et al., 2013; Bhan et al., 2014a;
Hussain et al., 2015; Deb et al., 2016). Briefly, MCF7 (treated
with different conditions) cells were fixed in 4% formaldehyde
(15min), followed by quenching with 125mM glycine and
washed with PBS (twice). They were lyzed (SDS lysis buffer), and
the chromatin was sheared by sonication (~150-450 bp in length,
checked by agarose gel). The sonicated chromatins (precleaned
using protein-G agarose beads) were immunoprecipitated with
antibodies against ERa, ERB, H3K4-trimethyl, RNAPII, MLL1,
MLL2, MLL2, MLL3, CBP, p300, H4 acetylation, and f-actin,
independently. The immunoprecipitated DNA fragments were
purified and analyzed by PCR using promoter-specific primers
shown in Table 1.

Flow Cytometry Analysis

MCF7 cells transfected with HOXAS5 and scramble ASOs (48 h)
were harvested and centrifuged (1,000 x g for 5min at4°C). Cells
were washed with PBS (cold, twice), fixed (70% ethanol/PBS,
1h, 4°C), and stored overnight at —20°C. Cells were stained
with propidium iodide (PI) by resuspending in PI solution
(0.5pg/mL, 2h) and then analyzed by FACS (Beckman Coulter,
Fullerton, CA, USA) (31).

Animal Studies

Adult, 90-days-old, experimentally naive, female Sprague-
Dawley rats (n = 12) (purchased commercially) and maintained
in accordance with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals as described by us
previously (Betancourt et al., 2010; Bhan et al., 2014a,b; Hussain
et al,, 2015). Rats were anesthetized (2% —3% isoflurane-oxygen
vapor mixture), ovariectomized (OVX), and allowed to recover
(for 4-5 days post-surgery) as described previously (Betancourt
et al., 2010; Bhan et al., 2014a,b; Hussain et al., 2015). Vaginal
lavage testing was performed daily for 8 consecutive days to
confirm cessation of estrous cycling (Inagaki et al., 2012). Rats
were given subcutaneous injections of E2 (5 pg/kg, dissolved in
peanut oil, 5 ug/mL stock) (n = 4) 24 and 4 h prior to sacrifice
(via rapid decapitation). Mammary gland tissue was collected,
flash frozen on dry ice, and stored at —80°C. RNA and proteins
were extracted from mammary tissues and analyzed by RT-
PCR and Western blotting (Betancourt et al., 2010; Bhan et al,,
2014a,b; Hussain et al., 2015).

Statistical Analyses

Experiments were repeated at least thrice (n = 3). The RT-
qPCR experiments were performed in three parallel replicates
and repeated at least thrice. The data presented in the figures is
expressed as averages £ standard error. Statistical significance
between various groups (control vs. treated) were determined
using one- or two-way analysis of variance (ANOVA) followed
by multiple comparisons with Dunnett correction (GraphPad
Prism). Other statistical evaluations were performed using the
Student ¢-test. Data was considered statistically significant when
the p-value was <0.05.

RESULTS
HOXADS5 Is Elevated in Breast Cancer

In an effort to understand the potential role of HOXA5 in
breast cancer, initially we examined HOXAS5 expression in
various cancer cells and breast cancer tissues. Briefly, RNA from
different cell lines was analyzed by RT-qPCR. These analyses
demonstrated that HOXAS5 expression is elevated in MCF7 and
T47D (ER-positive breast cancer cells) in comparison to MDA-
MB-231 (ER-negative breast cancer cells) (Figure 1A). For the
tissue expression analysis, a breast cancer tissue microarray
(commercial) was analyzed for HOXAS5 expression level. Briefly,
the tissue microarray containing the breast cancer tissue and
surrounding normal tissue was immunostained using a HOXA5
antibody and analyzed under a microscope. Interestingly, these
analyses show that HOXA5 expression is elevated in most
breast cancer tissues relative to their normal counterparts
(Figures 1B-D).

To investigate further, we also examined HOXA5 expression
in different types of breast cancer patients using a preexisting
cancer gene expression database using cBioPortal online data
analysis tool (https://www.cbioportal.org) (Figure 2). The data
provided by cBioPortal includes mutations, deletions, and
copy-number amplifications (Cerami et al.,, 2012; Gao et al,
2013). These analyses demonstrate that HOXAS5 expression is
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FIGURE 1 | HOXA5 expression in breast cancer cells and tissues. (A) Comparison of HOXA5 expression in different cell lines. The total RNA was isolated from
CCL228 (colon cancer), H358 (lung cancer) Hela (cervical cancer), JAR (placental cancer), MDAMB231 (ER-negative breast cancer), T47D (ER-positive breast
cancer), MCF7 (ER-positive breast cancer) cell lines and analyzed by RT-gPCR using primers specific to HOXA5 and GAPDH (loading control). HOXAS expression
relative to GAPDH is plotted. Bars indicate averages =+ standard errors (n = 3). **denotes p < 0.0001 compared to HEK293F control cells (B-D) HOXA5 expression in
breast cancer tissue. Tissue microarray slide (containing six cases of human breast cancer cases and respective adjacent normal breast tissue) was subjected to DAB
staining with HOXA5 antibody. The HOXAS5 expression level was quantified (C). A magnified view of case 3 is in (D).

significantly amplified in various breast cancer tissues, such as in
MBC project, BRCA (INSERM 2016), breast (METABRIC), and
invasive breast carcinoma (TCGA PanCan), further suggesting
potential association of HOXAS5 in breast cancer. Taken together,
these observations demonstrate that HOXA5 is overexpressed at
least in some subset of breast cancer and may contribute to breast
cancer growth. The overexpression of HOXAS5 in the ER-positive
breast cancer cells suggests its potential regulation by E2.

HOXAS5 Knockdown Suppressed the Breast
Cancer Cell Viability

As HOXAS5 expression is upregulated in breast cancer, we
knocked it down in MCF7 cells and analyzed its impacts on
viability. HOXAS5 antisense or scramble-ASO were transfected
into MCF?7 cells separately (48 h) followed by analysis of HOXA5
expression levels using the RNA (RT-qPCR) and protein levels
(Western blots). Cells were also visualized under a fluorescence
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FIGURE 2 | CBioportal analysis of breast cancer database for HOXA5 expression. HOXA5 expression in different types of breast cancer patients using a preexisting
cancer gene expression database using a cBioPortal online data analysis tool (https://www.cbioportal.org). The data provided by cBioPortal includes mutations,
deletions, and copy-number amplifications for HOXA5; CAN, copy number alteration.

microscope or analyzed by flow cytometry. Our analyses show E@ Regulates HOXA5 Gene Expression
that HOXAS5 expression is decreased upon transfection with  jn vitro and in vivo
HOXA5 ASO (Figures 3A-C), and this results in decrease A5 HOXA5 expression is elevated in breast cancer cells and
in growth of MCF?7 cells compared to controls (Figure3D).  (jssues, we investigated its potential regulatory mechanism
Microscopic analysis shows that, upon HOXAS5 knockdown, cells by E2 in MCF7 cells. Briefly, MCF7 cells were treated with
appear unhealthy, rounded up, and dead (Figure 3E). 17B-E2. RNA was isolated and analyzed by RT-PCR for the
To examine if HOXAS5 may regulate cell-cycle progression,  expression of HOXA5. An antiestrogen, tamoxifen, was also
we knocked it down in MCF7 cells using HOXA5 ASO and  used in conjunction with E2 to explore the specificity and to
analyzed it by flow cytometry. Interestingly, upon HOXA5-  understand the E2-mediated regulatory mechanism of HOXAS.
ASO transfection, GO/G1 and S phase cell populations were  Interestingly, E2 treatment induced HOXAS5 expression in
decreased with an increase in apoptotic cells compared to  a concentration-dependent manner (Figures4A,B). HOXA5
controls (Figure 3F). At 4 pg of HOXA5 ASO treatment, the  expression was increased by 4.5-fold upon exposure to 1 nM
cell population at the S (decreased from 12.9 to 11.1%) and  of E2. Notably, treatment with the antiestrogen tamoxifen
G2/M phases (reduced from 26 to 21.8%) were reduced although  suppressed E2-induced HOXA5 expression (Figures4A,B).
about 28% of cells were apoptotic, and these affected were further ~ These observations suggest potential regulation of HOXA5 via
pronounced at higher HOXAS5 ASO concentrations (Figure 3F),  E2 and ERs.
suggesting the critical role of HOXAS5 in regulation of cell- To further examine the physiological significance of HOXA5
cycle progression. and its endocrine regulation in vivo, we analyzed its expression in
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FIGURE 3 | HOXA5 knockdown affects cell viability and cell-cycle progression. (A-C) MCF7 cells were transfected with HOXA5-specific and scramble antisense for
48h, RNA was analyzed by RT-PCR with primers specific to HOXA5S (A, quantification in B). GAPDH was used as normalization control. Bars indicate averages +
standard errors (n = 3). **denotes p < 0.0001 compared to scramble control. Proteins were analyzed by Western blot using HOXAS and B-actin (loading control)
antibodies (C). (D,E) Impact of HOXAS knockdown on cell growth and viability. MCF7 cells were transfected with HOXA5-specific and scramble-antisense
oligonucleotides. Live cell numbers were counted under HOXA5 knockdown conditions for varying periods of time and plotted in (D). Data points indicate averages +
standard errors (n = 3). **denotes p < 0.0001 compared to scramble control. Morphologies of cells were visualized under a microscope (Nikon Eclipse TE2000-U)
(E). Bars indicate standard errors (n = 3). (F) Flow cytometry analysis. MCF7 cells were treated with HOXA5 and scramble antisense separately for 48 h and subjected
to flow cytometry analysis. Panel 1: Control cells treated with no antisense, panel 2: cells treated with scramble-antisense, panels 3-5: cells treated with increasing
concentration of HOXA5-specific antisense. The cell populations at different stages of the cell cycle are shown inside the respective panels.

the mammary tissue of OVX female rats treated with E2 (5 pg/kg) ~ binding to E2. The activated ERs dimerize and bind to their
(Betancourt et al., 2010; Bhan et al., 2014a,b; Hussain et al., 2015).  target gene promoters. Along with ERs, various ER co-regulators
The OVX procedure was performed to minimize the effects of  and chromatin-modifying enzymes are also recruited and modify
endogenous estrogens. Interestingly, RT-qPCR and Western blot ~ the chromatin and induce ER target gene expression (Nilsson
analysis demonstrate that HOXAS5 expression is elevated in the et al., 2001; Nilsson and Gustafsson, 2002; Barkhem et al., 2004;
rat mammary tissues upon treatment with E2 (Figures 4C-E),  Dreijerink et al., 2006; Lee et al., 2006; Mo et al., 2006). To

indicating potential E2-mediated regulation of HOXA5 in vivo. understand the importance of ERs in HOXAS5 gene regulation,

. we analyzed the HOXA5 expression in ER knocked down (using
ER Coordinates E2-Induced HOXA5 ERa or ERB-specific ASO) and E2-treated MCF7 cells. As seen
Expression in Figure5, ERa or ERP levels were knocked down upon

ERs are crucial players in estrogen signaling (Nilsson and  treatment with respective ASO (lanes 5-7, Figure 5A, qPCR data
Gustafsson, 2000, 2002). In general, ERs are activated upon  in Figure 5B). Interestingly, the level of E2-induced expression of
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FIGURE 4 | E2-induced expression of HOXA5. (A,B) E2-induced expression of HOXA5S in MCF7 cells. MCF7 cells (grown in phenol red—free media and
charcoal-stripped FBS) were treated with varying concentrations (0—10 nM) of E2 for 6 h in the presence and absence of 10 nM tamoxifen. RNA analyzed by RT-PCR
using primers specific to HOXA5 and GAPDH (control). An agarose gel analysis picture of the PCR products is shown in (A), and gPCR analysis (expression of HOXA5
relative to GAPDH) is in (B). Bars indicate averages + standard errors (n = 3). **denotes p < 0.0001 compared to untreated controls; *denotes p < 0.001 compared
to 10nM E2. (C-E) Effects of E2 on HOXA5 expression in OVX rats in vivo. OVX female rats were treated with E2 (5 wg for 24 h) or vehicle (peanut oil/saline). RNA and
protein were isolated from the mammary glands of the control and E2-treated animals. RNA was analyzed by RT-PCR using rat-specific primers for HOXAS
(quantification in D); GAPDH was used as a loading control. Each experiment was repeated thrice with three parallel replicates. Bars indicate averages + standard
errors, **denotes p < 0.0001 compared to vehicle control. Western blot analysis of the HOXAS protein levels from the protein samples obtained from control,
E2-treated mammary gland tissues of animals are shown in (E). B-actin was used as the loading control. Each experiment was repeated at least thrice (n = 3).

HOXAS was suppressed significantly upon knockdown of ERoor  upstream of the transcription start site (Figure 6A). ChIP
ERp (lanes 5-7, Figures 5A,B). Scramble-ASO does not have any ~ analysis shows that levels of ERa and ERP (but not pB-
major impact on the E2-dependent HOXAS expression (lanes 2-  actin) were enriched in the EREl and ERE2 regions of the
4, Figures 5A,B). The level of E2-induced HOXAS5 expressionis ~ HOXAS5 promoter in the presence of E2 (Figure 6B, qPCR
further suppressed by the combined knockdown of ERe and ERp  data in Figure 6C). Taken together, the antisense-mediated
(lane 7, Figures 5A,B). knockdown and ChIP analysis demonstrate the involvement of
As ERa and ERP are associated with HOXAS5 expression, we ~ both ERa and ERp HOXAS5 gene expression in the presence
examined their binding to the HOXAS5 promoter (Ansari et al.,  of E2.
2011b). We performed the ChIP assay using antibodies against Along with ERs, ER co-activators are crucial players in
ERa, ERB, and P-actin (control), and the immunoprecipitated ~ ER target gene expression. Therefore, in addition to ERs,
DNA were analyzed by PCR using primers spanning the  we analyzed the enrichment level of several well-known
estrogen-response element (ERE) regions of the HOXA5  ER co-regulators: CBP/p300 (histone acetylase) and mixed
promoter. Notably, promoter sequence analysis shows the lineage leukemias (MLL, histone methyltransferases) (Ansari
presence of two potential EREs at the HOXA5 promoter et al, 2011b). Additionally, we also analyzed the level of
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FIGURE 5 | Knockdown of ERs and its impact on E2-induced HOXA5 expression. MCF7 cells were transfected with ERa or ERB-specific ASOs or a scramble
antisense for 48 h, followed by treatment with E2 (1 nM, 6h). RNA was analyzed by RT-gPCR by using primers specific to HOXA5, ERs, and GAPDH (control)
separately (A). Lane 1: control cells (no E2); lane 2: cells treated with E2; lanes 3 and 4: cells treated with scramble antisense in the absence and presence E2; lanes 5
and 6: cells treated with ERa and ERB antisense, respectively, followed by exposure to E2; lane 7: cells transfected with 1:1 mixture of ERa and ERp antisenses in the
presence of E2. The gPCR analysis data is in (B). gPCR reactions were carried out in three parallel replicates, and each experiment was repeated at least thrice (n =
3). Bars indicate averages + standard errors. **indicates p < 0.0001 compared to E2-treated scramble control (for HOXAS5 target); *#indicates p < 0.0001 compared
to E2-treated scramble control (for ERB target); ##indicates p < 0.0001 compared to E2-treated scramble control (for ERa target).
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FIGURE 6 | ERa and ERB enrichment on the HOXA5 promoter ERE in the presence of E2. The HOXAS5 promoter contains two putative ERE regions (ERE1 and ERE2)
near the transcription start site (A). E2-treated ("M E2 for 6 h) and control (untreated) MCF7 cells were analyzed by ChiP assay using antibodies against ER«, ERB, and
B-actin (control). The ChIP DNA was analyzed by regular PCR (agarose gel analysis, B) and gPCR (C) using HOXA5 promoter primers (ERE1 and ER2 regions). Bars
indicate averages + standard errors (n = 3). *denotes p < 0.0001 compared to ERa ChIP control; #denotes p < 0.0001 compared to ERp ChIP control for

both the EREs.

histone acetylation and H3K4 trimethylation at the HOXA5 DISCUSSION

promoter using ChIP in the absence and presence of E2.

Notably, promoter histone acetylation and H3K4 trimethylation =~ HOX gene expression is well-known to guide cellular
are post-translational histone modifications associated with  differentiation, organogenesis, and development (Krumlauf,
gene activation. Interestingly, our ChIP analysis shows that 1994, Zakany and Duboule, 2007). Increasing studies
E2 treatment resulted in enrichment of CBP, p300, histone demonstrate that hormones, such as estrogen, retinoic acid,
methylases MLL2 and MLL3 (Figures 7A-C). Histone  eftC. influence the expression of developmental genes, including
acetylation, H3K4 trimethylation, and RNA polymerase 11 ~ HOX genes. Posterior HOX genes appear to be regulated by
(RNAPII) levels were also elevated at the HOXA5 promoter  estrogens and progesterones, and anterior HOX genes are
with E2 treatments (Figures7A,B). The E2-dependent regulated by retinoids. HOXAS5, which acts a transcription factor,
enrichment in CBP/p300 acetyltransferase and MLL-histone  Plays a critical role in embryonic development. Beyond this, an
methylases MLL2 and MLL3 and the histone acetylation —emerging group of studies shows the dysregulation of HOXA5
and methylation levels, suggest that, along with ERs, these in various solid/adult/pediatric/cancers or hematological

ER co-regulators are associated with E2-dependent HOXA5  malignancies and linked with higher pathological grade and
gene expression. poorer disease outcome (Chen et al, 2004; Wang et al,
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FIGURE 7 | Enrichment of ER co-regulators at the HOXAS promoter EREs. E2-treated (1 nM, 6 h) MCF7 cells were analyzed by ChIP assay using different antibodies.
The ChIP DNA was analyzed by PCR using HOXA5 promoter primers (ERE1 and ERE2 regions). An agarose gel analysis showing the recruitment of selected factors
on the ERE1 and ERE2 regions of the HOXA5 promoter is shown in (A). gPCR analysis of the ChlP DNA samples showing the enrichment (relative to input) of CBP,
p300, MLL1, MLL2, MLL3, MLL4, H3K4-trimethyl, histone acetylation, RNAP II, and B-actin into the ERE1 and ERE2 regions of the HOXAS5 promoter region in the
presence of E2 is shown in (B,C). For (B,C), bars indicate averages + standard errors (n = 3). *denotes p < 0.0001 compared to respective ChIP control for ERE1;
#denotes p < 0.0001 compared to respective ChIP control for ERE2.

2019). However, the detailed mechanism by which HOX genes  cancer cells. Additionally, our studies also demonstrate that
influence differentiation and development and how itis regulated =~ HOXAS5 expression is important for cell-cycle progression as well
or misregulated in diseases/various carcinomas is still emerging  as cell viability of breast cancer cells. HOXAS5 downregulation
and less understood. Here, we explore any association and  results in cell-cycle arrest and apoptosis in breast cancer cells.
function of HOXAS5 in breast cancer and investigate its potential ~ These observations suggest that HOXA5 expression is elevated
mechanism of transcription. in breast cancer at least in some subset of breast cancer and

Our studies demonstrate that HOXA5 expression is also  may be critical for breast cancer cell proliferation. As HOXA5
augmented in breast cancer tissues in comparison to the is elevated in ER-positive breast cancer cells and breast cancer
corresponding adjacent normal breast tissues. Additionally, c-  tissues, we investigated its gene regulation potential via E2. These
bioportal-based meta-analysis of preexisting gene expression  studies demonstrate that E2 indeed regulates the transcription
databases in breast cancer patients also show that HOXA5  of HOXAS5 in vitro, in ER-positive breast cancer cells (MCF7),
expression is elevated in breast cancer patients. HOXA5 and this expression is suppressed upon treatment with an
expression is also found to be elevated in ER-positive breast  antiestrogen, tamoxifen, suggesting the potential regulation of
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FIGURE 8 | Model showing the mechanism of E2-mediated activation of HOXAS5. Binding of E2 induces conformational change in ERs and induces dimerization and
activation of ERs. Activated ER dimers enter the nucleus, bind to the HOXA5 promoter (EREs). ER co-regulators (CBP, p300, MLL2, MLL3, and others) also bind to
the HOXA5 promoter, modify chromatins (H3K4-trimethylation via MLL2 and MLL3 and histone acetylation via CBP/p300), aid in recruitment of RNA polymerase Il
(RNAP Il) and general transcription factors (GTFs) to the promoter and ultimately lead to transcription activation of HOXAS.

Breast

= HOXA5 @ cancer

HOXAS5 via E2 and ERs. Additionally, we also observed that
HOXAS5 expression is elevated in the mammary tissues of OVX
Sprague-Dawley rats, further supporting our observation that
HOXAS expression is regulated by estrogen in vivo.

Mechanistic studies demonstrate that E2-dependent HOXAS5
expression is coordinated via involvement of ERs and ER co-
activators. Knockdown of either ERa or ERP suppressed E2-
dependent HOXA5 expression in MCF7 cells. ChIP analysis
demonstrates that ERs and ER co-activators, CBP/p300 (acetyl-
transferases), and MLL2 and MLL3 (histone H3K4-methylases)
are enriched at the HOXA5 promoter (ERE regions) in the
presence of E2. Along with histone acetyl-transferases and
histone methylases, the level of histone H3K4 trimethylation
and histone acetylation level was elevated at the HOXAS5
promoter. Notably, histone acetylation and H3K4 trimethylation
are linked to gene activation. The enrichment of histone acetyl-
transferases (CBP/p300) and histone H3K4 trimethylases (MLL2
and MLL3) and the histone acetylation and H3K4 trimethylations
at the HOXA5 promoter in the presence of E2 suggest their
important roles in E2-mediated regulation of HOXAS5 expression
in breast cancer.

Overall, our studies demonstrate that HOXA5 gene
expression is regulated by E2, and its expression is upregulated
in breast cancers. The E2-mediated regulation of HOXAS5 is
coordinated via involvement of estrogen receptors, CBP/p300
histone acetyl-transferases, and the MLL family of histone

methyl-transferases. CBP/p300 and MLL-histone methylases
act as ER co-regulators in regulation of HOXAS5 expression in
breast cancer. A model showing the mechanism of E2-mediated
HOXADS5 gene activation is shown in Figure 8. Notably, multiples
lines of evidence support our observations that increased H3K4-
trimethylation and histone acetylation contribute to E2-induced
HOXAS expression. For example, Yan et al. demonstrate that
inhibition of histone deacetylase HDAC8 (by HDAC inhibitor)
increases histone acetylation and HOXA5 expression, which,
in turn, induces tumor-suppressor p53 induction (Yan et al.,
2013). Another study shows that oxidative stress-mediated
repression of HDACS8 induces histone H3 acetylation and
HOXAS5 expression that controls plasticity of lung cancer
stem-like cells (Saijo et al., 2016). Similar to histone acetylation,
histone H3K4 trimethylation is well-known to activate HOX
gene expression, including HOXAS5 expression (Okada et al,
2006; Mishra et al., 2009; Ansari et al., 2012b; Burillo-Sanz et al.,
2018). Enhancer elements present around the HOXA cluster
regulates HOXA cluster gene spatiotemporal expression, and
deletion impairs HOX5 gene activation in embryonic stem
cells (Cao et al,, 2017). Thus, our results showing the roles of
H3K4 trimethylation and histone acetylation are in agreement
with previous studies. Although histone acetylation and H3K4-
trimethylation result in gene activation, H3K27 trimethylation
by polycomb repressive complex (PRC) results in HOXAS5 gene
silencing and contributes to cell differentiation and development
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(Xi et al., 2007). Transcription factor CTCF facilitates the
stabilization of PRC2 and H3K27 trimethylation at the HOXA
locus and represses HOXA gene (including HOXAS5) expression
(Xu et al., 2014). Mutation in CTCF results in increased HOXA
cluster gene expression. Similarly, ASXL1 mutation facilitates
myeloid transformation through inhibition of PRC2-mediated
HOXAD5 repression (Abdel-Wahab et al., 2012). An independent
study reports that HOXAS5 expression is repressed in a subset of
human breast cancer tissues, and this loss occurs via promoter
hypermethylation (Teo et al, 2016). The study shows that
HOXAS5 loss in tumor cells causes reduced downstream target
expression involved in maintaining epithelial integrity, which
leads to a subsequent increase in invasion and migration. This
suggests the potential presence of multiple modes of action of
HOXAS5 in different breast cancer subsets. Nevertheless, our
studies demonstrate that HOXAS5 expression is upregulated, at
least in a subset of breast cancer, and is regulated by estrogen
in vitro and in vivo, and therefore, may play critical roles in in
breast cancer.
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Accumulating evidence indicates that NO-methyladenosine (m®A), which directly
regulates mMRNA, is closely related to multiple biological processes and the progression
of different malignancies, including breast cancer (BC). Studies of the aberrant
expression of mPA mediators in BC revealed that they were associated with different
BC subtypes and functions, such as proliferation, apoptosis, stemness, the cell cycle,
migration, and metastasis, through several factors and signaling pathways, such as Bcl-
2 and the PI3K/Akt pathway, among others. Several regulators that target méA have
been shown to have anticancer effects. Fat mass and obesity-associated protein (FTO)
was identified as the first mSA demethylase, and a series of inhibitors that target FTO
were reported to have potential for the treatment of BC by inhibiting cell proliferation and
promoting apoptosis. However, the exact mechanism by which m8A modifications are
regulated by FTO inhibitors remains unknown. m8A modifications in BC have only been
preliminarily studied, and their mechanisms require further investigation.

Keywords: N®-methyladenosine, breast cancer, m® A modification regulator, mechanism pathways, FTO inhibitor

INTRODUCTION

Understanding the origins of cancer has changed significantly in recent decades, from being
considered solely a genetic disease to being considered a genetic and/or epigenetic disease.
Traditional epigenetic modifications, including the dysregulation of DNA methylation and histone
modification, are causes of cancer, but chemical modifications of RNA were recently discovered to
also cause cancer (Esteve-Puig et al., 2020). Breast cancer (BC) is the most common malignancy
among women in the world (Siegel et al., 2020). Aberrant RNA modifications open a new era for
studying the development and progression of BC (Chen et al., 2019).

Since the first modified nucleotides in RNAs were discovered in 1960 (Cohn, 1960), more
than 170 distinct cellular RNA chemical modifications have been identified (Esteve-Puig et al.,
2020), including pseudouridine (), N1-methyladenosine (m'A), 5-methylcytidine (m°C), N°-
methyladenosine (m®A), 5-hydroxymethylcytosine (hm>C), etc. Among these, m®A is the most
common and abundant posttranscriptional modification of messenger RNA (mRNA) and non-
coding RNA (ncRNA). High-throughput sequencing revealed that one-third to one-half of mRNA
transcripts had m®A modifications in human and mouse transcriptomes (Dominissini et al.,
2012). Although m®A was first reported in 1974 (Desrosiers et al., 1974), little progress was made
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for decades (Reichel et al, 2019). Recently, the function
of m®A has been gradually unveiled through advances in
mC®A detection techniques, such as liquid chromatography-
tandem mass spectrometry (Fu et al., 2015), methylated
RNA immunoprecipitation sequencing (Meyer et al, 2012),
methylation individual nucleotide-resolution crosslinking
immunoprecipitation (Linder et al., 2015), and single-molecule
real-time sequencing (Zhu et al.,, 2016).

The m®A modification mainly identifies the conserved
sequence RRACH (R = G/A, H = A/C/U). GGACU is one of the
most common motifs (Harper et al., 1990). m®A modifications
were previously believed to be mainly concentrated in the 3'-
untranslated region (UTR), especially around the stop codon
(Meyer et al., 2012). In recent years, researchers confirmed that
the 5’-UTR (Meyer et al., 2015) and coding sequence (CDS; Mao
et al,, 2019) were also important for m®A modifications. Many
studies have shown that they can regulate almost every stage of
RNA metabolism, including alternative RNA splicing (Bartosovic
et al., 2017; Louloupi et al., 2018), localization (Roundtree et al.,
2017), translation efficiency (Wang et al., 2015b), mRNA stability
(Wang et al., 2014), and protein expression (Yue et al., 2015).

N®-methyladenosine is involved in the regulation of many
biological processes, such as the transition fate of mammalian
embryonic stem cells (Batista et al., 2014) and circadian rhythms
(Fustin et al., 2013; Zhong et al., 2018), and various diseases, such
as obesity (Dina et al., 2007), infertility (Ding et al., 2018), type
2 diabetic mellitus (Shen et al., 2015), and many kinds of cancers
(Chen et al,, 2019). Compared with various studies that explored
the interplay between m®A modifications and several types of
cancers, studies of the role of m®A in BC are still in their infancy.
Some conclusions of existing studies are controversial, thus
underscoring the necessity to review and discuss the functions of
m®A modifications and therapeutic strategies for BC.

This review focuses on the mechanism of m®A modifications,
the roles of different m®A modulators in BC, especially their
effect on proliferation, apoptosis, the cell cycle, and stemness,
and therapeutic strategies for BC. This review will advance
our understanding of the role of m®A modifications in the
development and progression of BC.

MECHANISM OF m®A MODIFICATION

There are mainly three kinds of mediator proteins that regulate
m®A modifications: methyltransferase (writer), demethylase
(eraser), and binding protein (reader). The regulation of méA
modifications is dynamically reversible, depending on the activity
of the “writer” and “eraser.”

m®A Methyltransferase (Writer)

N°-methyladenosine modification is installed by the
methyltransferase complex (MTC), which mainly consists of the
methyltransferase like 3 (METTL3)/METTL14 heterodimer and
Wilms’ tumor 1-associated protein (WTAP; Scholler et al., 2018;
Figure 1). In this m®A MTC, METTL3 acts as the core catalytic
subunit and transfers the methyl donor S-adenosylmethionine
(SAM) to the adenine acceptor within the RRACH consensus

motif. METTL14 colocalizes with METTL3 in nuclear speckles
at a stoichiometric 1:1 ratio (Liu et al., 2014). METTL14 is
responsible for stabilizing the structure of MTC, recognizing
the substrate RNA sequence, and providing a binding platform
(Wang P. et al., 2016; Wang X. et al., 2016). Huang et al. recently
demonstrated that METTL14 can also recognize and bind
H3K36me3. Thus, METTL14 facilitates m®A MTC binding to
RNA polymerase II to mediate the m®A methylation of nascent
RNA during transcription elongation (Huang H. et al., 2019).
The combination of these histone and RNA modifications opens
up new directions for epigenetics research. WTAP alone does
not have any catalytic activity because it lacks the catalytic
methylation domain, but its knockdown prominently decreases
mCA levels (Liu et al., 2014). It regulates the level of m®A
modification by interacting with the METTL3-METTL14
complex and promoting accumulation of the complex into
nuclear speckles to efficiently methylate target RNAs (Ping
et al., 2014). Other identified regulatory factors of MTC include
KIAA1429/VIRMA (Yue et al.,, 2018), RBM15/15B (Patil et al,,
2016; Knuckles et al., 2018), HAKAI (Ruzicka et al., 2017), and
ZC3H13 (Knuckles et al., 2018).

Some newly discovered methyltransferase, such as METTL16,
METTLS, and zinc finger CCHC-type containing 4 (ZCCHC4),
can work alone and catalyze m® A on some structured RNAs, such
as U6 snRNA (Aoyama et al., 2020), 18S rRNA (Leismann et al.,
2020), and 28S rRNA (Ren et al., 2019), respectively (Figure 1).

mO®A Demethylase (Eraser)

N°-methyladenosine demethylases, including Fat mass and
obesity-associated protein (FTO; Jia et al., 2012) and ALKB family
protein 5 (ALKBHS5; Zheng et al., 2013), can selectively remove
the m®A modification and reverse the methylation process
(Figure 1). The coordination between m®A methyltransferase
and demethylase indicates that the m®A modification is
dynamic and reversible. Although both FTO and ALKBHS5 are
members of the ALKB family, they have different substrates.
Emerging evidence demonstrates that FTO is able to mediate
the demethylation of m°A, m®Am, and m'A in the cell
nucleus and cytoplasm (Wei et al., 2018). To date, mlA in
mRNA was the main zymolytic substrate of FTO. Different
from FTO, ALKBH5 is mainly localized in the nucleus and
selectively removes the m®A methyl group (Mauer et al., 2017).
This phenomenon reflects the complexity and specificity of
the mechanism of m®A modifications. Additionally, ALKBH5
accelerated the process of both mRNA transfer from intranuclear
to extranuclear and promoted translation initiation (Zheng et al.,
2013), whereas METTL3 downregulation delayed this process
(Fustin et al., 2013).

mOA Binding Proteins (Reader)

Other types of m®A regulatory proteins, including YT521-
B homology domain-containing family protein 1/2/3
(YTHDF1/2/3), YTH domain-containing proteins 1/2
(YTHDC1/2) (Haussmann et al,, 2016), eukaryotic initiation
factor 3 (elF3; Meyer and Jaffrey, 2017), the insulin-like growth
factor-2 mRNA-binding protein (IGF2BP) family (Muller et al.,
2019), and heterogeneous nuclear ribonucleoprotein (hnRNP)
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FIGURE 1 | Detailed molecular mechanism of m®A modifications. These modifications are regulated by “writers” (the MTC, METTL5/16 and ZCCHC4), “erasers”
(FTO and ALKBHS5), and “readers” (YTHDC1-2 and YTHDF1-3), which install, remove, and recognize m®A and thereby regulate RNA splicing, export, decay,

translation, and so on.

family (Zhao et al., 2017), recognize the m®A modification site
and directly determine the fate of m®A-modified RNA (Casella
etal, 2019; Figure 1).

YT521-B homology domain-containing family protein 1/2/3
and YTHDCI1/2 share the same YTH domain and have a 50-
times higher affinity for m®A mRNA than unmethylated mRNA
(Theler et al., 2014). YTHDC1 was shown to be the major reader
of nuclear m®A modifications and accelerated mature mRNA
transportation from the nucleus to the cytoplasm by affecting
mRNA splicing (Roundtree et al., 2017). To date, however, little
is known about the function of YTHDC2 in m®A modifications.
Hsu reported that YTHDC2 preferentially bound to m® A-marked
RNA with the RRACH consensus motif and then increased
translation efficiency by 52% but also reduced mRNA abundance
(Hsu et al., 2017).

When mRNA arrives at the cytoplasm, m®A-methylated
mRNA is mainly regulated by YTHDF1-3. YTHDF1 mainly
binds to m°A sites near the stop codon in the 3’-UTR and
then interacts with the translation initiation factor eIF3 to
improve the translation efficiency of target mRNA (Wang et al.,
2015b). In 2019, Lin et al. (2019) reported that YTHDFI, by
binding with eEF-2 at m°®A sites of the Snail CDS but not
the 3’-UTR, promoted the translation of Snail. YTHDF2 was
the first identified m®A-binding protein, which triggered mRNA

degradation by recruiting the CCR4-NOT deadenylase complex
(Duetal., 2016). The role of YTHDF3 is more complex. YTHDF3
acts in concert with YTHDF2 to accelerate mRNA decay (Shi
et al,, 2017), but it promoted the translation of m®A-modified
RNA by cooperating with YTHDF1 (Li A. et al,, 2017). IGF2BP
family proteins (IGF2BP1, IGF2BP2, and IGF2BP3) are located
in the cytoplasm and employ their K homology domains to
identify the GG (m®A) C sequence. They promote the stability
and storage of target mRNAs under both normal and stress
conditions (Huang et al., 2018). Some other m®A readers, such
as the HNRNP family and elF3, are under current exploration.

m®A MODIFICATION IN THE
DEVELOPMENT AND PROGRESSION OF
BREAST CANCER

The majority of BC is sporadic and associated with alterations of
genetics and epigenetics (Byler et al., 2014). Genetic alterations
include mutations and copy number variations of certain genes.
Conventional epigenetic remodeling consists of microRNA
regulation, histone modification, and DNA methylation in BC
(Rahman et al., 2019). m®A modifications open new directions
for studying epigenetics. An increasing number of studies
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have revealed the importance of m°A in the development and
progression of BC.

The Role of m®A Methyltransferase in

Breast Cancer

m® A Methyltransferase Affects Breast Cancer Cells
Through Several Molecular Mechanisms

In various cancer cells, the abnormal expression of METTL3
affects proliferation, invasion, metastasis, and the cell cycle
(Zheng et al., 2019). In BC, METTL3 mainly acts as an oncogene
(Figure 2). For example, METTL3 overexpression in transformed
cells enhanced proliferation and migration ability, suggesting that
the downregulation of m®A modification acts as a brake during
malignant transformation (Fry et al., 2018). B-cell lymphoma 2
(Bcl-2) is an anti-apoptotic protein (Konig et al., 2019) that has
been shown to be a potential target of METTL3 in BC tissues
and cells. The knockdown of METTL3 reduced the expression
of Bcl-2, repressed the proliferation of MDA-MB-231 and MCF-
7 cells, accelerated their apoptosis, and inhibited the growth of
transplanted tumors in vivo (Wang et al., 2020).

A few studies have shown that hepatitis B x-interacting
protein (HBXIP) is highly expressed in BC as an oncogene
(Yue et al, 2013; Liu et al, 2014). METTL3 was positively
linked with HBXIP in BC tissues and cells. In BC cells, HBXIP
inhibited the expression of let-7g, which repressed the expression
of METTL3 by targeting the 3’-UTR of METTL3 (Cai et al,
2018). Additionally, METTL3 upregulated the expression of
HBXIP by stimulating the m®A modification of HBXIP and
thus formed a positive feedback regulatory loop of HBXIP/let-
7g/METTL3/HBXIP, leading to the proliferation of BC cells (Cai
et al., 2018). Cui et al. (2017) reported that the knockout of

METTL3 and METTL14 promoted the growth, self-renewal,
and tumorigenesis of glioblastoma stem cells (GCS) partly by
upregulating BRCA2. BRCA2 was tightly related to hereditary
BC (Paul and Paul, 2014). However, whether METTL3 and
METTLI14 regulate the development and progression of BC
through BRCA2 is unknown. Altogether, Bcl-2, HBXIP, and
BRCA2 are all potential targets of METTL3. We speculate that
other targets of METTL3 will be uncovered as regulators of BC.

METTLI14 is also closely related to the progression of
BC (Figure 2). The knockdown of METTLI14 reduced the
long-term viability, migration, and invasion of BC cell lines
(MDA-MB-231, MDA-MB-468, and BT549) and inhibited tumor
growth in tumor xenograft models (Panneerdoss et al., 2018).
BC cells were arrested in the G1-S phase when METTL14
was silenced. Mechanistically, METTL14 and the RNA-binding
protein HuR form a potential positive feedback loop that
regulates transforming growth factor-8 (TGF-B) signaling
pathway genes and cell cycle-associated genes (cyclin D1 and
cyclin E1) and exhibit hyper m®A with lower expression
compared with scrambled control cells (Panneerdoss et al., 2018).
m® A also affects BC cells through regulating the noncoding
RNAs expression. Yi et al. found that METTL14 overexpression
promoted the migration and invasion of MDA-MB-231 and
MCE-7 cells through the upregulation of hsa-mir-146a-5p (Yi
etal., 2020). However, Wu et al. reported that the overexpression
of METTL14 in MDA-MB-231 cells inhibited cell viability, clone
formation, and cell migration (Wu et al, 2019). METTL14
appears to play opposing roles in the same cell line. Whether
other factors, such as the tumor microenvironment, impact
METTL14 function deserves further exploration.

The role of methyltransferase KIAA1429 in BC had been
preliminarily elucidated. A previous study (Qian et al.,, 2019)
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FIGURE 2 | Biological function of m®A modulators in breast cancer. “Writers,” “erasers,” and “readers” promote cell proliferation, migration, metastasis, and

stemness and inhibit apoptosis by regulating different targets.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 40

January 2021 | Volume 8 | Article 615071


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wei et al.

mPA Modification in Breast Cancer

showed that KIAA1429 promoted BC cell proliferation and
the epithelial-mesenchymal transition (EMT) in MCF-7 and
SUM1315 cell lines. This may be caused by an increase in stability
of the cell cycle regulator cyclin-dependent kinase 1 (CDK1)
mRNA in an m6A—independent manner (Qian et al., 2019). The
roles of other methyltransferases in BC have rarely been reported
and deserve further study.

m®A Methyltransferase Exhibits Abnormal Expression
in Breast Cancer Tissues and Is Related to Certain
BC Subtypes
Breast cancer tissues exhibit the dysregulation of m®A
methyltransferase compared with normal breast tissues,
although mC®A methyltransferase levels vary (Table 1).
The mRNA expression of classic methyltransferases (ie.,
METTL3, METTL14, and WTAP) was reported to be either
upregulated (Cai et al., 2018; Wang et al., 2020; Yi et al., 2020) or
downregulated (Liu et al., 2019; Wu et al., 2019). Moreover, their
mRNA levels were sometimes inconsistent with protein levels.
Liu performed immunohistochemical staining in 20 matched BC
and adjacent normal tissues with a BC tissue microarray (TMA)
and found the upregulation of WTAP (p = 0.002), KIAA1429
(p <0.001), and RBM15 (p = 0.012) but no significant changes in
METTL3, METTL14, METTLI16, or RBM15B in BC specimens
(Liu et al., 2019), which was different from mRNA expression.
The expression of m®A methyltransferase also correlated with
molecular subtypes of BC (Table 2). METTL3 and METTLI14
were highly expressed in normal breast-like and luminal A/B
BC, but WTAP was mainly expressed in basal-like BC, based
on results from the Oncomine and The Cancer Genome Atlas
(TCGA) database (Wu et al,, 2019). Inflammatory BC (IBC) is
a rare and aggressive form of BC. The triple-negative subtype
of IBC (TN-IBC) is substantially more metastatic and fatal than
TN-non-IBC. In an analysis of differentially regulated genes in
TN-IBC and TN-non-IBC, ZC3H13 (i.e., a member of the MTC)
was among the top 10 genes and downregulated in TN-IBC
(Funakoshi et al., 2019). These data are summarized in Table 2.

The Atypical Expression of m®A Methyltransferase Is
Closely Related to BC Prognosis

Studies have reported conflicting reports on the role of m®A
methyltransferase in the prognosis of BC (Table 1). Based on data
from the TCGA-BC cohort, the higher expression of RBM15B
(p = 0.014, 95% confidence interval: 0.48-0.94) significantly
correlated with favorable overall survival (OS), whereas the high
expression of KIAA1429 (p = 0.032, 95% confidence interval:
1.03-1.96) and METTLI16 (p = 0.02, 95% confidence interval:
1.06-2.02) correlated with poor OS. With regard to relapse-
free survival (RFS), the overexpression of RBM15B (p = 0.021,
95% confidence interval: 0.54-0.96) correlated with good RFS.
However, other “writers” did not critically affect the survival rate
(Liuetal,, 2019). Another study, based on the bc-GenExMiner 4.0
database, found that the high expression of METTL3, METTL14,
and WTAP correlated with good metastasis relapse (MR)-free
survival in all BC patients (Wu et al., 2019). However, a separate
study that conducted a Kaplan-Meier test revealed that BC

patients with high METTL3 expression had unfavorable survival
rates (Wang et al., 2020).

Role of m®A Demethylase in Breast

Cancer

m®A Demethylases Affects Breast Cancer Cells via
Different Molecules and Signaling Pathways

At the cellular level, FTO promoted the proliferation and
mammosphere formation and suppressed cell apoptosis by
inhibiting BCL2/adenovirus E1B 19-kDa protein-interacting
protein 3 (BNIP3; i.e., a pro-apoptosis protein of the Bcl-2 family)
in BC (Niu et al., 2019) (Figure 2). FTO demethylated the 3'-
UTR of BNIP3 mRNA and promoted the degradation of BNIP3
mRNA in a YTHDF2-dependent manner. In MDA-MB-231 and
MCEF-7 cell lines, silencing BNIP3 alleviated the inhibition of cell
proliferation that was mediated by FTO knocking down. In 4T1
cells, BNIP3 knockdown significantly weakened FTO-accelerated
tumor growth and metastasis in a subcutaneous implantation
model and tumor metastasis model in Balb/c mice. Additionally,
FTO upregulated glycolysis and energy metabolism through the
PI3K/AKT pathway in MDA-MB-231 and MCEF-7 cells (Liu et al.,
2017). The PI3K/AKT signaling pathway has a close relationship
with proliferation, metabolism, immune response regulation,
motility, and survival (Ortega et al., 2020). Therefore, FTO may
exert important actions through the PI3K/AKT pathway, which
deserves further study.

ALKB family protein 5 can promote the growth and metastasis
of BC cells (Figure 2). The silencing of ALKBH5 inhibited the
viability, migration, and invasion of BC cell lines and tumor
growth in a tumor xenograft model in mice (Panneerdoss et al.,
2018), similar to METTL14 knockdown that was mentioned
above. In MDA-MB-231 cells, the knockdown of ALKBH5
promoted the m®A modification of mRNA and inhibited the
ability of survival, clone formation, and cell migration (Wu et al,,
2019). In a mouse model of the orthotopic transplantation of BC
tumors, ALKBH5-deficient MDA-MB-231 cells developed fewer
tumors compared with the control group (43% vs. 100%), and
only a few small lung metastases were found in the ALKBH5
knockdown group, thus confirming that ALKBH5 promoted
the initiation of BC and lung metastasis (Zhang et al., 2016b).
Under hypoxic conditions, hypoxia-inducible factor 1o (HIF-
la) and HIF-2a induced overexpression of the m®A demethylase
ALKBH5, which increased demethylation of the 3’-UTR of
pluripotent factor NANOG mRNA and enhanced its protein
stability (Zhang et al., 2016a). Therefore, ALKBH5 mediates
BC stem cell (BCSC) transformation by NANOG in a HIF-
dependent manner. Moreover, Zhang et al. (2016b) showed
that hypoxia induced expression of the important oncogene
ZNF217, which restrained m®A RNA methylation by blocking
METTL3. The knockdown of ZNF217 and ALKBH5 increased
mC®A modification and inhibited hypoxia-induced expression of
the pluripotent stem cell factors NANOG and KLF4, thereby
suppressing the pluripotency of BC cells (Zhang et al., 2016b).
Based on these studies, we speculate that silencing ALKBH5 may
be an effective therapeutic strategy that can inhibit proliferation,
metastasis, and stemness in BC.
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TABLE 1 | Different expression levels and potential prognostic value of m®A modulators in breast cancer (BC).

Genes Up-/Down-regulation of expression Methods of Detection Correlation with References
prognosis
METTL3 Upregulated GEPIA*/gRT-PCR/Western Blot Unfavorable survival Cai et al., 2018; Wang
rate etal., 2020
Downregulated Oncomine*/TCGA*/qRT-PCR Good RFS* Wu et al., 2019
METTL14 Upregulated gRT-PCR Good RFS Yietal., 2020
Downregulated Oncomine/TCGA/ Liu et al., 2019; Wu
etal, 2019
WTAP Upregulated IHC Liuetal., 2019
Downregulated Oncomine/TCGA/ Wu et al., 2019; Liu
etal., 2019
RBM15 Upregulated TCGA/IHC Liuetal., 2019
RBM15B No significance TCGA/IHC Good OS*/good RFS Liu et al., 2019
KIAA1429 Upregulated TCGA/IHC Poor OS Liuetal., 2019
METTL16 Downregulated TCGA Poor OS Liu et al., 2019
FTO Upregulated IHC Poor OS, associated Tan et al., 2015; Chen
with the risk of BC etal., 2018;
Gholamalizadeh et al.,
2020
Downregulated Oncomine/TCGA/HPA*/qRT-PCR Poor RFS Liu et al., 2019; Wu
etal., 2019
ALKBH5 Upregulated TCGA/HPA/QRT-PCR/IHC Liuetal., 2019; Wu
etal, 2019
Downregulated Oncomine/TCGA Poor RFS Liu et al., 2019; Wu
etal, 2019
YTHDF1 Upregulated TCGA/IHC Poor OS Liu et al., 2019
YTHDF2 Upregulated TCGA/IHC oncogene Chen et al., 2018; Liu
etal, 2019
YTHDF3 Upregulated IHC Poor OS/independent Liu et al., 2019
predictor
YTHDCA Downregulated TCGA/HPA Liu et al., 2019
HNRNPC Upregulated TCGA/IHC/HPA Liu et al., 2019
HNRNPA2B1 Upregulated TCGA/IHC Liuetal., 2019

Note: GEPIA*, Oncomine*, TCGA*, and HPA* are online databases. RFS*, relapse-free survival; OS*, overall survival.

m®A Demethylase Exhibits Abnormal Expression in
Breast Cancer Tissues and Is Related to Certain BC
Subtypes

To explore the clinical significance of FTO and ALKBH5
demethylases in BC, various studies have detected their
expression levels based on three independent databases
[Oncomine, TCGA, and the Human Protein Atlas (HPA)] in
clinical BC specimens (Table 1). All of these databases indicated
that FTO mRNA is significantly reduced in BC (Liu et al., 2019;
Wu et al,, 2019). ALKBH5 mRNA was either increased (Liu et al.,
2019; Wu et al.,, 2019) or decreased (Wu et al., 2019) compared
with normal tissue. At the protein level, immunohistochemical
staining showed that ALKBH5 and FTO expression was high
in BC (Tan et al, 2015; Liu et al, 2019; Niu et al., 2019).
Notwithstanding these studies, no definitive conclusions can be
drawn about the expression level of m®A demethylase in BC. We
briefly summarize these data in Table 1.

A correlation was found between the expression level
of demethylase and molecular subtypes of BC (Table 2).
ALKBHS5 and FTO mRNA expression significantly increased in
estrogen receptor (ER)-positive or progesterone receptor (PR)-
positive patients, whereas FTO mRNA expression decreased

in human epidermal growth factor receptor 2 (HER2)-
positive patients, based on clinicopathological parameters from
the bc-GenExMiner 4.0 database (Wu et al, 2019). Tan
reported that FTO was highly expressed in hormone receptor
(HR)-negative and HER2-positive BC patients, based on the
immunohistochemical staining of specimens from 79 infiltrating
ductal breast cancer (IDBC) patients (Tan et al., 2015). In another
study that analyzed data from Gene Expression Omnibus (GEO)
database (GSE9014), FTO expression was upregulated in HER2-
positive BC (Niu et al., 2019).

The Atypical Expression of m®A Demethylase Is
Related to BC Prognosis

Findings of the prognostic value of FTO and ALKBH5 in BC
have been variable (Table 1). Kaplan-Meier analysis, meta-
analysis, and univariate Cox analysis indicated that decreases
in FTO mRNA levels suggest poor RFS, based on data from
the bc-GenExMiner 4.0 database, whereas ALKBH5 was not
significantly related to prognosis (Wu et al, 2019). Another
study found that high FTO expression was directly related
to poor OS in ER-negative BC patients and advanced BC
patients (Niu et al., 2019), based on the Genomics Analysis
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TABLE 2 | Correlation between m®A modulators and molecular typing of BC.

Gene (regulated Molecular subtypes References
expression)
METTL3 (up) Normal breast-like and Wu et al., 2019
luminal A/B
METTL14 (up) Normal breast-like and Wu et al., 2019
luminal A/B
WTAP (up) Basal-like Wu et al., 2019
ZC3H13 (down) TN-IBC* Funakoshi et al.,
2019
FTO (up) ER (+)/PR (+) patients; Tan et al., 2015;
Her2+; HR-/HER2+ Chen et al., 2018;
Wu et al., 2019
FTO (down) HER2 (+) Wu et al., 2019
ALKBHS (up) ER (+) or PR (+) patients Wu et al., 2019

TN-IBC, triple-negative inflammatory breast cancer.

and Visualization Platform." FTO gene polymorphisms, such as
r$9939609 and rs1477196, were associated with the risk of BC
(Gholamalizadeh et al., 2020). This association may be affected
by ER/PR status, tumor stage, and body mass index (BMI)
(Gholamalizadeh et al., 2020).

The Role of m®A-Binding Protein in

Breast Cancer

Compared with other m®A modulators, less research on the effect
of m6A—binding protein in BC has been conducted (Tables 1, 2).
Liu et al. (2019) reported that YTHDF1 (p < 0.001), YTHDE2
(p =0.022), HNRNPC (p < 0.001), and HNRNPA2B1 (p < 0.001)
were upregulated, and YTHDC1 (p = 0.013) was downregulated
in BC samples, based on RNA-seq data from TCGA. At the
protein level, immunohistochemical staining from 20 pairs of
BC and adjacent matched normal breast tissue samples showed
that YTHDF1-3, HNRNPC, and HNRNPA2B1 were significantly
overexpressed in neoplastic tissues. No significant difference in
YTHDCI1 was found (Liu et al., 2019). However, HPA (without
YTHDEFI or YTHDEF3 data) analysis showed that HNRNPC and
YTHDCI1 expression was high in BC, whereas YTHDF2 and
HNRNPA2BI1 expression was not significantly different between
normal and BC tissues (Liu et al., 2019). Further investigations
of the prognostic value of m®A-binding protein in BC revealed
that the high expression of YTHDF1 (p = 0.049, 95% confidence
interval: 1-1.91) and YTHDEF3 (p < 0.001, 95% confidence
interval: 1.28-2.49) was related to poor OS, based on clinical data
from TCGA. Furthermore, YTHDF3 overexpression was deemed
to be an independent predictor of poor OS in BC patients, based
on univariate and multivariate analyses (Liu et al., 2019). Studies
of the mechanism of regulation found that YTHDEF?2 participated
in the degradation of BNIP3 by binding to potential m°A sites in
the 3’-UTR in BC (Figure 2). BNIP3 acts as a tumor suppressor,
and YTHDF2 may play an oncogenic role by regulating BNIP3
(Niu et al., 2019).

Furthermore,

METTL14, and

crosstalk
has

significant
ALKBH5

among YTHDEF3,
been reported

Thttps://hgserverl.amc.nl

(Panneerdoss et al., 2018). YTHDEF3 levels significantly increased
in BC cells with METTL14 and ALKBH5 knockdown, detected
by RNA-seq and Western blot. It was further confirmed that
such crosstalk regulated cancer cell growth and progression
in rescue experiments in which YTHDF3 was knocked down
in MRTTL14- and ALKBH5-depleted BC cells. We speculate
that additional crosstalk exists among other m®A molecules,
which requires further study. Overall, m®A modifications are
involved in the development and progression of BC, the relevant
mechanisms of which are summarized in Figure 2.

m8A-TARGETING DRUGS SUPPRESS
THE PROGRESSION OF BREAST
CANCER

The dysregulation of m®A modifications is linked to various
diseases, especially cancer. The development of small-molecule
mOA-targeting drugs is an attractive therapeutic strategy. Some
m®A inhibitors, such as cycloleucine (Wang et al., 2015a) and 3-
deazaadenosine (Chen et al., 2018; Yi et al., 2020), were shown to
nonspecifically reduce m® A levels by dose-dependently inhibiting
SAM activity. During tumor progression, m® A modification acts
as a “dual-edged sword” with the controversial role of some
m®A modulators. The discovery of specific m®A regulators may
contribute to more effective treatment strategies for cancer.

Among the m®A regulators, FTO was the first m®A
demethylase that was discovered in 2011 (Jia et al., 2011), which
has attracted much interest because of its involvement in obesity
and obesity-induced metabolic diseases (Zhao et al., 2014) and
the occurrence, development, and prognosis of many kinds of
cancer, such as melanoma (Yang et al., 2019), acute myeloid
leukemia (AML; Li Z. et al, 2017), glioblastoma (Cui et al,
2017), lung carcinoma (Li et al., 2019a), hepatocellular carcinoma
(Li et al., 2019b), and BC (Niu et al., 2019). FTO has been
well studied, and several inhibitors of FTO have been developed
with regard to their actions against m®A modifications (Deng
et al,, 2018). To date, such FTO inhibitors include entacapone
(which lowers fasting blood glucose levels and reduces body
weight in diet-induced obese mice) (Peng et al., 2019), R-2HG
(which inhibits proliferation/viability and promotes cell cycle
arrest and apoptosis in FTO-high cancer cells) (Su et al,, 2018),
rhein (which suppresses axon elongation in axons) (Yu et al,
2018), meclofenamic acid (MA; which inhibits the proliferation
of BC cells) (Kovala-Demertzi et al., 2009), MA2 (the ethyl ester
form of MA; which arrests the G1/S transition and inhibits
cell proliferation in germ cells) (Huang T. et al., 2019), FB23
and FB23-2 (which suppress proliferation and promote the
differentiation and apoptosis of AML cells in vitro and in vivo)
(Huang Y. et al, 2019), and CS1 and CS2 (which attenuate
the self-renewal ability and reprograming immune response of
leukemia cells) (Huang et al., 2015). These inhibitors have been
shown to have different mechanisms of action, and the effects of
rhein and MA have been explored in BC.

Rhein was the first discovered natural small-molecule
inhibitor of FTO. It competitively binds the catalytic
region of FTO and upregulates cellular m®A levels in vitro
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(Chen et al, 2012). In axons, FTO inhibition by rhein or
FTO knockdown by siRNA downregulated the local translation
of GAP-43 mRNA and resulted in the suppression of axon
elongation (Yu et al, 2018). Before rhein was found to be
an inhibitor of FTO, it was shown to have antitumor effects.
Rhein inhibited MCF-7 and MDA-MB-435 BC cell viability
and growth by suppressing vascular endothelial growth factor
(VEGF)- and endothelial growth factor (EGF)-induced activation
of the PTEN/PI3K/AKT/mTOR and MAPK/ERK pathways in
BC (Fernand et al., 2011). Rhein also had anti-proliferative and
pro-apoptosis ability in MCF-7 cells and HER2-overexpressing
MCF-7 cells (MCF-7/HER?2). The rhein-induced inhibition of cell
growth was associated with caspase-9-mediated apoptosis, and
reactive oxygen species-mediated activation of the NF-kB and
p53 signaling pathways also participated in this process (Chang
etal., 2012). In 2019, one study evaluated rhein’s function in vivo.
Rhein enhanced the apoptotic effect of atezolizumab on 4T1 BC
cells (Shen et al., 2019). Treatment with a combination of rhein
(10 mg/kg) and atezolizumab (10 mg/kg) inhibited 4T1 xenograft
tumor growth and increased serum levels of tumor necrosis
factor o and interleukin-6, the CD8" T-cell ratio, apoptotic
factors (e.g., caspase-3, caspase-8, and caspase-9), and Bax/Bcl-
2 mRNA levels compared with rhein or atezolizumab treatment
alone. However, these experiments did not clarify the role of
m®A modifications in the inhibitory effect of rhein in BC, which
deserves further exploration.

Meclofenamic acid is a nonsteroidal anti-inflammatory drug
that was originally approved by the United States Food and
Drug Administration. It competes for FTO binding sites on
single-stranded DNA (ssDNA) and directly interacts with FTO
protein in HeLa cells to inhibit the catalytic activity of FTO
and improve levels of m®A modifications in RNA (Huang et al.,
2015). Meclofenamic acid inhibited the proliferation of MCEF-
7 BC cells, with low toxicity (Kovala-Demertzi et al., 2009).
However, whether this result can also be achieved by changing
the level of m®A modification remains unknown and requires
further investigation.

Although numerous small-molecule m®A regulators have
been identified, further studies are needed to define their
specificity and adverse effects for the treatment of BC in vitro and
in vivo. Furthermore, multiple combinations of existing medical
approaches with m®A-targeting drugs may be viable options for
the treatment of BC.

CONCLUSION

m®A modifications are one of the most common modifications
of mRNA and, most importantly, dynamically reversible. Several
studies have shown that m®A modifications are closely related
to many human diseases, including cancer. However, the
relationship between m®A modifications and BC has not been
fully elucidated. m®A modifications play a complex role in
expression levels, genotyping, prognosis, cell proliferation, and
metastasis in BC. The controversial findings on the role of some

mC®A modulators in BC may be attributable to the different test
platforms that were employed or inconsistent proteomics and
transcriptomics analyses or selective bias of clinical specimens.
Most studies of m®A modifications in BC have been performed
in vitro. Therefore, more in vivo evidence is required to reveal the
regulatory mechanism of m®A modifications in BC.

Based on the significant role of m®A modifications in
oncogenesis and progression that has been reported, the
development of novel m® A regulators may be the new therapeutic
options for malignant tumors. FTO, which was originally found
to be involved in obesity and fat metabolism, was the first
discovered m°®A demethylase. The antitumor effects of some
agents that target FTO have been reported in BC. However,
little is known about their exact mechanism of action and
side effects. Whether these inhibitors influence other RNA
modifications, such as m'A, m®Am, m°C, and hm°C, is
unknown. More studies are also needed to demonstrate their
effectiveness in vivo. Combination therapies, such as combining
chemotherapy, radiotherapy, and immune checkpoint blockade
with proper m®A inhibitors, may hold promise for the treatment
of BC, particularly those that have failed in routine treatment.
Based on the oncogenic role of FTO in several cancers, inhibitors
that target FTO have attracted scientific interests, but more
information about its role in BC is needed. YTHDEF3, an
independent prognostic factor in BC, may be another target that
merits further investigation.

N®-methyladenosine modifications in the progression of BC
are still being discovered. We expect that substantial progress
will be made in further revealing the role of m®A modifications
in BC. Further advances in technology will likely contribute to
the development of new, promising, and unexpected therapeutic
strategies for the treatment of BC in coming years.
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The appearance of tyrosine kinase inhibitors (TKIs) has been a major breakthrough in
renal cell carcinoma (RCC) therapy. Unfortunately, a portion of patients with TKis resistance
experience disease progression after TKls therapy. Epigenetic alterations play an important
role in the development of TKIs resistance. Current evidence suggests that epigenetic
alterations occur frequently in RCC patients with poor response to TKls therapy, and
modulation of them could enhance the cytotoxic effect of antitumor therapy. In this review,
we summarize the currently known epigenetic alterations relating to TKis resistance in
RCC, focusing on DNA methylation, non-coding RNAs (ncRNAs), histone maodifications,
and their interactions with TKis treatment. In addition, we discuss application of epigenetic
alteration analyses in the clinical setting to predict prognosis of patients with TKls treatment,
and the potential use of epigenetics-based therapies to surmount TKIs resistance.

Keywords: renal cell carcinoma, epigenetics, microRNA, long non-coding RNA, methylation, histone modification,
target therapy, tyrosine kinase inhibitor

INTRODUCTION

Renal cell carcinoma (RCC) is the most common type of renal cancer, causing more than
14,000 deaths yearly (Capitanio et al., 2019). For early stage of RCC, surgical excision is the
recommended treatment. However, there are nearly 15% of patients with distant metastasis
when diagnosed with RCC (Siegel et al., 2019).

Angiogenesis plays an important role in the biology and the pathogenesis of RCC. Loss of
function of von Hippel-Lindau (VHL) tumor suppressor gene is a vital event in renal carcinogenesis
and occurs in about 90% of all clear cell renal cell cancer (ccRCC; Nickerson et al., 2008).
VHL encodes and forms a VHL protein complex, which acts as an essential factor in the
oxygen-sensing pathway through ubiquitin-mediated degradation of hydroxylated hypoxia
inducible factor 1 (HIF-la) and HIF-2a (Maxwell et al., 1999; Kaelin, 2002). Loss of VHL
function leads to the accumulation of HIF-la and HIF-2a, which consequently facilitates
transcription of the hypoxia response genes, such as genes in vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), and transforming growth factor alpha
(TGF-a), eventually, resulting in angiogenesis and progression of tumor (Kourembanas et al.,
1990; de Paulsen et al., 2001). The expression of VEGF and PDGF is significantly upregulated
in RCC as a result of VHL inactivation, which, on the one hand, accelerates growth of tumor,
on the other hand, is also its weakness. Tyrosine kinase inhibitors (TKIs), including sunitinib,
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pazopanib, axitinib, sorafenib, and cabozanitinib are thought
to exert their major therapeutic effects in RCC by antagonism
of VEGF receptor (VEGFR) and PDGF receptor (PDGFR),
leading to a reduction of tumor angiogenesis.

For metastatic RCC (mRCC), sunitinib, pazopanib, and
cabozantinib are approved for first-line treatment, while
axitinib and sorafenib are chosen as second-line treatment.
Sunitinib is the most commonly used TKIs which can delay
tumor progression and improve patient survival. However,
only 20-30% of patients respond to sunitinib treatment
initially, and almost all initial responders develop resistance
in 2 years (Morais, 2014). Subsequent antitumor therapies
are followed by immune-checkpoint inhibitor and mammalian
target of rapamycin (mTOR), such as nivolumab and
everolimus. TKIs resistance poses a great challenge for the
TKIs treatment. Therefore, understanding the distinct
molecular mechanisms underlying TKIs resistance is vital
to find efficient biomarkers to predict the effect of TKIs
and facilitate the development of novel antitumor drugs
which overcome this resistance.

AN OVERVIEW OF EPIGENETIC
MODIFICATION

Epigenetics refers to the study of molecules and mechanisms
that can control chromatin structure and influence gene
expression or the propensity for genes to be transcribed within
organisms in the context of the same DNA sequence. The
ability of cells to retain and transmit their special gene expression
patterns to the progeny cells, referred to as epigenetic memory,
is governed by epigenetic marks, such as DNA methylations,
histone modifications, and non-coding RNAs (ncRNAs;
Thiagalingam, 2020). Epigenetic modification is heritable but
reversible (Cavalli and Heard, 2019). The unique epigenome
defining the genetic code associated with each individual gene
regulates the expression status of that gene. Defects in epigenetic
factors and epigenetic modifications could act as pushers for
various diseases including cancer.

Epigenetic modification is associated with drug resistance
in numerous types of cancer, including RCC (Chekhun et al.,
2007; Knoechel et al., 2014; Adelaiye-Ogala et al., 2017; Leonetti
et al., 2019), which regulates gene expression at the protein
level (histone modification and nucleosome remodeling), DNA
level (DNA methylation), and RNA level (ncRNA). Histones
are the central component of nucleosomal subunit, including
four types of histone proteins [histone 2A (H2A), H2B, H3,
and H4], which are wrapped by a 147-base-pair segment of
DNA (Santos-Rosa and Caldas, 2005; Audia and Campbell,
2016). Histone modifications mainly take place at histone tails,
which are densely populated with basic lysine and arginine
residues (Audia and Campbell, 2016). The acetylation and
methylation of lysine residues are well-known. Acetylation can
alter the charge on the lysine residues and weaken the interaction
of these histones with DNA, making the chromatin structure
more open and accessible (Dawson and Kouzarides, 2012).
This process is regulated by two enzymatic families with

competing activities: promoted by histone lysine acetyltransferases
(HATs) and inhibited by the histone deacetylases (HDACs; Li
et al,, 2019). Methylation of lysine residues in histone tails
contains three forms: monomethylation (mel), demethylation
(me2), and trimethylation (me3), making activation or repression
of transcription (Kouzarides, 2007). This process is also
competitively regulated by histone lysine methyltransferases
(KMTs) and histone lysine demethylases (KDMs). Generally,
acetylation of lysine 14 of H3 (H3K14), monmethylation of
H3K4, H3K9, and H3K79, and phosphorylation of serine 10
(H3S10) are all linked with transcriptional activity (Cheung
et al., 2000; Lo et al, 2000; Barski et al, 2007), while
trimethylation of H3K9, H3K79, and H3K27 marks
transcriptional repression (Boyer et al., 2006; Barski et al., 2007).

At the DNA level, the methylation of the 5-carbon on
cytosine CpG dinucleotides is considered as an important
epigenetic marker. Catalyzed by DNA methyltransferases
(DNMTs), 5-carbon of the cytosine ring on promoter CpG
islands gets a methyl from S-adenosylmethionine, converting
to 5-methycytosine (5mc). 5mc attracts HDACs and methy-
CpG-binding domain proteins (MBDs) to the site, resulting
in removal of acetyl groups from histone proteins, compact
conformation of nucleosome, and downregulation of gene
transcription (Robert et al., 2003; Feinberg and Tycko, 2004;
Wang et al., 2009). This process can be reversed by ten-eleven
translocation (TET) proteins, which oxidize 5mc into
5-hydroxymethylcytosine (5hmc) and subsequently into
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) in an
Fe(II)- and 2-oxoglutarate-dependent dioxygenases manner
(Wu and Zhang, 2014; Rasmussen and Helin, 2016).

Non-coding RNAs regulate gene expression at RNA level,
including mircoRNAs (miRNAs), small nucleolar RNAs
(snoRNAs), piwiRNAs (piRNAs), and long ncRNA (IncRNA;
Ma et al, 2013). In general, composed by about 19-25
nucleotides, miRNAs can lead to posttranscriptional gene
silencing and translation stopping through binding to the
3'-untranslated region (3'-UTR) of the targeted messenger
RNAs (mRNAs) and leading to its degradation or destabilization
(Brennecke et al., 2005). IncRNAs are collectively defined as
longer than 200 nucleotides in length, which modulate local
or global gene expression in a neighboring (cis) or distal
(trans) manner (Kopp and Mendell, 2018). For example, one
classic cis-acting IncRNA is the X-inactive specific transcript
(Xist) resulting in the X chromosome inaction (XCI) in
mammals by recruiting various protein complexes to specific
position (Lee and Bartolomei, 2013). Notably, IncRNAs can
function as competing endogenous RNAs (ceRNAs) to compete
with miRNAs by binding to their protein-coding transcripts,
thereby antagonizing the repressive effects of miRNAs on
mRNAs (Salmena et al., 2011; Du et al., 2016).

In this review, we summarize the currently known epigenetic
alterations relating to TKIs resistance in RCC, focusing on
DNA methylation, ncRNAs, histone modifications, and their
interactions with TKIs treatment. In addition, we discuss the
application of epigenetic alteration analyses in the clinical setting
to predict prognosis of patients with TKIs treatment and develop
new agents.
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Mechanisms of Primary and Acquired
Resistance to TKis Treatment

There is no specific definition of TKIs resistance in RCC.
Response to drug therapy is normally defined by the Response
Evaluation Criteria In Solid Tumors (RECIST) criteria as evidence
of tumor progression regardless of persistent treatment.
Unfortunately, the current clinical studies depended on their
own criteria to divide patients into responders and
non-responders, which made their outcomes difficult to compare.
Resistance to antiangiogenic therapy can be classified into
intrinsic (primary) and acquired (secondary) resistance (Mollica
et al., 2019). Intrinsic resistance is defined as an initial inefficacy
of therapeutic agents, which may be attributed to the presence
of resistant tumor clones prior to therapy due to inherited
resistance or evolutionary clonal selection. Acquired resistance
is classified as the progression of tumor after initial tumor
regression during the therapy, which is often driven by the
development of other pathways stimulating angiogenesis, such
as AXL, MET, and PDGF/PDGFR, and thus the escape of
cancer cells from VEGF/VEGFR blockade (Crawford et al.,
2009; Zhou et al., 2016). While the explicit mechanisms of
TKIs resistance are still being explored, several potential factors
have been reported to be associated with TKIs resistance in
RCC: lysosomal sequestration, mutations and modification of
expression level, downstream signaling pathway activation,
bypass or alternative pathway activation, ATP-binding cassette
(ABC) efflux transporters, tumor microenvironment, epithelial-
mesenchymal transition (EMT), and epigenetic modification
(Housman et al., 2014; Makhov et al., 2018). Epigenetic regulation
of the TKIs resistance is always linked to activation of downstream
signaling pathways, promotion of EMT, and stimulation of
alternative pathways.

Modulation of Downstream Signaling Pathways

Tyrosine kinase inhibitors exert their major antiangiogenic and
antitumor effect in RCC by suppressing tyrosine kinase receptors
on VEGFR and PDGFR and inhibiting their downstream
signaling pathways. Therefore, RCC cells escape TKIs blockade
through an important mechanism of activation of parallel
downstream signaling pathways, among which PI3K/AKT and
RAS/RAF/ERK are pivotal transduction cascades responsible
for cell survival, proliferation, and invasion (Fresno Vara et al.,
2004; Guo et al.,, 2015; Huang and Fu, 2015). The PI3K/AKT
pathway is frequently activated in cancer and leads to the
development and progression of numerous tumor types, including
RCC (Samuels et al., 2004; Lawrence et al, 2014). PI3K, a
family of lipid kinases, is normally activated by extracellular
signals, such as growth factors, cytokines in physiologic
conditions. Activated PI3K phosphorylates phosphatidylinositol
4,5-bisphosphate [Ptdlns(4,5)P2], propagating activation signals
to downstream molecules (Hennessy et al., 2005). Phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) can
turn off this pathway by inhibiting the phosphorylation of
Ptdlns(4,5)P2 (Gewinner et al., 2009). AKT is the key mediator
to respond to the PI3K signaling. The phosphorylated active
AKT translocates from the cell membrane to other cell

compartments to phosphorylate multiple downstream substrates,
resulting in cell survival, growth, tumorigenesis, metastasis,
and sunitinib resistance (Andjelkovi¢ et al., 1997; Sakai et al.,
2013; Fang et al, 2019). Activated by pAKT, mTOR complex
1 can lead to protein translation and lipid or nucleotide synthesis
via phosphorylating numerous substrates, such as p70 ribosomal
S6 kinase (p70S6K) and Eif4e-binding proteins (Manning and
Cantley, 2003; Fruman and Rommel, 2014), eventually leading
to the translation and accumulation of HIF-la and HIF-2a.
Acting as an inhibitory protein of the pathway, PTEN contributes
to the downregulation of AKT activity, and loss of PTEN
leads to sunitinib resistance due to lack of inhibitory input
(Makhov et al., 2012). Sekino et al. (2019) identified miR-130
upregulation was associated with sunitinib resistance through
suppression of PTEN.

Focal adhesion kinase (FAK) signaling plays an important
role in activation of PI3K/AKT pathway by interacting with
PI3K (Zhao and Guan, 2009; Poettler et al., 2013; Hung et al.,
2017). Activation of FAK signaling contributes to the sorafenib
and sunitinib resistance in a variety type of cancer, including
RCC (Bai et al, 2012; Zhang et al,, 2016; Zhou et al., 2017).
The chromatin modifier enhancer of zeste homolog 2 (EZH2),
a polycomb group protein homolog of Drosophila enhancer
of zeste, is a histone methytransferase unit of polycomb repressive
(PRC2), which can catalyze the trimethylation of H3K27, change
chromatin configuration, and promote transcriptional silencing
(Margueron and Reinberg, 2011; Di Croce and Helin, 2013).
Adelaiye-Ogala et al. (2017) reported that increased EZH2 was
associated with sunitinib resistance through redistribution in
RCC cells, decreasingly binding to the PTK2 gene, which
encodes the FAK, and increasingly binding to DAB2IP and
PTPN2, which act as tumor suppressors to inhibit RAS/RAF/
ERK and P13K/AKT signaling pathways.

Ras/Raf/ERK  signaling pathway is other important
transduction cascade transmitting EGFR signaling, responsible
for cancer development, maintenance, progression and thus,
poorer prognosis and TKIs resistance (Bridgeman et al., 2016;
Mandal et al, 2016). The methylation of glutaminyl peptide
cyclotransferase (QPCT) gene had been reported to associate
with sunitinib resistance through Ras/Raf/ERK signaling pathway
(Zhao et al., 2019). The QPCT gene encodes glutaminyl cyclase
(QC), an enzyme that is involved in the posttranslational
modification by converting the N-terminal glutaminyl and
glutamyl into pyroglutamate through cyclization, making the
protein more resistant to protease degradation, more hydrophobic,
and more prone to aggregation and neurotoxicity (Khan et al,,
2016; Vijayan and Zhang, 2019). Hypomethylated QPCT gene
increased the expression of QC, the process promoted by the
NE-«B signaling (p65; Kehlen et al., 2013), leading to upregulation
of HRAS and activation of the Ras/Raf/ERK signaling pathway
(Herrero et al., 2016; Michael et al., 2016; Zhao et al., 2019).
Zhai et al. (2017) had observed that IncRNA-SARCC could
regulate androgen receptor (AR) to increase miR-143-3p
expression and inhibit its downstream signals, including AKT,
MMP-13, K-RAS, and P-ERK. The expression of IncRNA-SARCC
was upregulated in RCC cells treated with sunitinib, which
was associated with decreased resistance to sunitinib.
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Modulation of Epithelial-to-Mesenchymal
Transition

Epithelial-to-mesenchymal transition is a biologic process that
epithelial cells lose their cell-cell basement membrane contacts
and their structural polarity to become spindle-shaped and
morphologically similar to mesenchymal cell (He and Magi-
Galluzzi, 2014). While potential mechanisms are not fully
explicit, numerous studies indicate that EMT constitutes a
relevant resistance mechanism to TKI treatment (Fang et al,
2019; Hwang et al., 2019; Zhu et al,, 2019), and relates to the
development of metastases in cancer (Bastid, 2012). Signal
transduction affects EMT through the TGF-beta 1 (TGF-p1)
in different mechanisms (Wendt et al., 2009; Feldkoren et al.,
2017; Fardi et al., 2019). Schematically, TGF-B1 activates zinc
finger E-box binding 1 (ZEB1) and ZEB2, which are responsible
for a key transcriptional repressor of the cadherin 1 gene
(CDH1). CDHI1 encodes the cell-adhesion glycoprotein
E-cadherin whose downregulation is a pivotal hallmark of EMT
(Loh et al,, 2019). As an activator of EMT, the expression of
ZEB2 is regulated by miR-141 (Berkers et al., 2013). In detail,
miR-141 downregulation induces EMT and hypoxia resistance
through the upregulation of ZEB2 and suppression of E-cadherin,
resulting in an unfavorable response to sunitinib resistance
and poor prognosis (Berkers et al., 2013; Fang et al., 2013).

The overexpression of EZH?2 is beneficial to EMT by repression
of E-cadherin (Crea et al, 2012; Liu et al, 2016). Adelaiye-
Ogala et al. (2017) reported that EZH2 expression was linked
to sunitinib resistance in RCC through an adaptive kinome
reprograming, such as increased global tyrosine and serine
phosphorylation as well as increased phosphorylated FAK.
SOX5, one of SOX family involving in the regulation of tumor
progression, is thought to contribute to EMT in different types
of cancer (Grimm et al, 2019). Liu et al. (2019) reported
IncRNA-GAS5 was responsible to sorafenib resistance by
functioning as ceRNA to repress miR-21, which controlled its
downstream target SOX5.

The Wnt/p-catenin pathway acts as one of the signaling
pathways controlling EMT through directly or indirectly targeting
several key transcription factors regulating E-cadherin expression
and/or the fate of other epithelial molecules (Valenta et al.,
2012). SET and MYND domain-containing protein 2 (SMYD2),
which acts as one of the SMYD-methyltransferase protein family
and specifically methylates H3K4 through its SET domain
(Abu-Farha et al., 2008), is deemed to regulate the expression
of miR-125b (Yan et al, 2019). miR-125b bind directly to the
3'-UTR of DKK3, a key regulatory factor in the Wnt/p-catenin
pathway which acts as a tumor suppressor in RCC (Lu et al,,
2017). Thus, the activation of SMYD2/miRNA-EMT pathway
weakens the effect sunitinib treatment and accelerates the tumor
growth (Yan et al, 2019).

Activation of Bypass Pathways

Extra activation of bypass pathways driving angiogenesis is also
one of the most important processes driving TKIs resistance.
The activation of MET and AXL confers to the stimulation of
their downstream signal cascades, including PI3K and RAS signaling

pathway, resulting in sunitinib resistance (Huang and Fu, 2015;
Zhou et al, 2016). IncRNA Activated in RCC with Sunitinib
Resistance (IncARSR) functions as a sponge and competes for
binding of miR-34 and miR-449 to their transcripts, leading to
the upregulation of AXL/MET and the activation of STAT3, AKT,
and ERK signaling (Qu et al, 2016). miR-32-5p can increase
the efficacy of sunitinib by suppressing the testicular nuclear
receptor 4 (TR4), which plays an important role in activation
of HGF/MET signaling pathway (Wang et al., 2018).

Inactivation of VHL leads to increased HIF-1a and HIF-2a.
In renal carcinogenesis, HIF-law functions more as a tumor
suppressor than a tumor promoter, whereas HIF-2« is deemed
to predominantly promote tumor growth and angiogenesis
(Raval et al., 2005). Specifically, HIF-1a inhibits interaction of
MYC with its DNA-binding partners by displacing the SP1
transcription factor from MYC, while HIF-2a could enhance
MYC activity by forming a complex with MAX, and thus
stabilizing the MYC-MAX and MYC-MAX-SP1 complexes
(Keith et al., 2011). HIF-2a/C-MYC axis relates to progression
and TKIs resistance in RCC (Zhai et al., 2016; Maroto et al,,
2017). Beuselinck et al. (2015) segregated specific groups of
patients with ccRCC, who presented sunitinib resistance into
four molecular tumor subtypes based on their mRNA expression
data: ccrecl (c-myc-up), ccrec2 (classical), ccree3 (normal-like),
and ccrec4 (c-myc-up and immune-up). ccrecl/ccrec4 subtypes
posed a hypomethylation of MYC gene and a global
hypermethylation level, with overexpression of MYC and down-
expression of corresponding genes, such as PRC2 and SUZI2.
Obviously, those two subgroups of patients experienced poor
response to sunitinib treatment and shorter progression-free
survival (PES). Verbiest et al. (2018) reported the similar
outcome in their study, which proved the resistance to pazopanib
in ccrecl/cerec4 subtypes.

In addition, IncRNA-SRLR overexpression is linked to
sorafenib resistance through promotion of IL-6 transcription
and activation of STAT3 (Xu et al., 2017). miR-942 is associated
with sunitinib resistance by promoting the secretion of MMP9
and VEGF (Prior et al, 2014). miR-99a-3p, which targets
ribonucleotide reductase regulatory subunit-M2 (RRM2), is
downregulated in sunitinib-resistance RCC (Osako et al., 2019).
Overexpression of breast cancer resistance protein BCRP/ABCG2,
which is posttranscriptionally suppressed by miR-212-3p and
miR-132-3p, is associated with superior response to sunitinib
treatment in RCC patients (Reustle et al., 2018).

Some of the previously described epigenetic alterations
associated with TKIs resistance are represented in Figure 1.

CLINICAL IMPLICATIONS OF
EPIGENETICS ANALYSIS IN RCC

Tyrosine kinase inhibitors treatment has been established as
first-line therapy for mRCC for a decade with 70-80% of
disease control rate. However, approximately 20-30% of patients
does not respond to TKIs treatment and experience disease
progression within <3 months (Porta et al., 2012). Epigenetic
alteration can act as a biomarker, which predicts the response
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FIGURE 1 | Mechanisms of tyrosine kinase inhibitor (TKI) resistance mediated by epigenetic alterations in renal cell carcinoma (RCC): vascular endothelial growth
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factor (VEGF) and platelet-derived growth factor (PDGF) bind to a tyrosine kinase receptor and activate the downstream focal adhesion kinase (FAK), PI3K, and RAS
pathways. Activated FAK, PI3K, and RAS phosphorylate their downstream signaling cascade, eventually leading to the translation and accumulation of hydroxylated
hypoxia inducible factor 1 (HIF-1a) and HIF-2a. In RCC, TKIs exert their influence on antiangiogenesis through inhibition of tyrosine kinase receptor. Epithelial-
mesenchymal transition (EMT), activation of downstream signaling pathways and bypass pathways mediated by epigenetic alterations are responsible for the TKls

resistance. Long non-coding RNA (IncRNA)-SARCC increases miR-143-3p expression, thus inhibiting its downstream signals, including AKT, RAS, and ERK.
miR-130 enhances HIF signaling by inhibition of PTEN. Hypermethylated QPCT reduces its protein level, leading to inhibition of RAS. EMT, a key transformation in
TKis resistance, is promoted by SOX5, zinc finger E-box binding 2 (ZEB2), and p-Catenin while inhibited by E-cadherin. INcRNA-GASS5 promotes EMT by competing
with miR-21 which suppresses the expression of SOX5. miR-141 suppresses the expression of ZEB2 to inhibit its promotion of EMT. SET and MYND
domain-containing protein 2 (SMYD2) leads to EMT by promoting the expression of miR-125b, which inhibits DDK3 and activates Wnt/p-catenin signaling pathway.
The chromatin modifier enhancer of zeste homolog 2 (EZH2) can not only inhibit E-cadherin but also activate FAK signaling pathway to exert its influence on TKls
resistance. Except for VEGF receptor (VEGFR) and PDGF receptor (PDGFR), activation of MET, AXL, and IL-6 pathways can also lead to phosphorylation of
downstream transduction cascades, such as PI3K, STAT3, and RAS. IncRNA Activated in RCC with Sunitinib Resistance (INcARSR) inhibits miR-34 and miR-449,
and thus activates MET/AXL pathway. miR-32-5p inhibits MET pathway while INcRNA-SRLR activates interleukin-6 (IL-6)R pathway. RCC, renal cell carcinoma;
VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; TKI, tyrosine kinase inhibitor; QPCT, the methylation of glutaminyl peptide
cyclotransferase; AR, androgen receptor; EMT, epithelial-to-mesenchymal transition; EZH2, the chromatin modifier enhancer of zeste homolog 2; ZEB2, zinc finger
E-box binding 2; SMYD2, SET and MYND domain-containing protein 2; GAS6, growth-arrest-specific protein 6; HGF, hepatocyte growth factor; IL-6, interleukin-6.

of patient to antiangiogenic therapy, thus reducing unnecessary
toxicities and costs and maximizing clinical benefit. Clinical
investigations of a number of epigenetic alterations on FFPE/
plasma samples and their correlation with response to TKIs
therapies are listed in Table 1.

On the histone modification level, tissue low EZH2 expression
was associated with increased overall survival (OS) in RCC
treated with sunitinib (p = 0.005; Adelaiye-Ogala et al., 2017).
On the DNA methylation level, tissue hypomethylation level

in the CpG sites of QPCT promoter region showed a poor
response to sunitinib therapy (p < 0.05; Zhao et al., 2019).
Hypermethylation of cystatin 6 (CST6), ladinin 1 (LADI) and
neurofilament heavy (NEFH) were all linked to shortened PFS
(p = 0.009, p = 0.011, and p < 0.001, respectively) and OS
(p = 0.011, p = 0.043, and p = 0.028, respectively) for
antiangiogenic therapy, including sunitinib, sorafenib, axitinib,
and bevacizumab, among which methylation of CST6 could
predicted first-line therapy between response (0) and therapy
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TABLE 1 | Epigenetic biomarkers in RCC patients treated with TKis.

Classification Epigenetic Study population Sample source TKis treatment Deregulation in Reference
alteration TKI resistance
Histone EZH2 16 tissue sunitinib 1 Adelaiye et al., 2015
DNA methylation QPCT 10 tissue sunitinib | Zhao et al., 2019
SYNPO2 63 tissue Sunitinib, sorafenib, 1 Pompas-Veganzones et al., 2016
pazopanib
NEFH 18 tissue Sunitinib, sorafenib, 1 Dubrowinskaja et al., 2014
axitinib, bevacizumab
CST8, LAD1 18 tissue Sunitinib, sorafenib, 1 Peters et al., 2014
axitinib, bevacizumab
mMiRNA miR-376b-3p 47 tissue sunitinib | Kovacova et al., 2019
miR-9-5p 60 tissue Sunitinib, pazopanib, 1 Ralla et al., 2018
sorafenib
miR-489-3p 60 tissue Sunitinib, pazopanib, | Ralla et al., 2018
sorafenib
miR-628-5p 123 tissue sunitinib l Puente et al., 2017
miR-27b 123 tissue sunitinib 1 Puente et al., 2017
miR-99b-5p 40 tissue Sunitinib, sorafenib, | Lukamowicz-Rajska et al., 2016
pazopanib
miR-101 94 tissue sunitinib 1 Goto et al., 2016
miR-155, miR-484 79 tissue sunitinib T Merhautova et al., 2015
miR-942 20 tissue sunitinib 1 Prior et al., 2014
miR-141, miR-144, 20 tissue sunitinib l Berkers et al., 2013
miR-376b
miR-520 g, miR-155, 20 tissue sunitinib 1 Berkers et al., 2013
miR-526b,
miR-424, 38 Plasma sunitinib 1 Gamez-Pozo et al., 2012
IncRNA INcRNA-GAS5 15 tissue sorafenib 1 Liu et al., 2019
INcRNA-SRLR 96 tissue sorafenib 1 Xuetal., 2017
INcARSR 84 Plasma, tissue sunitinib 1 Quetal., 2016

failure (1) with an AUC of 0.88 and a sensitivity and specificity
of 82 and 86%, respectively (Dubrowinskaja et al., 2014; Peters
et al, 2014). Methylation level of VHL was found to
be significantly upregulated after sunitinib therapy (p < 0.001;
Stewart et al.,, 2016), while there was no correlation between
VHL methylation and response to pazopanib (Choueiri et al.,
2013). Beuselinck et al. (2015) reported the patients with tissue
MYC overexpression and global CpG hypermethylation received
a shorter PFS and OS after sunitinib treatment (p = 0.001
and p = 0.0003, respectively). In contrast, tissue unmethylation
SYNPO2, the gene that encoded myopodin, discriminated
progressing patients after TKIs treatment (sunitinib, sorafenib,
and pazopanib) from those free of disease, and remained as
an independent predictive factor for progression, disease-specific
survival, and OS (p = 0.009, p = 0.006, and p = 0.01, respectively;
Pompas-Veganzones et al., 2016).

On the ncRNA level, both miRNA and IncRNA showed
their influences on the response to TKIs treatment. In their
original study, Berkers et al. (2013) described the upregulation
of miR-520 g, miR-155, and miR-526b and downregulation
of miR-141, miR-376b in tissue were linked to the poor
responders to sunitinib (p = 0.036, p = 0.04, p = 0.0067,
p = 0.0098, and p = 0.032, respectively). In an observational
prospective study, blood samples from 38 patients and 287
miRNAs were taken and evaluated before initiation of therapy
and 14 days later in patients receiving sunitinib treatment
for advanced RCC. Twenty eight miRNAs of the 287 were
found to be significant differences of expressions between

the poor response and response groups, among which,
downexpression of miR-424 was linked with prolonged response
(p = 0.016; Gamez-Pozo et al., 2012). Other researchers (Prior
et al., 2014) explored a putative role of miRNAs in influencing
sunitinib resistance to RCC in tissue, identifying that tissue
overexpressed miR-942 was associated with sunitinib resistance,
reduced time to progression (TTP) and OS (p = 0.0074,
p = 0.003, and p = 0.0009, respectively), and predicted
sunitinib efficacy with an AUC of 0.798 and a sensitivity
and specificity of 92 and 50%, respectively. Lukamowicz-Rajska
et al. (2016) reported that tissue decreased miR-99b-5p was
associated with TKIs non-responders (sunitinib, sorafenib,
and pazopanib) with a shorter PFS (<3 months, p < 0.0001).
Similarly, Puente et al. (2017) identified that the expression
of miR-23b, miR-27b, and miR-628-5p in tumor tissue was
upregulated in long-term responders to sunitinib (p < 0.01,
each), among which high level of miR-27b and miR-628-5p
were associated with increased disease specific survival
(p = 0.012 and p = 0.017, respectively). Nineteen miRNAs
were explored to have different expressions in tissue, and
lower level of miR-155 and miR-484 were associated with
increased TTP in patients on sunitinib treatment (p < 0.01
and p < 0.05, respectively; Merhautova et al., 2015). Among
40 miRNAs of 232 found to be downregulated in sunitinib-
treated RCC specimens compared with those in normal kidney
tissues, miR-101 showed the most dramatic downregulation
(p = 0.0013; Goto et al., 2016). Increased miR-9-5p and
decreased miR-489-3p were found in non-responder patients
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of TKIs treatment, including sunitinib, sorafenib, and pazopanib
compared to that in responder patients, and the AUC of
miR-9-5p combined with clinicopathological variables to
predict response(0)/non-response(l) to sunitinib treatment
is 0.89 (Ralla et al., 2018). miR-212-3p and miR-132-30
were linked to shorter PES of sunitinib therapy through
interaction with BCRP/ABCG2 expression (Reustle et al.,
2018). In a more recent study, high-throughput miRNA
microarray performed on FFPE tumor specimens from 47
patients treated with sunitinib, 158 miRNAs were identified
to have different expressions in patient with good and poor
response (p < 0.05). Moreover, miR-376b was significantly
upregulated in patients with a long-term response to sunitinib
and could identify patients with long-term response with
a sensitivity of 83% and specificity of 67% (p = 0.0002,
AUC = 0.758; Kovacova et al., 2019).

Regarding IncRNAs, relevant studies had disclosed their
influences on TKIs therapy and prognosis. IncARSR was
exposed in plasma and tissue separately by Qu et al. (2016),
and was deemed to act as a sponge to compete with miR-34
and miR-449. High level of IncARSR in pre-surgery plasma
was an independent prognostic factor for patients with
sunitinib treatment, and was correlated with decreased PFS
(p = 0.02 and p = 0.014, respectively). Intriguingly, low
level of IncARSR in tissue exhibited a superior PFS after
receiving sunitinib therapy (p = 0.028). A microarray analysis
conducted by Xu et al. (2017) revealed the similar outcome
in IncRNA-SRLR. Briefly, high tissue IncRNA-SRLR was
associated with poor response to sorafenib, and patients
with low IncRNA-SRLR expression had a more significant
improvement in PES after receiving sorafenib treatment
(p = 0.0198 and p = 0.0086, respectively). IncRNA-GAS5
was also found to be downregulated in RCC patients with
sorafenib resistance (p < 0.01; Liu et al., 2019).

Overall, these studies demonstrate that epigenetic alterations
could be promising predictive biomarkers for TKIs response,
as they function as important roles involved in mediating
resistance through regulating important mechanisms. However,
most of these studies are involved in a small number of
patients, which limits their reliability. Moreover, there is no

last, so each study divides patients into good responders and
poor responders based on its own standard. The different
criteria limit the application of those epigenetic biomarkers
in clinical setting.

EPIGENETIC ALTERATIONS AS
THERAPEUTIC TARGETS

Besides the predictive value, epigenetic alterations have potential
to become targets themselves for drug development, in order
to overcome the TKIs resistance in RCC. Preclinical studies
on RCC cell lines demonstrate that reversions of epigenetic
alterations are effective strategies to re-sensitize resistant clones
to TKIs treatment, including demethylation, restoration of miRNA
function, and inhibition of HDAC. Therefore, implementing
epigenetics-based therapeutic strategies in patients is the next
step, and relevant clinical trials are under way. Generally, there
are two classes of epigenetics-based drugs in clinical trials:
broad reprogrammers, which have a broad effect, and targeted
therapies, which focus on specific miRNA expression or histone
modifications (Jones et al., 2016). The formers are represented
by the DNMT inhibitors (DNMTi) and the HDAC inhibitors
(HDACI), and the latters are represented by EZH2 inhibitors
(Jones et al.,, 2016; Joosten et al., 2018). The outcomes of
current clinical trials concerning combination of epigenetics-
based therapy with TKIs are listed in Table 2. So far, HDACi
and EZH?2 inhibitors are the most promising agents to reverse
the TKI resistance with a vast of clinical studies completed
or ongoing. Combination of HDACi and antiangiogenic agents
is the most common trial to reverse the acquired resistance
and re-sensitize tumors to antiangiogenic therapy. A phase
I study evaluated the safety, tolerability, and preliminary efficacy
of HDACi vorinostat plus sorafenib in patients with RCC and
non-small cell lung cancer (NSCLC) and showed poor tolerance
and no confirmed responses (Dasari et al.,, 2013). Other study
focused on the combination vorinostat with pazopanib in
advanced solid tumors including RCC, and identified that the
treatment achieved stable disease for at least 6 months or
partial response (PR; SD > 6 months/PR) in 19% of all patients

accepted criterion on how long a PES of good response should  (#n = 78), median PFS of 2.2 months, and median OS of

TABLE 2 | Epigenetic drugs plus TKls in treatment of RCC.

Drug Combination agent  Tumor type Trial phase Result Reference

Vorinostat Sorafenib RCC, NSCLC | Poorly tolerated, 1 unconfirmed PR and five of eight Dasari et al., 2013
patients had durable minor responses (11-26%) in
RCC subset

Vorinostat Pazopanib Solid tumors including Stable disease at least 6 months or PR Fuetal., 2015

RCC (SD > 6 months/PR), median PFS of 3.5 months and

median OS of 12.7 months

Vorinostat Bevacizumab ccRCC /1 6 OR (18%), including 1 CR and 5 PR. 5.7 months of ~ Pili et al., 2017
median PFS and 13.9 months of OS

Abexinostat Pazopanib Solid tumor including | 27% of objective response rate, average 10.5 months  Aggarwal et al., 2017

RCC

of response duration in RCC subset

RCC, renal cell carcinoma; NSCLC, non-small cell lung cancer; ccRCC, clear cell renal cell carcinoma; PR, partial response; CR, complete response; OS, overall survival;

PFS, progression-free survival; SD, stable disease.
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8.9 months (Fu et al,, 2015). Furthermore, patients with detected
hotspot TP53 mutations had a superior rate of SD > 6 months/
PR, median PFS, and OS compared with those with undetected
hotspot TP53 mutations (45 vs. 16%, 3.5 vs. 2.0 months, and
12.7 vs. 7.4 months, respectively). In a phase I study, combination
HDACIi abexinostat with pazopanib in patient of RCC with
tumor progression after received an average 2.5 lines of prior
therapy and 1.6 lines of prior VEGF-targeting treatment received
27% of objective response rate and average 10.5 months of
response duration (Aggarwal et al., 2017). Three patients with
prior refractory disease to pazopanib monotherapy received
durable minor or PR > 12 months treated with pazopanib
plus abexinostat. Other clinical trial explored the effect of
combination of HDACi with monoclonal antibody bevacizumab
in advanced RCC. In a multicenter, single-arm phase I/II
clinical trial, 33 patients with metastatic or unresectable ccRCC
achieved 5.7 months of median PFS and 13.9 months of median
OS, among which six patients achieved OR, including 1 CR
and 5 PR (Pili et al., 2017). Regarding DNMTi, decitabine
was the only agent tested by phase I trial and combination
it with high-dose IL-2 achieved stable disease in three patients
(Gollob et al., 2006). As the pharmacological defects of this
DNMT], such as short half-life and sensitivity to inactivation
by cytidine deaminase, limit their clinical application, the
second-generation DNMTi guadecitabine has been developed,
which has shown promise in early preclinical models and
clinical trial in patients with acute myeloid leukemia and
myelodysplastic syndromes (Joosten et al., 2018).

The H3K27 histone N-methyltransferase EZH2 is a pusher
of EMT leading to TKIs resistance, and its inhibitors may
contribute to re-sensitize tumor to antiangiogenic treatment,
which has been proven in preclinical test in RCC lines
(Wagener et al, 2008; Adelaiye et al, 2015). The result of
phase I trial that 64 patients including 21 with B-cell non-Hodgkin
lymphoma and 43 with advanced solid tumors received EZH2
inhibitor tazemetostat showed the agent had a favorable safety
profile and antitumor activity (Italiano et al., 2018).

Moreover, miRNAs also have the potential to become a
target to reverse the TKIs resistance in RCC. Preclinical studies
on RCC lines clearly demonstrated that both restoration of
the tumor-suppressor miRNA function (by miRNA mimics)
and inhibition of the oncogenic miRNAs (by antagomiRs)
could re-sensitize resistance clones to TKIs. However,
implementing miRNA-based therapies in clinic constitutes a
significant challenge for clinicians and has not yet been realized.
The main concerns fasten on the relative instability of miRNAs
in body fluids and specific delivery of these miRNAs to tumor
sites (Christopher et al., 2016; Leonetti et al., 2019). Recently,
exosomes have been identified to function as carriers of
miRNAs to deliver them from cell to extracellular milieu,
which may become the sally port for miRNA-based therapy
(Mathiyalagan and Sahoo, 2017; Rahbarghazi et al., 2019).

In addition, as epigenetic memory defines the ability of
cells to retain and transmit their special gene expression status
to the daughter cells, one differentiated somatic cell could
become pluripotent and subsequently be reprogrammed into
a different somatic cell through loss of its epigenetic memories

responsible for its differentiated state. This process could serve
as the basis for stem cell therapeutics by replacing one’s affected
cells with his/her own cells, which may become the potential
target of new agents (Thiagalingam, 2020).

Although agents targeting the epigenome could be a
promising therapy strategy for TKIs resistance in mRCC
because of the widespread epigenetic deregulation in this
tumor type, there are several problems of those agents limiting
their clinical application. For example, clinical activity of a
drug is not only related to the original rationale but also
attribute to the off-target effects. Studies about patients treated
with epigenetic agents such as DNMTi revealed acute genome-
wide demethylation (Yang et al., 2006), which may not only
restore abnormally silenced expression but also activate normally
silenced expression, leading to adverse off-targets effects. The
individual responses of epigenetic agents are variable in
different tumor types. So far, hypomethylating drugs are
generally more effective in myeloid malignancy than in RCC.
Furthermore, the majority of patients have been treated with
DNMTi or HDAC: for a shortened period of time, the long-
term effects of those agents are not explicit for us. In addition,
combination treatment might bring more severe and dose-
limiting toxicities than monotherapy. As a result, additional
trials are urged to future elaborate the interaction of those
agents with mechanism of TKIs resistance and to assess their
use in RCC patients.

CONCLUSION

Although the advent of TKIs therapy indeed provides concrete
hope for patients with advenced RCC, a part of patients
with intrinsic or acquired resistance to TKIs benefit a little
from the therapy and experience tumor progression after
treatment. Epigenetic alterations are involved in the mechanisms
underlying this event and could act as excellent biomakers
to predict the response of patients to TKIs treatment. However,
no epigenetic biomarker is currently applied in clinical setting
regardless of numerous epigenetic biomarkers reported. Low
efficiency and high cost of them may be the cause of this
event. Therefore, for the purpose of translation them into
clinical practice, more high-quality epigenetic biomarker studies
are needed. In view, the criteria of TKIs resistance are
ambiguous, uniform defination of TKIs resistance is urgent
affair. Assay, statistical methods, and study designs also need
be standardized to optimize their practice. In addition,
epigenetics-based therapies are in full swing, which hold great
promise and may optimize the management of patients with
advanced RCC.
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Background: MicroRNAs (miRNAs) and long non-coding RNAs (IncRNAs) play vital
regulatory roles in pancreatic cancer (PC) initiation and progression. We aimed to explore
the biological functions and underlying mechanisms of miR-505-3p (miR-505) in PC.

Methods: We first screened miRNA expression profiles using microarray in PC tissues
and normal tissues, and then studied the function and underlying mechanism of miR-505.
Moreover, we evaluated the regulatory effect of INcRNA LINC01448 on miR-505.

Results: We demonstrated miR-505 that was significantly downregulated in PC tissues.
We further revealed that miR-505 significantly inhibited cell proliferation, invasion, sphere
formation, glucose consumption, and lactate production by targeting HK2. In addition,
overexpression of miR-505 led to tumor growth inhibition in vivo, demonstrating that it
acts as a tumor suppressor in PC. LINC01448 was identified as an oncogenic INcRNA
that could reduce miR-505 expression. Subsequent studies confirmed that LINC01448
enhanced cell proliferation, invasion, sphere formation, glucose consumption, and lactate
production by regulating the miR-505/HK2 pathway.

Conclusions: These findings demonstrated that miR-505, suppressed by LINC0O1448,
could function as a key tumor suppressor by targeting HK2 in PC, elucidating an
important role of the LINC01448/miR-505/HK2 pathway in regulating PC glycolysis
and progression.
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Xu et al.

MicroRNA-505, a Suppressor in PC

BACKGROUND

Pancreatic cancer (PC) is one of the most lethal malignancies
worldwide (Garrido-Laguna and Hidalgo, 2015). The 5-year
overall survival rate of PC has remained low at 6% (Garrido-
Laguna and Hidalgo, 2015). PC is usually detected at advanced
tumor stages when the disease has metastasized (Avula et al.,
2020). Cancer metastasis is the leading cause of PC-related
mortality (Sergeant et al., 2009; Avula et al., 2020). Thus,
interventions to development and metastasis are critical for a
favorable outcome. A growing body of evidence suggested that
cancer stem cells constitute a distinct subpopulation in the
tumor and play pivotal roles in tumor initiation and progression
of PC (Sergeant et al, 2009; Avula et al., 2020). Moreover,
most tumor cells highly rely on aerobic glycolysis to produce
energy rather than mitochondrial oxidative phosphorylation
even in the presence of oxygen, this is known as the “Warburg
effect” (Avula et al., 2020). Hexokinase 2 (HK2) is a cancer-
associated isoenzyme that catalyzes the first rate-limiting step
of glucose metabolism, and depletion of HK2 in PC cell
lines decreased lactate production, invasion, and metastasis
(Anderson et al., 2016). However, the molecular mechanisms
underlying the regulation of PC glycolysis and development are
poorly understood.

Long non-coding RNAs (IncRNAs) are a group of RNA
transcripts longer than 200 nucleotides without protein-coding
potential (Huarte, 2015; Duguang et al., 2017). Recent studies
have shown that IncRNAs are involved in the regulation of tumor
cell’s malignant behavior, including proliferation, invasion, and
cancer stemness (Huarte, 2015; Duguang et al., 2017). Although
the functions of most IncRNAs are largely unknown, IncRNAs
have been shown to have important roles in affecting gene
expression at both transcriptional and post-transcriptional levels
(Huarte, 2015; Duguang et al., 2017). LncRNAs can function as
guides, dynamic scaffolds, molecular decoys, and sponges via
interaction with components of the cellular machinery, including
DNA, RNA, and proteins (Balas and Johnson, 2018; Xu et al.,
2020). Moreover, numerous IncRNAs are aberrantly expressed
in PC and play essential roles in regulating the tumorigenesis,
glycolysis, and metastasis of PC (Huarte, 2015; Duguang et al.,
2017; Weidle et al., 2017).

MicroRNAs (miRNAs) are endogenous, small non-coding
RNAs that regulate gene expression via inhibition of translation
or the degradation of mRNA (Chan and Wang, 2015). MiRNAs
are dysregulated in almost all types of cancers (including
PC), and act as key regulators of cancer development and
progression (Chan and Wang, 2015; Dong et al., 2018a). Previous
studies have shown that miR-505-3p (miR-505) functions as
a tumor suppressor in endometrial cancer (Chen S. et al,
2016), hepatocellular carcinoma (Lu et al, 2016), cervical
cancer (Ma et al, 2017), osteosarcoma (Liu et al, 2018),
glioma (Shi et al, 2018), and gastric cancer (Tian et al,
2018). Moreover, miR-505 inhibited the IGF-1R/AKT/GLUT-
1 pathway and suppressed the glycolysis of hepatocellular
carcinoma cells (Ren et al., 2019). Enhanced expression of miR-
505 inhibited the expression of an oncogenic IncRNA ZEB1-AS1
in PC cells (Wei et al., 2020). However, the detailed functions

and the underlying molecular mechanisms of miR-505 in PC
remain unclear.

In this study, we found that miR-505 could significantly
inhibit the proliferation, invasion, sphere formation, and
glycolysis of PC cells by directly targeting HK2. Our results
also revealed that miR-505 suppressed the growth of PC cells
in vivo. Further mechanistic studies revealed that IncRNA
LINCO01448 could act as a suppressor of miR-505 to increase HK2
expression. Our findings provided new insights into the role of
the LINC01448/miR-505/HK?2 axis in PC progression, and this
signaling pathway might represent a promising therapeutic target
for PC treatment.

MATERIALS AND METHODS
Tissue Specimens

Specimens of PC tissues and corresponding adjacent normal
tissues were obtained from 50 patients undergoing surgery at
the Shenzhen People’s Hospital, The Second Affiliated Clinical
Medical College of Jinan University, The First Affiliated Hospital
of Southern University of Science and Technology, China.
These patients had not received prior treatment before surgery.
This research was carried out in accordance with the Helsinki
declaration and approved by the Research Ethics Committee
of Shenzhen People’s Hospital, The Second Affiliated Clinical
Medical College of Jinan University, The First Affiliated Hospital
of Southern University of Science and Technology. Written
informed consent was obtained from each patient. All tissues
were immediately frozen in liquid nitrogen and stored at —80°C
for RNA extraction.

miRNA Microarray Analysis

The total RNA from five PC tissues and paired normal tissues
was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). The expression profile of miRNAs was analyzed using the
Agilent Human miRNA expression array (8 x 60K platform,
Agilent, Inc., Santa Clara, CA, USA) following the manufacturer’s
instructions. In brief, 100 ng of total RNA from each specimen
was labeled with cyanine 3-pCp (Cy3) using the miRNA
Complete Labeling and Hyb kit (Agilent). Then, Cy3-labeled
RNAs were hybridized to a miRNA microarray containing 1,887
human miRNAs. The miRNA microarray was scanned using
the Agilent G2600D microarray scanner and analyzed using the
Agilent Feature Extraction software package (v11.0.1.1).

Cell Lines and Transfection

Five PC cell lines (AsPC-1, PANC-1, BxPC-3, SW-1990, and
PaCa-2) and a non-tumorous pancreatic cell line HPDE6-
C7 were purchased from American Type Culture Collection
(Manassas, VA, USA). These cells were cultured in RPMI1640
medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific, Waltham, MA, USA) at 37°C in 5% CO,.

The expression vectors expressing LINC01448 (or HK2)
and the corresponding empty vector were purchased from
Genepharma (Shanghai, China). The small-interfering RNAs
(siRNAs) against LINC01448 (or HK2), the control siRNA,
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miR-505 mimic, control mimic, miR-505 inhibitor, and control
inhibitor were from Ribobio (Guangzhou, China). Transient
transfection was conducted using the Lipofectamine 3000
reagent (Invitrogen, Carlsbad, CA, USA) in accordance with
manufacturer’s instructions.

RNA Extraction and Quantitative
Real-Time PCR (gRT-PCR) Assays

Total RNA was isolated using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). The total RNA was then reverse transcribed
using the M-MLV Reverse Transcriptase Kit (Invitrogen,
Carlsbad, CA, USA) in accordance with manufacturer’s protocol.
The expression levels of mRNA were quantified with the
SYBR Green quantitative PCR kit (Takara, Dalian, China) on a
7300 Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA). The primers were purchased from Genepharma
(Shanghai, China). GAPDH was used as an internal control. The
expression level of miR-505 was examined using the mirVanaTM
qRT-PCR microRNA Detection Kit (Ambion, Austin, TX, USA)
and normalized to U6.

Western Blotting Analysis

Cells were lysed with RIPA buffer (Beyotime, Beijing, China)
containing 1% protease inhibitor cocktail (Selleck, Houston,
TX, USA). An equal amount of protein was separated by
SDS-polyacrylamide gel electrophoresis and transferred onto a
PVDF membrane (Millipore, Bedford, MA, USA). After this,
the membranes were incubated with the primary antibodies:
HK2 (1:1,000, Cell Signaling, MA, USA) and GAPDH (1:5,000,
Santa Cruz, CA, USA). After washing, the blots were incubated
with HRP-conjugated secondary antibodies (Santa Cruz, CA,
USA). The positive immunoreactivity was detected using the ECL
detection system (Amersham Biosciences, Buckinghamshire,
UK). GAPDH was used as the loading control.

Cell Proliferation Assays

Cell proliferation was assessed 72h after transfection using
the CCK-8 assay (Dojindo Laboratories, Kumamoto, Japan)
according to the manufacturer’s instructions. The absorbance was
determined at the wavelength of 450 nm.

Transwell Invasion Assays

Cell invasion was assessed as previously reported (Dong et al.,
2018b). Transfected cells were seeded into the upper chamber
of an insert for invasion assays (8-pum pore size, Corning Costar
Co, Lowell, CA, USA) with 500 1l serum-free media. The lower
chambers were filled with 750 .l medium containing 10% FBS.
After an incubation period of 24 h, the invaded cells were stained
with Giemsa (Sigma, St. Louis, MO, USA) for 15min. The
number of cells was counted using an Olympus microscope.

Sphere Formation Assays

Single cells were cultured in serum-free medium supplemented
with B27 (1:50; Invitrogen, Carlsbad, CA, USA), 20 ng/ml basic
FGF (BD Biosciences, CA, USA) and 20 ng/ml EGF (Sigma, St.
Louis, MO, USA). The cells were monitored for 14 days and the

cell clusters that had grown to at least 50 um in diameter were
scored as a sphere.

Glucose Consumption and Lactate

Production Assays

Glucose consumption and lactate production were measured
using the Glucose Assay Kit-WST and Lactate Assay Kit-
WST (Dojindo Laboratories, Kumamoto, Japan) as described
previously (Matsuo et al., 2020).

In vivo Tumor Formation Assays

The experimental procedures involving animals were approved
by the Shenzhen People’s Hospital, The Second Affiliated Clinical
Medical College of Jinan University, The First Affiliated Hospital
of Southern University of Science and Technology, China. Four-
week-old Nude mice (n = 6 per group) were obtained from
Beijing HFK Bioscience (Beijing, China). PC cells (2 x 10° cells)
were subcutaneously injected into the right flank of nude mice.
The length and width of tumors were measured every 3 days, and
tumor volume was calculated by the following formula: volume
= length (mm) x width? (mm?)/2. At 21 days after injection, the
mice were sacrificed and tumor tissues were excised.

Luciferase Reporter Assays

The luciferase reporter plasmids containing wild-type (WT)
LINCO01448, mutant (MUT) LINC01448 with a mutated miR-
505 binding site, WT HK2 3"-untranslated region (3-UTR)
fragment, and MUT HK2 3 -UTR fragment with a mutated
miR-505 binding site, were obtained from Ribobio (Guangzhou,
China). PC cells were co-transfected with the indicated reporter
plasmids, together with miR-505 mimic, miR-505 inhibitor or
the respective negative controls, using the Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA). After 48 h of incubation, the
luciferase signal was quantified using a Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA) according to the
manufacturer’s directions.

RNA Immunoprecipitation (RIP) Assays

A Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore, Billerica, MA, USA) was utilized for the RIP
assays. PC cells were lysed with RIP-lysis buffer and the cell
extract was incubated with magnetic beads conjugated with
anti-Ago2 antibody (Millipore, Bedford, MA, USA) or control
anti-IgG antibody (Millipore, Bedford, MA, USA). The beads
were incubated with proteinase K to remove proteins. Finally,
extracted RNAs were subjected to the qRT-PCR analysis.

Statistical Analysis

Results are presented expressed as the mean =+ standard
deviation. The Students ¢-tests, one-way ANOVA tests, Wilcoxon
signed-rank tests, x>-tests and Fisher’s exact tests were used
to compare the mean values among groups. All experiments
were done at least three times. P < 0.05 was considered
statistically significant.
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FIGURE 1 | Downregulation of miR-505 in PC tissues and cell lines. (A) The differentially expressed miRNAs between five PC tissues and their adjacent normal

tissues were identified using a miRNA microarray analysis. (B) gRT-PCR analysis of miR-505 expression in PC cell lines and a normal pancreatic cell line HPDEB-C7.
(C) miR-505 levels in PC tissues and normal tissues were examined using gRT-PCR assays. (D) Meta-profiling of differential expression of miR-505 in PC tissues and
normal tissues (MIR-TV database). (E) Kaplan-Meier curves revealed that lower expression of miR-505 was related to poor overall survival in PC patients (KM Plotter
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RESULTS

Downregulation of miR-505 in PC Tissues

and Cell Lines

We applied miRNA microarray analysis to identify the miRNAs
that are differentially expressed in PC tissues (n 5) and
their adjacent normal tissues (n = 5). MiR-34a is a known
tumor suppressor downregulated in several types of malignancies
including PC (Tang et al., 2017). As expected, miR-34a expression
was significantly downregulated in PC samples compared with
paired non-cancerous tissues (Figure 1A). We found that miR-
505 was the most significantly downregulated miRNA in PC
tissues (Figure 1A).

Our qRT-PCR assays revealed that the expression of miR-505
was significantly lower in the PC cell lines, whereas a normal
pancreatic duct epithelial cell line HPDE6-C7 expressed a
relatively higher expression level of miR-505 (Figure 1B).
Furthermore, the qRT-PCR assays were used to determine the
expression levels of miR-505 in 50 specimens of PC and normal
tissues. miR-505 levels were significantly lower in PC tissues
(Figure 1C). In addition, we analyzed the expression of miR-505
across different normal and cancer tissues using the MIR-TV
database (http://mirtv.ibms.sinica.edu.tw/index.php). Compared
with normal tissues, miR-505 was markedly downregulated in
PC tissues (Figure 1D). We then accessed the prognostic value
of miR-505 expression in the TCGA PC dataset using the KM
Plotter database (http://kmplot.com/analysis/). Survival curves

were plotted for PC patients (n = 178). High expression of miR-
505 was positively associated with a favorable prognosis in PC
patients (Figure 1E).

To further define the clinical significance of miR-505
expression in PC, we divided 50 PC tissues into two groups:
cancers with below-median miR-505 expression and cancers
with above-median miR-505 expression. The correlation of miR-
505 expression with various clinical parameters was shown
in Tablel. No significant association was found between
miR-505 expression and age, tumor differentiation, or tumor
size. Interestingly, lower miR-505 levels were significantly
correlated with more advanced pathological stage and more
lymph node metastasis (Table1). Together, these results
suggested that miR-505 might play a tumor suppressor
role in PC.

miR-505 Inhibits the Proliferation, Invasion,
Sphere Formation, and Glycolysis of PC
Cells

To determine whether miR-505 could affect the malignant
phenotypes in PC cells, we examined the effects of either
miR-505 overexpression or knockdown on cell proliferation,
invasion, sphere formation, and glycolysis. AsPC-1/PaCa-2 cells
with relatively higher/lower miR-505 expression were used in
subsequent functional assays (Figure 2A). The overexpression
of miR-505 significantly suppressed the proliferation, invasion,
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TABLE 1 | Correlation of miR-505 expression with clinical characteristics of
patients with PC.

Characteristics miR-505 expression P values
Below median Above median

Age (years)

>60 14 11 0.778

<60 12 13

Differentiation

Well/moderate iR 14 0.396

Poor 15 10

Tumor size

<2cm 15 16 0.57

>2cm 1 8

TNM stage

I/ 5 16 0.0012

v 21 8

Lymph node metastasis

Negative 4 21 0.0001

Positive 22 3

sphere formation, glucose consumption, and lactate production
of PaCa-2 cells (Figures 2A-E). We also transfected AsPC-
1 cells that exhibit higher levels of miR-505 with miR-505
inhibitor and assessed the effects of miR-505 depletion on
these malignant properties (Figure2A). Cell proliferation,
invasion, sphere formation, glucose consumption, and lactate
production assays demonstrated that knockdown of miR-
505 significantly induced the proliferation, invasion, sphere
formation, glucose consumption, and lactate production
of AsPC-1 cells (Figures2A-E). Collectively, these data
revealed that miR-505 overexpression significantly inhibits the
proliferation, invasion, sphere formation, and glycolysis of
PC cells.

miR-505 Represses Tumorigenesis of PC

Cells in vivo

To further investigate the functional role of miR-505 in PC
in vivo, we established nude mouse xenograft models by
implanting PaCa-2 cells transfected with miR-505 mimic (or
control mimic), or AsPC-1 cells transfected with miR-505
inhibitor (or control inhibitor), respectively (Figure 3A). The
tumor growth was monitored, and we found that overexpression
of miR-505 significantly decreased the tumor volumes and tumor
weights, whereas silencing of miR-505 significantly enhanced
the tumor volumes and tumor weights (Figures 3B-D). Taken
together, these results demonstrated that miR-505 inhibits the
tumorigenesis of PC cells in vivo.

miR-505 Directly Targets HK2 in PC Cells

We predicted the possible target genes of miR-505 using the
TargetScan database (http://www.targetscan.org). According to
this analysis, miR-505 could target the 3’-UTR of HK2 mRNA
(Figure 4A). To explore the potential role of HK2 in PC,

we searched the UALCAN database (http://ualcan.path.uab.edu/
index.html) for HK2 expression in the TCGA PC tissues. This
analysis revealed the significant upregulation of HK2 in PC
tissues compared with normal tissues (Figure4B). Then, we
performed qRT-PCR assays to analyze the level of HK2 in PC cell
lines (AsPC-1 and PaCa-2) and HPDE6-C7 cells. We found that
HK2 was overexpressed in PC cells compared with HPDE6-C7
cells (Figure 4C).

To analyze whether miR-505 directly represses HK2
expression by binding to its 3’-UTR, we performed the luciferase
reporter assays by co-transfecting a reporter vector containing
WT HK2 3’-UTR with miR-505 mimic (or miR-505 inhibitor)
into PC cells. Transfection with miR-505 mimic significantly
inhibited HK2 luciferase activity in PaCa-2 cells, whereas
transfection with miR-505 inhibitor significantly increased
HK?2 luciferase activity in AsPC-1 cells (Figure 4D). However,
transfection of miR-505 mimic or miR-505 inhibitor did not
significantly alter the luciferase reporter activity of mutated HK2
3’-UTR (Figure 4D). Western blotting analysis confirmed that
overexpression of miR-505 led to downregulation of HK2 in
PaCa-2 cells (Figure 4E). On the contrary, knockdown of miR-
505 increased HK2 protein levels in AsPC-1 cells (Figure 4E).
These results verified that HK2 is a target gene of miR-505.

We examined the effects of HK2 expression on PC cell
proliferation, invasion, sphere formation, and glycolysis.
Our cell functional assays suggested that overexpression of
HK2 significantly induced the proliferation, invasion, sphere
formation, glucose consumption, and lactate production
of AsPC-1 cells (Figures 4F,G). However, silencing of HK2
significantly impaired the proliferation, invasion, sphere
formation, glucose consumption, and lactate production of
PaCa-2 cells (Figures4FEG). Furthermore, Kaplan-Meier
survival analysis using data from the KM Plotter database
showed that those PC patients with high HK2 expression had
worse overall survival (Figure 4H). These results have identified
HK?2 as a novel oncogene in PC cells and suggested that miR-505
negatively regulates the expression of HK2.

miR-505 Acts as a Tumor Suppressor by
Inhibiting HK2 Expression in PC Cells

To explore whether miR-505 exerts its tumor suppressor
functions through suppressing the expression of HK2. PaCa-
2cells were co-transfected with miR-505 mimic (or control
mimic), together with (or without) HK2 expression vector
(Figure 5A). On the other hand, AsPC-1 cells were co-transfected
with miR-505 inhibitor (or control inhibitor), together with
(or without) HK2 siRNAs, respectively (Figure5A). Our
cell functional assays showed that overexpression of HK2
could restore miR-505 mimic-suppressed PC cell proliferation,
invasion, sphere formation, and glycolysis (Figure5B). In
contrast, HK2 siRNA could prevent miR-505 knockdown-
enhanced PC cell proliferation, invasion, sphere formation, and
glycolysis (Figures 5C,D). Together, our data supported that
miR-505 suppresses the malignant properties of PC cells by
inhibiting HK2 expression.
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IncRNA LINC01448 Directly Binds to

miR-505 and Represses Its Expression
Many IncRNAs were known to function as miRNA sponges,
leading to the reduction of miRNA expression in tumor cells
(Huarte, 2015). Using the NOCORI prediction program (http://
starbase.sysu.edu.cn), IncRNA LINC01448 was found to contain
one potential binding site for miR-505 (Figure 6A). Thus, we
selected the IncRNA LINCO01448 for our subsequent study.

The levels of LINCO01448 were significantly increased in
AsPC-1 and PaCa-2 cells when compared to HPDE6-C7 cells
(Figure 6B). To assess the association between LINCO01448

and miR-505, we performed the luciferase reporter assays.
Overexpression of miR-505 suppressed the luciferase activities of
WT LINCO01448 reporter constructs, but this effect was abolished
when the binding site for miR-505 within the LINC01448
sequence was mutated (Figure 6C). We further observed that
the inhibition of miR-505 significantly increased the luciferase
activities of WT LINCO01448, but had no significant effect on
the luciferase activities of MUT LINC01448 (Figure 6C). The
qRT-PCR experiments suggested that silencing of LINC01448
in PaCa-2 cells led to a significant increase in miR-505
expression, while the overexpression of LINC01448 in AsPC-1
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cells significantly reduced the levels of miR-505 (Figure 6D). We  results demonstrated that LINC01448 may serve as a sponge

conducted RIP assays in PC cells that were transfected with miR- ~ for miR-505.

505 mimic or control mimic. Compared with the control group, )

the endogenous LINC01448 was efficiently pulled down by Ago2 LINCO01448 Promotes the Malignant

in PC cells transfected with miR-505 mimic (Figure 6E). Phenotypes of PC Cells via Repressing
Using qRT-PCR assays, we examined the expression of miR-505 Expression

LINCO01448 in PC tissues and adjacent normal tissues and T4 jpvestigate whether LINC01448 modulates the malignant

found that the expression of LINC01448 was significantly  phenotypes of PC cells through repressing miR-505 expression,

increased in PC tissues (Figure 6F). Then, we explored the e conducted rescue experiments. AsPC-1 cells were transfected

correlation between LINCO01448 expression and PC patient  with a LINC01448 expression vector (or control vector),

survival using the KM Plotter database. PC patients were together with (or without) miR-505 mimic. Conversely, PaCa-

divided into high and low LINC01448 expression groups 2 cells were transfected with LINC01448 siRNA (or control

according to the median value. Kaplan-Meier survival analysis  §RNA), together with (or without) miR-505 inhibitor. Our cell

suggested that PC patients with low expression of LINC01448  fynctional assays showed that the overexpression of LINC01448

displayed longer overall survival times than those with  promoted the proliferation, invasion, sphere formation, glucose

hlgh expression of LINC01448 (Figure 6G). Collectively, these consumptjon, and lactate production of AsPC-1 cells, and
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TCGA data from the KM Plotter database. *P < 0.05.

these effects were partially reversed by the restoration of miR-  (Figure 7C). Using qRT-PCR assays, we detected a significant
505 expression (Figure7A). Furthermore, the inhibition of  negative association between miR-505 and HK2/LINCO01448
miR-505 partially reversed the LINC01448 siRNA-reduced cell  expression in PC tissues (Figure 1F).

proliferation, invasion, sphere formation, glucose consumption, To further elucidate the mechanism underlying LINC01448
and lactate production (Figure7B). The protein expression  overexpression in PC, we investigated the involvement of
of HK2 was increased in LINCO01448-overexpressing AsPC-1  transcription factors in regulating the expression of LINC01448.
cells, but was reduced in LINC01448-knockdown PaCa-2 cells ~ We used the UCSC database (http://genome.ucsc.edu/) to find
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FIGURE 5 | miR-505 acts as a tumor suppressor by inhibiting HK2 expression in PC cells. (A) Western blotting analysis of HK2 expression in PaCa-2 cells transfected
with or without miR-505 mimic, together with (or without) HK2 vector, or in AsPC-1 cells transfected with or without miR-505 inhibitor, together with (or without) HK2
siRNAs. (B) Cell functional assays were conducted in PaCa-2 cells transfected with (or without) miR-505 mimic, along with (or without) HK2 expression vector. (C,D)
Cell functional assays were done in AsPC-1 cells transfected with (or without) miR-505 inhibitor, together with (or without) HK2 siRNA-1 (C) or HK2 siRNA-2

(D). “P < 0.05.

possible transcription factors for LINC01448. Among these in PC through modulating cancer cell proliferation, migration,
transcription factors, SOX2 has been recognized as a powerful  and invasion (Zhai et al, 2020), it remains unclear whether
oncogene in PC (Herreros-Villanueva et al.,, 2013), and it was ~ miR-505 and LINC00261 regulate the glycolysis and aggressive
reported as a transcription activator of IncRNAs (Wu et al.,  features of PC cells. To the best of our knowledge, for the first
2018). Consistent with this prediction, our qRT-PCR analysis  time, this study demonstrated that miR-505 functions as a tumor
showed that SOX2 expression was positively correlated with  suppressor to attenuate glycolysis and aggressive phenotypes of
the levels of LINC01448 and HK2 in PC tissues (Figure 8). In  PC cells through targeting HK2, and that oncogenic LINC01448
contrast, the expression of SOX2 was negatively correlated with  serves as an upstream inhibitor of miR-505 in PC cells (Figure 9).

the expression of miR-505 in patients with PC (Figure 8). Taken In this study, we detected differentially expressed miRNAs in
together, these findings indicated a possibility that SOX2 might  PCtissues. Of these miRNAs, miR-505 has been characterized as a
act as a transcription activator of LINC01448 in PC. tumor-suppressive miRNA in human endometrial cancer (Chen

S.etal., 2016), hepatocellular carcinoma (Lu et al., 2016), cervical
DISCUSSION cancer (Ma et al., 2017), osteosarcoma (Liu et al., 2018), glioma

(Shi et al., 2018), and gastric cancer (Tian et al, 2018). Very
Although several studies have demonstrated that dysregulated  recently, one study showed that miR-505 inhibited the expression
miRNAs and IncRNAs could function as important regulators  of an oncogenic IncRNA ZEB1-AS1 in PC cells (Ren et al.,
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FIGURE 6 | LncRNA LINC01448 directly binds to miR-505 and represses its expression. (A) Putative binding sites between miR-505 and LINC01448. (B) gRT-PCR
analysis of LINC01448 expression in PC cell lines and normal pancreatic cells using. (C) Luciferase activity in PaCa-2 cells transfected with WT or MUT LINC01448,
along with (or without) miR-505 mimic, or in AsPC-1 cells transfected with WT or MUT LINC01448, along with (or without) miR-505 inhibitor. (D) miR-505 expression
in PC cells after LINCO1448 knockdown or overexpression of LINC0O1448. (E) RIP assays were conducted in PC cells transfected with control mimic and miR-505
mimic. LINC01448 expression was analyzed using gRT-PCR analysis. (F) gRT-PCR analysis of LINC01448 expression in PC tissues and normal tissues. (G)
Kaplan-Meier curves for the overall survival of PC patients with high or low LINC01448 expression (KM Plotter database). *P < 0.05.

2019), however the cellular role of miR-505 in the initiation and  such as hepatocellular carcinoma, lung cancer, breast cancer,
progression of PC remain to be elucidated. Here, our in vitroand  colorectal cancer, prostate cancer, cervical cancer, and ovarian
in vivo experiments provided the first evidence that miR-505 can  cancer (Tripathi et al, 2019). In this study, we proved that
play a critical role in suppressing the glycolysis and progression =~ miR-505 regulated HK2 expression in PC cells at the post-
of PC. The expression of miR-505 in PC tissues was significantly ~ transcriptional level. It would be possible that the restoration of
lower than that in corresponding normal tissues. Furthermore, = miR-505 could effectively repress glycolysis and metastasis of PC
the levels of miR-505 were positively associated with the favorable by targeting other novel oncogenes. Further studies would be
survival of patients with PC. These data suggested that miR-505  needed to explore this possibility.
might be an effective prognostic biomarker and therapeutic target Tumor cells are known for their increased glucose uptake rates
for PC patients. even in the presence of abundant oxygen, defined as the Warburg
A large number of oncogenes as target genes of miR-505 in  effect (Avula et al.,, 2020). HK2 catalyzes the first committed step
tumor cells, including TGF-a (Chen S. et al, 2016), HMGB1  of glucose metabolism and is critically important for aerobic
(Lu et al, 2016; Liu et al,, 2018; Tian et al., 2018), FZD4 (Ma  glycolysis in multiple cancer types (Stolfi et al., 2013). Moreover,
et al., 2017), IGFIR (Shi et al., 2018), WNT7B (Zhang et al.,  knockdown of HK2 in ovarian cancer cells attenuated lactate
2018), MAP3K3 (Tang et al., 2019), NRCAM (Ling et al., 2019),  production, cell invasion, and cancer cell stemness (Siu et al.,
and RUNX2 (Zhao et al., 2019), have been recognized as direct ~ 2019). Therefore, HK2 has been proposed as a therapeutic target
target genes of miR-505. Among them, HMGBI1 was found to  for cancers (Chen X. S. et al.,, 2016; Garcia et al., 2019). In PC
promote cancer progression and metastasis in different cancers, tissues, the expression of HK2 was significantly up-regulated and
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FIGURE 8 | Correlation between SOX2 and LINC01448/miR-505/HK2 expression in PC tissues, as determined by qRT-PCR assays.

increased HK2 expression was associated with shorter overall  that HK2 was a target of miR-143 (Peschiaroli et al., 2013), miR-
survival in patients with PC (Anderson et al., 2016). Furthermore, 199a-5p (Guo et al., 2015), miR-181b (Li et al., 2016), and miR-98
upregulation of HK2 can stimulate glycolysis and increase the  (Zhu et al., 2017). However, it remains largely unknown whether
proliferative and metastatic potential of PC cells (Anderson  these miRNAs regulate HK2 expression in PC cells.

etal., 2016). Consistent with these previous findings, our current LncRNAs can act as sponges for miRNAs and thereby
data verified that HK2 promoted glycolysis and facilitated the = negatively regulate their expression (Dong et al., 2018c).
proliferation, invasion, and cancer stem cell-like properties of PC For instance, IncRNA-CTS could function as a competing
cells. In this study, we provided the first functional link between =~ endogenous RNA for miR-505 in cervical cancer cells
miR-505 and HK2, and have defined a new mechanism that (Feng et al, 2019). LncRNA LEF-AS1 binds directly to
drives overexpression of HK2 in PC. Previous papers reported ~ miR-505 and suppressed its expression in colorectal cancer
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cells (Gongand Huang, 2019). Similarly, LINCO00525 acted
as a sponge for miR-505 in chordoma cells (Li et al,
2020). Up to now, the role and underlying mechanisms
of LINC01448 in PC have not been previously reported.
Our bioinformatic analysis, luciferase assay and RIP assay
validated a direct interaction between miR-505 and LINC01448,
identifying LINCO01448 as a key upstream suppressor of
miR-505 in PC cells. Our results account, at least in part,
for the reduction of miR-505 expression observed in PC
tissues. Importantly, we found that LINC01448 sponged
miR-505 to facilitate the proliferation, invasion, sphere
formation, and glycolysis of PC cells. Thus, our studies
supported the notion that the therapeutic inhibition of
LINCO01448 may serve as a potential therapeutic strategy
for PC treatment. Whether or how LINC01448 regulates
the expression of other miRNAs in PC cells requires
further investigation.

Many researchers have recognized that IncRNAs not only
work as miRNA sponges, but also govern basic cellular
processes by interacting with RNA-binding proteins (Huarte,
2015; Duguang et al, 2017). A recent study discovered that
IncRNA LINC00261 exerted its function in PC cells, by binding to
miR-222-3p to activate the HIPK2 pathway and by sequestering
an RNA-binding protein IGF2BP1 to reduce c-Myc expression
(Zhai et al,, 2020). Whether LINC01448 could promote PC
development by interacting with RNA-binding proteins should
be investigated in our future research.

Multiple studies have shown that transcription factor,
DNA methylation and EZH2-mediated H3K27 trimethylation
represent important mechanisms that mediate the expression
of miRNAs and IncRNAs (Lin et al., 2019; Zhai et al., 2020).
For instance, downregulation of LINC00261 was caused by
hypermethylation of the CpG islands in its promoter region
and EZH2-mediated histone H3 lysine 27 trimethylation in
PC cells (Zhai et al, 2020). In addition, p53, the most

studied tumor suppressor, was shown to induce the expression
of the IncRNA Pvtlb, leading to the suppression of lung
tumorigenesis (Olivero et al., 2020). The transcription factor
SOX2 induces the expression of IncRNA ANRIL by promoting
its transcription in nasopharyngeal carcinoma cells (Wu et al,,
2018). Interestingly, SOX2 might bind to the promoter region of
LINCO01448, and we have detected a positive correlation between
the expression of SOX2 and LINC01448/HK2 expression, and
an inverse correlation between the levels of SOX2 and miR-
505 in PC tissues. Further studies will be needed to elucidate
the possibility that SOX2 regulates the levels of LINC01448 in
PC cells.

In summary, we found that miR-505 acted as a key tumor
suppressor miRNA through targeting oncogene HK2 in PC
cells. Our study further revealed that aberrant expression
of LINCO01448 could reduce the expression of miR-505
to promote proliferation, invasion, sphere formation, and
glycolysis in PC cells. These findings provided new insights
into the mechanisms that control glycolysis and aggressive
phenotypes in PC, and highlighted LINC01448, miR-505 and
HK?2 as potential targets for therapeutic intervention in patients
with PC.
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Esophageal squamous cell carcinoma (ESCC) is the major histological type of
esophageal cancers worldwide. Transcription factor PTTG7 was seen highly expressed
in a variety of tumors and was related to the degree of tumor differentiation, invasion,
and metastasis. However, the clinical significance of PTTG1 had yet to be verified, and
the mechanism of abnormal PTTG17 expression in ESCC was not clear. In this study, the
comprehensive analysis and evaluation of PTTG17 expression in ESCC were completed
by synthesizing in-house immunohistochemistry (IHC), clinical sample tissue RNA-seq
(in-house RNA-seq), public high-throughput data, and literature data. We also explored
the possible signaling pathways and target genes of PTTG1 in ESCC by combining the
target genes of PTTG1 (displayed by ChIP-seq), differentially expressed genes (DEGs)
of ESCC, and PTTG1-related genes, revealing the potential molecular mechanism of
PTTG1T in ESCC. In the present study, PTTG7 protein and mRNA expression levels
in ESCC tissues were all significantly higher than in non-cancerous tissues. The pool
standard mean difference (SMD) of the overall PTTG1 expression was 1.17 (95% Cl:
0.72-1.62, P < 0.01), and the area under curve (AUC) of the summary receiver operating
characteristic (SROC) was 0.86 (95% CI: 0.83-0.89). By combining the target genes
displayed by ChlP-seq of PTTG1, DEGs of ESCC, and PTTG1-related genes, it was
observed that PTTGT may interact with these genes through chemokines and cytokine
signaling pathways. By constructing a protein—protein interaction (PPI) network and
combining ChiP-seq data, we obtained four PTTGT potential target genes, SPTANT,
SLC25A17, IKBKB, and ERH. The gene expression of PTTGT had a strong positive
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correlation with SLC25A17 and ERH, which suggested that PTTG7 might positively
regulate the expression of these two genes. In summary, the high expression of PTTG7
may play an important role in the formation of ESCC. These roles may be completed by
PTTG1 regulating the downstream target genes SLC25A77 and ERH.

Keywords: PTTG1, esophageal squamous cell carcinoma, transcription factor, RNA sequencing, tissue

microarray

INTRODUCTION

Esophageal cancer is the sixth leading cause of cancer-related
deaths in the world and the eighth most common cancer
globally; esophageal squamous cell carcinoma (ESCC) is the
major histological type of esophageal cancers worldwide (Arnal
et al., 2015). Despite the improved management and treatment
of ESCC patients, the overall 5-year survival rate (10%) and 5-
year survival rate following resection (15-40%) have remained
low (Huang and Yu, 2018). The poor prognosis and rising
morbidity of ESCC highlights the importance of improving
detection methods, which is essential before treatment. As early
clinical symptoms are not obvious, many ESCC patients are not
diagnosed until the clinical symptoms appear in the late stage. In
order to improve the prognosis of patients after surgery, patients
were often treated with surgery combined with radiotherapy
and chemotherapy, but this has not significantly increased the
survival rate of ESCC patients. Since we have failed to fully
understand the mechanism of the occurrence and development
of ESCC, it is necessary and meaningful to explore its potential
molecular mechanism to identify new prognostic biomarkers and
potential ESCC therapeutic targets.

In recent years, studies have shown that transcription factors
might play an important role in the occurrence and development
of tumors, which has prompted us to study the clinical value
and mechanism of transcription factor PTTGI in ESCC. PTTGI
was the first proto-oncogene detected from rat pituitary tumor
cells, encoding the securin protein—a protein that prevented
separins from promoting the separation of sister chromatids (Pei
and Melmed, 1997; Arenas et al., 2018). PTTGI was seen highly
expressed in a variety of tumors and was related to the degree
of tumor differentiation, invasion, and metastasis (Vlotides et al.,
2007). It was shown that PTTGI played an essential role in
the biological function of tumor cells. Its high expression in
colorectal cancer promoted proliferation and metastasis (Ren
and Jin, 2017). Its high expression in hepatocellular carcinoma,
small cell lung carcinoma, and prostate cancer had value for
clinical diagnosis and prognosis (Kong et al., 2019; Yang et al,,
2019; Ersveer et al., 2020). Although studies found that PTTGI
was likely to exhibit high expression in ESCC, the number of
cases has been small and the research was based on a single
center study, using a single detection method (Shibata et al.,
2002; Ito et al., 2008; Feng et al., 2017). There have been only
two reports on the mechanism of PTTGI in ESCC. It was found
that PTTGI promoted the movement and migration of ESCC
cells by activating related genes (Ito et al,, 2008; Feng et al,
2017). The possible target genes of PTTGI as a transcription
factor in ESCC had not been reported yet, and the practice of

using integrated computational biology to mine ChIP-seq data
to study the underlying molecular mechanism of PTTGI had
not been reported.

Based on the existing research on PTTGI in ESCC, this
study used clinical samples to make tissue chips, performed
immunohistochemistry (IHC) to detect the expression level of
PTTGI protein in ESCC tissues, and used our clinical sample
tissues to conduct RNA sequencing (RNA-seq) to verify the
expression of PTTG] mRNA. The comprehensive analysis and
evaluation of PTTGI expression in ESCC were completed by
synthesizing in-house THC, clinical sample tissue RNA-seq (in-
house RNA-seq), public high-throughput data, and literature
data. We also explored the possible signaling pathways and target
genes of PTTG1 in ESCC by combining the target genes of PTTG1
(displayed by ChIP-seq), differentially expressed genes (DEGs)
of ESCC, and PTTGI-related genes (Supplementary Figure 1),
revealing the potential molecular mechanism of PTTGI in ESCC
and providing a new target for ESCC research.

MATERIALS AND METHODS

Expression Level of PTTG1 Protein in

Tissue Chip

A total of 302 cases were collected, including 159 ESCC tissues
and 143 paracancerous tissues of 153 males and 18 females
with a median age of 58 years. These chips (ESC242, ESC1503,
and ESC1504) were produced by Fanpu Biotech, Inc. (Guilin,
China). Two experienced pathologists read each case separately.
PTTGI was a product of Biorbyt (Catalog No. orb3740037,
Cambridge, United Kingdom). IHC was performed according
to the instructions. The results were scored according to the
IRS scoring system of 0-12 points (Lin et al, 2018). The
scores of staining intensity were divided into 0, 1, 2, and
3, which represented negative, weak, medium, and strong,
respectively. Positive staining proportion was classified as 0 for
<10%, 1 for 11-25%, 2 for 26-50%, 3 for 51-75%, and 4
for 76-100%. The ultimate score was obtained based on the
product of the positive proportion and the staining intensity.
Then, the relationship between the PTTGI protein expression
level and clinicopathological parameters was analyzed based
on the IHC score.

RNA-Seq of Clinical Samples

We collected eight pairs of ESCC samples and corresponding
adjacent normal esophageal tissues for RNA-seq from eight ESCC
patients who underwent radical resection of EC from the First
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Affiliated Hospital of Guangxi Medical University (Nanning,
Guangxi, China), from April to August 2019. None of these ESCC
patients received preoperative chemotherapy or radiotherapy.
The tissue samples were stored at —80°C immediately after
resection. These eight patients included six males and two
females with a median age of 60 years. RNA-seq was executed
by Wuhan Seghealth Technology Co., LTD. (Wuhan, China).
TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was
applied to extract and prepare total RNA from tumors and
paired adjacent non-ESCC tissues. A total amount of 3 g RNA
per sample was used as initial material for the RNA sample
preparations. Nanodrop™ 1000 spectrophotometer (Thermo
Fisher Scientific, United States) was applied to examine RNA
purity. RNA concentration was determined using a Qubit®
3.0 Fluorometer (Life Technologies, CA, United States). RNA
integrity was determined using an RNA Nano 6000 Assay
Kit and a Bioanalyzer 2100 system (Agilent Technologies,
CA, United States). Afterward, the sequencing libraries were
established using the NEBNext Ultra Directional RNA Library
Prep Kit for Illumina (NEB, Ipswich, MA, United States) based
on manufacturer’s protocols. The 200 Illumina HiSeq X Ten
platform was used to sequence the libraries. RNA-seq reads
were aligned to the reference of homo_sapiens. GRCh38."! In
the current study, we obtained the data on log2 (x + 0.001)
conversion level 3 and reported RNA-seq data in transcripts per
kilobase million (TPM). All enrolled patients signed an informed
consent form, and the research including tissue chip and RNA-
seq was approved by the ethics committee of the First Hospital
Affiliated to Guangxi Medical University.

Collection of High-Throughput Data Sets

In order to compare the differences in gene expression
between ESCC tissues and non-cancerous esophageal tissues,
we used Gene Expression Omnibus (GEO), SRA, ArrayExpress,
Oncomine, The Cancer Genome Atlas (TCGA), and various
literature databases to extensively search ESCC-related data
sets. The search formula is (Esophageal OR Esophagus) AND
(maliganan™ OR cancer OR tumor OR neoplas* OR carcinoma),
AND “Homo sapiens” (porgn:_txid9606). All the information,
including summary and overall design, of these data sets was then
further evaluated.

Statistical Analysis

Student’s t-test was performed using SPSS 22.0 to compare
the differential expression of PTTGI between ESCC and non-
cancerous tissues. The calculated results were presented in the
form of the mean =+ standard deviation (SD). GraphPad Prism 8.0
was applied to draw scatter plots and box plots. The area under
curve (AUC) of receiver operating characteristic (ROC) was used
to evaluate the ability of PTTG1 levels to distinguish ESCC tissues
from non-cancer tissues. In order to systematically analyze the
expression level of PTTGI, we comprehensively analyzed in-
house IHC, in-house RNA-seq, public RNA-seq, gene chip data,
and published data. The standard mean difference (SMD) and
95% confidence interval (CI) were calculated by R 3.6.1, and the

Utp://ftp.ensembl.org/pub/relase-87/fasta/homo_sapiens/dna/

expression levels of PTTGI in ESCC and non-cancer tissues were
compared. The funnel chart was employed to detect publication
bias. Synthesizing all the data, the researchers used Statal2.0 to
calculate the summary receiver operating characteristic (SROC)
and further clarified the differential expression of PTTGI in
ESCC and non-cancer tissues. Student’s ¢-test was used to show
the heterogeneity of the results. When P < 0.05 or I > 50%, there
was heterogeneity, and a random effect model was used. When
P > 0.05 or I> < 50%, no obvious heterogeneity was detected,
and a fixed-effect model was used. P < 0.05 was considered
statistically significant.

Screening for PTTG1 Target Genes,
Esophageal Cancer Differentially
Expressed Genes and PTTG1-Related

Genes

Since PTTGI was a transcription factor, in order to obtain the key
downstream target genes of PTTGI, we collected PTTGI target
genes and potential binding sites proved by ChIP-seq through
the Cistrome DB database* (Mei et al., 2017). Subsequently, we
used the LIMMA package to process all gene chips containing
PTTGI expression data and used LIMMA-VOOM to process
DEGs of RNA-seq data [| log fold change (FC)| > 1, P < 0.05].
By calculating the correlation coefficient, the related genes were
calculated in each high-throughput data set including PTTGI
(| 7] > 0.5, P < 0.05). Because each of the above steps contained
multiple data sets, we researchers extracted genes that met the
criteria in all data sets for intersection.

Functional Enrichment Analysis and
Construction of Protein-Protein
Interaction Networks to Screen Key

Target Genes

In order to study the possible functions of these key
target genes, the researchers carried out gene ontology (GO)
functional enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis
and visualization. We applied Cytoscape 3.7.1 to construct a
protein—protein interaction (PPI) network of these genes and
then used the MCODE algorithm to determine the hub gene
of the protein densely connected neighborhood. The University
of California, Santa Cruz (UCSC) Genome Browser on Human
(GRCh38/hg38) Assembly was employed to display the binding
position of the target gene and PTTGI in ChIP-seq.

RESULTS

Expression Level of PTTG1 Protein in
Tissue Microarray

The THC scores of PTTGI in each ESCC and normal case based
on two pathologists were presented in Supplementary Table 1.
The intraclass correlation coefficients of IHC score in ESCC and

Zhttp://cistrome.org/db/#/
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normal tissues between two pathologists were 0.943 and 0.938,
respectively. IHC staining of tissue chips showed that the PTTGI
protein expression level in ESCC tissues was significantly higher
than in non-cancerous tissues (10.410 =+ 1.880 vs. 7.410 & 2.153,
P < 0.0001; AUC = 0.8405, P < 0.0001) (Figure 1). However,
PTTGI expression did not show a significant correlation with
various clinical parameters (Supplementary Table 2).

Expression Level of PTTG1 mRNA in

In-House RNA-Seq

In order to confirm the high expression of PTTGI in ESCC
tissues, we collected ESCC tissues and their matched non-cancer
tissues from eight clinical patients with ESCC and obtained
in-house RNA-seq data of these samples. It was found that
the expression of PTTGI in ESCC tissues was significantly
higher than in the adjacent tissues (5.6999 =+ 0.6218 vs.

3.8690 + 1.6307, P = 0.0102) (Figures 2A,B). ROC analysis
showed that the expression of PTTGI was remarkably different
between ESCC and non-cancerous tissues (AUC = 0.8906,
P = 0.0087) (Figure 2C). These results further confirmed that
PTTGI was overexpressed in ESCC.

Clinical Significance of PTTG1

Expression Based on Public
High-Throughput Data

To verify the results of our immunohistochemistry and RNA-seq

experiments, a total of 15 GeneChips of ESCC tissues were
gathered from public databases, namely, GSE45670GPL570,

GSE77861GPL570,  GSE26886GPL570,  GSE69925GPL570,
GSE100942GPL570, GSE33810GPL570, GSE17351GPL570,
GSE20347GPL571,  GSE38129GPL571,  GSE29001GPL571,
GSE33426GPL571, GSE23400GPL96, GSE32424, GSE45168,
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FIGURE 1 | PTTG1 protein expression elevated in esophageal squamous cell carcinoma (ESCC) tissue chip assessed by in-house immunohistochemistry. (A,B)
Immunohistochemical staining of PTTG1 protein in non-cancerous esophageal tissues from different cases. Both cases were scored as 0 (x400); (C-F) ESCC
tissues (x400). The scores of case (C) and case (D) were both 6. The score was recorded as 8 for case (E) and 12 for case (F); (G) box diagram; (H) receiver
operating characteristic (ROC) curve; AUC, area under the curve.
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FIGURE 2 | In-house RNA-seq confirmed PTTG1 overexpression in ESCC tissues. (A) Heatmap of differentially expressed genes (DEGs). (B) Scatter plot. (C) ROC
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and GSE70409. In order to avoid batch effects, the GPL570
and GPL571 from the same platform were combined. In order
to improve the reliability of differential mRNA screening
results, we downloaded the RNA-seq data and clinical follow-up
information of ESCC. All data collection processes are shown
in Figure 3. We used seven data sets, including six GeneChips
(GPL570, GPL571, GSE23400, GSE32424, GSE45168, and
GSE70409), and RNA-seq data (2,307 cases in total, with 620

cases of ESCC and 1,687 non-cancer cases) to investigate
the expression of PTTGI in ESCC. After research, it was
found that the expression of PTTGI in four high-throughput
platforms (GPL570, GSE23400, GSE70409, and TCGA-GTEx)
was significantly higher than in the non-cancer control group
(Figures 4A-EM). ROC analysis of all data sets showed that
the expression of PTTGI had different degrees of significance
for the clinical diagnosis of ESCC (Figures 4G-L,N). Further
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FIGURE 3 | Flow chart of data collection for this study.

analysis of public RNA-seq data showed that the average
expression of PTTGI in ESCC was 11.5794 £ 0.7270, which was
significantly higher than that of the non-cancer control group
(7.5575 + 2.5127, P < 0.001). We also analyzed the relationship
between the expression of PTTGI and the clinical pathological
parameters of ESCC patients. The expression of PTTG1 was
negatively correlated with the age of ESCC patients (r = —0.3097,
P =0.004), and the expression of PTTGI in young patients was
higher (11.8 & 0.7 vs. 11.3 £ 0.6, P = 0.004) (Supplementary
Table 3). However, no significant difference in PTTGI expression
was found in other clinicopathological parameters. The survival
condition of patients with high PTTGI expression was worse
than that of patients with low PTTGI expression (HR = 1.29),
but no significant statistical difference was found (Figure 40).

Comprehensive Analysis of PTTG1
Expression

Because the research scale of a single data set was too small,
it was difficult to draw effective conclusions. To make the
results more reliable, we combined public RNA-seq, GeneChip,
in-house IHC, in-house RNA-seq data, and published data
(Shibata et al., 2002) for analysis. Our research included 835
cancer tissues and 1,886 non-cancer tissues. Considering the
heterogeneity of our data, we chose a random effects model.
The SMD of the overall PTTGI expression was 1.17 (95% CI:

0.72-1.62, P < 0.01, Table 1), which indicated that PTTGI
was noticeably expressed in ESCC. The area under the SROC
curve was 0.86 (95% CI: 0.83-0.89), with sensitivity being 0.75
(95% CI: 0.62-0.85), and specificity being 0.83 (95% CI: 0.77-
0.87) (Figure 5A and Supplementary Figure 2A). The positive
likelihood ratio was 4.31 (95% CI: 3.21-5.80), and the negative
likelihood ratio was 0.30 (95% CI: 0.19-0.48) (Supplementary
Figure 2B). The diagnostic odds ratio was 14.22 (95% CI: 7.60-
26.62) (Supplementary Figure 2C). To visualize the publication
bias, we performed Begg’s funnel plot and Egger’s test. The Begg’s
test showed no obvious publication bias (P = 0.175, Figure 5B).
Egger’s test also showed that the high expression of PTTGI
in ESCC did not have a publication bias (P = 0.844). After a
comprehensive analysis, PTTGI was confirmed to display high
expression in ESCC.

Enrichment Analysis of Differentially
Expressed Genes, PTTG1-Related Genes
and Predicted Target Genes and
Construction of Protein-Protein

Interaction Network
Our researchers obtained a total of 23,872 DEGs, including
14,594 upregulated genes, 9,278 downregulated genes, and
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11,450 related genes from six GeneChip platforms, TCGA-
GTEx RNA-seq and in-house RNA-seq. The Cistrome DB
database was used to predict PTTGI target genes, and 19,719
genes were acquired. We selected all the PTTGI-related genes

to combine with 706 target genes with a score greater than
0.5 in the results of the Bistro DB ChIP-seq. We examined
intersections with the upregulated and downregulated genes,
respectively, and eventually gained 192 genes that crossed
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TABLE 1 | Comprehensive analysis of PTTG1 expression in esophageal squamous cell carcinoma (ESCC) based on gene microarrays, in-house immunohistochemistry
(IHC), public RNA-seq, and in-house RNA-seq.

Study ID ESCC Normal SMD 95% CI
n Mean SD n Mean SD

GPL570 329 10.78 0.598 68 9.70 0.765 1.71 1.42; 2.00
GPL571 127 9.36 1.890 83 9.35 1.423 0.00 —0.27;0.28
GSE23400 53 10.62 0.467 53 9.74 0.559 1.51 1.07;1.94
GSE32424 7 2.52 0.566 5 1.54 0.829 1.32 0.00; 2.64
GSE45168 5 13.16 0.355 5 12.34 1.578 0.64 —0.65; 1.94
GSE70409 17 10.08 1.178 17 9.06 1.307 0.80 0.10; 1.50
TCGA-GTEX 82 11.58 0.727 1,456 7.56 2.512 1.64 1.41;1.87
Yasuyuki S (2002) 48 0.10 0.068 48 0.05 0.041 1.01 0.58; 1.43
In-house IHC 159 10.41 1.880 143 7.41 2.153 1.49 1.23;1.74
In-house RNA-seq 8 5.70 0.062 8 3.87 1.630 1.40 0.27;2.53
Overall (? = 0.92, P < 0.01) 835 1,886 1.17 0.72,1.62

ESCC, esophageal squamous cell carcinoma; IHC, immunohistochemistry; n, number; SD, standard deviation; SMD, standard mean difference; Cl, confidence interval.
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with the upregulation and 139 genes that overlapped with in ME they were mostly concentrated in functions such as
downregulation (Figures 6A,B). Then, we conducted GO catalytic activity, binding, and transportation activities; in KEGG
function enrichment, including biological process (BP), cellular ~ pathway analysis, they were mainly enriched in inflammation
component (CC), molecular function (MF), and KEGG pathway mediated by chemokine and cytokine signaling pathway. The
analysis. Figures 7, 8 illustrate the enrichment analysis of upregulated genes were also enriched in the ubiquitin proteasome
upregulated and downregulated overlapping genes, respectively. —pathway, while the downregulated genes were enriched in the
As shown in the figures, the results of gene enrichment of the two  apoptosis signaling pathway. This indicated that PTTGI may
parts were similar. In the BP process, these genes were mainly play a biological role in ESCC through these pathways. We
enriched in cellular processes, metabolic processes, and biological ~also constructed a PPI network for these overlapping genes
regulation; in CC, they were largely enriched in organelles; (Figure 9) and acquired the hub gene using MCODE. The
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FIGURE 6 | Venn diagrams of overlapping PTTG1-related genes, target genes, and upregulated genes (A) and downregulated genes (B). Upregulated, upregulated
differential genes; downregulated, downregulated differential genes; target, target genes of PTTG7 in ChiP-seq.
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FIGURE 7 | Gene ontology (GO) function annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of upregulated overlapping genes.
(A) Biological process. (B) Cell composition. (C) Molecular function. (D) KEGG pathway analysis.

hub genes we obtained were ARFGAP1, UBA6, STK4, ERCC4, IKBKB, CFLAR, BCL10, CLNSIA, LSM3, and ERH. These hub
SPTANI, DDX24, RFC5, CHEK2, MAPILC3B, ITCH, UBE2L3, genes were entered into the Cistrome DB website. In the ChIP-
MRPL20, MRPL22, RPL8, RPS14, PEX11A, ACSL1, SLC25A17, seq track, each block represented a peak where the target gene
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would bind to the corresponding transcription factor. Figure 10
shows that the SPTANI and PTTGI binding peak could be
seen at the site 278,308 bp away from the PTTGI transcription
start site, SLC25A17 was detected at 166,478 bp, IKBKB was
discovered at 173,073 bp, and the overlapped peak of ERH and
PTTGI was found at 96,965 bp. The transcription initiation
sites of these genes were all integrated with PTTGI (Figure 10).
To further explore the relationship between these target genes
and PTTGI, we calculated the SMD of these genes and found
that SLC25A17 (SMD = 1.13, 95% CIL: 0.04-2.22, P < 0.01;
Table 2) and ERH (SMD = 1.20, 95% CI: 0.26-2.15, P < 0.01;
Table 3) were significantly highly expressed. We also analyzed
the correlation between PTTGI and these two target genes.
The results showed that PTTGI and SLC25A17 (r = 0.5399,
P < 0.0001) (Figure 11A) and ERH (r = 0.5498, P < 0.0001)
(Figure 11B) had a strong positive correlation, which suggested
that PTTGI might positively regulate the expression of these two
genes. These results indicated that PTTGI played an important
part in regulating the functions of these proteins.

DISCUSSION

Although some studies reported on the expression level of
PTTGI in ESCC, its clinical significance had yet to be verified,
and the mechanism of abnormal PTTGI expression in ESCC
was not clear. To address these issues, this study used a
variety of detection methods to investigate the expression

level of PTTGI in ESCC, including in-house IHC, in-house
RNA-seq, gene chips, public RNA-seq, and a published study.
We conducted a comprehensive integrated analysis of the
expression data of 2,721 samples from independent studies to
calculate SMD and SROC. This study on PTTGI expression
in ESCC had the largest sample size of any related study
by far. The analysis results showed that the expression of
PTTGI in ESCC was upregulated. As a transcription factor,
PTTGI could target and regulate specific genes to perform
biological functions. Combining the analysis results of DEGs,
PTTGI-related genes of ESCC, and ChIP-seq of PTTGI, we
found for the first time that SLC25A17 and ERH were likely
to be the target genes of PTTGI in ESCC. These findings
could help to study the key role of PTTGI in the regulation
mechanism in ESCC.

So far, there have been only three reports on the clinical
significance of PTTGI expression in ESCC. The sample size
of these was relatively small, and they were based on a single
center study. The use of a single detection method failed to fully
represent the role of PTTGI in ESCC. At the time of these reports,
the widely used high-throughput technology had not been
adopted. Differences existed among the results of several studies.
One study using RT-PCR of 48 cases of ESCC and its matched
samples revealed that PTTGI expression was upregulated in
ESCC, and the average expression level in tumor tissue was
2.19 times than that of normal tissue (0.105 vs. 0.048) (Shibata
et al., 2002). In another study, the immunohistochemistry of
50 ESCC samples and normal esophageal tissues suggested that
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overlapping genes.

FIGURE 9 | Protein—protein interaction (PPI) network of overlapping genes. (A) PPI network of upregulated overlapping genes. (B) PPI network of downregulated

PTTGI was highly expressed in ESCC. Of 50 ESCC tissues, 31
(62%) were positive, while only 17 of 50 normal tissues (34%)
were positive (Feng et al., 2017). Another study, using 113 cases
of ESCC immunohistochemistry and immunoblotting, revealed
the overexpression of PTTGI. It was found that 14 tumors
in 113 cases were negatively expressed; 31 cases expressed 0-
10% of tumor cells (1+), 52 cases showed 10-30% tumor cell
expression (2+), and 16 cases showed 30% tumor cell expression
(3+). PTTGI expression of 24+ or 3+ was determined as
PTTGI positive (68/113, 60.2%), while PTTGI staining of normal
esophageal epithelium showed no intracytoplasmic staining and
occasionally intranuclear staining (about 10%) (Ito et al., 2008).
In order to expand the sample size and integrate various detection

methods and multi-center data, in this study, we employed
various detection methods (immunohistochemistry of tissue
chips, RNA-seq, microarrays, and RT-PCR) to study the clinical
significance of PTTGI expression in ESCC tissues. The single
detection method and the comprehensive results indicated that
the PTTGI protein and mRNA were highly expressed in ESCC,
which was consistent with the reported results (Shibata et al.,
2002; Ito et al., 2008; Feng et al., 2017). In the study, SMD = 1.17
(95% CI: 0.72-1.62, P < 0.01), and this result was strongly
supported by the SROC combined with AUC 0.86 (95% CI: 0.83-
0.89). This study used a large sample to verify the upregulation of
PTTGI in ESCC, suggesting that high expression of PTTGI might
promote the occurrence of ESCC.
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FIGURE 10 | Peaks of target genes binding to PTTG7 in ChiP-seq based on the Cistrome DB database. The peak signals of each target genes are colored red.
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TABLE 2 | Comprehensive analysis of SLC25A17 expression in ESCC based on gene microarrays, public RNA-seq, and in-house RNA-seq.

Study ID ESCC Normal SMD 95% CI
n Mean SD n Mean SD

GPL570 329 630.1 2471 68 649.4 104.5 —0.08 —0.34;0.18
GPL571 127 176.6 188.6 83 253.9 169.1 —0.43 —0.70; 0.28
GSE23400 53 6.54 0.207 53 6.28 0.114 1.52 1.07;1.94
GSE32424 7 3.14 0.172 5 1.56 0.532 4.02 1.75; 6.29
GSE45168 5 10.31 0.354 5 9.82 0.418 1.14 —0.25; 2.54
GSE70409 17 9.45 0.678 17 9.40 0.794 0.08 —0.60; 0.75
TCGA-GTEX 82 10.88 0.505 1,456 9.54 0.515 2.60 2.36; 2.84
In-house RNA-seq 8 419 0.498 8 3.64 0.348 1.21 0.12; 2.30
Overall (2 = 0.98, P < 0.01) 628 1,695 1.13 0.04; 2.22

ESCC, esophageal squamous cell carcinoma; n, number; SD, standard deviation; SMD, standard mean difference; Cl, confidence interval.

In addition to its role in promoting ESCC, we also discussed
the possibility of PTTGI advancing tumor progression. It was
reported in the literature that the high expression of PTTGI
was closely related to the pathological stage and lymph node
metastasis (Shibata et al., 2002). In vitro, knocking down PTTGI
in EC-1 and Eca-109 cell lines could inhibit EMT, migration,
and metastasis (Ito et al., 2008; Feng et al., 2017). This study
also examined the relationship between the progress of PTTGI
and ESCC on a variety of data sets. In our study, we have
confirmed that PTTGI was significantly overexpressed in ESCC
tissues, and in the prognosis analysis, the survival condition
of patients with high PTTGI expression was worse than that
of patients with low PTTGI expression (HR = 1.29), but

no significant statistical difference was found. The reason for
this situation may be that overexpression of PTTGI plays an
important role in the occurrence of ESCC, but it may have
little effect on the development and progression of ESCC. Of
course, this hypothesis needs to be further verified by our future
experiments. We did not establish a relationship between the
high expression of PTTGI and other pathological parameters
that represented the clinical process; however, the expression of
PTTGI in patients less than or equal to 60 years old was higher
than that of patients older than 60, and a higher expression of
PTTGI was correlated to a lower age. The mechanism of the
relationship between PTTGI and the patient’s age was unclear
and requires further study.
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TABLE 3 | Comprehensive analysis of ERH expression in ESCC based on gene microarrays, public RNA-seq, and in-house RNA-seq.

Study ID ESCC Normal SMD 95% ClI
n Mean SD n Mean SD

GPL570 329 8,505 4,309 68 8,503 2,543 0.00 —0.26; 0.26
GPL571 127 3,905 4,576 83 5,676 3,759 —0.41 —0.69; —0.13
GSE23400 53 10.98 0.284 53 10.33 0.267 2.37 1.87;2.87
GSE32424 7 6.58 0.356 5 5.22 0.358 3.52 1.46; 5.59
GSE45168 5 13.18 0.502 5 12.91 0.138 0.67 —0.63; 1.96
GSE70409 17 12.16 0.830 17 11.54 0.916 0.70 0.01; 1.40
TCGA-GTEX 82 12.27 0.533 1,456 1.27 0.495 2.00 1.77,2.24
In-house RNA-seq 8 6.20 0.488 8 5.54 0.217 1.66 0.48; 2.84
Overall (2 = 0.97, P < 0.01) 628 1,695 1.20 0.26; 2.15

ESCC, esophageal squamous cell carcinoma; n, number; SD, standard deviation; SMD, standard mean difference; Cl, confidence interval.
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We then investigated the reasons for the high expression of
PTTGI. The mechanism of PTTGI in ESCC has been reported
in previous studies. PTTGI induces EMT and metastasis in
ESCC by activating GLI1 (Feng et al,, 2017). PTTGI might
also regulate the expression of multiple genes related to
cell movement, including members of the Ras-Rho oncogene
superfamily (Ito et al., 2008). As a transcription factor, PTTGI
may achieve its biological function through targeted regulation
of a certain set of genes. However, there was no report on the
potential target genes of PTTGI in ESCC. By combining the
target genes displayed by ChIP-seq of PTTGI, DEGs of ESCC,
PTTGI-related genes, and the possible signaling pathways of
PTTGI, it was observed that PTTGI may interact with these
genes through chemokines and cytokine signaling pathways. The
inflammatory response, integrin signaling pathway, ubiquitin
proteasome pathway, and apoptosis signaling pathway played a
role in ESCC. By constructing a PPI network and combining
ChIP-seq data, we obtained four potential target genes, SPTANI,
SLC25A17, IKBKB, and ERH. These hub genes all had binding
sites with PTTGI. Interestingly, these genes had been reported
as tumor related, and SPTANI was a family of filamentous
cytoskeletal proteins that acted as an essential scaffold protein
for stabilizing the plasma membrane and organizing intracellular
organelles. The encoded protein had functions of DNA repair
and cell cycle regulation. The expression of SPTANI in metastatic

colon cancer was lower than that in non-metastatic colon cancer.
The low expression of SPTANI reduced the ability of cell-to-
cell contact, which facilitated the metastasis of colon cancer
cells (Hinrichsen et al., 2014; Ackermann et al., 2019). It was
found that SPTANI expression increased in ovarian cancer after
chemotherapy (LEspérance et al., 2006). The SLC25A17 gene
was the only member of the mitochondrial carrier family that
had previously been confirmed to be located in the peroxisomal
membrane. It encoded a peroxisomal membrane protein of the
mitochondrial solute carrier family and display varied expression
levels in 21 human tissues (including brain, esophagus, lung,
liver, and kidney tissues) (Agrimi et al., 2012). However, only
one relevant study reported its role in tumors, showing that
genetic changes in SLC25A17 (CNV deletion) were closely
associated with the overall survival rate and relapse-free survival
rate of neuroblastoma patients (Khan et al, 2015). Because
SLC25A17 is positively correlated with TF PTTGI expression,
it was worth further study. IKBKB, also known as IKKB, is
a nuclear factor kB kinase subunit f inhibitor, affecting cell
physiology in many ways and phosphorylating proteins to
regulate cellular processes from the cell cycle to metabolism
and differentiation (Page et al, 2017). Excessive activity of
IKBKB in oral and dental epithelial cells leads to changes
in the composition of epithelial cells and the expression of
several tumor suppressor proteins and miRNAs. This results
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in cells in a pre-tumor state, and the lack of p53 or plé6
tumor suppressor proteins and the loss of p19 would cause
odontogenic tumors and metastases to local lymph nodes and
lungs. IKBKB was observed in the areas of tumor ameloblasts
that express keratin K5 at high levels (Page et al., 2020). IKBKB
could be activated by a-KG produced by GDHI and then
upregulate GLUT1 to promote glucose uptake and tumor cell
survival, thus accelerating the occurrence of glioma (Wang et al.,
2019). ERH was an mRNA splicing and mitotic factor, and
its function was related to pyrimidine biosynthesis and cell
cycles (Gelsthorpe et al,, 1997). The ERH gene might affect
the apoptosis of bladder cancer T24 cells through TLR, NF-
kB, TNE or TGF-f signaling pathways, activating the growth
of malignant tumors (Pang et al, 2020). The research team
also proved that ERH knockdown could inhibit the transfer
of BUC T24 cells in vitro and in vivo through nude mice
tail vein metastasis experiments. They found that ERH gene
knockdown suppressed MYC-mediated migration and invasion
in bladder cancer T24 cells (Pang et al, 2019). In primary
human breast cancer and breast cancer cell models, quantitative
RT-PCR found that ERH expression was significantly more
upregulated in tumorigenic breast cancer cell lines than in non-
tumorigenic cell lines (Zafrakas et al., 2008). This study also
found a significant positive correlation between ERH and PTTGI
expression; the molecular relationship between these is also
worthy of further study. These reports, to some extent, supported
our hypothesis that PTTGI may play an important role in the
occurrence and development of ESCC by upregulating SLC25A17
and ERH.

Future research could continue this work and improve on the
current deficiencies. First, extra research should be conducted
on the relationship between PTTGI and ESCC progress and
prognosis to explore whether PTTGI could act as a factor to
evaluate the prognosis of ESCC. Second, the research should
investigate whether PTTGI can be detected in body fluids
and whether it contributes to the early diagnosis of ESCC.
Third, a ChIP-seq of PTTGI using the ESCC cell line needs
to be performed. Although the target genes of PTTGI in
different tissue cells might partially overlap, they also have tumor
specificity. Fourth, in vivo and in vitro experiments need to
be carried out to study the biological functions and related
molecular mechanisms of PTTGI. Fifth, related experiments
need to demonstrate the function of the highlighted potential
markers in our study.

CONCLUSION

This study combined multiple detection methods—IHC, RNA-
seq, and gene chip data—to comprehensively demonstrate for
the first time that PTTGI was highly expressed in ESCC
tissues. This was true from the protein level to the mRNA
level and from individual research to integrated analysis. The
results were confirmed by a study based on 2,721 cases. It
was found that the high expression of PTTGI may play an
important role in the formation of ESCC. These roles may be
completed by PTTGI regulating the downstream target genes

SLC25A17 and ERH; however, this hypothesis requires extra
experiments to verify.
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Succinylation is a newly discovered and multienzyme-regulated post-translational
modification (PTM) that is associated with the initiation and progression of cancer.
Currently, no systematic analyses on the role of succinylation regulators in tumors have
been reported. In this study, we performed a comprehensive pan-cancer analysis on
four well-known succinylation regulators (CPT1A, KAT2A, SIRT5, and SIRT7). We found
that these regulators played specific and critical roles in the prognosis of clear cell renal
cell carcinoma (ccRCC). We constructed a risk score (RS) based on two independent
prognostic prediction factors, CPT1A and KAT2A, and subsequently developed a
nomogram model containing the RS, which showed good accuracy in the prediction
of overall survival (OS) in ccRCC patients. Furthermore, we used the similar expression
pattern of four succinylation regulators according to consensus clustering analysis to
divide the patients into three clusters that exhibited prominently different OS as well
as clinicopathological characteristics. Differently expressed genes (DEGs) and pathway
enrichment analyses of three clusters indicated that succinylation regulators might
promote malignant progression of ccRCC by regulating the infiltration of immune cells
and RNA N6-methyladenosine (m6A) methylation. Importantly, our data suggest that
CPT1A and SIRT5 might up-regulate and down-regulate the expression of LRPPRC and
EIF3B, respectively. Our study systematically analyzed the prognostic predictive values
of four succinylation regulators and revealed their potential mechanisms in ccRCC
aggressiveness. These data provide new insight into the understanding of succinylation
modification and present clinical evidence for its role in ccRCC treatments.

Keywords: succinylation regulators, clear cell renal cell
N6-methyladenosine methylation
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Succinylation Regulators in ccRCC

INTRODUCTION

Renal cell carcinoma (RCC) is one of the most common
carcinomas with a continuously increasing incidence over several
decades, in which clear cell renal cell carcinoma (ccRCC)
accounts for approximately 75-80% (Shuch et al., 2015; Makhov
et al., 2018). Curative resection is the most effective therapy for
ccRCC. However, about 30% of patients could not be cured by
surgical operation because of the local progression or distant
metastasis at the first diagnosis, and around one third of patients
suffered from recurrence after surgery (Li Q. K. et al, 2019).
As ccRCC is not sensitive to radiotherapy or chemotherapy,
the selection of appropriate therapeutic regimens for patients
with advanced ccRCC remains challenging. The 5 years survival
rate for patients with advanced ccRCC is only 11.7% (Siegel
et al., 2017) and so there is an urgent need for the development
of novel therapeutic options. Although new treatments such
as anti-angiogenesis drugs and immune checkpoint inhibitors
are recently recommended as first-line therapies, the objective
response rate (ORR) is unsatisfactory yet (Angulo and Shapiro,
2019). It is necessary to develop novel prognostic biomarkers of
ccRCC to screen out those patients with poor prognosis for more
positive treatment.

Abbreviations: ccRCC, clear cell renal cell carcinoma; m6A, N6-methyladenosine;
PTM, post-translational modification; RS, risk score; OS, overall survival; DEGs,
differently expressed genes; RCC, renal cell carcinoma; ORR, objective response
rate; CPT1A, carnitine palmitoyltransferase 1A; KAT2A, lysine acetyltransferase
2A; SIRTS5, Sirtuin5; SIRT7, Sirtuin7; GC, gastric cancer; PDAC, pancreatic
ductal adenocarcinoma; SOD1, superoxide dismutase; PKM2, pyruvate kinase M2;
SHMT?2, serine hydroxymethyltransferase2; GLS, glutaminase; SDHA; succinate
dehydrogenase complex subunit A; ACOX1, acyl-CoA oxidase 1; TCGA, The
Cancer Genome Atlas; CPTAC, Clinical Proteomic Tumor Analysis Consortium;
ROG, receiver operating characteristic; IGP, in-group-proportion; PCA, principal
component analysis; GO, gene ontology; KEEG, Kyoto Encyclopedia of Genes and
Genomes; LASSO, least absolute shrinkage and selection operator; PLMD, Protein
Lysine Modifications Database; FBS, fetal bovine serum; NC, negative control;
ESCA, esophageal carcinoma; HNSCC, head and neck squamous cell carcinoma;
LUSC, lung squamous cell carcinoma; LUAD, lung adenocarcinoma; LIHC, liver
hepatocellular carcinoma; KIRP, kidney renal papillary cell carcinoma; KIRC,
kidney renal clear cell carcinoma; COAD, colon adenocarcinoma; BRCA, breast
invasive carcinoma; BLCA, bladder urothelial carcinoma; AUC, area under curve;
CDE, cumulative distribution function; FC, fold change; BP, biological process; CC,
cellular component; ME, molecular function; METTL3, methyltransferase like 3;
METTLI14, methyltransferase like 14; METTL16, methyltransferase like 16; WTAP,
Wilms tumor 1 associated protein; VIRMA, Vir like m6A methyltransferase
associated; RBM15, RNA binding motif protein 15; RBM15B, RNA binding motif
protein 15B, ZC3HI13, zinc finger CCCH-type containing 13, FTO, fat mass
and obesity associated protein; ALKBH5, AlkB Homolog 5, RNA Demethylase;
YTHDF1, YTH N(6)-methyladenosine RNA binding protein 1; YTHDF2,
YTH N(6)-methyladenosine RNA binding protein 2; YTHDF3, YTH N(6)-
methyladenosine RNA binding protein 3; YTHDCI, YTH domain containing
1; YTHDC2, YTH domain containing 2; AGO?2, argonaute RISC catalytic
component 2; RBMX, RNA binding motif protein, X-linked; ELAVLI, ELAV like
RNA binding protein 1; HNRNPA2B1, heterogeneous nuclear ribonucleoprotein
A2/B1; HNRNPC, heterogeneous nuclear ribonucleoprotein C (C1/C2), FMRI,
fragile X mental retardation 1; LRPPRC, leucine-rich pentatricopeptide repeat
containing; IGF2BP1, insulin-like growth factor 2 mRNA binding protein 1;
IGF2BP2, insulin-like growth factor 2 mRNA binding protein 2; IGF2BP3, insulin-
like growth factor 2 mRNA binding protein 3; EIF3A, eukaryotic translation
initiation factor 3, subunit A; EIF3B, eukaryotic translation initiation factor 3,
subunit B; EIF3C, eukaryotic translation initiation factor 3, subunit C; EIF3H,
eukaryotic translation initiation factor 3, subunit H; ZCCHC4; zinc finger,
CCHC domain containing 4; METTL5, methyltransferase like 5; TRMT112, tRNA
methyltransferase 11-2 homolog.

Succinylation modification is a newly discovered post-
translational modification (PTM) that regulates various
physiological and pathological processes including tumor
initiation and development. It is dynamically regulated by
succinyl transferases including carnitine palmitoyltransferase 1A
(CPT1A) (Kurmi et al, 2018) and lysine acetyltransferase 2A
(KAT2A) (Wang Y. et al, 2017), and desuccinylases including
Sirtuin5 (SIRT5) and Sirtuin7 (SIRT7). Accumulating evidence
shows that succinylation regulators play important roles in
tumor development by regulating the succinylation levels of
substrate targets. CPT1A can promote the proliferation of breast
cancer cells by succinylation of enolase 1 (Kurmi et al., 2018) and
enhance metastasis of gastric cancer (GC) cells by succinylation
of S100A10 (Wang et al., 2018). KAT2A has been shown to up-
regulate 14-3-3¢ through its succinyltransferase activity which
acts to promote proliferation, migration and invasion of human
pancreatic ductal adenocarcinoma (PDAC) cells (Tong et al.,
2020). SIRT5 can play a tumor-promoting role by desuccinylating
substrates such as Cu/Zn superoxide dismutase (SOD1), pyruvate
kinase M2 (PKM2), serine hydroxymethyltransferase2 (SHMT2),
glutaminase (GLS), succinate dehydrogenase complex subunit
A (SDHA) in the lung, liver, colon, breast and kidney cancers,
respectively (Lin et al., 2013; Xiangyun et al., 2017; Chen et al,,
2018; Greene et al,, 2019; Ma et al., 2019). In particular, SIRT5
can promote breast cancer tumorigenesis in coordination with
CTP1A (Kurmi et al., 2018; Greene et al., 2019). Also, SIRT5
can inhibit HCC tumorigenesis by regulating the activity of
acyl-CoA oxidase 1 (ACOXI1), or suppress GC invasion by
desuccinylation of SI00A10 (Wang et al., 2018). Based on these
data, the roles of succinylation regulators in tumor development
are complicated. Different succinylation regulators can have
synergistic or antagonistic effects in specific tumors and the
same succinylation regulator may have diverse functions in
different types of tumors. There is a need to better understand
the biology of succinylation regulators through a global analysis
of their action in cancer development using the comprehensive
bioinformatics approaches. However, such types of studies are
not reported yet.

Succinylation regulators usually catalyze the succinylation
modification of substrate proteins at lysine residues that are
also frequently modified by other PTMs such as acetylation,
ubiquitination and methylation. Compared to acetylation,
succinylation can cause larger mass changes in substrate proteins
due to the higher molecular weight of succinyl and can also
have a greater effect on the charge of lysine residues from +1
to —1, resulting in more significant influences on the structure
and function of target proteins (Kumar and Lombard, 2018).
Moreover, competition between succinylation and other forms
of PTMs at the same lysine residue can regulate the function
of target proteins. For example, succinylation of SI00A10 or
GLS can increase the stability of these proteins by antagonizing
ubiquitination and proteasome-dependent degradation (Wang
et al,, 2018; Zhao S. et al,, 2019). The competitive relationship
between succinylation and ubiquitination may regulate protein
levels through the ubiquitin-proteasome pathway.

In this study, we conducted a pan-cancer analysis and
identified a key role of succinylation regulators in ccRCC.
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Mechanistically, our results suggested that succinylation
regulators might promote the malignant progression of ccRCC
by regulating tumor immunity and m6A methylation regulators.
This study offers a novel perspective on the role of succinylation
regulators in ccRCC, provides useful insight into the screening
of ccRCC patients for immune therapy and reveals a potential
regulatory relationship between succinylation modification and
RNA m6A methylation.

MATERIALS AND METHODS
Study Design and Data Screening

All bioinformatics analyses in this study were performed
following a flowchart as shown in Supplementary Figure S1.
The RNA-seq transcriptome data and corresponding clinical
information of pan-cancer including 33 tumors were acquired
from the UCSC Xena Website!. The transcriptome data and more
detailed clinical information of KIRC (also named ccRCC) were
downloaded from The Cancer Genome Atlas (TCGA) database?
and normalized using the R program. A total of 251 samples
with integral clinicopathological parameters, including T stage,
N stage, M stage, survival status, overall survival (OS), age and
gender, were divided into dataset 1 and a total of 242 patients
with integral clinicopathological parameters except for N stage
were contained in dataset 2. The baseline characteristics were
highly similar in dataset 1 and dataset 2 except for gender, which
was shown in Supplementary Materials (Supplementary Tables
S1, S2 and Supplementary Figures S2A-F). The proteome data
of ccRCC were obtained from The National Cancer Institutes
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
database’, in which 105 patients with expression information of
CPT1A and KAT2A were screened to further analyze.

Construction of
Multi-Succinylation-Regulator Risk
Score Model

Univariate and subsequent multivariate Cox regression analyses
were performed to pick out the independent prognostic
predictors among four well-known succinylation regulators by
“survival” package. The risk score (RS) based on succinylation
regulators for each patient was calculated with the expression
values of the selected genes weighted by their corresponding
coeflicients according to the multivariate Cox regression analysis.
Patients were then divided into high-risk and low-risk group
by the median of RS and difference between two groups
was analyzed by log-rank test and visualized by Kaplan-
Meier survival curve.

Establishment and Validation of
Nomogram Prognostic Prediction Model

Multivariate Cox regression analysis was used to further pick out
independent factors among RS and others clinical pathological

'http://xena.ucsc.edu/
*https://cancergenome.nih.gov/
Shttps://proteomics.cancer.gov/programs/cptac

characteristics, which were already screened by univariate
Cox regression. According to the results of multivariate Cox
regression analysis, the nomogram prognostic prediction model
was established by the R package named “rms,” and the C-index
of this model was calculated by “survival” package. Calibration
curve was used to evaluate the performance of this model, and
receiver operating characteristic (ROC) analysis was utilized to
assess the accuracy of the model for survival prediction by
“timeROC” package.

Consensus Clustering on the Basis of
Succinylation Regulators

To further investigate the function of succinylation regulators in
ccRCC, patients in dataset 1 were separated into three clusters
according to the best cut-off obtained from consensus clustering
analysis using the R package named “ConsensusClusterPlus”
(Wilkerson and Hayes, 2010). The in-group-proportion (IGP)
statistic was used to evaluate the reproducibility of the consensus
clustering by the “clusterRepro” package using data from dataset
2 (Kapp and Tibshirani, 2007; Li B. et al, 2019). Principal
component analysis (PCA) within the R software was utilized
to explore the expression patterns of genes in different clusters.
Kaplan-Meier analysis was used to evaluate whether there was
significant difference in OS among three clusters.

Function Analysis Among Different

Clusters

Differentially expressed genes (DEGs) in cluster 2 or cluster
1 compared to cluster 3 were screened by the “Limma”
package (Ritchie et al, 2015) with the criteria of adjusted
P < 0.05 and | Log fold change (FC)| > 0.585. Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment were performed by the package
called “clusterprofiler” based on DEGs mentioned above
(Yuetal, 2012).

Immune Infiltration Analysis Among

Different Clusters

The file of leukocyte gene signature matrix (LM22) and the
corresponding source codes were downloaded from CIBERSORT
website? to assess the abundance of immune cells among clusters
of ccRCC (Newman et al., 2015), the immune infiltration analysis
was performed by R software (v3.6.3), only samples with P < 0.05
were retained for subsequent analysis.

Construction of Immune Signature
Underlining the Regulation of

Succinylation

To explore the association of immune signature and
succinylation regulators, a screening criteria was established as
follows: (1) be up-regualted in cluster 2 as well as in clsuterl
in comparison with cluster 3; (2) be negatively correlated
with OS of ccRCC patients (HR > 1, P < 0.05); (3) be

“http://cibersort.stanford.edu

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2021 | Volume 9 | Article 622198


http://xena.ucsc.edu/
https://cancergenome.nih.gov/
https://proteomics.cancer.gov/programs/cptac
http://cibersort.stanford.edu
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Luetal.

Succinylation Regulators in ccRCC

contained in the gene list downloaded from Immport Shared
Data website®. Then more powerful prognostic predictors
from genes conformed to the criteria were filtered by Least
Absolute Shrinkage and Selection Operator (LASSO) algorithm
using “glmnet” package in R (Friedman et al, 2010) and
finally constructed the immune signature associated with
the succinylation regulators. RS_immune was reckoned with
the expression values of the each gene contained in immune
signature weighted by their coefficients according to LASSO Cox
regression analysis.

Succinylation Modification and

Prognostic Value of m6A Regulators

The network of m6A regulators, which were reported by high-
quality studies acquired from PubMed website®, was constructed
using Cytoscape software (v3.6.1). Online website Protein Lysine
Modifications Database (PLMD)’ was used to identify the
succinylation and ubiquitination modified lysine residues within
m6A regulators. In addition, the prediction value of m6A
regulators in ccRCC was evaluated by univariate Cox regression
analysis and LASSO.

Validation by Immunohistochemistry
From Clinical Specimens of ccRCC

CcRCC tissues and matched adjacent normal kidney tissues
from 42 ccRCC patients received radical nephrectomy and
confirmed by pathological diagnosis from June 2015 to June
2016 were collected in Shengjing Hospital of China Medical
University. The baseline characteristics of 42 ccRCC patients for
immunohistochemistry are shown in Supplementary Table S3.
This study was approved by Ethics Committee of the First
Hospital of China Medical University (AF-SOP-07-1.1-01). The
expression pattern of CPT1A, KAT2A, SIRT5, SIRT7, LRPPRC,
and EIF3B was assessed by immunohistochemistry using the
paraffin embedded tissues. The intensity of staining was classified
on a scale of 0-3: 0 (negative), 1, (weak), 2 (moderate), 3
(strong); and the heterogeneity of staining was scored as 0
(<5%), 1 (6-25%), 2 (26-50%), 3 (51-75%), 4 (>75%). The
protein expression of each molecule was calculated finally by
the following formula: 3x scores of strongly staining cells + 2x
scores of moderately staining cells + 1x scores of weakly staining
cells. The expression pattern of each molecule was compared
between normal and tumor tissues and then the correlation
between CPT1A and LRPPRC, SIRT5 and EIF3B, CPT1A and
EIF3B, SIRT5 and LRPPRC were calculated, respectively.

Cell Culture

Human renal adenocarcinoma cell lines ACHN (TCHul199) was
purchased from the Chinese Academy of Sciences (Shanghai,
China) and cultured in RPMI-1640 medium with 10% fetal
bovine serum (FBS) and 100 U/ml penicillin-streptomycin, under
the optimum culture condition of 37°C and 5% CO,.

Shttps://www.immport.org/shared/home
Chttps://pubmed.ncbi.nlm.nih.gov/
“http://plmd.biocuckoo.org/

Cell Transfection
The specific human siRNAs of CPT1A and SIRT5 were
synthetized from JTS scientific (Wuhan, China). ACHN cells
were inoculated into a six-well plate at the density of 1 x 10° and
siRNAs were transfected into cells by jetPRIME® Transfection
Reagent according to manufacturer’s instructions. The coding
strands of negative control (NC) and different siRNAs are listed
as follows:

NC siRNA: 5'-UUCUCCGAACGUGUCACGU-3'

siCPT1A-2: 5-GGAUGGGUAUGGUCAAGAU-3'

siCPT1A-3: 5-GCCUUUACGUGGUGUCUAA-3’

siSIRT5-1: 5'-GCAGAUUUUCGAAAGUUUU-3

siSIRT5-3: 5'-GAGUCCAAUUUGUCCAGCU-3’

Western Blotting

The protein samples were collected and quantified after
transfected for 72 h. Samples were utilized to electrophoresis in
an 8% SDS-polypropylene gel and then transferred onto PVDF
membranes (Millipore, United States). After a 40 min-blocking
with 5% skimmed milk, the membranes were incubated in
primary antibodies for at least 6 h at room temperature and then
washed by 1 x TBST buffer for 4 times. Finally, after incubation
by secondary antibodies for 40 min and another washing for 4
times, the membranes were visualized using the Electrophoresis
Gel Imaging Analysis System (DNR Bio-Imaging Systems, Israel).

Antibodies
Antibodies Source Identifier Dilution Ratio
IHC WB

CPT1A Cell Signaling #12252 1:1,000
Technology

CPT1A Proteintech 15184-1-AP  1:200

KAT2A Santa Cruz sc-365321 1:50
Biotechnology

SIRT5 Sigma-Aldrich HPA022002 1:800 1:500

SIRT7 Santa Cruz 12994-1-AP  1:50
Biotechnology

LRPPRC Proteintech 21175-1-AP  1:400 1:1,000

EIF3p Santa Cruz sc-374156 1:50 1:2,000
Biotechnology

Statistical Analyses

All statistical analyses in the whole study except for
immunohistochemistry were performed using R software
(v3.6.3). Wilcoxon test was used to compare the expression
level of genes between tumor and normal tissues, and one-
way ANOVA test was utilized to compare the expression
pattern of succinylation regulators and m6A regulators as well
as the infiltration pattern of immune cells in patients with
different clusters. Overall survival between different groups was
analyzed by Kaplan-Meier survival curve with log-rank test.
Correlation between genes expression was analyzed by Spearman
correlation analysis. Relationship between protein expression
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and clinicopathological parameters was analyzed by chi-square
test with package “stats” in R. Statistical analyses relating to
immunohistochemistry was carried out by GraphPad Prism
(v8.0.2), in which the unpaired Students t-test was used to
analyze the expression pattern of each molecule between normal
and tumor tissues, Pearson correlation was utilized to identify the
relationship between CPT1A and LRPPRC, SIRT5 and EIF3B,
CPT1A and EIF3B, SIRT5 and LRPPRC. P < 0.05 was defined
statistically significant in the whole study.

RESULTS

Altered Expression of Succinylation
Regulators and Their Correlation With
Clinicopathological Parameters of
ccRCC Patients

To evaluate the roles of four well-known succinylation regulators
(CPT1A, KAT2A, SIRTS5, and SIRT7), we utilized the TCGA pan-
cancer dataset to analyze the expression patterns and prognostic

prediction values in 10 relatively common tumors including
ESCA, STAD, LUSC, LUAD, LIHC, KIRP, KIRC, COAD, BRCA,
and BLCA. We found that KAT2A was prominently up-
regulated in all types of tumors compared to the corresponding
normal tissues. SIRT7 was significantly up-regulated in 9 of 10
tumor types and down-regulated in COAD. The expression of
CPT1A and SIRT5 showed significant differences between several
tumors and normal tissues with a high level of heterogeneity
in different tumors (Figure 1A). However, univariate Cox
regression analysis showed that the overall survival (OS) of
patients with KIRC (also named ccRCC), but not other tumor
types, was associated with all four regulators (P < 0.05)
(Figure 1B and Supplementary Table S4). Therefore, further
analysis was focused on c¢cRCC. We performed correlation
analysis between the expression of succinylation regulators and
the clinicopathological parameters in dataset 1. Our results
showed that expression of CPT1A or SIRT5 was negatively
correlated with deeper tumor infiltration and distant metastasis,
whereas the expression of SIRT7 exhibited opposite effect
(Supplementary Table S5). The expression of KAT2A was not
significantly correlated with any clinicopathological parameters.
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FIGURE 1 | Pan-cancer analysis among 10 common tumors. (A) Different mRNA expression patterns of four succinylation regulators, CPT1A, KAT2A, SIRT5 and
SIRT7, between tumor and normal tissues among 10 common tumors, *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001. (B) Heatmap of HR illustrating the
association between each succinylation regulator and survival status in different tumors. Orange modules mean statistically significant HR > 1, blue modules mean
statistically significant HR < 1, and white modules represent for the regulators with no significant prognostic prediction value. HR, hazard ratios; ESCA, esophageal
carcinoma; STAD, stomach adenocarcinoma; LUSC, lung squamous cell carcinoma; LUAD, lung adenocarcinoma; LIHC, liver hepatocellular carcinoma; KIRP,
kidney renal papillary cell carcinoma; KIRC, kidney renal clear cell carcinoma; COAD, colon adenocarcinoma; BRCA, breast invasive carcinoma; BLCA, bladder
urothelial carcinoma.
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TABLE 1 | The univariate and multivariate Cox regression analysis between four well-known succinylation regulators and OS in dataset 1.

Univariate cox

Multivariate cox

Gene Coef HR 95%ClI P Coef HR 95%Cl P
CPT1A —0.584 0.558 0.421-0.739 <0.001 —0.625 0.535 0.386-0.742 <0.001
KAT2A 0.740 2.095 1.624-2.702 <0.001 0.706 2.026 1.404-2.922 <0.001
SIRT5 —0.601 0.548 0.307-0.979 0.042 —0.004 0.996 0.555-1.787 0.988
SIRT7 1.322 3.749 2.265-6.205 <0.001 0.016 1.016 0.487-2.116 0.967
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FIGURE 2 | Establishment and validation of a risk score and nomogram prognostic prediction model based on succinylation regulators in dataset 1. (A) Distribution
of the RS, OS, survival status, and the relative expression of CPT1A and KAT2A among ccRCC patients in dataset 1. (B) Kaplan-Meier survival curve for ccRCC
patients with high and low RS.(C) The nomogram prognosis prediction model containing RS, Age, T stage and M stage. (D) The calibration plots suggested the
comparison between predicted and actual outcome for 1-, 3-, 5-, and 7-year survival probabilities in the nomogram model. (E) ROC curves described the predictive
ability of nomogram model and traditional model only containing age, T stage and M stage for 1-, 3-, 5-, and 7-year survival probabilities. RS, risk score; OS, Overall
Survival; ROC, Receiver Operating Characteristic.
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TABLE 2 | The correlation between RS and clinicopathological
parameters in dataset 1.

Parameter Total Low RS High RS P
T stage 0.012
T4+ T2 148 84 64

T3+ T4 103 41 62

N stage 0.073
NO 235 121 114

N1 16 4 12

M stage 0.004
MO 209 113 96

M1 42 12 30

Age 0.849
<Median 123 60 63

>Median 128 65 63

Gender 0.034
Female 99 58 41

Male 152 67 85

The median age of ccRCC patients in dataset 1 is 62 years old.

Taken together, these data indicated that succinylation regulators
might play a more important role in the development and
progression of ccRCC.

Establishment of a Risk Score and
Prognostic Predictive Nomogram Model
Based on the Expression of

Succinylation Regulators in ccRCC

To further clarify the prognostic predictive value of succinylation
regulators in ccRCC, we performed univariate and multivariate
Cox regression analyses. The results indicated that CPT1A
(HR = 0.535, 95%CI = 0.386-0.742, P < 0.001) and KAT2A
(HR = 2.026, 95%CI = 1.404-2.922, P < 0.001) were the
independent prognostic predictors for ccRCC (Table 1). Then,
a risk score (RS) was calculated for each patient according
to the following formula: RS = 0.706 x EXP[KAT2A] —
0.625 x EXP[CPT1A]. The patients were then divided into high-
and low-RS groups based on the median of RS compared to
the low-RS group, the high-RS group exhibited low expression
of CPT1A, high KAT2A expression and reduced survival
(Figure 2A). The Kaplan-Meier curve analysis showed that

the OS of the high-RS group was notably shorter than
the low-RS group (HR = 3.390, 95%CI = 2.145-5.359,
P < 0.001) (Figure 2B). Similar results were found in dataset 2
(Supplementary Figures S3A,B). Furthermore, the relationship
between RS and different clinical parameters was analyzed by
a Chi-square test and showed that a high RS was positively
associated with T stage (P = 0.012), M stage (P = 0.004), as well
as male (P = 0.034, Table 2).

To estimate the survival probabilities of ccRCC patients at 1, 3,
5, and 7 years, we established a nomogram prognostic prediction
model based on all independent prognostic predictors recognized
by the univariate and multivariate Cox regression analyses
including RS (HR = 3.082, 95%CI = 1.913-4.966, P < 0.001),
T stage (HR = 2.278, 95%CI = 1.447-3.588, P < 0.001), M
stage (HR = 2.876, 95%CI = 1.788-4.625, P < 0.001) and age
(HR = 1.729, 95%CI = 1.138-2.626, P = 0.010, Table 3 and
Figure 2C). The C-index of this model was 0.777, with a 95%CI
ranging from 0.731 to 0.823. The overlapping of the calibration
curve between the predictive values from the nomogram model
and the actual observations demonstrated the accuracy of this
model (Figure 2D). Next, we compared the performance of
the nomogram model with the traditional model that only
contained the clinical parameters (T stage, M stage and age) in
the prognostic prediction. The results showed that the nomogram
model was superior in predicting OS at 3, 5, and 7 years, whilst
the traditional model had a larger area under the curve (AUC)
for 1 year survival prediction (Figure 2E). These results suggested
that the nomogram model was more powerful than the traditional
model in predicting the long-term survival of ccRCC patients.

Cluster Identification Based on
Consensus Clustering of Succinylation
Regulators in ccRCC

To further ascertain the function of all succinylation regulators,
consensus clustering analysis was performed to distinguish
the expression similarities of four succinylation regulators.
The patients in dataset 1 were separated into three clusters
according to the minimum value of cumulative distribution
function (CDF) (k = 3, Figure 3A). Significant differences in the
expression patterns of the four regulators were found in clusters
1 (CPTlAmedium) KATZAmedi“m, SIRT5medium, SIRT7medium)) 2
(CPT1A"Y KAT2AMs" SIRT5!o%, SIRT7"8"), and 3 (CPT1AMg",

TABLE 3 | The univariate and multivariate Cox regression analysis between RS and other clinicopathological parameters and OS in dataset 1.

Univariate cox

Multivariate cox

Parameter Coef HR 95%ClI P Coef HR 95%ClI P

T stage 1.148 3.151 2.075-4.784 <0.001 0.823 2.278 1.447-3.588 <0.001
N stage 1.233 3.430 1.818-6.472 <0.001 0.334 1.397 0.707-2.758 0.336

M stage 1.444 4.237 2.7562-6.524 <0.001 1.056 2.876 1.788-4.625 <0.001
Age 0.450 1.568 1.035-2.376 0.034 0.547 1.729 1.138-2.626 0.010

Gender 0.021 1.021 0.674-1.547 0.921

RS 1.221 3.390 2.145-5.359 <0.001 1.126 3.082 1.913-4.966 <0.001
The median age of ccRCC patients in dataset 1 is 62 years old.
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FIGURE 3 | Identification and characteristic description of the consensus clusters based on succinylation regulators in dataset 1. (A) Consensus clustering CDF for
k = 2 to 10 and consensus clustering matrix for k = 3. (B) The different expression pattern of four succinylation regulators in three clusters at mRNA level,
P < 0.0001. (C) PCA of the total mRNA expression profile in dataset 1. (D) Kaplan-Meier survival curve for ccRCC patients in different clusters. (E) The heatmap
demonstrated the expression of four succinylation regulators in patients contained in dataset 1 as well as the association between RS and consensus clusters. CDF,
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KAT2A/", SIRT5"8", SIRT7/°") (Figure 3B). Patients in each
cluster gathered well in sub-classes partitioned by principal
component analysis (PCA), verifying the rationality of the
consensus clustering (Figure 3C). The patients in cluster 2 had
the shortest OS amongst the three clusters, while patients in

TABLE 4 | The correlation between clusters and clinicopathological
parameters in dataset 1.

Parameter Total Cluster 1 Cluster 2 Cluster 3 P

T stage <0.001
T4+ T2 148 63 24 61

T3+ T4 103 39 41 23

N stage 0.073
NO 235 98 57 80

N1 16 4 8 4

M stage 0.001

MO 209 87 45 77

M1 42 15 20 7

Age 0.854
<Median 123 48 32 43

>Median 128 54 33 41

Gender 0.975
Female 99 41 25 33

Male 1562 61 40 51

RS <0.001
Low 125 45 0 80

High 126 57 65 4

The median age of ccRCC patients in dataset 1 is 62 years old.

cluster 3 showed the longest OS (P < 0.001, Figure 3D). When
comparing groups were divided by the RS and clusters, we found
that cluster 2 was completely contained in the high-RS subgroup
(Figure 3E). For the clinicopathological features, cluster 2 was
positively related to later T stage (P < 0.001) and M stage
(P = 0.001) (Table 4). Taken together, ccRCC patients could
be successfully separated by consensus clustering and cluster 2
accurately identified patients with more malignant characteristics
in the high-RS group.

The three-cluster classification was further verified using
dataset 2. The in-group-proportion (IGP) values from cluster 1
to cluster 3 in dataset 2 were 0.972, 0.960 and 0.988, respectively
(Supplementary Figure S4A). These values were much higher
than a random partition into three clusters (IGP = 0.333). The
three-clusters of dataset 2 highly resembled those of dataset 1 for
the expression of four succinylation regulators (Supplementary
Figure S4B), the distribution of patients in different principal
components by PCA analysis (Supplementary Figure S4C),
the relative length of OS time (Supplementary Figure S4D)
and the relationship between cluster 2 and the high-RS group
(Supplementary Figure S4E). In summary, ccRCC patients
could be divided into three clusters according to the similarities
in the expression of succinylation regulators. Poor prognosis
was observed for clusters 1 or 2 and a good prognosis for
cluster 3 was found.

Association of Succinylation Regulators
With Immune Cell Infiltration in ccRCC

To assess the functions of the three clusters, we screened the
differently expressed genes (DEGs) between the clusters and
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performed the gene ontology (GO) pathway enrichment analysis.
The DEGs between the clusters were screened with the restriction
of an adjusted P < 0.05 and a | log fold change (logFC)| > 0.585.
1,388 up-regulated and 1,084 down-regulated genes in cluster 2,
240 up-regulated genes and 59 down-regulated genes in cluster 1
were identified relative to cluster 3, respectively (Figures 4A,D).
GO pathway enrichment analysis of DEGs demonstrated the top
15 up-regulated and down-regulated pathways in clusters 1 and
2 (Figures 4B,C,E,F). The top 15 pathways were defined as the
sum of the top five pathways in biological process (BP), cellular
component (CC) and molecular function (MF), respectively,
among which only two pathways in MF were significantly up-
regulated in cluster 1. Interestingly, we found that most of
the up-regulated pathways were related to immune regulation
and part of the pathways overlapped between clusters 1 and
2, suggesting that succinylation regulators might promote the
ccRCC by regulating immune pathways (Figures 4B,E).
CIBERSORT was used to distinguish differences in immune
infiltration among the three clusters. The result of 186 patients
in dataset 1 met the requirements of CIBERSORT with a
P < 0.05. The top 3 infiltrating immune cells were CD8™
T cells, MO macrophages and resting memory CD4% T cells,
all of them showed no differences among the three clusters
(Figures 5A-C). Interestingly, from a total of 22 immune cell
types, three cell types were significantly different among the three
clusters including regulatory T cells (Tregs, P < 0.001), MO
macrophages (P < 0.05) that exhibited an increasing trend with
the promotion of malignancy, and resting mast cells (P < 0.05)
that showed a decreasing tendency. The correlation analysis
of 21 immune cell types (excluding naive CD4" T cells that
show no infiltration in any patient) revealed that CD8" T cells
were positively related to helper follicular T cells (R = 0.59,
P < 0.05) and negatively related to resting memory CD4* T

cells (R = —0.7, P < 0.05, Figure 5D). Kaplan-Meier analysis
indicated that infiltration of Tregs was associated with the
poor prognosis of OS (HR = 1.820, 95%CI = 1.140-2.906,
P = 0.011) and infiltration of resting mast cells was associated
with longer OS (HR = 0.462, 95%CI = 0.286-0.747, P = 0.001).
The infiltration of M0 macrophages had no predictive effect
on the OS of ccRCC patients (Figure 5E). The infiltration
of Tregs was significantly more different amongst the three
clusters compared to resting mast cells. These results suggested
that succinylation regulators might contribute to malignancy
of ccRCC by enhancing the infiltration of Tregs and inducing
an immunosuppressive microenvironment. To determine which
succinylation regulators play a major role in the infiltration
of Tregs, we performed a correlation analysis between each
regulator and FOXP3, an essential gene marker for Tregs. The
expression of FOXP3 was positively related to SIRT7 (R = 0.315,
P =0.007) and negatively related to SIRT5 (R = 0.331, P < 0.001)
and CPT1A (R = —0.196, P < 0.001) (Figure 5F). These results
suggested that SIRT7-high, SIRT5-low or CTP1A-low might
contribute to the infiltration of Tregs.

Establishment of a Succinylation
Regulator-Related Prognostic Predictive
Immune Signature in ccRCC

To further investigate the mechanism of succinylation regulators
and immune regulation, we aimed to determine the key immune-
related genes associated with succinylation regulators and ccRCC
malignancy. Based on the criteria detailed in the “Materials and
Methods” section, we identified a total of 34 immune-related
genes that were up-regulated in clusters 1 and 2 and associated
with poor prognosis (Figures 6A-C). Next, we performed the
last absolute shrinkage and selection operator (LASSO) cox
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regression analysis to further identify six central immune factors
as an immune signature (Figure 6D). Based on this immune
signature, a RS was calculated according to the following formula:
RS_immune = 0.148 x EXP[AGER] + 0.066 x EXP[IGLV3-
21] + 0.038 x [IL20RB] + 0.283 x EXP[LTB4R] + 0.223 x
EXP[NFKBIZ] + 0.018 x EXP[SAA1l]. When separating the
patients into the high- and low-risk groups based on the median
of RS_immune, the OS of the two groups showed different trends
(HR = 4.232, 95%CI = 2.614-6.850, P < 0.001) with the 5 and
7 years AUC larger than 0.8 (Figures 6E,F). Analysis of dataset
2 also showed similar results (Supplementary Figures S5A,B).
All of these data indicated that succinylation regulators were
associated with the expression of immune-related genes and a
6-gene immune signature could predict prognosis in ccRCC.

Association of Succinylation Regulators
With N6-Methyladenosine RNA
Methylation in ccRCC

In addition to the immune-related pathways, abundant
GO pathways relating to RNA modification were shown

to be wup-regulated (Figure 7A). The pathway named
“spliceosome” was enriched in the top 5 of KEGG pathways
(Figure 7B) in cluster 2 compared to cluster 3. These results
suggested that RNA modification might also be associated
with succinylation regulators and ccRCC malignancy. N6-
methyladenosine (m6A) methylation, one of the most
common RNA-related modifications, is catalyzed by m6A
regulators (Zaccara et al, 2019). We hypothesized that
succinylation regulators might regulate m6A regulators to
affect RNA-related pathways. To determine whether m6A
regulators could be succinylated, we searched the protein lysine
modification database (PLMD) to seek succinylation modified
sites in 32 m6A regulators including METTL3, METTLI14,
METTL16, WTAP, VIRMA, RBMI15, RBMI15B, ZC3H13,
FTO, ALKBHS5, YTHDF1, YTHDEF2, YTHDF3, YTHDCI,
YTHDC2, AGO2, RBMX, ELAVL1, HNRNPA2B1, HNRNPC,
FMR1, LRPPRC, IGF2BP1, IGF2BP2, IGF2BP3, EIF3A,
EIF3B, EIF3C, EIF3H, ZCCHC4, METTL5, and TRMTI112
(Figure 7C). In total, 23 lysine sites from five m6A readers
including HNRNPA2B1, HNPNPC, HNRNPG, LRPPRC, and
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FIGURE 6 | The immune signature based on succinylation modification. (A) The Venn diagram showed 34 candidates contained in up-regulated genes in cluster 2
relative to cluster 3, up-regulated genes in cluster 1 relative to cluster 3 and the immune gene list form Immport Shared Data website at the same time, and all have a
significant HR > 1 (P < 0.05). (B) The heatmap displayed relative mRNA expression of 34 candidate immune genes in three clusters. (C) Univariate Cox regression
analysis of the association between the mRNA expression of 34 candidate immune genes and OS of patients with ccRCC in dataset 1. (D) The coefficients of
important prognosis prediction factors calculated by multivariate Cox regression using LASSO. (E) Kaplan-Meier survival curves for patients with high and low RS
based on immune signature. (F) The ROC curves based on immune signature for 1-, 3-, 5-, and 7-year survival probabilities. LASSO, least absolute shrinkage and
selection operator.

EIF3B could potentially undergo succinylation modification
(Table 5).

According to previous studies, succinylation regulators mainly
regulate the activity or protein expression of their targeting
molecules. We further analyzed the effects of succinylation
regulators on the protein expression of the five m6A regulators
using the ccRCC protein dataset from CPTAC. Based on
their availability in the protein dataset, we selected CPT1A
and SIRT5 as well as five m6A regulators (HNRNPA2BI,
LRPPRC, RBMX, EIF3B, HNRNPC) for subsequent analyses.
The protein expression of CPT1A and SIRT5 was lower in
tumors compared to normal tissues (Figure 7D) and was
highly similar to the mRNA expression patterns. The protein
expression of the five m6A regulators was down-regulated or
up-regulated in tumor tissues (Figure 7D). The CPT1A protein
showed a positive correlation with HNRNPA2B1 (R = 0.267,
P = 0.006) and LRPPRC (R = 0.807, P < 0.001), and was
negatively correlated with RBMX (R = —0.206, P = 0.035) and
EIF3B (R = —0.562, P < 0.001). CPT1A was not significantly
correlated with HNRNPC (Figure 7E). The SIRT5 protein
showed a negative correlation with HNRNPC (R = —0.232,
P = 0.017), RBMX (R = —0.447, P < 0.001) and EIF3B
(R = —0.582, P < 0.001), and a positive correlation with

LRPPRC (R = 0.853, P < 0.001). SIRT5 was not significantly
correlated with HNRNPA2B1 (Figure 7F). All the significant
absolute R-values between CPT1A and LRPPRC, CPT1A and
EIF3B, SIRT5 and EIF3B, SIRT5 and LRPPRC exceeded 0.5,
suggesting that CPT1A and SIRT5 may regulate the expression of
m6A regulators. From these data, we inferred that succinylation
modification might promote malignant progression in ccRCC
by regulating m6A regulators, at least partially by influencing
protein expression levels.

Importance of Succinylation Modified
m6A Regulators in the Prognosis of
ccRCC

As many m6A regulators have been reported to be involved
in the initiation and development of tumors, we aimed
to test the prognostic predictive values of m6A regulators
that may potentially be regulated by succinylation regulators
in ccRCC. Global analysis using all 32 m6A regulators
showed that 19 were significantly related to the OS of
ccRCC patients (Figure 8A). To identify more powerful
prognostic predictors amongst m6A regulators, we performed
the LASSO Cox regression analysis and identified 11 genes
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(LRPPRC, RBM15, YTHDC2, YTHDC1, METTL4, TIF2BP2,
HNRNPA2B1, METTL3, IGFBP3, ELAVLI1, EIF3B) whose
expression levels were associated with prognosis of ccRCC
patients (Figures 8B,C). Importantly, three m6A regulators
modified by succinylation including LRPPRC, EIF3B, and
HNRNPA2B1, were present in the 11-gene list. LRPPRC and
EIF3B were identified as the most important protective and risk
factors with the largest absolute value of coefficients. These results
suggested that m6A regulators, particularly those potentially
regulated by succinylation regulators, have important prognostic
values in ccRCC.

Protein Level Validation of the

Correlation Between Succinylation
Regulators and Potential Downstream
m6A Regulators

To clarify the clinical relevance of our findings, we examined the
expression of four succinylation regulators and their potential
downstream m6A regulators in 42 pairs of ccRCC tissues and
adjacent normal tissues by immunohistochemistry. The staining
of CPT1A, SIRT5, and LRPPRC was significantly lower in
ccRCC tissues compared to normal tissues, while the staining
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TABLE 5 | The succinylation and ubiquitination modified lysine residues among
5 mBA regulators.

Protein Succinylation Overlapped Peptides
modified by
lysine ubiquitination
residue

HNRNPA2B1 120 Yes KLFVGGIKDTEEHH

HNRNPC 176 Yes GKSGFNSKGQRGSS
197 No GDDLQAIKELTQIK
204 Yes KKELTQIKKVDSLL
223 Yes KIEKEQSKAVEMKN
243 Yes EQSSSSVKDETNVK
8 Yes MASNVTNKDPRSMN

RBMX 217 Yes RDDGYSTKSYSSRD
30 Yes ALEAVFGKGRIVEV

LRPPRC 107 Yes IPKKLLQKFNDTCR
1121 No QVRRDYLKAVTTLK
1224 No GLAYLFRKIEEQLE
1326 No EAYNSLMKYVSEKD
1332 No MKSYVSEKVTSAKA
1357 No KLDDLFLKYASLLK
187 Yes SPTDFLAKEEANIQ
613 Yes QYFHQLEKNVKIPE
649 Yes AHLLVESKLDFQKT
750 No SAVLDTGKVGLVRV
772 No QDAINILKMKEKDV
868 No VLCKLVEKETDLIQ
966 Yes YNLLKLYKNGDWQR

EIF3B 729 Yes KDLKKYSKFEQKDR

of KAT2A, SIRT7, and EIF3B was higher in ccRCC tissues
than in the normal tissues (Figure 9A). These observations
agreed with our previous analyses (Figures 1A, 7D). Importantly,
a correlation analysis showed that the level of CPT1A was
positively related to LRPPRC (R = 0.3781, P = 0.0135), whereas
the level of SIRT5 was negatively related to EIF3B (R = —0.4392,
P = 0.0036). No significant correlation was observed between
CPT1A and EIF3B (R = 0.0788, P = 0.6198) or between
SIRT5 and LRPPRC (R = 0.2030, P = 0.1972, Figure 9B).
By combining the results from the CPTAC online dataset
(Figures 7E,F) with our own data (Figure 9B), we deduced
that CPT1A might increase the protein expression of LRPPRC
whilst SIRT5 might inhibit the accumulation of EIF3B. Further
validation was performed in the ACHN cell line by Western
blotting, showing that LRPPRC was down-regulated following
the silencing of CPT1A while EIF3B was prominently up-
regulated by the knockdown of SIRT5 (Figure 9C). In sum, these
results supported our bioinformatics analysis results that CPT1A
might increase the expression of LRPPRC, while SIRT5 might
decrease the expression of EIF3B in ccRCC.

DISCUSSION

In this research, we studied the prognostic predictive value of
four succinylation regulators in ccRCC and explored the potential

mechanisms of succinylation regulators in the progression of
ccRCC. Until now, several studies have reported that CPT1A,
SIRT5 and SIRT7 are individually related to the prognosis
of ccRCC (Zhao Z. et al,, 2019; Tan et al., 2020). Here, we
took a comprehensive global analysis of the four succinylation
regulators. According to our analyses, CPT1A and SIRT5 served
as protective factors whereas SIRT7 acted as a risk factor for
ccRCC, and these results were in agreement with previous studies
(Zhao Z. et al., 2019; Tan et al., 2020). Also, we found that KAT2A
could function as an independent risk factor for the prognosis
of ccRCC. Importantly, the nomogram model involving both
clinicopathological parameters and RS was superior in predicting
long-term OS compared to a traditional model that only
contains clinicopathological parameters. Therefore, succinylation
regulators, in particular CPT1A and KAT2A, might serve
as potential biomarkers for ccRCC due to their superior
performance in OS estimation. Direct repression of CPTIA
by HIF1 and HIF2 has been reported to reduce the transport
of fatty acids into the mitochondria and force fatty acids to
form lipid droplets for storage that can promote ccRCC (Du
et al, 2017; Tan and Welford, 2020). The data reported in
this study are consistent with previous reports, showing that
CTP1A expression was down-regulated to promote ccRCC.
SIRT5 has been reported to desuccinylate SDHA to promote
ccRCC tumorigenesis (Ma et al, 2019). The findings in our
study are inconsistent with this previous report as we found that
SIRT5 was down-regulated in ccRCC. Nevertheless, succinylation
modification is a multienzyme-regulated process in which the
substrate protein might be simultaneously modified by several
enzymes. Therefore, the investigation of a single succinylation
regulator in previous studies may be insufficient to accurately
reveal the role of succinylation modification in the development
of ccRCC. To better understand the functions of succinylation
modification in c¢cRCC, we analyzed all four succinylation
regulators simultaneously to reveal their functions in ccRCC. We
used the expression patterns of these regulators for consensus
clustering analysis and divided ccRCC patients into three clusters.
Similar to the nomogram prognostic model, the three clusters
showed prominently different prognosis and clinicopathological
characteristics. The patients in cluster 2 were completely included
in the patients of the RS-high group, confirming the validity of
the consensus clustering analysis. In contrast to the nomogram
prognostic model using only CPT1A and KAT2A, the consensus
clustering analysis considered the holistic effects of all the
regulators and could more precisely reflect their functions in
ccRCC. Furthermore, our pathway enrichment analyses of the
three clusters suggested that succinylation regulators might play
a role in the immune cell infiltration and m6A methylation
in ccRCC.

We ascertained the prognostic value and the potential
regulatory mechanism of succinylation regulators in ccRCC using
a nomogram model and consensus clustering analysis. However,
although this study suggested the comprehensive analysis of
all the four regulators could help to find out some interesting
discovery related to succinylation modification, bioinformatic
analysis itself without experimental verification is hard to confirm
if the prognostic prediction values of these molecules only
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FIGURE 8 | Succinylation-modified m6A regulators play important roles in the prognosis of ccRCC. (A) Univariate Cox regression analysis of 32 m6A regulators.
(B,C) The detailed coefficients calculated by multivariate Cox regression using LASSO.

depend on their succinylation regulatory activity. It is known
that succinylation modification is not the only role of the four
succinylation regulators. CPT1A is known to be able to regulate
the oxidation of fatty acids (Tan and Welford, 2020); KAT2A is
considered as classical acetylase both in histone and non-histone
proteins, and its role of histone glutaryltransferase has also been
discovered recently (Bao et al, 2019; Mutlu and Puigserver,
2020); SIRTS5 is confirmed to own strong activity in demalonylase
and deglutarylase while weak activity in deacetylase (Yang et al.,
2017); SIRT7 acts as an deacetylase asl well as an “eraser” of the
glutarylation of histone H4 lysine 91 (Bao et al., 2019). Therefore,
more detailed investigations of these complex functions are
required in future studies.

Our analyses suggested that the increased infiltration of Tregs
in clusters 1 and 2 was associated with relatively short OS. The
infiltration of Tregs was associated with poor prognosis and weak
treatment response in ccRCC providing strong support for our
results (Wang Y. et al., 2019; Pan et al., 2020). Moreover, our
analyses implied that infiltration of Tregs in ccRCC might be
associated with two desuccinylases, SIRT5 and SIRT7. Our results
showed the positive relation of SIRT7 and negative relation of
SIRT5 to FOXP3, which is an important marker of Tregs and
critical for the immunosuppression function of Tregs. However,
it remains unclear how SIRT5 and SIRT7 regulate the infiltration
of Tregs. Loss of SIRT5 promotes the transcription of IL-1f in
macrophages by increasing the succinylation level of PKM2 and
forcing it to be translocated into the nucleus for the formation of
the PKM2-HIFla complex on the IL-1p promoter (Wang F. et al.,

2017). As succinylation regulators do not directly regulate mRNA
expression, SIRT5 might affect the infiltration of Tregs through
immediate molecules such as the PKM2-IL-1f axis in ccRCC. As
the accelerated proliferation of Tregs during immuno-therapy is
known to reduce the efficacy of anti-PD-1 treatment (Kamada
etal,, 2019), SIRT5 and SIRT7 might have the potential to predict
resistance to anti-PD-1 therapy. Also, the SIRT5 activator or
SIRT?7 inhibitor might have the potential to improve the efficacy
of anti-PD-L1 therapy.

We identified a 6-immune gene signature that included
LTB4R, NFKB2, AGER, IGLV3-21, IL20RB, and SAA1. These
genes were overexpressed in clusters 1 and 2, and displayed
excellent prognosis value in ccRCC. Among the six genes, SAA1
has been reported as a risk factor in ccRCC that can promote
the proliferation of Tregs by inducing the secretion of IL-1p and
IL-6 from monocyte (Nguyen et al., 2014; Wang Y. et al., 2019).
Also, AGER and IL20RB have been reported as tumor promoters
in ccRCC (Liu et al., 20205 Shen et al., 2020). LTB4R, NFKBIZ,
and IGLV3-21 have not yet been explored in ccRCC. Our study
revealed the excellent prognostic value of the 6-immune gene
signature, highlighting the key role of succinylation regulators
and immune regulation in ccRCC malignancy.

We found that RNA m6A methylation is another major
pathway associated with succinylation regulators in ccRCC. RNA
m6A methylation is the most widespread regulatory mechanism
of RNA modification (Wang S. et al., 2017) and is dynamically
regulated by three types of regulators containing “writers,”
“erasers,” and “readers.” Writers and erasers contribute to the
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FIGURE 9 | Validation of the correlation between succinylation regulators and m6A regulators at protein level. (A) The expression pattern of CPT1A, KAT2A, SIRT5,
SIRT7, LRPPRC, and EIF3B between ccRCC tissues and corresponding normal tissues by immunohistochemistry. Error bars show standard error of the mean, and
the middle bar represents the median expression level of each molecule. (B) The correlation analysis between CPT1A and LRPPRC, SIRT5 and EIF3B, CPT1A and
EIF3B, SIRT5 and LRPPRC according to immunohistochemistry scores in 42 ccRCC tissues. (C) In ACHN cells, the expression of LRPPRC and EIF3B were
detected by western blotting after transient knockdown of CPT1A and SIRT5, respectively.

alteration of m6A methylation levels and readers control the
regulatory effects of m6A modification on substrate molecules.
RNA m6A methylation plays an important role in cancer
development by regulating RNA splicing, stability, mRNA
translational efficiency, secondary RNA structure, nuclear export
and localization (Zaccara et al., 2019). Our results suggested
that enrichment of RNA-related pathways in cluster 2 might be

attributed to the regulation of m6A regulators by succinylation
regulators. We identified 23 succinylation modified lysine
residues among five m6A regulators including HNRHPA2BI,
HNRNPC, RBMX, EIF3B, and LRPPRC. Interestingly, the five
regulators all belonged to m6A “readers” in which HNRHPA2BI,
HNRNPC, and RBMX mainly regulated the process of RNA
splicing. These results were consistent with our findings that
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RNA splicing and spliceosome ranked as top pathways related to
RNA in the GO and KEGG pathway enrichment (Figures 7A,B).
By correlation analysis using the online ccRCC protein dataset
(Figures 7E,F), analysis of our tissue specimens (Figure 9B)
and preliminary validation in the ACHN cell line (Figure 9C),
we confirmed that CPT1A and SIRT5 could up-regulate and
down-regulate the expression of LRPPRC and EIF3B in ccRCC,
respectively. We found that 14 of the 23 succinylation-
modified lysine residues were also modified by ubiquitination
containing five residues in LRPPRC and one residue in EIF3B
(Table 5). In previous studies, a site-competition mechanism
between succinylation and ubiquitination has been reported.
For example, succinylation modification of GLS could inhibit
ubiquitination via competition for same lysine residues leading
to decrescent protein degradation and increscent protein
stability (Zhao S. et al., 2019). These data suggest that high
succinylation levels might contribute to the stability of proteins.
According to this mechanism, we speculated that CPTIA
might increase the stability of LRPPRC, while SIRT5 might
reduce the stability of EIF3B in a succinylation-ubiquitination
competition mechanism. However, these predictions require
extensive validation in the laboratory. Our global analysis of
32 m6A regulators is more integral than any other previously
published report and showed that succinylation-modified m6A
regulators, especially LRPPRC and EIF3B, are important for
the prognosis of ccRCC. Our online website and bioinformatic
analyses showed the potential connection between succinylation
modification and m6A methylation, providing novel insight into
the relationships between the two epigenetic modifications. These
bioinformatic analyses offer strong clues for future experimental
validation.

CONCLUSION

In conclusion, we discovered the prognostic value of
succinylation regulators in ccRCC and established a nomogram
prediction model, which showed good accuracy. Furthermore,
the potential mechanism of succinylation regulators in ccRCC
progression was revealed by regulating immune infiltration and
RNA m6A methylation (Supplementary Figure S6). This study
also provides clinical evidence for treatment options.

REFERENCES

Angulo, J. C., and Shapiro, O. (2019). The changing therapeutic landscape of
metastatic renal cancer. Cancers (Basel). 11:1227. doi: 10.3390/cancers110
91227

Bao, X., Liu, Z., Zhang, W., Gladysz, K., Fung, Y. M. E,, Tian, G,, et al. (2019).
Glutarylation of histone H4 lysine 91 regulates chromatin dynamics. Mol. Cell
76, 660-675 €669. doi: 10.1016/j.molcel.2019.08.018

Chen, X. F., Tian, M. X,, Sun, R. Q., Zhang, M. L., Zhou, L. S, Jin, L., et al.
(2018). SIRTS5 inhibits peroxisomal ACOXI to prevent oxidative damage and
is downregulated in liver cancer. EMBO Rep. 19:e45124. doi: 10.15252/embr.
201745124

Du, W., Zhang, L., Brett-Morris, A., Aguila, B., Kerner, J., Hoppel, C. L., et al.
(2017). HIF drives lipid deposition and cancer in ccRCC via repression of fatty
acid metabolism. Nat. Commun. 8:1769. doi: 10.1038/s41467-017-01965-8

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: http://xena.ucsc.edu/, http://cancergemome.
nih.gov/, https://proteomics.cancer.gov/programs/cptac.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the First Hospital of China
Medical University. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

WL and XC designed the study and performed most of the
bioinformatic analyses with the help of YL, JQ, and XQ.
CZ, XY, and DW performed the immunohistochemistry and
accomplished corresponding analysis. BB and ZL downloaded
the datasets and offered suggestions for statistical analysis. Y],
YW, and JX helped to prepare figures and tables. WL wrote the
manuscript under the guidance from YL, XC, and JQ. All authors
revised, read, and approved the final manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (No. 81972751); the Key Research and
Development Program of Liaoning Province (2018225060);
the Natural Science Foundation of Liaoning Province
(2019-ZD-777); Science and Technology Plan Project of
Shenyang City (19-112-4-099).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
622198/full#supplementary-material

Friedman, J., Hastie, T., and Tibshirani, R. (2010). Regularization paths for
generalized linear models via coordinate descent. J. Stat. Softw. 33, 1-22. doi:
10.18637/jss.v033.i01

Greene, K. S., Lukey, M. J., Wang, X,, Blank, B., Druso, J. E., Lin, M.-c. ], et al.
(2019). SIRTS stabilizes mitochondrial glutaminase and supports breast cancer
tumorigenesis. Proc. Natl. Acad. Sci. U.S.A 116, 26625-26632. doi: 10.1073/
pnas.1911954116

Kamada, T., Togashi, Y., Tay, C., Ha, D., Sasaki, A., Nakamura, Y., et al. (2019). PD-
1(+) regulatory T cells amplified by PD-1 blockade promote hyperprogression
of cancer. Proc. Natl. Acad. Sci. U.S.A. 116, 9999-10008. doi: 10.1073/pnas.
1822001116

Kapp, A. V., and Tibshirani, R. (2007). Are clusters found in one dataset present in
another dataset? Biostatistics 8, 9-31. doi: 10.1093/biostatistics/kxj029

Kumar, S., and Lombard, D. B. (2018). Functions of the sirtuin
deacylase SIRT5 in normal physiology and pathobiology. Crit. Rev.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2021 | Volume 9 | Article 622198


http://xena.ucsc.edu/
http://cancergemome.nih.gov/
http://cancergemome.nih.gov/
https://proteomics.cancer.gov/programs/cptac
https://www.frontiersin.org/articles/10.3389/fcell.2021.622198/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.622198/full#supplementary-material
https://doi.org/10.3390/cancers11091227
https://doi.org/10.3390/cancers11091227
https://doi.org/10.1016/j.molcel.2019.08.018
https://doi.org/10.15252/embr.201745124
https://doi.org/10.15252/embr.201745124
https://doi.org/10.1038/s41467-017-01965-8
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1073/pnas.1911954116
https://doi.org/10.1073/pnas.1911954116
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.1093/biostatistics/kxj029
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Luetal. Succinylation Regulators in ccRCC
Biochem.  Mol.  Biol. 53, 311-334. doi: 10.1080/10409238.2018.14  Tan, Y., Li, B, Peng, F., Gong, G., and Li, N. (2020). Integrative analysis of sirtuins
58071 and their prognostic significance in clear cell renal cell carcinoma. Front. Oncol.

Kurmi, K., Hitosugi, S., Wiese, E. K., Boakye-Agyeman, F., Gonsalves, W. L,
Lou, Z., et al. (2018). Carnitine palmitoyltransferase 1A has a lysine
succinyltransferase activity. Cell Rep. 22, 1365-1373. doi: 10.1016/j.celrep.2018.
01.030

Li, B., Cui, Y., Nambiar, D. K., Sunwoo, J. B., and Li, R. (2019). The immune
subtypes and landscape of squamous cell carcinoma. Clin. Cancer Res. 25,
3528-3537. doi: 10.1158/1078-0432.CCR- 18-4085

Li, Q. K,, Pavlovich, C. P., Zhang, H., Kinsinger, C. R., and Chan, D. W. (2019).
Challenges and opportunities in the proteomic characterization of clear cell
renal cell carcinoma (ccRCC): a critical step towards the personalized care
of renal cancers. Semin. Cancer Biol. 55, 8-15. doi: 10.1016/j.semcancer.2018.
06.004

Lin, Z. F., Xu, H. B.,, Wang, J. Y., Lin, Q., Ruan, Z,, Liu, F. B,, et al. (2013). SIRT5
desuccinylates and activates SOD1 to eliminate ROS. Biochem. Biophys. Res.
Commun. 441, 191-195. doi: 10.1016/j.bbrc.2013.10.033

Liu, Q., Zhang, X, Tang, H. Liu, J, Fu, C, Sun, M, et al. (2020).
Bioinformatics analysis suggests the combined expression of AURKB and
KIF18B being an important event in the development of clear cell renal
cell carcinoma. Pathol. Oncol. Res. 26, 1583-1594. doi: 10.1007/s12253-019-
00740-y

Ma, Y., Qi, Y., Wang, L, Zheng, Z., Zhang, Y., and Zheng, J. (2019).
SIRT5-mediated SDHA desuccinylation promotes clear cell renal cell
carcinoma tumorigenesis. Free Radic. Biol. Med. 134, 458-467. doi: 10.1016/j.
freeradbiomed.2019.01.030

Makhov, P., Joshi, S., Ghatalia, P., Kutikov, A., Uzzo, R. G., and Kolenko, V. M.
(2018). Resistance to systemic therapies in clear cell renal cell carcinoma:
mechanisms and management strategies. Mol. Cancer Ther. 17, 1355-1364.
doi: 10.1158/1535-7163.MCT-17-1299

Mutlu, B., and Puigserver, P. (2020). GCN5 acetyltransferase in cellular
energetic and metabolic processes. Biochim. Biophys. Acta Gene Regul. Mech.
1864:194626. doi: 10.1016/j.bbagrm.2020.194626

Newman, A. M., Liu, C. L., Green, M. R, Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust enumeration of cell subsets from tissue expression profiles. Nat
Methods 12, 453-457. doi: 10.1038/nmeth.3337

Nguyen, K. D., Macaubas, C., Truong, P., Wang, N., Hou, T., Yoon, T., et al.
(2014). Serum amyloid A induces mitogenic signals in regulatory T cells via
monocyte activation. Mol. Immunol. 59, 172-179. doi: 10.1016/j.molimm.2014.
02.011

Pan, Q., Wang, L., Chai, S., Zhang, H., and Li, B. (2020). The immune infiltration
in clear cell renal cell carcinoma and their clinical implications: a study based
on TCGA and GEO databases. J. Cancer 11, 3207-3215. doi: 10.7150/jca.
37285

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W,, et al. (2015). limma
powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res. 43:e47. doi: 10.1093/nar/gkv007

Shen, C,, Liu, J., Wang, J., Zhong, X., Dong, D., Yang, X., et al. (2020). Development
and validation of a prognostic immune-associated gene signature in clear cell
renal cell carcinoma. Int. Immunopharmacol. 81:106274. doi: 10.1016/j.intimp.
2020.106274

Shuch, B., Amin, A., Armstrong, A. J., Eble, J. N., Ficarra, V., Lopez-Beltran,
A., et al. (2015). Understanding pathologic variants of renal cell carcinoma:
distilling therapeutic opportunities from biologic complexity. Eur. Urol. 67,
85-97. doi: 10.1016/j.eururo.2014.04.029

Siegel, R. L., Miller, K. D., and Jemal, A. (2017). Cancer statistics, 2017. CA Cancer
J. Clin. 67, 7-30. doi: 10.3322/caac.21387

Tan, S. K., and Welford, S. M. (2020). Lipid in renal carcinoma: queen bee to target?
Trends Cancer 6, 448-450. doi: 10.1016/j.trecan.2020.02.017

10:218. doi: 10.3389/fonc.2020.00218

Tong, Y., Guo, D, Yan, D., Ma, C,, Shao, F., Wang, Y., et al. (2020). KAT2A
succinyltransferase activity-mediated 14-3-3zeta upregulation promotes beta-
catenin stabilization-dependent glycolysis and proliferation of pancreatic
carcinoma cells. Cancer Lett. 469, 1-10. doi: 10.1016/j.canlet.2019.09.015

Wang, C., Zhang, C., Li, X, Shen, J., Xu, Y., Shi, H,, et al. (2018). CPT1A-mediated
succinylation of SI00A10 increases human gastric cancer invasion. J. Cell. Mol.
Med. 23, 293-305. doi: 10.1111/jcmm.13920

Wang, F., Wang, K., Xu, W., Zhao, S., Ye, D., Wang, Y., et al. (2017). SIRT5
desuccinylates and activates pyruvate kinase M2 to block macrophage IL-1beta
production and to prevent DSS-induced colitis in mice. Cell Rep. 19, 2331-2344.
doi: 10.1016/j.celrep.2017.05.065

Wang, S., Sun, C,, Li, J., Zhang, E., Ma, Z., Xu, W, et al. (2017). Roles of RNA
methylation by means of N(6)-methyladenosine (m(6)A) in human cancers.
Cancer Lett. 408, 112-120. doi: 10.1016/j.canlet.2017.08.030

Wang, Y., Guo, Y. R,, Liu, K,, Yin, Z., Liu, R., Xia, Y., et al. (2017). KAT2A coupled
with the alpha-KGDH complex acts as a histone H3 succinyltransferase. Nature
552,273-277. doi: 10.1038/nature25003

Wang, Y., Yang, J., Zhang, Q., Xia, J., and Wang, Z. (2019). Extent and
characteristics of immune infiltration in clear cell renal cell carcinoma and
the prognostic value. Transl. Androl. Urol. 8, 609-618. doi: 10.21037/tau.2019.
10.19

Wilkerson, M. D., and Hayes, D. N. (2010). ConsensusClusterPlus: a class discovery
tool with confidence assessments and item tracking. Bioinformatics 26, 1572~
1573. doi: 10.1093/bioinformatics/btq170

Xiangyun, Y., Xiaomin, N, linping, G., Yunhua, X., Ziming, L., Yongfeng, Y.,
et al. (2017). Desuccinylation of pyruvate kinase M2 by SIRT5 contributes
to antioxidant response and tumor growth. Oncotarget 24, 6984-6993. doi:
10.18632/oncotarget.14346

Yang, L., Ma, X., He, Y., Yuan, C., Chen, Q., Li, G., etal. (2017). Sirtuin 5: a review of
structure, known inhibitors and clues for developing new inhibitors. Sci. China
Life Sci. 60, 249-256. doi: 10.1007/s11427-016-0060-7

Yu, G., Wang, L. G,, Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS 16, 284-287.
doi: 10.1089/0mi.2011.0118

Zaccara, S., Ries, R. J., and Jaffrey, S. R. (2019). Reading, writing and erasing mRNA
methylation. Nat. Rev. Mol. Cell. Biol. 20, 608-624. doi: 10.1038/s41580-019-
0168-5

Zhao, S., Wang, J. M., Yan, J., Zhang, D. L,, Liu, B. Q,, Jiang, J. Y, et al. (2019).
BAG3 promotes autophagy and glutaminolysis via stabilizing glutaminase. Cell
Death Dis. 10:284. doi: 10.1038/s41419-019-1504-6

Zhao, Z., Liu, Y., Liu, Q.,, Wu, F, Liu, X,, Qu, H,, et al. (2019). The mRNA
expression signature and prognostic analysis of multiple fatty acid metabolic
enzymes in clear cell renal cell carcinoma. J. Cancer 10, 6599-6607. doi: 10.
7150/jca.33024

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lu, Che, Qu, Zheng, Yang, Bao, Li, Wang, Jin, Wang, Xiao, Qi
and Liu. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2021 | Volume 9 | Article 622198


https://doi.org/10.1080/10409238.2018.1458071
https://doi.org/10.1080/10409238.2018.1458071
https://doi.org/10.1016/j.celrep.2018.01.030
https://doi.org/10.1016/j.celrep.2018.01.030
https://doi.org/10.1158/1078-0432.CCR-18-4085
https://doi.org/10.1016/j.semcancer.2018.06.004
https://doi.org/10.1016/j.semcancer.2018.06.004
https://doi.org/10.1016/j.bbrc.2013.10.033
https://doi.org/10.1007/s12253-019-00740-y
https://doi.org/10.1007/s12253-019-00740-y
https://doi.org/10.1016/j.freeradbiomed.2019.01.030
https://doi.org/10.1016/j.freeradbiomed.2019.01.030
https://doi.org/10.1158/1535-7163.MCT-17-1299
https://doi.org/10.1016/j.bbagrm.2020.194626
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/j.molimm.2014.02.011
https://doi.org/10.1016/j.molimm.2014.02.011
https://doi.org/10.7150/jca.37285
https://doi.org/10.7150/jca.37285
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.intimp.2020.106274
https://doi.org/10.1016/j.intimp.2020.106274
https://doi.org/10.1016/j.eururo.2014.04.029
https://doi.org/10.3322/caac.21387
https://doi.org/10.1016/j.trecan.2020.02.017
https://doi.org/10.3389/fonc.2020.00218
https://doi.org/10.1016/j.canlet.2019.09.015
https://doi.org/10.1111/jcmm.13920
https://doi.org/10.1016/j.celrep.2017.05.065
https://doi.org/10.1016/j.canlet.2017.08.030
https://doi.org/10.1038/nature25003
https://doi.org/10.21037/tau.2019.10.19
https://doi.org/10.21037/tau.2019.10.19
https://doi.org/10.1093/bioinformatics/btq170
https://doi.org/10.18632/oncotarget.14346
https://doi.org/10.18632/oncotarget.14346
https://doi.org/10.1007/s11427-016-0060-7
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1038/s41419-019-1504-6
https://doi.org/10.7150/jca.33024
https://doi.org/10.7150/jca.33024
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

1' frontiers

in Cell and Developmental Biology

REVIEW
published: 26 February 2021
doi: 10.3389/fcell.2021.656993

OPEN ACCESS

Edited by:
Xiao Zhu,
Guangdong Medical University, China

Reviewed by:

Guoxin Zhang,

University of California, San Diego,
United States

Xuan Cui,

Columbia University Irving Medical
Center, United States

*Correspondence:
Peixin Dong
dpx1cn@gmail.com
Yosuke Konno
konsuke013@gmail.com

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Epigenomics and Epigenetics,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 21 January 2021
Accepted: 11 February 2021
Published: 26 February 2021

Citation:

Dong P, Xiong Y, Konno 'Y, lhira K,
Xu D, Kobayashi N, Yue J and
Watari H (2021) Critical Roles

of PIWIL1 in Human Tumors:
Expression, Functions, Mechanisms,
and Potential Clinical Implications.
Front. Cell Dev. Biol. 9:656993.

doi: 10.3389/fcell.2021.656993

Check for
updates

Critical Roles of PIWIL1 in Human
Tumors: Expression, Functions,
Mechanisms, and Potential Clinical
Implications

Peixin Dong'*t, Ying Xiong?t, Yosuke Konno'*, Kei lhira’, Daozhi Xu', Noriko Kobayashi’,
Junming Yue3* and Hidemichi Watari’

! Department of Obstetrics and Gynecology, Hokkaido University School of Medicine, Hokkaido University, Sapporo, Japan,
2 State Key Laboratory of Oncology in South China, Department of Gynecology, Sun Yat-sen University Cancer Center,
Guangzhou, China, ° Department of Pathology and Laboratory Medicine, University of Tennessee Health Science Center,
Memphis, TN, United States, * Center for Cancer Research, University of Tennessee Health Science Center, Memphis, TN,
United States

P-element-induced wimpy testis (PIWI)-interacting RNAs (piRNAs) are a class of small
non-coding RNA molecules that are 24-31 nucleotides in length. PiIRNAs are thought to
bind to PIWI proteins (PIWL1-4, a subfamily of Argonaute proteins), forming piRNA/PIWI
complexes that influence gene expression at the transcriptional or post-transcriptional
levels. However, it has been recently reported that the interaction of PIWI proteins
with piRNAs does not encompass the entire function of PIWI proteins in human
tumor cells. PIWIL1 (also called HIWI) is specifically expressed in the testis but not in
other normal tissues. In tumor tissues, PIWIL1 is frequently overexpressed in tumor
tissues compared with normal tissues. Its high expression is closely correlated with
adverse clinicopathological features and shorter patient survival. Upregulation of PIWIL1
drastically induces tumor cell proliferation, epithelial-mesenchymal transition (EMT),
invasion, cancer stem-like properties, tumorigenesis, metastasis and chemoresistance,
probably via piRNA-independent mechanisms. In this article, we summarize the current
existing literature on PIWIL1 in human tumors, including its expression, biological
functions and regulatory mechanisms, providing new insights into how the dysregulation
of PIWIL1 contributes to tumor initiation, development and chemoresistance through
diverse signaling pathways. We also discuss the most recent findings on the potential
clinical applications of PIWIL1 in cancer diagnosis and treatment.

Keywords: piRNA, PIWIL1, HIWI, tumorigenesis, cancer metastasis, prognostic biomarker, EMT, chemoresistance

INTRODUCTION

P-element-induced wimpy testis (PTWI)-interacting RNAs (piRNAs) are small (24-31 nucleotides),
single-stranded non-coding RNAs with 2'-O-methylated at their 3" ends (Ng et al., 2016; Wang
etal, 2019; Yu et al,, 2019). According to their origins, piRNAs can be divided into three classes:
transposon-derived piRNAs, mRNA-derived piRNAs, and IncRNA-derived piRNAs (Weick and
Miska, 2014; Ozata et al., 2019; Guo et al, 2020). Transposon-derived piRNAs are typically
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transcribed from both genomic strands and silence transposons
(Weick and Miska, 2014; Ozata et al, 2019; Guo et al.,
2020). MRNA-derived piRNAs originate from the 3’-untranslated
regions (3-UTRs) of mRNAs (Weick and Miska, 2014; Ozata
et al,, 2019; Guo et al,, 2020). Long non-coding RNA (IncRNA)-
derived piRNAs often come from intergenic IncRNAs (Weick and
Miska, 2014; Ozata et al., 2019; Guo et al.,, 2020). The biogenesis
of piRNAs is involved in two major mechanisms: the primary
synthesis mechanism and a secondary amplification pathway
(also referred to as the “ping-pong” amplification cycle) (Weick
and Miska, 2014; Ozata et al., 2019; Guo et al., 2020). The primary
piRNAs are produced through the primary processing pathway,
and the abundance of pre-existing piRNAs can be amplified
through the “ping-pong” amplification cycle (Weick and Miska,
2014; Ozata et al., 2019; Guo et al., 2020).

PiRNAs are initially discovered in germline (Yu et al., 2019).
Studies of animals suggested that silencing transposons in
germline tissues is the ancestral function of piRNAs (Weick
and Miska, 2014; Ozata et al., 2019; Guo et al., 2020). It was
shown that piRNAs silence transposons transcriptionally by
silencing transposon loci, as well as post-transcriptionally by
triggering degradation of their transcripts (Weick and Miska,
2014; Ozata et al, 2019; Guo et al,, 2020). However, many
piRNAs expressed in the mammalian testis map to genome-
unique sequences, which are not related to transposable elements
(Weick and Miska, 2014; Ozata et al, 2019; Guo et al.,
2020), indicating that the biological functions of piRNAs may
extend beyond transposon control. In humans, more than
35,356 piRNAs have been found (Wang et al, 2019; Yu
et al., 2019), and they are expressed in human somatic cells
in a tissue-specific manner (Wang et al, 2019; Yu et al,
2019). Recent studies revealed that piRNAs post-transcriptionally
regulate gene expression in microRNA (miRNA)-like manner,
thereby participating in the pathogenesis of human cancer
(Lu et al, 2010; Liu et al., 2019). The aberrant expression
of piRNAs has been demonstrated in various cancer types
(Cheng et al, 2011; Huang et al, 2013; Chu et al, 2015).
Numerous studies have found that dysregulated piRNAs
affect cancer hallmarks for tumor initiation and progression
(Yuetal., 2019).

The Argonaute protein family members are ~100 kDa highly
basic proteins that are highly conserved between species (Carmell
etal., 2002; Wu et al., 2020). Argonaute proteins can be separated
according to the sequence into two subclasses: AGO and PIWI
(Parker and Barford, 2006). Argonaute proteins regulate gene
expression at both transcriptional and posttranscriptional levels
by providing anchor sites for small regulatory RNAs (Parker and
Barford, 2006; Wu et al., 2020). In contrast to AGO proteins
that are ubiquitously expressed and interact with miRNAs and
siRNAs, PIWI proteins (PIWIL1, PIWIL2, PIWIL3, and PIWIL4)
are mainly expressed in germ cells, but usually absent in somatic
tissues (Qiao et al., 2002; O’Donnell and Boeke, 2007). PIWI
proteins use piRNAs as sequence-specific guides to form the
piRNA-induced silencing complex, resulting in RNA degradation
and epigenetic silencing (Tian et al., 2011; Meister, 2013).

The PIWILI (also called HIWI) gene was first discovered
in Drosophila (Cox et al, 1998) and fully identified in

a human testis cDNA library (Qiao et al, 2002). PIWILI
is located on human chromosome 12q24.33 and encodes
an 86l-amino acid protein. The PIWIL1 protein contains
two characteristic protein domains, namely PAZ domain
and PIWI domains (Parker and Barford, 2006). In human
testis, PIWIL1 was found to be expressed in late-pachytene
spermatocytes and round/elongating spermatids (Hempfling
et al.,, 2017), indicating a potential role for PIWIL1 in human
spermatogenesis.

Importantly, overexpression of the PIWILI gene is common
to many tumor types (Suzuki et al., 2012), and its aberrant
overexpression has been associated with tumorigenesis, tumor
development and poor prognosis in different tumors (Suzuki
et al, 2012; Tan et al, 2015). Growing evidence showed
that PIWIL1 tends to exhibit tumor-promoting roles in
sustaining tumor cell proliferation and activating invasion and
metastasis (Suzuki et al., 2012; Tan et al, 2015). Although
the molecular basis underlying the oncogenic functions of
PIWILI remains largely unknown, PIWIL1 has been recently
found to regulate the occurrence and progression of human
cancers possibly through piRNA-independent mechanisms
(Genzor et al,, 2019; Li et al., 2020; Shi et al., 2020). Given
that the expression of PIWILI is mostly restricted to the
testis (Qiao et al., 2002) and broadly elevated in various
tumors, PIWIL1 has the potential to be ideal targets for
cancer diagnosis and therapy. Here, we review the most
recent studies on PIWILI, including its abnormal expression,
cellular functions, mechanisms, along with its potentials
as a biomarker for cancer diagnosis, prognosis evaluation,
and a molecular target that enables the design of novel
therapeutic strategies.

DYSREGULATION OF PIWIL1 IN TUMOR

Northern blot analysis of PIWILI mRNA in a series of adult
human normal tissues confirmed that PIWILI is expressed
abundantly in the testis, but undetectable in the spleen, thymus,
prostate, ovary, small intestine, colon tissue and peripheral blood
leukocytes (Qiao et al., 2002). Consistent with the proposed
tumor-promoting role of PIWL1 during tumorigenesis and
tumor progression, PIWIL] can be overexpressed in many
different types of tumor (Table 1), including gastric cancer
(Liu et al., 2006; Wang et al., 2012; Gao et al, 2018), soft-
tissue sarcoma (Taubert et al., 2007), esophageal squamous cell
carcinoma (He et al., 2009), endometrial cancer (Liu et al., 2010b),
colon cancer (Li L. et al., 2010; Litwin et al., 2015; Wang H.L.
etal., 2015; Sun et al., 2017), cervical cancer (Li S. et al., 2010; Liu
et al., 2010a), glioma (Sun et al., 2011), hepatocellular carcinoma
(Jiang et al,, 2011; Zhao et al,, 2012), ovarian cancer (Li S.
et al.,, 2010; Chen et al., 2013), breast cancer (Li S. et al., 2010;
Wang D.W. et al.,, 2014; Cao et al.,, 2016; Litwin et al., 2018),
bladder cancer (Eckstein et al., 2018), and renal cell carcinoma
(Stohr et al., 2019). However, real-time PCR analysis of renal
cell carcinoma and non-tumor renal parenchyma tissues found
a significant downregulation of PIWILI in renal cell carcinoma
tissues (Iliev et al., 2016).
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TABLE 1 | The association between PIWIL1 expression and clinicopathological factors of tumor.

Cancer type No. Method Expression Clinical factors References
Size Stage/grade Invasion LN meta/recurrence Survival
depth
Gastric cancer 50 HC Upregulation - - - - - Liu et al., 2006
Gastric cancer 182 Tissue Upregulation - - - - Poor Wang et al., 2012
microarray
Gastric cancer 120 HC Upregulation - + + + Poor Gao et al.,, 2018
Soft-tissue 65 gPCR - - - - - Poor Taubert et al., 2007
sarcoma
Esophageal 137 IHC Upregulation - + - + Poor He et al., 2009
squamous cell
carcinoma
Endometrial 64 IHC Upregulation - - - - - Liu et al., 2010b
cancer
Colon cancer 75 IHC Upregulation - - - - - LiL.etal, 2010
Colon cancer 178 IHC Upregulation - + - + - Wang H.L. et al., 2015
Colon cancer 110 IHC Upregulation - + + + Poor Sun et al., 2017
Colon cancer 72 gPCR Upregulation - + + - - Litwin et al., 2015
Cervical cancer 59 IHC Upregulation - + - + - Liu et al., 2010a
Cervical, - IHC Upregulation - - - - - LiS. etal., 2010
breast, ovarian
and
endometrial
cancer
Glioma 66 IHC - - + - - Poor Sun et al., 2011
Hepatocellular 92 IHC Upregulation - - - + Poor Jiang et al., 2011
carcinoma
Hepatocellular 336 IHC Upregulation + - - + Poor Zhao et al., 2012
carcinoma
Ovarian cancer 20 IHC Upregulation - - - - - Chen et al., 2013
Breast cancer 240 Western blot Upregulation + + - + - Wang D.W. et al., 2014
Breast cancer 27 qgPCR/western Upregulation - - - - Poor Cao et al., 2016
blot
Breast cancer 101 IHC Upregulation - - - - - Litwin et al., 2018
Bladder cancer 95 IHC - - - - + Poor Eckstein et al., 2018
Renal cell 610 Tissue - - + + + Poor Stohr et al., 2019
carcinoma microarray/IHC
Renal cell 57 agPCR Downregulation - - - - Better lliev et al., 2016
carcinoma

LN meta, lymph node metastasis.

The mRNA expression of PIWILI in different types of tumors
was explored using the Oncomine database'. Twelve studies
showed significant differences in PIWILI mRNA expression
between tumor and normal tissues (Figure 1A). The expression
levels of PIWILI were significantly increased in esophageal
cancer, gastric cancer, head and neck cancer, kidney cancer,
pancreatic cancer, and prostate cancer tissues compared with
respective normal tissues (Figure 1A).

When looking at all cancer types in the TCGA data sets
from the cBioPortal database’, the PIWILI gene is amplified in
many tumors, in line with a tumor-promoting role (Figure 1B).
Amplifications are more frequent in diffuse glioma, sarcoma,

Uhttps://www.oncomine.org
Zhttps://www.cbioportal.org

pheochromocytoma, ovarian cancer, bladder cancer, cervical
cancer, esophageal squamous cell carcinoma, and renal non-clear
cell carcinoma (Figure 1B). These results suggest that PIWILI
dysregulation is frequently occurring in human tumor tissues and
PIWILI might serve as a novel biomarker in several malignancies.

In melanoma, endometrial cancer, mature B-cell neoplasms,
non-small cell lung cancer, colon cancer, bladder cancer, invasive
breast cancer, esophagogastric adenocarcinoma and head and
neck cancer, PIWIL] is often mutated (Figure 1B). Consistently,
data from the IntOGen database’ revealed that 362 PIWILI
mutations were found in 28,076 samples of various cancers,
including a range of mutation types (such as missense and
truncating mutations).

3https://www.intogen.org/search
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IMPLICATIONS OF PIWIL1 EXPRESSION
IN CANCER DIAGNOSIS AND
PROGNOSTIC EVALUATION

Dysregulation of PIWIL1 occurs in a broad range of human
cancers and is often associated with adverse clinicopathological
features and shorter survival of cancer patients. For example,
PIWILI expression is progressively increased in normal gastric
tissues, atrophic gastritis, intestinal metaplasia and gastric cancer
tissues (Liu et al., 2006), holding diagnostic potentials for
improving early gastric cancer detection. Similarly, positive
PIWIL1 expression in normal tissues, colonic adenoma and colon
cancer was 11.1% (5/45), 53.7% (22/41), and 80.4% (74/92),
respectively (Wang H.L. et al,, 2015). Also, a study of normal
cervical tissues, high-grade squamous intraepithelial lesions
(HSILs) and cervical cancer samples showed a significantly
higher frequency of PIWILI protein expression in HSILs and
cervical cancer tissues when compared with that in the normal
cervical epithelium (Liu et al., 2014). Another study observed
that the protein levels of PIWIL1 increase in a stepwise manner
in normal endometrium, endometrial atypical hyperplasia and
endometrial cancer tissues (Chen et al., 2015a). Overexpression
of PIWILI is an early event in colon carcinogenesis, since it
is significantly upregulated from the earliest stages (I and II)
of colon cancer progression compared to normal colon tissues
(Sellitto et al., 2019). These studies indicate that PIWIL1 levels

could be correlated with tumor progression and may be used to
facilitate early cancer diagnosis.

High PIWIL1 expression was associated with higher
histological grade and advanced tumor stage in different types
of tumors, such as esophageal cancer (He et al,, 2009), glioma
(Sun et al,, 2011), breast cancer (Wang D.W. et al., 2014), and
renal cell carcinoma (Stohr et al., 2019), linking its expression to
de-differentiation and the progression of the tumor phenotypes.
For several cancers, the expression of PIWIL1 expression at
different stages of cancer has been examined (He et al., 2009; Liu
et al., 2010a, 2014; Chen et al., 2015a; Wang H.L. et al., 2015;
Sun et al., 2017; Stohr et al., 2019). For instance, in esophageal
cancer (He et al.,, 2009), colon cancer (Wang H.L. et al,, 2015;
Sun et al,, 2017), cervical cancer (Liu et al., 2010a, 2014), renal
cell carcinoma (Stohr et al, 2019), and endometrial cancer
(Chen et al.,, 2015a), PIWILI levels were significantly increased
in late-stage tumors than in early stage tumors. Moreover, an
induced expression of PIWIL1 has been linked to lymph node
metastasis in patients with gastric cancer (Wang et al., 2012;
Gao et al.,, 2018), colon cancer (Sun et al., 2017), hepatocellular
carcinoma (Jiang et al., 2011; Zhao et al., 2012), breast cancer
(Wang D.W. et al., 2014), bladder cancer (Eckstein et al., 2018),
renal cell carcinoma (Stohr et al., 2019), and endometrial cancer
(Chen et al, 2015a). These findings demonstrate that high
PIWILI expression might be considered as a useful marker for
an aggressive phenotype of several malignancies.
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Furthermore, PIWIL1 was found to be a poor prognostic
factor in several tumors, including gastric cancer (Wang et al.,
2012; Gao et al., 2018), soft-tissue sarcoma (Taubert et al., 2007),
esophageal squamous cell carcinoma (He et al., 2009), colon
cancer (Sun et al., 2017), glioma (Sun et al., 2011), hepatocellular
carcinoma (Jiang et al., 2011; Zhao et al., 2012), breast cancer
(Cao etal., 2016), bladder cancer (Eckstein et al., 2018), and renal
cell carcinoma (Stohr et al., 2019). However, a study in patients
with renal cell carcinoma showed that high PIWIL1 expression is
correlated with better prognosis (Iliev et al., 2016).

Our Kaplan-Meier analysis using the KM plotter database*
established a close association of PIWILI expression with
unfavorable patient survival. Higher PIWILI mRNA expression
is significantly correlated to worsen overall survival for patients
with breast cancer, renal cell carcinoma, rectum adenocarcinoma
and sarcoma (Figure 2). Thus, the identification of aberrant
PIWIL1 expression in tumor tissues might be useful in cancer
diagnosis as well as in prognostic evaluation.

MECHANISMS OF PIWIL1
DYSREGULATION IN TUMOR

Multiple transcriptional and post-transcriptional mechanisms
by which PIWIL1 is inappropriately overexpressed in
tumors have been summarized (Figure 3). Activation of the
RASSF1C/MEK/ERK pathway has been shown to induce PIWIL1
expression in non-small cell lung cancer cells (Reeves et al., 2012).
In addition, aberrant promoter DNA hypomethylation is one of
the major mechanisms for PIWIL1 overexpression in lung cancer
(Xie et al., 2018) and endometrial cancer (Chen et al., 2020).
In endometrial cancer cells, estrogen was shown to enhance
the transcription of PIWILI by facilitating the binding of the
ERa to the PIWILI promoter (Chen et al, 2020). A positive
correlation between HPV16 E7 and PIWIL1 was detected in
cervical cancer tissues, although the related mechanism has not
yet been described (Liu et al., 2010a).

Genome projects have shown that functional products
encoded by the genome are not limited to proteins, but include
a large number of biologically meaningful non-coding RNAs,
such as miRNAs, circular RNAs (circRNAs) and IncRNAs
(Anastasiadou et al., 2018; Yamamura et al.,, 2018). MiRNAs
are known to target 3'-UTRs in mRNAs, thereby silencing gene
expression at the post-transcriptional level (Anastasiadou et al.,
2018; Yamamura et al,, 2018; Xu et al., 2020). MiRNAs also
interact with circRNAs and IncRNAs to regulate their stability
(Anastasiadou et al., 2018; Yamamura et al, 2018). Owing
to their functions in the regulation of gene expression, non-
coding RNAs regulate multiple biological processes, such as
cancer (Anastasiadou et al., 2018; Yamamura et al., 2018; Xu
et al., 2020). The expression of PIWIL1 could be regulated
by different miRNAs at the post-transcriptional level. MiR-
154-5p directly targets PIWIL1 and decreases its expression in
glioblastoma (Wang et al., 2017) and glioma (Zhou et al., 2020).
In addition to miRNAs, IncRNA FALEC has been implicated in

“http://kmplot.com

the regulation of PIWIL1 expression in colon cancer cells (Jiang
etal,, 2020). This study demonstrated that depletion of FALEC by
shRNA could significantly decrease the proliferation, migration,
invasion, angiogenesis and tumorigenesis of colon cancer cells,
whereas these inhibitory effects were largely counteracted by
ectopic PIWIL1 overexpression (Jiang et al., 2020). Furthermore,
IncRNA FALEC induces PIWIL1 expression by serving as a
molecular sponge for miR-2116-3p, which directly binds to the
3’-UTR of PIWILI mRNA (Jiang et al., 2020).

ROLE OF PIWIL1 IN TUMORIGENESIS
AND TUMOR PROGRESSION AND
POSSIBLE MECHANISMS

Extensive studies have uncovered an important oncogenic
role for PIWILL in cancer tumor initiation, progression and
metastasis (Liu et al., 2006, 2014; Siddiqi et al., 2012; Wang
et al., 2012, 2017; Zhao et al, 2012; Liang et al.,, 2013; Wang
D.W. et al, 2014; Wang X. et al,, 2014; Chen et al,, 2015a;
Li et al., 2015, 2020; Xie et al., 2015, 2018; Yang et al,
2015; Cao et al, 2016; Aradjo et al., 2018; Gao et al., 2018;
Jiang et al., 2020; Shi et al., 2020; Zhou et al., 2020; Table 2
and Figure 4). Many studies have demonstrated that PIWILI
drives tumorigenesis, malignant progression and metastasis
by promoting cell migration, invasion, epithelial-mesenchymal
transition (EMT), stem-like properties, tumorigenesis and
metastasis, while inhibiting apoptosis.

Of note, controversies exist regarding the underlying
mechanisms of PIWILI in tumors. In colon cancer cells, several
piRNAs seem to be loaded into a complex consisting of PIWIL1
and specific mRNAs (Sellitto et al., 2019), indicating that the
formation of PIWIL1/piRNA complex might exert biological
roles in colon cancer. It will be of great interest to understand
whether PIWT proteins could utilize piRNAs as targeting guides
to influence the stability of specific mRNA targets in tumor
cells (Mai et al., 2018). However, recent observations that
PIWIL1 does not associate with piRNAs in pancreatic (Li et al.,
2020) and gastric cancer cells (Shi et al., 2020) supported the
hypothesis that upregulated PIWIL1 protein probably functions
in a piRNA-independent manner in cancer cells.

In contrast to these oncogenic activities, previous studies
suggested that PIWIL1 may have a tumor suppressor function in
some cancer types, including chronic myeloid leukemia and acute
myeloid leukemia (Sharma et al., 2001; Wang Y. et al., 2015).
This tumor suppressor activity is thought to be controlled by
some signaling pathways that decrease the expression of MMP-
2/MMP-9 and increase cell apoptosis.

REGULATION OF CELL
PROLIFERATION, INVASIVENESS,
TUMORIGENESIS AND METASTASIS

A previous study using co-immunoprecipitation and next-
generation sequencing analysis demonstrated that RNA
fragments interacting with PIWIL1 were indistinguishable from
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background pull-down (Genzor et al, 2019). This provided
the initial evidence for eliminating the formation of functional
piRNA/PIWIL1 complexes in a colon cancer cell line COLO205
(Genzor et al, 2019). Consistently, a recent study revealed
that piRNA expression was not detectable in several PIWIL1-
expressing cancer cell lines, and co-immunoprecipitation
assays failed to detect the association of PIWIL1 with small
RNAs in pancreatic, breast, colon and gastric cancer cells that
express PIWIL1 (Li et al., 2020). Comprehensive functional
and mechanistic studies showed that, even in the absence
of piRNA loading, PIWIL1 could still promote pancreatic
cancer metastasis by acting as a co-activator of the anaphase-
promoting complex/cyclosome to degrade a critical cell
adhesion-related protein, Pinin (Li et al., 2020). Furthermore, a
piRNA-independent mechanism has been proposed to account
for the oncogenic functions of PIWIL1 in gastric cancer cells
(Shi et al., 2020). Their results suggested that PIWILI can
significantly boost cell proliferation, migration, tumorigenesis
and metastasis by forming a complex with UPF1, UPF2, SMG1
and other components to degrade mRNAs and IncRNAs with
tumor suppressor potential (Shi et al., 2020).

Another major mechanism by which PIWIL1 promotes
endometrial cancer progression might be through the induction

of DNA methylation at PTEN CpG islands (Chen et al., 2015b).
PIWILI causes epigenetic silencing of PTEN gene via the
upregulation of DNA methyltransferase DNMT1 in endometrial
cancer cells (Chen et al., 2015b). Using a mouse model, it
was demonstrated that overexpression of PIWILI in sarcoma
cells was sufficient to promote tumorigenesis, possibly through
inducing global DNA methylation (Siddigi et al., 2012). In
addition, PIWIL1 overexpression with an adenovirus vector
significantly increases the proliferation of colon cancer cells by
increasing global DNA methylation levels (Yang et al., 2015).

REGULATION OF EMT, CANCER STEM
CELL-LIKE PROPERTIES AND DRUG
RESISTANCE

In cervical cancer, PIWIL1 has been associated with enhanced
sphere formation and tumorigenesis, increased resistance to
cisplatin, and elevated expression of several stem cell self-
renewal-genes (OCT4, NANOG and BMII) (Liu et al., 2014).
PIWIL1 can drive EMT in endometrial cancer cells by
upregulating the expression of Vimentin and N-cadherin and
by decreasing E-cadherin expression (Chen et al., 2015a). This
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study also suggested that the pro-cancer stem cell activities of
PIWIL1 might be mediated by the induction of two stem cell-
related genes (CD44 and ALDH1I) (Chen et al., 2015a). Recently,
it was shown that PIWILI is enriched in glioma stem-like
cells (GSCs) and silencing PIWILI in GSCs impaired their self-
renewal and triggered senescence or apoptosis (Huang et al,
2021). PIWIL1 knockdown strongly increased the expression
of BTG2 and FBXW?7, but reduced the levels of c¢-MYC,
Olig2 and Nestin in GSCs (Huang et al., 2021). These results
supported that PIWIL1 is important for multiple aspects of
tumor biology, including EMT-driven metastatic growth, the
maintenance of cancer stem cell-like phenotypes, and resistance
to therapeutic agents.

TARGETING PIWIL1 FOR CANCER
THERAPY

The potential use of PIWILI as a therapeutic target for human
cancers has been studied previously (Li et al., 2020; Shi et al,
2020). Several strategies have been developed to target PIWIL1
in tumor cells either directly or indirectly.

RNA interference (RNAi)-mediated suppression of PIWIL1
expression in tumor cells reduced proliferation, migration,
invasion, EMT, sphere formation and angiogenesis (Zhao et al.,
2012; Wang D.W. et al., 2014; Wang X. et al., 2014; Li et al., 2020;

Shi et al., 2020). Inactivation of PIWIL1 in mouse models
of pancreatic cancer leads to significant tumor shrinkage and
a dramatic reduction in metastatic growth (Li et al, 2020).
Knockout of PIWILI using the CRISPR/Cas9 system markedly
attenuates the tumor growth of gastric cancer in vivo (Shi
et al., 2020). Therefore, RNAi and CRISPR/Cas9 techniques
can be explored as a potential therapeutic strategy for tumors
overexpressing PIWILI.

Since small molecules that bind directly to PIWILI and
alter its function have not yet been achieved, targeting the
signaling pathways that contribute to PIWIL1 dysregulation has
been exploited as new approaches to treat PIWIL1-expressing
cancers (Reeves et al.,, 2012; Herr et al.,, 2015). One of these
pathways is the RAS/RAF/MEK/ERK pathway, and several
MEK inhibitors have been developed. For example, PLX4720
is a selective B-RAF inhibitor, and treatment with this drug
strongly downregulates the expression of PIWIL1 in colon
cancer cells (Herr et al., 2015). Betulinic acid, a plant secondary
metabolite isolated from birch trees, was shown to inhibit
cell proliferation and reduce the levels of PIWIL1 in gastric
cancer and lung cancer (Yang et al, 2010; Reeves et al,
2014). Other targets that have been explored in PIWILI-
expressing tumors include miR-154-5p (Wang et al., 2017;
Zhou et al, 2020) and miR-2116-3p (Jiang et al., 2020).
Therefore, suppression of PIWIL1 expression via introducing
miR-154-5p/miR-2116-3p mimics or downregulating the levels
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TABLE 2 | Roles, cellular functions and underlying mechanisms of PIWIL1 in tumor cells.

Tumor type Role Function Mechanism References
Pancreatic cancer Oncogene Proliferation, migration, invasion, Acting as a co-activator of APC/C to Li et al., 2020
tumorigenesis, metastasis degrade the cell-adhesion protein Pinin
Gastric cancer Oncogene Proliferation, migration, tumorigenesis, Forming a complex with UPF1, UPF2 Shi et al., 2020
metastasis and SMG1 to degrade its target
mRNAs and IncRNAs
Gastric cancer Oncogene Proliferation Cell cycle regulation Liu et al., 2006
Gastric cancer Oncogene Proliferation, migration, invasion - Gao et al., 2018
Hepatocellular Oncogene Proliferation, invasion - Zhao et al., 2012
carcinoma
Breast cancer Oncogene Proliferation - Wang D.W. et al., 2014
Breast cancer Oncogene Apoptosis, cell cycle arrest Possibly regulating transforming growth Cao et al., 2016
factor-B receptors and
cyclin-dependent kinases
Cervical cancer Oncogene Sphere formation, tumorigenesis, Possibly increasing OCT4, NANOG and Liu et al., 2014
resistance to cisplatin BMI1 expression
Endometrial cancer Oncogene EMT, stem-like properties Decreasing E-cadherin expression, Chen et al., 2015a
while the increasing Vimentin,
N-cadherin, CD44 and ALDH1
expression
Lung Oncogene Proliferation, migration, invasion . Xie et al., 2018
adenocarcinoma
Glioblastoma Oncogene Proliferation, apoptosis, invasion - Wang et al., 2017
Glioma Oncogene Proliferation, invasion - Zhou et al., 2020
Colon cancer Oncogene Proliferation, migration, invasion, - Jiang et al., 2020
angiogenesis, tumorigenesis
Lung cancer stem Oncogene Tumorigenesis - Liang et al., 2013
cells
Gastric cancer Oncogene Migration, invasion Possibly regulating several genes Aratjo et al., 2018
involved in migration and invasion
processes
Sarcoma Oncogene Proliferation, tumorigenesis Promoting global DNA methylation Siddiqi et al., 2012
Colon cancer Oncogene Proliferation Promoting global DNA methylation Yang et al., 2015
Glioma Oncogene Proliferation, migration, invasion, Possibly increasing Cyclin D1, MMP-2 Wang X. et al., 2014
tumorigenesis and MMP-9 expression, whereas
decreasing p21 expression
Hepatocellular Oncogene Proliferation, migration - Xie et al., 2015
carcinoma
Hepatocellular Oncogene Proliferation, migration, invasion Inducing STMN1 expression Lietal, 2015

carcinoma, cervical
cancer

Chronic myeloid Tumor suppressor

leukemia

Acute myeloid Tumor suppressor Proliferation, apoptosis

leukemia

Glioblastoma Oncogene Apoptosis, senescence, stem-like

properties

Proliferation, migration, tumorigenesis

Decreasing MMP-2 and MMP-9
expression
- Sharma et al., 2001

Wang V. et al., 2015

Decreasing BTG2 and FBXW7
expression, whereas increasing c-MYC,
Olig2 and Nestin expression

Huang et al., 2021

of IncRNA FALEC might be additional strategies in PIWIL1-
positive tumors.

The acquisition of EMT and cancer stem-cell properties is
a possible mechanistic basis for anti-cancer drug resistance
(Shibue and Weinberg, 2017). After knocking down PIWIL1
in cervical cancer cells by shRNA, increased sensitivity to
cisplatin was observed (Liu et al., 2014). In endometrial cancer,
PIWILI has been associated with EMT and cancer stem cell-like
characteristics (Chen et al., 2015a). These results suggest that,

in the future, it could be useful to combine inhibitors against
PIWIL1 with other cytotoxic drugs.

PERSPECTIVES

PIWIL1 has a critical role in the initiation, growth, progression,
local and distant invasion, and treatment resistance. However,
evidence also supports a tumor suppressor role for PTIWILI
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in some cell types. Whether PIWIL1 has a context-dependent
function in different cancers, and whether PIWIL1 expression
may serve as a biomarker for cancer subtyping and re-
classification needs to be explored. Whether genomic mutations
in PIWILI gene are associated with induced PIWIL1 expression
remains unclear, and the functional consequences of such
mutations in tumor cells are not well understood. In addition,
despite the recent advances in our understanding of PIWILI,
upstream regulators of PIWIL1 as well as its downstream
signaling pathways in human tumors remain largely elusive.
Furthermore, it would be better to use PIWIL1 inhibitors as
an adjuvant to chemotherapy or other treatments. A deeper
understanding of the crosstalk between PIWIL1 and other
signaling pathways would be important to design effective
therapeutic strategies that could sensitize PIWILI-expressing
tumor cells to chemotherapeutic agents or targeted therapies.

CONCLUSION

In sum, PIWIL1 has proven its tumor-promoting roles in various
aspects of cancer biology. The restricted expression of PIWILI in
normal adult tissues, and its overexpression in a broad spectrum

of malignancies, has led to the consideration of PIWIL1 as an
ideal target for cancer diagnosis and treatment.
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Background: The association of opioid binding protein cell adhesion molecule-like
(OPCML) gene methylation with ovarian cancer risk remains unclear.

Methods: We identified eligible studies by searching the PubMed, Web of Science,
ScienceDirect, and Wanfang databases. Odds ratios (ORs) and 95% confidence intervals
(95% Cls) were used to determine the association of OPCML methylation with ovarian
cancer risk. Meta-regression and subgroup analysis were used to assess the sources of
heterogeneity. Additionally, we analyzed the Gene Expression Omnibus (GEO) and The
Cancer Genome Atlas (TCGA) datasets to validate our findings.

Results: Our study included 476 ovarian cancer patients and 385 controls from eight
eligible studies. The pooled OR was 33.47 (95% Cl = 12.43-90.16) in the cancer group
vs. the control group under the random-effects model. The association was still significant
in subgroups according to sample type, control type, methods, and sample sizes (all P
< 0.05). Sensitivity analysis showed that the finding was robust. No publication bias
was observed in Begg'’s (P = 0.458) and Egger’s tests (P = 0.261). We further found
that OPCML methylation was related to lll/IV (OR = 4.20, 95% CI = 1.59-11.14) and
poorly differentiated grade (OR = 4.37; 95% Cl = 1.14-16.78). Based on GSE146552
and GSE155760, we validated that three CpG sites (cg16639665, ¢g23236270,
cg15964611) in OPCML promoter region were significantly higher in cancer tissues
compared to normal tissues. However, we did not observe the associations of OPCML
methylation with clinicopathological parameters and overall survival based on TCGA
ovarian cancer data.

Conclusion: Our findings support that OPCML methylation is associated with an
increased risk of ovarian cancer.

Keywords: OPCML, methylation, ovarian cancer, risk, progression
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OPCML Methylation and Ovarian Cancer

INTRODUCTION

Ovarian cancer is the most frequent cause of death in women
with gynecological malignancies. In 2020, 313,959 new ovarian
cancer cases were diagnosed and 207,252 new deaths occurred
from ovarian cancer in the world (Sung et al., 2021). Most
patients are diagnosed at an advanced or incurable stage because
of asymptomatic development (Lheureux et al., 2019). Therefore,
identifying novel biomarkers for early diagnosis and research
on treatment strategies could reduce the incidence of ovarian
cancer and improve the survival rate in advanced ovarian
cancer patients.

Aberrant gene expression, including the activation of
oncogenes and inactivation of tumor suppressor genes (TSGs),
plays a vital role in tumorigenesis (Ehrlich, 2002). Emerging
studies have shown that DNA methylation is a key mechanism
of epigenetic variability in gene expression (Wilson et al., 2007).
Compared with normal cells, cancer cells exhibit extensive
changes in DNA methylation patterns (Vidal et al, 2017).
Cancer cells undergo alterations in 5-methylcytosine distribution
including global DNA hypomethylation and hypermethylation of
CpG islands (Jones, 2012). Notably, aberrant DNA methylation is
not only a well-known mechanism of TSG inactivation but also
one of the earliest events in carcinogenesis (Rauscher et al., 2015;
Widschwendter et al., 2017). DNA methylation is considered a
promising biomarker for cancer diagnosis and the prediction of

treatment and prognosis (Szyf, 2012; Widschwendter et al., 2017).
Intriguingly, the Food and Drug Administration (FDA) has
approved the first methylation-based assay in colorectal cancer
screening and early detection (Song et al., 2017; Widschwendter
et al,, 2018). Therefore, evaluating the alteration of DNA
methylation in ovarian cancer is urgent.

Opioid binding protein cell adhesion molecule-like (OPCML)
gene at 11925 is a glycosyl-phosphatidylinositol (GPI)-anchored
cell adhesion-like molecule and belongs to the IgLON family
(Wu and Sood, 2012). OPCML demonstrates tumor-suppressor
function in epithelial ovarian cancer both in vitro and in vivo
(Sellar et al., 2003). Subsequently, the same team described the
mechanism underlying the phenotype of OPCML. It negatively
regulates a specific receptor tyrosine kinase (RTK) repertoire
comprising erythropoietin-producing hepatocellular receptor-2
(EPHA2), fibroblast growth factor receptor-1 (FGFR1), fibroblast
growth factor receptor-3 (FGFR3), human epidermal growth
factor receptor-2 (HER2), and human epidermal growth factor
receptor-4 (HER4) receptors by binding to the extracellular
domains of RTKs, thus promoting their degradation via
a polyubiquitination-associated proteasomal mechanism and
leading to growth inhibition (McKie et al., 2012). Additionally,
they revealed that a recombinant protein based on OPCML is
an active anticancer agent preclinical in vivo. Another study
showed that OPCML restoration interfered with HER2-EGFR
heterodimer formation and potentiated lapatinib and erlotinib

Exclusions (N = 75)

1. Book section (N=11)
.| 2. Reviews, conference abstracts (N = 19)

“| 3. Irrelevant topics (N = 40)
4. Not human study (N = 3)

5. No full-text (N = 2)

Exclusions (N = 10)
1. No OPCML methylation information in

cancers or non-cancers (N =7)
2. Overlapping cohorts (N = 3)

=]
o)
§ Studies identified through database searching
= N=126
|
Q
=)
Y
o0 . e :
g Studies remaining after duplicates removed
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5
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FIGURE 1 | Flowchart of study selection in the meta-analysis.
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TABLE 1 | Characteristics of included studies.

References Country Age (mean or Cancer group Control group Sample type Control type Method Methylation frequency of OPCML associated with other
median) clinicopathological parameters
M U M U
Wang et al. (2015) China Cancer, 54.06 years. 64 7 118 1122 Serum BOT&NT MSP FIGO stage: I/l (33/39), Ill/IV (30/32).

Benign, 33.95 years.
Healthy, 46.17 years.

Xing et al. (2015) China NR 27 8 2 9 Tissues NT CCP-based FRET Age: <60 years (23/28), >60 years (4/7). FIGO stage: I/Il (5/11),
III/IV (22/24). Histological type: serous (22/26), others (5/9)°.
Grade of differentiation®: High-grade serous (19/21), others (8/14)
Ascites: positive (21/24), Negative (6/11). CA125: >200 U/mL
(21/25), <200 U/mL (6/10)

Zhou et al. (2014a) China Cancer and normal, 50 39 6 04 40d Tissues NT MSRE-PCR Tissues FIGO stage: I/l (5/10), lll/IV (34/35). Histological type:
years. serous (18/20), others (21/25)¢. Tumor differentiation: Well and
moderately differentiated (10/16), Poorly differentiated (29/29).

Healthy, 50 years. 36 9 o4 20d Serum NT MSRE-PCR Serum FIGO stage: I/Il (5/10), ll/IV (31/35). Histological type:

serous (17/20), others (19/25)¢. Tumor differentiation: Well and
moderately differentiated (9/16), Poorly differentiated (27/29).

Zhou et al. (2014b) China Cancer, 54 years. 80 22 o 30 Tissues NT MSP Age: <55 years (39/54), >55 years (41/48). Pathological stage*:
Benign, 53 years. I/l (31/44), AV (49/58). Histological type®: serous (42/57), others
Normal, 54 years. (38/45).
- - 28" 57f Tissues BOT MSP
Czekierdowski et al. Poland  NR9 20 23 0 4 Tissues NT MSP FIGO stage: I/l (4/5), II/IV (16/38). Histological type: serous (8/15),
(2006) others (12/28)". Histological Grading: G1+G2 (11/20), G3 (9/23)%
Zhang et al. (2006) China Cancer, 51.5 years. 32 40 0 20 Tissues NT Restriction
Benign, 39.0 years. enzyme cut
Normal, 46.5 years.
o 17 Tissues BOT Restriction
enzyme cut
Liu et al. (2008} China Cancer, 53.8 years. 30 33 0 20 Tissues NT MSP FIGO stage: I/ll (2/22), III/IV (16/41). Histological type: serous
Normal, 53.2 years. (20/34), others (10/29)'. Grading: Well and Moderately
differentiated (6/36), Poorly differentiated (12/27)
2 13 Tissues AT

M, methylation; U, unmethylation; BOT, benign ovarian tissues or blood; NT, normal ovarian tissues or blood of cancer-free patients or healthy people; AT, Adjacent non-cancerous ovarian tissues; MSF, methylation-specific polymerase
chain reaction; MSRE-PCR, methylation-sensitive restriction enzyme-polymerase chain reaction; CCP-based FRET, cationic conjugated polymer (CCP)-based fluorescence resonance energy transfer (FRET),; FIGO, International Federation
of Gynecology and Obstetrics. NR, not reported the median or mean age in all patients.

@The control group include 43 benign ovarian carcinoma and 80 healthy women in this studly.

b Others included Mucinous, Clear cell, and Endometrioid carcinomas.

CIn further analysis, we regarded the high-grade serous as Poorly differentiated., others as well and moderately differentiated.

9This study include 45 ovarian tumor tissues, 40 normal ovarian tissues, and 20 serum samples.

€Qthers included Mucinous, Clear cell, Endometrioid, and undifferentiated carcinomas.

"This study include 102 ovarian cancer tissues, 85 benign ovarian tumor, and 30 normal ovarian.

"Pathological stage was classified according to the tumor, lymph node, and metastasis (TNM) classification of the American Joint Committee on Cancer (AJCC).

9This study only reported the mean ages of different histological type, but not reported the mean age of cancer in tumor and normal tissue.

hOthers included Mucinous, Clear cell, Endometrioid, undifferentiated, metastatic, and other carcinomas.

"This study include 63 epithelial ovarian cancer tissues, 41 Metastatic tissues of pelvic and abdomen cavity, 15 Adjacent non-cancerous ovarian tissues, 20 Normal ovairan tissues.

/Others included Mucinous, Clear cell, and Endometrioid carcinomas.

Kin further analysis, we regarded the G14+G2 as well and moderately differentiated, G3 as poorly differentiated.
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Experimental Control Weight Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
Wangetal 2015 64 71 11 123 i—'— 93.09 [34.38; 252.08] 8.3% 18.9%
Xingetal 2015 27 35 2 1 —— 1519 [271; 8510 73% 137%
Zhouetal 2014+ 39 45 0 40 [———— 49223 [26.82,9032.54]  0.8% 77%
Zhouetal 2014? 36 45 0 20 ———— 157.53 [8.71;2848.08] 15% 7.8%
Zhouetal 2014" 80 102 28 115 B 1130 [598; 2133] 593% 21.3%
Czekierdowski et al 2006 20 43 0 4 : 785 [040; 15475] 5.0% 7.5%
Zhang et al 2006 32 72 0 37 —— 60.19 [3.56;1017.98] 3.8% 8.0%
Liuetal 2008 30 63 2 35 i 15.00 [3.31; 6793] 14.1% 15.1%
Fixed effect model 476 385 <I> 26.49 [16.95; 41.41] 100.0% --
Random effects model < 33.47 [12.43; 90.16] - 100.0%
Heterogeneity: /> = 65%, t° = 1.0966, p < 0.01 f f T !
0.001 011 10 1000
FIGURE 2 | The summary estimates for OPCML methylation frequency associated with ovarian cancer in the meta-analysis.

therapy in ovarian and breast cancer cell lines overexpressing  TABLE 2 | Meta-regression analysis.

HER2 (Zanini et al., 2017). Recent researches on OPCML protein Het : Cosfficient 05% CI p

reveal that OPCML is a potential anti-cancer therapy (Birtley eterogeneity sources oetticten °

et al,, 2019; Simovic et al.,, 2019). Considering the biological and  pjcation year 0.814 (—0.751, 2.380) 0.308

clinical effects of OPCML, research on the mechanism of aberrant Country 10.538 (—9.721, 30.795) 0.308

expression patterns may benefit ovarian cancer patients from Sample type _0.716 (=8.370, 1.939) 0.507

OPCML-based t.herapy. o Control type 4.851 (~4.042,13.744) 0.285
Many stu.d1es have 1nd1cat?d th.at OPCML DNA 0 5,748 (L1.419, 8.916) 0.155

hypermethylation frequently occurs in ovarian cancers. However, Sample size 0,001 (L0.020, 0.018) 0.889

the findings remain unclear regarding the small population and
different methods in previous studies (Czekierdowski et al.,
2006; Zhang et al., 2006, 2014; Chen et al., 2007; Liu et al., 2008;
Zhou et al.,, 2011, 2014a,b; Wang et al.,, 2015, 2017; Xing et al.,
2015). Therefore, we performed a meta-analysis to identify the
association of OPCML methylation with ovarian cancer risk. We
further assessed whether OPCML methylation was associated
with other clinicopathological parameters in eligible studies,
such as age, stage, histological type, and tumor differentiation.
Additionally, we validated our results based on the Gene
Expression Omnibus (GEO) and The Cancer Genome Atlas
(TCGA) ovarian cancer datasets.

MATERIALS AND METHODS

Literature Search Strategy

A systematic literature search was performed in the PubMed,
Web of Science, ScienceDirect, and Wanfang databases using the
following keywords and search items: (ovarian OR ovary) AND
(cancer OR carcinoma OR tumor) AND (OPCML methylation).
The search was updated until November 17, 2020.

Study Selection

The inclusion criteria were as follows: (1) studies primarily
evaluating the association between OPCML methylation
and ovarian cancer, (2) studies including case and control
populations, (3) the incidence of OPCML methylation in case
and control groups, and (4) studies using human tissues or
blood. Based on the inclusion criteria, the titles and abstracts
from the preliminary search were evaluated. Subsequently, all

related studies were evaluated as full-text papers. Exclusion
criteria were (1) book section, conference abstracts, and reviews,
(2) studies with insufficient data to provide the methylation
frequencies in cancer and control groups, and (3) studies without
human samples. In the case of duplicated publications from the
shared cohort, we selected the most complete information to be
included in the meta-analysis.

Data Extraction and Quality Assessment
The following information was extracted for each eligible
study: the first author’s name, publication year, country, age,
number of methylated and unmethylated samples in cancer and
control groups, sample type, control type, methylation detection
methods, and other clinicopathological parameters. In our study,
controls included adjacent non-cancerous ovarian tissues (AT),
tissue and blood samples from benign ovarian tumor (BOT)
and other cancer-free patients (NT). Additionally, we used
the Newcastle-Ottawa Scale (NOS) to assess the quality. The
NOS includes the selection of the research groups (four stars),
comparison of the groups (two stars), and ascertainment of the
outcome (three stars).

Bioinformatics Analysis

Two DNA methylation data were downloaded from the Gene
Expression Omnibus (GEO) database: GSE146552 (20 high
grade serous ovarian cancers, 16 epithelial layer by mechanical
scraping of resected fimbriae fallopian tubes and ovaries)
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TABLE 3 | Subgroup analysis of associations between OPCML methylation and ovarian cancer risk.

Group Studies Case Control Fixed effects model Random effects model Heterogeneity
n M u M u OR (95% CI) OR (95% CI) P (%) P

Country

China 7 308 125 43 338 27.47 (17.52, 43.08) 38.17 (13.21, 110.28) 70 <0.01

Poland 1 20 23 0 4 7.85(0.40, 154.75) 7.85(0.40, 154.75) - -
Sample type

Serum 100 16 11 132 102.86 (39.37, 268.74) 98.42 (38.37, 252.45) 0 0.73

Tissues 228 132 32 210 18.22 (10.93, 30.36) 19.13 (7.71, 47.44) 39 0.15
Control type

NT 4 122 46 2 73 52.77 (16.92, 164.55) 47.94 (7.38, 311.27) 53 0.09

NT&BOT 176 69 39 236 23.41 (13.96, 39.25) 35.50 (6.38, 197.47) 84 <0.01

AT&NT 1 30 33 2 33 15.00 (3.31, 67.93) 15.00 (3.31, 67.93) - -
Methods

MSP 4 194 85 4 236 19.52 (11.94, 31.92) 21.78 (6.10, 77.79) 76 <0.01

CCP-based FRET 1 27 8 9 15.19 (2.71, 85.10) 15.19 (2.71, 85.10) - -

Restriction enzyme related methods 3 107 55 97 139.45 (24.06, 808.26) 163.86 (31.13, 862.61) 0 0.59
Sample size

<100 152 79 4 106 34.19 (14.11, 82.86) 32.63 (8.42, 126.53) 45 0.12

>100 176 69 39 236 23.41 (13.96, 39.25) 35.50 (6.38, 197.47) 84 <0.01

M, methylation; U, unmethylation; BOT, benign ovarian tissues; NT, normal ovarian tissues of cancer-free patients or healthy people; AT, Adjacent non-cancerous ovarian tissues; MSP,
methylation-specific polymerase chain reaction;, CCP-based FRET, a cationic conjugated polymer (CCP)-based fluorescence resonance energy transfer (FRET); Restriction enzyme
related methods include methylation-sensitive restriction enzyme-polymerase chain reaction and restriction enzyme cut analysis.

and GSE155760 (23 high-grade serous ovarian carcinoma, 11
fallopian tube mucosa from cancer-free normal control). The
GEO2R online analysis tool (https://www.ncbi.nlm.nih.gov/geo/
geo2r/) was used to identify the differential DNA methylated sites
(P < 0.05) between cancer tissues and normal tissues. For the
cancer genome atlas (TCGA) ovarian serous cystadenocarcinoma
(OV) data, we downloaded the OPCML expression data
(log2-transformed RSEM normalized count) based on RNA
sequencing (RNA-Seq), OPCML-associated DNA methylation
data (cg03923934, cg25853078) based on HumanMethylation27
and the clinical data including age, stage, grade, and overall
survival from the website (https://xena.ucsc.edu/).

Statistical Analysis
We calculated the pooled odds ratios (ORs) and 95%
confidence intervals (95% CIs) to evaluate the association
between OPCML methylation and ovarian cancer risk. The
heterogeneity of studies was evaluated by the x2-based Q-
test. When the P > 0.05, the fixed-effects model was used
to combine the effect size; otherwise, the random-effects
model was adopted. We conducted meta-regression to explore
sources of heterogeneity and further performed a subgroup
analysis to evaluate the source of the heterogeneity. The
contribution of each study to our findings was examined
according to sensitivity analysis. We used the Begg’s rank
correlation method (Begg and Mazumdar, 1994) and a
funnel plot for Eggers test (Egger et al., 1997) to evaluate
publication bias.

The correlation between OPCML methylation and its
expression in TCGA was calculated by Spearman’s rank

correlation. Kruskal-Wallis and Wilcoxon-Mann-Whitney U
tests were applied for comparisons, as appropriate. Survival
analysis was performed using the log-rank test and a Cox
regression model. Hazard ratios (HRs) and corresponding
95% ClIs were calculated to assess the associations of factors
with overall survival. All statistical tests were two-sided and
performed using the R software (version 3.6). P-value < 0.05 were
considered statistically significant.

RESULTS
Study Characteristics

The detailed information of how we selected relevant articles
is shown in Figure 1. We initially identified 126 articles from
PubMed, Web of Science, ScienceDirect, and Wanfang databases
and excluded 34 duplicated articles. After reviewing 92 articles
based on titles and abstracts, 75 articles did not meet the selection
criteria, leaving 17 studies for detailed full-text evaluation.
Seven articles were excluded because they did not report the
methylation frequencies in cancers or controls. Three articles
were excluded because of overlapping cohorts (Zhou et al., 2011;
Zhang et al., 2014; Wang et al., 2017). The study performed
by Zhou et al. (2014a) included two sample types, tissue and
serum. Thus, we considered this paper as two separate studies.
Therefore, seven eligible articles with eight studies including
476 ovarian cancer patients and 385 controls were included in
the meta-analysis.

The characteristics of the eight studies are summarized
in Table1. Seven studies were performed in China and one
study was performed in Poland. The cases comprised of cancer
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Omitting Xing etal 2015
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Omitting Zhou et al 2014°
Omitting Czekierdowski et al 2006
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Omitting Liu et al 2008

Random effects model
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FIGURE 3 | The sensitivity analysis of pooled OR for OPCML methylation and ovarian cancer risk under the random-effects model.
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FIGURE 4 | The funnel plot for assessment of publication bias in the
meta-analysis.

tissues and blood from ovarian cancer patients. Among the
eight included studies, six studies clearly described that the
cases were primary tumor patients whereas two studies (Wang
et al., 2015; Xing et al., 2015) did not. In the study performed
by Liu et al. (2008), there are 41 metastatic tissues of pelvic
and abdomen cavity. We provided this in Table 1. However,
we did not include these samples when we calculated the
pooled OR. The controls in these studies were not matched
to cases for any features. OPCML promoter methylation was
detected in all eligible articles. There are four studies that used
methylation-specific polymerase chain reaction (MSP), three
used restriction enzyme-related analysis [methylation-sensitive
restriction enzyme-polymerase chain reaction (MSRE-PCR) and
restriction enzyme cut analysis], and one study used cationic
conjugated polymer (CCP)-based fluorescence resonance energy
transfer (FRET) to detect OPCML methylation in ovarian cancer

and controls. According to the NOS criteria, the quality of these
studies was six, indicating a relatively high quality. Detailed
features are shown in Supplementary Table 1.

Relationship Between OPCML Methylation
and Ovarian Cancer Risk

Because of significant heterogeneity among the included studies,
a random-effects model was used to evaluate the effect size (P
< 0.01; I* = 65%; Figure 2). In the overall meta-analysis, the
OPCML methylation frequency was significantly associated with
an increased risk of ovarian cancer (summary OR: 33.47; 95% CI
=12.43-90.16; P < 0.001; Figure 2).

Meta-Regression and Subgroup Analysis
To explore the potential sources of heterogeneity, we performed
multiple regression model using six variables (publication year,
country, sample type, control type, methods, and sample size).
However, the source of heterogeneity was not observed among
these factors (all P > 0.05; Table 2). We also conducted subgroup
analysis to assess the source of the heterogeneity according to
country, sample type, sample size, control type, and method
(Table 3). In the subgroup analysis of country, the OR was 38.17
(95% CI = 13.21-110.28) in China under the random-effects
model. The OR was 102.86 (95% CI = 39.37-268.74) under
the fixed-effects model in the serum subgroup, and 18.22 (95%
CI = 10.93-30.36) under the fixed-effects model in the tissues
subgroup. In the subgroup analysis based on the control type,
the OR was 52.77 (95% CI = 16.92-164.55) in the NT group
under the fixed-effects model and 35.50 (95% CI = 6.83-197.47)
in the NT and BOT groups under the random-effects model.
In the subgroup analysis of methods, the OR was 21.78 (95%
CI = 6.10-77.79) in the MSP group under the random-effects
model and 139.45 (95% CI = 24.06-808.26) in the restriction
enzyme-related analysis group under the fixed-effects model. The
OR for the sample size subgroup was 34.19 (95% CI = 14.11-
82.86) in the <100 subgroup under the fixed-effects model and
35.50 (95% CI = 6.38-197.47) in the >100 subgroup under the
random-effects model.
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. . . Experimental Control Weight  Weight
Experimental Control Weight Weight )
A Study Events Total Events Total 0dds Ratio OR 95%-Cl (fixed) (random) B Study Events Total Events Total Odds Ratio OR  95%Cl (fixed) (random)
Wang et al 2015 30 32 33 39 ——’:'— 273 [051; 1456]) 12.7% 147% Xing etal 2015 22 26 5 9 '—g.—— 4.40 [0.81;23.90] 46% 11.6%
Xing etal 2015 22 24 5 11 e 1320 [2.03; 85.81] 39%  132% Zhou etal 2014" 18 20 21 25 D o — 171[0.28,10.48] 74%  10.4%
Zhouetal 2014" 34 35 5 10 F———— 3400 [326;354.13] 15%  10.4% Zhouetal 2014" 17 20 19 25 — e 179 [0.39 8.29] 10.1%  13.5%
Zhouetal 2014" 3 35 5 10 —t—— 7.75 [154;39.12) 6.0% 151% b —_ % %
Zhouetal 2014" 49 58 3 44 'T 228 (087, 597] 37.2% 206% éMl:(_e(:JOZOK'M( | 2006 4; ?; ?g gg I ?gg [gli ;g] :g:,,,o 3—3,;:
Czekierdowski et al 2006 16 28 4 5 —=t 018 [002) 1.78] 279%  10.7% r28K1GIdOWS] &t & v .52 [043; 5.38) 0 S
Livetal 2008 ® 41 2 2 —— 640 [131-3117) 108%  154% Liuetal 2008 20 34 10 29 s 271 (097, 7.57) 17.7%  23.0%
Fixed effect model 263 141 < 343 [2.00; 5.90] 100.0% - Fixed effect model 172 161 < 1.46 [0.88; 2.41] 100.0% -
Random effects model - 4.20 [1.59; 11.14] -~ 100.0% Random effects model T 1.57 [0.82; 3.02] - 100.0%
Heterogenetty: / = 56%, 1 = 0.9566, p = 0.03 Heterogeneity: /° = 32%, 2= 0.2065, p = 0.20
001 01 1 10 100 01 051 2 10
Experimental Control Weight Weight D
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random) Experimental Control Weight  Weight
Xing etal 2015 19 21 8 14 _i"_ 713 (118, 43.14] 76%  195% Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
N - 365 1% %
Thovetal 014" 2 om 5 o1 T n koo o oo Znoustai2ow “ s wm s : 225 836 7% 567
Czekierdowski et al 2006 9 23 1M20 053 [0.16; 1.77) 599%  24.0% Xing etal 2015 4 7 23 28 ; 029 [0.05:1.72] 424%  433%
Liuetal 2008 12 27 6 36 —— 400 [1.25; 12.75] 239% 244% . i
Fixed effect model 55 82 =< 1.42 [0.61; 3.30] 100.0% -
Fixed effectmodel 129 102 < 320 [1.74; 5.89] 100.0% - Random effects model 0.93 [0.13; 6.80] - 1000%
Random effects model — 437 [1.14; 16.78] ~ 100.0% Heterogenetty: 1% = 74%, 7° = 1.5614, p = 0.05
Heterogeneity. 1= 71%, < = 15813 p < 0.01 01 051 2 10
001 01 1 10 100
FIGURE 5 | Forest plots for OPCML methylation and clinicopathological features of ovarian cancer patients. (A) Forest plot for the relationship between OPCML
methylation and IIl/IV stage. (B) Forest plot for the relationship between OPCML methylation and serous ovarian cancer. (C) Forest plot for the relationship between
OPCML methylation and poorly differentiated tumor. (D) Forest plot for the relationship between OPCML methylation and older age.

Sensitivity Analysis

As shown in Figure 3, leave-one-out sensitivity analysis was
performed by removing a single study at a time under the
random-effects model to assess the stability of the results. Our
results showed that the ORs ranged from 24.04 (95% CI =
9.22-62.72) to 44.47 (95% CI = 16.61-119.08).

Publication Bias

Begg’s and Egger’s tests were performed to estimate the
publication bias of the included studies. The funnel plot was
approximately symmetric (Figure 4), indicating no publication
bias in Begg’s (P = 0.458) or Egger’s tests (P = 0.261).

Relationship Between OPCML Methylation

and Clinicopathological Features

We divided the ovarian cancer patients into groups based
on clinical features including stage, histological type, tumor
differentiation, and age, and then further valuated the
associations between other variables and OPCML methylation
(Figure 5). The findings suggested that methylation was related
to III/IV (OR = 4.20; 95% CI = 1.59-11.14) and poorly
differentiated tumor (OR = 4.37; 95% CI = 1.14-16.78),
while methylation was not related to serous histology (OR =
1.46; 95% CI = 0.88-2.41) or older age (OR = 1.42; 95% CI
= 0.61-3.30).

Validation of the Results in Multiple Public

Databases

Based on GSE146552 and GSE155760 datasets, we evaluated
the DNA methylation profiling in ovarian cancer tissues
and normal tissues (Figure 6A). We firstly analyzed the
differential methylated sites between cancer tissues and
normal tissues (Figure 6B). Then, we found that methylation
levels of 55 differential methylated CpG sites were consistent
in two datasets (Table4). Among them, three CpG sites
(cgl6639665, ¢g23236270, cgl5964611) were located in
OPCML promoter regions (Figures 6C,D, all P < 0.05). In
consistent with the results of meta-analysis, the methylation

levels of three CpG sites were significantly higher in cancer
tissues compared to normal tissues. Based on the TCGA
ovarian cancer datasets, two OPCML-associated CpG sites
(cg03923934, ¢g25853078, Figures 7A,B) were significantly
associated with OPCML expression (rho = 0261, P =
597 x 107% rho = 0211, P = 2.75 x 10~%). However,
we did not observe the significant associations for the
clinicopathological parameters and overall survival time
(Figures 7C-F).

DISCUSSION

In the present study, we pooled eight studies together and
compared the frequency of OPCML methylation in 476
ovarian cancers with 385 non-malignant tissues or blood
samples. The results indicated that OPCML methylation was
associated with ovarian cancer risk. The association was still
significant in subgroups according to sample type, control type,
methods, and sample size. Additionally, we observed significant
associations between OPCML methylation and clinical stages
and the grade of differentiation in ovarian cancer based
on meta-analysis.

OPCML widely downregulated in many tumor types
including brain tumors (Reed et al, 2007), non-small cell
lung carcinoma (Tsou et al., 2007), bladder cancer (Duarte-
Pereira et al., 2011), cholangiocarcinoma (Sriraksa et al., 2011),
nasopharyngeal, esophageal, gastric, hepatocellular, colorectal,
breast, cervical cancers, and ovarian cancer (Cui et al., 2008).
Zanini et al. (2017) found that OPCML expression is associated
with better progression free survival in HER2-positive ovarian
cancer patients. Notably, exogenous recombinant OPCML
protein inhibited ovarian cancer cell growth in vitro and in
vivo (McKie et al, 2012; Wu and Sood, 2012). Recently, the
advances in structure-function relationships of OPCML give rise
to its potential as an anti-cancer therapy (Birtley et al., 2019).
DNA methylation is the most common epigenetic modification
and is widely reported for the transcriptional silencing of
tumor suppressor genes in ovarian cancer. Previous studies

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 570898


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Shao et al.

OPCML M

ethylation and Ovarian Cancer

GSE155760

05

0.0

-05

~log10(P.Value)

-log10(P.Value)

| hg19

2 kb}
[aaees]

©g24250669|

OPCML

©g16639665
©g23236270
©g15964611|

GSE146552

Methylation 450K Bead Array
©g07230581| ©g22791045|
©g25853078|

Groups

cg16639665
923236270
cq15964611
©g24250669
€g25853078

CELTBEYINSD
€€1Z6EVINSO
YE1Z6EYINSO
GE1Z6EYINSO
9€1Z6EYINSO
LE1T6EYINSO
8€1C6EVINSO
6€126EVINSO
¢y 1Z6EVINSO
€V 126EVINSO
Y1 Z6EYINSO
Sv126EVINSO
91 26EYINSO
Ly Z6EVYINSO
8v126EVINSO
6v126EVINSO
¢l 1Z6EYINSD
€1 126EVINSO
¥ 126EVINSO
GLLZ6EVINSO
91 1Z6EVINSO
LLIZBEYINSO
81 126EVINSO
61 126EVINSO
0Z126EYINSO

GSE155760

L29LLLYINSO
YEILLLYINSO
0S9LLLYINSO
1G9LLLYINSD
¢S9LLLYINSD
6591 LLYINSD
L99LLLYINSD
0891 LLYINSO
L89LLLYINSD
YOLLLLYINSO
CLLLLLYINSD
LE9LLLYINSD
Ce9LLLYINSD
0v9LLLYINSO
LY9LLLYINSD
8V9LLLYINSO
¥S9LLLYINSO
GS9LLLYINSD
9591 LLYINSO
C9LLLYINSO
€99LLLYINSO
Y991 LLYINSO
0/9LLLYINSO
VLOLLLVINSO
€891 LLYINSO
0691 LLYINSO

cg15964611) were observed in both GSE146552 and GSE155760.

L 1Z6EYNSO

cg07230581
€g22791045

¢CLTBEYINSD
€C126EYINSO
¥Z126EYINSO
GZ1Z6EYINSO
92126EVINSO
L21TBEYNSO
82126EVINSO
62 126EYNSO
0€126EYINSO
LE€126EYINSO

Groups

cg16639665
€g23236270
cg15964611
€g24250669
cg25853078
cg07230581
€g22791045

169LLLYINSD
8691 1 LVINSO
66911 LVINSO
L0LLLLYINSD
YLLLLLYINSD
SLLLLIYINSD
CCLLLLYINSD
€CLLLLYINSD

Groups

I Normal

Cancer

I 0.8

0.6

0.4

I 0.2

Groups

0.8 I Normal
0.6

Cancer
0.4

I 0.2

FIGURE 6 | The OPCML methylation status in ovarian cancer tissues and normal tissues. (A) The workflow of differential methylated sites in GSE146552 and
GSE155760. (B) Volcano plots of differential methylated sites based on GSE146552 and GSE155760. (C) There are seven CpG sites in OPCML promoter regions.
(D) The methylation status of seven CpG sites in GSE146552 and GSE155760. Among them, three differential methylated sites (cg16639665, cg23236270,

have indicated that OPCML methylation is associated with
the inactivation of OPCML, which has a tumor suppressor
function in ovarian cancer (Simovic et al, 2019). However,
studies with small sample sizes and different control types

and methylation methods might produce inconsistent results.
For example, in the study performed by Czekierdowski et al.
(2006) OPCML methylation was observed in 20 out of 43
cases of ovarian cancer, but no methylation was found in four
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TABLE 4 | Consistently differential DNA methylated sites (P < 0.05 and the same direction of logFC in both datasets) between ovarian cancer tissues and normal tissues
based on GEO DNA methylation datasets.

ID chrom chromStart chromEnd GSE155760 GSE146552 Gene
logFC P-value logFC P-value

cg01875106 chr11 132287341 132287343 —0.6360 1.050 x 1012 —0.2740 1.500 x 1074 OPCML
cg11500790 chr11 132321480 132321482 —0.5980 1.400 x 107 —0.3440 8.150 x 1075 OPCML
cg05806819 chr11 132432636 132432638 -0.0195 3.980 x 1072 —0.0523 3.340 x 102 OPCML
cg03784083 chr11 132513894 132513896 —0.4300 4610 x 1074 —0.2160 4.350 x 1072 OPCML
cg08080489 chr11 132526946 132526948 —0.5720 6.510 x 108 —0.2800 1.240 x 1074 OPCML
cg17242596 chri 132527295 132527297 —0.6000 3.930 x 1078 —0.3990 1.650 x 107° OPCML
€g06967998 chr11 132527437 132527439 —0.6200 1.490 x 1077 —0.3880 2.850 x 107° OPCML
cg10376306 chr11 132588617 132588619 —0.3060 7.050 x 1074 —0.1590 5.340 x 1073 OPCML
cg12156287 chr11 132662865 132662867 —0.4030 3.800 x 1072 —0.1600 2.330 x 1072 OPCML
cg18944144 chr11 132673498 132673500 —0.5470 1.730 x 107 —0.2650 1.120 x 103 OPCML
©g05035315 chr11 132691483 132691485 —0.6190 2,010 x 1079 —0.3730 7.990 x 1076 OPCML
cg13136241 chr11 132709827 132709829 —0.3190 1.080 x 1073 —0.1770 1.210 x 1072 OPCML
©g26824847 chr11 132728087 132728089 -0.5170 2.470 x 10710 —0.3810 1.270 x 10°° OPCML
cg19743254 chr11 132735813 132735815 —0.3410 1.090 x 102 —0.1950 1.950 x 1072 OPCML
cg10966440 chr11 132745700 132745702 —0.6570 7.910 x 107" —0.4670 8.810 x 10~/ OPCML
€g23813681 chr11 132772322 132772324 —0.4060 1.880 x 1074 —0.1810 2.100 x 102 OPCML
cg16813466 chr11 132811377 132811379 —0.4090 6.750 x 107 —0.2440 1.190 x 1078 OPCML
cg07649562 chr11 132813503 132813505 0.0662 4.840 x 102 0.0419 2.210 x 102 OPCML
cg18710784 chrii 132813562 132813564 0.2530 9.680 x 102 0.2100 1.020 x 1078 OPCML
cg15618210 chr11 132816802 132816804 —0.6010 9.760 x 1078 —0.3020 5.000 x 1074 OPCML
€g02993944 chr11 132831380 132831382 —0.3230 1.030 x 1072 —0.1520 1.250 x 102 OPCML
cg16123848 chr11 132853100 132853102 —0.4960 9.470 x 107 —0.3320 3.560 x 104 OPCML
cg11747462 chri 132869599 132869601 —0.2650 6.650 x 104 —0.1320 2.100 x 1072 OPCML
cg03887438 chr11 132910641 132910643 —0.3410 3.090 x 1078 —0.1540 5.610 x 1072 OPCML
cg18413062 chrit 132931731 132931733 —0.4250 1.660 x 1079 —0.2350 5.720 x 1074 OPCML
€g13296579 chr11 132934961 132934963 —0.1630 3.160 x 1072 —0.0885 3.160 x 1072 OPCML, AP004782.1
€g20417723 chr11 132935119 132935121 —0.2570 4,250 x 1078 —0.1440 1.560 x 1072 OPCML, AP004782.1
€g26906285 chr11 132935462 132935464 -0.1720 1.820 x 1072 —0.1560 3.880 x 1072 OPCML, AP004782.1
cg05886537 chr11 132936427 132936429 —0.3250 2.030 x 1073 —0.1770 3.810 x 1072 OPCML, AP004782.1
©g08945802 chr11 132946454 132946456 —0.1980 1.710 x 1072 —0.0864 4.530 x 102 OPCML
cg05807849 chr11 132946691 132946693 —0.4100 2.210 x 1075 —0.2090 7.820 x 1072 OPCML
©g11983942 chr11 132946933 132946935 -0.3910 8.510 x 108 —0.1930 8.810 x 104 OPCML
cg08357627 chr11 132949125 132949127 —0.5150 3.900 x 10~ —0.2480 3.460 x 104 OPCML
cg11515095 chr11 132949436 132949438 —0.3320 1.500 x 1072 —0.1840 8.340 x 1073 OPCML
cg10335834 chr11 132949780 132949782 —0.2800 1.370 x 1072 —0.1570 1.030 x 102 OPCML
cg15702349 chr11 132950103 132950105 —0.1970 4,550 x 1078 —0.0989 1.620 x 1072 OPCML
€g26237595 chr11 132955641 132955643 —0.2940 6.960 x 1073 —0.1910 6.130 x 1072 OPCML
cg01311955 chri1 132965249 132965251 —0.2780 1.140 x 1074 —0.2670 1.270 x 1072 OPCML
©g20972294 chrit 133005918 133005920 -0.3710 9.260 x 10~* —0.1940 1.420 x 1072 OPCML
©g12697833 chr11 133085432 133085434 —0.5370 9.690 x 1078 —0.2850 1.670 x 1073 OPCML
€g26311804 chr11 133155302 133155304 —0.3740 4.070 x 1074 —0.1680 6.610 x 1072 OPCML
©g04913291 chr11 133187955 133187957 —0.4150 9.420 x 1076 —0.2830 1.090 x 1073 OPCML
€g22209355 chr11 133208306 133208308 —0.3650 6.770 x 104 —0.2050 6.410 x 1074 OPCML
cg05131064 chr11 133228365 133228367 —0.2820 2.300 x 102 —0.1370 2.400 x 102 OPCML
cg08872013 chr11 133229156 133229158 —0.2390 3.790 x 10—2 —0.1100 2.460 x 102 OPCML
€g20886183 chr11 133230390 133230392 —0.2530 4.390 x 1072 —0.1980 1.230 x 102 OPCML, OPCML-IT1
cg01880176 chr11 133230949 133230951 —0.3070 7.980 x 1075 —0.1540 4180 x 1072 OPCML, OPCML-IT1
cg06379368 chr11 133231146 133231148 —0.2650 1.750 x 1073 —0.1630 1.330 x 102 OPCML, OPCML-IT1
cg13974487 chr11 133231880 133231882 —0.2720 1.790 x 1078 —0.1710 1.340 x 1078 OPCML, OPCML-IT1
€g18204273 chr11 133232926 133232928 —0.1850 2.260 x 1072 —0.1540 1.490 x 1072 OPCML, OPCML-IT1
cg01140660 chr11 133233199 133233201 —0.4660 1.190 x 1074 —0.2160 5.430 x 102 OPCML, OPCML-IT1

(Continued)
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TABLE 4 | Continued

ID chrom chromStart chromEnd GSE155760 GSE146552 Gene
logFC P-value logFC P-value
cg09531376 chr1 133234072 133234074 —0.3370 1.850 x 10738 —0.1560 4.630 x 1073 OPCML, OPCML-IT1
cg16639665 chri1 133402496 133402498 0.1380 3.450 x 1072 0.1130 1.090 x 1072 OPCML
923236270 chri1 133402499 133402501 0.1630 2.090 x 1072 0.1150 4.540 x 1073 OPCML
cg15964611 chri1 133402544 133402546 0.2070 2.630 x 1072 0.1080 3.180 x 102 OPCML
Bold values represent CpG sites in OPCML promoter region.
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FIGURE 7 | The methylation status of OPCML-associated CpG sites in the TCGA dataset. (A) There are only two CpG sites from HumanMethylation27k, and the
location of two CpG sites in OPCML. (B) There are significantly positive associations between two CpG sites and OPCML expression. (C) The methylation levels were
not significantly associated with clinical stage. (D) The methylation levels were not significantly associated with clinical grade. (E) No significant associations were
observed in patient with different methylation levels using log-rank analysis. (F) No significant associations were observed in patient with different methylation levels
using cox analysis.
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normal ovaries. No significant association was observed in
this study. The control sample size in this study was small.
Additionally, most previous studies reported the methylation
frequency of OPCML in tumor and non-tumor tissues or serum,
but the precise estimates for the associations were unclear. In the
present study, we attempted to consolidate the available data and
found that OPCML methylation was associated with an increased
risk of ovarian cancer. The findings from the sensitivity analysis
showed that our results are reliable and stable. Overall, given the
TSG role and frequent methylation inactivation of OPCML in
ovarian cancer, the restoration of OPCML expression could be
a promising approach for ovarian cancer treatment.

In the subgroup analysis, the OR was 38.17 in China but
7.85 in Poland. The cause may be due to the limited studies
in Poland. Therefore, more studies should be performed to
confirm these observations in Europeans. In the serum subgroup,
the OR value was highest (OR = 102.86) than that in the
tissue subgroup (OR = 18.22). The results should be interpreted
with caution because of the relatively small number of subjects
included in the serum subgroup. Given that serum is a promising
biomarker for non-invasive ovarian cancer diagnosis, further
well-designed studies are warranted to explore the diagnostic
performance of OPCML methylation in serum. Regarding the
methods, the OR was 21.78 in the MSP group and 139.45 in
the restriction enzyme-related analysis group. Technically, MSP
amplify either methylated (M) or unmethylated (U) alleles after
bisulfite conversion and evaluate methylation status in CpG
regions (Herman et al., 1996). MSRE-PCR can recognize and
degrade unmethylated DNA sequences whereas the methylated
DNA sequences remain intact (Ramsahoye et al., 1997).Taken
together, the results of subgroup analyses showed that OPCML
methylation was significantly associated with an increased risk of
ovarian cancer, regardless of the sample size, sample type, control
type, and methods. Additionally, we found that the methylation
status was associated with III/IV stage and poorly differentiated
tumors. This finding suggests that OPCML is related to the
malignant progression of ovarian cancer.

Based on publicly available datasets, we observed that
the DNA methylation levels of ¢g16639665, cg23236270, and
cgl5964611 were consistently higher in cancer tissues than that
in normal tissues, which validated some results of our meta-
analysis. However, we did not confirm the difference of the
OPCML methylation levels in different groups of clinical stage,
grade, and so on. We found the positive association between
DNA methylation level of ¢g25853078 in OPCML promoter
region and OPCML expression. This positive association did
not fit the hypothesis that DNA methylation levels in promoter
region suppress the expression and contribute to ovarian
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Thyroid carcinoma (TC) is the most common endocrine malignancy, and papillary TC
(PTC) is the most frequent subtype of TC, accounting for 85-90% of all the cases.
Aberrant histone acetylation contributes to carcinogenesis by inducing the dysregulation
of certain cancer-related genes. However, the histone acetylation landscape in PTC
remains elusive. Here, we interrogated the epigenomes of PTC and benign thyroid
nodule (BTN) tissues by applying H3K27ac chromatin immunoprecipitation followed
by deep sequencing (ChIP-seq) along with RNA-sequencing. By comparing the
epigenomic features between PTC and BTN, we detected changes in H3K27ac levels
at active regulatory regions, identified PTC-specific super-enhancer-associated genes
involving immune-response and cancer-related pathways, and uncovered several genes
that associated with disease-free survival of PTC. In summary, our data provided a
genome-wide landscape of histone modification in PTC and demonstrated the role of
enhancers in transcriptional regulations associated with prognosis of PTC.

Keywords: papillary thyroid carcinoma, benign thyroid nodule, enhancer, H3K27ac, transcriptome, epigenetics

INTRODUCTION

Thyroid carcinoma (TC) is the most common endocrine malignancy with an increasing incidence
during the past decades (Kilfoy et al., 2009). Papillary TC (PTC) is the most frequent subtype, which
accounts for 85-90% of all the TC cases and occurs three times more frequently in women than in
men (Jemal et al., 2010). It is now well accepted that both genetic alterations and epigenetic changes
contribute to PTC development and progression. Some somatic driver mutations, such as the BRAF
V600E and TERT promoter mutations (Liu et al., 2017), and epigenetic alterations, such as specific
non-coding RNAs and DNA methylation modifications (Yu et al., 2012; Yim et al., 2019), have been
well established as diagnostic and prognostic markers of PTC.

Histones are subject to a variety of post-transcriptional modifications including methylation,
acetylation, phosphorylation, and ubiquitination (Bédrtova et al, 2008; Matsuda et al., 2015),
which influence interactions between DNA and histones, resulting in global regulation of gene
expression. Typically, histone acetylation is related to active transcription, while deacetylation
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induced transcriptional silencing. Histone modifications
control gene expression, and numerous studies have found
that dysregulation of this modification functionally impacts
transcriptome in carcinogenesis. Several histone deacetylated
inhibitors such as vorinostat (SAHA), a suberoylanilide
hydroxamic acid that inhibits deacetylase enzymatic activity, had
been used in clinical trials treating TC patients. Moreover, it was
reported that SAHA induced apoptosis in PTC cell lines (Brest
etal., 2011). Recently, one study reported global levels of histone
modifications in four thyroid tissues (Siu et al., 2017). Studies
reported histone acetylation increment at the promoters of NIS
and ECAD in TC cells (Federico et al., 2009; Zhang et al., 2014).

It is now recognized that enhancers and super-enhancers
(SEs) are crucial components of genetic transcription regulators
in cancers. Enhancer, a DNA region that transcription factors
can bind, could positively regulate gene expression in cis- or
trans- manner. It has been proposed that tumorigenesis is usually
accompanied by dysregulation of enhancer activities (Bulger and
Groudine, 2011). SEs, defined as clusters of enhancers densely
occupied with mediators and chromatin regulators, can facilitate
expressions of important genes in determining cell identity
and fate (Whyte et al., 2013). Characterized by high levels of
H3K27ac, enhancers can be readily identified by chromatin
immunoprecipitation followed by deep-sequencing (CHIP-seq).
Moreover, SEs are more prone to perturbations than typical
enhancers (Zhou et al., 2015). One of the mechanisms that
histone acetylation mediates RNA transcriptions is to interact
with the bromodomain and extra-terminal domain (BET) protein
BRD4 (Dey et al, 2003), which could serve as potential
therapeutic targets of cancers. BET inhibitor JQ1 inhibits
interactions between BET protein and acetylated histones,
resulting in downregulation of a number of genes and related
signaling pathways (Filippakopoulos et al., 2010). It has been
reported that JQ1 inhibited the tumor growth in differentiated
and undifferentiated TC (Gao et al., 2016; Zhu et al., 2017).

Accumulating evidence underscored the role of enhancer-
driven transcriptional programs in tumor pathogenesis.
However, the H3K27ac landscape and enhancer pattern of PTC
remained unclear. Here, we generated reference epigenome
data for PTC and benign thyroid nodule (BTN) tissues using
H3K27ac ChIP-seq along with global transcriptome, comparing
epigenomic features and SEs between these two groups. This
study provided an epigenetic insight for understanding the
development of PTC, revealing regulations of epigenomic
modifications on the transcription level, and identified several
enhancer-regulated genes that hold the potential to serve as
diagnostic and prognostic markers for PTC.

MATERIALS AND METHODS

Thyroid Tissues

This study included eight PTC and four BTN female cases who
were treated at The First Affiliated Hospital of Sun Yat-sen
University. The diagnosis of PTC was performed according to the
WHO criteria. The thyroid specimens and clinicopathologic data
were collected after our institutional review board approval.

H3K27ac ChIP-seq and Library

Preparation

Primary PTC and BTN were pulverized in liquid nitrogen
with mortar. Tissue powder was then cross-linked with 1%
formaldehyde and lysed with lysis buffer. Genomic DNA
was then sonicated into 200 to 500 bp fragments using
ultrasonicator in lysis buffer. The supernatant was diluted,
and the lysates were incubated with anti-H3K27ac antibody
(ab4729; Abcam, Cambridge, United Kingdom) overnight at
4°C. Protein-DNA complexes were captured with protein A
agarose beads. After extensive washing, protein-DNA complexes
were eluted and reverse cross-linked. DNA was purified
with QIAGEN (Hilden, Germany) PCR purification kit (Cat
No. 28106). Ten nanograms of purified DNA was used for
downstream library-prep with NEBNext Ultra II DNA Library
Prep Kit for Illumina (NEB #E7103; New England Biolabs,
Ipswich, MA, United States), following the manufacturer’s
instructions. The quality of sequencing libraries was analyzed
with bioanalyzer (Agilent Technologies, Santa Clara, CA,
United States) and then sequenced by Illumina NovaSeq 6000
platform. Input DNA from each sample were sequenced using
different bar codes.

Processing of Raw ChIP-seq Data

The clean ChIP-seq reads were aligned to the human genome
(hg38) using BWA with default parameters. Then, the unmapped
reads and non-uniquely mapped reads (mapping quality < 20)
were removed by SAMtools, while the PCR duplicate reads
were filtered by Picard. The H3K27ac modification regions were
defined using MACS. To find out the differential H3K27ac
modification region, the modification regions were merged by
BEDtools, and the reads of the merged regions were estimated by
HTSeq. Finally, DESeq2 was performed to normalize the counts
and to detect differential H3K27ac regions (| fold change| > 2
and p value < 0.05).

RNA-seq and Library Preparation

Primary tissues were pulverized in liquid nitrogen, and RNA was
extracted with TRIzol (Invitrogen, Carlsbad, CA, United States)
following manufacturer’s protocol. RNA-seq was performed
by Berry Genomics Co., China. Briefly, RNA degradation
and contamination were monitored on 1% agarose gels, and
purity was checked with NanoPhotometer spectrophotometer
(IMPLEN, Westlake Village, CA, United States). RNA
integrity was assessed with RNA Nano 6000 Assay Kit of
the Bioanalyzer 2100 system (Agilent Technologies, Santa
Clara, CA, United States). A total amount of 1 pg of RNA per
sample was used as input material for the RNA preparations.
Sequencing libraries were generated with NEBNext Ultra RNA
Library Prep Kit for Illumina (NEB, United States) following
manufacturer’s recommendations, and index codes were added
to attribute sequences to corresponding sample. Library quality
was assessed on the Agilent Bioanalyzer 2100 system. After
cluster generation, the library preparations were sequenced on
an Illumina NovaSeq 6000 platform.
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Processing of Raw RNA-seq Data

Differential expression analysis was performed with DESeq; the
clean RNA-seq reads were aligned to the human genome (hg38)
using HISAT with default parameters. Then, the reads overlapped
with genes were estimated by HTseq. The normalization, counts,
and detection of differentially expressed genes were performed by
DEseq2 (| fold change| > 2 and p value < 0.05).

Pathway Enrichment Analysis

Genomic Regions Enrichment of Annotations Tool (GREAT)'
was used to analyze the functional significance of differentiated
H3K27ac-modified regions (McLean et al., 2010). Pathway
analysis was performed with gene names using DAVID. Selected
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
that have p values of less than 0.05 were reported. Pathway
enrichment analysis was performed using gene set enrichment
analysis (GSEA)* (Liao et al., 2019).

Identification of Enhancer

Enhancers and promoters were identified by MACS (Liu, 2014).
To identify SEs, all enhancers were ranked according to their total
ChIP-seq signal using ROSE (Zhou et al., 2015). Enhancers were
sorted and plotted based on H3K27ac signals in ascending order.
The cutoff value was set to distinguish SEs from typical enhancers,
in which enhancers were assigned as SEs if their H3K27ac signals
exceeded this threshold level.

Cell Culture

BCPAP and KTC-1 cells were cultured in RPMI-1640 media
supplemented with 10% fetal bovine serum (FBS; #10270-106;
Gibco, Thermo Fisher Scientific, Waltham, MA, United States).
TPC-1 cells were cultured with Dulbecco modified Eagle
medium supplemented with 10% FBS (Gibco). All the cells were
maintained at 37°C in a 5% CO; humidified chamber.

SAHA/JQ1 Treatment

BCPAP, KTC-1, and TPC-1 cells were seeded on day 0 and
treated with JQ1 (S7110; Selleck, Houston, TX, United States)
or Vorinostat (SAHA) (S1047; Selleck) or vehicle for 48 h with
indicated concentrations on day 1. Fresh culture medium with
drugs or vehicle was replenished every 24 h.

gRT-PCR

Total mRNAs were extracted using RNAsimple Total RNA Kit
(#DP419; TIANGEN Biotech, Beijing, China). Five hundred
nanograms of mRNA was used as template for reverse
transcription with PrimeScript RT Master Mix (RR036A; Takara,
Dalian, China). cDNAs were then amplified on ABI QuantStudio
5 Real-Time PCR System (Thermo Fisher), and SYBR Green
Master Mix (A25742; Thermo Fisher Scientific, Waltham, MA,
United States) was used to detect cDNA amplification. GAPDH
was used to normalize gene expression. RNA relative expression
was calculated using the 272 2CT method.

'http://great.stanford.edu/
Zhttp://www.webgestalt.org/

Statistical Analysis

Statistical analyses were performed using R and GraphPad Prism
software. Student’s t-test was performed to compare two groups
of the continuous variables. All the p values were two-sided, and
p < 0.05 was regarded as statistically significant.

RESULTS

Epigenetic Landscapes of Papillary
Thyroid Carcinoma and Benign Thyroid
Nodule

To identify histotype-specific landscapes of active chromatin
in thyroid tissues, ChIP-seq using H3K27ac (acetylated lysine
27 of histone H3) antibody was performed on eight PTC and
four BTN samples from 12 Chinese females (Supplementary
Data). Model-based analysis for ChIP-seq (MACS) was used to
analyze and identify significant peaks from the samples. Principal
component analysis (PCA) indicated that PTC and BTN samples
grouped into two clusters according to their genome-wide
H3K27ac profiles, suggesting that the differences were etiology
specific (Figure 1A). When comparing H3K27ac peaks between
PTC and BTN, 395 peaks were unique to PTC samples, while
437 peaks were unique to BTN. With all the differentiated
peaks, PTC and BTN samples segregated well on hierarchical
clustering (Figure 1B). Differentiated H3K27ac peaks distributed
across different regions genome-wide, which showed a greater
distribution in intron and intergenic regions with 8.6% PTC-
specific and 14.8% BTN-unique peaks located at promoter—
transcription start site (TSS) regions (Figure 1C). After the
differentiated peaks were annotated with GREAT, we found that
gene ontology (GO) terms enriched with PTC-specific peaks
included T-cell activation, regulation of lymphocyte activation,
leukocyte cell-cell adhesion, and interferon-gamma secretion.
Vasculature development, vascular endothelial growth factor
signaling pathway, tube morphogenesis, etc., were enriched with
BTN-unique peaks (Figure 1D).

Super-Enhancer-Regulated Genes
Differed in Papillary Thyroid Carcinoma
and Benign Thyroid Nodule

Super-enhancers are clusters of enhancers and are critically
important in development, differentiation, and oncogenesis
(Whyte et al., 2013). To identify SEs, H3K27ac signals from
sliding windows containing enhancers were ranked using ROSE
(Zhou et al., 2015). We first identified the SEs in the tumor
and BTN tissues, and enhancers in each sample were annotated
(Supplementary Data). A total of 3,369 SEs were identified in
PTC and 3,366 SEs in BTN samples, among which 367 and 364
SEs were specific to PTC and BTN, respectively (Figure 2A).
SE genomic sites were categorized into PTC-specific and BTN-
specific SE sites. H3K27ac signaling of BTN SEs at PTC-specific
genomic sites was significantly lower than that of PTC, contrary
to the situation at BTN-specific SE genomic sites (Figure 2B).
Enhancers were ranked based on their H3K27ac signals
(Figure 2C). Some SE-adjacent genes in PTC were known to
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FIGURE 1 | Characterization of H3K27ac landscapes in PTC and BTN. (A) Principal component analysis of normalized PTC and BTN H3K27ac peaks. (B) Heatmap
of differentiated H3K27ac-modified peaks between PTC and BTN. (C) Distribution of differentiated histone H3K27ac marks in genome. TSS, transcription start sites;
TTS, transcription termination sites. (D) Bar plots showing top gene ontology (GO) terms of PTC and BTN-specific H3K27ac peaks. PTC, papillary thyroid

N

be involved in TC or play a part in oncogenesis, such as
EPHB3, ALOX5, and ELF3. In contrast, SEs in BTN included
some tumor suppressor genes, which were previously reported
in various cancers, such as ARHGAP24 and CA4. SEs were
assigned to their putative target genes and were then subjected
to pathway enrichment analysis to determine their biological
functional classifications (Supplementary Data). As is shown in
GO analyses, these SE-adjacent genes of PTC uncovered some
immune-related pathways such as immune cell activation and
immune response, and other related pathways included positive
regulation of ERK1 and ERK2 cascades, and regulation of NF-
kappa B transcription factor activity. BTN-specific GO terms
revealed pathways of negative regulation of transcription, cell
migration, cell growth, etc. (Figure 2D). KEGG pathway analysis
indicated some immune-related and cancer-related pathways in
SE-adjacent genes of PTC (Figure 2E).

Transcriptome Features of Papillary
Thyroid Carcinoma and Benign Thyroid
Nodule

Global transcriptomic features were analyzed in thyroid samples,
and histotype-specific patterns of gene expression for the two
groups were identified. There were 2,019 differentially expressed
genes specific to PTC, while 800 genes showed a higher

expression in BTN (Figures 3A,B and Supplementary Data).
KEGG enrichment analysis of differentiated genes revealed
that genes with higher expressions in PTC were mostly
enriched in immune functions such as T-cell receptor signaling
pathway, chemokine signaling pathway, antigen processing, and
presentation, while BTN-specific genes were over-represented
in Rapl signaling pathway, calcium signaling pathway, mineral
absorption, etc. GO annotations also revealed that genes with
a higher expression in PTC were mainly involved in pathways
such as immune response and inflammatory response. In
contrast, BTN samples had a higher expression in metabolism
pathways such as oxidation-reduction process, cellular response
to hypoxia, and cellular response to zinc ion (Figures 3C,D and
Supplementary Data).

The differentiated genes between the two groups were
depicted (Figure 3E). Some known oncogenes and tumor
suppressor genes were found in PTC-specific or BTN-specific
genes, respectively (Figure 3E). GSEA was conducted and
showed significant enrichment of PTC-specific genes in cancer-
related pathways, such as NF-kappa B, while BTN-specific genes
were enriched in metabolism-related pathways (Figure 3F).
Besides, GSEA indicated enrichment of immune-related
pathways in PTC-specific genes (Figure 3G).

The SEs were assigned to the most adjacent genes, and
the expressions of SE-associated genes were higher in the
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histotype of interest. As exemplified in SE-associated genes in
PTC (Figures 4A,C), oncogenes ALOX5 and ELF3 were more
highly expressed in PTC compared with BTN tissues. Moreover,
The Cancer Genome Atlas (TCGA) and Genotype-Tissue

Expression (GTEx) data indicated higher levels of ALOX5
and ELF3 in TC compared with adjacent and normal thyroid
tissues (Figures 4B,D). The tracks of ChIP-seq and RNA-seq
signals of SLCO2A1 and ARHGAP24 were shown to present
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PTC versus BTN

wide BTN-specific SEs (Figures 4E,G), coinciding with their
higher expressions in BTN and in normal thyroid tissues
compared with PTC and TC, respectively (Figures 4EH).

Notably, lower transcription level of SLCO2A1 was observed
in advanced TC stages and associated with poor disease-free
survival (Supplementary Figure 1).
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Identification of Genes That Are shown in Figure 5A, PTC samples had stronger H3K27ac
Sensitive to Epigenetic Drugs and signals than BTN samples in the genome location of the

. . . . PLXNCI gene. After a comparison of active chromatin regions
Associate With Prognosis of Papillary of PLXNCI1 with an available database to infer potential

Thyroid Carcinoma enhancers, predicted enhancer-promoter associations were
We integrated H3K27ac ChIP-seq and RNA-seq data to map found (Supplementary Figure 2). The RNA-seq revealed
typical enhancers and promoters to their putative targets. As that the PLXNCI was expressed higher in PTC than BTN
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samples (Figure 5A). Consistently, a higher expression of
PLXNCI in PTC than normal controls was found when
analyzing data from TCGA and GTEx samples (Figure 5B).
In contrast, CD36 and TRPC6 showed significantly stronger
H3K27ac signals and higher expressions in BTN than PTC
(Figures 5C-F). Importantly, treatment of thyroid cancer
cells with BRD4 inhibitor JQ1 significantly downregulated the
expression of PLXNCI and some PTC-specific genes, while
the histone deacetylase inhibitors (HDACi) SAHA treatment
induced robust increases of CD36 and TRPC6 expressions
in thyroid cancer cell lines (Figure 5G and Supplementary
Figure 3). Furthermore, low expression levels of CD36 and
TRPC6 were observed in advanced stages of PTC (Figure 5H)
and correlated with poor disease-free survival in patients with
PTC (Figure 5I), suggesting that these genes are potential
predictors for PTC recurrence.

DISCUSSION

Accumulating evidence suggested that epigenome alterations
greatly impact cancer development (Hamdane et al., 2019). In this
study, we revealed histone modification features by comparing
PTC and BTN, facilitating the knowledge of active regulatory
patterns and global expression profiles in thyroid tissues.
H3K27ac is an established mark of transcriptional activation. Our
data presented differentiated epigenomes between PTC and BTN,
with an epigenetic landscape for the PTC progression compared
with BTN, and provided references for novel biomarkers for the
prognosis of thyroid tumors.

It was recognized that SEs have great impact on tumor
pathogenesis and cell identity (Hnisz et al., 2013). The common
histone features indicated the common epigenetic modulations
between PTC and BTN. Different enhancers might underline
specific gene expression patterns in these two groups. In the
present study, we found that PTC-specific SE-adjacent genes
showed higher expression levels than those in BTN, such as
ALOX5 and ELF3. ALOX5 had been reported to be highly
expressed in PTC compared with normal tissues and was
related to PTC tumor invasion (Kummer et al., 2012; Reyes
et al., 2019). ELF3 was reported to be overexpressed with
poor prognosis in PTC patients and likely function as an
oncogene in TC (Chen et al, 2019). As for BTN-specific SE-
adjacent genes identified in this study, SLCO2A1 was reported
to be downregulated in follicular thyroid cancer than benign
adenoma (Pfeifer et al., 2013), suggesting its role in thyroid
tumor pathogenesis. Several studies reported ARHGAP24 as a
tumor suppressor gene in various malignant tumors, including
malignant lymphomas (Nishi et al., 2015), breast cancer (Saito
etal., 2012), renal cancer (Wang et al., 2017), lung cancer (Wang
et al., 2020), and colorectal cancer (Zhang et al., 2018). However,
no study was performed on the functions of ARHGAP24
in thyroid tumors so far. Though the H3K27ac profile and
TCGA database pinpointed that SLCO2AI and ARHGAP24
could be potential predictors for PTC recurrence, their post-
transcriptional modification and biological functions require
further validation in PTC.

Principal component analysis of PTC and BTN showed two
distinct clusters, suggesting etiology-specific epigenetic profiles
in these two groups. Interestingly, pathway analysis showed that
PTC-specific peaks and genes are enriched in immune-response
pathways, indicating that immunoreactions might get involved
in thyroid tumor pathogenesis. Whereas the H3K27ac patterns
in the two histotypes could not explain all the differentiated
gene expressions, one explanation could be that hypomethylation
also plays a role in the upregulation of cancer-related genes
(Rodriguez-Rodero et al., 2013).

The overexpression of oncogene and silencing of tumor
suppressor genes caused by epigenetic modifications were usually
reversible with epigenetic enzyme inhibitors. JQ1/SAHA had
been assessed in numerous malignancies including TC in clinical
trials, and previous studies showed their anti-tumorigenesis
functions in TC (Tan et al., 2010). SAHA inhibits deacetylase
enzymatic activity. BRD4 inhibitor JQ1 could induce cell growth
arrest and apoptosis. The expression levels of certain genes
altered following treatment of JQI and SAHA, indicating
that these drugs might inhibit tumor growth by regulating
the expression of some key genes. PLXNCI is reported as
an oncogene in liver carcinoma (Odabas et al, 2018) and
gastric cancer (Chen et al, 2020) and also played a part
in TC progression. MiR-4500 repressed PTC development by
decreasing PLXNCI expression (Li et al, 2019). Besides, it
was found that PLXNCI was highly expressed in TC (Chen
et al, 2013), and the expression level was higher in PTC
tissues compared with their paired normal tissues (Qu et al,
2016). Among the genes regulated by SAHA, CD36 low
expression was associated with higher metastasis grade and
poor prognosis in colon, breast, and ovarian cancers (Tanase
et al., 2020) and pancreatic ductal adenocarcinoma (Jia et al.,
2018). TRPCE6 is an important member of the transient receptor
potential channels superfamily, participating in the various
biological processes (Dietrich and Gudermann, 2014; Jardin
et al.,, 2020). Though it remained unclear if these genes were
sufficient to promote or inhibit PTC pathogenesis, their higher
transcription levels were related to favorable disease-free rate
in TC. Our results suggested the potential roles of these genes
in PTC, and their molecular and biological functions warrant
further investigation.

While it remained to be elucidated whether epigenetic
dysregulation precedes the tumorigenesis, the different
histone modification and expression levels in PTC
and BTN provided evidence that histone modifications
differed in disease states. Though heterogeneity existed in
these samples, the results obtained from clustering and
statistical algorithm along with supporting evidence from
population database and previous biological studies allowed
arresting conclusions.

CONCLUSION

In summary, our results presented different epigenomic features
of PTC and BTN, and dysregulation of enhancers and their
targeted genes provide new insights into the pathogenesis and
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development of PTC. Some enhancer-regulated genes were
associated with disease-free survival of PTC, which may hold
potential as markers for the prognosis of the disease.
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Src is an important oncogene that plays key roles in multiple signal transduction
pathways. Csk-homologous kinase (CHK) is a kinase whose molecular roles are largely
uncharacterized. We previously reported expression of CHK in normal human colon
cells, and decreased levels of CHK protein in colon cancer cells leads to the activation of
Src (Zhu et al., 2008). However, how CHK protein expression is downregulated in colon
cancer cells has been unknown. We report herein that CHK mRNA was decreased in
colon cancer cells as compared to normal colon cells, and similarly in human tissues of
normal colon and colon cancer. Increased levels of DNA methylation at promotor CpG
islands of CHK gene were observed in colon cancer cells and human colon cancer
tissues as compared to their normal healthy counterparts. Increased levels of DNA
methyltransferases (DNMTs) were also observed in colon cancer cells and tissues. DNA
methylation and decreased expression of CHK mRNA were inhibited by DNMT inhibitor
5-Aza-CdR. Cell proliferation, colony growth, wound healing, and Matrigel invasion were
all decreased in the presence of 5-Aza-CdR. These results suggest that increased levels
of DNA methylation, possibly induced by enhanced levels of DNMT, leads to decreased
expression of CHK mRNA and CHK protein, promoting increased oncogenic properties
in colon cancer cells.

Keywords: CHK, colon cancer, DNA methylation, FHC, drug resistance

INTRODUCTION

Src is an important oncogene that plays key roles in multiple signal transduction pathways
(Yeatman, 2004). Csk-homologous kinase (CHK) sharing 53% amino acid identity with c-Src
tyrosine kinase (Csk). CHK has been reported to be expressed primarily in brain and hematopoietic
cells (Chow et al., 1994). Unlike Csk, which phosphorylates and inhibits Src effectively, CHK is not
capable of phosphorylating Src Y530 effectively (Advani et al., 2017). The molecular and functional
roles of CHK are largely uncharacterized.

We previously reported that CHK expression was not restricted to brain and hematopoietic cells,
instead, CHK is also expressed in normal colon cells and its protein levels were decreased in colon

Abbreviations: CHK, Csk-homologous kinase; Csk, c-Src tyrosine kinase; Ct, cycle threshold; DNMT, DNA
methyltransferase; MTT, methyl-thiazolyldiphenyl-tetrazoliumbromide; SFKs, Src family kinases.
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cancer cells, leading to the activation of Src via a mechanism
irrelevant of Src Y530 phosphorylation (Zhu et al., 2008). We
also showed that CHK acts additively with Csk in suppressing Src
kinase activity in colon cells (Zhu et al., 2008). Recently, it is also
shown that CHK plays an auxiliary role to Csk in hematopoietic
cells (Nagy et al., 2020).

The main objective of this current study was to explore the
mechanisms of how CHK protein levels are downregulated in
colon cancer cells. Here, we reported CHK mRNA was also
decreased in colon cancer cells as compared to normal colon
cells, and decreased in human colon cancer tissues as compared
to normal colon tissues. Underlying molecular mechanism was
studied. Biological effects were also studied in the presence
of 5-Aza-CdR. The results suggest that increased levels of
DNA methylation, possibly induced by enhanced levels of DNA
methyltransferases (DNMTs), leads to decreased expression of
CHK mRNA and therefore CHK protein, promoting increased
oncogenic properties, revealing an important CHK regulatory
mechanism in contributing to the tumorigenesis of colon cancer.

MATERIALS AND METHODS

Materials

5-Aza-CdR was purchased from Sigma. GAPDH antibody was
from Cell Signaling. DNMT3a and DNMT3b antibodies
were from Cellclonal, China. DNMT1 antibody was
from Wanlei, China.

Cell Culture

SW48, SW480, RKO, LoVo, HCT-15, HCT 116, HT-29, FHC,
and K562 (ATCC) were cultured in the complete growth medium
according to ATCC. Primary normal colon epithelial cells were
obtained from normal colon tissues and cultured in DMEM/F12
complete medium.

Preparation of Lysates

Subconfluent cells in tissue culture were lysed in RIPA
lysis buffer supplemented with phosphatase inhibitors and
protease inhibitors (Zhu et al., 2007). Lysates were clarified by
centrifugation at 10,000 g for 20 min. Protein was quantified
with the BCA assay. Tumor tissues were homogenized in RIPA
lysis buffer with a Dounce homogenizer for 50 strokes first
before centrifugation (Bjorge et al., 2000).

Immunoblotting

Proteins were separated on SDS-PAGE followed by transfer
to PVDF membranes. Blots were incubated with the primary
antibodies in TBST at room temperature for 1 h. Following
incubation with secondary antibody conjugated to horseradish
peroxidase, the blots were visualized with ECL.

Quantitative Real-Time PCR

Total RNA from cell or tissue samples were isolated using
TRIzol reagent (Invitrogen) and reverse transcription
was done wusing HiScript IIQ RT superMix (Vazyme,

China) following instructions of the manufacture. cDNA
was amplified using PCR primers as follows: forward 5'-
CTGTCCTGCAGGGTGAGTACCT -3 and reverse 5'-
GTCATGACGGCCGTCTCGTCC -3/. RT-qPCR results were
analyzed using comparative cycle threshold (Ct), followed by
gene expressions normalized to that of GAPDH.

Methylation-Specific PCR

Total DNA of the cells or tissues was extracted using TTANamp
Genomic DNA kit (TianGen Biotech, China) according
to instructions of the manufacturer. Bisulfite conversion
of the DNA was done using EZ DNA Methylation -
Gold Kit (Zymo, United States). Methylation-specific
PCR primers were as follows: (Methylation) forward
5-  AGGTGTGCGTATACGTTTTC -3’ and reverse 5'-
TATACGCGACCCTACGTAAC -3'. (Unmethylation) forward
5- AATAGGTGTGTATATGTTTTT -3 and reverse 5'-
TATACACAACCCTACATAACACC -3’. PCR products were
examined using agarose gel electrophoresis followed by images
captured with Gel Doc XR + (Bio-Rad).

Methyl-thiazolyldiphenyl-
tetrazoliumbromide
Assay

Cells were treated with 5-Aza-CdR for various hours as
stated in the figure legends. Methyl-thiazolyldiphenyl-
tetrazoliumbromide (MTT) assay of Succinate
Dehydrogenase (SDH) activity was performed as described
(Molenaar et al., 2012).

Clonogenic Growth Assay

Thousand cells were plated in 6-well plates and cultured for
14 days in presence or absence of 5-Aza-CdR, with medium
changed every three days until colonies were evident. The plates
were washed with PBS, fixed with paraformaldehyde and stained
with hematoxylin. Images were taken by the inverted microscopy.
Colonies were counted manually in a blinded fashion.

Wound Healing Assay

Cells were plated in 6-well plates to a density of about 80-90%
confluence. A linear wound was generated with a 200 w1 pipette
tip straightly. Cell fragments were immediately removed by using
PBS and then cells were cultured in medium supplement with 1%
FBS. Images were taken at 0, 24, and 48 h of wound formation
by the inverted microscopy and the width of the scratch was
measured using Image] software.

Cell Invasion Assay

This was done by Matrigel Invasion Chamber (BD Biosciences)
and stained with Diff Quik, according to the protocols of
the manufacturer.

Statistical Analysis
The results were expressed as means = SD. Experiments were
repeated for three independent times unless stated otherwise.
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The difference of two groups was assessed by analysis of variance
(ANOVA) and ¢ test.

RESULTS

Downregulation of CHK protein levels activates Src in colon
cancer cells (Zhu et al, 2008). To explore if transcriptional
regulation led to this downregulation of CHK protein, we
examined the mRNA levels of CHK in various colon cell lines
using qPCR. Results show that mRNA levels in all the colon
cancer cell lines examined, including HT-29, HCT 116, HCT-15,
SW48, SW480, RKO, and LoVo, were all significantly decreased
as compared to those in normal colon epithelial cell strain FHC
(Figure 1A). To further verify the results, we also employed
primary colon epithelial cells from human normal colon tissues
of three individuals, and found similar downregulation of CHK
mRNA as compared to these primary normal colon epithelial
cells (Figure 1A).

Tumor tissues and adjacent normal tissues of five colorectal
cancer patients have also been collected for examination of the
CHK mRNA levels. Levels of CHK mRNA in tumor tissues
were significantly lower than those in corresponding normal
tissues (Figure 1B).

To investigate if the mRNA decrease is due to epigenetic
regulation, we examined methylation of CpG islands at CHK
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FIGURE 1 | Expression of CHK mRNA is downregulated in human colon
cancer cell lines and colon cancer tissues. MRNA levels were measured using
gPCR. (A) Cell lines. FHC was control normal colon cell strain. K562 was a
positive control of CHK mRNA expression. NC, normal colon. (B) Tissues. C,
cancer tissue; N, adjacent normal tissue. #, patient number. The relative
expression level was calculated according to the Ct value. t-test, *P < 0.05,
**P < 0.01. Error bars represent the SD from three independent experiments.

promoter region. In all colorectal cancer cells examined,
including HT-29, HCT 116, HCT-15, SW48, SW480, RKO and
LoVo, and CpG islands were heavily methylated, suggesting
CHK mRNA were poorly expressed. In contrast, in the three
control primary normal colon epithelial cells, methylation of CpG
islands were undetectable, suggesting high levels of CHK mRNA
expression (Figure 2A). On the other hand, although FHC was
methylated at CpG islands, the level of unmethylation is higher
than those of the colon cancer cell lines, in line with that the
level of CHK mRNA in FHC is higher than those in the colon
cancer cell lines.

The change of methylation of CpG islands of the CHK gene
were also examined in colorectal cancer tissues and adjacent
tissues and showed similar pattern (Figure 2B). In #1 and
#5 patients, CHK gene was fully methylated or nearly fully
methylated in the cancer tissues, in contrast to full unmethylation
or almost full unmethylation in the adjacent normal colon tissues.
In #2, #3, and #4 patients, although unmethylation was detected
in colon cancer tissues, the percentages of unmethylated CHK in
the total CHK in normal colon tissues were much higher than
that in colon cancer tissues (Figure 2B).

These data show consistent upregulation of methylation at
CHK CpG island in the colon cancer cell lines and cancer tissues.

The down-regulation of CHK mRNA and the upregulation
of the CHK CpG methylation suggest that the downregulation
of CHK protein in colorectal cancer cells may be caused by
downregulation of CHK mRNA, and the downregulation of
CHK mRNA in colorectal cancer cells may be caused by the
methylation of the CpG island of the CHK gene.

CpG methylation is mediated by DNMTs. We next examined
the levels of expression of various DNMTs, including DNMT1,
DNMT3a, and DNMT3b. Immunoblotting results indicate that
the expression of DNMT1 protein in all the colon cancer
cells including HT-29, HCT 116, HCT-15, SW48, SW480, RKO
(except LoVo) were all elevated compared with normal colonic
epithelial cells including primary cells of normal colon (primary
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FIGURE 2 | CHK gene was methylated in colon cancer cell lines and colon
cancer tissues. Detection of the 196-bp product specific for a bisulfite
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control normal colon cell strain. K562 was a positive control of CHK
unmethylation. NC, normal colon. (B) Tissues. C, cancer tissue; N, adjacent
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cell #1, 2, and 3), and normal colon epithelial cells FHC
(Supplementary Figure 1A). Although DNMTT1 level in LoVo
cells appear to be similar to that in the FHC and primary normal
colon 2, and 3 cells, it is in fact higher than that in these cells after
normalization with GAPDH.

On the other hand, The expression of DNMT3a is low
in normal colonic epithelial cells FHC and primary normal
colon epithelial cells 1, 2, and 3, and relatively higher in colon
cancer cells (HT-29, HCT 116, HCT-15, SW48, SW480, RKO,
and LoVo). This is also true for DNMT3b (Supplementary
Figure 1A). Taken together, the expression levels of DNMTs are
higher in colon cancer cells than that in normal colon cells.

Furthermore, the expression of DNMT1 and DNMT3b were
all elevated in human colon cancer tissues as compared to
the adjacent normal colon tissues (Supplementary Figure 1B).
Although the DNMT3a protein levels appears to be elevated in
cancer tissues as compared with the adjacent normal colon tissues
as well, the image quality of immunoblotting results appears low,
probably due to low abundance and degradation of DNMT3a in
the tissues (data not shown).

The expression of CHK mRNA was increased, after treatment
of the cells with DNMT inhibitor 5-Aza-CdR (Figure 3A).
Furthermore, the methylation levels of CHK gene were decreased
after treatment of the cells with 5-Aza-CdR (Figure 3B). These
results are in line with the observed differences of CHK gene
methylation and expression of CHK mRNA in between colon
cancer cells and normal colon cells, suggesting that DNA
methylation plays an important role in silencing CHK mRNA
expression in the colon cancer cells.

Lastly, we examined the biological effects of methylation
inhibition. Results show that cell proliferation, clonegenic
growth, cell migration, cell invasion were all decreased in
presence of 5-Aza-CdR (Figure 4), indicating that the epigenetic
suppression of CHK expression contributes to the oncogenic
properties of colon cancer cells.

DISCUSSION

The fact that Csk was not able to fully inhibit Src kinase activity,
and CHK siRNA work additively with Csk siRNA in upregulating
Src activity in colon cells (Zhu et al, 2008) suggests that
upregulation of CHK protein levels could collaborate with Csk
upregulation in maximizing downregulating Src kinase activity.
Our work in this report suggests that this could be done by
epigenetically upregulating CHK transcript expression, including
but not limited to downregulation of DNMTs such as employing
DNMT inhibitors or decreasing DNMT protein levels.

The recent study also demonstrates interplay between CHK
and Csk in hematopoietic cells (Nagy et al., 2020). The feedback
upregulation of CHK expression induced by absence of Csk
suggests an auxiliary role of CHK in the hematopoietic cells.
Therefore, it’s possible that upregulation of CHK could reduce the
drug resistance effect of cancer treatment with Csk upregulation.

Src inhibitors have been used for clinical studies, and
clinical trials showed that the efficacy of several Src inhibitors
in solid tumor as modest (Elias and Ditzel, 2015). The
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respectively. Results are representative of three independent experiments.

underlying reason is not known, but it is very likely the drug
resistance mechanism(s) play important roles in this regard. It
is possible that epigenetic CHK upregulation could also help in
overcoming the drug resistance of Src kinase inhibitors, especially
considering the fact that CHK inhibits Src activity mainly not
via phosphorylating Src. Furthermore, the fact that CHK inhibits
members of Src family kinases (SFKs) may also help overcome
the potential drug resistance due to the feedback upregulation
of other members of SFKs induced by specific Src inhibitor(s).
Therefore, although novel Src inhibitors are still being developed
(Yang et al., 2019; Weng et al., 2020), the role of CHK in cancer
treatment with Src inhibitor(s) should be considered.

Levels of DNMT proteins were found upregulated in colon
cancer cells in our study. It has been reported that knocking down
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of DNMTT1 in colon cancer cells resulted in global demethylation
of CpG sites, suggesting that DNMT1 is important for global
methylation of CpG sites (Robert et al., 2003). Therefore,
DNMT1 is likely important for the methylation of CpG sites of
CHK in colon cancer cells we reported. Meanwhile, knocking
down of DNMTT1 in colon cancer cells significantly increased
the ability of 5-Aza-CdR to increase expression of CDKN2A,
indicating that DNMT1 may work additively or synergistically
with other members of DNMT in regulating DNA methylation
(Robert et al., 2003). These results are in line with our observation

of the elevated levels of multiple members of DNMT in colon
cancer cells, and suggest that the elevation of multiple members of
DNMT may cooperate to increase the methylation of CHK gene,
leading to the downregulation of CHK expression in the cells. It
would also be interesting to find out the underlying mechanism
of DNMT upregulation. This mechanism may also be a plausible
strategy in further upregulating CHK levels. On the other hand,
although epigenetics appears to be involved in regulating CHK
expression, other regulating mechanism should not be excluded,
for example, degradation of CHK mRNA or protein.
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The significant biological effects associated with the epigenetic
regulation of CHK expression in colon cancer cells including cell
proliferation, wound healing, and cell invasion, support further
exploration of the molecular roles and regulation of CHK.
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Metastasis is the main cause of clear cell renal cell carcinoma (ccRCC) treatment failure,
and the key genes involved in ccRCC metastasis remain largely unknown. We analyzed
the ccRCC datasets in The Cancer Genome Atlas database, comparing primary and
metastatic ccRCC tumor records in search of tumor metastasis—associated genes, and
then carried out overall survival, Cox regression, and receiver operating characteristic
(ROC) analyses to obtain potential prognostic markers. Comprehensive bioinformatics
analysis was performed to verify that the checkpoint with forkhead associated and ring
finger domains (CHFR) gene is a reliable candidate oncogene, which is overexpressed in
ccRCC metastatic tumor tissue, and that high expression levels of CHFR indicate a poor
prognosis. A detailed analysis of the methylation of CHFR in ccRCC tumors showed that
three sites within 200 bp of the transcription initiation site were significantly associated
with prognosis and that hypomethylation was associated with increased CHFR gene
expression levels. Knockdown of CHFR in ccRCC cells inhibited cell proliferation, colony
formation, and migration ability. In summary, our findings suggest that the epigenetic
signature on CHFR gene is a novel prognostic feature; furthermore, our findings offer
theoretical support for the study of metastasis-related genes in ccRCC and provided
new insights for the clinical treatment of the disease.

Keywords: clear cell renal cell carcinoma, metastasis, CHFR, methylation, epigenetic

INTRODUCTION

Renal cell carcinoma (RCC) is the most common (~90%) and lethal type of kidney cancer,
with clear cell RCC (ccRCC) being the most prevalent and aggressive subtype (~75%) (Hsieh
et al., 2017; Capitanio et al., 2019). Surgical excision for localized RCC, in the form of partial or
radical nephrectomy, offers the chance of cure in these patients. However, approximately 30%
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of the patients show local recurrence or distant metastasis, along
with a poor 5-year survival rate (Kunath et al., 2017; Wiechno
etal., 2018). The most common sites of RCC metastasis are lungs
and bones (Ho et al., 2017), and metastasis is the main reason
of mortality associated with RCC. Thus, identification of the
molecular characteristics underlying ccRCC tumor metastasis is
urgently needed. Transcriptional profiling is an effective tool for
discovering the molecular mechanisms underlying the metastasis
or progression of ccRCC and predicting clinical outcomes.
A comprehensive overview of the transcriptomic profiles of
ccRCC was available from The Cancer Genome Atlas (TCGA)
project. Using these data, we identified genes that support
ccRCC metastases by comparing the gene expression profiles
of metastatic tumors and primary tumor. Our study aimed to
identify more genes associated with ccRCC tumor metastasis,
thereby supporting the development of new gene targeted drugs
for aggressive ccRCC.

We identified 4,933 differentially expressed genes (DEGs)
between ccRCC tumor tissues and normal tissues as reported
in TCGA and 86 metastatic phenotype-associated genes. To
obtain the interactions between these 86 DEGs, we constructed
a protein-protein interaction (PPI) network and obtained
22 seeds, of which 13 genes were associated with overall
survival (OS). The checkpoint with forkhead-associated and
ring finger domain (CHFR) gene stood out. It encodes the
E3 ubiquitin ligase enzyme, an important checkpoint protein,
which has been reported to inhibit tumorigenesis in a variety
of tumors (Privette and Petty, 2008; Sanbhnani and Yeong,
2012). CHFR plays an important role in cell cycle regulation
by delaying entry into metaphase in response to microtubular
stress, by affecting substrates via both proteasome-dependent
and independent process. CHFR could act as an E3 ubiquitin
ligase that ubiquitinates and degrades the substrates. Yu et al.
(2005) found that CHFR is a tumor suppressor that ensures
chromosomal stability by controlling the expression levels of key
mitotic proteins, such as Aurora A. Oh et al. (2009) reported
that CHFR binds and downregulates HDACI by inducing
its polyubiquitylation both in vitro and in vivo to suppress
tumorigenesis. Other substrates of CHFR include, but are not
limited to Kif22 (Maddika et al., 2009), PLK1 (Kang et al., 2002),
poly(ADP-ribose) 1 PARP1 (Kashima et al., 2012), and TOPK
(Shinde et al., 2013). CHFR can also target proteins not for
degradation but to activate signal transduction. For example,
CHEFR binds to MAD2 to enable its activation and transport
to the kinetochore; MAD2 is not able to inhibit anaphase
progression without the help of CHFR, so CHFR abnormalities
result in mitotic defects (Keller and Petty, 2011). Recent studies
have shown that mitotic abnormalities are closely related to
tumorigenesis (Funk et al., 2016). Thus, substantial evidence
suggests that the mitotic checkpoint protein CHFR could serve as
a biomarker for tumorigenesis, as well as a potential therapeutic
target (Derks et al., 2014).

DNA methylation is found in the dinucleotides of nearly
80% of the CpG islands in the genome (Craig and Bickmore,
1994) and controls various cell functions, such as proliferation,
differentiation, and apoptosis (Cao et al, 2020). In human
cancers, the abnormal methylation of promoters could lead to the

silencing or activation of target genes, affecting transcriptional
pathways, and resulting in cancer development (Antequera and
Bird, 1993). Genes can be regulated by methylation at a single site;
for example, CMTM3 is involved in the pathogenesis of testicular
cancer, and is often silenced, at least partially, by methylation at a
single specific CpG site in tumor tissue (Li et al., 2014). Fleischer
et al. (2014) demonstrated the role of DNA methylation-based
markers in clinical diagnosis and highlighted the importance of
epigenetic changes in cancer. Some studies have shown that the
downregulation of CHFR expression in some cancers is caused
by hypermethylation of its promoter (Sanbhnani and Yeong,
2012; Derks et al.,, 2014). In ccRCC, CHFR hypermethylation is
accompanied by elevated gene expression levels, but the cause is
unknown. The classification of methylation states of CHFR may
not be sufficiently detailed, and the specific sites associated with
each category are unclear.

In our study, we found that CHER can be used as a prognostic
marker for malignant ccRCC, and the identification of three
methylation sites near transcription initiation sites can predict
patient prognosis by using comprehensive analysis; no previously
identified markers can achieve this. Functional assays, including
Cell Counting Kit 8 (CCKS8), colony formation, and Transwell
assays, indicate that CHFR is related to the malignant behavior
of ccRCC cells. Taken together, our findings suggest that the
epigenetic signature of CHFR is a novel prognostic gene involved
in metastatic ccRCC.

RESULTS

DEG Screening, Gene Ontology, Kyoto
Encyclopedia of Genes and Genomes,
and PPI Functions Analysis

We selected DEGs in c¢ccRCC normal and tumor tissues
from TCGA database. Genes were considered upregulated
or downregulated between normal and tumor tissues when
their absolute fold change (tumor/normal) was greater than
2 (| FC| > 2) and their p value was less than 0.01
(p < 0.01). A total of 4,933 genes were identified as
DEGs (Figure 1A and Supplementary Table 1). To obtain
novel insight into the biology of metastatic ccRCC, the
expression levels of 4,933 DEGs were compared further
between the lymph node metastasis tissue (pathological N1)
and no lymph node metastasis tissue (pathological_NO), distant
metastatic ccRCC tissues (pathological_M1) and primary tissues
(pathological_MO0), and different TNM stage tissues (pathological
stage). Clinical characteristics are shown in Table 1. The Venn
diagram showed that 86 genes were significantly associated with
pathological N (p < 0.05), pathological M (p < 1E-5), and
pathological stage (p < 1E-10) (Figure 1B and Supplementary
Table 2). The 86 overlapped metastasis-associated genes were
investigated using functional enrichment analysis, specifically
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG). It is interesting that many cell cycle-
related processes were enriched in biological process (BP), cell
components (CC), molecular function (MF), and KEGG. This
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FIGURE 1 | Identification of differently expressed genes: (A) 4,933 DEGs identified in ccRCC TCGA dataset plotted in the volcano plot, in which the logarithmic ratio
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(red) (| fold change| > 2, p < 0.01). (B) Venn diagram of metastasis-related genes in ccRCC in TCGA dataset. A total of 86 genes showed significant association
with pathological M (p < 0.05), pathological N (p < 1E-5), and pathological stage (p < 1E-10). (C-F) GO terms representing BP, CC, and MF and KEGG pathway
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analysis indicated that in ccRCC metastatic process of ccRCC,
cell cycle-related genes play important roles (Figures 1C-F). To
obtain the interactions between the 86 DEGs, we constructed
the PPI network using online Networkanalyst software. As
shown in Figure 1G, the subnetwork included 32 nodes and 22
seeds. Detailed information concerning the seeds is provided in
Supplementary Table 3.

Survival Analysis of Hub Genes

Next, we analyzed all 22 seed genes associated with ccRCC
from TCGA cohort. Thirteen genes were significantly associated
with OS (p < 0.001) (Figures 2, 3A). Increased expression of

TABLE 1 | TNM clinical characters.

Characteristics No. of patients

Pathological N NO 240
N1 17

Pathological M MO 426
M1 79

Pathological stage | 269
Il 57

Il 125

Y 84

all 13 genes correlated with higher risks, most notably in the
case of CHFR (Figure 3A). The expression of CHFR in other
cancers has also been investigated. Compared to the normal
control, CHFR was also overexpressed in cancers, including
bladder urothelial carcinoma, breast invasive carcinoma, cervical
squamous cell carcinoma and endocervical adenocarcinoma,
cholangiocarcinoma, glioblastoma multiforme, head and neck
squamous carcinoma, kidney renal papillary cell carcinoma, liver
hepatocellular carcinoma (LIHC), lung adenocarcinoma, lung
squamous carcinoma, pheochromocytoma and paraganglioma,
prostate adenocarcinoma (PRAD), and uterine corpus
endometrial carcinoma (Supplementary Figure 1A). In
addition, high CHFR expression was significantly associated with
worse OS rates among PRAD, LIHC, and KIRC (ccRCC) patients
(Figures 3A-C and Supplementary Figures 1B-D).

CHFR Was Associated With Various
Clinicopathological Variables

Next, we will focus on the clinical value of CHFR status in
ccRCC. As previously mentioned, significantly worse OS rates,
progression-free intervals (PFIs), and disease-specific survival
(DSS) rates were observed in the ccRCC patients with high CHFR
expression than those with low CHFR expression (Figures 3A-
C). Univariate and multivariate Cox regression analyses showed
that expression level could serve as an attractive predictor
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of prognosis in metastatic ccRCC patients (Table 2). Time-
dependent receiver operating characteristic (ROC) analysis was
used to determine the diagnostic value of CHFR expression,
and the results showed that CHFR areas under the curves
(AUCs) for the 1-, 3-, and 5-year OS prediction were 0.698,
0.684, and 0.726, respectively (Figure 3D). Our systematic
analysis indicated that CHFR is a reliable prognostic gene
in ccRCC. Next, we explored the role of CHFR in c¢cRCC
metastasis. Based on TCGA datasets, CHFR gene expression
levels were significantly upregulated in tumor tissue compared
with those in adjacent control normal tissue (Figure 3E). In
many other datasets, we obtained similar results; CHFR gene
expression level was significantly upregulated in kidney tumor
tissue compared with adjacent control normal tissue, as shown
in Supplementary Figure 2. The TCGA dataset revealed that
CHFR was highly expressed in the tissues of patients with
higher tumor histological grades (Figure 3F), advanced primary
tumor pathological stages (Figure 3G), lymph node metastasis
(Figure 3H), distant metastasis (Figure 3I), and advanced
pathological stages (Figure 3]). Moreover, ROC analysis was
performed to evaluate the diagnostic accuracy of CHFR in
differentiating the metastatic-related clinical characteristics of
ccRCC patients. As expected, the results showed that CHFR
was highly accurate in discriminating distant metastasis from
no distant metastasis as well as advanced stages (III and IV)

from early stages (I and II) (Figures 3K,L). These results indicate
that CHFR can be used as a potential diagnostic parameter to
distinguish high-risk from low-risk ccRCC patients.

Downregulation of CHFR Significantly
Suppressed Proliferation and Migration

of ccRCC Cells

To clarify the expression of CHFR, we detected CHFR levels in
ccRCC cells using Western blotting. The levels were upregulated
in ACHN, 786-O, 769-P, and CAKI-1 ccRCC cell lines
(Figure 4A). Real-time polymerase chain reaction (PCR) and
Western blot assays established that CHFR mRNA and protein
expression levels were significantly downregulated in 769-P and
ACHN cells after treatment with targeted siRNAs (Figures 4B,C).
The CCKS assay indicated that cell proliferation was significantly
lower for the cancer cells with CHFR knockdown than those
with control siRNA transfection (Figure 4D). In addition, a
significantly lower number of colonies were formed when CHFR
was knocked down in 769-P and ACHN cells (Figure 4E).
The results indicated that cellular proliferation capacity was
suppressed when CHEFR expression was reduced. The migratory
ability of ccRCC cells in which CHFR deficiency occurred was
also tested. Transwell analysis showed that knockdown of CHFR
significantly inhibited the migration of 769-P and ACHN cells
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TABLE 2 | Univariate and multivariate Cox analyses.

Univariate analysis

Multivariate analysis

Characteristics HR HR.95L HR.95H P HR HR.95L HR.95H p
Histological grade 1 + 2 vs. 3 + 4 2.634 1.876 3.700 <0.001

Pathological T T1 + T2 vs. T3 4+ T4 3.179 2.107 4.797 <0.001

Pathological N Yes vs. no 3.392 1.801 6.389 <0.001

Pathological M Yes vs. no 4.351 3.190 5.935 <0.001 2.393 1.450 3.951 0.001
Pathological stage | + Il vs. lll 4+ IV 3.650 2.307 5.461 <0.001 1.945 1.174 3.221 0.010
CHFR High vs. low 3.068 2.214 4.252 <0.001 3.402 2.093 5.530 <0.001

(Figure 4F). The above results demonstrated that CHFR had a
critical effect on the proliferation and migration of ccRCC cells.

Identifying Specific Prognostic

Methylation Sites in CHFR

CHFR expression levels have been reported to be regulated by
methylation modifications. In ccRCC tumor tissues, although the
overall methylation level of CHFR increased, the gene expression
level was also significantly increased. Therefore, we analyzed
the data related to methylation modification in TCGA database

in detail and found that 73 sites on the CHFR gene were
modified by methylation (Supplementary Table 4, methylation
site and Cox analysis). Because DNA methylation in the promoter
regions strongly influences gene expression, we selected CpGs
in the promoter regions. Promoter regions were defined as
2 kb upstream to 0.5 kb downstream from the transcription
start sites. Finally, we screened 23 methylation modification
sites from these promoter regions (Supplementary Table 4, 23
TSS200-1500 sites). Next, in order to determine the methylation
sites associated with survival outcomes, we selected prognosis-
associated CpGs sites from the 23 methylation modification sites.
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We obtained 10 survival-associated methylation sites, of which
seven predicted a poor prognosis when hypomethylated and
three did so when hypermethylated (Supplementary Figure 3).
Moreover, among these sites, only the top three were not based
on optimal grouping, and these were within the range of 200 bp
upstream of the transcription initiation region (Supplementary
Figure 3). Therefore, we focused on the regulation of gene
expression by these three prognostic sites. Patients were divided
into hypermethylated and hypomethylated groups according to
the three different prognostic sites’ methylation levels (calculated
as reference ratios to medians). In all three sites, we found
that the expression level of CHFR in the hypomethylated group
was significantly increased (Figure 5A), and the hypomethylated
group predicted a poor prognosis in terms of OS (Figure 5B)
and DSS (Figure 5C). Therefore, the increase in CHFR gene

expression levels in ¢ccRCC may be mainly regulated by three
methylation modification sites near the transcription initiation
site, and our findings indicate their predictive and prognostic
value as methylation-based biomarkers in the diagnosis and
treatment of ccRCC.

DISCUSSION

Nearly 20% of ccRCC cases are at an advanced stage at the
time of diagnosis (Mitchell et al, 2018). Even with surgical
excision, 30% of localized ccRCC cases tend to show subsequent
recurrence and metastases, and the 5-year survival rate of patients
with distant metastases is approximately only 8-10% (Choueiri
and Motzer, 2017; Miao et al., 2018). Therefore, there is an
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urgent need to further understand the molecular mechanisms
that drive ccRCC metastasis to support the development of more
effective therapeutic strategies. Rapid advances in genomics and
transcriptomics have provided valuable opportunities to explore
potential metastasis-related drivers.

In our study, in order to mine metastasis-related genes,
we compared patient tissues with and without lymph node
metastasis, tissues with and without distal metastasis, and tissues
with high- and low-progression TNM stages, respectively, by
using TCGA transcriptional profiling database. We suggest that
genes that differ significantly in lymph node metastasis tissues,
distal tumor metastasis tissues, and different pathological grades
tissues are more likely to be markers of metastatic renal clear
cell carcinoma, and thus, we further screened out the intersection
genes of the three datasets. Through the above screening, a total
of 86 genes were obtained, and the function and interaction
analysis of 86 genes showed that, interestingly, many cell cycle-
related genes were enriched. Many mitosis-related genes do play

an important role in tumor development. For example, UBE2C,
directly targeted by miR-548e-5p, increases cellular growth and
invasive abilities of non-small cell lung cancer cells (Jin et al.,
2019), CDKI interacts with Sox2 and promotes tumor initiation
in human melanoma (Ravindran Menon et al, 2018), and
silencing CDCA8 suppresses hepatocellular carcinoma growth
and stemness via restoration of the ATF3 tumor suppressor
(Jeon et al., 2021).

In particular, the checkpoint protein CHFR has attracted our
attention. We found that CHFR was significantly overexpressed
in ccRCC tissue samples with higher TNM grade and that CHFR
overexpression predicted a poor prognosis and a higher risk
of death. Several studies have suggested that CHFR expression
is downregulated and inhibited by promoter hypermethylation
in different types of cancer (Sanbhnani and Yeong, 2012;
Derks et al., 2014). As a tumor suppressor gene, CHFR plays
an important role in tumor progression and metastasis, as
seen in gastric cancer (Hu et al, 2011), pancreatic cancer
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(Zhang et al., 2017), and esophageal adenocarcinoma (Soutto
etal., 2010). We therefore evaluated the expression of CHFR in 33
different types of cancer from TCGA database and its relationship
with prognosis. We found that CHFR was upregulated in
many cancers, and high expression of CHFR in PRAD and
LIHC also predicted poor prognosis. Our findings suggest a
complex role for CHFR in different cancers. A detailed analysis
of the methylation of CHFR at 73 sites in ¢ccRCC tumors
showed that three sites located within approximately 200 bp
of the transcription initiation site were significantly associated
with prognosis and that hypomethylation was associated with
increased gene expression levels. We performed a series of
functional experiments on ccRCC cells. The results showed that
knockdown of CHFR inhibited the proliferation, invasion, and
metastasis of ccRCC cells. Taken together, our findings suggest
that the epigenetic signature of the CHFR gene is a novel
prognostic feature involved in metastatic ccRCC.

Our study had a few limitations. First, we used public
databases, and these findings need to be validated in prospective
clinical trials. Second, although we have demonstrated the role of
CHFR in ccRCC cells in vitro, its effect on ccRCC development
needs to be further studied in vivo. Concurrently, it is necessary
to explore the molecular mechanisms of CHFR in ccRCC.
In conclusion, this study has increased our understanding of
the metastatic mechanism in ccRCC, suggesting that CHFR
expression can be used as a biomarker for the prognosis of
ccRCC, although further study of the related molecular pathways
of CHFR in ccRCC is needed.

MATERIALS AND METHODS

Cell Culture

ccRCC cell lines were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China); 769-P and 786-
O cells were cultured in Roswell Park Memorial Institute 1640
(RPMI 1640); ACHN and HK-2 were cultured in MEM; and
CAKI-1 was cultured in McCoy 5A. All cells were cultured with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in
an incubator at 37°C with 5% CO,.

siRNAs and Antibodies

All siRNA sequences were synthesized by GenePharma
(Shanghai, China). Two siRNAs of CHFR were: 5-AGCCTT
TCTGCCACCTGTATT-3" (siCHFR_1), 5-CCACAGCCATC
AACATCGATT-3' (siCHFR_2). RNAs were transfected at
60 nM with Lipofectamine 3000 (Thermo, L3000015). The
CHFR, tubulin, and GAPDH antibodies were purchased from
Proteintech (Wuhan, China).

CCKaS Cell Proliferation Assay

Cells were seeded into 96-well plates (2,000 cells/well). CCK8
(Dojindo, Japan) was used according to the manufacturer’s
instructions. After incubating cells for 2 h, we detected
the optical density at 450 nm for each well by using a
microplate reader.

Colony Formation Assay

Cells were plated into six-well plates (2,000 cells/well). Cells were
cultured for 14 days and then washed three times with phosphate-
buffered saline (PBS), subsequently fixed with methanol, and then
stained with 0.5% crystal violet solution for 20 min. The numbers
of colonies of each well were manually counted.

Transwell Migration Assay

Using Transwell chamber (8-wm pore size, Corning,
United States) to perform cell migration assay. Cells were
placed on the upper layer of cell-permeable membrane, in the
lower chamber with 10% FBS media, incubated for 20 h, and then
fixed with 4% paraformaldehyde, washed with PBS, and stained
with 0.5% crystal violet; the upper chamber cells were removed.
Cells that had passed through the pore and adhered to the lower
membrane surface were counted.

RNA Isolation and Quantitative
Real-Time PCR

RNA was isolated from cells using Trizol reagent (Sigma,
United States) (Rio et al., 2010). RNA was reverse transcribed
into cDNA using the mRNA RT Reagent Kit (TaKaRa). Reverse
transcriptase (RT)-PCR using FastStart Universal SYBR® Green
Master (ROX) (Roche, Germany) was carried out on an Applied
Biosystems 7500 real-time PCR system. The gene ACTIN served
as an endogenous control for normalization. The CHFR forward
primer was as follows: GATGGTCACTCTGTCACCTGC,
reverse primer: TTGTGGCTTCCCAGCATTGG; the ACTIN
forward primer: CATCCGCAAAGACCTGTACG, reverse
primer: CCTGCTTGCTGATCCACATC.

Database

The gene expression profiles and clinical data of patients with
ccRCC were obtained from UCSC Xena' including 533 ¢cRCC
cases in TCGA. The ccRCC cancer DNA methylation data
were downloaded from the MethSurv data portal® (named
KIRC_meth.RData, 2017), The methylation level of each
probe was represented by the b-value, which ranges from 0
to 1, corresponding to unmethylated and fully methylated,
respectively. The TIMER online tool was used to analyze
the expression of the CHFR gene in different tumors.” The
Networkanalyst software was used to analyze PPI network.

Identification of DEGs
We identified the DEGs in ccRCC from TCGA according to the
following cutoff value: p < 0.01 and | log2 fold change (FC)| > 1.

GO and KEGG Pathway Enrichment

We used the overlapped DEGs and DEPs both in TCGA and
CPTAC for gene enrichment and functional annotation analyses
by “ClusterProfiler” packages in R 3.6.1.

Uhttps://xenabrowser.net/datapages/
Zhttps://biit.cs.ut.ee/methsurv/
3http://timer.comp-genomics.org
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Survival Analysis

The survival R package was used to analyze the relationship
between 22-hub-gene expression levels and the OS of patients
from the TCGA dataset. SPSS was used to analyze the relationship
between CHFR gene expression levels and PFI/DSS. We tested
this relationship by Kaplan-Meier method with a log-rank test,
where p < 0.05 was regarded as statistically significant.

Establishment of Regression Model and
Construction of OS Risk Prognostic
Models

Univariate and multivariate Cox models were used to investigate
the correlation between CHFR gene expression level and certain
clinical characteristics, namely, histological grade, pathological
T, pathological M, pathological stage, and OS, in ccRCC
patients. Time-dependent ROC analysis for OS was used
to evaluate the accuracy of the prognostic model. The
correlations between the aforementioned clinical characteristics
were also analyzed.

Statistical Analysis

Statistical analyses were performed using SPSS Statistics software
(version 23.0; IBM SPSS, Chicago, IL, United States), GraphPad
Prism 8.0 (GraphPad Software, Inc., United States), and R 3.6.1.
Functional and KEGG enrichment analyses were performed
using the “ClusterProfiler” package. The time-dependent ROC
analysis was performed using the “survivalROC” package.
Kaplan-Meier analysis was performed to estimate the correlation
between CHFR expression and OS, DSS, and PFI using the log-
rank test. The prognostic significance of CHFR in ¢ccRCC was
analyzed using univariate and multivariate Cox proportional
hazard regressions. To further evaluate the diagnostic value
of CHFR mRNA expression, we generated ROC curves and
calculated the AUC. All in vitro experiments were performed
in triplicate or quintuplicate, and all data are represented as
mean =+ SD. Statistical significance was indicated by p < 0.05,
and significance levels are shown as *p < 0.05, **p < 0.01, and
#xp < 0.001.
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Immunotherapy is gradually emerging in the field of tumor treatment. However, because
of the complexity of the tumor microenvironment (TME), some patients cannot benefit
from immunotherapy. Therefore, we comprehensively analyzed the TME and gene
mutations of ccRCC to identify a comprehensive index that could more accurately
guide the immunotherapy of patients with ccRCC. We divided ccRCC patients into
two groups based on immune infiltration activity. Next, we investigated the differentially
expressed genes (DEGs) and constructed a prognostic immune score using univariate
Cox regression analysis, unsupervised cluster analysis, and principal component
analysis (PCA) and validated its predictive power in both internal and total sets.
Subsequently, the gene mutations in the groups were investigated, and patients suitable
for immunotherapy were selected in combination with the immune score. The prognosis
of the immune score-low group was significantly worse than that of the immune
score-high group. The patients with BRCA1-associated protein 1 (BAP1) mutation
had a poor prognosis. Thus, this study indicated that establishing an immune score
model combined with BAP1 mutation can better predict the prognosis of patients,
screen suitable ccRCC patients for immunotherapy, and select more appropriate
drug combinations.

Keywords: immunotherapy efficacy, clear cell renal cell carcinoma, prognosis carcinoma, immune signature,
BAP1 mutation

INTRODUCTION

Kidney cancer was the 16th most common cancer in 2018, with 403,262 new cases and 175,098
deaths worldwide (Bray et al., 2018). Renal cell carcinoma comprises many histological subtypes,
the most common of which is clear cell renal cell carcinoma (ccRCC), which accounts for 75% of
all cases (Turajlic et al., 2018). Currently, the treatment of renal cancer is mainly surgical resection.
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However, approximately one-third of patients will relapse
after surgery, and metastases are found in approximately 30%
of patients at the time of initial diagnosis (Janzen et al,
2003). The advent of cytokine therapy, such as interleukin-2
(IL-2) and interferon alpha-2B (IFN-a), brought the earliest
immunotherapy regimens (Margolin et al., 1989; Fisher et al.,
2000). With the rise of targeted therapies for renal cancer, the
effectiveness of vascular endothelial group factor (VEGF) and
molecular target of rapamycin (mTOR) pathway inhibitors for
metastatic renal cell carcinoma appears to limit the development
of immunotherapy (Posadas et al, 2013). In recent years,
the emergence of immune checkpoint blockade (ICB) therapy,
which blocks programmed cell death protein 1 (PD-1) and
programmed death-ligand 1 (PD-L1), has further advanced
immunotherapy. Patients have benefited from treatment for lung
cancer, Hodgkin’s lymphoma, and glioblastoma (Ansell et al,
2015; Forde et al., 2018; Cloughesy et al., 2019). Therefore,
exploring the relevant indicators of immunotherapy effectiveness
in ccRCC is necessary.

Immune cell infiltration and the tumor mutation burden
(TMB) play key roles in the efficacy of tumor immunotherapy.
Neoantigens are produced by a few somatic mutations in tumors
and can be recognized by the immune system (Snyder et al,
2014). These mutations can be transcribed and translated and
present in the MHC complex on the surface of tumor cells (Coulie
etal., 2014). However, not all mutations can produce neoantigens,
and not all neopeptides present on the cell surface can be
recognized by T cells (Carreno et al., 2015; Snyder and Chan,
2015). Therefore, the search for effective mutations can further
enhance the efficacy of immunotherapy. Tumors are complex
new organisms that contain not only malignant tumor cells but
also other types of cells. Among these cells, immune infiltrating
cells play a central role in the immunotherapy response (Chen
and Mellman, 2017). The levels of tumor-infiltrating CD8"
and CD4% T cells are correlated with the immunotherapy
response (Topalian et al, 2016). Cytotoxic CD8' T cells are
the main effectors of antitumor immunity and can specifically
recognize and kill tumor cells carrying neoantigens (Chen and
Mellman, 2013). However, not all immune cells can produce a
positive immune response against tumors. In many cases, some
immune cells are dysfunctional, leading to immunosuppression,
supporting tumorigenesis and immune evasion, such as Treg
cells (Finotello and Trajanoski, 2017). The molecules involved
in Treg-mediated inhibition include IL-2, IL-10, TGF-B, IL-
35, cytotoxic T lymphocyte-associated protein 4 (CTLA-
4), glucocorticoid-induced TNF receptor (GITR), and cAMP
(Tanaka and Sakaguchi, 2017). Therefore, quantifying the degree
of immune cell infiltration in tumors, as well as the expression
of immunosuppressive receptors and ligands, will help to select
appropriate immunotherapeutic drugs.

In this study, to screen patients with ccRCC suitable for
immune checkpoint inhibitor therapy, we assessed and quantified
the level of immune infiltrating cells and screened differential
genes to construct immune scores. We also explored the
changes in tumor mutation burden in patients with different
immune scores and combined tumor mutation burden to more
accurately select immune checkpoint inhibitors (ICI) treatment
patients in ccRCC.

MATERIALS AND METHODS

Samples and Data Process

The RNA-seq data (level 3) of 530 ccRCC patients were
obtained from The Cancer Genome Atlas (TCGA) database’.
The masked somatic mutation data of 336 ccRCC patients were
downloaded from the TCGA database. The R packages “limma”
and “maftools” were used to process the RNA-seq and calculate
the total number of somatic non-synonymous point mutations
within each sample, respectively.

Estimation of Immune Cell Type
Fractions

To determine the «cell composition in the tumor
microenvironment, we used xCell and CIBERSORT to estimate
immune cell types. CIBERSORT estimates immune cell
subpopulations using RNA-Seq (Newman et al., 2015). It obtains
aggregated high-dimensional data from tumor cell mixtures and
infers cell composition based on the expression profile of purified
white blood cell subpopulations. xCell uses a set of 10,808 genes
to score and estimate the degree of infiltration of 64 cell types
(Aran et al, 2017). It can further accurately distinguish the
activation state of CD8™ T cells, a function that is impossible for
CIBERSORT. To ensure the accuracy of the results, a p-value less
than 0.05 was used as the criterion.

Gene Set Enrichment

We used single sample gene set enrichment analysis (ssGSEA)
to quantify the enrichment level of 29 immune features of each
sample, including immune cell types, functions, and pathways
(Barbie et al, 2009). According to the results, hierarchical
cluster analysis was performed on all patients, who were divided
into two groups. To identify the regulatory pathways with the
largest differences between the two groups, the R package Pi
containing 205,000 genes was used for gene set enrichment
analysis, and 20,000 permutations were used (Fang et al., 2019).
Additionally, we performed gene set variation analysis (GSVA)
between the ISL group and ISH group using the GSVA package in
R language.

Constructed the Immune Score
To better measure the immune infiltration pattern and immune
pathways of ccRCC, we constructed an immune score model
using different immune infiltration and immune function groups.
The construction process of the immune score was as follows:
First, all the samples were divided into two groups according
to the activity, enrichment level, and function of immune
infiltration cells. The differentially expressed genes (DEGs) were
identified from the immune high group and immune low group
with | log2FoldChange| > 1 and false discovery rate (FDR) < 0.05
using the limma package. Next, we used the univariate Cox
regression model to analyze the prognosis of DEGs, with p < 0.01
as the standard. We then extracted the genes with significant
prognostic significance for principal component analysis (PCA)
and extracted principal component 1 as the signature score.

Thttps://portal.gdc.cancer.gov/
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Subsequently, all the patients were randomly assigned to a
training set (1/2 for all patients) and a test set (1/2 for all patients).
We used a similar method to define the immune score (IS)
(Sotiriou et al., 2006; Zeng et al., 2019; Zhang et al., 2020).

Immune Score = EPCl; — XPCl;

where i is the expression of DEGs whose Cox coeflicient
is positive, and j is the expression of DEGs whose Cox
coeflicient is negative.

Predicting the Response to

Immunotherapy

The immunophenoscore (IPS) is a quantitative score for tumor
immunogenicity and is divided into 0-10 points. The IPS predicts
the patients response to ICI treatment, and the IPS value is
positively correlated with tumor immunogenicity (Charoentong
et al., 2017). The IPS data were downloaded from The Cancer
Immunome Atlas’.

Statistical Analysis

R language software (Version 4.0.1) was used for statistical
analysis. The Wilcox T-test was used to compare variables
between groups. Univariate Cox regression analysis was used
to assess the relationship between the total survival time and
expression value of DEGs from the ccRCC cohort. With a
p-value < 0.01 as the screening criteria, the prognostic value of
this gene was considered statistically significant. The predictive
accuracy of the immune score model was assessed by time-
dependent receiver operating characteristic (ROC) curves using
the survival ROC package. A p-value < 0.05 was considered
statistically significant if no specific explanation was available.

RESULTS

Landscape of Immune Cell Infiltration in

Clear Cell Renal Cell Carcinoma

The 530 ccRCC samples in the TCGA database were scored by
ssGSEA to quantify the activity, enrichment level and function
of immune cells in each sample, and then they were divided
into two groups using hierarchical cluster analysis (Figure 1A
and Supplementary Figure 1A). Next, we used ESTIMATE to
evaluate the level of immune cell infiltration, tumor purity, and
matrix content (stromal score) of each ccRCC sample and defined
the two clusters as Immunity High (Immunity_H) and Immunity
Low (Immunity_L) (Figure 1A). We found that the stromal score
and immune cell infiltration were significantly higher in the
Immunity_H group than in the Immunity L group, and tumor
purity was significantly lower in the Immunity_H group group
than in the Immunity_L group. To further investigate the reasons
for the differences in immune activity between the different
groups, we analyzed the gene expression changes between the
Immunity_H and Immunity_L cohorts. We obtained a total
of 437 upregulated genes and 77 downregulated genes in the

Zhttps://tcia.at/

Immunity_H cohort using | log2FC| > 1 and FDR < 0.05
as the criteria (Figure 1B). To further obtain DEGs related
to prognosis, 514 DEGs were subjected to univariate Cox
regression analysis. The genes were reserved for subsequent
unsupervised cluster analysis with a p-value < 0.01. According
to the screening criteria, 182 DEGs related to prognosis were
obtained (Supplementary File 1), and the top 30 are shown in
Figure 1C. To specifically investigate the role of these candidate
DEGs in different immune subgroups, we divided the ccRCC
samples into different subgroups according to the expression
similarity of these related genes using the ConsensusClusterPlus
package in R language (Supplementary Figures 1B-F). A k
value of 2 proved to be the most suitable choice for dividing
the ccRCC patient cohort into two clusters—namely, Cluster 1
and Cluster 2 (Supplementary File 2). Survival analysis showed
that the two subtypes had obvious clinical significance, and the
prognosis of Cluster 2 was significantly worse than that of Cluster
1 (Figure 1D). Therefore, we believed that these 182 DEGs could
be used to assess the immune status of each patient with ccRCC
and to predict the prognosis of the patients.

Generation of Immune-Related Gene

Signatures and Functional Annotation

We performed PCA on the gene expression matrix of 530 ccRCC
samples, extracted principal component 1 of 182 DEGs, and
constructed the immune score (IS). Subsequently, all patients
were randomly assigned to a training set (1/2 for all patients)
and a testing set (1/2 for all patients). According to the IS, the
samples were defined as the immune score low (ISL) group and
immune score high (ISH) group in the training set, testing set,
and total set. In the training set, compared with the ISH group,
the overall survival of the ISL group was significantly reduced
(Figure 2A). For overall survival (OS) prediction, the 3-, 5-,
and 7-year AUCs of the ROC curve were 0.64, 0.62, and 0.67,
respectively, which were higher than 0.6 and had good survival
prediction ability (Figure 2B). The survRM2 package was used to
calculate the restricted mean survival time (RMS time) of ccRCC
patients during the 9-year follow-up. The RMS time is simply the
overall average of the event-free survival time during the initial
period of follow-up. This period can be evaluated by calculating
the area under the KM curve. The RMS time in the ISH group was
6.08 years, and that in the ISL group was 5.21 years, a finding that
also confirmed a better prognosis in the high group (Figure 2C).
The predictive ability of the immune score was further verified in
the testing set and total set.

According to the immune score constructed above, each
patient in the test set and total dataset was divided into the ISL
group and ISH group. Survival analysis showed that patients
with high immune scores had longer OS in the testing set
(Figure 2F). The 3-, 5-, and 7-year AUCs of the ROC curve were
0.6, 0.61, and 0.67, respectively (Figure 2G). The RMS time in
the ISH group was 6.61 years, and that in the ISL group was
5.03 years (Figure 2H).

Additionally, the prognosis of the ISL group in the total
dataset was significantly worse than that of the ISH group
(Figure 3A). The 3-, 5-, and 7-year AUCs of the ROC curve
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FIGURE 1 | Investigation of the immune infiltration-dependent expression change in clear cell renal cell carcinoma (ccRCC). (A) Twenty-nine immune-related gene
sets were enriched in ccRCC. These genes comprised immune cells and immune processes. The tumor purity, estimates, immunity scores, and stromal scores are
also shown in the heatmap. Immunity High: Immunity_H, Immunity Low: Immunity_L. (B) Volcano plot of 514 genes differentially expressed between Immunity_L and
Immunity_H. Purple dots and blue dots represent upregulated and downregulated genes, respectively. The screening criteria were | log2FC| > 1.0 and
p-value < 0.05. (C) Univariate Cox regression analysis was used to screen genes significantly associated with prognosis with a p-value < 0.01. The top 30 genes
are shown in the forest map. (D) Survival analysis of Cluster 1 and Cluster 2. In Cluster 1 and Cluster 2, the Kaplan-Meier curve with a log-rank p-value of 0.013
showed significant survival differences.

were 0.62, 0.61, and 0.67, respectively (Figure 3B). The RMS time
in the ISH group was 6.42 years and that in the ISL group was
5.42 years (Figure 3C).

The Immune Score and Response of

Patients to ICI Treatment

Because of the lack of immunotherapy response data matching
patients in the TCGA database, we used the IPS value to
replace the patient’s immunotherapy response. We extracted
two IPS values (IPS-PD-1/PD-L1/PD-L2_pos and IPS-CTLA-
4_pos) from the TCIA database to measure the response of
ccRCC patients to anti-PD-1/PD-L1 and anti-CTLA4 treatment
alternatives. The ISL group had a higher relative probability of
responding to anti-PD-1/PD-L1 and anti-CTLA4 treatment in
the training set, testing set, and total set (Figures 2D,E,L]J, 3D,E).
These results indicated that patients with low immune scores
were more likely to benefit from immunotherapy.

Functional Annotation and Pathway

Enrichment of the Immune Score

The above results proved the accuracy of the immune score
model. Therefore, we used the total set for subsequent analysis.
To further explore the biological behaviors among different
immune groups, we performed GSVA enrichment analysis for

KEGG pathway analysis in the total set. The ISL group was
markedly enriched in immune-related pathways, such as natural
killer cell-mediated cytotoxicity, the T-cell receptor signaling
pathway, the B-cell receptor signaling pathway, and primary
immunodeficiency (Figure 3F). The enrichment pathways in the
ISH group were mainly concentrated in the TGF beta signaling
pathway, PPAR signaling pathway, and WNT signaling pathway
(Figure 3F). Similarly, we used GSEA to perform GO analysis
to reveal specific biological processes related to immunity. The
biological processes in the ISL group were mainly related to
the T-cell receptor signaling pathway, B-cell-mediated immunity,
positive regulation of the immune effector process, leukocyte-
mediated immunity, and adaptive immune response (Figure 4A).
Therefore, we believed that the constructed immune score could
determine the immune status of different groups and predict
the prognosis. Interestingly, we found that the immune status
was active in the ISL group, but the prognosis of patients was
worse in the ISL group. From the above, we hypothesized that
although the immune state was active in the ISL group, its
function might be inhibited.

Immune Cell Infiltration in Clear Cell

Renal Cell Carcinoma
To identify the infiltration status of immune cells in different
groups, CIBERSORT was used to process the data and select
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FIGURE 2 | An immune score was constructed in the training set and verified in the validation set. (A) Survival analysis of the ISL group and ISH group in the training
set. In these two groups, the Kaplan-Meier curve with a log-rank p-value of 0.030 showed significant survival differences. (B) Time-dependent receiver operating
characteristic (ROC) curve analysis of the immune score in the training set. The 3-, 5-, and 7-year area under curves (AUCs) in all samples were 0.64, 0.62, and 0.67,
respectively. (C) The restricted mean survival (RMS) curve for the immune scores was plotted in the training set. In the ISL and ISH groups, the RSM times were 6.08
and 5.21, respectively. The blue part represents the RMS time, and the green part represents the restricted mean time lost (RMTL). (D,E) The relative probabilities of
anti-cytotoxic T lymphocyte-associated protein 4 (CTLA4) and anti-programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) treatment between
the immune score low (ISL) and ISH groups in the training set. (F) Survival analysis of the ISL group and ISH group in the testing set. In these two groups, the
Kaplan—-Meier curve with a log-rank p-value of 0.002 showed significant survival differences. (G) Time-dependent ROC curve analysis of the immune score in the
testing set. The 3-, 5-, and 7-year AUCs in all samples were 0.60, 0.61, and 0.67, respectively. (H) The RMS curve for immune scores was plotted in the testing set.
In the ISL and ISH groups, the RSM times were 6.61 and 5.03, respectively. The blue part represents the RMS time, and the green part represents the restricted
mean time lost (RMSL). (I,J) The relative probabilities of anti-CTLA4 and anti-PD-1/PD-L1 treatment between the ISL and ISH groups in the testing set.
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samples with p-values less than 0.05. The immune infiltration
landscapes of the ISL group (n = 253) and ISH group
(n = 166) are shown in Supplementary Figure 2A, and the
correlations of immune cells are shown in Figure 50 and
Supplementary File 3. Different immune cells were weakly
correlated or moderately correlated in tumor tissues in both
subgroups. The interaction between immune cells was higher
in the lower group than in the higher group. The highest
positive correlations were found with CD8T T cells and
gamma delta T cells, follicular helper T cells, and activated
NK cells in the ISL group. The highest negative correlations
were found with CD8" T cells and resting memory CD4™"
T cells, and M2 macrophages in ISL. In the ISH group,
only follicular helper T cells had a higher positive correlation.
Similarly, resting memory CD4 T cells and M2 macrophages
had a negative correlation with CD8T T cells. In the ISL
group, the degree of infiltration of CD8% T cells, gamma
delta T cells, regulatory T cells (Tregs), and follicular helper
T cells were significantly higher than that in the ISH group
(p < 0.05) (Figure 5A). Likewise, the degree of infiltration of
resting memory CD4T T cells, activated dendritic cells, M2
macrophages, and monocytes was higher in the ISH group. To
accurately distinguish the status of CD8" T cells, we used xCell
to specifically quantify their classification (Supplementary File 4;
Aran et al, 2017). The infiltration degree of CD8" central
memory T cells (Tcm) and CD8" effective memory T cells
(Tem) in the ISL group was higher than that in the ISH

group (Figure 5B). Tem had a rapid effector function and
easily differentiated into effector T cells, which secreted a
large amount of IFN and was highly cytotoxic. Tcm also
differentiated into effector T cells, but the differentiation speed
was slower than that of Tem. At the same time, analysis
of HLA expression in the two groups also confirmed the
difference in the immune infiltration status (Supplementary
Figure 2B). Additionally, the TIME correlation scores of the
two groups showed significant differences (Figures 4F-I). This
finding was consistent with our previous results that the
infiltration and activation of CD8" T cells in the ISL group
were higher than those in the ISH group. Many CD8" memory
T cells in the low immune group were also potential targets
for immunotherapy.

Factors That Regulate the Recruitment
and Activation of CD8* T Cells

The above results indicated that the degree of infiltration of
CD8™' T cells in the ISL group was higher than that in the
ISH group, but the degree of activation was lower than that
in the ISH group. By comparing the chemokines of CD8" T
cells, we found that the expression levels of CXCL9/10/11/16
in the ISL group were significantly higher than those in the
ISH group (p < 0.001) (Figures 4B-E). These results indicated
that other components of the tumor microenvironment in the
ISL group secreted these chemokines to recruit more CD8* T
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FIGURE 3 | Validating the immune score in the total dataset. (A) Survival analysis of the ISL group and ISH group in the total set. In these two groups, the
Kaplan—-Meier curve with a log-rank p-value of 0.002 showed significant survival differences. (B) Time-dependent ROC curve analysis of the immune score in all
samples. The 3-, 5-, and 7-year AUCs in all samples were 0.62, 0.61, and 0.67, respectively. (C) The RMS curve for the immune scores was plotted for all ccRCC
samples. In the ISL and ISH groups, the RSM times were 6.42 and 5.42, respectively. The blue part represents the RMS time, and the green part represents the
restricted mean time lost (RMSL). (D,E) Relative probabilities of anti-CTLA4 and anti-PD-1/PD-L1 treatment between the ISL and ISH groups in the total set. (F)
Gene set variation analysis (GSVA) enrichment analysis of the activation states of biological pathways in distinct immune score groups. These biological processes
are shown in the heatmap. Purple represents the activated pathway, and blue represents the inhibited pathway.
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cells into the tumor tissue. At the same time, we explored the
expression of inhibitory receptors and ligands in CD8" T cells.
In the ISL group, the inhibitory receptors of CD8' T cells,
such as CTLA4, PD-1, LAG3, TIM-3, BTLA, and TIGIT, were
significantly increased compared with those in the ISH group
(p < 0.001) (Figures 5C-H). In addition to NECTIN2 and PVR,
the inhibitory ligands PD-LI, PD-L2, TNFSF14, and LGALS9 of
CD8™ T cells were also significantly increased in the ISL group
(p < 0.01) (Figures 5I-N). From the above results, although the
infiltration degree of CD8™ T cells increased in the ISL group,
their functions were significantly inhibited. This finding might
explain why the prognosis of the ISL group was worse than that
of the ISH group.

Comparisons of Somatic Mutations

Under Different Inmune Score Groups

The waterfall map showed the highly mutated genes and their
mutation classifications in the ISL (n = 162) group and ISH
group (n = 170) (Figures 6A,B). In the ISL group, 139 patients

had somatic mutations altered, accounting for 85.8%. In the
ISH group, 142 patients had somatic mutations, accounting for
83.53%. In the ISL group, the top five genes with mutation
frequencies were VHL, PBRMI, SETD2, BAPI, and TTN. In
the ISH group, the top five genes with mutation frequencies
were PBRMI, VHL, TTN, SETD2, and MTOR. The most
common types of mutations were missense mutations in both
the ISL and ISH groups (Supplementary Figures 3A,B). In
the ISL and ISH groups, the median value of variants was
42 and 40, respectively, with no significant difference. Single
nucleotide polymorphisms (SNPs) were the most common type
of variation compared with deletions (DELs) and insertions
(INSs). Additionally, C > T had the highest incidence among
the six variation types in both groups. Interestingly, VHL and
PBRM1 both had a higher mutation frequency in ccRCC.
However, no significant difference was found after comparing the
mutation sites in the two cohorts (Supplementary Figures 3C,F).
This finding indicated that they might have a lower effect on
the infiltration of immune cells in tumor tissues and were
more involved in tumorigenesis. At the same time, we used
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FIGURE 4 | Gene set enrichment analysis (GSEA), chemokine expression, and estimateScore results in the ISL and ISH groups. (A) Gene ontology (GO) enrichment
analysis of the activation states of immune-related pathways in distinct immune score groups. (B=E) Expression of CXCL9/10/11/16 between the ISL and ISH
groups. The upper and lower ends of the box indicate the interquartile range of values. The line in the box indicates the median value, and the black dot indicates the
outlier. The asterisk indicates the statistical p-value (***<0.001). (F-I) Violin plot of the estimateScore between the ISL and ISH groups, including the tumor purity (F),
immunity score (G), estimate score (H) and stromal score (l). The asterisk indicates the statistical p-value (***<0.001).

the maftools package to obtain drug-gene interactions and
druggability information. Supplementary Figures 3D,E show
the potential gene categories for drug therapy and the top
five genes involved in them. Subsequently, we investigated co-
occurring and exclusive mutations in the top 20 most frequently
mutated genes (Figure 6C). In the two cohorts, PBRMI-
SETD2 and PBRM1-LRP2 showed significant co-occurrence. This
finding indicated that they might have redundant effects in
the same pathway, and they had selective advantages between
them that could retain multiple mutant copies. Additionally,
some of the genes had different mutation frequencies in the
two groups. Fisher’s test was used to detect the differentially
expressed genes with a p-value less than 0.05 (Figure 6D).
We further analyzed the effect of these genes with higher
mutation frequency on the survival prognosis in different cohorts
and all sample cohorts. Except for BAPI, mutations in other
genes had no significant effect on the prognosis in different
cohorts (Figure 6E) or all sample cohorts (Figures 6F-H and
Supplementary Figures 2C-V).

BRCA1-Associated Protein 1 Mutation
Pattern in the Immune Score Cohort of
Clear Cell Renal Cell Carcinoma
BRCA1l-associated protein 1 (BAP1) is a tumor suppressor
that regulates multiple processes, such as cell cycle control,
programmed cell death, DNA damage repair, chromatin
modification, and the immune response. In the ISL group, the

mutation frequency of BAPI was 12.96% higher than that of the
ISH group (7.06%) (Figure 7A). Additionally, by analyzing the
infiltration of immune cells in different immune score cohorts
and whole sample groups, we found that BAPI mutation might
regulate the immune response in tumor tissues by affecting Treg
cells (Figure 7B). At the same time, we used GSEA to analyze
the biological behavior difference between the BAPI mutant
and BAPI wild type. The BAPI mutation was mainly enriched
in the CTLA4 pathway, T helper cell lineage commitment,
interleukin 10 signaling and regulation of lymphocyte apoptotic
process, while wild-type BAPI was mainly enriched in ligand-
activated transcription factor activity, maintenance of synapse
structure, pathway regulating Hippo signaling and transforming
growth factor f receptor binding (Figure 7C). Additionally, the
expression level of BAPI in the ISL group was significantly lower
than that in the ISH group (p < 0.01) (Figure 7D). Furthermore,
the prognosis of patients with high BAPI expression was similar
to that of patients with low expression (Figure 7E). These results
indicated that the BAPI1 mutation could regulate the immune
response in tumor tissues.

DISCUSSION

With the increased use of immunotherapy, many studies have
investigated potential immunotherapy markers. Presently, the
choice of immunotherapy is mainly based on the level of
expression of immune checkpoints, leading to some patients
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not benefiting from immunotherapy. Thus, in a complex tumor
environment, it is difficult for drugs to achieve a perfect
therapeutic effect based only on the immune checkpoint. Our
study aimed to screen and identify genes related to immune

infiltration and tumor mutation in the tumor microenvironment
and to accurately identify not only patients but also drugs suitable
for immunotherapy. We propose new research ideas concerning
immunotherapy for other tumors.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

163

October 2021 | Volume 9 | Article 747985


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Gao et al.

Model Predicts ccRCC Immunotherapy Efficacy

A i C D
" Altered in 139 (85.8%) of 162 samples. B Co-cccurance High vs Low E:"E Low High Pvalue
S s ET.8s 2. 33 ) e - o B @ .
. S RYRI s ! opon s o
| o ol me S0 ‘ e s
seTD2 (] 1a% NN S| anke AL ) —_— o o .
o II I r.l r FF b = E ADN?S‘C/: MTOR . >3 — Fart
Hmowt || 11 T o A ¥ =1 M BAPT gy clugive — wor 0 e
owasz || I | Wooex W FBN2 MuC16
SPEN | n | L A U R | DNAH9 I DNAHY oz 2
komse || ] (] s% B ARIDIA - P <005
boivald ] I 11l 5% W ROS1 Agio
ROS1 || ] n 5% W MTOR D3
onas | | T e | KDMSC b mmune core . mmuneScore
FBN2 rl | | | 4 N SPEN KDMSC — Immune -t
FuG (g i I | DNAH2 i Ae
‘DMG(’;CV: o : ] 1 |I ! ] :: = HM?N a3 E . Immne score low(12.96%: N = 162) EAPY: 004655
ANK2 (] Il lae W BAP1 ONAH3 |3
L:TF'; \ | | I| r | | :: ] SETD2 HMCNT | 3
RvR1 | ] e i RBRM1 R 1 T e
+ Flomo St s = Fram-Sn_ool zczoszrgazzezezagsg s |t B—
= Nonsanse. Vitaton - Nonatap, Miaton Z35£555222855%352¢7¢8 z N 11 1l
© TancitonStrt Ste & Mt IT2IRE3RY FIE AR 5 s
B Altered in 142 (83.53%) of 170 samples.
s —
}WM& M 5
o [
PBRM1 | W T 7o NN
mwl' r-n- o F H
SETD2 rll 1] r 10% BAP1 = Mutation -~ Wild BAP1 - Mutation + Wild BAP1 = Mutation = Wild
MTOR 1 m ] ’ | % M
e || (i | ! T ™ 10 ™
Mmucts [} | ] Ioe% W 2 >
onaH | | |" | 1 &% W = 2 £
ARIDIA | [} | ol s% W Bors B Sors
a0 g | | 2 2 2
csm3 Ir O D T s% W g S 8
KOMS5C | 1 11 5% W o & a
AKaPY 11 s g 0% 5 3
Nk || A 1 % B & £ K
ol ! ith! Pl a : :
o "o I Pl °®| p=1.187e-03 %] b=7.751e-03 3% p=2.001e-01
re2| | 1 I I % 0 Mutation n=34 Mutation n=22 . Mutation n=12
mgf;' | I \ \ | |.:: = oo/ ALL Sample Wild  n-298 o0l Immune Score Low  wild  n=140 00| Immune Score High  wild  n-158
. T Tmevens ¢ P 5 3 7 7 7 L
:mri-;;m:‘mon ;’_‘;’;;i’:ﬁ;?“ Time (Years) Time (Years)
 Spic St « o Frameing
= Nonecnes,Mutation & Mat_Hi
FIGURE 6 | Landscape of somatic mutations in the ISL and ISH groups. (A,B) Waterfall plot of tumor somatic mutations established by those with low immune
scores (A) and high immune scores (B). Each column represents an individual patient. The bar plot above the figure shows the tumor mutation burden (TMB), and
the number on the right represents the mutation frequency of each gene. (C) The heat map shows the mutual co-occurring and exclusive mutations of the top 20
frequently mutated genes. The color or symbol of each cell represents the statistical significance of the exclusivity or co-occurrence of each pair of genes,
respectively. Green represents mutual co-occurrence, and brown represents exclusive mutation. Asterisks indicate statistical p-values (' <0.05). (D) Forest plot of
statistically significant mutant genes between the groups. Asterisks indicate statistical p-values (*<0.05, **<0.01) (E) The lollipop plot illustrates the differential
distribution of variants for BRCA1-associated protein 1 (BAP1). (F-H) Kaplan-Meier curves show the independent relevance between the overall survival time and
BAP1 mutation in the ISL group, ISH group and all cohorts.

In the present study, we first used ssGSEA to quantify the
activity, enrichment level, function, and pathway of immune
cells in each sample. Next, through hierarchical cluster analysis,
the patients were divided into an immunity high group and
an immunity low group. We identified differentially expressed
genes by comparing the two groups. We believed that these
DEGs were immune-related DEGs. Subsequently, univariate Cox
regression analysis was used to further screen the prognosis-
related DEGs. Based on these genes, the patients were divided
into two groups (Cluster 1 and Cluster 2) through unsupervised
cluster analysis. The prognosis of Cluster 2 was worse than
that of Cluster 1. Therefore, we speculated that the prognosis-
related DEGs could be used as genes to construct immune
score models. After that, we used principal component analysis
to extract principal component 1 and calculated the immune
score according to relevant literature (Sotiriou et al., 2006; Zeng
et al,, 2019; Zhang et al., 2020). All the patients were randomly
assigned to a training set (1/2 for all patients) and a test set
(1/2 for all patients). We used the training set to construct
the immune score model and verified it in the validation set
and total set. The patients were divided into ISL and ISH
groups according to the immune score. The 3-, 5-, and 7-
year AUCs were all greater than 0.6, and the RSM time in the
ISH group was longer than that in the ISL group, proving the

sensitivity and predictability of the immune score model. Thus,
the immune score model accurately predicted the prognosis of
patients. Therefore, we used the total set for subsequent analysis.
Using GSEA and GSVA, differences were found in immune-
related pathways between the groups. By comparing HLA-related
genes and related scores in the immune microenvironment,
we also confirmed that the immune activity status of the ISL
group was higher than that of the ISH group. Interestingly,
the ISL group, which had a poor prognosis, had a higher
level of immune activity. Hence, we speculated whether the
function of immune cells was inhibited in the ISL group. We
used CIBERSORT and xCell to further quantify the types of
infiltrating immune cells in each sample. CD8' T cells are
the main immune Kkiller cells in tumor tissues. Therefore, we
evaluated the status of CD8™ T cells in different immune score
groups. Because of the increased secretion of CXCL9/10/11/16
chemokines, we believed that the infiltration of CD8" T cells
in the ISL group was significantly higher than that in the ISH
group. At the same time, the inhibitory ligands and inhibitory
receptors of CD8™ T cells in the ISL group were also significantly
increased compared with those in the ISH group. Therefore,
we hypothesized that despite the higher immune activity and
infiltration of CD8™ T cells in the ISL group, smart tumor cells
would express their inhibitory ligands to prevent its function.
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This finding may also explain the poor prognosis in the ISL
group. In the low group, the massive infiltration of Tem
and Tcm cells also serve as potential targets for subsequent
immunotherapy. Although the model has certain deficiencies
in the accuracy of the prognosis and effect of immunotherapy,
we recognize that the reason may be the insufficient number
of modeling samples. If conditions permit continued expansion
of the sample size, the accuracy of the model may be further
improved. Additionally, if the sequencing data before and after
immunotherapy can be further collected, further optimization of
the model will be valuable.

Generally, two indicators are related to tumor
immunotherapy: the degree of immune cell infiltration and
tumor mutation burden. Therefore, to accurately select patients
suitable for immunotherapy, both factors must be considered.
By comparing the mutant landscapes of the ISL group and ISH
group, we found that the mutation frequency of the two groups
was not significantly different. Both VHL and PBRM1 had very
high mutation rates in both groups. This finding confirmed
that VHL and PBRMI played a key role in the pathogenesis
of ccRCC (Gu et al, 2017; Hsieh et al., 2017; Zhang J. et al.,
2018; Cai et al.,, 2019). However, the genes with a high mutation
frequency did not significantly affect the prognosis compared
with all the other genes except BAPI, whether in the ISL
group, ISH group or whole sample group. BAPI regulates DNA
damage repair pathways (Nishikawa et al, 2009; Zhao et al.,

2017), the cell cycle, and cell proliferation (Yu et al., 2010;
Okino et al.,, 2015), chromatin (Scheuermann et al., 2010), and
cell death pathways (Sime et al, 2018; Zhang Y. et al., 2018).
Additionally, BAPI is implicated in immune regulation (Gezgin
et al., 2017; Figueiredo et al., 2020). However, the mechanism of
IMMUNE regulation by BAPI remains unclear. The mutation
frequency of BAPI in the ISL group was higher than that in
the ISH group. The effects of BAPI mutation on infiltrating
immune cells were compared in the ISL group, ISH group, and
full sample group. BAPI mutation increased the infiltration
degree of Treg cells. The BAP1 mutation was mainly enriched
in the CTLA4 pathway, T helper cell lineage commitment,
interleukin 10 signaling, and regulation of the lymphocyte
apoptotic process pathway by GSEA. These results indicated
that BAP] mutation can inhibit the activity of immune cells
in tumor tissues by regulating Treg cells. Therefore, we believe
that combining the immune score and BAPI mutation can
better screen patients suitable for immunotherapy. Additionally,
inhibitors of Treg cells can be combined to achieve better
therapeutic effects.

CONCLUSION

Our study predicted the prognosis of renal cancer patients
by constructing a new immune score combined with the
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BAPI mutation. At the same time, it provides a new way
to identify patients suitable for immunotherapy and explore
effective immunotherapy strategies in ccRCC patients.
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Disrupted DNA damage signaling greatly threatens cell integrity and plays significant
roles in cancer. With recent advances in understanding the human genome and gene
regulation in the context of DNA damage, chromatin biology, specifically biology of
histone post-translational modifications (PTMs), has emerged as a popular field of
study with great promise for cancer therapeutics. Here, we discuss how key histone
methylation pathways contribute to DNA damage repair and impact tumorigenesis
within this context, as well as the potential for their targeting as part of therapeutic
strategies in cancer.

Keywords: cancer epigenetics, chromatin, epigenetic drugs, histone methyltransferases, DNA damage repair
(DDR)

INTRODUCTION—THE ACCIDENT SCENE

Since the discovery of DNA by Swiss scientist Friedrich Miescher in 1869, numerous researchers
have expanded on his work and contributed to our understanding of how genetic information was
encoded, preserved, and stably transmitted across generations by DNA (Ciccia and Elledge, 2010).
Now we know that DNA is liable to change, as it is subject to extensive lesion formation due to
constant genomic insults from endogenous and exogenous sources such as hydrolysis, oxidation,
ionizing radiation, UV radiation, and various chemical agents among others (Friedberg et al., 2006;
Hakem, 2008; Chatterjee and Walker, 2017). If not repaired timely and correctly, these lesions may
damage genome maintenance machinery, trigger mutagenesis, and threaten cell integrity.

The explosion of the field of DNA damage response (DDR), however, came long after Watson
and Crick published their theory of the DNA double helix in the 1950s (Watson and Crick, 1953;
Friedberg et al., 2006). Various mechanisms through which DNA damage is resolved on a molecular
level have been identified. The most notable discoveries are those by the three pioneers in DNA
repair who shared the 2015 Nobel Prize in Chemistry: Tomas Lindahl for establishing the role of
DNA glycosylase enzymes in base excision repair (BER) (Krokan and Bjoras, 2013), Paul Modrich
for mismatch repair (MMR) (Lahue et al., 1989), and Aziz Sancar for defining the reversal of
ultraviolet damage to DNA by nucleotide excision repair (NER) (Petit and Sancar, 1999).
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When DNA lesions remain unrepaired, they may accumulate
and block DNA replication progression, resulting in double-
stranded breaks (DSBs) that are more difficult to repair and
far more toxic (Khanna and Jackson, 2001; Jackson and Bartek,
2009). So far, studies have elucidated two umbrella pathways
of DSB repair, namely, homologous recombination (HR) and
non-homologous end-joining (NHEJ). HR utilizes template DNA
and exchanges of equivalent DNA regions between homologous
chromosomes to promote high-fidelity DSB repair, preserving
genomic stability (Sung and Klein, 2006; Tubbs and Nussenzweig,
2017). NHE], on the other hand, is more prone to deletions
and insertions as it ligates broken DNA ends without a template
(Lieber, 2008; Tubbs and Nussenzweig, 2017). The initial
detection of DNA damage and cellular response that triggers cell
cycle arrest to allow repair or undergo cell death is coordinated by
various DNA damage signaling cascades, contributing to the cells’
ability to defend against potential mutagenesis (Hanawalt, 2015).
These damage sensing pathways are extensively reviewed in
Jackson and Bartek (2009), Ciccia and Elledge (2010), Hanawalt
(2015). Together, the DNA damage sensing and DDR pathways
are the core molecular machinery responsible for rescuing
the cell from deleterious effects of DNA damage and evading
pathobiology outcomes, such as cancer.

With recent advances in understanding the human genome
and gene regulation in the context of DNA damage, epigenetics
has emerged as a rapidly growing field with great promise
for therapeutics. Epigenetics refers to the study of reversible,
heritable changes in genome function that occur without
alterations to the DNA sequence (Russo et al., 1996). Different
epigenetic changes, such as DNA methylation and histone post-
translational modifications (PTMs) or “marks,” regulate gene
expression and underlie both healthy and diseased human
physiology. Nucleosomes, organized modules of duplexed
DNA wrapping around histones, serve as the basic units for
chromatin, which is the fundamental packaging structure of
all eukaryotic genomes (Li et al., 2007). It can be “closed”
or “open,” generally associating with transcription repression
and activation, respectively (Gillette and Hill, 2015). There
is dynamic regulation of chromatin to modify accessibility
to DNA during processes such as replication, transcription,
DDR, and more (Hanawalt, 2015). Chromatin marks impact
DNA accessibility by modulating histone-DNA interactions and
serving as docking sites for “reader” proteins, dedicated effectors
of those PTMs to achieve their specific transcriptional outcome
(Musselman et al., 2012; Gillette and Hill, 2015). In addition to
the reader proteins, other proteins involved in altering chromatin
status include “writer” proteins, which are enzymes that add
PTMs to histones, and “erasers,” which remove these marks
(Musselman et al., 2012). Furthermore, epigenetic modifications
can facilitate responses to DNA damage. Conceptually, during
DNA damage, epigenetic marks can occur in a collateral event
either as part of the chromatin disruption in the wake of DNA
damage or as a flag to identify a genomic region that requires
repair. Alternatively, the role of epigenetic marks during DDR
processes can be a more active function that mechanistically
contributes to rescue the cell from DNA damage. Because of
the dynamic functions of histone PTMs and their mediators,

they have been increasingly considered as therapeutic targets
by the pharmaceutical industry and academic pharmacologists.
Here, we discuss how chromatin modifiers and their histone
modifications, specifically key histone methylation pathways,
contribute to DNA damage repair and impact tumorigenesis
within this context, as well as the potential for their targeting as
therapeutic strategies in cancer.

LIGHTS AND SIRENS—-THE CHROMATIN
RESPONSE IN DNA DAMAGE REPAIR

While various players in the DDR pathways have long been
studied, there is a rapidly growing understanding that higher-
order chromatin also significantly impacts DDR via remodeling
and post-translational modification from the moment DNA
damage strikes. In other words, the chromatin landscape is not
only pivotal to the regulation of epigenetic changes for healthy
human physiology, but also significant to our heritable cell
machinery for DNA transcription, replication, and repair. To
protect against endogenous and exogenous agents from causing
deleterious DNA damage, chromatin controls accessibility to
the genetic material it packages as well as facilitates swift
recognition and precise repair of any damage that has occurred
(Kouzarides, 2007).

Among the known histone PTMs, acetylation,
phosphorylation, and ubiquitylation are among some of
the most widely studied participants in key DDR pathways
(Gong and Miller, 2013). For example, the histone variant
H2AX is phosphorylated on Ser139 upon DNA damage by
the phosphatidylinositol-3 kinase (PIKK) family proteins
that include key DDR pathway components, such as ataxia
telangiectasia mutated (ATM), DNA-dependent protein
kinase (DNA-PK), as well as ATM and RAD3-related (ATR)
(Fernandez-Capetillo et al., 2002; Bonner et al., 2008; Gong and
Miller, 2019). The phosphorylated H2AX is then recognized
by MDCI, triggering a downstream ubiquitylation cascade
via the recruitment of RNF8, a RING-domain ubiquitin ligase
(Stucki et al., 2005; Ciccia and Elledge, 2010; Bekker-Jensen and
Mailand, 2011). RNF168, another ubiquitin ligase, binds and
amplifies the RNF8-initiated cascade and leads to recruitment
of chromatin-associated genome caretakers that assist in DSB
repair (Bekker-Jensen and Mailand, 2011). MDCI1 also recruits
NuA4 and the histone acetyltransferase TIP60, whose activity
contributes to local chromatin relaxation, ATM activity, and
DNA damage-induced phosphorylation (Bonner et al., 2008; Xu
and Price, 2011; Gong and Miller, 2019). Here, we will focus on
histone methylation as well as their modifiers in the various DDR
pathways and provide an overview of applications of histone
methyltransferase inhibitors within the context of DDR as novel
therapeutic strategies for cancer.

First discovered in the 1960s (Murray, 1964), histone
methylation has been identified as a critical modulator of DDR
pathways, and studies exploring this role have been steadily
increasing. Mostly known for their function in transcriptional
regulation, histone methylation occurs as mono- (me), di- (me2)
or tri- (me3) methyl groups on the e-amino group of lysine
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residues, as well as in a mono- (me), di-symmetrical (me2s), or
di-asymmetrical (me2a) state on arginine residues (Kouzarides,
2002; Greer and Shi, 2012; Gong and Miller, 2019). These
reactions are catalyzed by histone methyltransferases (HMTs)
through transferring methyl groups donated by S-adenosyl
methionine (SAM) to their target residues (Murray, 1964;
Greer and Shi, 2012; Gong and Miller, 2019). So far, three
major groups of HMTs have been identified: SET domain-
containing lysine methyltransferases (KMTs), Dotl-Like KMT
with no SET domain, and protein arginine methyltransferases
(PRMTs) (Okada et al, 2005; Black et al., 2012; Yang and
Bedford, 2013). Apart from core histone proteins, HMTs can
also methylate free histones and non-histone proteins, such as
p53, TAF10, VEGFR1, among others (Murray, 1964; Kouzarides,
2002; Chuikov et al., 2004; Okada et al., 2005; Bekker-Jensen
and Mailand, 2011; Xu and Price, 2011; Black et al, 2012;
Greer and Shi, 2012; Yang and Bedford, 2013). The diverse
array of various methylation events possesses tremendous
regulatory power and frequently contributes to human diseases,
including cancers (Bonner etal., 2008; Greer and Shi, 2012;
Yang and Bedford, 2013).

One of the first and most notable discoveries illuminating
a relationship between histone methylation and DNA damage
was that methylation of histone H3 Lys 79 (H3K79) promotes
chromatin accumulation of p53-binding protein 1 (53BP1),
a key mediator of DDR, through its Tudor domain (Huyen
et al., 2004). Many HMTs, including but not limited to those
for H3K4, H3K9, H3K27, H3K36, H3K79, and histone H4
lysine 20 (H4K20), have since been found to rapidly work to
mark histones at sites of DNA damage and modulate DDR
machinery. Following, we review our current understanding of
some prominent HMTs within the context of distinct DDR
pathways (Figure 1).

EMERGENCY DISPATCH OF FIRST
RESPONDERS —THE RELATIONSHIP OF
CHROMATIN AND EPIGENETIC
REGULATORS IN DNA DAMAGE REPAIR

Homologous Recombination—Tending to
Damage With a Stretch(er) of DNA

HR, which is the more faithful mechanism of the two for
repair of DSBs, utilizes homologous DNA sequences as templates
to repair damaged DNA (Sung and Klein, 2006; Tubbs and
Nussenzweig, 2017). HR occurs mainly after DNA replication
in the S and G2 phases of the cell cycle when homologous
sister chromatids are readily available to serve as repair templates
(Sung and Klein, 2006; Hustedt and Durocher, 2017). It is
initiated when 3’ single-stranded DNA (ssDNA) overhangs are
generated from DSB resection by helicases and nucleases. The
RADS51 recombinase then assembles onto the ssDNA overhangs
and recruits its template for repair DNA synthesis by invading
homologous duplex DNA (Chapman et al., 2012). During the
process of HR, the steps from resection to duplex DNA invasion
through DNA synthesis and final resolution require transient

yet extensive disruption and restoration of chromatin structure
in a rapid manner.

The activities of many histone methylation marks and
their respective HMTs change during the HR process. For
example, tri-methylated H3 lysine 36 (H3K36me3), mediated by
SETD2/HYPB methyltransferase, was established by Carvalho
et al. (2014) and Pfister et al. (2014) to be required for
HR repair, to promote the formation of presynaptic RAD51
filaments and subsequent loading of RAD51 to resected DNA
ends. The H3K79 histone methyltransferase DOTIL (Disruptor
of telomeric silencing 1-like) and some H3K9-specific KMTs,
such as SETDBI, and its reader protein, HP1 (Heterochromatin
Protein 1), among others, were also discovered to play pivotal
roles to facilitate the recruitment of 53BP1 to DSBs and direct HR
(Alagozetal,, 2015). DOTI1L is structurally unique because it does
not contain a SET domain that is evolutionarily conserved among
KMTs (Okada et al., 2005). So far, DOT1L has been demonstrated
to regulate several molecular processes, including but not limited
to telomeric silencing, gene transcription, and most notably,
DNA damage repair (Kari et al, 2019). Huyen et al. (2004)
and Ljungman et al. (2017) suggested that DOT1L-mediated
H3K79me2 marks, otherwise hidden in chromatin under normal
conditions, can modify binding by the tandem tudor domain
of the human 53BP1 protein after nearby DSB induction.
Similar findings were found in colorectal cancer, where DOT1L-
mediated H3K79me is required for chromosome structure
maintenance, DNA damage checkpoint, and cell recovery via HR
(Ljungman et al., 2017; Wood et al., 2018).

There are several methyltransferases that interact
with and modify H3K9. The euchromatic histone-lysine
N-methyltransferase 1/2 complex, also known as GLP/G9a,
catalyzes H3K9 mono- and di-methylation and is associated
with transcriptional repression (Tachibana et al., 2008). These
two components can be phosphorylated by ATM, and their
disruption leads to genomic instability, suggesting a role in DDR
(Agarwal and Jackson, 2016; Ginjala et al., 2017). G9a is recruited
to chromatin and interacts with replication protein A (RPA),
a heterotrimeric protein complex that directly participates
in HR by binding to the 3’ ssDNA tails and stimulating end
resection (Yang et al, 2017). This interaction also modifies
Rad51 foci formation, allowing for efficient HR (Gasior et al,,
1998; Raderschall et al., 1999). GLP localization at DNA break
sites is largely dependent on G9a (Tachibana et al, 2005,
2008). Interestingly, GLP activity on its own, for example GLP-
catalyzed H4K16 methylation, was found to contribute to NHE]
(see below). SETDBI and SUV39, two methyltransferases that
tri-methylate H3K9, work with BRCA1 and HP1 to promote HR
integrity by ensuring repositioning of 53BP1 to extend resection
during HR in cells at G2 phase (Alagoz et al., 2015).

Compared to KMTs, PRMTs and their associated histone
arginine methylation marks are not as well understood in these
processes. So far, 9 PRMTs have been characterized, producing 3
categories of methylarginines: monomethylarginine, asymmetric
dimethylarginine (ADMA), and symmetric dimethylarginine
(SDMA) (Bedford, 2007). Type I PRMTs (PRMT1-4, 6, and
8) catalyze formation of MMA and ADMA, while type II
PRMTs (PRMT5, 7, and 9) catalyze production of MMA and

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2021 | Volume 9 | Article 735107


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

He and Lomberk

Role of HMTs in DDR

HR NHEJ MMR BER
SETD2 EZH2 DOT1L SETD2 PRMT5
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FIGURE 1 | The 5 major DDR pathways and prominent HMTs involved in the context of those distinct pathways. See text for references of studies highlighting the

various roles of HMTs in these pathways.
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SDMA (Bedford, 2007; Gong and Miller, 2019). Protein arginine
methylation is abundant in modifying signal transduction,
gene transcription, DNA repair, mRNA splicing, and more
(Yang and Bedford, 2013). PRMTs have also been linked to
carcinogenesis and metastasis of various cancers. PRMT5 is
a type II methyltransferase that mediates MMA or SDMA of
residues such as H3R8, H2AR3, H3R2, and H4R3 (Bedford,
2007). Recent studies have reported that depletion or inhibition
of PRMT5 impairs HR, inducing DNA damage accumulation,
cell cycle arrest, and eventually cell death. Mechanistically,
PRMT5 depletion or inhibition potentially mediates this by
inducing abnormal splicing of TIP/KAT5, a DNA repair
factor, or disrupting methylation of KLF4, a transcriptional
regulator modulating DNA end resection, HR efficiency and
TIP60 expression (Hamard et al, 2018; Checa-Rodriguez
et al., 2020). Overall, there are many studies that suggest an
active role of HMTs in rescuing DSB via HR (Figure 1),
although the mechanisms underlying this involvement require
further elucidation.

Non-homologous End-Joining —Putting

Out Destructive Fires Rapidly

NHE], the other main repair pathway for eukaryotic DSBs, was
first named by Moore and Haber in 1996 (Moore and Haber,
1996; Lieber, 2008; Yamagishi and Uchimaru, 2017). NHE]
is referred to as “non-homologous” because in this pathway,
contrary to HR, the broken ends are directly ligated without
any homologous template (Lieber, 2008). Complementary to
HR, NHE]J is generally favored for DDR occurring in the G1
phase of the cell cycle (Lieber, 2008; Chapman et al., 2012;
Hustedt and Durocher, 2017). In this pathway, the Ku70/80
heterodimer rapidly binds to the breakage site and forms a
complex with the DNA, thereby acting as a node for docking
of nuclease, polymerase and ligase components (Lieber, 2008).
Subsequently, the catalytic subunit of DNA-PK (DNA-PKcs),
responsible for maintaining the broken DNA ends in close
proximity, is recruited and activated in preparation to engage
other end-processing factors and eventually re-join the broken
ends (Lieber, 2008; Hustedt and Durocher, 2017). Finally,
re-ligation of the broken DNA ends occurs via the DNA
ligase complex. Among the many HMTs involved in NHE],

we summarize knowledge in this context for EZH2, KMT5A,
Metnase, GLP, and PRMT5 (Figure 1).

EZH2 (Enhancer of Zeste 2) is an H3K27 methyltransferase
and essential component of polycomb repressive complex 2
(PRC2), regulating cell sensitivity to DNA damage via alteration
of chromatin architecture as well as expression of many
functional genes that participate in lineage specification, cell
cycle regulation, and DNA repair (Yamagishi and Uchimaru,
2017). EZH2 has been demonstrated to interact directly with
the NHE]-related protein, Ku80. Ku80 bridges EZH2 to DNA-
PK complexes, facilitating phosphorylation of EZH2 by DNA-PK
and subsequent modulation of EZH2 methyltransferase activity
as well as its target gene expression (Wang et al., 2016).

KMT5A, also known as SETDS, is a SET domain containing
methyltransferase of H4K20 mono-methylation, which is
required before di-methylation and tri-methylation can take
place [54]. Although it is primarily known to use H4K20 as a
substrate, evidence also exists to indicate that KMT5A interacts
with non-histone proteins (Checa-Rodriguez et al., 2020). It
has been shown to be vital during replication, transcription,
and chromosome segregation (Moore and Haber, 1996). Like
DOTI1L, KMT5A function also affects 53BP1 recruitment
to DSBs. Although depletion of SETD8 only moderately
decreased HR efficiency in human osteosarcoma cells, the same
experiment resulted in a severe abrogation in NHEJ (Dulev
et al., 2014), suggesting that SETD8 promotes DSB repair via
the NHE] pathway.

Metnase is a DNA repair protein with a unique fusion of
a SET domain, a nuclease domain, and a transposase/integrase
domain (Lee et al., 2005). Fnu et al. (2011) found that Metnase
enhances NHE] following DSBs and that its SET domain is
required for Metnase activities in DNA damage. Metnase at DSBs
can also directly dimethylate H3K36, which then recruits and
stabilizes DNA repair proteins at the breakage site, facilitating
NHE] efficiency (Lee et al., 2005; Fnu et al., 2011).

Although GLP localization to DNA break sites largely depends
on GY9a (Tachibana et al., 2005, 2008), which together are
responsible for the H3K9me2 mark, GLP-catalyzed H4K16mel
is also part of its response to DNA damage (Lu et al., 2019). GLP-
catalyzed H4K16mel levels drastically increase during the early
stages of DDR and cooperate with H4K20me?2 to facilitate 53BP1
recruitment, favoring NHE]-mediated DDR. The fact that GLP
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is commonly studied in conjunction with G9a often complicates
experimental interpretations. For example, previous studies have
shown that pharmacological inhibition of G9a/GLP hindered HR
with contentious impact on NHE] (Fukuda et al., 2015; Ginjala
et al., 2017). However, GLP knockdown alone impaired 53BP1
foci formation and NHE] following damage induction, while G9a
knockdown only had a mild effect on NHE] but caused severe
HR defects in reporter assays (Fnu et al., 2011). This suggests G9a
and G9a-catalyzed H3K9 methylation may be more significant in
facilitating HR, while GLP and GLP-catalyzed H4K16mel play a
greater role in NHE].

In terms of PRMT involvement in this DDR pathway,
Hwang et al. found that PRMTS5 regulates NHE] via methylation
and stabilization of 53BP1 to promote cell survival (Hwang
et al., 2020). Interestingly, these investigators also discovered
a regulatory mechanism in which Src kinase phosphorylates
PRMTS5 at residue Y324 to suppress PRMT5 activity and block
NHE] repair. Thus, along with the aforementioned studies
implicating participation of PRMT5 in HR, it is likely that
PRMTS5 is involved in both main pathways, possibly through
53BP1 modulation. Further studies are needed to characterize its
overall involvement in DDR and determine whether favoring one
pathway over another depends on specific molecular contexts,
such as elevated Src activity.

Nucleotide Excision Repair—Towing

Away Helix-Distorting Lesions

Different DDR pathways are instigated to resolve damage in
a substrate-dependent manner (Chatterjee and Walker, 2017).
NER plays a significant role to remove helix-distorting DNA
lesions such as bulky chemical adducts and photoproducts
produced by UV light (Thoma, 1999; Gong et al., 2005). It is a
“broad spectrum” DDR pathway, repairing a wide range of DNA
damage. Mechanistically, NER acts via dual incisions on both
sides of the target lesions by two different nucleases, one at the 3’
end followed by the other at the 5" end (Petit and Sancar, 1999).
After targets are removed, new DNA is synthesized to fill the gap
using the complementary strand as a template and ligated back
into the segment (Petit and Sancar, 1999; Gong et al., 2005).

The chromatin organization via histone displacement often
impacts how cells detect and repair lesions as well as other
DNA-dependent reactions. As NER acts primarily in the context
of DNA, this chromatin organization becomes an important
process during NER initiation (Fukuda et al., 2015; Hwang et al.,
2020). For repair processes like NER to happen efficiently, lesion
detection mechanisms need to activate both NER and chromatin
remodeling. Previous studies have linked UV-induced histone
acetylation prior to NER with increased accessibility to repair
proteins, at least in the more condensed regions of chromatin
(Tengetal., 2002; Gong et al., 2005). Evidence has also emerged to
support the involvement of a few histone methylation pathways
(Figure 1), such as DOT1L-mediated H3K79, NSD2-catalyzed
H4K20, and ASH1L-mediated H3K4 methylation, in this process,
which are discussed below.

Interestingly, ~Dotl, the yeast homolog of the
methyltransferase for H3K79 methylation, also has roles in

NER apart from its aforementioned involvement in HR. Dotl
promotes transcriptional restart of paused RNA polymerases
following NER completion and ensures proper replication timing
during the cell cycle (Chaudhuri et al., 2009; Ljungman et al,,
2017). Yeast cells with H3K79R mutations and Dotl mutations
were found to be hyper-sensitive to UV light and have affected
NER (Chaudhuri et al., 2009). The exact mechanisms by which
Dotl and H3K79 methylation impact NER, however, remain
to be elucidated.

NSD2 and ASHIL are two additional histone
methyltransferases that have been identified as players in
genome-wide NER activity (Gong et al., 2005; Gillet and Scharer,
2006; Balbo Pogliano et al., 2017). NSD2 (nuclear receptor SET
domain 2), also known as Multiple Myeloma SET (MMSET)
or Wolf-Hirschhorn Syndrome Candidate 1 (WHSC1), is
a SET domain containing KMT that primarily catalyzes
di- and tri-methylation of H3K36, which regulates crucial
developmental genes as well as modulates DSB repair (Nimura
et al., 2009). Notably, NSD2 has also been found to catalyze
H4K20 methylation and subsequent 53BP1 accumulation at
DNA damage sites upon DSB induction (Pei et al, 2011).
Previous studies by Chitale and Richly reported the collaboration
between NSD2 and the endonuclease DICER, which facilitates
heterochromatin formation and generates small non-coding
RNAs that include the sequence of the damaged locus (Chitale
and Richly, 2018). They later reported a mechanism by which
NSD2 relocates to chromatin in a DICER-dependent manner
and sets the stage for H4K20me2 to recruit XPA, a protein that
binds to damaged DNA and acts as a scaffold for other repair
proteins, at sites of UV lesions for genome-wide NER (Thoma,
1999; Pei et al., 2011; Chitale and Richly, 2018).

ASHIL (Absent, Small, or Homeotic discs 1-Like) is a member
of the trithorax transcriptional regulators crucial for normal
development, organ function, fertility, euchromatin formation,
and ongoing transcription (Balbo Pogliano et al., 2017). It
performs its regulatory functions by histone modification and
chromatin remodeling via methylation of H3K4 and H3K36
(Balbo Pogliano et al., 2017). Balbo Pogliano et al. (2017) have
reported a helper role of ASHIL for effective genome-wide
NER. They found that DDB2, a specialized damage sensor,
promotes excision of mutagenic lesions from UV damage by
recruiting ASH1L, which methylates H3K4 and in turn facilitates
docking of downstream NER effectors to ensure uninterrupted
repair activity. Without ASH1L, the otherwise effective handoff
between different NER damage recognition factors would be
disrupted (Balbo Pogliano et al., 2017; Gsell et al., 2020). Thus,
as with other types of DDR, histone methylation seems to
have a clear role in the repair of helix-distorting DNA lesions,
necessitating additional investigations to understand the full
breadth of this involvement.

Mismatch Repair—Evacuating

Mis-Incorporated Bases

MMR helps protect genome integrity at replication by removing
mis-incorporated bases and insertion-deletion mis-pairs from
newly synthesized daughter DNA strands (Li et al., 2016). In
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humans, MMR starts with mismatch recognition on newly
synthesized strands by the heterodimer complexes hMutSa or
hMutSB, which lead to the excision of the mismatch by an
exonuclease, EXO1 (Hombauer et al., 2011; Li et al., 2016). As a
result, a single-stranded DNA gap is generated, filled, and ligated,
concluding the repair (Hombauer et al., 2011; Li, 2013). The most
notable HMT-MMR interaction is that of SETD2 and hMutSa
(Figure 1). SETD2 tri-methylates H3K36, which is required
in vivo to recruit hMutSa onto chromatin for downstream repair
(Lietal., 2013). Cells depleted of SETD2 display characteristics of
MMR-deficient cells, suggesting a significant role of H3K36me3
in proper MMR progression (Li, 2013; Li et al., 2013, 2016).
However, much remains to be discovered in terms of how
chromatin states and their modifiers modulate the coupled MMR
and replication processes.

Base Excision Repair—Chasing Down

Damaged Nucleotides

BER endogenous DNA damage raised from
deamination, oxidation and alkylation by removing
damaged bases without causing excessive distortion to the
DNA helix (Krokan and Bjords, 2013). Protecting against
various detrimental processes such as cancer, aging, and
neurodegeneration (Jeppesen et al,, 2011; Krokan and Bjoras,
2013), much of BER occurs in the nuclei, as well as mitochondria,
and is a highly conserved system from bacteria to human. The
process is initiated by one of at least 11 distinct DNA glycosylases,
such as 8-Oxoguanine-DNA glycosylase (OGG1), that recognizes
and removes a damaged base by cleaving its N-glycosyl
bond to allow its subsequent release (Jeppesen etal.,2011).

resolves

Following excision, an abasic, apurinic/apyrimidinic site,
known as an AP site, remains in the absence of the base.
AP endonuclease 1 (APE1) then recognizes the AP site and
cleaves its backbone to produce an intermediate that is properly
processed through BER (Jeppesen et al, 2011; Yu et al,
2012). Within BER, (short-patch) (SP-)BER only adds one
nucleotide to the 3’-end of the cleaved AP site, followed by
Pol B which helps produce a nick sealable by X-ray repair
cross-complementing protein 1 and Ligase IIla (XRCC1/Ligase
IIa) (Sobol et al., 1996; Demple and Sung, 2005). On the other
hand, (long patch) LP-BER utilizes Pol B in a different manner,
generating a short DNA flap cleaved by flap endonuclease
1 (FEN1) and sealed by DNA ligase I (Sobol et al, 1996;
Jeppesen et al., 2011).

To date, there have been few studies illuminating effects
of HMTs and their methylation marks in BER (Figure 1).
The most notable HMT studied in the context of BER
is PRMT5. Recent studies by Zhou et al. (2018) identified
interactions between symmetrical dimethylarginine of histone
H4 (H4R3me2s), catalyzed by PRMT5, and OGGI, the
glycosylase initiating BER activities. OGG1 directly interacts
with PRMT5, affecting its binding to histone H4 and thereby
regulating H4R3me2s levels. FEN1 binds to symmetrically
dimethylated H4R3, which was found to enhance its substrate
binding, thereby increasing its efficiency in BER (Zhou et al,,
2018). Depletion of PRMT5 decreased OGGI activity, BER
efficiency and cell survival ratio in vitro, suggesting that
H4R3me2s can be an important downstream factor of PRMT5
function in DDR, and the PRMT5-H4R3me2s relationship
bridges endogenous lesion detection by OGG1 and downstream
repair. Similar to MMR, the identification of a role for PRMT5
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in BER only indicates the beginning of this intriguing new
area revealing the involvement of HMTs in a wide range
of DDR pathways.

UTILIZING A SAFETY

HARNESS —TARGETING DNA DAMAGE
RESPONSE VIA HISTONE
METHYLTRANSFERASES IN CANCER
FOR IMPROVED TREATMENT
STRATEGIES

DNA damage, as well as inadequate DDR, is one of the main
causes for genomic instability and tumorigenesis. However,
these very defects in DDR mechanisms serendipitously also
offer therapeutic opportunities to cause lethality in cancer cells
while sparing normal ones. Cancer researchers have recently
popularized the term “synthetic lethality,” originally described
back in 1922 and later coined in 1946, for phenomena where
disruption of one gene maintains cell viability, but the added
disruption of a second gene Kkills cells (Nijman, 2011). The
first example of exploiting this approach in molecularly targeted
cancer therapy was the inhibition of members of the enzyme
family Poly (ADP-ribose) polymerase (PARP), key players
involved in DDR, in BRCA1/2 deficient tumors (Lord and
Ashworth, 2017; Huang et al, 2020). In fact, this concept
has been tested in several clinical trials (ClinicalTrials.gov
Identifier: NCT00494234, NCT00494442) with great success.
Because of the dynamic functions of HMTs and their heavy
involvement in DNA damage, among other processes, they have
been increasingly considered as druggable targets for discovery
and pharmacological intervention of various cancers. Just in
the past decade, pharmacological targeting of HMTs in the
context of DDR has become a promising avenue for novel
cancer therapies. It is worth noting, however, that although
evidence suggests the exciting potential of novel therapeutic
targets among HMTs, the field of epigenetic therapies has only
recently started making significant progress toward improved
targeting. Many issues remain to be resolved. For example,
synergistic combinations of pharmacological HMT inhibitors
and other treatment modalities, i.e., chemotherapy and radiation,
still need to be evaluated and optimized for more beneficial
clinical outcomes. Here, we briefly summarize several small
molecule inhibitors targeting HMTs that have emerged in
pre-clinical testing or early stages of clinical trials as part
of promising standalone or combinatorial cancer treatments,
including pharmacological inhibitors of DOT1L, G9a, EZH2, and
PRMTS5, and discuss their potential in combination strategies
with canonical DNA damaging agents or DDR inhibitors
(Figure 2 and Table 1).

DOTIL

A lot of small molecule inhibitors for DOT1L target the common
cofactor-binding site for SAM within the methyltransferase
structure (Yu et al., 2012). Utilizing structure-guided medicinal
chemistry, EPZ004777, a SAM-competitive DOTIL inhibitor,

was the first meaningful proof-of-concept for targeting
any HMT (Daigle et al, 2011). Since then, SGC0946, a
brominated analog of EPZ004777 that takes advantage of
a hydrophobic cleft in DOTIL surrounding its adenine
ring, and EPZ-5676, an aminonucleoside analog which
became the first reported HMT inhibitor to enter human
clinical trials, have been also developed (Daigle et al., 2013).
Both molecules better occupy the SAM-binding pocket
and disrupt its structural integrity via conformational
rearrangement to improve inhibition of DOT1L over EPZ004777
(Yu et al., 2012).

As previously discussed, DOTIL is a key player in DSB
repair via HR in several cancers. Depletion of DOTIL
methyltransferase activity after SGC0946 and EPZ-5676
treatments leads to an impaired DNA damage response
indicated by decreased yH2AX levels as well as defective
HR-mediated DSB repair without affecting NHE] in
colorectal cancer cell lines (Kari et al, 2019). Continuous
infusion of EPZ-5676 for 21 days in nude rat subcutaneous
xenograft models of MLL-rearranged leukemia achieved
well-tolerated, complete, and sustained tumor regression
for more than 30 days post-treatment (Daigle et al, 2013).
Reductions in both treatment duration and dose in the
same model still sustained tumor regression, albeit with
slightly lower efficacy.

EPZ-5676, also referred to as Pinometostat, has completed
phase 1 trials in adult and pediatric patients with relapsed
or refractory acute myeloid leukemia (AML) and acute
lymphoblastic leukemia (ALL) harboring rearrangements of
the MLL gene (ClinicalTrials.gov identifiers: NCT01684150,
NCT02141828). These trials demonstrated only modest clinical
efficacy (Stein et al, 2018). However, additional preclinical
investigations have indicated that combination strategies of
DOTIL inhibitors with chemotherapeutic agents or other
chromatin modifying drugs may offer benefit (Klaus et al., 2014;
Liu et al., 2014). Interestingly, inhibition of DOT1L sensitized
MLL-rearranged leukemia cells to DNA damage-inducing
chemotherapy by inhibiting their DNA damage response (Liu
et al, 2014). In rectal cancer cells, the depletion of DOTIL
has also recently been demonstrated to increase sensitivity
to inhibition of PARP-1 (Kari et al, 2019). Pharmacological
inhibition of PARP-1 delays DNA lesion repair and increases
sensitivity to further damage. Taking this one step further,
PARP inhibition may result in inadequate SSB repair (Dantzer
et al., 2000). SSBs may then accumulate and result in DSBs,
and if cells have any defects in DSB repair, they will face great,
often fatal challenges to survive and proliferate. Cells with
BRCA1/2 mutations can be highly sensitive to further blockade
of SSB repair via PARP inhibition due to their compromised
ability to repair DSBs properly and efliciently via HR. These
studies highlight the significant involvement of DOTIL in
DDR and suggest great clinical potential for DOT1L inhibition
in combination with DNA damaging chemotherapies. To
date, the National Cancer Institute (NCI) has two clinical
trials currently recruiting to examine the combination of
Pinometostat and standard cancer treatment modalities
(ClinicalTrials.gov identifiers: NCT03701295, NCT03724084).
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TABLE 1 | Small molecule inhibitors of DOT1L, G9a/GLP, EZH2, and PRMT5 and their anticancer activities in relation to DNA damage repair.

Target protein Compound Mode of action Documented effects on DNA damage Clinical trial
DOT1L SGC0946 SAM-competitive In colorectal cancer in vitro, treatment of SGC0946 resulted in N/A
decreased yH2AX levels, defective HR-mediated DSB repair (Kari et al.,
2019)
EPZ-5676 SAM-competitive In colorectal cancer in vitro, treatment of SGC0946 resulted in Phase | trial completed in adult and pediatric patients with relapsed
(Pinometostat) decreased yH2AX levels, defective HR-mediated DSB repair (Kari et al., or refractory acute myeloid leukemia (AML) and acute lymphoblastic
2019); Rectal cancer cells were sensitized to DNA damage-inducing leukemia (ALL) harboring MLL gene rearrangements
chemotherapy and PARP inhibition following EPZ-5676 treatment (Amé (ClinicalTrials.gov identifiers: NCT01684150, NCT02141828);
et al., 2004; Liu et al., 2014) Clinical trials currently ongoing to examine the combination of
Pinometostat and standard DNA damage-inducing cancer
treatment modalities (ClinicalTrials.gov identifiers: NCT0O3701295,
NCT03724084)
EPZ004777 SAM-competitive N/A N/A
EZH2 UNC1999 SAM-competitive UNC1999 aggravated genotoxic effects induced by treatments of N/A
olaparib, an FDA approved PARP inhibitor in cells deficient in DDR
pathways, enhancing its synthetic lethal effects in BRCA-deficient cell
lines and AML patient cells (Caruso et al., 2018)
EPZ-6438 SAM-competitive Treatment of Tazemetostat sensitized PARPI effect in BRCA-defective Approved by FDA for patients 16 years and older with metastatic or
(Tazemetostat) cancer cells in vitro and in vivo (Yamaguchi et al., 2018) locally advanced epithelioid sarcoma ineligible for complete
resection as well as relapsed/refractory follicular ymphoma
G9a/GLP UNCO0638 Substrate-competitive Treatment of U20S cells with UNC0638 disrupted BRCA-BARD N/A
retention at DNA damage sites (Wu et al., 2015). The use of the PARP
inhibitor Olaparib in combination with UNCO0638 also resulted in a
synergistic reduction of clonogenic survival in breast cancer cells
(Carvalho et al., 2014)
BIX-01294 Substrate-competitive Loss of H3K9 methylation through G9a inhibition with BIX-01294 N/A
increased radiosensitivity of a panel of glioma cells (Gursoy-Yuzugullu
et al., 2017)
UNCO0642 Substrate-competitive G9a inhibition with UNC0642 conveyed a significant reduction in both N/A
NHEJ and HR repair in ovarian carcinoma cells (Watson et al., 2019)
BRD4770 SAM-competitive Combined inhibition of Checkpoint kinase 1 (Chk1), a key regulator of N/A
cell cycle transition in response to DNA damage, and G9a with
BRD4770 disrupted pancreatic cancer cell growth, replication fork
progression, and DNA damage signaling, ultimately leading to induction
of cell death (Urrutia et al., 2020)
PRMT5 EPZ015666 Peptide-competitive Loss of PRMT5 activity via EPZ015666 resulted in impaired HR, leading N/A
to DNA-damage accumulation, p53 activation, cell-cycle arrest, and cell
death (Hamard et al., 2018)
EPZ015938 Substrate-competitive The combination of Gemcitabine and EPZ015938 resulted in synergistic Phase | safety and clinical activity study underway in

JNJ-64619178

SAM-competitive and
peptide-competitive
(simultaneous)

accumulation of Gem-induced DNA damage in pancreatic cells in vitro
and in vivo (Wei et al., 2020)

N/A

175

myelodysplastic syndrome and AML (ClinicalTrials.gov Identifier:
NCT03614728); Phase | dose escalating study ongoing in solid
tumors and non-Hodgkin lymphoma (ClinicalTrials.gov Identifier:
NCT02783300)

Phase | clinical trial continuing as a potential treatment for B cell

non-Hodgkin lymphoma, lower risk MDS and advanced solid
tumors (ClinicalTrials.gov Identifier: NCT03573310)
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Thus, explorations for the optimal use of DOTIL inhibitors
have just started.

G9a

Various studies have identified G9a as a regulator of HR in
response to DSB formation. In human cancers, the G9a complex
is often recruited to chromatin and modulates efficient HR
through its interaction with RPA. G9a deficiency has been shown
to impair DDR and sensitize cancer cells to more DSBs by
disrupting Rad51 and RPA foci formation in response to damage
(Yang et al., 2017). BIX-01294, the first G9a complex inhibitor
discovered through high through-put screening (Kubicek et al,,
2007), is an H3 peptide substrate-mimetic molecule. While highly
specific, this small molecule also shows cell toxicity not attributed
to its inhibitory effects. Despite these shortcomings, however,
BIX01294 offered hope to the treatment of various diseases
mediated by this epigenetic pathway and provided a backbone
for the design and synthesis of several subsequent G9a inhibitors,
such as UNC0638, UNC0642, and more (Vedadi et al., 2011;
Liu et al,, 2013). In pre-clinical studies, loss of H3K9me through
BIX-01294, UNC0638, and UNC0642 treatments hypersensitized
tumor cells to DSB-inducing treatment modalities and resulted
in inhibited DSB repair through, interestingly, both HR and
NHE] (Agarwal and Jackson, 2016; Gursoy-Yuzugullu et al., 2017;
Watson et al., 2019). This may be related to the fact that most G9a
inhibitors also target its complex partner, GLP, which has been
implicated in NHE] (Watson et al., 2019).

As mentioned, cells harboring BRCA1/2 mutations are highly
sensitive to defective DDR following PARP inhibition (Dantzer
et al., 2000; Amé et al., 2004). BRCAI must be recruited and
retained at DNA damage sites for it to carry out its regulatory
functions in HR (Scully et al., 1997). This process is dependent
on the BRCT domains of BRCA1 (BRCA1-BRCT) and BRCA1
forming a complex with the BRCAl-associated RING domain
(BARD1) protein (Wu et al, 1996). BARD1 has been shown
to interact with H3K9me2 in response to DNA damage via
direct binding of HP1, a H3K9 reader protein, to the BRCT
domain of BARD-1 (Wu et al., 2015). Treatment of U20S cells
with H3K9 specific HMT inhibitor UNC0638 disrupted BRCA-
BARD retention at DNA damage sites. In breast cancer, treatment
with the PARP inhibitor olaparib in combination with UNC0638
also resulted in a synergistic reduction of clonogenic survival,
suggesting that leveraging H3K9 methyltransferases as a target
with PARP inhibitors in cancer might have therapeutic potential
(Carvalho et al., 2014).

In terms of SAM-competitive small molecule G9a complex
inhibitors, a notable example is BRD4770, which was discovered
by Yuan et al. (2012). BRD4770 reduced cellular levels of
H3K9me2 and H3K9me3, induced cell senescence, inhibited
both anchorage-dependent and independent proliferation and
resulted in G2/M cell cycle arrest in Panc-1, a pancreatic cancer
cell line (Yuan et al, 2012). Work from our laboratory has
shown that combined inhibition of Checkpoint kinase 1 (Chkl),
a key regulator of cell cycle transition in response to DNA
damage, with prexasertib, and G9a, using BRD4770, disrupted
pancreatic cancer cell growth, replication fork progression, and
DNA damage signaling, ultimately leading to induction of cell

death (Urrutia et al., 2020), further supporting the strategy of
DDR targeting in conjunction with G9a complex inhibition.

Although many potent G9a/GLP inhibitors have been
discovered with promising results in vitro and progress
has been made with some of these inhibitors for in vivo
studies in recent years, no inhibitor has advanced to clinical
trials so far due to challenges with pharmacodynamics and
pharmacokinetics optimization (Vedadi et al., 2011; Liu et al,
2013). More studies are needed to augment pharmacodynamics
and pharmacokinetics characteristics as well as toxicity profiles of
current and future inhibitors. Due to the promise of this pathway
as a target for anti-cancer agents, improved development and use
of G9a inhibitors will continue to be in high demand.

EZH2

EZH2 regulates the expression of many genes instrumental
to lineage specification, cell cycle regulation, and DNA repair
(Yamagishi and Uchimaru, 2017). Most of the EZH?2 inhibitors
confer their highly selective and potent inhibition through SAM
competition via a conserved 2-pyridone core, the most notable
being UNC1999 and EPZ-6438, also known as tazemetostat
(Duan et al., 2020). So far, tazemetostat has been approved by
FDA for patients 16 years and older with metastatic or locally
advanced epithelioid sarcoma ineligible for complete resection
as well as relapsed/refractory follicular lymphoma (U.S. Food
and Drug Administration, and Center for Drug Evaluation and
Research, 2020).

Interestingly, targeting EZH2 may promote synthetic lethality
approaches in an HR-related capacity to improve the anti-
tumor efficacy of PARP1 inhibition in BRCA1/2-deficient cancers.
PARPI interacts with and regulates EZH2 following alkylating
DNA damage (Caruso et al., 2018). PARylation of EZH2, which
is the addition of negatively charged ADP-ribose polymers in an
enzymatic reaction, resulted in inhibition of EZH2 HMT activity
(Masutani et al., 2003; Caruso et al., 2018). Caruso et al. (2018)
also demonstrated that EZH2 inhibition via pharmacological
inhibitor UNC1999 aggravated genotoxic effects induced by
treatments of olaparib, an FDA approved PARP inhibitor,
enhancing its synthetic lethal effects in BRCA-deficient cell lines
and AML patient cells. As research ensues to illuminate the
potential of targeting EZH2 as a part of combinatorial therapies
with DDR inhibitors for more malignancies, more patients will
be able to benefit from these new therapeutic strategies.

PRMT5

Notably, PRMT5 acts as part of a multimeric complex with
a variety of partner proteins that regulate its function and
specificity (Antonysamy et al., 2012). One of its key interacting
partners is MEP50, a WD-repeat—containing protein, which
forms a (PRMT5)4(MEP50)4 octamer that has higher enzymatic
activity than PRMTS5 alone. Together, the PRMT5-MEP50
complex is regarded as the active “methylosome” in vivo, which
is an important consideration for its therapeutic targeting. As
described, PRMTS5 is also a key player in DDR. It has been
shown to cooperate with various factors to act as a wide-spectrum
epigenetic regulator of DDR genes involved in HR, NHE], and G2
cell cycle arrest upon detection of DNA damage. In some studies,
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pharmacological targeting of PRMT5 decreased expression of
some DDR genes and hindered DSB repair in multiple cancers
in vitro, resulting in genomic instability, cell cycle defects,
aberrant splicing of key DDR regulators, and ultimately DNA
damage accumulation (Bedford, 2007; Hamard et al., 2018; Zhou
et al,, 2018; Checa-Rodriguez et al., 2020; Hwang et al., 2020).

The first pharmacological inhibitor of the PRMT5-MEP50
complex, EPZ015666, was discovered by Chan-Penebre et al.
(2015). It binds to the peptide binding site of PRMT5 and
has anti-proliferative effects on mantle cell lymphoma cell lines
and xenograft models (Penebre et al, 2014; Chan-Penebre
et al,, 2015). GSK3326595 (EPZ015938) a substrate-competitive,
improved PRMT5-MEP50 inhibitor, is currently under two
clinical trials: a phase I safety and clinical activity study in
myelodysplastic syndrome (MDS) and AML (ClinicalTrials.gov
Identifier: NCT03614728); and a phase I dose escalating study
in solid tumors and non-Hodgkin lymphoma (ClinicalTrials.gov
Identifier: NCT02783300). JNJ-64619178, which inhibits the
PRMTS5 complex through simultaneously binding the SAM- and
protein substrate-binding pockets, is also under phase I clinical
trial as a potential treatment for B cell non-Hodgkin lymphoma,
lower risk MDS and advanced solid tumors (ClinicalTrials.gov
Identifier: NCT03573310). In 2019, PF-06939999 and PRT543,
two of the latest PRMT5 complex inhibitors, also entered early
phase clinical trials (ClinicalTrials.gov Identifier: NCT03854227,
NCT03886831). Interestingly, the DOTIL inhibitor EPZ004777
also inhibits PRMTS5, albeit at >1000-fold lower selectivity with
an ICsp of ~500nM against isolated PRMT5 (Daigle et al.,
2011). However, this compound was later found inactive against
PRMTS5 in complex with MEP50 (Yu et al., 2012), suggesting that
EPZ004777 is not effective to target the active PRMT5 complex
in vivo.

Expression of PRMT5 correlates with multiple gene players
in the DDR pathway across various clinical cancer datasets and
its depletion leads to accumulated DNA damage in cancers
(Hamard et al., 2018; Hwang et al., 2020). Furthermore, targeting
PRMTS5 in the context of some of its non-histone substrates
may also impact DDR integrity to offer additional therapeutic
vulnerabilities. For instance, when DNA damage occurs, PRMT5
methylates p53 at residues R333, R335, and R337, which
promotes p53 oligomerization and targeting to the nucleus
(Jansson et al., 2008). Moreover, PRMTS5 stimulates p53-mediated
cell cycle arrest, while its depletion triggers p53-dependent
apoptosis, suggesting that p53 methylation via PRMT5 plays a
central role in determining the type of response to DNA damage.
PRMTS5 also methylates E2F-1, which is often phosphorylated
by ATM/ATR and Chk1/Chk2 to augment apoptosis upon DNA
damage (Cho et al., 2012). PRMT5-mediated methylation of E2F-
1 negatively regulates its function and impacts protein stability.
Depleting PRMT5 by siRNA resulted in stabilization of E2F-1
protein levels, an increase in E2F target gene expression, reduced
growth rate and restored apoptosis. RADY, a protein heavily
involved in cell cycle checkpoint in response to DNA damage,
was also reported to interact with and be methylated by PRMT5
(He et al., 2011). He et al. (2011) showed that PRMT5-mediated
methylation of RAD9 at R172, R174, and R175 is required for
cellular resistance to DNA damage, and loss of this methylation

by alanine mutagenesis caused S/M and G2/M checkpoint defects
in mouse embryonic stem cells. Thus, the concept of targeting
PRMTS5 in combination with DNA damage-inducing therapies,
such as radiation or chemotherapy, or other DDR deficiencies is
an exciting avenue for investigation.

In support of utilizing PRMTS5 inhibitors within the context of
DDR, pharmacological inhibition of PRMTS5 sensitizes tumors to
treatments inducing DDR that are otherwise prone to resistance
(Hamard et al., 2018; Secker et al., 2019; Hwang et al., 2020). For
example, treatment of osteosarcoma cells with PRMT5 inhibitors
reduces 53BP1 protein levels upon DNA damage as well as
enhances cell senescence mediated by chemotherapy such as
cisplatin (Hwang et al., 2020; Li et al., 2020). An in vivo CRISPR
screen using a pancreatic cancer orthotopic patient-derived
xenograft model identified PRMTS5 as a target to synergistically
enhancing cytotoxicity of gemcitabine, a first- or second-line
chemotherapy for pancreatic cancer (Wei et al., 2020). This is
likely due to the accumulation of excessive DNA damage from
impaired HR activities (Wei et al., 2020). Congruent with the
demonstrated role for PRMT5 in HR and the sensitization of
HR deficient cells to PARP inhibition, combined inhibition of
PRMTS5 and PARP has synergistic cytotoxic effects on AML cells
while sparing normal hematopoietic cells (Hamard et al., 2018).
These studies represent a promising new therapeutic approach to
harness targeting DDR via an HMT such as PRMT5 for AML and
likely offers the opportunity to serve as an effective approach in
other cancers as well.

PERSPECTIVES AND
CONCLUSION—RISK ASSESSMENT
AND PREPAREDNESS PLAN

Histone methyltransferases have long been established as critical
players in gene transcription, expression regulation, DNA
damage repair, and many more processes instrumental to cell
integrity and normal physiology. Many of the HMTs have
also been validated and implicated as viable drug targets in
emerging epigenetic cancer therapies. We reviewed prominent
histone methylation marks involved in DDR pathways and the
potential of their respective small molecule inhibitors as not
just therapeutic targets, but also probes for further elucidating
HMT functions in cancer epigenetic regulation. It is truly exciting
that there has been a notable array of potent and selective
inhibitors of HMTs, many of which have undergone rigorous
pre-clinical studies and demonstrated clinical usefulness in the
context of DNA damage.

Challenges remain, however, for targeting HMTs in DDR
pathways effectively as cancer therapies. As histone methylation
is fundamental in normal human physiology, inhibition of
HMTs may lead to toxicities in patients. Therefore, toxicology
studies are warranted to ensure safe clinical success. Finding
potent small molecule inhibitors with low off-target effects
is also a major challenge, as many HMTs share structural
similarities as well as evolutionarily conserved domains and
co-factors (Huang et al., 2020). Researchers in the field will
need to complete rigorous examinations of pharmacokinetics,
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toxicities, functional validation, and medicinal chemistry profiles
to confirm the roles of such inhibition in cancers and the validity
of candidate compounds.

As drug resistance and heavy side effects from high drug
doses become more persistent among cancer patients due to
the overwhelming complexity of DDR pathways, combination
therapy has become a promising approach to combat the issue,
improve patients’ quality of life via more sparing treatment
regimens, and increase efficacy of currently in-use treatment
modalities. As reviewed here, we have seen tremendous progress
in the discovery of novel, synergistic therapeutic combinations
with inhibitors of HMTs and DDR pathway protein members.

While there remain gaps in knowledge regarding the complete
“accident scene” as to whether some histone methylation events
succumb to the fate of a collateral victim in the wake of DNA
damage, there is evidence to support that certain HMTs play
a more active role in the DDR process as part of the critical
rescue team. Targeting HMTs in the context of DNA damage is a
promising strategy for cancer therapeutics, although its promise
lies in the ability for us to mechanistically study oncogenesis,
as well as overcome drug resistance and high toxicity profiles
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