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Editorial on the Research Topic

The Role of Epigenetic Modifications in Cancer Progression

Epigenetics describes multimodal molecular mechanisms that confer a certain phenotype on cell
without a change in genotype (1). Chromatin remodelers (e.g. SWI/SNF complex) control opening and
shutting a gateway for transcription factors to access genomic loci, and chemical modifications on
chromatins (e.g. DNA methylation and histone modifications) regulate transcriptional activities, both
resulting in a large-scale alteration of transcriptional landscape (2, 3). Small noncoding RNAs also
modulate a transcriptome by targeting a large number of sequence-matched mRNAs and sustain an
epigenetic state by triggering and maintaining epigenetic gene silencing of chromatin modifier (4).

In the post-genomic era, epigenetic regulations have been widely investigated to understand the
molecular mechanisms underlying transcriptional addiction and phenotypic diversity in cancer
cells. In this Research Topic, we have organized a collection of reviews and original research articles
that shed light on the epigenetic regulations of cancer cell identity and fate. Chemical modifications
in histone proteins, such as acetylation, methylation, phosphorylation, and ubiquitination, alter the
structure of chromatin and renew the transcriptional landscape. Since the manner of histone
modifications is often dysregulated in cancer, understanding the molecular mechanism by which
the modifications contribute to cancer progression is important. Illiano et al. describe that targeting
histone lysine demethylases (KDMs) JMJD3/UTX complex by chemical inhibitor, GSKJ4 reduces
proliferation activity by downregulating CREB stability in acute myeloid leukemia cells. Lin et al.
report that a histone demethylase KDM5c, which specifically demethylates trimethylated and
dimethylated H3K4, promotes proliferation activity in colon cancer cells.

During the acquisition of malignant traits, such as metastatic capacity, stemness/dormancy, and
therapy-resistance, cells become addicted to a transcriptionalmode that is peculiar to cancer. As described
by Carvalho and supported by a growing body of evidence, tumor initiation is closely associated with the
acquisition of a stem-like state (5). Oncogenic signals drive the rewiring of transcriptional networks and
epigenetic states in cells, resulting in a constitutively active expression of stem cell-related genes, such as
SOX2, MYC, NANOG, etc. BRACHYURY is one of the well-known stem cell factors. Chen M. et al.
introduce themolecular regulationandbiological aspects ofBRACHYURY in cancer cells, and summarize
the clinical relevance in various kinds of cancer. Xu et al. report that BRACHYURYregulates cell cycle and
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apoptotic cell death program. In the regulation of a dormant state of
cancer cells, Guo et al. describe that ARF-like GTPase 14 (ARL14)
controls dormancy in lungadenocarcinoma.Although theconcept of
dormancy is controversial in cancer biology, there is an increasing
body of evidence that cancer stem cells go to a dormant state in a
certain niche and several cues awake them to reactivate cancer stem
cell-related traits (6). This concept explains, for example, the late-
onset bone metastasis from breast cancer.

Cancer stem cells have been identified by the specific
expressions of marker protein (e.g. CD133 in glioma, CD44 in
breast cancer, etc.) and characterized with self-renewal capacity,
tumor-initiating potential, and their malignant behaviors (e.g.
epithelial-mesenchymal transition (EMT), metastasis, therapy-
resistance, etc.). In the process of the acquisition of the cancer
stem cell-related traits, epigenetic reprogramming is considered
to play pivotal roles. Shen et al. report that ALKBH4 acts as
a suppressor of EMT program and reduces invasion and
metastasis of cancer cells. Mechanistically, ALKBH4 controls
the levels of histone H3K4me3 modification by interacting with a
methyltransferase WDR5.

Therapy-resistance is a clinically important aspect of cancer stem
cells. Romero-Garcia et al. describe the roles of DNAmethylation in
chemoresistance and a wide variety of modified genomic loci in
several types of cancer, and summarize the anti-cancer drugs related
to the resistance triggered by the methylations. Quagliano et al.
describe the hallmarks of epigenetic alteration-induced therapy
resistance, and introduce several chemical compounds that inhibit
the activities of epigenetic modifiers. They further summarize the
possible effects of these inhibitors and the molecular targets in
various types of cancer. Chen Q. et al. describe that Annexin A6
(ANXA6) contributes to radioresistance in nasopharyngeal cancer.
Mechanistically, ANXA6 inhibits PI3K/AKT/mTOR signaling
pathway and thus induces cell-protective autophagy. Chen B.
et al. describe that gene silencing or chemical inhibition of CDK8
reduces radioresistance in colorectal cancer.

Implications of RNAs in epigenetic regulations are widely
recognized in cancer biology. For example, modifications on
RNAs are emerging hallmarks of the genes under epigenetic
control. N6-methyladenosine modification in mRNAs promotes
the stability and translation efficiency of these mRNAs, resulting
Frontiers in Oncology | www.frontiersin.org 26
in a dynamic alteration of gene expressions and, thus, cancer cell
behavior. The process of this modification and the mode of gene
expression are similar to those of DNA modifications: there are
Writers, Erasers, and Readers regarding N6-methyladenosine.
Lu et al. describe the molecular process in detail and summarize
the impacts in the development of hepatocellular carcinoma.
Yu et al. describe each modifier’s characteristic in detail and
summarize their implications in various types of cancer.
Noncoding RNAs are also important for cancer epigenetics. Xu
et al. describe that long noncoding RNA LINC-PINT suppresses
cellular proliferation of melanoma cells. They provide the
evidence that LINC-PINT recruits a histone methylase EZH2
(enhancer of zeste homolog 2) to the loci of proliferation-related
genes like PCNA. Zou et al. describe the significance of single-
nucleotide variants in long intergenic non-protein coding RNAs.
Wang et al. demonstrate microRNA miR-27a targets EGFR and
its phosphorylation, resulting in suppression of cutaneous
squamous cell carcinoma. As one of the emerging evidence
that RNA editors are important for epigenetic regulation in
cancer, Chen J. et al. report a large number of RNA editing
sites, which are associated with hepatocellular carcinoma.
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Silencing of ARL14 Gene Induces
Lung Adenocarcinoma Cells to a
Dormant State
Fei Guo, Dexiao Yuan, Junling Zhang, Hang Zhang, Chen Wang, Lin Zhu,
Jianghong Zhang, Yan Pan* and Chunlin Shao*

Institute of Radiation Medicine, Fudan University, Shanghai, China

Recently, a growing number of ADP ribosylation factor (ARF) family members has been
suggested to be critical in tumorigenesis. However, the effects of most ARF members
on lung adenocarcinoma pathogenesis are still not well disclosed yet. In this study,
ARF-like GTPase 14 (ARL14) was screened as an important prognostic factor of lung
adenocarcinoma from The Cancer Genome Atlas (TCGA) database and validated by our
in vitro experiments. It was found that silencing of ARL14 gene inhibited cell proliferation
and the abilities of cell migration and invasion, and it also attenuated radiation damage
of lung adenocarcinoma cells but had no effect on the proliferation of normal lung
cells. Notably, ARL14 siRNA blocked the extracellular signal-regulated kinase (ERK)/p38
signaling pathway and induced cell cycle arrest in G0 phase, ultimately leading to cell
dormancy. Moreover, ARL14 siRNA enhanced the expression of cell death activator
DFFA-like effector (CIDEC) that had opposite roles in cell proliferation and migration
to ALR14. Collectively, our results suggest that ARL14 has an important role in the
pathogenesis of lung adenocarcinoma through CIDEC/ERK/p38 signaling pathway, and
thus it could be applied as a new candidate of prognosis indicator and/or therapeutic
target of lung adenocarcinoma.

Keywords: ARL14, CIDEC, ERK/p38, lung cancer dormancy, radiation

INTRODUCTION

With the development of diagnostic techniques and treatment strategies, significant improvements
have been made in the quality of life of patients with lung cancer; however, malignant lung tumors
still show the highest morbidity and mortality rates among cancer types (Siegel et al., 2017), with
only 16.8% of patients surviving for 5 years after diagnosis (Ridge et al., 2013). Given the variability
between pathology and etiology, lung cancer can be subdivided into non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC) (Sharma et al., 2007; Cheng et al., 2015). Approximately
40% of all lung cancer cases are lung adenocarcinoma, which is the most common type of NSCLC
(Xue et al., 2018). The prognosis of patients with lung adenocarcinoma is extremely poor because
of the lack of effective treatment measures against metastatic lung cancer. Therefore, studies to
determine the molecular mechanisms governing the oncogenesis and metastasis process of lung
adenocarcinoma are urgently needed.

ADP ribosylation factor-like GTPase 14 (ARL14), also known as ARF7, belongs to the ADP
ribosylation factor (ARF) family of GTP-binding proteins of the Ras superfamily and it is the
closest homolog of ARL11 (Yendamuri et al., 2007). The ARL11 polymorphisms Trp149Stop and
Cys148Arg have been shown to be associated with a high risk of familial cancers, such as breast,
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ovarian, colorectal, and hematological malignancies, among
others (Calin et al., 2005; Frank et al., 2006; Masojc et al., 2006;
Siltanen et al., 2008; Yang et al., 2009; Hamadou et al., 2017).
ARL11 was also reported as a novel tumor suppressor gene in
lung and prostate cancer (Yendamuri et al., 2007, 2008; Siltanen
et al., 2013). However, the function of ARL14 in the formation
and progression of human cancer is unknown.

This study was conducted to determine the function
and possible underlying mechanisms of ARL14 in lung
adenocarcinoma tumorigenesis. Our results revealed the
contribution of ARL14 in lung adenocarcinoma tumorigenesis
and suggested that ARL14 might have potential implication
as a diagnostic biomarker and therapeutic target for
lung adenocarcinoma.

MATERIALS AND METHODS

Cell Culture and Irradiation
Human lung bronchial epithelial BEAS-2B cells and human lung
cancer PC9 cells were obtained as gifts from the Nanjing Medical
University and School of Life Sciences of Fudan University,
respectively. They were cultured in Dulbecco’s Modified Eagle
Medium (DMEM). Human non-small-cell lung cancer A549
cells and human lung fibroblast MRC-5 cells were purchased
from Shanghai Cell Bank (Shanghai, China) and cultured in
DMEM and α-modified Eagle medium (MEM), respectively. All
cells were cultured with suitable medium contained 10% fetal
bovine serum (FBS, Gibco, Invitrogen, United States), 100 U/ml
penicillin and 100 µg/ml streptomycin, and incubated at 37◦C
and 5% CO2 atmosphere. For irradiation treatment, cells were
exposed to different doses of γ-rays as described previously
(He et al., 2014).

Transient Transfection of SiRNA
Short interfering RNAs (siRNAs) against ARL14, cell death
activator DFFA-like effector (CIDEC) and their negative controls
(RiboBio Biotechnology, Guangzhou, China) were transfected
into cells with lipofectamine 2000 (Invitrogen, Carlsbad, CA,
United States) following the manufacturer’s protocol. The target
sequences of these transiently transfected siRNAs are listed in
Supplementary Table S1.

Cell Growth and Cloning Efficiency
Assays
Following siRNA transfection for 24 h, 1000 cells/well were
plated into a 96-well plate and incubated for 24, 48, 72, 96, or
120 h and then measured by Cell Counting Kit-8 assay (CCK-
8, Dojindo Laboratories, Kumamoto, Japan) at an absorbance of
450 nm. For the cloning efficiency assay, 200–300 cells/well were
seeded into six-well culture plates and grown for 10–14 days. The
number of colonies containing more than 50 cells was counted
and normalized to corresponding control.

Radiation Sensitivity Assay
After siRNA transfection for 24 h, 1500–2500 cells/well from all
groups were plated onto a 96-well plate and incubated for 24 h.

After irradiation with γ-ray at 0, 2, 4, and 8 Gy, the cells were
further cultured for 96 h and then issued for cell proliferation
assay described above.

Cell Migration and Invasion Assay
In vitro transwell assays were performed to assess cell migration
and invasion abilities as previously described (Pan et al.,
2016). Briefly, for the migration assays, 5–7 × 104 serum-
starved cells were cultured with serum-free medium in a upper
insert dish containing enormous 8-µm-diameter pores in its
bottom membrane (Corning Inc., Corning, NY, United States)
companied with a 6-well plate chamber filled with DMEM
containing 10% FBS. For the invasion assays, the above insert dish
was replaced with one coated with 1 µg/mL Matrigel (Corning).
After 24 h of culture, the cells were fixed with 100% methanol
for 30 min and stained with crystal violet staining solution
(Beyotime, Shanghai, China) for 25 min. Cells on the upper
surface of the insert dish bottom were carefully removed using
a wet cotton swab and those that had migrated through the
membrane were photographed and counted in five random fields
(×10) using an inverted microscope.

Western Blot Assay
Western blot analysis for specific protein expression
was performed as previously described (Wang et al.,
2017). The antibodies used in this study are listed in
Supplementary Table S2.

Immunofluorescence Assay of Ki67
Protein
For all groups, 2–4 × 104 cells plated on culture slides were
incubated for 48 h at 37◦C in 5% CO2, and then the exponentially
growing cells were fixed with immune staining fix solution and
treated with enhanced immunostaining permeabilization buffer
for 15 min at room temperature. Next, non-specific antibody
binding sites were blocked with QuickBlockTM blocking buffer
for immunological staining for 1 h. Ki67 primary antibody at
appropriate dilutions was added and incubated at 4◦C overnight
followed by further incubation for 1 h at room temperature in
the dark with Alexa Fluor R© 594 goat anti-mouse IgG (H + L)
(Thermo Fisher Scientific, Waltham, MA, United States). Finally,
the cell nuclei were counterstained with DAPI Fluromount-GTM

(Southern Biotech, Birmingham, AL, United States) for 5 min.
The Ki67 positive cells were examined using a Zeiss Axioplan
fluorescence microscope (Oberkochen, Germany).

RNA Isolation and Quantitative
Real-Time PCR Analysis
Total RNA was isolated from cells using a MiniBEST
Universal RNA Extraction Kit (Takara, Shiga, Japan). Reverse
transcription and real-time PCR (qRT-PCR) were performed
with PrimeScriptTM RT Master Mix (Perfect Real Time, Takara)
and SYBR R© Premix Ex TaqTM II (Tli RNaseH Plus, Takara)
following the manufacturer’s instructions. The gene-specific
primers are shown in Supplementary Table S3. The relative
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expression level of mRNA was examined as the inverse log of the
delta CT and normalized to the reference gene, β-actin.

Cell-Cycle Analyses
Following siRNA transfection and 8 Gy γ-ray radiation
treatment, the cells were grown in an incubator with 5% CO2
at 37◦C for 24 h and then collected, fixed in 70% cold ethanol,
and stored at−20◦C overnight. The cell pellets were washed twice
with 1 × phosphate-buffered saline and centrifuged at 1000 × g
and 4◦C for 10 min, following by staining with a cell cycle kit
(BD Biosciences, Franklin Lakes, NJ, United States) according to
the manufacturer’s instructions. The total cellular DNA content
was analyzed with a flow cytometer (Beckman, Brea, CA,
United States) by acquiring data for at least 10,000 events.

Gene Set Enrichment Analysis (GSEA)
Gene set enrichment analysis (GSEA 3.0)1 was used to explore
potential KEGG pathway and GO analysis within the Molecular
Signatures Database (MSigDB 6.0) of c2 (curated gene sets)
and c5 (GO gene sets). Setting ARL14 gene expression levels as
population phenotypes in GSEA, we analyzed gene expression
omics predictions and assessed related pathways in lung
adenocarcinoma. A nominal P-value <0.05 and false discovery
rate (FDR) <0.25 of the enrichment gene sets in the analysis were
considered statistically significant. The theory and process of
GSEA have been described previously (Subramanian et al., 2005).

Statistical Analysis
All data were obtained from 3 to 5 independent experiments
and presented as the means ± SE. Statistical analyses were
analyzed with Student’s t-tests using SPSS 19.0 software (SPSS,
Inc., Chicago, IL, United States). P < 0.05 was considered to be
statistically significant difference between treatment groups.

RESULTS

ARL14 Is a Candidate Prognostic Factor
for Lung Adenocarcinoma
Analyzing the data of lung adenocarcinoma samples and matched
normal control tissues obtained from The Cancer Genome Atlas
(TCGA) online resource, we found that the mRNA expression of
ARL14 in lung adenocarcinoma samples was significantly higher
than that in the matched normal tissues (Figure 1A, N = 57,
fold change = 2.3, P = 1.23E-06), and the expression of ARL14
in adenocarcinoma had a very strong negative correlation with
the overall survival of those lung cancer patients (Figure 1B,
N = 482, P = 4.12E-04). In comparison with the mean level, the
lower level of ARL14 mRNA corresponds to the higher survival.
Our measurement further confirmed that the expression levels
of ARL14 in lung adenocarcinoma cells (A549 and PC9) were
higher than that in normal lung cells (BEAS-2B and MRC-5)
(Figure 1C), which is consistent with the results obtained from
TCGA cohort. Therefore, ARL14 might become a candidate

1http://software.broadinstitute.org/gsea/index.jsp

prognostic factor of lung adenocarcinoma development and is
worthy of further investigation of its function.

Knockdown of ARL14 Suppresses
Proliferation, Migration, and Invasion of
Lung Adenocarcinoma Cells
To investigate the functions of ARL14 in lung adenocarcinoma
cells,ARL14 gene expression in A549 and PC9 cells was interfered
with siRNA and the silencing effect was detected by qRT-PCR
and Western blot assays. As shown in Figures 1D,E, siARL14-
1 (hereafter called siARL14) had the most effective efficiency
in knock-down ARL14 expression and thus was applied for
the following studies. It was found that siARL14 significantly
inhibited cell proliferation (Figure 1F) and cell colony formation
ability (Figure 1G) for both A549 and PC9 tumor cells. In
addition, siARL14 also effectively suppressed the expression of
ARL14 in normal lung cells MRC-5 and BEAS-2B (Figures 1H,I),
however, it had no influence on the proliferation and cloning
efficiency of both normal lung cells (Figures 1J,K). These results
suggest that ARL14 may have some special function in cancer
cells, which could influence the outcome of radiotherapy. To
confirm this hypothesis, we studied the influence of siARL14
on radiation responses of lung adenocarcinoma cells. Results
showed that cell proliferations of A549 and PC9 were decreased
by γ-ray irradiation in a dose dependent manner, but this
decrease was effectively weakened when ARL14 was knocked
down in these cells (Figure 1L). In addition, radiation reduced
the abilities of migration and invasion of A549 and PC9 cells
but it had no obvious influence on the migration and invasion
of siARL14-transfected cells although siARL14 itself suppressed
cell migration and invasiveness (Figures 1M,N).

Knockdown of ARL14 Induces Lung
Adenocarcinoma Cells to Dormancy
Uncontrolled proliferation is a well-established hallmark of
cancer cells. Nearly all human cancers have deregulated control
in cell-cycle progress. G0 phase is an important check-point when
cells decide to begin proliferation or remain quiescence. We
monitored the cell cycle distribution by flow cytometer at 24 h
after irradiation and found that A549 and PC9 cells were arrested
in G2/M phase in accompany with a reduction of cells in G1
phase (Figure 2A and Supplementary Table S4). When the cells
were transfected with siARL14, radiation-induced G2/M arrest
was effectively released, especially for A549 cells. In fact, silencing
of ARL14 expression resulted in G0/G1 phase accumulation of
A549 cells (Figure 2A).

Ki67 protein is an indicator of cell proliferation (Bruno and
Darzynkiewicz, 1992). Our immunofluorescence experimental
results showed that about 80% cells in the logarithmic growth
population of A549 and PC9 had positive Ki67 expression,
but when the cells were interfered with siARL14, the ratios
of Ki67-positive cells were obviously decreased in both cell
lines (Figures 2B,C), indicating cell proliferation ability was
attenuated by siARL14.

Imbalance of extracellular signal-regulated kinase (ERK)/p38
signaling activities has also been suggested to determine
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FIGURE 1 | ARL14 is a potential prognostic biomarker for lung adenocarcinoma and contributes to proliferation, radiosensitivity, migration, and invasion of lung
adenocarcinoma cells. (A) The expression levels of ARL14 mRNA in lung adenocarcinoma samples and matched normal control tissues (N = 57) in the TCGA
cohort. (B) Kaplan–Meier analysis of the correlation between ARL14 level and overall survival of lung adenocarcinoma patients with high (N = 194) and low (N = 288)
ARL14 expression in the TCGA cohort. Cut-off value for evaluation of ARL14 mRNA level was the mean expression of 482 lung adenocarcinoma samples. (C) The
expression levels of ARL14 mRNA in BEAS-2B, MRC-5, A549, and PC9 cells. (D,E) The expressions of ARL14 mRNA (D) and protein (E) were reduced in A549 and
PC9 cells transfected with ARL14 siRNAs for 48 h. (F,G) Silencing of ARL14 decreased proliferation (F) and cloning efficiency (G) of A549 and PC9 cells significantly.
(H,I) The expressions of ARL14 mRNA (H) and protein (I) in MRC-5 and BEAS-2B cells transfected with ARL14 siRNAs for 48 h. (J,K) Silencing of ARL14 had no
significant influence on proliferation (J) and cloning efficiency (K) of MRC-5 and BEAS-2B cells. (L) The dose responses of the viability of A549 and PC9 cells with or
without siARL14 transfection. (M,N) The migration and invasion activities of A549 and PC9 cells with or without ARL14 siRNA transfection. After siRNA transfection,
cells were irradiated with 8 Gy γ-rays. ∗∗∗P < 0.001 compared with the corresponding control.

carcinoma cell proliferation or dormancy (Aguirre-Ghiso et al.,
2001, 2003; Ranganathan et al., 2006). We wonder whether ERK
and p38 signaling pathways are regulated by ARL14 in lung
adenocarcinoma cells. It was found that whenARL14 in A549 and
PC9 cells was silenced, both total protein and its phosphorylation
level of ERK1/2 were increased and p-p38 protein was activated

(Figure 2D). A high level of ERK1/2 activity contributes to
the promotion of cell proliferation (Aguirre-Ghiso et al., 2001,
2003; Lents et al., 2002; Ranganathan et al., 2006; Chambard
et al., 2007). But here silencing ARL14 caused a distinct
decreased cell proliferation, indicating that the ERK signaling
pathway is blocked by knockdown of ARL14 expression, which
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FIGURE 2 | Down-regulation of ARL14 expression induced quiescence of lung adenocarcinoma cells in G0/G1 phase and inhibited cell proliferation. (A) Effects of
ARL14 siRNA on cell cycle distribution and radiation-induced G2/M phase arrest of A549 and PC9 cells. (B,C) Ki67 positive ratio in A549 and PC9 cell population
transfected with ARL14 siRNA. (D,E) The proteins and their phosphorylation levels of ERK and p38 (D), p16, cyclin D1, p27, p21, and p53 (E) in A549 and PC9 cell
population transfected with ARL14 siRNA and its negative control. ∗∗P < 0.01 and ∗∗∗P < 0.001 compared with the corresponding control.

resulted in the accumulation of ERK and its phosphorylation.
To verifying this, we examined whether p21 and cyclin D1
were affected by siARL14. Results showed that when ARL14
expressions in A549 and PC9 cells were silenced, the expressions
of cyclin D1 protein and its phosphorylation level were both
increased. However, the p21 protein and its phosphorylation
level were upregulated in A549 cells but downregulated in PC9
cells (Figure 2E). Because the cell dormancy after siARL14
transfection was observed in both A549 and PC9 cells according
to above Ki67 immunofluorescence assay, we predicted that other
cell cycle associated factors may also play important roles in
siARL14-induced cell cycle arrest and cell dormancy, such as
p16 (Barkan et al., 2008; Sosa et al., 2011), p27 (Barkan et al.,
2008; Cackowski et al., 2017; Fluegen et al., 2017; Liu et al.,
2018), and p53 (Nagayama et al., 2000; Sosa et al., 2011; Dai
et al., 2016). Indeed, our further assay demonstrated that, after
siARL14 transfection, both p16, p27 and p53 protein and their
phosphorylation levels were upregulated in PC9 cells, and p16

and p27 were upregulated in A549 cells that had abnormal status
of p53 (Figure 2E).

CIDEC Is a Downstream Gene of ARL14
Seldom study has evaluated the transcriptional regulation of
ARL14 in human cancers. GSEA is a useful tool to reveal the
corresponding pathway and regulation mechanism of specific
genes (Li et al., 2018), particularly those with unknown functions
(Liu et al., 2016). Therefore, the GSEA of 594 RNA-seq
data of lung adenocarcinoma from TCGA was performed
to gain the insights of interaction networks of ARL14. The
results suggested that 5850 genes are co-expressed with ARL14
(Supplementary Data Sheet S1) and the pathways of both
positively and negatively correlated with ARL14 are mostly
related to metabolism and immune system (Supplementary
Tables S5, S6). Because the absolute magnitude of the correlation
index of genes involved in the pathways negatively correlated
with ARL14 were much lower than 0.2 (P < 0.05), we focused
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FIGURE 3 | CIDEC is a downstream gene of ARL14 and contributes to proliferation, radiosensitivity, migration and invasion of lung adenocarcinoma cells. (A) The
candidate genes negatively correlated with ARL14 analyzed from GESA database and their relative expression levels of mRNA were measured in A549 and PC9 cells
transfected with ARL14 siRNA. (B,C) The expressions of CIDEC mRNA (B) and protein (C) in A549 and PC9 cells transfected with CIDEC siRNAs for 48 h. (D–F)
Silencing of CIDEC increased proliferation (D), cloning efficiency (E), and radioresistance (F) of A549 and PC9 cells. (G,H) The expressions of CIDEC mRNA (G) and
protein (H) were reduced in MRC-5 and BEASA-2B cells transfected with CIDEC siRNAs for 48 h. (I,J) Silencing of CIDEC had no significant influence on
proliferation (I) and cloning efficiency (J) of MRC-5 and BEAS-2B cells. (K,L) The migration and invasion activities of A549 and PC9 cells with or without CIDEC
siRNA transfection. After siRNA transfection, cells were irradiated with 8 Gy γ-rays. ∗∗P < 0.01 and ∗∗∗P < 0.001 compared with the corresponding control.

only on the pathways positively correlated with ARL14 and
examined the mRNA expressions of 22 top-ranking protein
encoding genes (Supplementary Data Sheet S1). It was found
that only the expressions of AXDND1, CIDEC, IL1R2, EPS8L3,
and INSC genes were significant increased (fold-change > 1.5)
in both A549 and PC9 cells after ARL14 silencing (Figure 3A),
indicating that these gene may be downstream of ARL14.

Figure 3A also showed that CIDEC and EPS8L3 had the highest
expressions and the biggest changes in both cell lines, since the
function of EPS8L3 protein is still unknown, we focused on the
relationship between ARL14 and CIDEC, which has a correlation
coefficient of 0.7756 (Supplementary Data Sheet S1).

To further determine the relationship between ARL14
and CIDEC, the function of CIDEC in tumor proliferation
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FIGURE 4 | Down-regulation of CIDEC expression contributes to the distribution of cell cycle and the expression of cell cycle-related proteins in A549 and PC9 cells.
(A) Effects of CIDEC siRNA on the cell cycle distribution and radiation-induced G2/M phase arrest of A549 and PC9 cells. (B,C) The proteins and their
phosphorylation levels of ERK and p38 (B), p16, cyclin D1, p27, p21, and p53 (C) in A549 and PC9 cell population transfected with CIDEC siRNA and its negative
control. After siRNA transfection, cells were irradiated with 8 Gy γ-rays.

was then detected. We transfected A549 and PC9 cells
with siRNAs against CIDEC and the silencing effect were
evaluated by qRT-PCR and Western blot assays (Figures 3B,C).
The sequence siCIDEC2 (hereafter named siCIDEC) had the
most effective efficiency in silencing CIDEC gene and thus
applied for further experiments. It was found that siCIDEC
significantly increased cell proliferation, clone formation and
radiation resistance of A549 and PC9 cells (Figures 3D–F).
Interestingly, although siCIDEC also reduced the expressions
of CIDEC gene and protein in both MRC-5 and BEAS-
2B cells (Figures 3G,H), it had no significant influence in
cell proliferation and clone formation of these normal cells
(Figures 3I,J). In addition, silencing of CIDEC expression
could increase cell migration and invasion and further partly
recovered radiation-reduced metastasis ability of both A549 and
PC9 cells (Figures 3K,L). Accordingly, CIDEC has opposite
roles in cell proliferation and migration to ALR14 in lung
adenocarcinoma cells.

In addition, cell cycle analysis revealed that silencing of
CIDEC attenuated the accumulation of cell cycle arrested
at G2/M phase of irradiated A549 cells but increased the
accumulation of PC9 cells arrested at S-phase (Figure 4A and

Supplementary Table S4). Western blot assay shows that the
protein and phosphorylation levels of p38 and ERK1/2 and
their downstream proteins p16, p21, p27, p53, and cyclin D1
were all down-regulated in A549 and PC9 cells after siCIDEC
transfection (Figures 4B,C), which also had a conversed pattern
in comparison with that in ARL14 silencing cells.

DISCUSSION

ARL14 is located on human chromosome 13q14.2, a region
closely related to several cancers including lung cancer
(Ninomiya et al., 2013; Du et al., 2018) and involved in multidrug
resistance in cancer treatment (Litviakov et al., 2016). The
ARL14 gene encodes a protein member of the Ras super-
family composed of 196 amino acids which is involved in
apoptotic signaling and several regulatory pathways (Kahn et al.,
1992), indicating its usefulness as a marker for predicting
tumor progression and prognosis. We found that ARL14
had significantly different levels between lung adenocarcinoma
samples and matched normal control tissues as well between
lung adenocarcinoma cells and normal lung cells, and ARL14
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level is associated with the prognosis of lung adenocarcinoma.
Moreover, silencing ARL14 inhibited the proliferation, migration
and invasion of lung adenocarcinoma cells but it had no influence
on the proliferation of normal lung cells. Therefore, ARL14 may
be applied as an ideal prognostic biomarker and therapeutic
target of lung adenocarcinoma.

Our pilot study showed that, when the lung adenocarcinoma
A549 cells were transferred with a lentiviral expression vector of
ARL14 gene, the cell cloning efficiency became very low (<5%)
and the cell proliferation was almost total inhibited, indicating
that the silencing ARL14 by lentivirus causes growth arrest and
dormancy of lung adenocarcinoma cells. Therefore, this study
just transiently transferred siARL14 into lung adenocarcinoma
cells and normal lung cells to knock-down ARL14 expression and
found that the percentage of G0/G1-phase cells was increased
and the protein level of Ki67 was downregulated in ARL14
knockdown lung adenocarcinoma cells.

CIDEC, a member of the cell-death-inducing DFF45-like
effectors family (Liang et al., 2003), is located on human
chromosome 3p25, a region associated with a high frequency
of loss of heterozygosity in a wide range of tumor tissues.
This region plays an important role in the pathogenesis of
lung cancer (Graziano et al., 1991). However, few studies of
CIDEC expression in cancer cells have been reported. Min
et al. (2011) found that CIDEC expression was decreased in
hepatocellular carcinoma tissue compared with its adjacent
normal tissues, and overexpression of CIDEC inhibited the
proliferation of SMMC-7721 cells. In agreement with those
studies, our results showed that CIDEC silencing promoted
cell proliferation, while ARL14 silencing inhibited proliferation
and upregulated CIDEC expression in lung adenocarcinoma
cells. Moreover, CIDEC and ARL14 had opposite effects on the
expressions of proliferation-related proteins and the migration
and invasion capacities of lung adenocarcinoma cells. These
results supply an evidence that CIDEC is downstream of
ARL14 and has antagonistic effect on the biological function
of ARL14.

Overall, our results demonstrate that silencing ARL14
can block ERK1/2 and p38 signaling and stimulates its
downstream gene CIDEC expression, which further activates
their downstream effectors of p16, p21, p27, p53, and cyclin D1,
resulting in cell cycle arrest of the lung cancer cells. These findings
should have implication in identifying the predictive biomarker
and treatment targets for lung adenocarcinoma.
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N6-Methyladenosine (m6A), a pervasive posttranscriptional modification which is

reversible, has been among hotspot issues in the past several years. The balance

of intracellular m6A levels is dynamically maintained by methyltransferase complex

and demethylases. Meanwhile, m6A reader proteins specifically recognize modified

residues and convey messages so as to set up an efficient and orderly network of

m6A regulation. The m6A mark has proved to affect every step of RNA life cycle,

from processing in nucleus to translation or degradation in cytoplasm. Subsequently,

disorders in m6A methylation are directly related to aberrant RNA metabolism,

which results in tumorigenesis and altered drug response. Therefore, uncovering the

underlying mechanism of m6A in oncogenic transformation and tumor progression seeks

opportunities for novel targets in cancer therapy. In this review, we conclude the extensive

impact of m6A on RNA metabolism and highlight its relevance with human cancer,

implicating the far-reaching value in clinical application.

Keywords: epitranscriptome, RNA methylation, m6A, posttranscriptional control, human cancer

INTRODUCTION

N6-methyladenosine (m6A), which refers to the addition of methyl groups to the N-6 position of
the adenosine residue, is a pervasive posttranscriptional RNA internal modification of eukaryotes
(1). Since its first discovery in the 1970s, m6A had remained an uncharted territory due to technical
bottlenecks (2). The stagnation ended in 2011, when the fat mass and obesity-associated protein
(FTO) was revealed to exhibit demethylation activity on m6A-modified RNAs (3). The m6A mark
was thus identified as a reversible process, which generated refueled passion in this field. To
date, scientists have confirmed multiple m6A regulatory enzymes and classified them as “writers,”
“erasers,” and “readers” (4).

With the availability of high-throughput sequencing technique, scientists are nowadays capable
of detecting m6A methylation at transcriptome-wide level (5, 6). m6A sites are mainly enriched
near stop codons, in 3′-untranslated regions (3′-UTRs) and within long internal exons. Besides
messenger RNAs (mRNAs) and long non-coding RNAs, a wide range of circular RNAs (circRNAs)
generated by back splice events also undergoes m6A modification (7). The m6A-circRNAs
frequently arise from exons that are void of m6A peaks in mRNAs. This chemical mark is
evolutionarily conserved and falls within a consensus motif RRACH (R = G/A, A = m6A, H =

A/C/U) (5, 6, 8). What is more, m6A RNA methylation poses a broad control on RNA metabolism
including alternative splicing, subcellular localization, and translational regulation (9). The impact
of m6A regulatory enzymes on RNA processes may further interplay with tumor biology, which
will be respectively discussed in this review.
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m6A REGULATORY ENZYMES WORK IN A
COOPERATIVE MANNER

The m6A regulatory enzymes work cooperatively to maintain
the balance of intracellular m6A levels (4) (Figure 1). m6A
“writers” composing the methyltransferase complex catalyze this
modification positively. This decoration could be reversed by
m6A “erasers” harboring demethylase activity. Meanwhile, m6A
“readers” specifically recognize modified residues and convey
messages so as to set up an efficient and orderly network of
m6A regulation.

The m6A methyltransferase complex is mainly comprised
of methyltransferase-like 3 (METTL3), METTL14, and Wilms’
tumor 1-associating protein (WTAP), which regulate the
distribution of m6A in coordination (10). METTL3 serves
as the core component, while METTL14 is integrated with
METTL3 as a stable heterodimer and catalyzes m6A RNA
methylation through synergistic effect (10, 11). WTAP anchors
METTL3–METTL14 complex to target RNAs and promotes
its accumulation in nuclear speckles (8). Since WTAP harbors
no methyltransferase activity, this regulatory subunit takes
effect on the premise of functional m6A methylation complex
(12). Scientists have also reported some other proteins that
modulate the cellular m6A landscape cooperatively. METTL16,
a newly defined m6A writer targeting U6 spliceosomal small
nuclear RNA, also regulates S-adenosylmethionine homeostasis
by inducing the expression of S-adenosylmethionine synthetase
upon methionine starvation (13–16).

The m6A erasers discovered so far involve two candidates,
FTO and AlkB homolog 5 (ALKBH5). FTO was initially proved
to regulate energy homeostasis and is positively related to risk
of obesity (17, 18). ALKBH5 is a homolog of FTO, and they
both belong to the Fe(II)- and oxoglutarate-dependent AlkB
oxygenase family (17–19). In the m6A circuit, FTO and ALKBH5
identify m6A-modified nuclear RNAs as substrate and catalyze
removal of m6A mark (3, 19).

The reader proteins specifically recognize m6A decoration to
sortmRNAs for quickermetabolism to further perform biological
functions (4). Among these readers, YT521-B homology
(YTH) domain proteins are the best documented, including
YTH domain family proteins (YTHDF1–3) and YTH domain
containing proteins (YTHDC1–2) (20–25). YTHDF1–3 and
YTHDC2 are cytoplasmic readers, while YTHDC1 mainly
operates in the nucleus. Insulin-like growth factor 2 mRNA-
binding proteins (IGF2BP1–3) is a distinct family of readers
with K homology (KH) domains to recognize m6A (26).
More potential m6A readers are under exploration, such as
heterogeneous nuclear ribonucleoprotein A2/B1 (HNRNPA2B1)
and eukaryotic initiation factor 3 (eIF3) (27, 28).

m6A REGULATES RNA METABOLISM IN
PHYSIOLOGICAL CONDITIONS

The RNA life cycle comprises RNA processing, export, and
translation or degradation. Formidable evidence has shown that
m6A and its regulatory enzymes take part in every step of RNA

metabolism. Generally speaking, the writers and erasers dictate
m6A levels in specific targets, which are decoded by the readers
to accelerate RNA process and translate into distinct functions.

RNA Processing in Nucleus
WTAP favors the positioning of METTL3–METTL14 complex
in nuclear speckles that are sites associated with RNA processing
and transcription (10). As a result, WTAP modulates alternative
splicing and gene expression. Similarly, ALKBH5 colocalizes with
nuclear speckles, and m6A erasure mediated by ALKBH5 is
critical for correct splicing, preventing longer 3′-UTR mRNAs
from quick degradation during spermiogenesis (29).

YTHDC1 binds m6A-modified pre-mRNAs and affects
RNA binding affinity of splicing factors (30). Under normal
circumstances, YTHDC1 promotes mRNA binding of SRSF3
while antagonizing that of SRSF10, predominantly triggering
exon inclusion of targeted mRNAs (31) (Figure 1). In addition,
YTHDC1 interacts with pre-mRNA 3′ end processing factors
such as CPSF6 and determines the length of 3′-UTR where
lie many microRNAs (miRNAs) target sites (25). Given that
miRNAs pair to mRNAs of protein-coding genes and repress
them at posttranscriptional level, YTHDC1 regulates mRNA
stability and translation efficiency indirectly (25, 32).

Meanwhile, m6A mark induced by METTL3 on primary
miRNAs could be recognized by adaptor readers such as
HNRNPA2B1 (27, 33). The microprocessor protein DGCR8 is
then recruited to specific precursormiRNAs and encourages their
processing into mature miRNAs.

mRNA Export From Nucleus to Cytoplasm
In addition to alternative splicing and exon inclusion, YTHDC1
favors export of methylated mRNAs from nucleus to cytoplasm
by the aid of SRSF3, indirectly triggering translation via increased
cytoplasmic abundance of targets (34) (Figure 1).

Consistently, Alkbh5 deficiency in male mice lifts m6A levels
and facilitates mRNA export to cytoplasm (35, 36). Cytoplasmic
levels of mRNAs critical for proper spermatogenic maturation
are altered, leading to aberrant spermatogenesis and apoptosis.
Thus, it appears that m6A exerts complex roles on subsequent
effect of mRNA export. In addition, the latest findings show that
Fragile X mental retardation protein, a newly identified m6A
reader protein, is also capable of facilitating the nuclear export of
m6A-marked transcripts through directly binding to a collection
of m6A sites on target mRNAs (37).

mRNA Translation or Degradation in
Cytoplasm
After nuclear export, m6A-modified RNAs will be sorted
into different groups depending on diverse readers and then
undergo a fast-tracking metabolism for translation or dedicated
degradation. This process helps to generate adequate protein for
urgent demand or rapidly degrade mRNAs in necessity (2).

YTHDF1 binds m6A-modified RNAs and promotes ribosome
loading via recruiting initiation factors (eIFs) that are pivotal in
the rate-limiting step of translation (20) (Figure 1). Accordingly,
YTHDF1 facilitates translation efficiency and protein synthesis.
Other readers including YTHDC2, IGF2BPs, and eIF3 also bind
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FIGURE 1 | Schematic diagram of RNA m6A methylation. The methyltransferase complex (METTL3, METTL14, WTAP, and METTL16), which catalyzes methylation at

the N6 position adenosine, and the demethylases (FTO and ALKBH5), which remove methyl groups, dynamically regulate cellular m6A levels in the nucleus. Besides,

m6A modification could be specifically recognized and bound by diverse reader proteins. Nuclear m6A readers promote miRNA processing while affecting mRNA

splicing, stability, and export. Cytoplasmic readers mediate m6A-marked mRNA translation and degradation.

m6A at its consensus motif to enhance translation efficiency
(23, 24, 26, 28).

On the contrary, YTHDF2 mediates m6A-containing
RNA decay, thus regulating gene expression and cell fate
(21). YTHDF2 knockdown results in accumulation of
untranslated target mRNAs, thereby reducing translation
efficiency. Specifically speaking, carboxy-terminal domain of
YTHDF2 selectively binds to m6A-modified mRNA, while
amino-terminal domain localizes the YTHDF2–mRNA complex
to RNA decay sites. Recently, the molecular mechanism
underpinning YTHDF2-directed RNA decay has been
expounded. m6A-containing linear and circular RNAs undergo

endoribonucleolytic cleavage through YTHDF2-HRSP12-
RNase P/MRP axis, coupled to CCR4-NOT complex-mediated
deadenylating pathway (38) (Figure 1). In addition, a recent
study reported that multivalent m6A-modified RNAs could
promote the phase separation of YTHDFs and that phase
separation of m6A and YTHDF2 might participate in cellular
response to stresses, despite the uncertainty of its specific
role (39).

After nuclear export of methylated RNAs, YTHDF3 tunes
their delivery before YTHDF1 and YTHDF2, especially
partitioning their shared targets (22). YTHDF3 accelerates
translation or decay of m6A-containing mRNAs in synergy
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with YTHDF1 and YTHDF2. By the way, a broad range of
circular RNAs generated by pre-mRNA back splicing in human
transcriptome has coding potential and bears m6A modification
(40). YTHDF3 drives protein translation from these circRNAs in
a cap-independent fashion.

Except for the YTHDF family members, SND1, a putative
m6A reader of the “royal family” also binds to m6A modification
of ORF50 RNA and stabilizes the transcript, which favors the
replication of Kaposi’s sarcoma-associated herpesvirus (41).

m6A POSES CONTROL ON
TUMORIGENESIS AND CANCER
PROGRESSION

Researchers have involvedm6A decoration in the development of
human diseases. Mechanistically, m6A could alter the expression
of mRNAs encoding various regulators such as transcription
factors and function as either barrier or facilitator of malignant
transition in tumor cells. In this section, we respectively state the
variable roles of m6A in tumorigenesis and cancer progression
based on different m6A regulatory enzymes (Table 1).

m6A Writers
METTL3

In glioblastoma stem cells (GSCs), Cui et al. knocked down
METTL3 to hinder m6A enrichment, and they also observed
enhanced growth, self-renewal of GSCs, and tumor progression
(42). In this process, oncogenes such as ADAM19, EPHA3, and
KLF4 were upregulated, while expression of tumor suppressors
involving CDKN2A, BRCA2, and TP53I11 were impeded. On
the contrary, another study argued that METTL3 plays an
oncogenic role in glioblastoma via methylating 3′-UTR of SOX2
mRNA, which encodes transcription factors enabling the regain
of stem-like properties and efficient DNA repair (43). The m6A
modification enhances the stability of SOX2mRNA. Accordingly,
silencing of METTL3 interrupts SOX2-dependent DNA repair,
impairs GSC maintenance, and delays tumor propagation in
vivo. Different target mRNAs of m6A mark, genetic, and non-
genetic heterogeneity of cancer stem cells (CSCs) shall account
for the controversy. Studies in normal stem cells have also
been performed to complement the results, which are quite
different. In adult neural stem cells, depletion of METTL3
reduces m6A levels on transcripts of histone methyltransferase
EZH2 and inhibits its protein expression (73). Scientists reported
that m6A depletion not only suppressed cell growth but also
blocked neuronal development and morphological maturation.
This conclusion also implicates certain crosslink between m6A
mark and histone modification.

Besides, additional studies have verified the role of METTL3
in oncogenic transformation of various tumors. For instance,
METTL3 depletion sensitizes pancreatic cancer cells to
anticancer agents such as gemcitabine, 5-fluorouracil, cisplatin,
and irradiation (44).

The METTL3-induced m6A mark also drives malignant
progression in breast tumor in aid of hepatitis B X-interacting
protein (HBXIP), an oncogene in breast cancer cells (45).

METTL3 lifts the mRNA and protein levels of HBXIP, which in
turn promotes the expression of METTL3 and forms a positive
feedback loop. The m6A regulation in mRNA stability could have
a bearing on this procedure.

Scientists have also reported in bladder cancer that METTL3
accelerates the processing of pri-miR221/222 via recognition
by DGCR8 (46). Subsequently, mature miR221/222 restrains
the expression of the antioncogene PTEN and ultimately
boosts tumor growth both in vitro and in vivo. Based on
the preferential m6A recognition by YTHDF1, METTL3
also facilitates translation of oncogene CDCP1, which
plays a pivotal role in bladder cancer progression (47).
Simultaneously, this biological process exerts synergistic effect
with chemical carcinogens in malignant transformation of
uroepithelial cells.

In human lung cancer, gain-of-function study of METTL3
motivates cell growth and invasion, giving rise to tumors of larger
size in mouse xenografts (48, 49). METTL3 was found to bind
m6A sites near the stop codon of specificmRNAs and recruit eIF3
to translation initiation complex in the 5′ end, which mediates
mRNA circularization and ribosome recycling. In this way,
METTL3 directly promotes efficient translation of onco-proteins
involving BRD4, EGFR, and TAZ. Notably, the methyltransferase
activity and m6A-binding readers are proved to be uncoupled.
This finding proposes a novel model of METTL3 in translational
control, and the molecular determinants, such as the specificity
of target mRNAs and localization of m6A peaks, are worth
in-depth investigation.

In acute myeloid leukemia cells (AMLs), the abundance of
METTL3 is elevated compared to that in normal hematopoietic
stem/progenitor cells (HSPCs) (50). Cell proliferation is inhibited
along with depletion of this enzyme, and leukemogenesis is
also delayed in vivo. Besides, METTL3 level is negatively
relevant to the status of differentiation and apoptosis in AML
cells. Inactivation of AKT induced by METTL3 overexpression
contributes partially to the block of differentiation in an m6A-
independent manner. Further research suggests that METTL3
promotes the translation of functional proteins regulating cell
cycle progression and apoptosis, such as c-MYC and BCL2. A
later study instructed that METTL3 is recruited by the CAATT-
box binding protein CEBPZ to promoters of active genes and
mediates m6A methylation within coding regions of target
transcripts (51). Translation of genes necessary for AML is thus
enhanced via relieved ribosome stalling. As a result, an alternative
mechanism of METTL3 in translational regulation has been
put forward.

In hepatocellular carcinoma (HCC), METTL3 is significantly
upregulated and indicates poor prognosis (52). Mechanistically,
METTL3 promotes HCC growth and invasiveness by repressing
the expression of suppressor of cytokine signaling 2 (SOCS2), a
tumor suppressor in HCC, through m6A-YTHDF2-dependent
mRNA degradation.

Nevertheless, expression of METTL3 is reduced in
endometrial carcinoma, which stimulates AKT signaling and
promotes tumor growth and invasiveness both in vitro and in
vivo (53). Mechanistically, lower expression of METTL3 reduces
m6A methylation, restrains YTHDF1-promoted translation of

Frontiers in Oncology | www.frontiersin.org 4 December 2019 | Volume 9 | Article 140719

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


Yu et al. N6-Methyladenosine: A Novel RNA Imprint in Cancer

TABLE 1 | The summary of roles of m6A subunits in tumor formation and progression.

Candidate Tumor tissues or

cell lines

Function Mechanism References

METTL3 and

METTL14

Glioblastoma stem

cells (GSCs)

Tumor suppressor Reduces oncogene (ADAM19, EPHA3, KLF4) and upregulates tumor suppressor

(CDKN2A, BRCA2, TP53I11) expression, inhibits GSC growth, self-renewal in vitro,

and glioblastoma progression in vivo

(42)

METTL3 Glioma stem-like

cells (GSCs)

Oncogene Enhances SOX2 mRNA stability, contributes to efficient DNA repair and GSC

maintenance, promotes tumor propagation in vivo

(43)

METTL3 Pancreatic cancer

cells

Oncogene Induces resistance to anticancer reagents such as GEM, 5-fluorouracil, cisplatin, and

irradiation

(44)

METTL3 Breast cancer

tissues

Oncogene Lifts expression of HBXIP, accelerates cell proliferation, and inhibits apoptosis (45)

METTL3 Bladder cancer

tissues and cell lines

Oncogene Promotes CDCP1 translation and inhibits PTEN expression through positively

modulating pri-miR221/222 process, enhances cell proliferation, invasion, and

survival in vitro and in vivo

(46, 47)

METTL3 Lung

adenocarcinoma

tissues

Oncogene Recruits eIF3 to translation initiation complex, promotes translation of oncogenes

including BRD4, EGFR and the Hippo pathway effector TAZ, enhances cell growth,

survival, and invasion

(48, 49)

METTL3 Acute myeloid

leukemia cells

Oncogene Enhances translation of c-MYC, BCL2, and PTEN mRNAs, blocks cell differentiation

and apoptosis, promotes leukemia progression

(50, 51)

METTL3 Hepatocellular

carcinoma tissues

Oncogene Destabilizes SOCS2 mRNA through YTHDF2-mediated degradation, enhances HCC

growth and metastasis, indicates poor prognosis of HCC

(52)

METTL3 and

METTL14

Endometrial tumor

tissues

Tumor suppressor Upregulates PHLPP2 expression and downregulates mTORC2 expression,

attenuates AKT activity, inhibits cell proliferation, migration, and in vivo tumor growth

(53)

METTL14 Hepatocellular

carcinoma tissues

Tumor suppressor Enhances recognition of pri-miR126 by DGCR8 and processing to mature miRNA,

suppresses tumor metastasis in vitro and in vivo

(54)

METTL14 Acute myeloid

leukemia cells

Oncogene Enhances stability and translation of MYB and MYC mRNA, blocks myeloid

differentiation, contributes to maintenance and self-renewal of LSCs/LICs

(55)

WTAP Renal cell carcinoma

tissues and cell lines

Oncogene Stabilizes the transcript and promotes CDK2 expression, enhances cell proliferation in

vitro and tumorigenesis in vivo, indicates poor prognosis

(56)

WTAP Pancreatic cancer Oncogene Stabilizes Fak mRNA, activates Fak-PI3K-AKT and Fak-Src-GRB2-Erk1/2 pathways,

promotes migration/invasion both in vitro and in vivo

(57)

FTO Glioblastoma stem

cells (GSCs)

Oncogene Induces expression of oncogenes (ADAM19, EPHA3, KLF4), promotes GSC growth,

self-renewal in vitro and brain tumor development in vivo

(42)

FTO Breast cancer

tissues and cell lines

Oncogene Induces degradation of BNIP3 mRNA, bursts tumor growth and metastasis in vitro

and in vivo, suggests poor clinical outcome

(58)

FTO Acute myeloid

leukemia cells

Oncogene Represses expression of ASB2 and RARA, enhances cell proliferation in vitro,

promotes leukemogenesis in vivo, blocks ATRA-induced cell differentiation

(59)

FTO Acute myeloid

leukemia cells

Oncogene Increases MYC/CEBPA transcript levels and associated pathways, promotes

leukemia cell proliferation/viability in vitro, enhances AML progression in vivo and

shrinks mice survival

(60)

FTO/ALKBH5 BRCA-mutated

epithelial ovarian

cancer cells

Tumor suppressor Destabilizes FZD10 mRNA, inhibits Wnt/β-catenin, enhances cell sensitivity to PARP

inhibitors

(61)

ALKBH5 Hypoxic breast

cancer cells

Oncogene Stabilizes NANOG mRNAs, induces breast cancer stem cell (BCSC) enrichment,

promotes tumor initiation

(62)

ALKBH5 Glioblastoma

stem-like cells

(GSCs)

Oncogene Enhances FOXM1 expression, promotes GSCs proliferation in vitro and

tumorigenesis in vivo

(63)

YTHDF1 Colorectal cancer

tissues

Oncogene Promotes cell proliferation, enhances resistance to fluorouracil and oxaliplatin (64)

YTHDF1 Ocular melanoma Tumor suppressor Promotes the translation of HINT2 mRNA, inhibits tumor progression in vitro and

in vivo

(65)

YTHDF1 Nonsmall cell lung

cancer cells

Oncogene/tumor

suppressor

Promotes translation of CDK–cyclin complex and enhances tumor growth under

normoxia condition; sensitizes cancer cells to cisplatin through reduced

Nrf2-AKR1C1, the clearance system of reactive oxygen species (ROS)

(66)

YTHDF2 Hepatocellular

carcinoma cells

Tumor suppressor Promote degradation of EGFR mRNA, inhibits extracellular-signal-regulated

kinase/mitogen-activated protein kinase signaling, suppresses cell proliferation and

tumor growth in vitro and in vivo; represses inflammation and vascular

abnormalization via IL11 and SERPINE2 mRNA decay, promotes metastasis

(67, 68)

(Continued)
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TABLE 1 | Continued

Candidate Tumor tissues or

cell lines

Function Mechanism References

YTHDF2 Acute myeloid

leukemia cells

Oncogene Downregulates TNFR2, facilitates LSC development and AML propagation (69)

YTHDC2 Colon cancer tissues Oncogene Facilitates translation of HIF-1α and Twist1 mRNA in hypoxia, promotes cancer

metastasis

(70)

IGF2BP1-3 Cervical and liver

cancer cells

Oncogene Enhances mRNA stability and translation, upregulates oncogenic genes such as

MYC, facilitates tumor growth and invasiveness

(26)

IGF2BP1 Ovarian, liver, and

lung cancer cells

Oncogene Impairs miRNA-directed decay of SRF mRNA, enhances serum response factor

(SRF)-driven transcription, sustains expression of PDLIM7, and FOXK1, promotes

tumor growth and invasion

(71)

IGF2BP2 Colorectal tumor

tissues

Oncogene Stabilizes HMGA2 mRNA by forming a circNSUN2/IGF2BP2/HMGA2 ternary

complex, promotes colorectal liver metastasis both in vitro and in vivo

(72)

PHLPP2, a negative AKT regulator, while dampens YTHDF2-
promoted decay of transcripts encoding mTORC2, which is a
positive AKT regulator.

In a nutshell, METTL3modulates the expression of oncogenes
and tumor suppressor genes primarily at posttranscriptional
levels, including mRNA stability and translational process.
Consequently, different downstream targets of METTL3 and the
dominant cancer-related pathways involved in the process bring
about the discrepancy in cell fate of different tumors.

METTL14

As is the case of METTL3 in glioblastoma, METTL14 depletion
facilitates the malignant phenotype, characterized by upregulated
oncogenes such as ADAM19 and reduced expression of
tumor suppressors such as CDKN2A (42). Meanwhile, loss-
of-function mutation of METTL14 in endometrial tumor
also diminishes m6A methylation, inhibits YTHDF1-mediated
translation of PHLPP2, and impedes YTHDF2-related mRNA
decay of mTORC2, both of which regulate AKT pathway, as
aforementioned inMETTL3 (53). Subsequently, cell proliferation
and tumorigenicity of endometrial tumors are increased, along
with AKT stimulation.

Furthermore, m6Amodification is suppressed in HCC tissues,
and METTL14 downregulation suggests poor prognosis for
recurrence-free survival (54). In HCC, METTL14 restrains
metastasis by enhancing pri-miR126 process into mature miRNA
in a DGCR8-dependent manner. This result is opposite to
the conclusion drawn by Chen et al. in primary HCC tissues
that m6A is significantly increased and overexpression of
METTL3 promotes liver carcinogenesis through m6A-YTHDF2-
dependent degradation of SOCS2 mRNAs (52). The controversy
may be attributed to complex factors, including different reader
proteins to sort mRNA transcripts, as well as distinct tumor
samples and methodology of m6A detection.

However, the opposite conclusion has been drawn in
hematopoietic diseases. In normal HSPCs and AML cells
carrying t(11q23), t(15;17), or t(8;21),METTL14 is overexpressed
and exerts oncogenic role through m6A signal by positively
manipulating the stability and translation of MYB and MYC
mRNA (55). This result is partially overlapped with the impact

of METTL3 in AML, and might be explained by alternative
reading process mediated by IGF2BPs, for an example.METTL14
undertakes an essential role in self-renewal of leukemia
stem/initiation cells (LSCs/LICs) and AML progression (55).
Silencing of METTL14 facilitates differentiation of both normal
HSPCs and AML cells while repressing AML cell survival.

WTAP

In cancerous tissues of glioblastoma and cholangiocarcinoma,
WTAP is overexpressed and promotes cell migration and
invasion (74, 75). However, the regulation WTAP exerts on cell
proliferation is cell-type specific. In AML,WTAP supports tumor
growth but arrests differentiation of leukemia cells (76).

In renal cell carcinoma, WTAP indicates poor survival of
patients, and knockdown of WTAP impedes cell proliferation
in vitro and tumorigenesis in vivo (56). Mechanistically, WTAP
binds to 3′-UTR of cyclin-dependent protein kinase 2 (CDK2)
mRNAs and stabilizes the transcripts, lifting CDK2 protein level.
As a key regulator of cell cycle, upregulation of CDK2 enables cell
to cross the G1/S limit and initiates DNA replication. Similarly,
in pancreatic cancer, WTAP promotes cell migration, invasion,
and chemoresistance to gemcitabine via stabilizing focal adhesion
kinase (Fak) mRNA and subsequently activating Fak-PI3K-AKT
and Fak-Src-GRB2-Erk1/2 pathways (57).

To the best of our knowledge, WTAP promotes tumorigenic
change in a variety of tumors. However, the underlying
mechanism remains elusive. Future researches are required to
unveil whether the regulatory role of WTAP in m6A decoration
is linked to these biological processes.

m6A Erasers
FTO

A number of studies have attested to the tumorigenic role of FTO
in various sorts of cancers. In endometrial carcinoma, β-estradiol
induces expression of FTO andmediates cell growth and invasion
(77). In addition, FTO inhibitor has been reported to abolish
the expression of oncogenes such as ADAM19 and to suppress
GSC growth, self-renewal in vitro, and tumor development in
vivo (42).
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Silencing of FTO also attenuates cell growth and metastasis in
breast cancer (58). Mechanistically, FTO disturbs the expression
of BNIP3, a proapoptotic gene, both in mRNA and protein levels,
via demethylating m6A residues in 3′-UTR. On the other hand,
YTHDF2 binding has proved to be uncoupled.

FTO is also significantly overexpressed in AMLs with
t(11q23)/MLL rearrangements, t(15;17)/PML-RARA, FLT3-ITD,
or NPM1 mutations (59). Reducing m6A levels in ASB2 and
RARA mRNAs, FTO destabilizes the transcripts and, as a
result, enhances leukemogenesis while blocks cell differentiation
induced by all-trans-retinoic acid (ATRA) in these AML
subtypes. Besides, researches also precluded YTHDF1/2 as
readers regulating the stability of ASB2 and RARAmRNAs.

Interestingly, R-2-hydroxyglutarate (R-2HG), a metabolic
product in isocitrate dehydrogenase mutant cancers such
as AML, is similar to α-KG structurally and competitively
represses Fe (II)/α-KG-dependent dioxygenases (60). Thus, FTO
could be suppressed by R-2HG in sensitive leukemia cells
to elevate global m6A RNA modification, which destabilizes
the MYC/CEBPA transcripts and reduces their expression.
As a crucial transcription factor in leukemogenesis, CEBPA
being inhibited further inactivates FTO as a feedback loop
and reinforces the growth-suppressive effect. Compared with
METTL14 which promotesMYCmRNA stability via modulating
m6A abundance on 3′-terminal exons, FTO enhances MYC
expression by demethylating m6A sites on 5′-terminal and
internal exons, which inhibits the YTHDF2-mediated RNA decay
(55, 60).

However, in epithelial ovarian cancers (EOC) with BRCA
mutation, downregulation of FTO confers resistance to PARP
inhibitors such as Olaparib, with m6A enrichment in 3′-
UTR regions of FZD10 and increased mRNA stability (61).
FZD10 positively upregulates Wnt/β-catenin pathway and
further promotes activity of homologous recombination.
Meanwhile, stabilization of FZD10 mRNA is mainly caused
by the predominant effect of IGF2BP2, also overexpressed in
resistant cells.

Obviously, when FTO mediates deprivation of m6A signaling
that is previously recognized by readers promoting mRNA
stability, corresponding mRNA levels would be impaired. On
the contrary, protein-coding mRNAs would be upregulated if
FTO prevents YTHDF2-mediated mRNA decay via m6A erasure.
In this way, different binding proteins and downstream targets
regulate the trend of tumor growth in coordination.

ALKBH5

Similar to FTO in BRCA-mutated EOC, expression of ALKBH5
is also inhibited, which activates Wnt/β-catenin pathway
via stabilizing FZD10 mRNA and renders cell resistance to
Olaparib (61).

However, all sites subject to m6A modification are not equally
critical, since they are chosen to be involved in different biological
pathways. ALKBH5 may play distinct roles from FTO due to
their preference in molecular substrates. In hypoxic breast cancer
cells, ALKBH5 demethylates NANOG mRNA and elevates the
protein level via reduced mRNA decay, on the premise of
hypoxia-inducible factors (HIFs) (62). As a pluripotency factor,

upregulation of NANOG leads to enrichment of breast CSCs
(BCSCs). Otherwise, ALKBH5 knockdown inhibits NANOG
expression, reduces BCSC population, and impairs tumor
formation in vivo.

Similarly, in glioblastoma, GSCs proliferation and tumor
formation is disrupted upon ALKBH5 inhibition (63). Owing
to enzymatic activity of ALKBH5, the nascent transcripts
encoding FOXM1, a transcription factor, are stabilized and
thus increases expression of relevant protein. Besides, interplay
between ALKBH5 and FOXM1 can be enhanced by a non-coding
RNA antisense to FOXM1 (FOXM1-AS).

m6A Readers
YTHDF1

In colorectal cancer tissues, c-Myc drives the expression of
YTHDF1 transcriptionally, and high level of YTHDF1 suggests
poor prognosis in patients (64). Knockdown of YTHDF1 hinders
cell proliferation and renders sensitization to fluorouracil and
oxaliplatin. However, the detailed mechanism remains unknown.

Notably, YTHDF1 recognizes m6A-marked transcripts of
lysosomal proteases and promotes translation of lysosomal
cathepsins in dendritic cells, which favors antigen degradation
(78). Cross-presentation of engulfed neoantigens and cross-
priming of CD8+ T cells are then suppressed, contributing to the
immune evasion and incomplete tumor elimination.

On the other hand, in ocular melanoma, YTHDF1 promotes
the translation of m6A-containing HINT2 mRNA, a tumor
suppressor (65). Scientists reported decreased m6A levels in
these tumor samples, which was significantly correlated with
tumor progression both in vitro and in vivo. Therefore, specific
m6A-modified targets of YTHDF1 might vary according to the
cellular context, resulting in different functions of YTHDF1 in
various tumors.

Interestingly, a recently released study demonstrated the
critical and contradictory role of YTHDF1 in hypoxia adaptation
and pathogenesis of non-small cell lung cancer (66). Under
normoxia conditions, YTHDF1 depletion restrains non-small
cell lung cancer tumor growth in vitro and in vivo, which resulted
from reduced translational efficiency of m6A-marked transcripts
such as CDK2, CDK4, and cyclin D1. On the other side,
YTHDF1 deficiency renders resistance of cancer cells to cisplatin
and indicates poor clinical outcome. Further study revealed
that, under chemotherapy stress condition, YTHDF1 depletion
leads to decreased translation of m6A-modified Keap1, which
upregulates Nrf2 and AKR1C1, the clearance system of reactive
oxygen species. The adverse results highlight the importance of
achieving a homeostasis of YTHDF1 expression and its targets
between normal and stressful conditions.

YTHDF2

In HCC cells, YTHDF2 can be specifically restricted by hypoxia
and act as a tumor suppressor with inhibitory effect on tumor
growth (67). Mechanistically, YTHDF2 directly binds m6A sites
in 3′-UTR and mediates the degradation of EGFR mRNA,
which is a main upstream regulator of extracellular-signal-
regulated kinase/mitogen-activated protein kinase pathway. Hou
et al. have also revealed in HCC that YTHDF2 reduction
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provokes inflammation and vascular reconstruction, which
facilitates the progression of tumor metastasis (68). In detail,
the YTHDF2-mediated decay of m6A-containing mRNAs are
disrupted, such as interleukin 11 (IL11) and serpin family E
member 2 (SERPINE2), which are account for the inflammation-
associated malignancy and vascular abnormalization. What is
more, administration of PT2385, a small molecule inhibitor
targeting HIF-2α and restoring the expression of YTHDF2, also
exhibits favorable effects in treating HCC cells both in vitro and
in vivo.

Moreover, the roles of YTHDF2 in different context mainly
depend on the degradation of respective target mRNAs. Paris
et al. reported that YTHDF2 shortens half-life of m6A-modified
mRNAs of TNF receptor 2 (TNFR2), which normally prevents
accumulation of leukemic cells and thus facilitates AML
propagation (69). Targeting YTHDF2 not only eradicates LSCs
but also expands hematopoietic stem cells (HSCs) to enhance
myeloid reconstitution. In consequence, YTHDF2 inhibitor
is considered as a candidate strategy for AML treatment.
A noteworthy phenomenon in biological condition is that
YTHDF2 mediates clearance of m6A-modified mRNAs of Wnt-
related genes to suppress Wnt signaling at stable state and
maintain HSC quiescence (79). Upon hematological stresses,
downregulation of YTHDF2 aberrantly upregulates target genes
of Wnt signaling as well as survival-associated genes, which
elevates not only proliferation but also regeneration capacity of
HSCs synergistically, as a protective measure. Thus, we could
gain a better understanding of the dual character of YTHDF2 in
stem cells under physiological and pathological conditions.

YTHDC2

In colon cancer tissues, expression of YTHDC2 is positively
correlated with the tumor stage (70). Further research shows
that YTHDC2 unwinds highly structured 5′-UTR of mRNAs
encoding transcription factors, HIF-1α and Twist1, and facilitates
their translation. Notably, HIF-1α promotes epithelial-to-
mesenchymal transition via the key regulator Twist1, initiating
tumor metastasis.

IGF2BPs

IGF2BPs, a group of direct m6A-binding proteins, enhance
mRNA stability and translation both under normal and stress
conditions, which gives rise to accumulation of oncogenic
products such as MYC (26). In the absence of IGF2BPs, cell
proliferation and invasion are significantly repressed in cervical
and liver cancer cells.

IGF2BP1 impairs miRNA-directed degradation of mRNAs
and sustains expression of serum response factor in ovarian,
liver, and lung cancers, potentially in an m6A dependent
manner (71). This process enhances serum response factor-
driven transcription and upregulates oncogenic drivers such as
PDLIM7 and FOXK1.

Furthermore, IGF2BP2 has recently been proven to mediate
colorectal liver metastasis, testified both in vitro and in vivo
with metastasis PDX models (72). Mechanistically, the m6A
modification of circNSUN2 is recognized by YTHDC1, which
accelerates the cytoplasmic export and further stabilizes HMGA2

mRNA by forming a circNSUN2/IGF2BP2/HMGA2 ternary
complex in the cytoplasm. This outcome suggests a brand-new
role of IGF2BP2 in mRNA stabilization via an m6A-independent
way and provides evidence that m6A-modified circRNAs could
serve as prognostic markers.

BIOINFORMATICS: AN EMERGING SERIES
OF TOOLS FOR m6A EXPLORATION

Meanwhile, with the field of bioinformatics booming in the
past several years, researchers have established a number
of databases delineating m6A machinery, which provides
valuable and comprehensive clues for future study (80–
84). For instance, RMBase v2.0 deciphers the landscape of
RNA modifications based upon epitranscriptome-sequencing
data, while MODOMICS provides information regarding RNA
modification pathways (80, 81).

Certainly, there exist multiple databases dedicated to the
improvement of the m6A-associated knowledge. To take MeT-
DB v2.0 as an example, a powerful platform for methyl-
transcriptomic research, identifies m6A peaks as well as single-
base sites (82). More importantly, context-specific functions of
m6A are elucidated via peak distribution plot and gene expression
profiles under different conditions to identify m6A-driven genes
and networks. Another database, m6AVar, allows annotation and
visualization of functional variants in the vicinity of m6A sites
and helps interpret their impact on m6A mark by converting
RNA sequences of target sites or key flanking nucleotides
(83). This database also incorporates data from genome-wide
association studies and ClinVar to identify disease-causing
variants and explore their pathogenic molecular mechanisms.
Both of the two databases intersect m6A-modified sites with
functional data such as binding sites of RNA-binding proteins
and splicing factors as well as miRNA target sites to obtain
regulatory pairs and speculate their roles in posttranscriptional
regulation (82, 83).

In addition, a study has recently reported the molecular
feature and clinical relevance of m6A regulators reconstituted
across 33 cancer types (84). The authors found widespread
genetic alterations (mutations and copy number variations)
to m6A enzymes and established the cross-talk between their
expression patterns with activity of cancer hallmark-related
pathways, putatively helpful in prognostic stratification. Thus,
we could see that bioinformatic tools not only complements
the experimental results but also expedites the discovery of
unrecognized regulatory roles of m6A mark.

CLINICAL RELEVANCE OF
m6A-TARGETED STRATEGY

So far, small-molecule inhibitors targeting m6A regulatory
enzymes are not available in clinical use. However, due to
the tumorigenic role of FTO in various cancers, scientist
have developed several FTO inhibitors as promising tools in
antileukemia and antiglioblastoma therapies.

Frontiers in Oncology | www.frontiersin.org 8 December 2019 | Volume 9 | Article 140723

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


Yu et al. N6-Methyladenosine: A Novel RNA Imprint in Cancer

As mentioned above, R-2HG exhibits broad antiproliferative
effects in high-FTO leukemia via targeting FTO/MYC/CEBPA
signaling (60). Meanwhile, R-2HG also has synergistic effect
with first-line chemotherapy drugs such as decitabine and
daunorubicin, which was validated in mouse models. Later
on, Huang et al. utilized structure-guided design and
developed two small-molecule FTO inhibitors, FB23 and
its derivative FB23-2 (85). In comparison, the latter shows
significantly improved antiproliferative activity in AML cells
and induces cell differentiation. The authors also observed
delayed AML progression and prolonged survival in vivo,
which enlightens the strategy of targeting FTO demethylase in
AML treatment.

Meclofenamic acid (MA) is originally approved by the
Food and Drug Administration as a non-steroidal anti-
inflammatory drug (86). MA2, which refers to the ethyl ester
form of MA, has been identified as a selective FTO inhibitor,
increasing m6A levels in mRNAs. Application of MA2 represses
GSC-initiated tumor progression and extends lifespan of
xenografted mice (42).

In addition, scientist have newly identified entacapone, an
inhibitor of catechol-O-methyltransferase applied for treatment
of Parkinson’s disease, as a chemical FTO inhibitor (87).
Entacapone elicits effects on metabolic homeostasis through
selectively targeting FTO activity, whereas its function in
tumorigenesis remains to be elucidated.

Novel anticancer agents targeting other m6A enzymes
could possibly have therapeutic value as well. For example,
METTL14 inhibitors are likely to be effective strategies to
treat specific AML subtypes with high METTL14 expression,
especially in combination with standard agents that induce
myeloid differentiation (55). Combinatorial treatment of
METTL3 inhibitors plus chemo- or radiotherapy may
probably display much better outcome in pancreatic cancer
patients (44).

Furthermore, CSCs refer to a group of rare immortal cells
that could maintain clones of continuously growing tumors (88).
The stem-cell frequency in a cancer is correlated with prognosis
and therefore, targeting CSCs through m6A regulation might
be beneficial. For instance, competitive antagonists inhibiting
ALKBH5 over other AlkB subfamily proteins such as FTO
could possibly reduce the enrichment of BCSCs and impair
their ability to initiate breast tumor (62). Nevertheless, m6A
regulatory enzymes might exert distinct impact on stem cells
in physiological and pathological conditions as mentioned
above (42, 43, 69, 73, 79). It is plausible to put forward

that the m6A-targeted strategy in CSCs must be conducted
on the premise of distinguishing the normal stem cells
from CSCs.

CONCLUSION

Evidently, m6A modification has tremendous influence on
RNA life cycle including RNA processing, nuclear export, and
translation or degradation. At the same time, m6A is involved
in biological processes such as stem cell maintenance, tissue
differentiation, and immune response. It seems that cellular m6A
levels need to be kept within an optimal range, whereas aberrant
expression of m6A factors will lead to cancer progression.
Scientists have explored the impact of m6Amodification on gene
expression and altered cell phenotypes, in hope of presenting
novel approaches to conquer diseases.

However, clinical practice of small-molecular inhibitors
targeting enzymes modulating m6A levels has a great prospect
but is still in its infancy. Several issues need to be tackled for the
realization of its full potential. A major problem is that we need
to gain a better understanding of the selectivity in transcripts
and methylated sites in various tissues. Methylation patterns on
transcripts might be molecular markers, which recruit distinct
m6A readers to enter downstream metabolism, respectively.
Subsequently, side effects caused by the complexmRNAs targeted
by m6A enzymes may prevent the agents from achieving a
favorable therapeutic index in the clinic. Moreover, heterogeneity
in human cancer gives rise to distinct karyotypic patterns, protein
and biomarker levels, and genetic profiles, which also requires
consideration (89).

In conclusion, molecular mechanism of m6A regulation
in cancer biology still requests further exploration. Future
researches could be focused on seeking the general discipline of
specific interaction between m6A mark and reader proteins as
well as the heterogeneity in distinct tumor origins. Undoubtedly,
m6A methylation harbors great potential in exploiting brand-
new therapies for human cancers. In the future, combination of
small-molecule inhibitors targeting m6Amodification, biological
agents, and immunotherapies may improve patient outcomes.
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Long non-coding RNAs (lncRNAs) have been identified as crucial regulators in many
human cancers. Many lncRNAs show aberrant expression in cancer, and some of
them play critical roles in tumor proliferation, invasion, and metastasis. However, the
regulatory functions of lncRNAs in melanoma progression remain to be elucidated.
We utilized the Real-time PCR methodology to determine the expression of LINC-
PINT in melanoma cell lines. To evaluate the effect of LINC-PINT on tumorigenesis
of melanoma, we used Cell Counting Kit-8 (CCK8) and colony formation assay. Flow
cytometry assay was used to detect the function of LINC-PINT on cell cycle status.
PINT-interacting proteins were identified by chromatin isolation using RNA purification
(ChIRP). Microarray assay and bioinformatics analysis were used to find the potential
target genes of LINC-PINT and the status of LINC-PINT target gene candidate was
verified using chromatin immunoprecipitation assay (ChIP). LINC-PINT plays a role in
suppressing the tumorigenicity of melanoma, which was further determined by xenograft
model assay. LINC-PINT was significantly downregulated in melanoma tissues and
cell lines. The overexpression of LINC-PINT in tumor cells resulted in significant tumor
growth reduction and migration inhibition in A375, Mum2B and CRMM1 cells. Results
based on the in vivo xenograft model were further consistent with the in vitro findings
that LINC-PINT impeded growth and metastasis of melanoma cells. Microarray assay
and bioinformatics analysis indicated that CDK1, CCNA2, AURKA, and PCNA were
potential targets of LINC-PINT. In conclusion, LINC-PINT inhibits the tumorigenicity of
melanoma through recruiting EZH2 to the promoter of its target genes, leading to H3K27
trimethylation and epigenetic silencing of target genes. LINC-PINT may serve as a novel
diagnostic and therapeutic target for melanoma.

Keywords: LINC-PINT, melanoma, EZH2, CDK1, CCNA2, AURKA, PCNA

INTRODUCTION

Melanoma is a malignant tumor that initiates from pigment-producing cells called melanocytes
and progresses in a step-wise fashion (Bastian, 2014). It occurs in tissue that contains these cells,
including the base of the epidermis, the eye, and the epithelia of the respiratory and urogenital
tract (Arozarena and Wellbrock, 2019). Melanoma is exceedingly aggressive, which is based on
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the high metastatic potential of melanoma cells. Despite recent
progresses in melanoma targeted therapies, this malignancy still
could not be efficiently managed (Zingg et al., 2015). Although
novel therapeutic strategies have been developed over the past
few decades (Hersey and Gallagher, 2012; Niezgoda et al., 2015),
metastatic melanoma is associated with a poor prognosis (Tsao
et al., 2012). Thus, better therapies for melanoma are in urgent
need to be established.

Long non-coding RNAs (lncRNAs) are functionally defined as
transcripts more than 200 nucleotides in length with no protein
coding potential. There’re tens of thousands lncRNAs in human
cells, many of which are uniquely expressed in differentiated
tissues or specific cancer types (Schmitt and Chang, 2016; Arun
et al., 2018; Wang et al., 2019). LncRNAs are being increasingly
recognized to contribute to many biological processes through
diverse mechanisms (Cech and Steitz, 2014; Takahashi et al.,
2014). Recently, it is reported that many lncRNAs are affecting
gene activity in potent cis- and trans-regulation pattern and they
function as scaffolds for chromatin-modifying complexes (Kim
and Sung, 2012), thus regulating the process of RNA degradation
and histone modifications (Guttman and Rinn, 2012). LINC-
PINT, which is also known as long intergenic non-protein-coding
RNA p53-induced transcript, has been reported to exert its
functions in some diseases. For example, it directly interacts
with the polycomb repressive complex 2 (PRC2) to regulate the
expression of its target genes (Marin-Bejar et al., 2013, 2017).
In addition, the circular form of LINC-PINT could translate a
functional peptide to suppresses the proliferation of glioblastoma
cells (Zhang et al., 2018). Although it is reported by a recent
study that LINC-PINT is downregulated in melanoma tissues
and inhibited cell proliferation through downregulating lncRNA
BANCR (Huang et al., 2019), whether LINC-PINT has novel
functions with diverse mechanism in human melanoma still
remains to be identified.

In this study, it’s our aim to identify the potential regulation
role of LINC-PINT in melanoma progression. Through gain-
and loss-function experiments in vitro and in vivo, we found
that overexpression of LINC-PINT inhibited the progression of
human melanoma. Mechanistically, we showed that LINC-PINT
recruited the enhancer of zeste homolog 2 (EZH2) protein to
the promoters of CDK1, CCNA2, AURKA, and PCNA gene,
leading to H3K27 trimethylation and epigenetic silencing of
target genes. Our findings elucidated the tumor-suppressive role
of LINC-PINT in human melanoma and unveiled its molecular
mechanism underlying tumor progression which might thereby
suggest a novel therapeutic strategy for melanoma.

MATERIALS AND METHODS

RNA Preparation, Reverse Transcription
and Quantitative Real-Time PCR
Total RNA was extracted from malignant melanoma cell lines
and normal control cells using TRIzol Reagent (Invitrogen,
Carlsbad, CA, United States) and then cDNA was synthesized
using PrimeScript RT Master Mix (Takara, Dalian, China)
following the manufacturer’s protocol. Real-time PCR analyses

were performed using Power SYBR Green PCR Master Mix
(Applied Biosystems, Irvine, CA, United States) on an ABI
7500 real-time PCR system. The glyceraldehyde-3 phosphate
dehydrogenase (GAPDH) gene was selected as a reference
control. We performed each experiment in triplicate, and listed
the primer sets in Supplementary Table 3.

Cell Lines and Cell Culture
The human malignant melanoma cell line A375 and Mum2B
were cultured in DMEM (GIBCO, Carlsbad, CA, United States)
supplemented with 10% certified heat-inactivated fetal bovine
serum (FBS; GIBCO), penicillin (100 U/mL), and streptomycin
(100 mg/mL) at 37◦C in a humidified 5% CO2 atmosphere.
The human conjunctival melanoma cell line CRMM1 was
maintained in Ham’s F-12K (Kaighn’s) medium (GIBCO), and
the human melanocyte cell line PIG1 was cultured in Medium
254 (GIBCO) with 10% FBS and antibiotics under conditions
described above.

Plasmid Construction, Lentivirus
Packaging and Transfection
The pCDNA3.1 vector (Genechem Technology Co., Shanghai,
China) was used in our system. To overexpress LINC-PINT, the
LINC-PINT sequence was generated by PCR and cloned into the
pcDNA3.1 vector. For lentivirus packaging, the Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, United States) was
incubated with Opti-MEM I Reduced Serum Medium (GIBCO)
and used to transfect 293T cells with 3 µg pCDNA3.1-LINC-
PINT or pCDNA3.1-vector plasmids or 3 µg pMD2.D plasmids
or 6 µg PsPax plasmids. 48 and 72 h after transfection, the
supernatant containing the virus was collected, filtered and
concentrated. 24 h prior to the lentiviral transfection, the cells
were seeded at 3.0 × 105 cells per well in a 60 mm plate.
The next day, an optimal volume of lentivirus was added into
the culture medium and supplemented with 8 ng/ml polybrene
(Sigma-Aldrich, St. Louis, MO, United States), and the cells were
maintained in the virus-containing medium for 48 h. Stable
cell lines were selected by incubating with 4 µg/ml puromycin
(InvivoGen, San Diego, CA, United States) for 2 weeks.

Western Blot
In brief, cells were harvested, rinsed and lysed with lysis buffer,
and the total protein concentration was measured using a
BCA protein assay kit (Beyotime Institute of Biotechnology,
China). Protein samples were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 7.5%
(w/v) polyacrylamide gels and then transferred to polyvinylidene
fluoride membranes (PVDF membranes; Millipore, Bedford,
MA, United States). After the membranes were blocked with
5% BSA for 1 h at room temperature, they were incubated
with the primary antibodies anti-EZH2 (Abcam, Cambridge,
MA, United States), anti-CDK1 (Abcam), anti-CCNA2 (CST,
Danvers, MA, United States), anti-AURKA (Abcam), anti-PCNA
(CST), or anti-β-Actin (Sigma-Aldrich) at 4◦C overnight. The
horseradish peroxidase-conjugated secondary antibodies (mouse
IgG and rabbit IgG, CST) were utilized for 1-h incubation at
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room temperature. β-actin served as a reference control. The
band signals were visualized and quantified using the ECL-
PLUS/Kit (Millipore).

CCK8 Assay
To evaluate cell proliferation capability, the CCK8 (Cell Counting
Kit-8) colorimetric assays was utilized. Cells were seeded at
2.0 × 103 cells per well into the flat-bottomed 96-well plates
with 100 µl culture medium. Then, 10 µl of CCK8 solution
(Dojidon, Kumamoto, Japan) was added to the wells, and
the samples were incubated at 37◦C in 5% humidified CO2
atmosphere. A microplate reader (ELX800, BioTec, Winooski,
VT, United States) was employed to measure the absorbance
of samples at 450 nm for four consecutive days, as previously
described. We performed each independent experiment three
times and presented the results as the mean± SD.

Soft Agar Formation Assay
Soft agar formation assay was conducted as described in our
previous study. LINC-PINT-oe or Mock cells were harvested,
counted and resuspended in 1.0 ml 0.3% agar complete medium
and 1.0 × 103 cells were seeded into six-well plates embedded
with 1.0 ml 0.6% agar complete medium layer. After 3–4 weeks
of incubation, the colonies were stained with 1% crystal violet,
sufficiently washed with PBS, then they were counted and
photographed. To calculate the colony formation rate, the
number of colonies generated in Mock cells group were set to one.

Cell Cycle Analysis
Cells were harvested, washed once with cold PBS and fixed with
pre-cold 75% ethanol at −20◦C overnight. After incubating with
RNase A (Qiagen, Hilden, German) in 37◦C for 30 min, the cells
were stained with 50 µl/ml PI and treated with 0.5% Triton PBS.
Then, the cells were incubated with an anti-H3 antibody (Abcam)
at a 1:100 dilution. The stained cells were subjected to analysis by
flow cytometry facility (Guava easyCyte HT from Millipore).

Rapid Amplification of cDNA Ends Assay
(RACE)
Total RNA was extracted by TRIzol plus RNA Purification Kit
(Invitrogen). RACE PCR products were obtained using Platinum
PCR Supermix High Fidelity (Invitrogen) and separated using
a 1.5% agarose (Sigma) gel. A gel extraction kit was utilized to
extract the gel products, which were then cloned into a pGM-T
vector and sequenced. The specific 3′ RACE and 5′ RACE primers
are listed in Supplementary Table 3.

Chromatin Isolation by RNA Purification
(ChIRP)
A Magna ChIRP RNA Interactome Kit (Millipore) was used
to perform ChIRP experiment according to the manufacturer’s
protocols. A group of 3′ end Biotin-TEG modified DNA probes
targeting LINC-PINT was synthesized and utilized. A total of
5 × 108 cells were cross-linked with 3% formaldehyde and
sonicated for the hybridization reaction. The sequences of the
probes are available in Supplementary Table 3.

RNA-Chromatin Immunoprecipitation
(RIP)
The EZ-Magana RIP kit (Millipore) was utilized to perform RIP
experiment per the manufacturer’s previously reported protocol.
A total of 1.0 × 107 cells were lysed with RIP lysis buffer and
subjected for co-immunoprecipitation with anti-EZH2 (Active
Motif, Carlsbad, CA, United States) or normal mouse IgG
antibody (Millipore). Then the retrieved RNA was analyzed by
reverse transcription PCR.

Chromatin Immunoprecipitation (ChIP)
For ChIP assay, the EZ-Magna ChIP A/G kit (Millipore) was
used following the instructions as previously described by
the manufacturer. The anti-EZH2 (Active Motif) and anti-
H3K27me3 (Active Motif) were applied. Anti-normal mouse IgG
(Millipore) and anti-RNA polymerase-II (Abcam) were used as
negative control, or positive control, respectively. Primers for
ChIP-qPCR are listed in Supplementary Table 3.

DNA Microarray Analysis and
Bioinformatics Analysis
For a gene expression study, we purified and hybridized three
independent replicates of RNA samples from A375 cells with or
without LINC-PINT overexpression to microarray gene chips.
In this experiment, the GeneChip PrimeView Human Gene
Expression Array (Affymetrix, Santa Clara, CA, United States)
was employed. In brief, total RNA samples from A375 Mock
cells and A375 LINC-PINT oe cells was extracted using TRIzol
reagent (Invitrogen, United States) and quantified by NanoDrop
2000 (Thermo Fisher Scientific, Waltham, MA, United States).
0.5 µg purified RNA was transcribed to cDNA. The Agilent
RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA,
United States) was used to assess the RNA integrity by the Agilent
2100 Bioanalyzer. The GeneChip 3’ IVT labeling kit (Affymetrix)
was used to synthesize biotin-labeled RNA, which were then
hybridized onto the microarrays. After the sample labeling,
microarray hybridization and washing steps were conducted
following the manufacturer’s instructions, the arrays were directly
scanned by the Affymetrix Scanner 3000 (Affymetrix). The
subsequent microarray data processing was done as previously
described (Lu et al., 2017). Differentially expressed genes were
identified by a threshold of three-fold change (p-value < 0.05).

Tumor Xenograft Model in Nude Mice
Four-week-old male BALB/c nude mice were maintained in
specific pathogen-free (SPF) animal room and used in tumor
xenograft assays. A total of 1.0 × 107 A375 cells transfected with
or without LINC-PINT lentivirus were subcutaneously injected
into the right armpit of the BALB/c nude mice (n = 5 for each
group). The tumor volume [length (mm) × width (mm)2/2]
of each mouse was measured every five days for twenty-five
consecutive days. Afterward, the mice were euthanized and the
tumors were harvested, evaluated and photographed. For the
in vivo metastasis assay, the nude mice were deeply anesthetized
and total of 2.0 × 106 A375 or Mum2B cells transfected with
Luc-tag from LINC-PINT overexpression or Mock group were
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injected through the caudal vein of each mouse (n = 3 for each
group). We utilized live animal BLI system to monitor tumor
growth and lung metastases. All the mice were sacrificed after
3 weeks and the lungs were carefully resected, fixed and examined
for metastases via haematoxylin and eosine (HE) staining.

The animal experiments were carried out in strict accordance
with the guidelines of the Shanghai Jiao Tong University School
of Medicine Animal Care and Use Committee, by whom the
protocols were also approved (permit number: HKDL [2014]70,
25 February 2014).

Statistical Analyses
For all of the results, the data are presented as the mean± SD, and
a p-value less than 0.05 was considered statistically significant.
The differences between two groups were compared by unpaired
two-sided Student’s t-test or ANOVA. We performed the analyses
with IBM SPSS Statistics 20 (Chicago, IL, United States).

RESULTS

LINC-PINT Was Lowly Expressed in
Melanoma Tumor Tissues and Cell Lines
We used high-throughput RNA-sequence analysis to identify the
lncRNAs that were differentially expressed between melanoma
A375 cells and normal control PIG1 cells. We found that LINC-
PINT was one of the most downregulated lncRNAs in melanoma
cells (Figure 1A). Moreover, LINC-PINT expression level was
also significantly low in melanoma tissues compared with
adjacent normal tissues (Figure 1B). Notably, survival analysis
showed that low LINC-PINT expression was prominently
correlated with poor overall survival (Figure 1C) and disease-
free survival (Figure 1D) for melanoma patients. These data
indicated that LINC-PINT might play a key regulatory role in
melanoma progression.

Identification and Cellular Distribution of
LINC-PINT in Melanoma Cells
Then we aimed to identify the biological characteristics of
LINC-PINT in melanoma. We predicted the secondary structure
of LINC-PINT in the RNAfold web server (Figure 2A).
Furthermore, total RNAs extracted from melanoma cells (A375)
was used to clone the full-length of LINC-PINT transcripts by 5’-
and 3’- RACE technologies (Figure 2B). As shown in Figure 2C,
both 3’-RACE and 5’-RACE results showed that only one band
was presented, indicating that there are only one LINC-PINT
isoform exists in melanoma cells (Figure 2C). According to the
National Center for Biotechnology Information (NCBI) database,
the transcript of LINC-PINT previously reported was 1173-bp
in length with four exons. In our study, however, we identified
a novel 1430-bp transcript with five exons through the rapid
amplification of cDNA ends (RACE) detection. More precisely,
exon one of the novel transcript had an additional 12-bp fragment
at the 5-terminus, and exon four was extended by 279-bp.
Compared with the predict sequence, this novel transcript also
had an additional poly-A tail at the 3-terminus (Supplementary
Figure 1). We then examined LINC-PINT expression in

different tumor cells. The expression levels of LINC-PINT
in melanoma cells were significantly low (Figure 2D). Thus,
we selected melanoma cell lines A375, Mum2B and CRMM1
to test whether LINC-PINT overexpression could alter the
tumor behavior. The biological function of lncRNAs is strongly
associated with their subcellular localizations. Thus, cellular
fractionation assay was conducted and determined that LINC-
PINT distributed mainly in the nucleus of melanoma cells
(Figure 2E). RNA fluorescence in situ hybridization (RNA-FISH)
further confirmed that LINC-PINT was enriched in the nuclear
fraction (Figure 2F).

LINC-PINT Inhibited Melanoma
Progression in vitro
To investigate whether the tumor behavior could be significantly
altered by this novel transcript of LINC-PINT, we first
overexpressed LINC-PINT by using control cell lines, which
was transfected with virus carrying an empty pcDNA3.1
vector. Using EGFP as a tracking marker, we then observed
green fluorescence in A375, Mum2B and CRMM1 cells. We
detected that LINC-PINT was successfully overexpressed in
these melanoma cells by real-time PCR (Figure 3A). CCK8
assay showed that cell proliferation was significantly suppressed
in LINC-PINT-overexpressed melanoma cells (Figure 3B).
Consistently, the colony formation of melanoma cells was
decreased after overexpressing LINC-PINT. We also observed
that the LINC-PINT-overexpressed melanoma cells formed
smaller colonies (Figure 3C). Moreover, we performed flow
cytometry assay to determine whether LINC-PINT was
involved in cell cycle regulation and found that LINC-PINT
overexpression induced G0/G1 cell cycle arrest in melanoma
cells (Figure 3D). Furthermore, transwell assay showed that
LINC-PINT overexpression also inhibited the migration ability
of melanoma cells (Figure 3E).

LINC-PINT Inhibited Melanoma
Progression in vivo
To investigate the ability of LINC-PINT to suppress tumor
formation in vivo, we established a xenograft model in nude
mice using A375 cells. We injected A375 and LINC-PINT-
overexpressed A375 cells into nude mice. Then, we evaluated
the size of the resultant tumors every 5 days for 25 days.
We found that LINC-PINT overexpression notably repressed
tumor progression. The tumor volumes in the overexpression
group were significantly reduced compared with those of
the controls (Figures 4A,B). Immunohistochemistry staining
showed that compared with those from control group, tumors
derived from LINC-PINT-overexpressed group exhibited lower
expression of proliferation marker Ki67 (Figure 4C). Moreover,
the tumor weights from LINC-PINT-overexpressed group were
also significantly reduced (Figure 4D). In addition, we assessed
the impact of LINC-PINT on metastasis ability in vivo using a
lung metastasis mouse model. The results revealed that LINC-
PINT overexpression noticeably inhibited melanoma metastasis
(Figures 4E,F). Taken together, these data were consistent with
in vitro results.
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FIGURE 1 | LINC-PINT was lowly expressed in melanoma tumor tissues and cell lines. (A) Hierarchical cluster plot showed the top 50 up- and 30 down-regulated
lncRNAs (fold change >2, p < 0.05). The blue square denotes LINC-PINT (B) The expression of LINC-PINT in melanoma tissues (n = 461) versus adjacent normal
tissues (n = 558) from GEPIA database (Gene Expression Profiling Interactive Analysis database; gepia.cancer-pku.cn). The whiskers indicate means ± SD in the
plots. (C–D) Kaplan–Meier survival analysis of patient overall survival (C) and disease-free survival (D) according to LINC-PINT levels in melanoma tissues.

Identifying the Target Genes of
LINC-PINT in Melanoma Cells
To comprehensively analyze the tumor-suppressive regulatory
effect of LINC-PINT on gene expression, we performed a
microarray analysis to profile gene expression in melanoma
cells with or without LINC-PINT overexpression. The results
showed that 2481 transcripts were downregulated while 2072
transcripts were upregulated in LINC-PINT-overexpressed A375
cells (Figure 5A). We then performed Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis and found that
DNA replication and cell cycle pathways were the highest
affected biological processes after LINC-PINT overexpression
in A375 cells (Figure 5B). Using hierarchical cluster analysis,
we found that the expression of several genes (CDK1,
CCNA2, AURKA, PCNA) involving in the cell cycle and
tumorigenesis were reduced significantly (Figure 5C). We then
validated the expression of these genes by real-time PCR
(Figures 5D,E) and western blot (Figure 5F). Collectively,
these data suggested that LINC-PINT regulated melanoma
progression by modulating the expression of a series of
cell cycle genes.

LINC-PINT Recruited EZH2 to Inhibit
Gene Expression
LncRNAs are reported to fulfill their functions through active
interactions with RNA binding proteins (Guttman and Rinn,
2012; Geisler and Coller, 2013). To explore the molecular
mechanism by which LINC-PINT affects gene expression, we
sought to identify proteins that were interacting with LINC-
PINT by chromatin isolation by RNA purification (ChIRP)
experiment (Figure 6A; Supplementary Figure 2). LINC-PINT-
binding proteins was then identified by mass spectrometry
(Supplementary Tables 1, 2). EZH2 was the only functional
protein distributed in the nucleus that was binding to LINC-
PINT both in A375 and Mum2B. Tri-methylation of lysine 27
on histone 3 (H3K27me3) by the methyltransferase EZH2, as a
part of PRC2, is one of the most important epigenetic mechanism
of gene silencing (Hirukawa et al., 2018). The ChIRP-MS results
showed that EZH2 protein was enriched by LINC-PINT probes,
but not the negative control probes, as further confirmed by
western blot (Figure 6B). The interaction of LINC-PINT with
EZH2 was further validated by RNA immunoprecipitation (RIP)
experiment (Figures 6C,D). Then we performed a chromatin
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FIGURE 2 | Identification and cellular distribution of LINC-PINT in melanoma cells. (A) Secondary structure of LINC-PINT predicted by RNAfold web server
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). (B) Schematic illustration of the primers for RACE assay. (C) Agarose gel electrophoresis of PCR
products generated by 3’- (left) and 5’- (right) RACE technologies. (D) Real-time PCR analysis of LINC-PINT expression in different cell lines. LINC-PINT presented
lower expression in a series of tumor cells than in normal gastrointestinal cells (NCM460), retinal pigment epithelium cells (RPE) and normal skin cells (PIG1)
∗p < 0.05. (E) Cell nuclear/cytoplasmic fraction analysis and real-time PCR confirmed LINC-PINT was expressed mainly in the nucleus; U1 and GAPDH RNA served
as positive controls for the nuclear and cytoplasmic fractions, respectively. (F) RNA FISH analysis shows that LINC-PINT was located predominantly in the nucleus of
A375 cells.

immunoprecipitation (ChIP) assay in Mock and LINC-PINT
overexpressed A375 cells to confirm the interactions between
epigenetic modifiers and the promoter regions of LINC-PINT
target genes. As expected, LINC-PINT overexpression generated
decreased location of EZH2, H3K27me3, and RNA polymerase-
II levels in the promoter regions of CDK1, CCNA2, AURKA,
and PCNA, but not in the negative control and GAPDH,
indicating that LINC-PINT overexpression might directly result
in downregulation of these genes (Figures 7A–F).

DISCUSSION

Although mutation of some genes, such as BRAF, NRAS,
and TP53, have been identified as risk factors for melanoma
progression (Byron et al., 2012; Posch et al., 2013; Lissanu Deribe
et al., 2016; Hayward et al., 2017; Ojha et al., 2019), our knowledge
of molecular mechanism underlying the malignant melanoma
remains obscure. Recently, numerous lncRNAs have been
discovered in diverse types of tumors through high-throughput
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FIGURE 3 | LINC-PINT inhibited melanoma progression in vitro. (A) The LINC-PINT overexpression plasmid was stably transfected into A375, Mum2B and CRMM1
cells, and the plasmid also contained the EGFP tag. Scale bars: 100 µm. Real-time PCR results showed significantly higher expression of LINC-PINT in A375-PINT
oe, M2B-PINT oe and CM1-PINT oe cells. ∗∗P < 0.01. (B) CCK8 assay was performed to assess cell proliferation in the Mock and LINC-PINT overexpression
melanoma cells. ∗∗p < 0.01. (C) Colony count statistics demonstrated tumor formation ability. The colony count statistics showed a significant reduction in the
numbers of LINC-PINT overexpressed A375, Mum2B and CRMM1 cells. The colony numbers were determined from three independent soft agar plates. ∗∗P < 0.01.
(D) Cell cycle analysis by flow cytometry was performed to determine the percentage of cells in different cell cycle phases. The percentage of cells in G0/G1 phase
increased after LINC-PINT overexpression in A375, Mum2B and CRMM1 cells. All histograms showed the percentage (%) of cell populations from one independent
experimental group. (E) The migration and invasion abilities of LINC-PINT overexpressed melanoma cells were detected by transwell assay.
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FIGURE 4 | LINC-PINT inhibited melanoma progression in vivo. (A) Mock and PINT oe A375 cells were injected into the nude mice. Tumors derived from cells with
(lower panel) or without (upper panel) LINC-PINT overexpression were removed from the mice. (B) Tumor volume was evaluated every 5 days after the injection of
Mock (n = 5) and PINT oe (n = 5) A375 cells for 25 consecutive days. ∗p < 0.05, ∗∗p < 0.01. (C) Ki-67 staining of Mock and PINT oe tumor tissues. (D) The weights
of Mock (n = 5) and PINT oe (n = 5) A375 tumors. (E) Effect of LINC-PINT on tumor metastasis in a lung metastasis mouse model. Mock and PINT oe A375 and
Mum2B cells were injected into the caudal vein of nude mice (n = 3 for each group). (F) Representative lung tissues and their HE-stained sections (100×
magnification) are shown. The black arrows showed the metastases.

RNA sequencing technologies. Growing evidence suggested that
lncRNAs may act as epigenetic modifiers to regulate gene
expression in tumor initiation and development (Gupta et al.,
2010; Yap et al., 2010; Tseng et al., 2014). In melanoma, lncRNA
SAMMSON increases its mitochondrial targeting and pro-
oncogenic function by interacting with p32, a master regulator of
mitochondrial homeostasis and metabolism (Leucci et al., 2016),
lncRNA SLNCR1 mediates melanoma invasion through a highly
conserved sequence binding to brain-specific homeobox protein
3a (Brn3a) and the androgen receptor (AR). SLNCR1, AR, and
Brn3a are specifically required for transcriptional activation of
matrix metalloproteinase 9 (MMP9) and increased melanoma

invasion (Schmidt et al., 2016). However, our knowledge of
lncRNAs in tumors, especially in melanoma, remains limited.
Here, we revealed a novel transcript of LINC-PINT as a tumor
suppressor to inhibit melanoma progression via recruiting EZH2
to the promoter of cell cycle related genes.

Polycomb repressive complex 2 (PRC2) is recently reported
to play a central role in controlling critical cellular processes
including maintaining stem cell pluripotency, promoting cell
proliferation and mediating myogenic differentiation (Boyer
et al., 2006; Xu et al., 2018). Gene silencing mediated by
polycomb is considered to depend mostly on regulation
of chromatin structure, in part through post-translational
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FIGURE 5 | The target genes of LINC-PINT were identified in melanoma cells. (A) Volcano plots of differentially expressed gene. The X axis represented log fold
changes. The Y axis represented log p-values. The red points denoted the significantly upregulated genes and blue points denoted the significantly downregulated
genes. (B) KEGG analysis of differentially expressed genes between Mock and PINT oe A375 cells. (C) Heat map showed the differentially expressed genes related
to cell cycle progression. (D,E) The downregulated cell cycle genes in the microarray were verified in A375 and Mum2B cells by real-time PCR. ∗p < 0.05,
∗∗p < 0.01. (F) The expression of LINC-PINT target genes was detected by western blot. Actin were used as internal controls.

modification (PTM) of histones (Margueron and Reinberg,
2011). In the past few years, enhancer of zeste homolog 2
(EZH2), the catalytic subunit of Polycomb repressive complex

2 (PRC2), has aroused broad research interest because of its
multiple roles in the development of many types of cancer
(Margueron and Reinberg, 2011; Di Croce and Helin, 2013;
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FIGURE 6 | LINC-PINT recruited EZH2 to inhibit gene expression. (A) Introduction of the ChIRP method. (B) EZH2 was detected from the retrieved ChIRP protein of
A375 and Mum2B cells by western blot. PINT oligos indicated the biotinylated antisense oligonucleotides against LINC-PINT. Control oligos indicated the scrambled
oligonucleotides, and U1 oligos were selected as a negative control. (C) The interaction of LINC-PINT with EZH2 was verified by RIP assay. The values are
normalized to input. ∗∗p < 0.01. LncRNA CANT1 and U1 RNA served as negative controls. (D) Agarose gel electrophoresis of RIP products.

Comet et al., 2016; Kim and Roberts, 2016). EZH2 both fulfills its
oncogenic and tumor suppressive roles in a variety of cancers.
It is demonstrated that EZH2 is mainly upregulated in solid
tumors, melanoma included, which indicates a more aggressive
tumor growing pattern and poorer prognosis in most cases.
In late stage prostate tumors, EZH2 upregulation is related
to gene amplification, whereas its expression is profoundly
affected by the BRAF (V600E) mutation in melanoma (Volkel
et al., 2015). In vivo study shows that EZH2 overexpression
results in intraductal epithelial hyperplasia through inducing
β-catenin nuclear accumulation and activating Wnt/β-catenin
signaling in mammary epithelial cells (Li et al., 2009).
In addition, expression of Ezh2Y641F, the most common
somatic EZH2 mutation (Y646F in human, Y641F in the
mouse), in mouse melanocytes causes melanoma through a
vast reorganization of chromatin structure (Souroullas et al.,
2016). Meanwhile, potent molecules selectively targeting EZH2

enzymatic activity have been discovered, including EPZ005687,
EPZ-6438, EI1, UNC1999, and GSK126, which also exerts
significant anti-tumor effects in distinct melanoma subsets
(Volkel et al., 2015; Perotti et al., 2019). Epigenetically,
PRC2-mediated gene silencing is mainly dependent on the
regulation of EZH2-mediated H3K27me3 (Schuettengruber
and Cavalli, 2009; Simon and Kingston, 2009). Recently,
a growing body of evidence shows that epigenetic factors,
like lncRNAs are involved in the EZH2-mediating tumor
regulation. LncRNA exerts its biological function mainly by
binding to RNA binding protein (RBP) (Gou et al., 2018).
The lncRNAs ANCR, HOTAIR, H19, are involved in the
recruitment of EZH2 to the specific regulatory regions of
its target genes (Davidovich and Cech, 2015). For instance,
the long intergenic non-coding RNA HOTAIR generates
the trimethylation of H3K27 and epigenetic silencing of
metastasis-suppressor genes via recruiting EZH2 to specific
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FIGURE 7 | Interactions between epigenetic modifiers and the promoter regions of LINC-PINT target genes. (A–F) ChIP analysis of IgG, EZH2, H3K27me3, and
RNA polymerase-II showed the status of candidate LINC-PINT target genes in A375 cells with or without LINC-PINT overexpression. The values were normalized to
input. ∗p < 0.05; ∗∗p < 0.01.

target genes (Gupta et al., 2010). LncRNA ANCR interacts
with EZH2 to promote its phosphorylation that facilitates
EZH2 degradation and suppresses breast cancer progression
(Li et al., 2017). In this study, we demonstrated that LINC-
PINT was an EZH2-binding lncRNA and play an tumor-
suppressive role in melanoma progression. We performed
ChIRP assay and mass spectrometry to identify specific
association of LINC-PINT with EZH2, which was further
confirmed by RIP and Western blot. With more importance,
it is confirmed by ChIP assay that LINC-PINT regulated
activation of downstream genes by interacting with EZH2,
which in turn mediated H3K27me3 at the promoter regions
of target genes. Thus, our results demonstrate that LINC-
PINT interacts directly with the promoter region of target
genes and mediates H3K27me3 to activate transcription via
binding to EZH2.

Although the function and structure of LINC-PINT have
been studied for more than 4 years, a more comprehensive
role of LINC-PINT in regulating the melanoma tumorigenesis

still remains to be elucidated. Additionally, recent studies
have shown that LINC-PINT plays a vital role in several
types of human cancers, melanoma included (Huang et al.,
2019). In this manuscript, it is observed that overexpression
of LINC-PINT significantly inhibited melanoma proliferation
both in vitro and in vivo. Through further explorations, we
identified genes that were mainly suppressed by LINC-PINT,
including CDK1, CCNA2, AURKA, and PCNA. These genes
have been confirmed as critical regulators in melanoma and
might represent therapeutic targets for clinical application. For
example, CDK1 was reported to interact with Sox2 and promote
tumor initiation in human melanoma (Ravindran Menon et al.,
2018), CCNA2 and AURKA inhibitors are now available and has
shown encouraging effect for treatment of melanoma (Caputo
et al., 2014; George et al., 2019). Taken together, these results
suggest LINC-PINT as a multi-potent therapeutic target with
great potential.

In summary, we identified an lncRNA, LINC-PINT,
and proposed a mechanistic model to elucidate its role in
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FIGURE 8 | A schematic model of LINC-PINT in epigenetic silencing of target genes in melanoma cells via recruiting EZH2. A novel transcript of LINC-PINT serves
as key regulator of melanoma progression. In LINC-PINT highly expressed cells, LINC-PINT inactivated the transcription of CDK1, CCNA2, AURKA, and PCNA
genes by the effect of EZH2-mediated H3K27me3, thus leading to the cell cycle deceleration and suppressing the tumorigenesis. However, in LINC-PINT deficient
melanoma cells, the epigenetic regulation effect was abolished, subsequently promoting the expression of target genes and contributing to melanoma expansion.

the regulation of melanoma progression through EZH2-
mediated epigenetic silencing (Figure 8). In the animal
xenograft model, LINC-PINT overexpressed melanoma
cells represented significant tumor growth inhibition and
metastasis reduction effects. Mechanistically, we showed that
LINC-PINT recruited EZH2 to the promoter region of its
target genes to impede tumor cell proliferation. Therefore,
our study elucidates the potential role of LINC-PINT in
the development of melanoma and unveils its molecular
mechanism underlying tumor progression. Our findings
indicate that LINC-PINT could be a potential therapeutic target
for human melanoma.

CONCLUSION

In summary, LINC-PINT was expressed at remarkably lower
levels in melanoma tissues and cell lines. For melanoma
patients, lower expression of LINC-PINT was associated
with poorer overall survival and disease-free survival.
Strikingly, overexpression of LINC-PINT significantly
reduced melanoma cells progression via downregulating
the potential target genes CDK1, CCNA2, AURKA, and PCNA
through recruiting EZH2 protein, which in turn mediated
the trimethylation of H3K27 of promoter regions of target
genes. Here, we identified the tumor-suppressive role of LINC-
PINT in melanoma and uncovered the underlying epigenetic
regulatory mechanism.
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Cutaneous squamous cell carcinoma (cSCC) is the second common malignant cancer

around the worldwide and is etiologically linked to ultraviolet radiation. miRNAs play an

important role in the initiation and progression of cancers. However, the functions of

miRNAs in cSCC remain to be elucidated. Here, we screened and identified miR-27a as

a consistently downregulated miRNA after UVB irradiation in HaCaT cells. It was found

that miR-27a expression was significantly decreased in cSCC cells and tissues. in vitro

and in vivo experiments showed that miR-27a inhibited cell proliferation and invasion of

cSCC cells. Mechanistically, EGFR was identified to be directly targeted by miR-27a and

miR-27a suppressed the phosphorylation of EGFR and its downstream NF-κB signaling

pathway. Overall, these findings suggest that downregulation of miR-27a promotes tumor

growth and metastasis via targeting EGFR and its downstream NF-κB signaling pathway,

reminding that miR-27a plays a vital role in the progression of cSCC and could be a new

therapeutic target.

Keywords: miR-27a, cutaneous squamous cell carcinoma, proliferation, metastasis, EGFR, UVB

INTRODUCTION

cSCC is the second most common malignant cancer after basal cell carcinoma worldwide (1).
The estimated total number of cSCC for 2012 has been increased by 100% as compared with
1992 (2), due to the increase exposure of ultraviolet from solar radiation and artificial sources.
Although basal cell carcinoma and cSCC are both derived from epidermis, cSCC is highly invasive
and can metastasize to distant organs (3). As the mechanism of cSCC tumorigenesis is very
complex and poorly understood, local therapy, including targeting therapy is still deficient. In
the majority of cSCC patients, tumors are excised by surgery conduction, which will result in the
functional impairments and physical abnormities for skin tissues. Therefore, the mechanism of
cSCC tumorigenesis is urgently further exploration and new strategies needed to be developed to
reduce relapse and minimize facial defects.

MicroRNAs (miRNA) are a large family of small endogenous non-coding RNAs comprising
18–22 nucleotides, which directly bind to the 3′UTR region of its target genes through complete
or incomplete complementary pairing (4). miRNAs participate in many biological processes,
which include cell differentiation, cell survival, apoptosis. Extensive studies have demonstrated
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that miRNAs play an important role in tumor initiation,
progression, and metastasis of various cancers (5, 6) and have
emerged as promising therapeutic targets or tools for cancer
treatment (7). Recent studies have shown that differential
expressedmiRNAs in cSCC compared with normal epidermis are
associated with tumor initiation and progression (8–10). miR-27a
is located on chromosome 19 and aberrant expressed in several
types of cancers, including breast cancer (11), osteosarcoma (12),
renal cell cancer (13). However, the role of miR-27a in the
progression of cSCC has not been elucidated. Here, as ultraviolet
radiation is the major risk for cSCC and cumulative sun exposure
has a strong dose-response association with cSCC, we selected
miR-27a, which is consistently downregulated in response to
UVB radiation and aimed to investigate its function in the
progression of cSCC, which would be a promising therapeutic
target for cSCC treatment.

MATERIALS AND METHODS

Cell Lines and Tissue Samples
cSCC lines HSC-1 and HSC-5 (HonSun Biological Co. Ltd.,
Shanghai, China) and immortalized human keratinocyte cell line
HaCaT (CellCook Biotech Co. Ltd., Guangzhou, China) were
cultured in Dulbecco’s modified eagle medium (DMEM, Life
Technologies) containing 10% fetal bovine serum (Invitrogen)
and 100µg/ml streptomycin and 100 units/ml penicillin in
37◦C incubator with 5% CO2 and a mild atmosphere. CSCC
samples were collected from patients who have been diagnosed
by expert pathologists from January 2014 to August 2016 in
the departments of dermatology, pathology, and oncology at
Nanfang Hospital, affiliated to SouthernMedical University. This
study was approved by the Institutional Review Board of Nanfang
Hospital affiliated to Southern Medical University and written
informed consent provided from all patients for the use of
surgical samples.

UVB Irradiation
UVB exposure to HaCaT cells was performed as described
previously (14). In brief, culture medium was removed and PBS
was used to wash cells twice. PBS was replaced in a minimal
volume and HaCaT cells were exposed to 30 mJ/cm2 of UVB.
After irradiation, PBS was removed and the conditioned cultured
medium was added back. HaCaT cells were incubated at 37◦C
and harvested at different time points. BALB/c mice (female, 4–
6 weeks old, n = 6 per group) were shaved 24 h before UVB
radiation. All animals received UVB exposure every other day at
300 mJ/cm2 (1/2 MED, minimum erythema dose) and mice skins
were collected for further analysis after 4 weeks.

Reverse Transcription and qPCR
Total RNA isolation was performed by using TRIzol (Life
technologies) according to the manufacturer’s instructions.
Reverse transcription was performed by Mir-X miRNA First-
Strand Synthesis Kit (Takara) and the expression of miRNA was
measured using Taqman Mixture (CWBio, Shanghai, China).
The data were normalized to U6 snRNA. PrimeScript RT Reagent
Kit (Takara) was used to generate cDNAs and mRNA analysis

were performed by UltraSYBRMixture (CWBio, Beijing, China).
GADPH was used as normalization. All qPCR reactions were
performed on a LightCycler 96 Detection System (Roche). The
primers are listed in Supplementary Material.

Western Blot
The total protein of cells was extracted on ice by cell lysis buffer
(Beyotime, Shanghai, China) mixed with protease inhibitor
cocktail. BCA quantification kit (Beyotime, Shanghai, China) was
used to determine protein concentration. Lysates were separated
by SDS polyacrylamide gel electrophoresis. Proteins were blotted
onto PVDF membranes (Millipore). These membranes were
incubated with primer antibodies overnight at 4◦C and then
secondary HRP-conjugated antibodies at room temperature
for 2 h. The following antibodies were used: EGFR (Santa
Cruz Biotechnology), β-actin (Santa Cruz Biotechnology), p-
p65(Servicebio, Wuhan, China), p-IκB (Servicebio, Wuhan,
China), IKK (Servicebio, Wuhan, China), and secondary
antibodies anti-mouse IgG-HRP (Millipore), anti-rabbit IgG-
HRP (Millipore). Luminata Forte Western HRP substrate
(Millipore) was used to visualize the bound antibodies.

Cell Viability
cSCC cells HSC-1 and HSC-5 (4,000 per well) were seeded
into 96-well plate and transfected with NC mimic or miR-27a
mimic. CCK-8 (Yeasen, Shanghai, China) was added as described
in the manual and OD values at 450 nm were detected after
2 h incubation.

Cell Invasion Assay
Matrigel coated chambers (Corning) were used to assess the
invasion ability of transfected cells. cSCC cells HSC-1 and HSC-
5 (2.0 × 105) transfected with NC mimic or miR-27a mimic
were seeded into 8µm chamber of 24-well plates in serum-free
DMEMand the lower chambers were addedwith culturemedium
containing 10% FBS. After 16 h cultured at 37◦C, the upper
chambers were washed and fixed with fresh 3.7% formaldehyde.
One hundred percent methanol were used to permeabilize cells,
which were stained with 0.1% crystal violet and cell number
analyzed by microphotograph.

Luciferase Reporter Assay
The oligos containing the native or mutant binding site were
cloned into pMIR-reporter vector (Promega). HEK293T cells
were seeded into 12 well plates and co-transfected with pMIR-
reporter constructs, renilla luciferase reporter vector, miR-27a
mimic or NC mimic. Luciferase activities were measured at 48 h
after transfection. The firely luciferase activity was normalized to
renilla luciferase activity. The sequences of those oligos are listed
in Supplementary Material.

Subcutaneous Xenograft Model
BALB/c-nu/nu (male, 4–6 week old) were adopted from
Guangdong Medical Laboratory Animal Center. The animal
experiments were performed as described previously (15). HSC-
5 or HSC-1 cells were transfected with NC mimic or miR-27a
mimic. Cells (1.0 × 107) were subcutaneously injected into the
two flanks of nude mice. After 9 days of implantation, NC mimic
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FIGURE 1 | miR-27a was downregulated in respond to UVB radiation. (A) Hierarchical clustering analysis of differential expressed miRNAs at 3, 6, 12, 18, and 24 h

after UVB radiation in HaCaT cells based on miRNA sequencing. (B,C) The expression of miR-27a was identified in HaCaT cells with UVB radiation by qPCR. Each

experiment was performed in triplicate and data are presented as mean ± s.d. One-Way ANOVA and Dunnett’s Multiple comparison test were used to analyze the

data (*P < 0.05, ***P < 0.001).

or miR-27a mimic were injected into the respective tumors and
repeated every 2 days. The tumor diameters were measured and
recorded every day to generate a growth curve. The tumors were
removed and feezed immediately for experiments followed. All
procedures involving the mice were approved by the Southern
Medical University Animal Care and Use Committee and in
accordance with institutional guidelines.

Statistical Analysis
The experimental results were represented with mean ± S.D.
and Student’s test or one-way ANOVA was used to analyze
statistical difference. It was considered statistically significant
when P < 0.05.

RESULTS

miR-27a Is Sensitive to UVB Radiation in
Epidermis
UVB is the major pathogenic factor for cSCC. To discover
miRNAs in response to UVB radiation and explore their
functions in the progression of cSCC, we conducted miRNA

sequencing to reveal those differentially expressed miRNAs in
HaCaT cells at different time points (3, 6, 12, 18, and 24 h)
after UVB radiation. Relative expression of miRNAs which
were altered at least two-folds change at any time points
compared with that in HaCaT cells without UVB radiation were
selected and clustered using the hierarchical clustering algorithm
(Figure 1A). miR-27a was differentially expressed in common at
6, 12, 18, and 24 h time points. The expression of miR-27a in
HaCaT cells was significantly downregulated after UVB radiation
verified by real-time PCR, which is coincident with RNA-seq
(Figure 1B). In UVB-irradiated mice skin, miR-27a expression
was significantly decreased compared with mice skins without
UVB radiation (Figure 1C). Those results reminded us that miR-
27a may play a vital role in the progression of cSCC.

miR-27a Is Low Expressed in cSCC Cells
and Tissues
To explore the function of miR-27a in cSCC progression, we
examined miR-27a expression in cSCC cell lines and tissues by
qPCR. In contrast with HaCaT cells, miR-27a was dramatically
low expressed in cSCC cells, HSC-5 and HSC-1 (Figure 2A). In
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FIGURE 2 | miR-27a was low expressed in cSCC. (A) The expression of miR-27a was downregulated in cSCC cells compared with HaCaT. (B) miR-27a expression

was downregulated in cSCC tissues compared with NHEKs. Each experiment was performed in triplicate and data are presented as mean ± s.d. One-Way ANOVA

and Dunnett’s Multiple comparison test were used to analyze the data (**P<0.01, ***P < 0.001).

the meantime, miR-27a expression was analyzed in cSCC patient
tissues. Compared with normal human epidermal keratinocytes
(NHEKs, n = 4), miR-27a was significantly reduced in cSCC
tissues (n = 12) (Figure 2B). These results indicate that miR-27a
is low expressed in cSCC.

Loss of miR-27a Promotes Proliferation
and Invasion of cSCC Cells
To identify the effect of miR-27a in the development of cSCC,
we regulated miR-27a expression in HSC-5 or HSC-1 cells by
transfected miR-27a mimic or inhibitor. QPCR were performed
to determined miR-27a expression. Result showed that miR-27
expression was significantly increased or downregulated in both
HSC-5 or HSC-1 cells compared with negative control group
(Figures 3A,B). Cell proliferation was determined by CCK-8
assays and the data showed proliferation inhibition by exogenous
miR-27a (Figures 3C,D). Transwell assays were performed to
detect the invasion of HSC-5 or HSC-1 cells with miR-27a
mimic treatment. The results showed that the invasive ability
of cSCC cells were suppressed after miR-27a mimic transfection
(Figure 3E). Inversely, miR-27a inhibition in HSC-5 or HSC-
1 cells were found to promote the invasive ability compared
with cells transfected with negative control (Figure 3F). The data
above demonstrated that miR-27a represses cell proliferation and
invasiveness of cSCC cells in vitro.

EGFR Is a Direct Target of miR-27a
To explore the downstream of miR-27a, a bioinformatics screen
was carried out by using miRTarBase (16). Consideration of
the overactivation and crucial role of EGFR in most cancers,
it was selected as the underlying downstream genes of miR-
27a in cSCC cells. There was a binding site predicted for miR-
27a in the 3’UTR region of EGFR mRNA (Figure 4A). Wild
type or mutant binding site of EGFR were cloned and inserted
into luciferase reporter vector. The luciferase reporter assays
showed that miR-27a overexpression suppressed the luciferase
activity of the wild type vector, while no significant change of
the mutant vector (Figure 4A). In our previous study, EGFR
was identified to be overexpressed in cSCC (14) and upregulated
in mice skins receiving UVB radiation (Figure 4B), which was

opposite to the expression of miR-27a. In HSC-5 or HSC-1
cells which were transfected with miR-27a mimic, EGFR were
downregulated in both mRNA and protein level (Figure 4C);
conversely, upregulated in miR-27a inhibitor treated HSC-5
or HSC-1 cells (Figure 4D). These results demonstrated that
EGFR is a direct target of miR-27a in cSCC cells and miR-27a
knockdown increases the expression of EGFR.

miR-27a Modulates NF-κB Signaling
Pathway via Inactivation of EGFR
To investigate the downstream mechanism of miR-27a targeting
EGFR in cSCC cells, we detected the changes in the downstream
signaling pathway after transfection of cSCC cells with miR-27a
mimc or miR-27a inhibitor. Upregulation of miR-27a suppressed
the activation of EGFR (Figure 4E) and the inhibition of miR-27a
expression increased the phosphorylation of EGFR (Figure 4F).
Therefore, we further investigated whether the downstream
pathways of EGFR were modulated by miR-27a. Results showed
that miR-27a inhibited the phosphorylation of p65, IKK, and IκB
while downregulation of miR-27a increased the phosphorylation
of p65, IKK, and IκB, which indicates miR-27a suppresses
the activation of NF-κB pathway (Figures 4E,F). These results
suggested that miR-27a inhibits cSCC development by targeting
EGFR and its downstream NF-κB signaling pathway.

miR-27a Inhibits the Growth of cSCC
in vivo
To evaluate the antitumor function of miR-27a in vivo, we
established a subcutaneous model. miR-27a mimic or NC mimic
was delivered into HSC-5 or HSC-1 cells. The tumor volume was
significantly decreased in the group treated with miR-27a mimic
compared with that in the negative control group (Figures 5A,B).
The tumors were removed after implantation for 21 days
and miR-27a expression in the xenografts were determined
by qPCR. miR-27a was upregulated in the xenografts treated
with miR-27a mimic compared the negative control group
(Figures 5C,D). Furthermore, miR-27a led to the significant
downregulation of EGFR and its downstream NF-κB signaling
pathway (Figures 5E,F), which is consistent with that in vitro.
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FIGURE 3 | miR-27a acted as a tumor suppressive role in cSCC. Relative expression of miR-27a was detected in HSC-5 or HSC-1 cells treated with miR-27a mimic

(A) or inhibitor (B). Cell proliferation were determined by CCK-8 assays at 24, 48, and 72 h after transfection (C,D). Cell invasions were detected by transwell assays

with matrigels (E,F). Magnification: 200×. Each experiment was performed in triplicate and data are presented as mean ± s.d. One-Way ANOVA and Dunnett’s

Multiple comparison test were used to analyze the data (*P < 0.05, **P < 0.01, ***P < 0.001).

DISCUSSION

UV is a major environmental carcinogenesis for the initiation
and promotion of cSCC. It has been estimated that about 93%
of skin cancers could been due to UV exposure. Accumulating

data show that miRNAs play a vital role in modulating cell
proliferation and invasion by regulating their target genes. In
previous studies, we screened and verified miRNAs that are
upregulated by UVB radiation in HaCaT cells play an onco-miR

role in cSCC (8, 10). However, the role of miR-27a in cSCC
remains to be elucidated. It is the first time uncovering the

function of UVB-sensitive miR-27a in the development of cSCC.
In this study, we revealed that miR-27a inhibits cell proliferation

and invasion of cSCC, and suppresses the activation of NF-
κB pathway through directly targeting EGFR, indicating that
miR-27a plays a tumor suppressive role in cSCC.

miR-27a abnormal expression and mutation has been
identified in various malignant tumors, such as breast, renal
and colorectal cancer (13, 17, 18). miR-27a decreased the risk
of breast cancer in Caucasians (17) and population with the
genetic variant of pre-miR-27a had a lower risk of renal cell
carcinoma (RCC) (13). Further, low expressed miR-27a was
related to high grade in colorectal cancer (18). miR-27a inhibited
A549 cell proliferation via MET signaling (19) and in esophageal
squamous cell carcinoma functioned as a tumor suppressor
through binding to oncogene KRAS (20). Consistent with these
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FIGURE 4 | EGFR was a direct target of miR-27a. (A) miR-27a inhibits the wild type but not the mutant EGFR 3’UTR luciferase activity. (B) EGFR was induced in

chronic UVB irradiated mice skins. (C,D) the expression of EGFR in cSCC cells transfected with miR-27a mimic or inhibitor were detected by qPCR and western blot.

(E,F) miR-27a suppresses the phosphorylation of EGFR and regulates its downstream pathways. miR-27a overexpression or inhibition of miR-27a regulated the

phosphorylation of EGFR and the phosphorylation of p65, IκB, and IKK. Each experiment was performed in triplicate. Each experiment was performed in triplicate and

data are presented as mean ± s.d. One-Way ANOVA and Dunnett’s Multiple comparison test were used to analyze the data (*P < 0.05, **P < 0.01, ***P < 0.001).

studies, we found declined levels of miR-27a in cSCC and
exogenous miR-27a suppresses cell proliferation and leads to
the metastasis inhibition of cSCC significantly in vivo and
in vitro.

EGFR is considered playing a crucial role in regulating
cellular processes, including cell proliferation, differentiation and
migration during development and homoeostasis (21). In most
cancers, especially in most epithelial tumors, EGFR is commonly

upregulated and closely associated with poor differentiation
or unfavorable prognosis (22–24). Previous studies show that

overexpression or constitutive activation of EGFR contributes to
cell survival, proliferation, and invasiveness in cSCC (14, 22).

In this study, we identified EGFR as a direct target gene of
miR-27a by luciferase reporter assay. Exogenous transfectedmiR-
27a led to a decreased level of EGFR and inhibition of miR-
27a led to EGFR increased in cSCC cells, indicating that miR-

27a suppressed the expression of EGFR by binding to 3
′

UTR
region, which is consistent with the tumor suppressive role of
miR-27a in cSCC. As it is getting great attention for EGFR
targeted therapies, such as EGFR inhibitors, some clinical trials
targeting EGFR have been conducted aiming at cSCC therapy
(25, 26). However, it still needs to discover new strategies for
cSCC treatment due to the toxicity of EGFR inhibitors and
resistance to EGFR (27). NF-κB is highly conserved transcription
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FIGURE 5 | miR-27a inhibited tumor growth of cSCC in vivo. (A,B) Growth curves of tumor volumes in miR-27a mimic group and NC mimic group were determined

every 3 days. Representative photographs of tumors were shown below. (C,D) Relative expression of miR-27a in HSC-5 cells treated with miR-27a mimic or negative

control. (E,F) miR-27a overexpression regulated the phosphorylation of EGFR and the phosphorylation of p65, IκB, and IKK. Each experiment was performed in

triplicate and data are presented as mean ± s.d. One-Way ANOVA and Dunnett’s Multiple comparison test were used to analyze the data (*P < 0.05,

**P<0.01, ***P <0.001).

factor and NF-κB complexes are localized in the cytoplasm in
inactivated state (28). In the canonical pathway, IKK is activated
and phosphorylates IκB. IκB is subsequently ubiquitinated
to release p65, which lead to its nuclear translocation (29).
EGFR signals triggers NF-κB activation through IKK complex
and the phosphorylation of IκB (30) which is abnormally
constitutively activated in cancer cells and driving tumorigenesis
by promoting cell proliferation and metastasis (31, 32). In
addition, NF-κB activation also promotes the resistance to EGFR
inhibitors, which leads to a reduced therapeutic effectiveness
of EGFR inhibitors (33). Consistent with these studies, our

data showed that miR-27a downregulates EGFR expression

by directly binding to the 3
′

UTR region. Further, miR-27a
inhibits the phosphorylation of EGFR and its downstream NF-
κB pathway, which repress the phosphorylation of IKK and
IκB to inhibit the function of IKK complex and inactivation of
NF-κB activation.

Together, our study demonstrated that miR-27a inhibits the
progression of cSCC via targeting EGFR and its downstream
NF-κB pathway. miR-27a was selected as a sensitivity miRNA
in response to UVB radiation and downregulated in cSCC.
miR-27a inhibited the proliferation and metastasis of cSCC
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FIGURE 6 | A model of miR-27a-EGFR- NF-κB regulatory axis in cSCC development. In cSCC tumors, loss of miR-27a up-regulates EGFR and the downstream

NF-κB pathway, which contributes to the enhancement of proliferation and metastasis, thus promotes cSCC progression.

cells. Furthermore, EGFR was identified to be directly targeted
by miR-27a, which restrained the activation of NF-κB via
directly targeting EGFR, which indicates that miR-27a may
act as a tumor suppressor through NF-κB pathway (Figure 6).
Our findings reveal a regulatory axis of miR-27a-EGFR-
NF-κB that may be a novel putative therapeutic target
for cSCC.
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RNA editing is a widespread post-transcriptional mechanism to introduce single

nucleotide changes to RNA in human cancers. Here, we characterized the global RNA

editing profiles of 373 hepatocellular carcinoma (HCC) and 50 adjacent normal liver

samples from The Cancer Genome Atlas (TCGA) and revealed that most editing events

tend to occur in minor percentage of samples with moderate editing degrees (20–30%).

Moreover, these RNA editing prefer to be A-to-I RNA editing in protein coding genes,

especially in 3′UTR regions. Considering the association between DNA mutation and

RNA editing, our analysis found that RNA editing maybe a complementary event for DNA

mutation of HCC risk genes in HCC patients. We next identified 454 HCC-related editing

sites, and many locate on the same genes with the same editing patterns. The functional

consequences of editing revealed 2,086 functional editing sites and demonstrated that

most editing in coding regions are non-synonymous variations. Furthermore, our results

showed that editing in the 3′UTR regions tend to influence miRNA–target binding, and

the editing degree seems to be negatively correlated with gene expression. Finally, we

found that 46 HCC-related editing sites with consequence are able to distinguish the

prognosis differences of HCC patients, suggesting their clinical relevance. Together, our

results highlight RNA editing as a valuable molecular resource for investigating HCC

mechanisms and clinical treatments.

Keywords: RNA editing, hepatocellular carcinoma, post-transcriptional regulation, bioinformatics, prognosis

INTRODUCTION

Hepatocellular carcinoma (HCC) is a kind of malignant tumor with high mortality. It ranks third
among all cancer-related mortality in the world. About 3% of the patients with cirrhosis can result
in HCC, which is the most serious complication in chronic liver diseases (1). The high mortality
rate of HCC is mainly due to it being asymptomatic in the early stage and the lack of effective
treatments for even mid-term patients. This poses a great threat to the patient’s life and also brings
heavy economic burdens to the society and families. Therefore, it is of great significance to clarify
the pathogenesis of HCC as soon as possible, and thus formulatemore effective strategies for clinical
diagnosis and treatment. Previous studies on the pathogenic mechanisms of cancer suggested that
DNA mutations are a driving factor in cancer development; however, many HCC tumor samples
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were found to be free of carcinogenic DNA-driven mutations
(2), which indicate that other driving events are involved in the
occurrence and development of HCC.

RNA editing is an important post-transcriptional
modification event, which change genetic information at
RNA level and generate results similar to DNA mutations,
thus increasing the diversity of transcripts and proteomes (3).
The most common type of RNA editing in human cells is the
transformation of adenine nucleotides (A) into inosine (I), which
was mediated by adenosine deaminase family proteins (ADARs)
(4). Because inosine (I) is recognized as guanine (G) nucleotide
during translation, it is also called A-to-GRNA editing. In
addition to changes in A-to-I (G) RNA editing, human cells also
have a small number of other RNA editing types (5). Recent
bioinformatics analysis found that RNA editing events are
extensive across the human transcriptome (6).

RNA editing in normal cells are associated with adaptive
evolution and cell development (7). Conversely, dysfunction in
RNA editing systems will have a series of effects on subsequent
RNA regulation processes. First, RNA editing in the protein
coding region can affect amino acid translation, producing
proteins with different structures or functions, and then affecting
protein expression activity. For example, the A-to-I hyper-editing
in RHOQ transcripts will induce the abnormal elevation of
RHOQ protein, and thus promote the invasion and metastasis
of cancer cells in colorectal cancer (8). The editing of SLC22A3
transcript can induce the down-expression of SLC22A3 protein,
which contributes to the early invasion in familial esophageal
squamous cell carcinoma (9). Second, about 95% of multi-exon
genes produce different transcripts through alternative splicing
(10, 11), which is common in human liver cancer (12). RNA
editing occurring in splicing sites or splicing regulatory elements
possibly affects the variable splicing processes of RNA. For
instance, the hyper-editing on one of the potential branching sites
of PTPN6 causes the third intron retention, which is associated
with the pathogenesis of acute leukemia (13). Third, genome-
wide sequencing analysis revealed that most RNA editing sites
were located in the non-coding regions of the genome, including
the 3′UTR, intron and intergenic regions, which may influence
the regulation of non-coding RNAs, especially miRNA regulation
on the 3′UTR regions (14, 15). These studies indicate that RNA
editing events will affect a series of downstream RNA regulation
processes, which are closely related to the disease processes.

Recently, the incidence and progression of HCC were found
associated with RNA editing events and may further help us
reveal the pathogenic mechanisms underlying HCC. Chen et al.
suggested that the hyper-editing event of AZIN1 results in
a serine-to-glycine substitution at residue 367 of the AZIN1
protein, which may be a potential driver in the pathogenesis of
HCC (16). Chan et al. identified an average of 20,007 A-to-I RNA
editing events in transcripts by utilizing RNA-seq of three paired
HCC and their adjacent non-tumor samples, then validated the
expression level of ADARs that are related to editing degrees of
FLNB and COPA in a large cohort with microarray analysis. They
also found that the expression level of ADARs which mediate
A-to-I RNA editing is related to the risk of HCC recurrence
(17). Similarly, research on two pairs of HCC patients revealed

that BLCAP transcript is hyper-edited, which will enhance the
phosphorylation of AKT, MTOR, and MDM2 and inhibit the
function of TP53, thus promote cell proliferation and tumor
development (18). Another study identified HCC-related RNA
editing sites by genomic and transcriptomic analysis of nine
pairs of HCC and normal samples (19). However, the number
of HCC patients used in these studies is relatively small, and their
statistical efficacy is limited. Furthermore, themain concern is the
limited effect of ADAR enzymes on RNA editing, and the limited
analysis of downstream regulation systems, which RNA editing
may affect.

Recently, The Cancer Genome Atlas (TCGA) project provides
a large number of omics data of malignant tumors. Han et al.
and Paz-Yaacov et al. identified RNA editing sites in multiple
cancer types from TCGA, including HCC (20, 21). However,
they focused on pan-cancer analysis and only used a part of the
HCC samples. Han et al. focused on existing RNA editing sites
annotated in the RADAR database. Moreover, they removed all
mutation sites annotated in the COSMIC database and the ones
that were not matched to specific tumor samples. Thus, they may
miss a number of HCC-related RNA editing events. Paz-Yaacov
et al. focused on the clinical influence of Alu-specific RNA editing
and just considered 30 pairs of HCC cancer and normal samples.
Most importantly, the specific changes in downstream RNA
regulation system caused by RNA editing were not thoroughly
analyzed, and the genome-wide distribution pattern of RNA
editing in HCC is not described in both studies. In addition, as
they focused on the common pathogenic mechanism of multiple
cancer types, many HCC-related RNA editing sites were not
presented. We suggested that it should be clearly described
whether the RNA editing was observed in cases where DNA
mutations are absent in HCC-relevant driver genes.

In our study, we intend to de novo identification of HCC-
related RNA editing sites by integrating multiple omics data
with bioinformatics methods, including genomic mutation,
transcriptomic variation, and reference single nucleotide
polymorphism (SNP) information, using 373 HCC tumor
samples and 50 adjacent normals from TCGA. Here, the
genomic distribution pattern of RNA editing events was
described. We also deeply analyzed the influence of HCC-related
RNA editing on downstream regulation system, including the
effect on protein translation and miRNA regulation. Based
on clinical information of HCC patients, our study further
identified new biomarkers for clinical prognosis, which will
promote the disclosure of molecular mechanisms of HCC from
the perspective view of RNA editing.

MATERIALS AND METHODS

Data Retrieval
Pair-end RNA-seq BAM files originating from 373 HCC cancer
samples and 50 adjacent normal liver samples were downloaded
from the database of Genotypes and Phenotypes (dbGaP)
originally from The Cancer Genome Atlas (TCGA, https://
portal.gdc.cancer.gov/) research project (22). Validated RNA-
seq FASTQ files of HCC cell lines and normal liver samples
were downloaded from ArrayExpress (https://www.ebi.ac.uk/
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arrayexpress/, E-MTAB-4052) (23), including three human
normal liver samples and two Huh7 RNA-seq FASTQ datasets.
DNA mutation, gene expression, and clinical information
datasets were also downloaded from TCGA. Single nucleotide
polymorphism (SNP) annotations were downloaded from
dbSNP version 137 (24) and the 1000 Genomes Project (25).

Gene annotation of the 3′UTR, 5′UTR, CDS, and intron
regions were downloaded from the UCSC table browser (http://
genome.ucsc.edu/cgi-bin/hgTables) (26). In addition, functional
annotation gene sets were downloaded from the MsigDB
database (http://software.broadinstitute.org/gsea/msigdb) (27).

We obtained the list of known tumor suppressive genes
(TSGs) and oncogenic genes (OGs) from a previous study (28),
which integrates mRNA expression, copy number variations
(CNV), and DNA mutation information and generated a
continuous ranked list for each gene, ranging frommore negative
(TSGs) to more positive (OGs) with consistent changes across
tumors. Here we used a strict score threshold to get OGs
(score ≥7) and TSGs (score ≤−7) for further analysis. The
statistical significances for the enrichment of OGs and TSGs
were calculated by hypergeometric tests. All of the data resources
mentioned above are shown in Supplementary Table S1.

De novo Detection of RNA Editing Sites
First, the downloaded BAM files of the TCGA samples were
converted to FASTQ using BEDtools (29), the FASTQ files were
aligned to the human reference genome (GRCh38) by STAR
with default parameters (--outFilterMultimapScoreRange
1 –sjdbScore 2 –outFilterScoreMinOverLread 0.33
--outFilterMultimapNmax 20 --sjdbOverhang 100) (30). Second,
putative RNA editing sites were identified by Genome Analysis
Toolkit (GATK4) with default parameters (HaplotypeCaller
--gcs-max-retries 20 --heterozygosity 0.001 --max-reads-per-
alignment-start 50 --min-base-quality-score 10), using uniquely
mapped reads after PCR duplicates were removed (31). Third,
computational filters for vcf files were applied through five steps:
(i) removing DNA mutation sites for each HCC sample; (ii)
taking out all known SNPs in dbSNP version 137 or the 1000
Genome Project, and also insertion or deletion sites; (iii) further
filtering sites to obtain editing sites with high confidence: if
Fisher Strand (FS) >20, or Quality by Depth (QD) <2, or editing
was supported <2 reads, or total coverage reads <10, these sites
were removed, and we required at least 10% difference between
the editing degrees of 90% quantile and 10% quantile across all
samples; (iv) sites with 100% editing degree were also filtered,
as 100% editing efficiency is thought to be unrealistic (6); (v)
keeping variants detected in at least 1% of the samples because
they are unlikely to be rare variants. Editing degree was defined
as the percentage of edited reads among the total mapped reads
at a given site (20).

Finally, we restricted editing sites to 46 human chromosomes.
To get the exact RNA, which was edited, we used BEDtools to
map the editing sites with gene annotation gtf files. If the RNA
editing sites were simultaneously mapped to two strands, these
sites were further removed. At last, we get 19,431 RNA editing
sites for further analysis.

The validated RNA-seq FASTQ datasets were aligned to
the human reference genome (GRCh38) by bowtie, processed
by GATK4 with default parameters, with no matched DNA
mutation datasets. Other pipelines were similar to the
aforementioned method.

Identification of HCC-Related RNA Editing
Sites
HCC-related RNA editing sites include HCC gain, HCC loss,
and significant dysregulated editing (dys-edit) sites. HCC gain
or HCC loss editing sites were defined by Fisher’s exact test
(Benjamini–Hochberg correction, adjust p < 0.05), with HCC
gain editing sites restricted to be no more than 5% editing sites
in normal samples and HCC loss editing sites restricted to be
no more than 5% editing sites in cancer samples. Dys-edit sites
were just focused on the editing degree of 50HCC cancer samples
and mapped 50 normal samples, which were determined by two
steps: (i) using the paired Student’s t-test (Benjamini–Hochberg
correction, adjust p < 0.2 and p < 0.01); (ii) restricting editing
sites to those having more than 0.25 editing degree change in at
least two pairs of normal and cancer samples. The HCC dys-edit
sites identified in the above two steps were changed in the same
direction (simultaneously hyper-edited or hypo-edited in two
steps). Finally, we identified 454 HCC-related RNA editing sites.

Functional Enrichment Analysis for
HCC-Related RNA Editing Sites
First, HCC-related RNA editing sites were mapped to gene name
by BEDtools. Then, we performed functional enrichment analysis
by hypergeometric test (Benjamini–Hochberg correction, adjust
p < 0.05). We focused on chemical and genetic perturbations
(CGP), reactome pathways and biological processes (BP) of gene
ontology (GO) originating fromMsigDB.

The Functional Consequence Analysis for
RNA Editing Sites
Protein Coding and Alternative Splicing Change
To define whether an editing site can change protein translation
or alternative splicing, we re-annotated them byANNOVAR (32).

miRNA–Target Binding Prediction
RNA editing in the 3′UTR regions may influence the binding and
regulation of miRNAs, including loss of existing miRNA–target
regulation and gain of new regulation, or change the binding
strength of existing miRNA–target regulation. Therefore, for
each RNA editing site in the 3′UTR regions, we simultaneously
calculated and compared the miRNA binding in both edited and
reference 3′UTR regions. We computationally predicted whether
an miRNA binds to the mRNA regions around editing sites using
miRanda (33) as described in Hwang et al. (5), which calculates
the binding energy to estimate the thermodynamic properties
of a predicted duplex and a complementarity score to estimate
the mismatch. Briefly, for mRNA as a target sequence, two types
of sequences were prepared with flanking regions of editing
sites (50 bp upstream and downstream) in all mRNA transcripts
in UCSC: the reference sequence and the editing sequence.
The mature miRNA sequences were also prepared, which were
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obtained from miRBase (34). The binding energies between
miRNA sequence with both a reference and edited mRNA
sequences were calculated by miRanda (v3.3a) with default
parameters (score > 140, gap-open penalty set to −4 and gap-
extend penalty set to −9). We next used delta G <-14 kcal/mol
as a threshold for free energy of duplex formation to obtain more
confident miRNA–target regulations, which were maintained for
the following analysis. The comparison was performed for these
two types of mRNA sequence, with all the predicted binding pairs
of miRNAs and mRNA targets. If miRNA–target relationships
just appeared in reference but not in the edited sequence, these
were defined as “edited loss” conversely, defined as “edited gain.”
As for the relationships that both appeared in the reference
and edited sequences, if the binding energies changed more
than 14 kcal/mol between the reference and edited sequences,

they were defined as “edited change.” The “edited gain,” “edited
loss,” and “edited change” constituted the candidate pool of
RNA editing sites that may induce miRNA–target regulations to
change. Finally, if the editing of an mRNA target induces more
than 10 miRNA–target regulation change, this editing site was
defined as having an miRNA–target regulation consequence.

Expression-Related RNA Editing Sites
To define whether RNA editing can influence RNA expression,
we calculated the Pearson correlation between editing degree
and expression level among samples where both expression
and editing degree were measured (editing degree is not
0; Benjamini–Hochberg correction; adjust p < 0.05). The
normalized gene expression levels of raw read counts were
calculated using DESeq2 (35).

FIGURE 1 | Systemic identification and global properties of RNA editing sites in hepatocellular carcinoma (HCC) and normal samples. (A) The pipeline for the

identification of RNA editing site in HCC and normal samples. (B) The distribution of the percentage of RNA editing sites in HCC cancer and normal sample. (C) The

distribution of editing percentages across different intervals of samples. (D) The percentage of editing sites across different intervals of editing degrees. (E) The

distribution of editing variation types. (F) The distribution of gene types and genomic annotations for identified RNA editing sites.
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Correlation Between Editing Risk Score and Survival
First, we defined the editing risk score for each HCC clinical
sample. Univariate Cox regression analysis was performed to
evaluate the association between survival duration and the
editing degree of each editing site. A regression coefficient
with a plus sign indicated that increased editing degree is
associated with an increased risk of survival (risky editing);
conversely, a minus sign indicated that an increased editing
degree is associated with a decreased risk of survival (protective
editing). More specifically, for editing sites, which are located
in a gene region, we assigned a risk score to each HCC patient
according to a combination of the product of the editing
degree and gene expression, weighted by 1 or −1 according to
the regression coefficients from the univariate Cox regression
analysis mentioned above. The risk score for each patient was
calculated as follows:

Risk_Score =

n∑

i = 1

βi ∗ Expgene(i) ∗ Editi

where, βi is 1 or −1 when the Cox regression coefficient of the
editing site i is a positive or negative value, respectively. The n is
the number of HCC-related RNA editing sites with consequence

that are located in gene regions with an editing degree more than
0 in each sample. Expgene(i) is the expression level of gene in which
the editing site i occurs. Editi represents the editing degree of the
editing site i.

To investigate whether risk scores are associated with tumor
grades and tumor stages, we use the Wilcoxon rank-sum test. As
the sample number with a tumor grade 4 or tumor stage 4 is too
small, only 12 and 13, respectively, we only considered grade 1,
grade 2, and grade 3 plus (including grade 3 and grade 4) for
tumor grades and stage 1, stage 2, and stage 3 plus (including
stage 3 and stage 4) for tumor stages. All patients were then
classified into high-risk and low-risk groups using the median
risk score as the cutoff point. The Kaplan–Meier method was
further used to estimate the differences in overall survival time for
these two patient groups (log-rank test). Patients having higher
risk scores were expected to have poor survival outcomes.

We further focused on three prognostic-related editing sites
whose editing degrees are significantly correlated with survival
(p < 0.05). The risk scores were calculated according to the
mathematical formula above. For HBV/HCV infected patients
or non-alcoholic fatty liver patients, we did a similar analysis
mentioned above to obtain a risk score for each sample using
three prognostic-related editing sites.

FIGURE 2 | RNA editing maybe a complementary event for DNA mutation of HCC risk genes in HCC patients. (A) The percentage of mutated sites or edited sites in

164 HCC samples with DNA mutation of HCC risk genes (red points, number of mutated sites/total mutated HCC risk sites identified; blue points, number of edited

sites/total edited HCC risk sites identified). (B) The percentage of mutated sites or edited sites in 35 HCC samples without DNA mutation of HCC risk genes. (C) The

percentage of edited sites account for total edited HCC risk sites identified in mutated and non-mutated HCC samples. (D) The percentage of mutated sites account

for total mutated HCC risk sites identified in edited and non-edited samples.
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To determine whether editing risk scores can
provide additional predictive power, we performed
a multivariate survival analysis using prognostic

factors, including gender, age, body mass index (BMI),
grade, and stage of HCC patients, along with editing
risk score.

FIGURE 3 | HCC-related RNA editing sites (454) were identified. (A) HCC gain and HCC loss RNA editing sites across 373 HCC cancer samples and 50 normal

samples. Upper: the percentage of HCC gain and loss site in each HCC or normal samples. Middle: the editing degree in each HCC or normal cases. Right: the

percentage of edited samples for each HCC gain or loss editing site. The box filled in red showed the percentage of edited samples in normal samples. Meanwhile,

the one filled in white showed the percentage of edited samples in HCC cancer samples. (B) The editing degrees of 24 HCC dys-edited RNA editing sites in 50 paired

HCC cancer and normal samples. The last two are in the gene interstitial regions.
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RESULTS

Global Properties of the Inferred RNA
Editing Sites in HCC and Normal Samples
Several de novo methods for detecting RNA editing were
developed recently (5, 6, 20). Here we combined these methods
and proposed a multi-stage method to gradually identify RNA
editing sites by integrating DNA mutation and SNP datasets
(Figure 1A) (see details in the Methods section). Totally, we
obtained 19,431 RNA editing sites for further analysis. In general,
HCC tumor samples have a higher percentage of RNA editing
sites compared to the normal samples (Figure 1B). More than
half of the editing sites occurred in no more than 10 samples
(Figure 1C). Most editing sites presented moderate editing
degree, where 20–30% editing degree accounted for the largest

TABLE 1 | HCC-related RNA editing sites.

Number of editing

sites in

protein-coding

genes

Number of involved

protein-coding

genes

Total number of

RNA editing sites

HCC gain 208 134 264

HCC loss 93 67 166

Dys-edited 19 18 24

Total 320 213 454

proportion (Figure 1D). We also found that A-to-IRNA editing
accounts for most of the RNA variants in the list, and the
following enriched variant types were T-to-C, G-to-A, and C-
to-T RNA editing, which was consistent with previous research
[Figure 1E; (5, 6)]. We next annotated these editing sites with
gene types and revealed that most of the editing sites are located
on protein-coding genes. In addition, a moderate number of
RNA editing sites are located in intergenic and lncRNA regions
(Figure 1F). Consistent with a previous study, more than half of
the editing sites are in the 3′UTR regions, accounting for 53.68%,
and the following are in the intron regions (Figure 1F). Notably,
Han et al. reported just a few A-to-I RNA editing in the CDS
regions; here we identified about 5% editing events in the CDS
regions, which include many other types of RNA editing. After
we restricted to A-to-I RNA editing, the percent decreased to be
1.66% in the CDS regions (Supplementary Figure S1).

RNA Editing May Be a Complementary
Event for DNA Mutation of HCC Risk
Genes in HCC Patients
As RNA editing and DNA mutation have a similar effect to
increase the diversity of transcripts in cells, thus we wonder
whether there is a connection between these two events. For
a given gene region, if it is identified to be mutated, it would
not be identified as editing at the same time in our recognition
method. However, we can dissect whether there is a correlation
between RNA editing and DNA mutation in HCC risk gene sets.

FIGURE 4 | HCC-related RNA editing sites prefer to locate on the same genes with same editing patterns. (A) Several HCC-related RNA editing sites located on the

same genes. Y axis means the total number of editing sites, and the number of genes involved in were shown in parenthesis. X axis means the number of different

editing sites located on the same genes. (B) Different HCC-related RNA editing sites, which located on the same genes prefer to have the same editing patterns.

Frontiers in Oncology | www.frontiersin.org 7 February 2020 | Volume 10 | Article 3757

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


Chen et al. RNA Editing in Hepatocellular Carcinoma

We obtained 33 HCC relevant cancer genes from a previous
report (36), which we defined as HCC risk genes, such as TP53,
PTEN, and TERT, of which we observed 24 risk genes with
DNA mutation (145 mutation sites involved), and six risk genes
with RNA editing (14 editing sites involved). HCC patients with
DNA mutation (164) and 35 cases lacking DNA mutations in
HCC risk genes were observed (Figures 2A,B). It is found that
all of these 35 patients that lacked DNA mutation had RNA
editing in the HCC risk genes. For example, patient TCGA-
CC-A3M9-01 had no mutated risk genes, but had RNA editing
sites in PTEN (chr10:87967417) and UBE2H (chr7:129830735).
In patient TCGA-CC-A3MB-01, three sites of RNA editing
occurred in the risk gene, TERT (chr5:1262789, chr5:1262852,
chr5:1263350), and the same with patient TCGA-DD-AADV-01
(Figure 2B). In addition, we found that the percentage of the
edited sites in the HCC risk genes is much higher in patients who
lacked DNA mutation compared to patients with DNA mutation
in the HCC risk gene regions (p < 2.2e-16, Wilcoxon test)
(Figure 2C). Meanwhile, the mutation percentage is much lower
in edited patients compared with non-edited patients in HCC

TABLE 2 | Several HCC-related RNA editing sites located on the same genes with

the same editing patterns.

Gene Frequency HCC-related sites

MDM4 7 7 HCC gain

DHODH 7 7 HCC loss

JRK 6 6 HCC gain

GINS1 6 6 HCC gain

ALDH2 6 6 HCC loss

SPC24 5 5 HCC gain

SERPINF2 5 5 HCC gain

APC2 5 5 HCC gain

ZNF517 4 4 HCC gain

MOGAT2 4 4 HCC loss

MAVS 4 3 HCC gain; 1 HCC dys-edited

HINT1 4 3 HCC gain; 1 HCC dys-edited

ZNF814 3 3 HCC gain

TTC9C 3 2 HCC gain; 1 HCC dys-edited

TRIM56 3 2 HCC gain; 1 HCC dys-edited

RP5-1061H20.4 3 3 HCC gain

POLR1A 3 3 HCC gain

NPLOC4 3 3 HCC gain

MOGAT3 3 3 HCC gain

METTL7A 3 3 HCC gain

IPP 3 2 HCC gain; 1 HCC dys-edited

HAVCR2 3 3 HCC gain

HAMP 3 3 HCC loss

FADS2 3 3 HCC gain

DCAF16 3 3 HCC gain

ADAMTS13 3 3 HCC loss

This table showed genes related to at least three editing sites.

risk gene regions (p= 4.63e-16, Wilcoxon test) (Figure 2D). The
observations above implied that RNA editing was a risk factor
to HCC as a complementary event for DNA mutation in HCC
risk genes.

HCC-Related RNA Editing Prefer to Locate
on Liver-Specific Genes
Chen et al. proved that RNA editing of AZIN1 promotes
progression of HCC (16). In our study, by genome-wide
identification of RNA editing sites across large RNA-seq samples,
we aimed to reveal more HCC-related RNA editing sites.
Generally, we identified 454 HCC-related RNA editing sites,
including 264 HCC gain, 166 HCC loss, and 24 HCC dys-
edited sites (Figures 3A,B, Table 1). Notably, a serine-to-glycine
substitution at residue 367 of AZIN1 was also identified by our
method, which is reported to be hyper-edited in HCC patients
compared to normal samples in previous studies (16). Two
editing sites of COX18 were hypo-edited in HCC compared with
paired normal samples. The most significantly dys-edited RNA
editing sites were editing on the ACOX1 (chr17: 75941513, p =

1.15e-05). Notably, ACOX1 was reported to play important roles
in cancer development of HCC by stimulating hepatic fatty acid
oxidation and H2O2 accumulation (37).

To further investigate the biological function of these HCC-
related RNA editing sites, we performed functional enrichment
analysis for these genes with the HCC-related RNA editing sites
(hypergeometric test, adjust p < 0.05; Supplementary Figure S2,
Supplementary Table S2). Our results indicated that HCC-
related editing genes prefer to be liver-specific genes, which were
involved in nuclear transport, catabolic and cell cycle processes.
The enrichment of liver-specific genes and liver cancer-associated
genes suggested that RNA editing can be a potential research area
to analyze the mechanism, clinical prevention, and treatment of
HCC patients.

HCC-Related Editing Sites Prefer to Locate
on the Same Genes With the Same Editing
Patterns
A large percent of HCC-related RNA editing sites were located
on gene regions (88.99%, 404/454) especially for HCC gain and
dys-edited sites. Interestingly, 73 genes were shared by at least
two HCC-related RNA editing sites and accounted for 50%
(202 editing sites of 404) (Figure 4A, Supplementary Table S3).
Notably, we found that different editing sites located on the same
genes tend to be with the same HCC editing type, with few
exceptions (Figure 4B, Table 2). For example, there are seven
HCC-related RNA editing sites located on MDM4; meanwhile,
these seven sites are all HCC gain editing patterns. About 89.04%
genes with different editing sites have the same editing patterns,
which indicated that these editing sites may have important roles
in HCC initiation and development.

The Functional Consequence of RNA
Editing Sites
Previous studies have suggested that RNA editing can be
functional and involved in carcinoma initiation and progression
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FIGURE 5 | Functional consequence analysis of RNA editing sites. (A) The possible functional consequence of RNA editing, including protein-coding sequence

change, alternative splicing change, miRNA–target regulation change, and expression level change. (B) The number of RNA editing sites with possible consequence.

(C) The number of RNA editing sites for protein-coding sequence changes. (D) The distribution of Pearson correlation coefficients (PCCs) between editing degrees

and the expression of corresponding genes.

by influencing amino acid encoding, alternative splicing,
miRNA–target regulation, or expression changing of the
corresponding gene [(38, 39); Figure 5A]. Totally, we identified
2,064 editing sites with functional consequence, of which
46 were HCC-related (Figure 5B, Supplementary Table S4).
For editing in coding sequence (CDS) regions, we identified
554 editing sites with functional change, including one stop
loss, seven stop gain, 10 unknown, and 536 non-synonymous
(Figures 5B,C), of which 11 editing sites were HCC related.
Specifically, the serine-to-glycine substitution at residue 367
of AZIN1 was reported in a previous study; the editing may
induce a conformational change and a cytoplasmic-to-nuclear
translocation, which will result in tumor initiation and aggressive
tumor progression (16). Another example is serine-to-threonine
substitution at residue 1,768 of MUC6, which located in a
proximate repeat region annotated in the Uniprot database

(40). Importantly, abnormal expression of MUC6 was reported
to be associated with many gastrointestinal cancers, such as
HCC and cholangiocarcinoma (41). Hence, we supposed that
several RNA editing located in important protein domains,
which change the properties of the protein, might play roles
in the progression of HCC. In terms of alternative splicing,
30 editing sites identified by ANNOVA can induce splicing
change, of which no one was HCC related. As more than
half of the RNA editing sites located on the 3′UTR regions,
next, we considered miRNA–target regulation change caused
by RNA editing in the 3′UTR regions. We use miRanda to
calculate the binding energies between miRNA sequence and
editing sequence (or reference sequence). We identified 1,356
editing sites that affect miRNA–target regulation, of which
26 were HCC related. Among these 26 HCC-related RNA
editing sites, the top three affected miRNAs were miR-17-3p,
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FIGURE 6 | The HCC-related RNA editing sites with functional consequence can predict clinical outcomes of HCC patients. (A) Risk scores measured by 46

HCC-related RNA editing sites with functional consequence are related to tumor grades in HCC patients (Wilcoxon rank-sum test). (B) Risk scores measured by 46

HCC-related RNA editing sites with functional consequence are related to tumor stages in HCC patients (Wilcoxon rank-sum test). (C) Risk scores measured by 46

HCC-related RNA editing sites with functional consequence can predict the prognosis in HCC patients. (D) Risk scores measured by three HCC-related prognostic

editing sites with functional consequence can predict the prognosis in HBV-/HCV-infected HCC patients. (E) Risk scores measured by three HCC-related prognostic

editing sites with functional consequence can predict the prognosis in HCC patients with non-alcoholic fatty liver disease. (F) Functional enrichment of 46 HCC-related

RNA editing sites with consequence. The functional gene sets were downloaded from MsigDB, including Chemical and Genetic Perturbation in red and Reactome

pathway in purple.

miR-20b-3p, and miR-593-3p (with 11, 7, and 7 target regulation
changes induced by HCC-related editing sites, respectively
(Supplementary Table S5). Notably, miR-17-3p, miR-20b-3p,
and miR-593-3p are widely involved in caner initiation and
progression, including HCC (42–46). We observed that the

expression levels of 163 RNA editing sites were correlated

with the editing degree of corresponding genes, of which 10
were HCC-related editing sites. Moreover, Pearson correlation

coefficients (PCCs) tend to be negative values (Figure 5D),

which indicated that most of the RNA editing sites might cause

downexpression of the corresponding genes.

HCC-Related RNA Editing Sites With
Functional Consequence Can Predict
Clinical Prognosis
To further investigate the relationship between RNA editing
and HCC clinical characteristics, we first defined the risk score
for each clinical sample by integrating the expression levels
and editing degrees of HCC-related RNA editing sites with
functional consequence, weighted by 1 or −1 according to the
regression coefficients from univariate Cox regression analysis
(detailed in the Materials and Methods section). As expected,
we found that the risk scores measured by 46 HCC-related RNA
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TABLE 3 | The results of multivariate survival analysis of 46 HCC-related RNA

editing sites with consequence.

HR (95% CI) p-Value

Risk score 1.03 (1.01, 1.04) 0.010**

Gender

Female 1 (reference)

Male 0.90(0.55, 1.45) 0.652

Ages 1.00(1.00, 1.00) 0.025*

BMI 1.03(1.00, 1.06) 0.097

Grades

Grade G1 1 (reference)

Grade G2 1.46 (0.65, 3.22) 0.369

Grade G3 1.74(0.75, 4.06) 0.196

Grade G4 4.91(1.47, 16.39) 0.010*

Stages

Stage T1 1 (reference)

Stage T2 1.31 (0.71, 2.43) 0.385

Stage T3 1.70 (0.92, 3.13) 0.089

Stage T4 3.83 (1.45, 10.07) 0.007**

Values of p < 0.05 were bolded, of which *p < 0.05 and **p < 0.01.

TABLE 4 | Three prognostic HCC-related RNA editing sites with functional

consequence.

RNA editing Gene

types

Gene name Editing type Function

chr12;

111811793;A;G

Protein

coding

ALDH2 HCC loss miRNA–target

chr9;41929326;

C;T

Protein

coding

CNTNAP3B HCC gain CDS change

chr9;65675990;

T;G

Protein

coding

CBWD5 HCC loss CDS change

editing sites with functional consequence correlated with tumor
grades and stages in HCC patients, where higher risk scores
in patients implicated higher tumor malignancy (higher tumor
grades or tumor stages, Wilcoxon rank-sum test) (Figures 6A,B).
We further classified all HCC patients into high-risk and low-
risk groups using the median risk score as the cutoff point.
Our analysis suggested that patients having higher risk scores
were expected to have poor overall survival times (log-rank test,
p = 0.0003; Figure 6C). The risk score was still significantly
associated with patient overall survival (hazard ratio = 1.03, p =
0.01) in the Cox multivariate analysis, after adjusting for patients’
gender, age, BMI, tumor grades, and stages (Table 3), which
indicates that these HCC risk RNA editing sites could be potential
biomarkers to predict clinical outcomes of HCC patients.

We next identified three prognostic-related editing sites whose
editing degrees are significantly correlated with survival time
using univariate Cox regression analysis (p < 0.05; Table 4).
The median risk score using these three prognostic editing sites
and matched genes can also significantly classify patients into
separate groups with different clinical outcomes (log-rank test,

TABLE 5 | The results of multivariate survival analysis of three prognostic

HCC-related RNA editing sites with consequence.

HR (95% CI) p-Value

Risk score 1.19 (1.07, 1.32) 0.001**

Gender

Female 1 (reference)

Male 0.84 (0.51, 1.38) 0.495

Ages 1.00 (1.00, 1.00) 0.036*

BMI 1.04 (1.01, 1.07) 0.009*

Grade

Grade G1 1 (reference)

Grade G2 1.42 (0.64, 3.15) 0.390

Grade G3 1.88(0.82, 4.28) 0.135

Grade G4 6.64 (2.03, 21.76) 0.002**

Stage

Stage T1 1 (reference)

Stage T2 1.12 (0.60, 2.09) 0.719

Stage T3 1.59 (0.87, 2.91) 0.132

Stage T4 3.24 (1.20, 8.69) 0.020*

Values of p < 0.05 were bolded, of which *p < 0.05 and **p < 0.01.

p = 0.03, data not shown). After adjusting for patients’ gender,
age, BMI, tumor grades, and stages, the risk score still has
predictive power (hazard ratio = 1.19, p = 0.001; Table 5). As
HBV/HCV infection, alcoholic consumption, and non-alcoholic
fatty liver diseases are the threemain risk factors to HCC patients,
we next examined the predictive power of these three editing sites
with these risk factors. We found that these three prognostic-
related editing sites can be used to predict the clinical outcomes
for HBV-/HCV-infected and non-alcoholic fatty liver disease
patients (log-rank p-values were 2e-4 and 9e-4, respectively)
(Figures 6D,E), but not alcoholic consumption patients (data
not shown).

Furthermore, we dissected the function of these 46 HCC-
related RNA editing sites with functional consequence. It
is shown that they were widely involved in three reactome
pathways: “metabolism of proteins,” “generic transcription
pathway,” and “cell cycle” (Figure 6F, Supplementary Table S6).
The functional enrichment analysis for chemical and genetic
perturbation datasets indicated that they were enriched in
tumor differentiation, nRAS signaling pathway, and liver cancer-
associated genes.

DISCUSSION

HCC is a complex disease with poor prognosis and affected
by multiple genetic alterations. DNA mutations are the most
widely investigated driver events in all cancer types, including
HCC. However, the mutation events are not presented in all
HCC patients. Furthermore, we found that 98.51% mutation
sites occurred in only a single HCC patient. Similar to the
consequence of DNA mutation, RNA editing can also produce
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nucleotide variations at the RNA level. Importantly, the RNA
editing seems to be a more sophisticated regulation, as the
editing degree can be 0–100%, while DNA mutation should
be mutation or not (0 or 1). Here we systematically identified
RNA editing sites by integrating DNA mutation and SNP
datasets, and found that HCC samples have a significantly
high percentage of RNA editing sites compared with normal
samples. We also observed RNA editing in 35 cases that lacked
DNA mutations in HCC risk genes, and more edited risk
genes occurred in mutated patients compared with patients
who do not have any DNA mutation in the HCC risk gene.
Thus, we proposed that RNA editing may be a risk factor to
HCC, as a complementary event for DNA mutation in HCC
risk genes.

To further characterize the inferred RNA editing sites in
our study, we compared the overlap of A-to-IRNA editing sites
in gene regions identified by our study and the editing sites
collected in the database of RADAR (Supplementary Figure S3).
We found that most A-to-IRNA editing sites were in the RADAR
database and accounts for 87.11% (9,565/10,981). Furthermore,
we re-identified RNA editing sites in three human normal liver
tissues and two HCC cell line samples, and found that 38.11%
HCC-related RNA editing sites were edited in at least one sample
(173/454), and 39.13% HCC-related editing sites with functional
consequence were identified (18/46). These results indicated that
RNA editing sites identified by our research were authentic,
which can be used for further analysis. Next, HCC-related RNA
editing sites were identified by comparing editing in HCC cancer
samples and normal samples. Functional annotation showed that
HCC-related editing sites prefer to be liver-specific genes, which
suggested the important roles of RNA editing in the development
of HCC.

Previous studies focused on the effect of ADAR enzymes on
RNA editing. Here we addressed another important question on
whether these editing sites have an effect on the downstream
regulation system. By considering the influence of RNA editing
on coding sequence change, alternative splicing, miRNA–target
regulation, and expression change, we identified 2,064 editing
sites with functional consequence, which accounts for 10.62%
of the total RNA editing sites (2,064/19,431). This percentage
indicates that RNA editing events may play other important
roles, such as the alteration of RNA-binding abilities, which
were induced by RNA structure change, which was, in turn,
induced by editing. Notably, we found a number of editing sites
with miRNA–target regulation changes. More were identified
when we set lower thresholds (Supplementary Table S7). If we
defined at least one miRNA relationship change by RNA editing,
90.81% editing sites in the 3′UTR regions can induce miRNA–
target regulation change (7,651/8,425). Therefore, we should
pay more attention to the effect of miRNA–target regulation
change induced by RNA editing. Importantly, in regard to the
tumor suppressive genes (TSGs) and the oncogenic genes (OGs)
reported (28), we demonstrated that these functional HCC-
related editing genes were significantly enriched in OGs, but not
TSGs (data not shown), and it remains true when we set lower

thresholds to identify editing sites with miRNA–target regulation
changes (Supplementary Table S7).

Importantly, we found 46 HCC-related RNA editing sites
with functional consequence that can be used to predict
the clinical outcome in HCC patients. In addition, they
have independent predictive power after considering the
gender, age, BMI, tumor grades, and stages. We identified
three clinical prognostic-related editing sites, which can also
provide predictive values in HBV-/HCV-infected patients and
non-alcoholic fatty liver disease patients, including editing
sites in ALDH2 (chr12:111811793, A-to-I RNA editing),
CNTNAP3B (chr9:41929326, C-to-T RNA editing), and CBWD5
(chr9:65675990, T-to-G RNA editing), of which ALDH2 is an
HCC-related editing gene with high frequency (six HCC loss
editing sites locates on the ALDH2 gene region). Interestingly,
multiple studies revealed that ALDH2 is highly correlated
with the pathogenic mechanism, risk, and survival of liver
cancer patients, including HCC (47–50). Functional annotation
suggested that these HCC-related editing sites with functional
consequence are widely involved in liver cancer-associated
genes, especially tumor suppressive genes, and cancer-associated
pathways. Therefore, we assume that some RNA editing events
may be “driver events” that promote cancer initiation and
progression, as well as play a critical role in clinical survival in
cancer patients.
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Cell Reversal From a Differentiated to
a Stem-Like State at Cancer Initiation
João Carvalho*
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Even if the Somatic Mutation Theory of carcinogenesis explains many of the relevant

experimental results in tumor origin and development, there are frequent events that are

not justified, or are even contradictory to this widely accepted theory. A Cell Reversal

Theory is presented, putting forward the hypothesis that cancer is originated by reversal

of a differentiated cell into a non-differentiated stem-like state, by a change of its

intrinsic epigenetic state, following a perturbation on the cell and/or its microenvironment.

In the current proposal a cluster of cancer stem cells can be established, without

the strict control mechanisms of a normal stem cell niche, and initiate a tumor. It

is proposed that a reversal to a pluripotent state is at tumor origin and not tumor

progress that prompts cell dedifferentiation. The uncontrolled proliferation of cancer stem

cells causes a microenvironment disorganization, resulting in stressful conditions, like

hypoxia and nutrient deprivation, which induces the genetic instability characteristic of

a tumor; thus, in most cases, mutations are a consequence and not the direct cause

of a tumor. It is also proposed that metastases result from dedifferentiation signaling

dispersion instead of cell migration. However, conceivably, once the microenvironment

is normalized, the stem cell-like state can differentiate back to a mature cell state and

loose its oncogenic capacity. Therefore, this can be a reversible condition, suggesting

important therapeutic opportunities.

Keywords: carcinogenesis, epigenetics, cancer stem cells, dedifferentiation, reprogramming, cancer

INTRODUCTION

The Somatic Mutation Theory (SMT) of carcinogenesis (1) explains cancer origin by an
accumulation of genetic mutations on tumor suppressor genes and on oncogenes that are
transmitted to its lineage. It follows that the hallmarks of cancer (2) derive from successive
mutations producing advantageous biological capabilities, in a multistep process of tumor
development. This widely accepted theory explains many cancer features, from hereditary cancers
to successful therapies targeting the product of mutant genes (1). But there are also many important
events that are contradictory to its predictions and some ad-hocmodifications must be introduced
to explain them, leading to serious inconsistencies. There are many reports of zeromutations found
in some tumors (3), whereas malignant properties are a result of changes in the DNA methylation
pattern and not in its sequence (1). Additionally, there are a few non-genotoxic carcinogens, like
chloroform and p-dichlorobenzene (4), which induce cancer without direct modifications to DNA.
There are experiments where mutated genes are introduced into animals’ cells and lead to cancer
onset (5, 6), but this outcome can be due to the procedure burden, causing a transition of the cell
from a “normal” to an “abnormal” epigenetic state.
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FIGURE 1 | In a highly simplified projection of a very complex epigenetic

landscape, an embryonic stem cell (ESC) or an induced pluripotent stem cell

(iPSC) can differentiate by successive steps between locally stable states until

it reaches a fully differentiated mature state. Time reversal from this state to a

pluripotent one is possible, in special conditions, by cell reprogramming. This

can take place in a single or a multistep course, which can include Multipotent

Cell (MC) states.

Cell genes on DNA can be considered as a large collection of
software routines, each one of them with instructions to produce
a particular protein. All cells have the same collection of these
routines, and they are almost the same in every human being. But,
according to its tissue of origin, cells shape, behavior and fate are
very different and can change considerably during development.
The particular cell epigenetic state (7) is fundamental as it
defines the correct course to run the program in that particular
circumstances, defining the number and order of calls of different
genes, and thus their transcription and protein production rates.
This is executed in such a way that the cell survives and
performs its duty in the appropriate fashion for the human
being continuity and development. Each particular differentiated
cell type corresponds to a distinct epigenetic state, specified
by, for instance, DNA methylation and histone modification
(8, 9), which depends on the tissue where it is placed (its
microenvironment) and the development stage of the individual
(the particular moment in its maturation history).

A viable cell is then a point of stability on the epigenetic (very
large) n-dimensional landscape of possible gene transcription
rates and active signaling pathways (see Figure 1). It is in one of
a multitude of possible phenotypes, where it can be, for instance,
a muscle, a bone or an endothelial cell. All of them have the same
genetic code, inherited from the same zygote cell, but they have
very different gene expression patterns. These epigenetic states
are time and location specific, and their modification defines a
new state which can be or not stable. If it is not on a viable
program the cell will die and not reproduce.

In an adult, stem cells are present in niches, which are
regions on a tissue with a very specific microenvironment. These
cells interact with each other and with the surrounding more
differentiated cells in order to renew cell population, in a highly
controlled fashion, by proliferation and differentiation (10).

Cell Reversal Theory: Stem-Like Cells Due
to Epigenetic Reversal of Mature Cells at
Tumor Origin
A hypothesis for carcinogenesis, the Cell Reversal Theory (CRT),
states that due to a perturbation (a potential carcinogenic event)

on the cell and/or on its environment, the cell does a transition to
a different epigenetic state which, due to the absence of adequate
control mechanisms at its current time/place, can lead, in special
circumstances, to abnormal proliferation. A cell can enter on
the wrong epigenetic program, according to its environment and
stage of development, and become what is labeled as a cancer
stem cell. It is thus suggested that excessive proliferation rate
is due to the absence of the right control mechanisms from
the environment that would constrain its behavior and not
(only) a result of genetic mutations, as assumed by SMT. Initial
under or overexpression of particular genes is then, in many
tumors, due to epigenetic factors and not to genetic mutations.
Reversal of a differentiated cell into a stem cell-like status, in
an environment very different from the stem cell niche, tightly
regulated by genetic and epigenetic factors (11), can lead to a
chaotic and uncontrolled proliferation. In a multitude of possible
cell epigenetic states, only a very small fraction is viable and has
survival advantages. So it should be much more probable, and
efficient, for a cancer cell to run a program that was evolutionarily
selected and optimized, the stem cell or pluripotent program,
than by the successive acquisition of all the right characteristics
and capacities for enhanced proliferation, cell-death resistance
and invasion.

In an earlier stage of organism development (12), as
embryonic stem cells (ESC), or later as induced-pluripotent stem
cells (iPSC), cells present a higher proliferation rate than at a
mature state. In the event of a later cell reversal to one of these
states, the cell doesn’t receive the right chemical and mechanical
signals from the microenvironment in which it is situated to
control its development, and this can result in an uncontrollable
multiplication. This is one of the risks found on reprogramming
techniques being developed for regenerative medicine: iPSC, and
also ESC, show a high carcinogenic capacity and must switch to a
differentiated state before transplantation into the new tissue (13)
(see Figure 2). Human embryonic stem (hES) cells conduce to
teratoma formation, probably due to expression of survivin upon
differentiation (14). However, a cell doesn’t need to go all the way
to the ESC or iPSC state, canmake a transition to an intermediate
multipotent state with increased capability of proliferation.

This hypothesis is different from the atavism theory (15),
which proposes a cell de-evolution into a more primitive form
of life. A cell running the “wrong” epigenetic program for its
place/time would, in most of the cases, die, as its state is not
adequate for survival in these particular conditions. But, in some
special circumstances, could survive and thrive, being at the
origin of a tumor. The present proposal is also different from
the Tissue Organization Field Theory (TOFT) (16) in the sense
that no special morphostat substance is necessary to exist and
to be perturbed in order to initiate a tumor. But, as in TOFT,
carcinogenesis can also have origin on a perturbation of the tissue
environment, leading to a transition between epigenetic states,
from normal to pluripotent. The review article by Friedmann-
Morvinski and Verma (17) presents a theory with similarities to
CRT for the origin of Cancer StemCells (CSC) but proposes them
as a consequence of tumor progression and not at its origin. They
point to the correspondence between the mechanisms of cells
reprogramming into a pluripotent state and the dedifferentiation
of tumor cells to CSC by epigenetic resetting. There are several
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FIGURE 2 | In the Cell Reversion Theory a normal (differentiated) cell can complete a transition to an induced pluripotent stem cell (iPSC) state, of more stem cell like

nature, in one or more steps [eventually passing through Multipotent Cell (MC) states], due to a perturbation (e.g., chemical or mechanical) to its conditions and/or its

environment equilibrium. The iPSC can proliferate, and differentiate, in an unrestrained way generating a stressful cell environment, like hypoxia, a mutagenic

condition. This cell, according to the presented hypothesis, can be at tumor origin. In the Somatic Mutation Theory successive mutations by carcinogenic events lead

to the tumor phenotype.

theories about the origin of CSC, reviewed in Nimmakayalaa
et al. (18), including cell fusion, horizontal gene transfer,
mutations, metabolic reprogramming and dedifferentiation of
non-CSC into CSC (in response to stress, wounding or
hypoxia, as the hypothesis proposed here). CSC are an intensely
researched subject, their existence being gradually accepted for
many cancers. Some good reviews on the topic [as (19, 20)]
examine and discuss the different hypothesis associated with the
acquisition of stemness and tumor heterogeneity, including the
effect of epigenetics, microenvironment and mutations.

It was shown that genes used on cells’ reprogramming,
like the Oct3/4, Sox2, Klf4 and c-Myc (the OSKM cocktail)
(21), are also linked to tumors. As shown in Vaux (1), some
experiments use oncogenes to activate iPSC; ESC genes and
networks, like Oct3/4, SOX2 and Nanog, are activated on cancer
initiation and progress (18). This can be interpreted as an
association between cells pluripotency, after their regression
to a more stem-cell like state, and carcinogenesis (12). Stem
and cancer cells’ phenotypes share some similarities, the
two being in a proliferative state, are invasive and can be
considered potentially immortal (22). Also they both show
self-renewal capability and block differentiation (22); they
are primitive and undifferentiated (1, 23). Our hypothesis
is then that carcinogenesis can be due to resurrection of
an early stem cell-like behavior, with expression of stem
cell transcription factors, in an inappropriate location and
time (22).

Probably some cancer cells maintain their stemness
competence (24) and these can move into another place
and start a new tumoral colony (a metastasis). Or, as a new
hypothesis, which seems much simpler and probable, metastases
are due to dedifferentiation signaling dispersal and not a result
of cell migration. If the epigenetic state changing molecules
reach a tissue with susceptibility for cell dedifferentiation, due to
stress or some perturbation event on its microenvironment, it is
possible to reproduce the transition event to CSC, triggering a
tumoral initiation event at a different place.

In the mobilization therapy for bone marrow transplantation
(25), stem cell like pluripotent cells are forced into the blood
stream from the bone marrow of healthy human donors
before being transplanted into a patient. According to the CRT
hypothesis this could introduce an increased risk of cancer
development, which was not found (26). Possible explanations
are the difficulty of stem cells to extravasate the capillary vessels
in their relatively short circulation time, or the just proposed
hypothesis that dedifferentiation signaling diffusion is involved
in metastasis and not cell migration as it is usually considered.

Relevance of the Microenvironment
Perturbation for State Transition
The cause of epigenetic program change can be a perturbation to
the cell and/or to its environment, a carcinogenic event, which
disturbs the equilibrium conditions beyond what the cell can
recover from, and eventually moves it toward another stable
and viable point on the epigenetic landscape [for instance, by
methylation/demethylation processes, (8)]. The stress event (for
instance, caused by exposure to a chemical or to radiation)
can overwhelm the cell control and feedback systems and make
the cell change its epigenetic program as it tries to respond to
the disruptive incident. As it endeavors to adapt and survive
in new conditions, it can revert its differentiation status. The
disorganized microenvironment then becomes a cradle of cells
on different differentiation stages and epigenetic states, including
pluripotent CSC.

In this scenario, tumoral genetic mutations are, in most cases,
a cancer symptom and not its cause, as it was shown in many
clinical examples (27). The genetic instability accompanying the
excessive cell proliferation and the epigenetic changes (8) can be,
at least partially, at the origin of the high mutation rate found
in tumors. The uncontrolled cell number expansion results in
a hostile microenvironment (hypoxia, nutrient depletion, low
pH) that induces mutagenesis, DNA damage and impairment
of DNA repair (28, 29). This is shown by the indication that
tumors are, in many cases, not a clonal grouping of cells but
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polyclonal, due to this genome mutability (8), and, in general,
tumor tissue exhibits large heterogeneity on its differentiation
status. Even hereditary cancers show some paradoxical behaviors,
where, for instance, Xeroderma pigmentosum patients (30), a
genetic disease characterized by defects on the DNA repair
mechanisms in all cells, show a high rate of skin cancer but
not of other cancers, as would be expected. In another example,
mutated genes inserted into animals can lead to cancer, but in
some cases driver (cancer originator) mutations are not present
in the resulting tumor (5, 31). In CRT hereditary cancers can
be explained by transmitted variability that make cells more
prone to transition to the undifferentiated state at tumor origin.
It also explains why cancer is more probable in old age as
abnormal cell methylation can be an ordinary result of aging (32),
which can make them more susceptible to epigenetic transition
(this can be due to an impairment on the activation of genes
involved in cell differentiation) (32). There are clear evidences
that overweight and obesity are linked to an increased risk of
some types of cancer. This outcome can be explained by cellular
environment disorganization due to metabolic and inflammatory
modifications in adipose tissue, which disrupts homeostasis (33)
and promotes epigenetic transition.

In transplantation experiments (34) it was shown that
exposure of tissue stroma to a carcinogen (N-nitrosomethylurea)
is at the origin of a tumor in the epithelial layer, when placed in
contact with the treated stroma, independently of the epithelial
cells being or not exposed to the carcinogen. The same procedure
applied on the epithelial layer would not lead to a tumor if the
stroma was not also treated with the carcinogen. This result
can be interpreted by a disturbance of the normal signaling
and/or cell state equilibrium from the exposure of stroma to the
chemical substance, stimulating the production of an epigenetic
state changing molecular cocktail, which induces the transition
to pluripotency. It was also found that, in some cases, transplant
of tumor cells into a normal tissue leads to their reversion to
normal state, which can be explained by their differentiation on
the new environment.

The hypothesis that the acquisition of stem-like capabilities by
differentiated cell reprogramming, induced by a cell and/or tissue
perturbation, can lead to its tumorigenic behavior, including
induction of genomic instability and consequent mutations
from microenvironment adverse conditions, can then interpret
contradictory findings not explained, in a straightforward way,
by SMT. Other hypothesis doesn’t seem reasonable, where the
stem cell like capability is a consequence of tumor progress (17)
and CSC origin from cancer cells and not directly from normal
mature cells.

Some relevant experimental results discussed in this work
favor the CRT model of carcinogenesis, as it justifies many
of the results contradictory to SMT predictions while giving
a plausible explanation to tumor origin. But, much probably,
one or the other tumorigenic events are present in different
cancers, and may even cooperate in some circumstances. For
instance, this can happen when a cell mutation occurs that leads
to a deregulation of its epigenetic control mechanisms and this
promotes its transition to a stem-like state. Or the other way
around, when the perturbation of the tissue microenvironment

created by the uncontrolled stem cell proliferation produces
the right conditions for the genetic instability common in
tumors. Then, from the initial stem cell properties it can
evolve into the mutated and differentiated states present
in a tumor.

Proposed Tests of the Carcinogenesis
Hypothesis
Several tests can be performed, in different tissues, to assess the
current hypothesis, in particular for solid tumors. A particular
effort should be placed in the search for stem cell markers in the
initial tumor stages, originated by mutagenic and non-mutagenic
processes. The evolution of these markers, as the tumor
grows in diverse organs and for specific cancer types, would
produce relevant evidence for this hypothesis examination. Stress
experiments, from hypoxia events to introduction of foreign
bodies and cells on a tissue, or addition of external chemical
substances, can be used to prove the CRT hypothesis, which
doesn’t involve mutagenic episodes at the tumor origin. The
work by Nakada et al. (35) describes the regeneration of
cardiomyocytes by a special procedure involving deep hypoxia.
These results can be interpreted as resulting from hypoxia
stress inducing a transition of some cardiomyocytes to a
stem cell like state, recovering the lost neonatal myocardium
regenerating capacity. Similar experiments can be conceived to
test for epigenetic transitions by stress events contributing to
tumor initiation. It was shown that tumor cells with mutated
or down-regulated BRCA1, a multifunctional protein involved
in epigenetic control and DNA repair, present an increased
expression of CSC-associated markers CD44 and ALDH1A
(11). It was found (11) that down-regulation (reconstitution)
of BRCA1 resulted in significant increase (decrease) of CSC-
like populations in breast cancer. This seems to confirm
that genes involved in cancer are also associated with cell
reprogramming, and other cancer related genes can be tested
for analogous results. Another possible experiment to prove the
hypothesis is to test the effect of transplant of stem cells into
an adult animal and to check if these cells, when introduced
at the wrong time of animal development, can be at the
origin of a tumor. This was already proven to occur with
iPSC and ESC (13, 36) but the different steps of tumorigenic
progress can be more precisely characterized, in particular
the transition and/or evolution of the cell epigenetic program.
Progression on the level of tumor stemness (37) can also be
evaluated to check how the cell differentiation state changes
with tumor expansion. Recent stemness measurements (37),
applying a machine learning approach to define different indices
(involving, for instance, mRNA expression, histone markers
and DNA methylation), have shown that stemness is lower
in normal cells, larger in primary tumors and highest in
metastasis. These results can be related to cell reprogramming
into a pluripotent state (with stem cell-like properties), in a
dedifferentiation process, as being at the tumor origin, followed
by successive divisions and cells gradual differentiation. Stemness
is then lower at an earlier primary tumor than at a later
onset metastasis.
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CONCLUSIONS AND OUTLOOK

If this hypothesis is proved right, a potential therapeutic
approach is to pursue the normalization of the tumor
environment, according to tissue type, and force cells back
to the right epigenetic program. This can be achieved by
inducing their differentiation, corresponding to the normal state
at that particular development stage and location. There are
reported cases of tumors’ remission by inhibition of enzymes
(5, 38), the ones specifically activated by the mutated genes.
This result can also be explained by a transition of cells back
to a differentiated state through a change on the biochemical
environment and/or on the active signaling pathways. Several
examples of spontaneous regression of tumors were reported
(5, 39), where tumor cells revert to normal tissue. Tissue
normalization implies an adequate supply of oxygen, with the
presence of a suitable vasculature network and blood flow, and
access to nutrients and the requisite chemical signals. Probably
the addition of a specific cocktail of transcription factors will be
needed to prompt a state transition to normalcy, or by tuning
the level of epigenetic regulating enzymes. A possible approach
to cancer remission would then involve differentiation therapies
(37). This procedure will not eliminate cells that already suffered
mutations but eventually can differentiate the CSC and thus
eliminate this particular niche, which is a probable cause of
cancer relapse and metastases. This therapy can also be used to
prevent cancer and/or to decrease cancer risk. A recent paper
(40) reviews possible therapeutic strategies against CSC. Induced
differentiation therapies are being considered and a treatment
with retinoid acid was proposed (41, 42), which is also under
examination to be used in cancer prevention. Another organic
molecules are being examined, as vitamin D3 (43), and they
can be used as cancer inhibitors and/or as an adjuvant cancer
therapy to reduce or defeat the CSC niche. A different strategy
is the search and use of embryonic antigens, as A19, which
was demonstrated (44) to be an effective targeted agent for
Erbb-2 expressing cancers. Cell surface antigens are widely used
to characterize embryonic stem cells, in particular to monitor
their differentiation (45), and such antigens, which include both
glycolipids and glycoproteins, can also be exploited for cancer
diagnosis and therapy. If this carcinogenesis model is correct, in
the sense that it explains, at least partially, the events that lead to
cancer initiation by dedifferentiation of mature to stem cells, it

can also be used in the opposite way. Known carcinogenic events
can be used to reprogram cells to a pluripotent state and it can be
compared with other techniques in terms of efficiency, simplicity
and safety.

From the evolutionary point of view, cancer is greatly
deleterious for the individual survival and proliferation, and has
been highly suppressed during life evolution. Cells possess many
redundant protection mechanisms to avoid cancer, from DNA
error check and correction to apoptosis, so it is very hard to
get rid of all of them and still be viable and have a competitive
advantage with respect to normal cells. But it is not possible
to suppress the mechanism of epigenetic reversion to an earlier
development (pluripotent) state as this state is a fundamental step
on a living being maturation. Then the (potentially dangerous)
pluripotent state is so important in embryogenesis and tissue
homeostasis that it cannot be eliminated by evolution, even if it
can later be at a tumors’ origin. Therefore, the reversal of a normal
mature cell into a stem-like cell state can explain many tumor
initiation and progression observations found to be contradictory
with SMT and open new therapeutic avenues. Anyway, one
hypothesis can be at the origin of some tumors and the other one
for separate cases, but it is also possible that both are present and
cooperating in cancer initiation.
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PI3K/AKT/mTOR Signaling Pathway
in Nasopharyngeal Carcinoma
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Songling Hu1, Hongxia Liu1, Yang Bai1, Yan Pan1, Jianghong Zhang1, Jian Guan2* and
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Radiotherapy is a conventional and effective treatment method for nasopharyngeal
carcinoma (NPC), although it can fail, mainly because radioresistance results in
residual or recurrent tumors. However, the mechanisms and predictive markers of NPC
radioresistance are still obscure. In this study, we identified Annexin A6 (ANXA6) as a
candidate radioresistance marker by using Tandem Mass Tag quantitative proteomic
analysis of NPC cells and gene chip analysis of NPC clinical samples with different
radiosensitivities. It was observed that a high expression level of ANXA6 was positively
correlated with radioresistance of NPC and that inhibition of ANXA6 by siRNA increased
the radiosensitivity. The incidence of autophagy was enhanced in the established
radioresistant NPC cells in comparison with their parent cells, and silencing autophagy
with LC3 siRNA (siLC3) sensitized NPC cells to irradiation. Furthermore, ANXA6
siRNA (siANXA6) suppressed cellular autophagy by activating the PI3K/AKT/mTOR
pathway, ultimately leading to radiosensitization. The combination of siANXA6 and
CAL101 (an inhibitor of PI3K, p-AKT, and mTOR, concurrently) significantly reversed
the above siANAX6-reduced autophagy. Suppression of PI3K/AKT/mTOR by CAL101
also increased the expression of ANXA6 in a negative feedback process. In conclusion,
this study revealed for the first time that ANXA6 could promote autophagy by inhibiting
the PI3K/AKT/mTOR pathway and that it thus contributes to radioresistance of NPC.
The significance of this is that ANXA6 could be applied as a new predictive biomarker
of NPC prognosis after radiotherapy.

Keywords: ANXA6, radioresistance, autophagy, PI3K/AKT/mTOR, NPC

INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a cancer arising from nasopharynx epithelium. Compared
with other types of tumors, NPC has a low incidence rate and a unique geographic distribution
pattern. In 2018, there were about 129,000 new cases of NPC in the world, according to the
International Agency for Research on Cancer (Chen et al., 2019). Nevertheless, the geographical
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distribution of NPC patients across the globe is extremely
unbalanced, with more than 70% of new cases located in eastern
and southeastern Asia, especially in southern China (Ferlay
et al., 2015; Chen et al., 2019). Radiotherapy is the primary
and only curative treatment for NPC because of the special
anatomical location and high sensitivity to radiation of this
cancer. Recently, with the development of intensity-modulated
radiotherapy (IMRT), radiotherapy has achieved 5-year overall
survivals of 90 and 84% for stage I and stage IIA NPC,
respectively (Lee et al., 2005). However, some advanced patients
still exhibit radioresistance, leading to the failure of radiotherapy
(Li et al., 2006; Liu et al., 2013). At present, few biomarkers have
been used in the clinic to predict the radioresistance of NPC
(Chen and Hu, 2015).

ANXA6 (Annexin A6) belongs to the highly conserved
annexin protein family and has been implicated in mediating
the endosome aggregation and vesicle fusion in secreting
epithelia during exocytosis (Enrich et al., 2011). Like other
annexins, ANXA6 binds to phospholipids and functions in
a Ca2+-dependent manner, thus activating cellular membrane
in a dynamic, reversible, and regulated way (Grewal et al.,
2010). Upon cell activation, ANXA6 is recruited to the plasma
membrane, endosomes, and caveolae/membrane rafts to interact
with signaling proteins to handle intracellular Ca2+ signaling
(Enrich et al., 2011) and inhibits the epidermal growth factor
receptor (EGFR) and Ras signaling pathway (Grewal et al., 2010;
Koese et al., 2013). Overexpression of ANXA6 has been reported
to be associated with poor prognosis of tumors (Lomnytska et al.,
2011). Moreover, there is evidence that the expression of ANXA6
might represent new Ca2+ effectors that regulate converging
steps of autophagy in hepatocytes (Enrich et al., 2017). However,
its role in radiosensitivity remains unknown.

When exposed to adverse environmental conditions, cells
degrade their own content to recycle cellular building blocks
through a process of autophagy (Katheder and Rusten, 2017).
A large body of literature have connected autophagy to cancer,
and some studies have focused on the function of autophagy in
radioresistance. Autophagy is also called programed cell death
type II, which is different from the apoptotic type I death pathway
(Choi et al., 2013). It is a highly conserved catabolic process that
maintains cellular homeostasis by targeting damaged proteins or
organelles to lysosomal compartments for degradation (Zhang
et al., 2019). Autophagy has potential roles in radioresistance
of cancer cells such as colorectal cancer, breast cancer, glioma,
and pancreatic cancer (Yao et al., 2003; Chaachouay et al.,
2011, 2015; Wang et al., 2013; Koukourakis et al., 2016).
Inhibition of the PI3K/AKT/mTOR signaling pathway is one
of the classical pathways for autophagy induction. There is
increasing evidence showing that the activation of autophagy
associated with the inhibition of the PI3K/AKT/mTOR pathway
regulates many biological processes, including platelet activation,
psoriasis regulation, and osteoarthritis attenuation (Varshney
and Saini, 2018; Wang et al., 2018; Cai et al., 2019). However,
few studies have focused on the role of autophagy induced by
PI3K/AKT/mTOR inhibition in the radioresistance of NPC.

This study found that the level of autophagy increased
along with the enhancement of radioresistance of NPC cells

and that ANXA6 was highly expressed in both radioresistant
NPC cells and NPC patients. The relationship among ANXA6,
autophagy, and the PI3K/AKT/mTOR pathway in the induction
of radioresistance of NPC was further investigated.

MATERIALS AND METHODS

Cell Culture and Irradiation
Nasopharyngeal carcinoma cell lines of CNE1 and HNE2 were
purchased from Shanghai Cell Bank in 2016. The cells were used
up to a passage number of 15. The cells were cultured with
RPMI-1640 medium (Gibco, Hangzhou, China) supplied with
10% fetal bovine serum (Gibco Invitrogen, Grand Island, NY,
United States), 100 U/ml penicillin, and 100 mg/ml streptomycin
and maintained at 37◦C in an atmosphere of 5% CO2. Testing for
mycoplasma was performed on a monthly basis.

To generate a radioresistant cell line, CNE1 cells were
irradiated with fractionated doses of 2, 2, 4, 4, 4, 4, 6, 6, 6,
6, 8, and 8 Gy (60 Gy in total) of γ-rays (137Cs, Gammacell-
40, MDS Nordion, Canada) at a dose rate of 0.73 Gy/min.
Cells were irradiated with 2 Gy once a day, 4 Gy once a
week, 6 Gy every 10 days, and 8 Gy every 2 weeks. One day
before irradiation, 1.5 × 106 cells were seeded in a 60 mm
culture dish. After each irradiation, the cells were passaged
two or more times so that they had enough vitality for the
next irradiation. After fractionated irradiation of 60 Gy, the
surviving cells, named CNE1R cells, became more radioresistant
than CNE1 cells.

Colony Formation Assay
The radiosensitivities of CNE1, CNE1R, and HNE2 cells were
assessed by cell colony-formation assay. Cells were plated in the
six-well plate at a density of 150, 300, 800, and 1600 cells/well.
After full attachment, they were exposed to 0, 2, 4, and 6 Gy,
respectively. At 8–12 days after radiation, cell colonies were fixed
with methanol for 20 min and stained with 0.1% crystal violet for
30 min in order to count them. The cell survival curve was fitted
using the single-hit multitarget model.

Western Blot Assay
Total cellular proteins were extracted using SDS lysis buffer
(250 nM Tris–HCL, pH 7.4, 2.5% SDS) with 100 mM
phenylmethanesulfonyl fluoride (PMSF) (Beyotime,
Biotechnology, Haimen, China). After denaturing at
100◦C for 10 min, aliquots of protein (20 µg/sample)
were electrophoresed on 10 or 12% polyacrylamide gel
(according to the molecular weight of goal proteins) using
an electrophoresis system (Bio-Rad Laboratories Inc., CA,
United States). After electrophoresis, proteins were transferred
to a PVDF membrane, blocked with 5% skim milk in Tris-
buffered saline/Tween 0.05% (TBST) for 2 h and then
incubated overnight at 4◦C with a primary antibody of
anti-ANXA6 antibody (1:2000, Abclonal), anti-P62 (1:1000,
Cell signaling Technology), anti-LC3 (1:1000, Cell signaling
Technology) or anti-Actin (1:20000, Abclonal). Then the
membrane was triply washed with TBST at room temperature
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for 10 min and labeled with a peroxidase-conjugated
secondary antibody (1:5000, Beyotime Biotechnology) for
2 h. Proteins in the membrane were detected by the enhanced
chemiluminescence system (ECL kit, Millipore, St. Louis, MO,
United States), and band images were analyzed with the Bio-Rad
ChemiDoc XRS system.

Tandem Mass Tag (TMT) Quantitative
Proteomic Analysis
Each protein sample in lysis buffer (8 M urea, 1% Protease
Inhibitor Cocktail) was sonicated triply using a high-intensity
ultrasonic processor (Scientz, Ningbo, China). The remaining
debris was removed by centrifugation at 12,000 g at 4◦C for
10 min. Finally, the supernatant was collected, and the protein
concentration was determined with a BCA kit according to the
manufacturer’s instruction. Trypsin was then used for digestion
to generate peptide. The peptide was desalted by Strata X C18 SPE
column (Phenomenex, CA, United States) and vacuum dried.
The tryptic peptides were digested into fractions and separated
by high pH reverse-phase HPLC using Agilent 300Extend C18
column (5 µm particles, 4.6 mm ID, 250 mm length) and
subjected to a NSI source followed by tandem mass spectrometry
(MS/MS) in a Q ExactiveTM Plus (Thermo, MA, United States)
coupled online to the UPLC. The MS/MS data were processed
with the Maxquant search engine (v.1.5.2.8).

Patients and Clinical Gene Chip
This study was carried out in accordance with the
recommendations of international guidelines and ethical
standards. All subjects gave written informed consent in
accordance with the Declaration of Helsinki. For the experiments
using human participants or data, prior approval was obtained
from the Nanfang Hospital of Southern Medical University
Institutional Board (Guangzhou, China).

A total of 185 NPC patients were recruited in this study,
comprising 124 radiosensitive (87 male, 37 female, mean age
46 years) and 61 radioresistant patients (49 male, 12 female,
mean age 46 years). All patients accepted a standard regimen
of radiotherapy. Three months after therapy was completed,
a contrast-enhanced Magnetic Resonance Imaging (MRI) or
Computed Tomography (CT) scan and a thorough examination
were performed to evaluate short-term efficacy. According to
the Response Evaluation Criteria in Solid Tumor (RECIST)
guideline, those with complete response (CR) and partial
response (PR) were classified into the radiosensitive group, while
those with stable disease (SD) and progressive disease (PD) were
classified into the radioresistant group. The clinicopathologic
characteristics of NPC tissues used in the present study are
demonstrated in Supplementary Table S1.

Three patients in the radioresistant group were selected to
provide paraffin samples for gene chip detection. Paraffin samples
were collected before and after treatment and divided into these
two groups for differential gene study. Paraffin samples were then
extracted using the RNeasy kit (Tiangen, Beijing, China), and
gene chips were obtained by hybridization, washing, and staining.
We analyzed gene chips by the standardized method provided by

the Affymetrix human U133 + 2.0 chip (Bohao Biotechnology
Co., Shanghai, China).

RNA Extraction and Quantitative
Real-Time PCR Assay
Total RNA was extracted from CNE1, CNE1-R, and HNE2
cells for RT-PCR using total RNA Kit I (Omega, Norcross, GA,
United States). Reverse transcription of total RNA to cDNA
was carried out in 20 µl reaction reagents of the qRT-PCR
Kit (Tiangen, Beijing, China) according to the manufacturer’s
protocol. For ANXA6 gene, the forward primer was 5′-ACG GTT
GAT TGT GGG CCTG-3′) and the reverse primer was 5′- GTG
CAT CTG CTC ATT GGT CC-3′. For β-actin gene, the forward
primer was 5′-CAT GTA CGT TGC TAT CCA GGC-3′ and the
reverse primer was 5′- CTC CTT AAT GTC ACG CAC GAT-3′.
The optimal PCR amplification procedure was performed for 40
cycles with pre-denaturation at 95◦C for 15 min, denaturation at
95◦C for 10 s, and annealing and extension at 60◦C for 32 s.

siRNA Transfection
CNE1 and CNE1-R cells were transferred with ANXA6 siRNA
(siANXA6) (target sequence: CGG GCA CTT CTG CCA AGA
AAT), LC3 siRNA (siLC3) (target sequence: GAG UGA GAA
AGA UGA AGA UTT), and siRNA negative control of random
sequence using riboFECTTM CP Transfection Agent (Ribobio,
Guangzhou, China). The transfection efficiency was evaluated
by PCR at 24–72 h after transfection, and the survival of siLC3
transfected cells was measured with a colony formation assay.

Autophagy Flux Assay
Cells were plated at a density of 2 × 105 per well and allowed to
adhere overnight. Cells in about 70% confluence were transfected
with mRFP-GFP-LC3 double-labeled adenovirus (Ad-mRFP-
GFP-LC3) to label autophagosome (Hanbio Biotechnology Co.,
Shanghai, China) according to the manufacturer’s instruction.
After 2 h of transfection, the cells were cultured in fresh
medium for 48 h then washed with pre-cooled PBS twice and
stained with DAPI. The intracellular autophagy was observed
by a high-content imaging system (ImageXpress Micro 4,
Molecular Devices, San Francisco, CA, United States). Double
labeling of LC3 (green) and mRFP (red) immunofluorescence
corresponds to changes in autophagic flux. When autophagy and
lysosome fusion occur, LC3-GFP fluorescence is quenched, and
only red fluorescence can be detected. After merging the red
and green fluorescence images, yellow spots in the cell image
symbolize autophagosomes.

Drug Treatment
CAL-101 is a potent and highly selective inhibitor of PI3K,
p-AKT, and m-TOR concurrently and has been approved by the
Food and Drug Administration (FDA) for the clinical treatment
of certain hematological malignancies in 2014. CAL-101 was
dissolved in dimethyl sulfoxide (DMSO) and stored at −20◦C
as a stock solution (10 mM). CNE1R cells were treated with 5
µM CAL-101 in medium for 12 h, and 1% DMSO was used as a
control of CAL-101.
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Statistical Analysis
All experiments were repeated at least three times. Data are
expressed as mean ± SD and analyzed with the one-way
ANOVA method using SPSS17.0 software (SPSS Inc. Chicago, IL,
United States). P < 0.05 was considered a significant difference
between the indicated groups.

RESULTS

High ANXA6 Level Is Closely Associated
With the Radioresistance of NPC
Figure 1A illustrates that the two commonly used NPC cell
lines, CNE1 and HNE2, had different radiosensitivities and that
CNE1 cells were more resistant to radiation. By irradiating
CNE1 cells with fractionated doses up to 60 Gy in total, we
generated a highly radioresistant cell line named CNE1R. The
radioresistance of CNE1R cells was confirmed by the colony-
formation assay (Figure 1A).

The proteins from CNE1 cells and its radioresistant
counterpart CNE1R were collected and subjected to TMT
quantitative proteomic analysis in order to determine the
differential proteins between radioresistant cells and their
parents. These differentially expressed proteins are illustrated on
a volcano plot in Figure 1B. In total, 1,295 differential proteins
were identified, among which 658 proteins were upregulated,
while 637 were downregulated (Supplementary Table S2,
fold change ≥ 1.2, p-value < 0.05). Meanwhile, Figure 1C
illustrates the gene chip assay results regarding the distribution
of differentially expressed genes from three NPC radioresistant
patients before and after radiotherapy. Following the calculation
criteria (fold change≥ 2, p-value < 0.05), a total of 292 aberrantly
expressed genes were obtained, including 155 upregulated and
137 downregulated genes (Supplementary Table S3). Thus, a
total of 29 genes were identified from NPC cells and clinical
specimens and are visualized by heat map in Figure 1D,
including eight co-upregulated genes and six co-downregulated
genes. We speculated that the high expression of ANXA6
among them was probably an important prognostic marker of
NPC radioresistance because the elevation of ANXA6 has been
previously reported to be an independent risk factor for poor
prognosis of many neoplasms, such as cervix carcinogenesis,
pancreatic cancer, ovarian carcinoma, and thyroid cancer
(Lomnytska et al., 2011; O’Sullivan et al., 2017; Lee et al., 2018;
Noreen et al., 2019).

Next, we explored the contribution of ANXA6 to the
radioresistance of NPC in vitro. It was observed that the
expression levels of ANXA6 mRNA and protein in three
NPC cell lines (HNE2, CNE1, and CNE1R) were positively
related to cell radioresistance (Figures 1E,F). To further
demonstrate whether ANXA6 has an essential role in the
radioresistance of NPC, the expression of ANXA6 in CNE1
and CNE1R cells was effectively silenced by siANXA6
(Figure 1G). It was found that transfection of cells with
siANXA6 significantly sensitized NPC cells to irradiation and
reduced cell survival (Figure 1H).

Autophagy Contributes to the
Radioresistance of NPC Cells
Increasing evidence shows that induction of autophagy
contributes to the resistance of anticancer treatments. To
determine whether autophagy is involved in the radioresistance
of NPC cells, we transfected NPC cells with Ad-mRFP-GFP-LC3
to label autophagosomes. It was found that the number of LC3
dots increased, in ascending order, in HNE2, CNE1, and CNE1R
cells (Figure 2A). Consistently, the ratio of LC3II/LC3I (an
autophagic marker) increased, and the autophagy substrate
protein p62 decreased in HNE2, CNE1, and CNE1R cells step
by step (Figure 2B). To further assess the regulatory effect of
autophagy on NPC cells, we transfected cells with siLC3 to
block autophagy and then examined whether autophagy could
impact the radioresistance of NPC cells. It was found that,
when the expressions of LC3I and LC3II were weakened by
siLC3, the survival of CNE1R cells was effectively decreased
after irradiation (Figures 2C,D). These results suggested that
autophagy promoted the radioresistance of NPC cells.

ANXA6 Regulates Autophagy Induction
To determine whether ANXA6 contributes to autophagy-
regulated radioresistance of NPC cells, we transfected
radioresistant CNE1R cells with siANXA6 and Ad-mRFP-
GFP-LC3. As shown in Figure 3A, the number of autophagic LC3
spots in the siANXA6 group decreased sharply in comparison
with siRNA negative control. Meanwhile, suppression of ANXA6
decreased the ratio of LC3II/I and thus, in turn, increased p62
expression (Figure 3B). In addition, the expressions of other
autophagy-related proteins of Beclin-1 and Autophagy Related
12 (ATG12) also decreased in CNE1R cells after siANXA6
transfection (Figure 3C). Therefore, the silence of ANXA6
significantly inhibited the occurrence of intact autophagic flux.

ANXA6 Regulates the PI3K/AKT/mTOR
Pathway
To determine the relationship of the PI3K/AKT/mTOR signaling
pathway with radioresistance, the expressions of these proteins
in NPC cells with different radiosensitivities were measured.
Figure 4A illustrates that the expression levels of PI3K-α, p-AKT,
and p-mTOR decreased along with the radiosensitivity of HNE2,
CNE1, and CNE1R cells, in contrast to the LC3II/I ratio in
these cells. When the most radioresistant cells of CNE1R were
transfected with siANXA6, the levels of PI3K-α, p-AKT, and
p-mTOR were obviously increased in comparison with those in
the siRNA control cells (Figure 4B). Therefore, knockdown of
ANXA6 activates the PI3K/AKT/mTOR signaling pathway.

Given our observation of the relationship among ANXA6,
PI3K/AKT/mTOR, and autophagy, CNE1R cells transferred
with siANXA6 were further treated with CAL101, a specific
inhibitor of the PI3K/AKT/mTOR pathway. It was found
that CAL101 effectively decreased the expressions of PI3K-
α, p-AKT, and p-mTOR. Furthermore, when cells were co-
treated with siANXA6 and CAL101, both ANXA6 and LC3II/I
ratio were extensively increased in comparison with the
siANXA6 alone group, suggesting that the decrease of autophagy
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FIGURE 1 | High expression of ANXA6 predicts radioresistance of NPC. (A) Survival fractions of HNE2, CNE1, and CNE1R cells after irradiation. (B) Volcano plot of
differentially expressed genes between CNE1R and CNE1 cells. (C) Volcano plot of differentially expressed genes in the tumor tissue of NPC radioresistant patients
(n = 3) before and after radiotherapy. (D) Heat map of the expression levels of 29 differential genes between the above volcano plots, analyzed by Heml (software for
drawing volcano maps). (E) ANXA6 mRNA expression levels in HNE2, CNE1, and CNE1R cells. (F) Western blot assay of ANXA6 protein in HNE2, CNE1, and
CNE1R cells. (G) Efficiency of siANXA6 transfection in CNE1 and CNE1R cells. (H) Dose responses of survival factions of CNE1 and CNE1R cells after siANXA6
transfection. * P < 0.05 between indicated groups.
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FIGURE 2 | Autophagy contributes to the radioresistance of NPC cells. (A) Fluorescence images of HNE2, CNE1, and CNE1R cells transfected with
mRFP-GFP-LC3 (x 40). (B) Western blot assay of P62 and LC3 proteins in HNE2, CNE1, and CNE1R cells. (C) Efficiency of siLC3 transfection in CNE1R cells.
(D) Dose responses of survival factions of CNE1R cells before and after siLC3 transfection. *P < 0.05 between indicated groups.

induced by siANXA6 could be reversed by blocking the
PI3K/AKT/mTOR pathway (Figure 4C). Taken together, these
results indicate that ANXA6 upregulated the radioresistance of
NPC cells by promoting autophagy through the inhibition of the
PI3K/AKT/mTOR signaling pathway.

DISCUSSION

Due to the anatomical location and radiosensitivity of NPC,
radiotherapy is the primary treatment method of this type of
carcinoma, different from most other malignant tumors (Chua
et al., 2016; Sun et al., 2016). Current advances in comprehensive
population screening and effective drugs have significantly
reduced nasopharyngeal cancer mortality, but recurrence and

resistance after radiotherapy remain a problem in NPC, and the
molecular mechanism of NPC radioresistance is still unresolved.

To further verify the relationship between ANXA6 and
radioresistance, we performed a comprehensive analysis of data
from the Gene Expression Profiling Interactive Analysis (GEPIA)
database and The Cancer Genome Atlas (TCGA) database
and found that 10 kinds of tumors overexpress ANXA6 in
comparison to their normal tissues (Supplementary Figure S1).
Besides the four cancers mentioned in the above results section,
patients harboring a high expression of ANXA6 also possess
a poor prognosis in bladder urothelial carcinoma (BLCA),
kidney renal papillary cell carcinoma (KIRP), lung squamous cell
carcinoma (LUSC), and mesothelioma (MESO) (Supplementary
Figure S2), denoting that the overexpression of ANXA6 might
serve as a crucial contributor to develop anti-tumor therapy
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FIGURE 3 | Transfection of siANXA6 inhibits autophagy incidence. (A) Fluorescence images of CNE1R cells co-transfected with siANXA6 and mRFP-GFP-LC3
(x40). (B) Western blot assay of ANXA6, P62, and LC3 proteins in CNE1R cells. (C) Western blot assay of ATG12 and Beclin-1 proteins in CNE1R cells. *P < 0.05
between indicated groups.

strategy, especially for radioresistance. Though recent studies
have revealed that the expression of ANXA6 is bound up
with chemoresistance and poor prognosis of malignant tumors
(Lomnytska et al., 2011; Keklikoglou et al., 2019), its role in
radioresistance in various kinds of tumors has not yet been
reported. In this study, we innovatively observed a positive
relationship between ANXA6 expression and the radioresistance
of NPC in both cell lines and clinical patients.

It was known that ANXA6 can enhance autophagy in
rat liver hepatocytes and trigger endocytic transport and
lysosome fusion by inducing re-arrangements of specific lipids
and calcium channel transfer (Enrich et al., 2017). But the
role of autophagy in radioresistance is still controversial.
Wang et al. (2013) hold the view that autophagy promotes
radioresistance in pancreatic cancer cells, while Djavid et al.
(2017) concluded that the mobilization of autophagy could
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FIGURE 4 | ANXA6 contributes to autophagy incidence via inhibition of the PI3K/AKT/mTOR pathway. (A) Western blot assay of PI3K-α, AKT, p-AKT, mTOR, and
p-mTOR proteins in HNE2, CNE1, and CNE1R cells. (B) Western blot assay of PI3K-α, AKT, p-AKT, mTOR, and p-mTOR proteins in CNE1R cells with or without
siANXA6 transfection. (C) Western blot assay of PI3K-α, AKT, p-AKT, mTOR, p-mTOR, and ANXA6 proteins in siANXA6-transfected CNE1R cells treated with
CAL101 or its control (1h DMSO). *P < 0.05 between indicated groups.

cause cell death through lysosomal activation, thus causing an
enhancement of radiosensitivity in human cervical cancer cells.
Our study demonstrated that autophagy inhibition increased
the radiosensitivity of NPC cells and that there was a
positive correlation between autophagy and radioresistance.

Apart from the physiological regulation of calcium channels
and re-arrangements of specific lipids, we found that ANXA6
could strengthen autophagy by blocking the PI3K/AKT/mTOR
pathway. Meanwhile, siANXA6-suppressed autophagy could
be reversed by a PI3K/AKT/mTOR inhibitor of CAL101.
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FIGURE 5 | A pattern diagram shows that ANXA6 regulates autophagy via
inhibiting the PI3K/AKT/mTOR pathway to induce radioresistance of NPC.
Irradiation (IR) increases the expression of ANXA6 in NPC cell lines and patient
tumor tissues, which, in turn, directly inhibits the expression of PI3K and
further reduces the phosphorylation of AKT and mTOR. The reduced p-mTOR
increases the expression of Beclin-1 (a key activator of autophagy) and
advances the formation of phagophore consisting of ATG16L1 (autophagy
related 16-like 1), ATG12, ATG5 (autophagy related protein 5), and LC3
protein. Additionally, P62 binds to autophagosomal membrane protein LC3
and delivers itself to autophagosome, which ultimately leads to a decline of
P62. Finally, autophagolysosome formed by the fusion of autophagosome and
lysosome can phagocytize injured organelles to maintain/restore metabolic
homeostasis, contributing to the radioresistance of NPC. Arrows represent
promotion events, and blunt arrows indicate suppression events.

Taking these results together, we suggest that PI3K/AKT/mTOR
complements the mechanism of the incidence of autophagy
regulated by ANXA6.

The PI3K/AKT/mTOR pathway is one of the most frequently
activated signaling pathways in cancers and is responsible
for tumor development, cellular metastasis, and proliferation
(Polivka and Janku, 2014; Zhang et al., 2017; Chamcheu
et al., 2019). In particular, the PI3K/AKT/mTOR pathway has
attracted extensive attention as the modulator of autophagy
(Xu et al., 2020). The central checkpoint for the negative
regulation of autophagy is mTOR, and anti-tumor drugs
stimulate autophagy by attenuating the PI3K/AKT/mTOR
pathway (Janku et al., 2011). Recent advances in radiotherapy
also indicate that triggering of the PI3K/AKT/mTOR pathway
is closely relevant to radioresistance, which is a major challenge
for current radiation treatment in prostate cancer (CaP) and
other cancers (Heavey et al., 2014; Chang et al., 2015).
However, in our study, the PI3K/AKT/mTOR pathway was

considered as a negative regulator for tumor progression and
radiation resistance. According to many studies, the inhibition
of the PI3K/AKT/mTOR pathway may contribute to weakened
proliferation (Feng and Qiu, 2018) and prolonged cell cycle
(He et al., 2018), which may provide much time for autophagy
to phagocytize damaged organelles so as to maintain the
stability of the intracellular environment, thus promoting
cell survival and radioresistance after irradiation. Besides, it
has been reported that targeting PI3K/AKT/mTOR-mediated
autophagy strongly enhances the chemosensitivity of tumor
cells. The overexpression of miR-142-3p attenuated autophagy
by regulating the PI3K/AKT/mTOR pathway and enhanced
the chemosensitivity of non-small cell lung cancers (Chen
et al., 2017). For hepatocarcinoma, erlotinib induces autophagy
through blocking the PI3K/AKT/mTOR pathway to enhance
tumor resistance (Li et al., 2019). Another study reported that
ZD6474, a small-molecule inhibitor that suppresses the activities
of epidermal growth factor receptor, vascular endothelial growth
factor receptor, and tyrosine kinases receptor, can activate
autophagy depending on attenuation of the PI3K/AKT/mTOR
signaling pathway to protect glioblastoma cells (Shen et al., 2013).
These studies have demonstrated that the overexpression of the
PI3K/AKT/mTOR pathway is beneficial for subduing autophagy
and reducing tumor resistance.

Mechanistically, the phosphorylation of EGFR can
stimulate several downstream signaling pathways, including
MAPK/MEK/ERK and PI3K/AKT, that are involved in a variety
of mitogenic, metastatic, and other tumor-promoting cellular
activities (Wells, 1999; Roberts and Der, 2007). It was reported
that an elevated ANXA6 level could inhibit the phosphorylation
of EGFR by promoting protein kinase Cα (PKCα) and restrained
EGFR signaling (Koese et al., 2013). Thus, we infer that the
negative effect of ANXA6 on the PI3K/AKT/mTOR pathway
may result from its inhibition of EGFR phosphorylation, though
this needs further verification.

In summary, our results demonstrate that ANXA6-regulated
autophagy via the PI3K/AKT/mTOR pathway makes a major
contribution to the radioresistance of NPC (Figure 5). It is
worth mentioning that this study has revealed the connection
between ANXA6 and radiosensitivity for the first time and
further implies that ANXA6 may be applied as a new biomarker
for the diagnosis and prognosis of NPC radiotherapy. In addition,
it will be of great benefit to expand the research on ANXA6 to
head and neck neoplasms as a potential therapeutic target for
radiosensitization in the future.
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Background: Epithelial-Mesenchymal Transition (EMT) is a major process in the
initiation of tumor metastasis, where cancer cells lose sessile epithelial potential and
gain mesenchymal phenotype. Large-scale cell identity shifts are often orchestrated on
an epigenetic level and the interplay between epigenetic factors and EMT progression
was still largely unknown. In this study, we tried to identify candidate epigenetic factors
that involved in EMT progression.

Methods: Colorectal cancer (CRC) cells were transfected with an arrayed shRNA
library targeting 384 genes involved in epigenetic modification. Candidate genes were
identified by real-time PCR. Western blot, RNA-seq and gene set enrichment analysis
were conducted to confirm the suppressive role of ALKBH4 in EMT. The clinical
relevance of ALKBH4 in CRC was investigated in two independent Renji Cohorts
and a microarray dataset (GSE21510) from GEO database. In vitro transwell assay
and in vivo metastatic tumor model were performed to explore the biological function
of ALKBH4 in the metastasis of CRC. Co-IP (Co-Immunoprecipitation) and ChIP
(Chromatin Immunoprecipitation) assays were employed to uncover the mechanism.

Results: We screened for candidate epigenetic factors that affected EMT process
and identified ALKBH4 as a candidate EMT suppressor gene, which was significantly
downregulated in CRC patients. Decreased level of ALKBH4 was associated with
metastasis and predicted poor prognosis of CRC patients. Follow-up functional
experiments illustrated overexpression of ALKBH4 inhibited the invasion ability of CRC
cells in vitro, as well as their metastatic capability in vivo. Mechanistically, CO-IP and
ChIP assays indicated that ALKBH4 competitively bound WDR5 (a key component of
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histone methyltransferase complex) and decreased H3K4me3 histone modification on
the target genes including MIR21.

Conclusions: This study illustrated that ALKBH4 may function as a novel
metastasis suppressor of CRC, and inhibits H3K4me3 modification through binding
WDR5 during EMT.

Keywords: CRC, EMT, epigenetic modification, metastasis, ALKBH4

INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of cancer-
related mortality worldwide (Bray et al., 2018). Despite the
advance of treatment strategies involving surgery and medical
therapy in CRC over the past decade, metastasis of CRC
to distal sites is still the foremost cause of poor patients’
prognosis (Nishihara et al., 2013; Fidler and Kripke, 2015;
Dekker and Sanduleanu, 2016). Nevertheless, the majority
of CRC patients with distant metastasis are not appropriate
candidates for conventional therapy and a paucity of effective
clinical development exists for agents targeting the biological
mechanisms underlying the metastatic process (Brenner et al.,
2014). Consequently, identification and characterization of
the molecular mechanism are imperative to facilitate the
development of effective therapeutic strategies and biomarkers
for CRC patients with metastasis.

Epithelial-Mesenchymal Transition (EMT) is a fundamental
biological process in the initiation of tumor metastasis, which
characterized as reversible loss of epithelial characteristics
coupled with gain of mesenchymal properties (Thiery et al.,
2009). Diverse lines of studies have revealed interesting links
between EMT and epigenetic regulatory mechanisms. For
instance, E-cadherin, which plays the essential role as a
gatekeeper of the epithelial state in carcinomas (Hay, 1995;
Vincent-Salomon and Thiery, 2003), has been discovered to be
epigenetically suppressed. Moreover, it is becoming increasingly
evident that the EMT is a high dynamic process that large-
scale cell identity shifts are often orchestrated on a epigenetic
level (Tam and Weinberg, 2013). However, the interplay between
the modulation of epigenetic regulatory mechanisms and
EMT remains poorly understood. Accordingly, although some
molecular pathways explained the function of epigenetic factors
in EMT have been partially elucidated, more straightforward
targets and partners in the progression of EMT still need
further exploration.

In recent years, RNAi technology has been well established
as a useful tool for the construction of RNAi libraries and to
reveal potential epigenetic markers modulating complex cellular
processes at the genome-wide level (Westbrook et al., 2005a,b;
Luo et al., 2008; Zender et al., 2008). Using an arrayed short
hairpin RNA (shRNA) library targeting 384 genes involved in
epigenetic modifications, we identified ALKBH4, a homolog
of the Escherichia coli DNA demethylase AlkB family, as a
suppressive modulator of EMT in CRC cells. In addition, low
expression of ALKBH4 was associated with metastasis and
poor prognosis in CRC patients and the biological function

of ALKBH4 in CRC was also evaluated in vitro and in vivo
models. Mechanically, ALKBH4 competitively bound WDR5
(a key component of histone methyltransferase complex) and
decreased H3K4me3 histone modification on the target genes
including MIR21 and eventually prohibited EMT progression in
CRC. Taken together, our study suggests that ALKBH4 is an
upstream epigenetic inhibitor of EMT and may be a promising
biomarker for CRC diagnosis and therapy.

MATERIALS AND METHODS

Clinical Patient Specimen Collection
Tumor tissues and matched corresponding non-cancerous tissues
were recruited from patients with CRC who underwent surgical
resections at Department of Surgery, Renji Hospital Affiliated
to Shanghai Jiao Tong University School of Medicine from
December 2011 to March 2016. This study was approved by
the Ethics Committee of Renji Hospital, Shanghai Jiao Tong
University School of Medicine. Written informed consent was
obtained from all participants before enrollment in this study. All
the research was carried out in accordance with the provisions of
the Declaration of Helsinki of 1975.

Bioinformatics Analysis
CRC microarray datasets GSE21510 (Affymetrix Human Gene
1.0 ST Array) and their corresponding clinical data in this
study were directly downloaded from Gene Expression Omnibus
(GEO) database1. GSE21510 included 123 CRC samples and 25
non-tumor tissue samples.

Cell Culture and Treatment
Human CRC cell lines HCT116, HT29, and SW480 were
purchased from American Type Culture Collection (ATCC).
All cell lines were cultured as recommended in growth
medium supplemented with 10% fetal bovine serum (FBS,
Gibco, United States) and incubated at 37◦C with a humidified
atmosphere of 5% CO2. ALKBH4 was overexpressed or knocked
down by transduced with ALKBH4-overexpressing or ALKBH4
shRNA adenovirus, respectively. The vector was used as controls.
Inhibition of miR-21 in cells were treated by miR-21 antagomir,
and overexpression of miR-21 in cells were treated by miR-21
mimics (Genepharma, China).

1http://www.ncbi.nlm.nih.gov/geo/
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Western Blot
Western blot analysis was performed as described previously
(Shen et al., 2017). Total protein was extracted from CRC
cells using a total protein extraction buffer (Beyotime, China)
containing a protease inhibitor mixture (protease inhibitors;
phosphatase inhibitors; PMSF; KangChen, Shanghai, China).
BCA Protein Assay Kit (Pierce Biotechnology) was used to
measure the concentration of protein. Proteins were separated
by 10–12% SDS-polyacrylamide gels and transferred to PVDF
membranes (Millipore, Bedford, MA, United States). After
blocked with 5% BSA at room temperature for 1.5 h, the
membranes were incubated overnight with primary rabbit anti-
ALKBH4(1:1000 dilution, Sigma, United States), rabbit anti-
E-cadherin (1:1000 dilution, CST, United States), rabbit anti-
fibronectin (1:1000 dilution, CST, United States), rabbit anti- ZO-
1 (1:1000 dilution, CST, United States), rabbit anti-N-cadherin
(1:1000 dilution, CST, United States), and GAPDH (1:1000
dilution, KangChen, China) antibodies at 4◦C, and then washed
with TBST for five times and incubated with species-specific
secondary antibodies for 1 h at room temperature the next day.
At last, the ECL detection system was used for visualization.
Antibodies against GAPDH acted as an internal control.

Immunohistochemical Staining
Human CRC tissue sections were rehydrated and treated with
hydrogen peroxide for 15 min. Antigen retrieval was performed
by microwave. After blocked with 10% normal goat serum for
30 min, the tissue microarray sections were incubated with
ALKBH4 antibodies (1:200 dilution, Abcam, United Kingdom)
on a humidified box at 4◦C overnight. The next day, the
sections were incubated with corresponding peroxidase-labeled
secondary antibody for 30 min at room temperature and
washed with PBS for three times. At last, Diaminobenzidine
tetrahydrochloride (DAB; Maixin Biotech, China) was used
for the color-reaction and hematoxylin was use for nucleus
counterstaining. The immunohistochemical stained sections
were observed under light microscopy.

Protein expression was assessed according to the intensity
and extent of staining. The intensity of staining was evaluated
on a scale of 0–3: 0, no staining; 1, weak staining; 2, moderate
staining; 3, strong staining. The extent of ALKBH4 positive cells
was assessed on a scale of 0–4: 0, 0–5%; 1, 6–25%; 2, 26–50%; 3,
51–75%; 4, 76–100%; A final score was obtained by using grades
of the intensity staining × grades of extent. The tissues with a
final score <6 were sorted into “ALKBH4 low expression” and
those with a final score ≥6 were classified as “ALKBH4 high
expression.”

Total RNA Extraction and Quantitative
Real-Time PCR
Total RNA was extracted from CRC cells, primary CRC tissues
and adjacent non-cancerous tissues using Trizol reagent (Takara,
Japan). Total RNA was reverse-transcribed using the PrimeScript
RT Reagent Kit (Takara, Japan), and quantitative real-time PCR
was performed using ABI reagent (Thermo Fisher Scientific,
United States) by the StepOne real-time PCR system according

to the manufacturer’s instruction. Primer sequences used in this
study were listed as follows:

ALKBH4, forward, 5′-GGTCAGCCTCAACCTCCTGT-
3′; reverse, 5′-TATCACGCTGTCC ACCAAGG-3′.
GAPDH, forward, 5′-GCATTGCCCTCAACGACCAC-
3′; reverse, 5′-CCACCACCCTGTT GCTGTAG-3′.

Transwell Invasion Assay
The transwell invasion assay were assessed using chambers
(Millipore, United States). Initially, 2 × 105 cells in serum-free
medium were cultured in the upper chamber of a 24-well plate,
and the corresponding medium supplemented with 20% FBS
was placed in the lower chamber. After 48 h of incubation, the
migrated cells were fixed with 4% paraformaldehyde for 20 min,
stained with 0.1% crystal violet for 20 min, washed with PBS for
five times, air dried and counted under a light microscope. Each
experiment was repeated three times.

Tumor Metastasis Model
Four-week-old male BALB/c nude mice were obtained
from Experimental Animal Centre of Shanghai Laboratory
Animal Center. HCT116 cells (5 × 106 cells) were injected
subcutaneously into the right flank of these mice to establish
the CRC metastasis model. Seven days after subcutaneous
inoculation, mice were randomly divided into different groups
and were injected with PBS, control- overexpressing adenovirus
or ALKBH4-overexpressing adenovirus by ways of multipoint
intratumoral injection twice a week for 13 weeks. The mice
were sacrificed at week 13. The numbers of lung metastatic foci
were determined in H&E stained lung tissue sections under
a binocular microscope (Leica, DM 300). All experimental
procedures were approved by the Institutional Animal Care and
Use Committee of Renji Hospital, Shanghai Jiao Tong University
School of Medicine.

Co-IP Assay
Coimmunoprecipitation was performed as described previously
(Uyama et al., 2006). Briefly, HCT116 cells were harvested after
indicated treatment. The whole-cell lysates were incubated with
2 µg of antibody or normal rabbit IgG at 4◦C overnight, and
two additional hours with 20 µl of 50% protein A agarose.
Both input and IP samples were analyzed by western blot
using various antibodies at the indicated dilutions: anti-WDR5
antibody (1:1000; Abcam), anti-H3K4me3 antibody (1:1000;
CST) and anti- ALKBH4 (1:1000; Sigma).

ChIP and High-Throughput Sequencing
Chromatin immunoprecipitation and high-throughput
sequencing (ChIP-seq) was performed as follows. ChIP
assays were conducted using the ChIP Assay Kit (Millipore,
United States) according to the manufacturer’s protocols.
HCT116 cells were seeded into 10 cm culture dish. Cells were
cross-linked with formaldehyde and collected using SDS lysis
buffer. The chromatin was sonicated to lengths between 200 and
1000 bp. The DNA-protein complexes were pre-cleared with
Protein A Agarose/Salmon DNA and then immunoprecipitated
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with anti-WDR5 antibody, anti-H3K4me3 antibody and normal
rabbit IgG. The co-precipitated DNAs were purified using
phenol/chloroform and subjected to real-time PCR analysis.
Library generation was performed using pooled ChIP DNA
samples from three independent ChIP preparations using the
Illumina protocol. Briefly, ChIP DNA fragment ends were
repaired and phosphorylated using Klenow, T4 DNA polymerase
and T4 polynucleotide kinase (Illumina kit components,
United States). After ligation of Illumina adapters, DNA was
size selected by gel purification and then PCR amplified using
Illumina primers. Sequencing was performed at Genenergy Inc,
Shanghai on an Illumina Hi-Seq 3000 machine. The FASTQ
files were aligned to hg19 using Bowtie. Enriched regions were
determined by the MACS program2 (Zhang et al., 2008) with a
default setting.

RNA Sequencing
ALKBH4 shRNA adenovirus was transduced into HT29 cells
and high-throughput RNA sequencing was performed after
knockdown of ALKBH4 in HT29 cells. For RNA sequencing
of shRNA-transduced HT29 cells, each sample was cleaned up
on a RNeasy Mini Column (Qiagen, Limburg, Netherlands),
treated with DNase, and analyzed for quality on an Agilent
2100 Bioanalyzer. Samples were on an Illumina HiSeq 3000 for
2 × 150-bp paired-end sequencing. The RNAseq data analysis
was performed according to the TopHat-HTSeq-DeSeq2 frame
(Anders et al., 2013). Briefly, reads were mapped to the human
genome (hg19) using TopHat v2.0.113 (Kim et al., 2013) with
the default options with a TopHat transcript index built from
Ensembl_GRCh37. Count files of the aligned sequencing reads
were generated by the htseq-count script from the Python
package HTSeq with union mode, using the GTF annotation
file (Anders et al., 2015).The read counts from each sequenced
sample were combined into a count file, which was subsequently
used for the differential expression analysis. Differential analyses
were performed to the count files using DESeq2 packages,
following standard normalization procedures (Love et al., 2014).
Genes with <5 total counts in both conditions were removed
from further analysis.

RNAi Screening
Lentiviral shRNAs were arrayed for testing. Briefly, HT29 cells
were transduced at a multiplicity of infection (MOI) of 0.3 in 96-
well plate and real-time PCR was performed after 72 h.

Statistical Analysis
All statistical analyses were carried out using R-3.0.24. Correlation
between ALKBH4 expression and clinicopathologic parameters
in patients with CRC was examined by chi-square test. Overall
survival was evaluated by Kaplan–Meier survival curve and
analyzed by the log-rank test. Data from at least three
independent experiments conducted in triplicates were presented
as the mean ± SEM. The correlation of the two variables

2https://pypi.org/project/MACS2/
3http://tophat.cbcb.umd.edu
4http://cran.r-project.org/bin/windows/base/old/3.0.2/

was examined by Spearman correlation test. Differences were
considered to be significant with a value of p < 0.05.

RESULTS

ALKBH4 Suppressed EMT in CRC
For the purpose of identifying candidate epigenetic factors
that involved in EMT progression, we performed an in vitro
screening system using highly sensitive and quantitative lentiviral
RNAi library. Briefly, human CRC cell line HT29, which
exhibited higher expression of ALKBH4, was transduced with an
arrayed lentiviral shRNA library targeting 384 genes involved in
epigenetic modifications (Figure 1A and Supplementary Figure
S1A). The expression of E-cadherin (encoded by the CDH1
gene) was used as a screening criterion to select epigenetic genes
involved in the EMT. Among all these candidate epigenetic genes,
we discovered that knockdown of ALKBH4 has the most negative
correlation with the relative expression of CDH1 in human CRC
cells transduced with an arrayed shRNA library (Figure 1B).
The results indicated that ALKBH4 might negatively regulate the
progression of EMT in human CRC cells.

To confirm the suppressive role of ALKBH4 in EMT, Western
blot assay was performed to detect the expression of both
epithelial and mesenchymal molecular markers in ALKBH4-
downregulated or ALKBH4-upregulated CRC cells. Obviously,
downregulation of ALKBH4 significantly reduced the expression
of epithelial markers, E-cadherin and zonula occludens-
1 (ZO-1), and increased the expression of mesenchymal
markers, Fibronectin and N-cadherin in HT29 and SW480
cells (Figures 1C,D). Conversely, overexpression of ALKBH4
significantly upregulated the expression of E-cadherin and ZO-1,
and inhibited the expression of Fibronectin and N-cadherin
in HCT116 cells (Figure 1E). Next, RNA sequencing (RNA-
seq) analysis was performed to compare the gene expression
profiles of CRC cells transduced with ALKBH4 shRNA and
control shRNA. A total of 1157 downregulated genes and 3396
upregulated genes were detected after knockdown of ALKBH4
in CRC cells (Supplementary Table S1). Gene set enrichment
analysis (GSEA) illustrated that "CHANDRAN_METASTASIS
_UP" pathway was positively correlated with the downregulation
of ALKBH4 in CRC cells (Figure 1F). These data strongly
implicate that ALKBH4 may regulate EMT process in a
suppressive way.

Low Expression of ALKBH4 Is Clinically
Related to Metastasis and Poor
Prognosis in CRC
It is documented that EMT is a critical event involved
in the metastasis of CRC (Cao et al., 2015). Accordingly,
we further analyzed the clinical significance of ALKBH4 in
human samples. Real-time PCR revealed that the mRNA
expression of ALKBH4 was significantly decreased in CRC
tissues compared with paired adjacent non-tumor tissues from
patients in Renji Cohort 1 (Figure 2A and Supplementary
Table S2). Moreover, similar results can be counted in the
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FIGURE 1 | The suppressive role of ALKBH4 during EMT in CRC cells. (A) Schematic representation of the experimental workflow. HT29 cells were transduced with
an arrayed lentiviral shRNA library targeting 384 genes involved in epigenetic modification. After 72 h transfection, RNA was extracted and real-time PCR was
performed. (B) Dot plot of the lentiviral shRNA library screening result. The y-axis represents the z-scores for the relative CDH1 expression for each targeted gene.
(C,D) Immunoblots of epithelial (E-cadherin and ZO-1) and mesenchymal (Fibronectin and N-cadherin) markers in HT29 and SW480 cells after ALKBH4 shRNA virus
transduction, compared with control shRNA virus. GAPDH was used as a loading control. (E) Immunoblots of epithelial (E-cadherin and ZO-1) and mesenchymal
(Fibronectin and N-cadherin) markers in HCT116 cells after transduced with ALKBH4-overexpressed virus and control- overexpressed virus. GAPDH was used as a
loading control. (F) GSEA analysis of HT29 cells transduced with ALKBH4 shRNA virus.
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FIGURE 2 | Downregulation of ALKBH4 correlates with metastasis and poor prognosis in CRC patients. (A,B) The relative expression of ALKBH4 in CRC tissues
and adjacent non-tumor colorectal tissues were detected in Renji Cohort 1 (A) and dataset GSE21510 (B), non-parametric Mann–Whitney test. (C,D)
Representative immunohistochemistry images (C) and relative quantitative information (D) of CRC tissues and adjacent normal tissues for the protein levels of
ALKBH4 in Renji Cohort 2, non-parametric Mann–Whitney test. (E,F) The relative expression of ALKBH4 in CRC tissues in patients with or without metastasis were
detected in Renji Cohort 1 (E) and dataset GSE21510 (F), non-parametric Mann–Whitney test. (G,H) Representative immunohistochemistry images (G) and relative
quantitative information (H) of CRC tissues in patients with or without metastasis for the protein levels of ALKBH4 in Renji Cohort 2, non-parametric Mann–Whitney
test. (I) Percentage of CRC patients with high expression and low expression of ALKBH4 stratified according to AJCC stage in Renji Cohort 2 (n = 121), Chi-square
test. (J) Survival curves were generated using the Kaplan–Meier method and the log-rank test was used to evaluate the statistical significance of differences between
CRC patients in Renji Cohort 2 with High or Low ALKBH4 expression, Log-rank test. Error bars in the scatter plots represent SEM.
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microarray dataset (GSE21510) from GEO database that the
mRNA expression of ALKBH4 was markedly decreased in human
CRC tissues than in normal tissues (Figure 2B). Then, to
examine endogenous ALKBH4 protein expression, we performed
immunohistochemistry staining (IHC) on paraffin-embedded
CRC tissues. The results showed a dramatically decreased
expression of ALKBH4 in tumor tissues than paired non-tumor
tissues from patients in Renji cohort 2 (Figures 2C,D and
Supplementary Table S3).

Furthermore, the association between ALKBH4 expression
and clinicopathological characteristics was analyzed. Analysis
of the primary tumor tissue showed that patients with distant
metastasis exhibited lower mRNA expression of ALKBH4 than
those without metastasis both in Renji Cohort1 (Figure 2E) and
microarray dataset (GSE21510) from GEO database (Figure 2F).
IHC staining also confirmed that CRC patients with metastasis
had a significantly lower expression of ALKBH4 (Figures 2G,H).
In addition, ALKBH4 expression was negatively correlated with
America Joint Committee on Cancer (AJCC) stage (Figure 2I).
Kaplan–Meier analysis showed that CRC patients with low
ALKBH4 expression had significantly shorter recurrence-free
survival time than CRC patients with high ALKBH4 expression
(Figure 2J). Collectively, these results indicate that low
expression of ALKBH4 is clinically associated with metastasis and
poor prognosis in CRC patients.

ALKBH4 Inhibits Invasion in vitro and
Metastasis in vivo in CRC
To investigate the biological function of ALKBH4 in the
metastasis of CRC, in vitro and in vivo experiments were
conducted. As exhibited in the transwell invasion assays,
knockdown of ALKBH4 significantly increased the invasion
capability of HT29 and SW480 cells (Figure 3A). Conversely, the
invasive ability was inhibited when ALKBH4 was overexpressed
in HCT116 cells (Figure 3B). Furthermore, overexpression of
ALKBH4 dramatically reduced lung metastasis in metastatic
tumor model (Figures 3C,D). Notably, mice inoculated with
ALKBH4-upregulated CRC cells had a longer overall survival
time than the control groups (Figure 3E). Collectively, these
results suggest that upregulation of ALKBH4 can inhibit the
invasive ability of CRC cells in vitro and the metastatic capacity
in vivo.

ALKBH4 Decreases Histone H3K4me3
Modification by Interacting With WDR5
We further explore the mechanism by which ALKBH4 repressed
EMT and metastasis in CRC. ALKBH4 belongs to the AlkB family
of non-heme Fe (II)/a-ketoglutarate-dependent dioxygenases,
whose function has been implicated in the repair of methylation
damage in DNA and RNA (Lee et al., 2005). To determine
whether the downregulated level of ALKBH4 in CRC cells
may promote the alteration in methylation level, Western blot
assay was performed to detect the epigenetic modification. The
assay demonstrated that overexpression of ALKBH4 resulted
in the significant reduction of H3K4me3, but not H3K79me2
(Figure 4A). Downregulation of ALKBH4 significantly increased

the expression of H3K4me3, but not H3K79me2 (Figures 4B,C).
Given that WDR5 is a methyltransferase of H3K4me3 (Dou
et al., 2006; van Nuland et al., 2013), we speculated the
possibility of the interaction between ALKBH4 and WDR5. Co-
IP (Co-Immunoprecipitation) assay was then conducted and the
results showed that WDR5 and ALKBH4 interacted with each
other in HCT116 cells (Figures 4D,E). The results indicated
that ALKBH4 may regulate histone H3K4me3 modification
through interacting with WDR5. To address whether ALKBH4
modulates WDR5 and H3K4me3 genomic binding genome-
wide, we performed chromatin immunoprecipitation coupled
with high-throughput sequencing (ChIP-seq) for WDR5 and
H3K4me3 in ALKBH4-upregulated and control HCT116 cells.
ChIP-seq analysis showed that 84 genes exhibited decreased
binding to WDR5 after overexpression of ALKBH4 (Figure 4F).
Furthermore, upregulation of ALKBH4 led to a decrease in
H3K4me3 modification of 25,921 gene promoters (Figure 4F).
Sixty-three genes showed both decreased binding to WDR5
and reduced H3K4me3 modification in ALKBH4-overexpressed
cells (Figure 4F). Histone H3K4me3 modification is a hallmark
for transcription initiation and associated with active gene
transcription (Zhang et al., 2016; Batie et al., 2019). The GO
analysis showed that WDR5 binding efficiency and H3K4me3
modification level were significantly decreased in the promoter
region of those genes, which may regulate EMT and wound
healing, after transduction of ALKBH4 overexpression virus in
HCT116 cells (Figure 4G). The data suggested that ALKBH4
decreased histone H3K4me3 modification by competitively
binding to WDR5 and suppressed EMT and metastasis in CRC.

Downregulation of ALKBH4 Promotes
EMT Progression in CRC via miR-21
Among the overlapping genes, we discovered miR-21, which has
been considered as a representative oncogenic miRNA and also
associated with EMT and a poor prognosis in CRC (Yang et al.,
2017), might be an essential downstream target. Overexpression
of ALKBH4 significantly decreased the expression of miR-21 in
HCT116 cells (Figure 5A). The ChIP-PCR data further indicated
that WDR5 and H3K4me3 directly bound to the promoter
region of miR-21 (Figures 5B,C). Moreover, overexpression
of ALKBH4 resulted in a decrease in the binding efficiency
of WDR5 and the modification level of H3K4me3 in miR-
21 promoter (Figures 5D,E). In addition, real-time PCR data
showed there was a significantly negative correlation between
ALKBH4 and miR-21 both in microarray dataset (GSE21510)
from GEO database and Renji Cohort1 (Figures 5F,G). MiR-
21 was significantly increased in CRC tissues compared with
paired adjacent non-tumor tissues from patients in Renji
Cohort 1, especially in patients with metastasis (Figure 5H).
Furthermore, real-time PCR data showed that down-regulation
of WDR5 increased the expression of E-cadherin and ZO-
1, and decreased the expression of miR-21, N-cadherin and
Fibronection in HCT116 cells (Supplementary Figures S2A,B).
These data indicated that overexpression of ALKBH4 inhibits the
expression of miR-21 by decreasing H3K4me3 modification in
the promoter region.
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FIGURE 3 | ALKBH4 inhibits cell invasion in vitro and metastasis in vivo. (A) Transwell invasion assay was performed in HT29 (left) and SW480 (right) cells
transduced with ALKBH4 shRNA virus and control shRNA virus; n = 3. (B) Transwell invasion assay was performed in HCT116 cells transduced with
ALKBH4-overexpressed virus and control-overexpressed virus; n = 3. (C) Pulmonary metastases and representative hematoxylin and eosin staining of nude mice at
13 weeks after intratumorally injected with PBS, control-overexpressed virus or ALKBH4-overexpressed virus; n = 8. (D) Summarized data on tumor lung foci in
nude mice at 13 weeks in PBS, control-overexpression or ALKBH4 overexpression groups; n = 8. (E) Survival analysis was performed in nude mice bearing
colorectal cancer transfected with PBS, control virus or ALKBH4 overexpression virus, respectively; n = 8, log-rank test.

Furthermore, to validate whether ALKBH4 inhibits
EMT progress via decreasing miR-21, we performed rescue
experiments. Real-time PCR data demonstrated that the

decreased expression of E-cadherin and ZO-1 and increased
expression of N-cadherin and Fibronection caused by
downregulation of ALKBH4 could be partially reversed
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FIGURE 4 | ALKBH4 decreases histone H3K4me3 modification by interacting with WDR5. (A) Immunoblot of ALKBH4, H3K4me3, and H3K79me2 in HCT116 cells
transduced with ALKBH4-overexpressed virus and control virus. H3 and GAPDH were used as loading controls. (B,C) Immunoblot of ALKBH4, H3K4me3, and
H3K79me2 in HT29 (B) and SW480 (C) cells transduced with sh-ALKBH4 and sh-Control virus. H3 and GAPDH were used as loading controls. (D,E)
coimmunoprecipitation detected the interaction of WDR5 and ALKBH4 in the HCT116 cells. The input and WDR5 (D) or ALKBH4 (E) immunoprecipitates were
separated by SDS-PAGE. The specific immunoprecipitation of WDR5 and ALKBH4 was confirmed by Western blot. (F) Venn diagram shows 63 genes with both
decreased binding to WDR5 and reduced H3K4me3 modification in ALKBH4 overexpressed cells. (G) GO enrichment analysis of 63 overlapping genes.
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FIGURE 5 | ALKBH4 inhibits miR-21 by decreasing H3K4me3 modification in the promoter region. (A) Real-time PCR result of miR-21 expression after transduction
of ALKBH4 overexpression adenovirus in HCT116 cells; n = 3, non-parametric Mann–Whitney test. (B,C) miR-21 was detected in the chromatin sample
immunoprecipitated from HCT116 cells using an antibody against WDR5 (B) or H3K4me3 (C). (D,E) Real-time PCR of the ChIP samples shows the binding
efficiency of WDR5 (D) or H3K4me3 (E) to the miR-21 promoter after transduction of ALKBH4 overexpression adenovirus in HCT116 cells; n = 3, non-parametric
Mann–Whitney test. (F,G) The correlation between the relative expression of ALKBH4 and miR-21 in dataset GSE21510 (F) and Renji Cohort 1 (G). (H) The relative
expression of miR-21 was detected in CRC tissues from patients with or without metastasis and adjacent non-tumor colorectal tissues (Renji Cohort 1),
non-parametric Mann–Whitney test. Error bars in the scatter plots represent SEM.
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FIGURE 6 | ALKBH4 regulates EMT through modulating the expression of miR-21. (A,B) Real-time PCR results of molecular markers of EMT in HT29 (A) or SW480
(B) cells after sh-ALKBH4 virus and/or miR-21 antagomir treatment; n = 3, non-parametric Mann–Whitney test. (C) Real-time PCR results of molecular markers of
EMT in HCT116 cells after overexpression of ALKBH4 and miR-21; n = 3, non-parametric Mann–Whitney test. (D) A schematic model of ALKBH4 functions in the
metastasis of CRC. ALKBH4 may competitively bound WDR5 and decreased histone H3K4me3 modification on miR-21 promoter and eventually prohibited EMT
progression in the metastasis of CRC. Error bars in the scatter plots represent SEM.

by knocking down of miR-21 (Figures 6A,B). Meanwhile,
upregulation of miR-21 significantly reversed the increased
expression of E-cadherin and ZO-1 and decreased expression
of N-cadherin and Fibronection in ALKBH4-upregulated
cells (Figure 6C).

Taken together, ALKBH4 competitively bound WDR5 and
decreased histone H3K4me3 modification on miR-21 promoter
and eventually prohibited EMT progression in CRC (Figure 6D).

DISCUSSION

Metastasis of tumor remains one of the most urgent and poorly
addressed challenges in cancer therapy (Fidler and Kripke,
2015). Epithelial-Mesenchymal Transition and its associated
cellular changes have been implicated to play a critical role in
the metastasis process (Dongre and Weinberg, 2019), yet the
interplay between the epigenetic regulatory mechanisms and
EMT remains largely unknown. Using a high-content screen
with a shRNA library covering 384 genes involved in modulating

epigenetic modification, we have identified that ALKBH4
regulates cellular EMT process in a suppressive way. In cultured
CRC cells and mouse tumor metastasis models, overexpression of
ALKBH4 markedly inhibits cell migration in vitro and metastasis
in vivo. Accordingly, our results consistently point to the notion
that ALKBH4 serves as an essential regulator in inhibiting
metastasis of CRC.

During the carcinogenesis in CRC, major cellular functions
and pathways, including potential to repair DNA damage, are
dysregulated (AlDubayan et al., 2018). ALKBH4 belongs to
the AlkB family of non-heme Fe (II)/a-ketoglutarate-dependent
dioxygenases, whose function have been implicated in the repair
of methylation damage in DNA and RNA (Lee et al., 2005).
Available evidences also indicate that several members of AlkB
family, such as ALKBH3 and ALKBH5, are closely linked to the
inhibition of tumorigenesis and progression in various human
cancers (Stefansson et al., 2017; Wang et al., 2018; Zhu et al.,
2019). ALKBH4 has been previously illustrated in mediating
demethylation of a monomethylated site in actin and depletion
of ALKBH4 contributes to defects in cytokinesis and cell motility
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(Li et al., 2013), however, the underlying molecular mechanisms
of ALKBH4 in tumor remain unknown. In our study, ALKBH4
markedly suppressed EMT and CO-IP assay demonstrated that
ALKBH4 directly interacted with WDR5 in CRC cells, a key
component of histone methyltransferase complex, along with the
decreased level of H3K4me3 histone modification (Dou et al.,
2006; van Nuland et al., 2013). The previous studies have shown
that WDR5 is a major driver of cell progression in various cancer
types (Kim et al., 2014; Chen et al., 2015; Dai et al., 2015) and its
functional mechanism has been elucidated in CRC by triggering
EMT process in response to the PI3K/AKT signaling pathway
(Tan et al., 2017). As a consequence, we inferred that ALKBH4
may competitively bind to WDR5, and thus decrease H3K4me3
histone modification on the target genes. It has been documented
that aberrant epigenetic signatures are associated with cancer
metastasis and deficiency of H3K4 methyltransferase extends the
life span in Caenorhabditis elegans (Greer et al., 2010),which are
in accordance with our results from a mechanistic perspective.

When we explored the mechanism by which ALKBH4
contributes to the inhibition in metastasis of CRC. We discovered
the involvement of miR-21, which is a major player involved in
tumor initiation, progression and metastasis of various types of
cancers (Frankel et al., 2008; Zhu et al., 2008; Qi et al., 2009; Tian
et al., 2019), including CRC (Yang et al., 2017), and considered
as a representative oncogenic miRNA. Interestingly, EMT can be
inhibited by down-regulating miR-21 expression in breast cancer
cell (Du et al., 2019). These observations are consistent with our
findings that ALKBH4 suppresses the expression of miR-21 by
decreasing H3K4me3 modification in the promoter region and
eventually inhibits EMT in CRC cells.

In summary, our study elucidates the mechanism of ALKBH4
in inhibiting the EMT and metastasis of CRC. These findings add
diverse roles and mechanistic insight into our understanding of
the interplay between epigenetic factors and EMT progression,
defining ALKBH4 as a potential prognostic biomarker for the
prevention of cancer cell invasion and metastatic spread.
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Single-nucleotide variants (SNVs) are the most common genetic variants and universally
present in the human genome. Genome-wide association studies (GWASs) have
identified a great number of disease or trait-associated variants, many of which are
located in non-coding regions. Long intergenic non-protein coding RNAs (lincRNAs)
are the major subtype of long non-coding RNAs; lincRNAs play crucial roles in various
disorders and cellular models via multiple mechanisms. With rapid growth in the number
of the identified lincRNAs and genetic variants, there is great demand for an investigation
of SNVs in lincRNAs. Hence, in this article, we mainly summarize the significant role of
SNVs within human lincRNA regions. Some pivotal variants may serve as risk factors
for the development of various disorders, especially cancer. They may also act as
important regulatory signatures involved in the modulation of lincRNAs in a tissue- or
disorder-specific manner. An increasing number of researches indicate that lincRNA
variants would potentially provide additional options for genetic testing and disease risk
assessment in the personalized medicine era.

Keywords: single-nucleotide variant, long/large intergenic non-protein coding RNA, disease susceptibility,
transcription, biological function

INTRODUCTION

Single-nucleotide variant (SNV), also known as single-nucleotide polymorphism (SNP), is the
variant of a single nucleotide that occurs at a specific genomic position. It is the most
common type of genetic variants, which has long been confirmed in various loci of the
genome (Human Genome Structural Variation Working Group, Eichler et al., 2007). In the
past few decades, genetic variants have been typically used to dissect complex human disorders
through research on candidate genes, particularly genome-wide association study (GWAS),
an observational study of the genome-wide set of genetic variants in different individuals,
which is performed to identify whether any variant is associated with the phenotypes. As a
representative of a large-scale variant analysis, it has provided an approach to identifying potential
genetic variant loci associated with heterogeneous disorders, including cancer susceptibility
(Freedman et al., 2011). With the development of emerging technologies, such as microarray-
based genotyping and high-throughput next-generation sequencing, it offers a novel avenue
for the clinical application of genetic variants (GTEx Consortium et al., 2017). As might
be expected, the role of genetic variants in understanding the pathogenesis of diseases,
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therapeutic response, and even ultimately personalized medicine
will be indispensable in the near future. Based on the
implementation of the International HapMap Project and
the 1000 Genomes Project, great breakthroughs have been
achieved in the research field of genetic variants, particularly
focusing on some variants of protein-coding genes (Human
Genome Structural Variation Working Group, Eichler et al.,
2007; Genomes Project et al., 2015). However, genetic variants,
especially SNVs, not only occur to protein-coding sequences,
but many of them also fall within non-coding regions or
the intergenic regions between two genes. For instance, a
considerable genetic component has been confirmed to be
involved in the susceptibility of various cancers; the genomic
contexts of cancer-associated SNVs (SNPs) have been analyzed
within a comprehensive GWAS catalog. Of these risk variants,
less than 10% are mapped in protein-coding regions, whereas
most of them are located in the intronic or intergenic
regions (Figure 1A), it brings forward the issue of these
non-coding loci and their importance role in cancer research
(Hindorff et al., 2009).

The Human Genome Project (HGP) has determined the
whole sequence of nucleotide base pairs that compose the
human genome and initially provided approximately 20,000
proteins that could serve as therapeutic targets (Venter et al.,
2001). Subsequent large-scale annotation efforts, such as the
Encyclopedia of DNA Elements (ENCODE) project, surprisingly,
have identified hundreds of thousands of non-coding RNAs,
which were previously regarded as “junk DNA” (The Encode
Project Consortium, 2012). Among them, a great quantity of
long non-coding RNAs (lncRNAs) are transcribed in mammalian
genomes. Based on their locations and characteristics, lncRNAs
can be placed into five broad categories: (1) intergenic, (2)
antisense, (3) sense, (4) intronic, and (5) overlapping (Ponting
et al., 2009; Derrien et al., 2012). Thereinto, long/large intergenic
non-protein coding RNAs (lincRNAs), which are located within
the genomic interval between two coding genes, are the
major subtypes of lncRNAs accounting for approximately 63%
(Figure 1B). Compared with other lncRNAs, molecules for
which we know next to nothing about, lincRNAs are generally
unexplored and have yet to be elucidated. About half of these
lincRNAs are transcribed from the vicinity (<10 kb) of protein-
coding loci and more likely to be involved in cis-regulatory of
the expression level of adjacent genes; other transcripts that are
well away from an adjacent gene seem to have little chance of
cis-regulatory within the nearby region. Although they rarely
form triplexes within double-stranded DNA owing to their poor
complementarity to sequences elsewhere within the genome,
these lincRNAs often act as trans-regulatory players within
some ribonucleoprotein complexes (Ulitsky and Bartel, 2013).
LincRNAs may have crucial roles in various disorders and cellular
models via multiple mechanisms. Alterations in the levels of
lincRNA expression have been linked to the occurrence of various
disorders, such as cancers; they may act as tumor suppressors
or proto-oncogenes (Huarte, 2015). Currently, advances in high-
throughput RNA sequencing and computing approaches allow
for an unparalleled analysis of transcriptomes. Of the diverse
kinds of RNA transcripts, lincRNAs are attractive as they can be

found out from the existing RNA-seq datasets through available
bioinformatics methods (Cabili et al., 2011).

According to recent reports from the ENCODE project,
thousands and thousands of variant loci are present in the
non-coding regions of the human genome, and total number
continues to increase (Schaub et al., 2012). Generally, genetic
variants, such as SNVs, which occur to the non-coding loci,
are more frequently than in conservative protein-coding genes
regions. A large number of GWAS-identified SNVs loci reside
in the regions that encode lincRNAs, indicating that these
variants of lincRNAs may play a crucial role in the susceptibility
of diseases. More than three quarters of disease-associated
genetic variants are remarkably overlapped in promoter or
enhancer regions, suggesting that SNVs may serve as an
important player in the regulation of transcript levels (Hindorff
et al., 2009). Therefore, identification of such variant loci and
elucidation of their biological functions would be of profound
significance in understanding the etiology of disorders and in
promoting novel approaches for the diagnosis, prevention, and
treatment of disorder.

LONG INTERGENIC NON-PROTEIN
CODING RNA VARIANTS AND DISEASE
SUSCEPTIBILITY

As a matter of fact, the occurrence of complex diseases
(e.g., cancer) is related to multiple factors, including genetic,
environmental, and lifestyle. Among them, genetic factors are
of particular interest, just as GWASs and next-generation
sequencing studies have greatly broadened the understanding
of genetic variants that confer risk of diseases. Numerous
genetic variants in lincRNA regions have been determined
to be associated with the susceptibility of heterogeneous
diseases, especially multiple types of cancer. Herein, we reviewed
some lincRNAs that encompass disease or trait-associated
variants (Tables 1, 2).

Long Intergenic Non-protein Coding
RNA Variants on the chr8q24 Locus
Genome-wide association studies have pointed to the chr8q24
genomic locus as a hotspot for cancer-associated variants owing
to the large density, more strength, and high allele frequency
of these variants (Yeager et al., 2007; Tuupanen et al., 2009).
Even though chromosome 8q24 has been considered as a “gene
desert” region owing to the absence of functionally annotated
genes, with the only notable exception of the frequently amplified
MYC (a proto-oncogene involved in tumorigenesis) (Chung et al.,
2011). Surprisingly, large-scale studies have revealed that several
lincRNAs are transcribed from the chr8q24 locus, such as CCAT1
(Kim et al., 2014), CCAT2 (Ling et al., 2013), PVT1 (Hanson et al.,
2007), PCAT1 (Guo et al., 2016), and PRNCR1 (Li et al., 2013);
all of these encompass multiple cancer-associated variants. For
instance, lincRNA CCAT2 (Colon Cancer-Associated Transcript
2, also termed LINC00873), a transcript spanning SNV
rs6983267, is associated with an increased risk for prostate, breast,
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FIGURE 1 | (A) Genomic distribution of single-nucleotide variants in cancers; a majority of cancer-associated single-nucleotide variants (SNVs) [single-nucleotide
polymorphisms (SNPs)] are found in the intergenic or intronic regions, and only small numbers are located in protein-coding regions of the human genome.
(B) Classification of long non-coding RNA (lncRNA) transcripts; long intergenic non-protein coding RNA (lincRNA) is a major subtype of lncRNA.

TABLE 1 | Overviews of trait-associated variants on the chr8q24 locus.

LincRNA Trait-associated variants Diseases Position References

CASC8 rs378854 Adiposity Intron Ng et al., 2017

rs10505477 Colorectal, gastric, and lung
cancers

Intron Ma et al., 2015; Hu et al., 2016

CASC19 rs138042437 Prostate cancer Intron Teerlink et al., 2016

CCAT1 rs6983267 Colorectal cancer, endometrial
carcinoma

Enhancer Kim et al., 2014; Zhao et al.,
2016

CCAT2 rs6983267 Prostate, breast, colon, and
colorectal cancers; myeloid
malignancies

Exon Yeager et al., 2007; Tuupanen
et al., 2009; Ling et al., 2013;
Shah et al., 2018

PCAT1 rs7463708 Prostate cancer Enhancer Guo et al., 2016

rs10086908 Prostate cancer Promoter Guo et al., 2016

PRNCR1 rs1456315, rs7463708 Prostate cancer Exon Chung et al., 2011

rs13252298, rs1456315 Colorectal cancer Exon Li et al., 2013

rs183373024 Prostate cancer Exon Teerlink et al., 2016

PVT1 rs13281615 Breast cancer Promoter Zhang et al., 2014

rs2720709, rs2648875 End-stage renal disease (ESRD) Intron, intron Hanson et al., 2007

rs378854 Prostate cancer Promoter Meyer et al., 2011

rs13255292, rs4733601 Diffuse large B cell lymphoma Intron, downstream Cerhan et al., 2014

LincRNA, long intergenic non-protein coding RNA.

colon, and colorectal cancers (Yeager et al., 2007; Tuupanen
et al., 2009; Ling et al., 2013). CCAT2 is overexpressed in various
types of cancers and may contribute to tumor growth, metastasis,
and chromosomal instability by increasing MYC expression
(Ling et al., 2013). LincRNA PRNCR1 has been reported to be
involved in prostate carcinogenesis and may play an oncogene
role via modulating the androgen receptor (Chung et al., 2011),
PRNCR1 variants, especially rs1456315, are associated with the
susceptibility of prostate and colorectal cancers (Li et al., 2013;
Teerlink et al., 2016). Through an integrative analysis of the
lncRNA transcriptome and GWAS data, Guo et al. (2016)

have identified a prostate cancer-associated transcript PCAT1
and 10 risk loci on the chr8q24.21, including PCAT1 variants
rs10086908 and rs7463708, which are significantly associated
with prostate cancer susceptibility. As for PVT1 (also termed
LINC00079), a GWAS analysis has identified that its variants
rs13255292 and rs4733601 are associated with the susceptibility
of diffuse large B cell lymphoma (Cerhan et al., 2014). Other
independent SNVs (e.g., rs2720709 and rs2648875), which are
mapped on PVT1, especially contributes to the development of
end-stage renal disease (ESRD) in patients with type 2 diabetes
(Hanson et al., 2007). A recent meta-analysis has summarized
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TABLE 2 | Overviews of other lincRNAs encompassing trait-associated variants.

LincRNA Trait-associated variants Diseases Position References

CASC16 rs3803662 Breast cancer, lung cancer Exon Orr et al., 2011

CASC15 rs6939340 Neuroblastoma Intron Maris et al., 2008

GAS5 rs145204276 Hepatocellular carcinoma (HCC), colorectal,
and gastric cancers

Promoter Tao et al., 2015; Li et al., 2018a

H19 rs217727 Coronary artery disease, type 2 diabetes Exon Gao et al., 2015

rs2067051 Pneumoconiosis, coronary artery disease Exon Gao et al., 2015; Wu et al., 2016

rs2107425 Ovarian and breast cancers, hypertrophic
cardiomyopathy

Intron Chu et al., 2016

rs2839698 HCC, bladder, colorectal, and gastric cancer Exon Verhaegh et al., 2008; Chu et al.,
2016; Yang et al., 2018

HULC rs7763881, rs1041279 HCC Intron Wang et al., 2018a

LINC00673 rs11655237 Pancreatic cancer Exon Zheng et al., 2016

LINC00951 rs11752942 Esophageal squamous cell carcinoma (ESCC) Exon Wu et al., 2013

LOC105378318 rs1875147 Leprosy Intron Fava et al., 2017

MALAT1 rs619586 Pulmonary arterial hypertension (PAH), coronary
atherosclerotic and congenital heart disease
(CAD/CHD), breast cancer

Exon Zhuo et al., 2017; Li et al., 2018b

rs1194338 Colorectal cancer Promoter Li et al., 2017

rs4102217 HCC Promoter Wang et al., 2018b

MEG3 rs941576, rs34552516 Type 1 diabetes (T1D) Intron Wallace et al., 2010; Westra et al.,
2018

MIAT rs2331291 Myocardial infarction Intron Ishii et al., 2006

rs1894720 Paranoid schizophrenia Exon Rao et al., 2015

PCGEM1 rs6434568, rs16834898 Prostate cancer Intron Xue et al., 2013

PCAT19 rs11672691 Prostate cancer Promoter Gao et al., 2018

PTCSC2 rs965513 Papillary thyroid carcinoma (PTC) Intron He et al., 2015

PTCSC3 rs944289 PTC, large-vessel ischemic stroke Promoter Jendrzejewski et al., 2012; Lee
et al., 2016

TDRG1 rs8506 ESCC, gastric cancer Exon Han et al., 2017

TINCR rs2288947, rs8105637 Colorectal cancer, gastric cancer Exon, intron Zheng et al., 2017

LincRNA, long intergenic non-protein coding RNA.

the relationship between two common variants (rs10505477 and
rs7837328) in the intronic region of CASC8 (LINC00860) at
8q24 locus with the risk of cancers (Cui et al., 2018), including
colorectal, gastric, and lung cancers (Ma et al., 2015; Hu et al.,
2016). Another intronic loci rs378854 is related to adiposity in
the individuals of African ancestry (Ng et al., 2017).

Single-Nucleotide Variants in Long
Intergenic Non-protein Coding RNA H19
Locus
The H19 (also termed LINC00008) is located in chromosome
11p15.5, a paternally imprinted onco-fetal gene, which is typically
down-regulated in adult tissues but can be overexpressed in
multiple types of solid cancer. LincRNA H19 expression is closely
related to tumor growth, metastasis, recurrence, and clinical
prognosis (Ge et al., 2018). H19 variants are involved in the
susceptibility of multiple diseases. A meta-analysis study has
indicated that variant T allele of rs2107425 is correlated with a
decreased risk of developing cancers (e.g., breast, ovarian, lung,
and bladder cancers) (Chu et al., 2016; Wu et al., 2017), whereas
variant rs2839698 is associated with an increased risk of digestive
cancers (colorectal and gastric cancers) via up-regulating H19

expression; of note, there is no significant association observed
between rs217727 variant and cancers susceptibility (Chu et al.,
2016). However, in other reports, H19 rs217727 has been linked
to the risk of hepatocellular carcinoma (HCC) (Ge et al.,
2018), oral squamous cell carcinoma (OSCC), and bladder
cancer in the Chinese population (Guo Q. Y. et al., 2017). For
coronary artery disease (CAD), the T variant of rs217727 is
associated with an increased risk, whereas rs2067051 A variant
is linked to a decreased risk (Gao et al., 2015). H19 rs217727,
but not rs2107425 variant, is associated with susceptibility of
women with preeclampsia (PE) (Harati-Sadegh et al., 2018).
Additionally, maternally transmitted fetal H19 variants (e.g.,
rs217727, rs2071094, and rs10732516), along with paternal IGF2
variants, are independently correlated with the placental DNA
methylation levels (Marjonen et al., 2018) and birth weight of
newborns (Petry et al., 2011).

Single-Nucleotide Variant in MALAT1 and
MIAT Regions
LincRNA MALAT1 (metastasis-associated lung adenocarcinoma
transcript 1, also termed LINC00047) has rs619586 A > G
variant, which is significantly associated with the susceptibility
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of pulmonary arterial hypertension (PAH), and the carriers
with variant G genotypes have a decreased PAH risk (Zhuo
et al., 2017). Recent study has suggested that rs619586 AG/GG
genotypes could reduce the risks of coronary atherosclerotic
heart disease and congenital heart disease (CHD) by regulating
MALAT1 expression (Li et al., 2018b). Another report has showed
that MALAT1 is overexpressed in colorectal cancers and that
SNV rs1194338 mapping to its promoter region is significantly
associated with a decreased risk of colorectal cancer (Li
et al., 2017). Moreover, the large-scale case–control association
studies have identified a novel myocardial infarction-associated
transcript, MIAT (also termed LINC00066), which encompasses
rs2331291, and other variants confer the susceptibility of
myocardial infarction (Ishii et al., 2006). As a component of
the nuclear matrix, MIAT is mainly expressed in neurons, Rao
et al. (2015) have reported that SNV rs1894720 is correlated with
paranoid schizophrenia susceptibility, and MIAT may contribute
to the pathogenesis of schizophrenia.

Other Long Intergenic Non-protein
Coding RNA Variants in Human Cancers
In addition to the above lincRNA molecules, recent studies
have identified many other cancer-associated variants within
lincRNA regions. For example, the tissue differentiation-inducing
non-protein coding RNA (TINCR), also termed LINC00036, is
essential for somatic tissue differentiation and tumor progression
(Kretz et al., 2013). It has been demonstrated that two
variants of TINCR (rs2288947 and rs8105637) are significantly
correlated with the susceptibility and lymph node metastasis
of colorectal cancer (Zheng et al., 2017); the lincRNA TINCR
rs2288947 G allele and rs8113645 A allele genotypes could
reduce the risk of gastric cancer. HULC, an HCC up-regulated
lncRNA, also termed LINC00078, and its variants (rs7763881
and rs1041279) are linked to the susceptibility of HCC (Wang
et al., 2018a). In thyroid carcinoma, several papillary thyroid
carcinoma susceptibility candidates, such as PTCSC2, contain
a risk-variant rs965513, and PTCSC3 encompasses rs944289;
two lincRNA expression levels are strongly down-regulated in
thyroid carcinoma tissues (Jendrzejewski et al., 2012; He et al.,
2015). Additionally, GWAS analyses have identified five tag-
SNVs, including rs944289 located in PTCSC3, are associated with
large-vessel ischemic stroke (Lee et al., 2016). Xue et al. (2013)
have reported that a prostate cancer gene expression marker,
PCGEM1 (LINC00071), containing two risk-SNVs (rs6434568 C
and rs16834898 A alleles) that are associated with a decreased
risk of prostate cancer. Another prostate cancer risk-associated
allele rs75823044 mapping to promoter of LINC00676 is almost
exclusively found in African ancestry populations (Conti et al.,
2017). In a GWAS analysis, five common variants including
rs3803662 on the exon of CASC16 (LINC00918) have been
identified to contribute to the susceptibility of lung and breast
cancers (Orr et al., 2011). Furthermore, the colorectal cancer
risk-SNV rs11776042 is located in the promoter of LNC00964,
in which lincRNA is significantly decreased in colorectal cancer
tissues (Chu et al., 2015). For tumor suppressor lncRNA GAS5, an
insertion/deletion variant of rs145204276 is associated with the

susceptibility of HCC (Tao et al., 2015) and colorectal and gastric
cancers (Li et al., 2018a).

Other Disease-Associated Variants in
Long Intergenic Non-protein Coding
RNA Regions
Except for cancer susceptibility, some lincRNA variants are found
to be associated with the risk of other heterogeneous diseases.
GWAS and expression quantitative trait locus (eQTL) analyses
have identified a risk factor for pathological inflammatory
responses of leprosy, SNV rs1875147, which is an eQTL variant
for lincRNA LOC105378318 located in chromosome 10p21.2
(Fava et al., 2017). Rautanen et al. have found a variant
rs140817150 in the intron of LOC107986770, which may be
correlated with bacteremia susceptibility in African children
(Kenyan Bacteraemia Study Group et al., 2016). A systematic
analysis highlights some variant loci in lncRNA regions linked
to cardiometabolic disorders; one of them, lincRNA LOC157273
harboring rs4841132, is linked to the regulation of serum lipid
cholesterol (Ghanbari et al., 2018). Shyn et al.’s (2011) GWAS
analysis has identified a major depressive disorder (MDD)
risk-associated variant rs12526133, which resides in exon of
LINC01108, in which lincRNA is overexpressed in patients
with MDD. Moreover, the maternally expressed imprinted gene,
MEG3 (also termed LINC00023), containing variants rs941576
(Wallace et al., 2010) and rs34552516 (Westra et al., 2018), which
is found to be associated with susceptibility of type 1 diabetes.
Nikpay et al.’s (2015) comprehensive GWAS meta-analyses have
reported an association of CAD susceptibility with several SNVs,
such as rs1870634, which is located in the downstream of
LINC00841, and its GG genotype is strongly linked to CAD risk
and has a higher frequency in CAD patients.

LONG INTERGENIC NON-PROTEIN
CODING RNA VARIANTS AND
CLINICOPATHOLOGICAL
CHARACTERISTICS, PROGNOSIS, AND
TREATMENT RESPONSE

For Clinicopathological Characteristics
and Prognosis
In addition to disease susceptibility, trait-associated SNVs
are widely used for the indication of clinicopathological
characteristics, prognosis, and treatment response (Gong et al.,
2017). For example, with regard to a neuroblastoma-associated
variant rs6939340, which is mapped on the intronic locus
of lincRNA CASC15 and NBAT1, neuroblastoma individuals
with the risk alleles are more likely to have clinical aggressive
presentation, including metastatic disease, tumor with MYCN
amplification, and disease relapse (Maris et al., 2008). Two
independent cohort studies have observed that risk-SNV
rs2608053 of PVT1 is correlated to the survival outcome of
patients with classical Hodgkin lymphoma (Ghesquieres et al.,
2018). For multiple sclerosis, several risk loci of PVT1 may
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contribute to the prediction of an optimal response to treatment
with glatiramer acetate (Kulakova et al., 2017). LincRNA H19
variants have been found to increase the risk of ischemic
strokes, and the up-regulated H19 may induce cerebral ischemia
reperfusion injury by activating autophagy (Wang et al., 2017).
Recent studies have reported that H19 rs2839698 variant may
serve as an indicator for the increased risk and poor prognosis
of HCC (Yang et al., 2018). Among individuals with coal
workers’ pneumoconiosis (CWP), carriers of H19 rs2067051
CT/TT genotypes are associated with a decreased risk; H19
rs2067051 may be a possible biomarker for CWP prevention
(Wu et al., 2016). A case–control study has shown that lincRNA
MALAT1 variant rs4102217 is related to increased HCC risks;
this SNV may be a potential predictor for the risk and prognosis
of patients with HCC (Wang et al., 2018b). Another MALAT1
rs3200401 T allele has been found to confer better survival
for patients with advanced lung adenocarcinoma (Wang et al.,
2017). Furthermore, TDRG1 (testis development related 1, also
termed LINC00532) is overexpressed in esophageal squamous cell
carcinoma (ESCC) tissues; the AA genotype of variant rs8506 is
linked to an increased risk of ESCC; this risk allele may regulate
TDRG1 expression by disrupting the sponge binding of miR-
526b; high TDRG1 expression and rs8506 A allele variant may
contribute to the advanced tumor–node–metastasis stage and
poor survival for ESCC patients (Han et al., 2017). Recent GWAS
analyses have demonstrated that variant rs11672691 of PCAT19
(LINC01190) on 19q13 is positively related to aggressive prostate
cancer. Further cohort studies have confirmed the association
of rs11672691 with clinical characteristics of aggressive disease,
including high tumor stage, prostate-specific antigen (PSA)
progression, and development of castration-resistant prostate
cancer (CRPC). The risk GG genotype of rs11672691 is also
associated with a poor prognosis for patients with prostate cancer
(Gao et al., 2018). These results highlight the clinical potential
of trait-associated SNV, which may serve as risk stratification
markers for the management of cancer patients.

Indication of Treatment Response
Recent GWAS analyses have identified two common SNVs
(rs4476990 and rs3802201), in which mapping to MIR2052HG
may affect the recurrence risk of breast cancer patients
treated with aromatase inhibitors. Expressions of MIR2052HG
and estrogen receptor α (ERα, encoded by ESR1 gene) are
induced by aromatase inhibitors and estrogen in a variant-
dependent manner. MIR2052HG could sustain the levels of
ERα via promoting AKT/FOXO3-mediated ESR1 transcription
and limiting the ubiquitin-mediated ERα degradation. Its risk
variant genotypes could enhance ERα binding to estrogen
response elements and result in an alteration of response to
aromatase inhibitors treatment for cancer patients (Ingle et al.,
2016). In the evaluation of adverse reaction for lung cancer
patients receiving platinum-based chemotherapy, the variants
CASC8 rs10505477 (Hu et al., 2016) and ANRIL rs1333049 are
correlated with overall toxicity, especially severe hematologic
and gastrointestinal toxicity; lincRNA MEG3 rs116907618 is
correlated with severe gastrointestinal toxicity; these variants may

be considered as biomarkers for the evaluation of platinum-
based treatment (Gong et al., 2017). Moreover, the rs10505477
GG genotype of CASC8 is also associated with tumor size,
lymph node metastasis, and tumor–node–metastasis stage and
may contribute to the survival for gastric cancers patients (Ma
et al., 2015). In nasopharyngeal carcinoma (NPC), lncRNA
GAS5 variant rs2067079 is associated with an increased risk
of severe myelosuppression and neutropenia, whereas rs6790
may decrease the incidence rate of toxic reactions induced by
chemo-radiotherapy in NPC patients (Guo Z. et al., 2017).
Functional genomic studies have revealed that GAS5 promoter
encompassing SNV rs55829688 (T > C), which up-regulates
GAS5 expression via interacting with transcription factor TP63,
may aggravate myelosuppression and result in a poor prognosis
for patients with acute myeloid leukemia (AML) (Yan et al.,
2017). Additionally, GWAS analyses have identified that some
genetic variants are correlated with the pharmacokinetics of
psychotropic drugs, such as variant rs16935279 located in an
intron of LINC01592; its C allele carriers have a lower metabolism
rate for anti-epileptic drugs (Athanasiu et al., 2015).

LONG INTERGENIC NON-PROTEIN
CODING RNA VARIANTS REGULATE
GENE TRANSCRIPTION

Genome-wide association studies have identified a lot of
trait-associated variants, most of which reside in non-coding
regions of the human genome. However, the specific functional
mechanism of genetic variants still remains confused, which is
one of the major challenges for post-GWAS research (Schaub
et al., 2012). The regulatory elements are mainly located within
regions of non-coding DNA and play critical roles in the
transcription of target genes. Emerging studies have showed
that these regulatory elements can affect the expression of
lincRNAs and other related genes via long-range chromatin
interactions in a cell-type- or tissue-specific manner. Many
genetic variants reside in the regulatory element regions of
lincRNAs and may disrupt the interaction of transcription
factors with a region containing SNVs (Figures 2A,B). The
mapping of SNVs to lincRNA regulatory regions (especially
promoters and enhancers) may indicate a potential impact
of these variants on the transcription of target genes
(GTEx Consortium et al., 2017).

Single-Nucleotide Variants in
Super-Enhancer Locus of MYC Gene
Many genetic variants are located in the upstream of MYC, a gene
desert on 8q24, which is related to the susceptibility of multiple
cancers. Some observations, such as chromosome conformation
capture (3C) assays, histone acetylation, and methylation marks
analyses, have demonstrated that these regulatory regions
containing SNVs may serve as enhancers for MYC gene in a
tissue-specific manner. Functional investigations suggest that
lincRNA CCAT2 augments the binding of transcription factor
(TCF7L2 or TCF4) to MYC promoter region, activates WNT
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FIGURE 2 | Graphical representations of the driving effect of variants [single-nucleotide variants (SNVs)] on long intergenic non-protein coding RNA (lincRNA)
regions. (A) Genetic variants located in promoter may affect the binding of transcription factors and regulate the transcription of lincRNAs. (B) Genetic variants on
enhancer affect the binding of transcription co-regulators and regulate lincRNA expression. (C) Genetic variants on intron may affect the process of splicing and
stability of lincRNA conformation. (D) Genetic variants located in exons affect the lincRNA secondary structure, lincRNA stability, and interactive function. (E) Genetic
variants on exons may affect the sponging of microRNAs (miRNAs).

signaling, and increases the expression of target genes, especially
the MYC proto-oncogene (Pomerantz et al., 2009; Ling et al.,
2013). Although there is a disputable association between variant
rs6983267 and MYC expression (Tuupanen et al., 2009), its risk
G alleles produce more CCAT2 transcripts, which are exclusively
retained in the nucleus. Interestingly, a risk-SNV rs6983267 also
contributes to increased expression of CCAT1 (Zhao et al., 2016);
an adjacent lincRNA of CCAT2, through affecting the long-
range chromosomal interaction of MYC enhancer or CCAT1
promoter, then results in a cell-cycle regulation and tumor
development (Kim et al., 2014). Guo et al. (2016) have reported
that a prostate cancer risk-associated T allele of rs7463708 at
lincRNA PCAT1 exhibited enhancer activity, through modulating
the binding of novel transcription factor ONECUT2 with
a distal enhancer that loops to the PCAT1 promoter; this
process increases PCAT1 expression upon prolonged androgen
treatment and promotes prostate transformation. Moreover,
another prostate cancer risk-SNV rs378854 G alleles are also
found to increase the expression of PVT1 oncogene by regulating
an interaction of transcription factor YY1 with the promoters

of PVT1 or MYC genes (Meyer et al., 2011). Similarly, the
GG genotypes of rs13281615 increase PVT1 transcription and
promote cell proliferation in breast cancer (Zhang et al., 2014).
Overexpression of PVT1 may contribute to high levels of MYC
mRNA and protein, along with an increased copy number,
eventually leading to tumorigenesis (Zou et al., 2017). These
results demonstrate the association of genetic variants with
lincRNA transcription, although further studies are needed
to reveal the relationship of these SNVs and lincRNAs on
chromosome 8q24 locus.

Single-Nucleotide Variants in Promoter
Regions
Some SNVs reside in gene promoter regions and may influence
the transcriptional expression of their target genes. Through
an eQTL analysis of candidate genes and genetic variants
in different tissues, an endometriosis risk-SNV rs3820282 is
found to down-regulate LINC00339 expression by affecting
the activity of LINC00339 promoter (Powell et al., 2016).
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Tao et al. (2015) have reported that an indel variant
rs145204276 in the promoter region of GAS5 contributes
to the up-regulation of GAS5 via affecting the methylation
status of GAS5 promoter and regulating its transcriptional
activity, thereby bringing its proto-oncogene role into play.
Furthermore, the variant rs944289 of PTCSC3 is reported
to reside in a binding site for CCAAT/enhancer binding
proteins (C/EBPα/β); this variant may affect the activity
of PTCSC3 promoter and down-regulate its transcript,
then resulting in an abnormal expression of downstream
genes and the progression of papillary thyroid carcinoma
(Jendrzejewski et al., 2012).

Notably, a gene promoter region is likely to overlap
with another super-enhancer locus, suggesting it that may
have enhancer-like roles. In these interactions, lincRNA loci
may serve as both target genes of its SNVs and the
distal regulatory elements of other related genes. Integrative
functional genomic and epigenomic analyses have identified
that osteoporosis risk-associated SNV rs6426749 may act as
a distal variant-specific enhancer and play a pivotal role in
bone metabolism. Risk rs6426749 G alleles can affect the
enhancer activity by binding to transcription factor TFAP2A;
a thin process may increase transcription of LINC00339 and
modulate the expression of downstream gene via long-range
chromatin loop formation in osteoblast cells (Chen et al.,
2018). Recent studies have reported that prostate cancer risk-
associated G allele of rs11672691 is associated with an increased
expression of lincRNA PCAT19 and oncogene CEACAM21;
SNV rs11672691 is located in an enhancer element and may
alter the binding site of its oncogenic transcription factor
HOXA2. CRISPR/Cas9-mediated interference and activation
assays have demonstrated that rs11672691 variant is involved
in the regulation of its eQTL genes PCAT19 and CEACAM21
expression and affects the cells’ aggressive property in prostate
cancers (Gao et al., 2018). In another alternative mechanism,
risk variant rs11672691 is associated with the decreased levels
of a short isoform of PCAT19 (PCAT19-short) and increased
levels of a long isoform (PCAT19-long). This risk SNV locus
is bifunctional with both promoter and enhancer activity,
which maps to a promoter of PCAT19-short and the third
intron of PCAT19-long. Risk allele rs11672691 and its linkage
disequilibrium SNV rs887391 may alter the binding profiles
of transcription factors NKX3.1 and YY1, thereby elevating
the abundance of PCAT19-long through promoter-enhancer
switching. Ultimately, it gives rise to an increased formation
of the HNRNPAB-PCAT19-long complex to activate a subset
of cell-cycle genes and promote prostate cancer aggression
(Hua et al., 2018).

Another causative cis-regulatory mechanism has been
constructed via integrative genomic analyses; the breast cancer-
associated variant rs4415084 is located in a GATA3-binding
motif of LINC02224, which refers to the differential GATA3
binding and chromatin accessibility, thereby promoting the
transcription of LINC02224 and MRPS30 genes (Zhang et al.,
2018). It is reasonable to postulate that the interactions of
lincRNA, trait-associated variants, and regulatory factor may
contribute to the development of specific disorders.

SINGLE-NUCLEOTIDE VARIANTS
AFFECT THE BIOLOGICAL FUNCTION
OF LONG INTERGENIC NON-PROTEIN
CODING RNA

Currently, genetic variants in potential lincRNA regions have
attracted increasing interest; it has been established that many
SNVs are associated with susceptibility of multiple diseases. It
is evident that the expression and function of lincRNAs may
be influenced by its SNVs in a cell-type- or tissue-specific
manner. A comprehensive analysis has suggested that genetic
variants in lincRNA regions also possibly affect the process of
splicing and stability of lincRNA conformation, thereby leading
to a modification of their interacting partners, as shown in
Figures 2C–E (Hon et al., 2017).

Effect of Single-Nucleotide Variants on
the Role of Long Intergenic Non-protein
Coding RNA CCAT2
Several observations, such as eQTL and DNAase peak assays,
indicate that genetic variants that occurred in exons of lincRNAs
may change the lincRNA secondary structure, thereby affecting
its stability, interactive properties, and regulatory functions
(Khurana et al., 2016). For example, lincRNA CCAT2 could act
as a scaffold or assembly platform and modulate the alternative
splicing of glutaminase (GLS) pre-mRNA via directly binding to
a Cleavage Factor I (CFIm) complex. However, SNV rs6983267
(G/T) may affect the interaction of CCAT2 with CFIm complex
by changing lincRNA secondary structure and initiating a
domino effect mechanism; this process leads to allele-specific
reprogramming of cellular energy metabolism in colon cancers
(Redis et al., 2016). Moreover, by using allele-specific CCAT2
transgenic mice, recently, Shah et al. (2018) have revealed that
overexpression of CCAT2 may lead to genomic instability and
myeloid malignancies; the SNV rs6983267-specific RNA-editing
induces the dysregulation of a genome-wide gene expression
by down-regulating EZH2, a histone-lysine N-methyltransferase,
which then results in the impairment of immune processes and
development of myelodysplastic neoplasms in vivo. In another
study, Sur IK and his colleagues have generated mice lacking a
myc enhancer region spanning risk-SNV rs6983267; the mutant
mice have not showed an overt phenotype but confer resistance
to intestinal tumorigenesis induced by APCminmutation (Sur et al.,
2012). These studies indicate that cancer risk-associated variants
identified from the human genome may also exert a functional
effect for animals in vivo.

Effect of Single-Nucleotide Variants on
the Long Intergenic Non-protein Coding
RNA Secondary Structure
It is worth noting that lincRNAs have a long average length
and that their exon regions contain numerous trait-associated
variants; significant alterations of lincRNA secondary structure
may be caused by its SNVs on exon loci. Many variants such
as PRNCR1 (prostate cancer-associated non-coding RNA) are
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located in exon regions, for example, rs1456315 G/A; it has
been predicted to affect the lincRNA secondary structure of
PRNCR1 (Chung et al., 2011) and then alter lincRNA stability
and conformation, even giving rise to the modification of its
interacting partners. Xue et al. (2015) have also reported that SNV
rs7958904 G/C in an exon region does not affect transcription
activity of HOTAIR; however, in in silico analyses, it is shown to
alter the RNA secondary structure of HOTAIR. These findings
indicate that genetic variants, especially SNVs in exon loci, may
play a different role via affecting the lincRNA structure.

Effect of Single-Nucleotide Variants on
MicroRNA Binding
Not surprisingly, it has been documented that some microRNAs
(miRNAs) can function in a non-canonical manner to regulate
lincRNA expression levels or directly interact with lincRNA
molecules. The competing endogenous RNA (ceRNA) is a
mechanism that lncRNA could competitively bind or sponge
miRNAs, such as ceRNA MALAT1; its exon locus contains a
variant rs619586 A > G, which can significantly up-regulate
the expression of XBP1 (X box-binding protein 1) by sponging
miR-214 and then suppressing the proliferation and migration
of vascular endothelial cells in vitro (Zhuo et al., 2017). In
another case, variant rs11752942 of LINC00951 exon is linked
to the susceptibility of ESCC; risk G alleles of rs11752942 may
decrease the expression levels of LINC00951 via affecting the
binding of miR-149-3p, thereby regulating cell proliferation and
tumor growth (Wu et al., 2013). Intriguingly, recent studies have
demonstrated that pancreatic cancer risk-SNV rs11655237 G > A
in the LINC00673 exon region is likely to create a target site
for miR-1231 binding and reduces the function of LINC00673
in an allele-specific manner. Down-regulation of LINC00673
may attenuate the interaction of PTPN11 with an E3 ubiquitin
ligase PRPF19 and suppress the ubiquitin-mediated PTPN11
degradation; these processes enhance an oncogenic signaling
whereas diminish STAT1-dependent anti-oncogenic signaling
in cancer cells (Zheng et al., 2016). These findings highlight
the regulatory relationships of miRNAs with lincRNAs in a
variant-specific manner and may offer a wider field for future
research on lincRNA.

APPROACHES FOR IDENTIFYING
DRIVERS

As summarized above, genetic variants play a very significant
role in the transcription and biological function of lincRNAs,
contributing to various disease susceptibility, progression,
prognosis, and treatment response. Genetic variants may act as
a driving factor to affect the role of lincRNAs; just like a driver
who drives a vehicle, analogously, lincRNA variants may vividly
serve as a putative driver to regulate the lincRNA molecules.

Computational Approaches
Driver identification is a challenging task, owing to their complex
and diverse modes of action and the inadequate understanding

of non-coding regions; the computational prediction of non-
coding drivers is even more challenging than that of protein-
coding drivers. In addition, non-coding variants are more
abundant than protein-coding genes; hence, the key variants with
functional significance have to be distinguished from a larger
set of passenger events (Khurana et al., 2016). Currently, several
online databases have been constructed to describe genomic
variants in lncRNA regions, such as lincSNP, lncRNASNP2, and
LncVar. More specifically, lincSNP 2.0 is an integrated database
to identify and annotate disease-associated SNVs on human
lincRNAs and their transcription factor binding sites (Ning et al.,
2017). LncRNASNP2 is an updated database of comprehensive
information about SNVs or mutations in human and mouse
lncRNAs, as well as their impacts on lncRNA structure and
potential function on miRNA binding (Miao et al., 2018). LncVar
provides genetic variants associated with lncRNAs in multiple
species and their effects on biological function of lncRNAs (Chen
et al., 2017). Furthermore, a large number of GWAS analyses
have successfully identified an array of genetic variants that are
associated with various types of human disorders (MacArthur
et al., 2017). Numerous public databases have been set out to
provide a comprehensive description of genetic variants and
GWAS data in the human genome with high impact (Genomes
Project et al., 2015). A brief overview of these databases with their
key features and corresponding references is presented in Table 3.

Functional annotations and linkage disequilibrium analyses of
genetic variants can be performed based on public databases and
bioinformatic methods. Among tag-SNVs with strong linkage
disequilibrium, significant genotype-specific effects on lincRNA
expression can be observed by eQTL analysis (GTEx Consortium
et al., 2017). Subsequently, according to ChIP-Seq data from the
ENCODE database1, some trait-associated SNVs can be picked
out; those variants mapping to cis-regulatory motifs may affect
the binding activities of many interrelated transcription factors,
including EZH2, CHD1, TCF7L2, and CTCF. These transcription
factors may be closely related to the occurrence and progression
of various human disorders, such as enhancer of zeste homologue
2 (EZH2), which is overexpressed in several human tumors and
accounts for the aggressiveness and unfavorable prognoses of
various cancers.

Function Verification
Many functional verification studies of genetic variants have
focused on protein-coding regions of the human genome. With
an expanding appreciation that non-coding variants play a crucial
role in the development of disorders, several recent studies have
set out to explore approaches to evaluate the function of non-
coding variants (Khurana et al., 2016). For example, experimental
methods used to understand the effects of cis-regulatory variants
within a promoter or enhancer region on cellular biological
functions is summarized as follows. A main strategy is required
to introduce the sequence variants, the mutated DNA fragment
can be constructed via site-directed mutagenesis, CRISPR–Cas
system (Konermann et al., 2015) or oligonucleotide synthesis.
Subsequently, the functional output of non-coding variants

1http://genome.ucsc.edu/ENCODE/
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TABLE 3 | Some databases that may be used for driver identification.

Tools Functional annotation Link References

LincSNP 2.0 Store and annotate disease-associated SNVs in human
lncRNAs and their transcription factor binding sites (TFBSs)

http://bioinfo.hrbmu.edu.cn/LincSNP Ning et al., 2017

lncRNASNP2 Comprehensive information of SNVs and mutations in lncRNAs,
as well as their impacts on lncRNA structure and function

http://bioinfo.life.hust.edu.cn/lncRNASNP2 Miao et al., 2018

LncVar A database of genetic variation associated with long
non-coding genes in six species

http://bioinfo.ibp.ac.cn/LncVar Chen et al., 2017

The 1000
Genomes Project

The largest public catalog of human variation and genotype
data

http://www.internationalgenome.org/ Genomes Project
et al., 2015

dbSNP A public-domain archive for a broad collection of simple genetic
polymorphisms

https://www.ncbi.nlm.nih.gov/snp

GWAS Catalog A catalog that has provided data from published genome-wide
association studies

www.ebi.ac.uk/gwas/ MacArthur et al.,
2017

GWAS4D A web server that systematically evaluates GWAS signals and
identifies context-specific regulatory variants

http://mulinlab.tmu.edu.cn/gwas4d Huang et al., 2018

SNVs, single-nucleotide variants; lncRNAs, long non-coding RNAs; GWAS, genome-wide association study.

should be detected through several methods, either luciferase
reporter assays or high-throughput sequencing-based assays,
such as cis-regulatory element analysis by sequencing (CRE-
seq) (Kwasnieski et al., 2014) and self-transcribing active
regulatory region sequencing (STARR-seq) (Arnold et al., 2013).
Furthermore, functional verification is required to determine the
direct biological significances, such as the oncogenic properties,
which can be manifested though cancer cellular experiments
(e.g., cell proliferation, cell cycle, cell death, migration, and
invasion tests) along with in vivo model assays. In addition,
other approaches are needed to be explored to demonstrate the
effects of genetic variants within introns, exons, or intergenic
regions. For instance, genetic variants mapping to exons of a
lincRNA may alter the lincRNA secondary structure, which can
be partly predicted using RNAfold web server (Hofacker and
Stadler, 2006). The 5′ UTR (un-translated region) variants may
affect the process of splicing and stability of RNA conformation,
a functional splicing reporter minigene assay should be used
to assess the effect of genetic variants on RNA splicing (Giorgi
et al., 2015). Through the aforementioned knowable strategies,
comprehensive functional verification of non-coding variants
is very important to understand their biological consequence;
there is an urgent need to explore more practical methods and
strategies for functional verification research.

PERSPECTIVES AND DISCUSSION

Single-nucleotide variants are the most common genetic variants
and universally present in the human genome, including non-
coding regions. One current belief is that heterogeneous disease
(e.g., cancers susceptibility) may be caused by the accumulation
of multiple driving genetic variations. GWASs have identified a
large number of disease or trait-associated SNVs, and many of
those are located in non-coding regions of the human genome.
The functions of genetic variants are generally unknown and
remain to be elucidated. One critical common viewpoint is
that the significance of lincRNA variants depends on their
genomic position. Certain SNVs are located in regulatory

regions of lincRNA genes; it is found to affect the binding
efficiency of transcription factor; it is known to possibly regulate
the transcription of lincRNAs and other related genes in a
cell-type- or tissue-specific manner. The mapping of SNVs
to lincRNA transcript itself potentially affects the process of
splicing and stability of lincRNA conformation or modulates
the lincRNA secondary structure; these effects may lead to an
alteration of the interactive properties and regulatory functions
of lincRNA (Khurana et al., 2016). Collectively, these findings
indicate that genetic variants in lincRNA regions may serve as a
regulatory signature for early events, which illustrate the genomic
background of lincRNA differential expressions in a tissue- or
disorder-specific manner.

Considering their important regulatory role, lincRNAs may
serve as the promising biomarkers for the diagnosis, prognosis,
and treatment response of various diseases (Zou et al., 2018).
With their characteristic of tissue and disease specificity,
lincRNAs may be explored as target molecules for personalized
medicine in the future (Huarte, 2015). Currently, molecular
targets drug approved by the US Food and Drug Administration
(FDA) are mainly derived from proteins. However, owing
to the finiteness of druggable protein genes in the human
genome, the expansion of potentially druggable targets may
need to include lncRNA molecules. One lincRNA PCA3-
based test (the PROGENSA PCA3 assay approved by the
FDA) has been used as a marker for the detection of
prostate cancers (Evaluation of Genomic Applications in Practice
and Prevention [EGAPP] Working Group, 2014). Moreover,
a novel treatment strategy differs from the classical small
molecules and antibodies that mainly target proteins. RNA-
targeting therapeutics refer to the use of oligonucleotides
to target primarily RNA involved in various diseases for
therapeutic efforts. Two major approaches are employed to target
RNA: double-stranded RNA-mediated interference (RNAi) and
antisense oligonucleotides (ASOs) (Kole et al., 2012). Currently,
both methods are in clinical trials. Among them, nusinersen
(Spinraza), an ASO-targeting drug for spinal muscular atrophy
(SMA), has been approved by the FDA (Finkel et al.,
2017); patisiran, an RNAi therapeutic strategy for hereditary
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transthyretin amyloidosis (hATTR), has also shown promising
results (Adams et al., 2018). Hence, we can expect that lincRNA
molecules will provide additional options for RNA therapeutics.
Importantly, disease-associated variants are found to exhibit
a higher frequency in non-coding regions, which encompass
enhancers, promoters, and other regulatory elements. It is likely
that the role of genetic variants in lincRNA regions should be
characterized at the regulatory network level. Genetic variants
may offer the possibility to make use of the information from
adjacent protein-coding or non-coding regions to link with
heterogeneous diseases. Therefore, a combination of SNVs,
lincRNAs, and proteins may bring personalized medicine closer
to clinical applications in the foreseeable future (Li et al., 2019).

Previous studies may appear to be a slightly biased against
the genetic variants that are located in non-coding regions,
as their significant roles have not yet been explored to the
same extent as those of protein-coding genes. In particular,
for the disease-associated variants in lincRNA regions, whether
functionally affected or altered in lincRNA expression by risk
variants, it may be responsible for the disease development
and its pathogenesis. Verification of the mechanisms requires a
detailed understanding of the lincRNA structure and function,
and a suitable experimental system to distinguish the subtle

differences caused by genetic variants. Although it is difficult
to describe the consequences of genetic variants in non-
coding regions, more emerging technologies and approaches are
urgently needed to explore the driving effects of genetic variants
on lincRNA regions.
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CREB Downregulation via a Protein
Kinase A and Proteasome-Dependent
Mechanism in Human Acute Myeloid
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Angela Nebbioso, Lucia Altucci, Luigi Sapio* and Silvio Naviglio*
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Acute myeloid leukemia (AML) is a progressive hematopoietic-derived cancer arising

from stepwise genetic mutations of the myeloid lineage. cAMP response element-binding

protein (CREB) is a nuclear transcription factor, which plays a key role in the multistep

process of leukemogenesis, thus emerging as an attractive potential drug target for

AML treatment. Since epigenetic dysregulations, such as DNA methylation, histone

modifications, as well as chromatin remodeling, are a frequent occurrence in AML, an

increasing and selective number of epi-drugs are emerging as encouraging therapeutic

agents. Here, we demonstrate that the histone lysine demethylases (KDMs) JMJD3/UTX

inhibitor GSKJ4 results in both proliferation decrease and CREB protein downregulation

in AML cells. We found that GSKJ4 clearly decreases CREB protein, but not CREBmRNA

levels. By cycloheximide assay, we provide evidence that GSKJ4 reduces CREB protein

stability; moreover, proteasome inhibition largely counteracts the GSKJ4-induced CREB

downregulation. Very interestingly, a rapid CREB phosphorylation at the Ser133 residue

precedes CREB protein decrease in response to GSKJ4 treatment. In addition, protein

kinase A (PKA) inhibition, but not extracellular signal-regulated kinase (ERK)1/2 inhibition,

almost completely prevents both GSKJ4-induced p-Ser133-CREB phosphorylation and

CREB protein downregulation. Overall, our study enforces the evidence regarding CREB

as a potential druggable target, identifies the small epigenetic molecule GSKJ4 as an

“inhibitor” of CREB, and encourages the design of future GSKJ4-based studies for the

development of innovative approaches for AML therapy.

Keywords: GSKJ4, acute myeloid leukemia (AML), cAMP response element-binding protein (CREB)

downregulation, proteasome-mediated degradation, protein kinase A (PKA)

INTRODUCTION

Acute myeloid leukemia (AML) is a very hostile malignant disease deriving from a rapid clonal
expansion of immature granulocyte precursors. As a consequence of multiple transcriptional
alterations, due to chromosomal abnormalities, somatic mutations, and epigenetic variations,
biological and clinical AML degrees are characterized by heterogeneity and unpredictable treatment
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responses (1). With an overall 5-year survival of <40%,
AML is considered one of the deadliest leukemia subtypes.
Current treatments, which include intensive chemotherapy
rounds and bone marrow transplantation, are presumed to be
only partially effective due to disease evolution and recurrent
drug resistance achievement (2). Moreover, AML therapy is
generally associated with a wide variety of side effects, including
long-term complications and mortality (3). For this reason, the
development of novel and more incisive therapeutic approaches
with low toxicity are urgently demanded.

Normal hematopoiesis is mainly dependent on the controlled
expression of critical genes by transcription factors. Notably,
altered functions, by mutation and/or dysregulated expression, of
these transcription factors play a relevant role in leukemogenesis
(4). Speaking of which, cAMP response element-binding protein
(CREB) is considered one of the most strictly related AML
transcription factors (5).

As a member of a structurally related transcription factor
family, which also includes activation transcription factor (ATF)
and cAMP response element modulator (CREM), CREB proteins
specifically recognize and bind DNA to cAMP-responsive
element (CRE) promoter sites activating the transcription of
specific target genes, including those affecting cell proliferation
and survival. In response to various stimuli, such as hormones
and growth factors, CREB leucine zipper domains are employed
to generate dimeric homodimers and/or heterodimers, when
combined with different proteins, complexes that precisely
link deoxyribonucleic acid. Homodimer and heterodimer ratio
undergoes continuous fluctuations into the cells in order
to correlate signals from different pathways and to regulate
the CREB transcriptional activity (6). Upon activation by
phosphorylation at Ser133 by kinases, such as protein kinase
A (PKA) and extracellular signal-regulated kinase (ERK)1/2,
the co-activator CREB-binding protein (CBP) is engaged by
CREB protein, and the CREB/CBP complex enhances the CREB
transcriptional activity, facilitating the expression of the putative
CREB-driven genes (7).

Previous studies have described CREB as a key regulator
capable of driving both cell growth and survival in AML
(8, 9). Specifically, CREB is generally overexpressed in AML
cells causing growth rate increase and apoptosis resistance.
Consistently, CREB knockdown induces decreased survival and
proliferation in different leukemia cell lines (10). Conversely, an
increased CREB expression has been associated with a reduced
event-free survival in AML patients (11).

Based on the above findings, it is not surprising that CREB is
becoming very attractive as a potential drug target for AML (4, 5,
12). Besides, increasing evidence indicates that dysregulation of
histone modifications is widely involved in AML (13).

Epigenetic drugs are chemical and well-characterized
compounds targeting disordered remodeling enzymes, thus
modifying the chromatin cell state and changing the relative
expression profile. Recently, several new epigenetic drugs have
been developed, and some of them are standing out for their
preclinical beneficial effects against cancer, including leukemia
(14, 15). In this regard, GSKJ4 compound can be identified
as a new inhibitor of the histone lysine demethylases (KDM)

JMJD3 and UTX, showing a marked antiproliferative activity in
different cancer types and, in particular, in AML cells (16–25).
Here, we speculate that GSKJ4 treatment of AML cells could
affect CREB pathway via a PKA and proteasome-dependent
mechanism. The current investigation has been designed with
the aim of defining the possible GSKJ4-mediated effects on
CREB expression and function and the underlying molecular
mechanisms in AML cells.

MATERIALS AND METHODS

Chemical Reagents and Antibodies
Chemical reagents included bovine serum albumin (BSA)
(Sigma-Aldrich, B2518), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, M5655),
trypan blue (Sigma-Aldrich, T6146), propidium iodide (PI)
(Sigma-Aldrich, P4864), GSKJ4 (Sigma-Aldrich, SML0101),
PD98059 (Sigma-Aldrich, P215), PKF118-310 (Sigma-Aldrich,
K4394), MG132 (Alexis 133407-82-6), and H89 (Sigma-Aldrich,
#B1427). Antibodies obtained from Santa Cruz Biotechnology:
anti-nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) p65(A) (sc-109), anti-Ub (P4D1) (sc-8017),
anti-α-tubulin (B-7) (sc-5286). Antibodies purchased from
Cell Signaling Technology: anti-CREB (#9198S), anti-p44/42
mitogen-activated protein kinase (MAPK) (ERK1/2) (#9102),
anti-p-CREB (Ser133, #9198), anti-phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204) (#9101). Anti-vinculin (ab13007) and
anti-H4 (ab10158) were bought from Abcam. Other antibodies
used were anti-β-actin AC-74 (Sigma-Aldrich, A2228) and anti-
H3K27me3 (Diagenode, C15410195). Conjugate horseradish
peroxidase (HRP) goat anti-rabbit (GtxRb-003-DHRPX) and
goat anti-mouse (GtxMu-003-EHRPX.0.05) (Immunoreagents
Inc.) were employed for immunoblotting detection.

Cell Lines and Treatments
ATCC human U-937 and K-562 cell lines, and DSMZ human
NB-4 cells, were kept in standard and unvaried atmosphere
conditions (37◦C in a 5% CO2 humidified air) employing
phenol red RPMI-1640 (Euroclone) plus 2mM L-glutamine
(Gibco), 10% fetal bovine serum (FBS; Euroclone), and 100
mg/ml penicillin–streptomycin (Gibco) as a medium. A density
of 2 × 105/ml cells was seeded and grown in fresh medium
with or without GSKJ4 at indicated times and concentrations.
GSKJ4, PD98059, H89, andMG132 compounds were dissolved in
dimethyl sulfoxide (DMSO), whereas PKF118-310 was prepared
in H2O. In order to obtain the final concentrations required,
a single compound was diluted in the medium, and the same
amount of solvent(s) (generally less than 0.1% v/v) was employed
as internal control.

Dye Exclusion Test for Cell Proliferation
Assessment
U-937 and K-562 cells (2× 105 cells/ml) were plated and treated
at different times and concentrations. Afterward, 10 µl of cell
suspension was diluted 1:1 in 10 µl of trypan blue (Sigma-
Aldrich) and examined by optical microscope. Dead blue-
stained cells were discriminated from living unstained cells for
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quantitative analysis. Experimental procedures were performed
in triplicate, and representative results report both means and
standard deviations as shown in figure.

Cell Viability Assay
To assess the relative cell viability in reaction to specific stimuli,
a density of 3 × 103 cells/well in 96-well plates were seeded and
treated as described in the Results section. Viable cells in each
well were estimated by adding 100 µl of 5 mg/ml of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT
solution) at the end of each experimental time point. After
3 h of incubation at 37◦C, 100 µl/well of isopropanol-HCl
0.04N (dissolving solution) was added to melt down formazan
crystals. Following 30min of incubation at room temperature
on horizontal shaking, absorbance intensity was determined
at 570 nm by microplate reader (Infinity 200, TECAN). All
procedures were carried out at least three times, and for each data
point, six replicates were performed. Representative figures show
means and standard deviations.

Cell Cycle Analysis
Cell cycle analysis was assessed as formerly described (26). In
detail, cells were plated at a density of 2 × 105 cells/ml, collected
after stimulation, centrifuged (5min at 400 × g) and suspended
in 500 µl 1× phosphate buffered saline (PBS), in which NP-40
(0.1%), sodium citrate (0.1%), and PI (50 mg/ml) were previously
added. After incubation at room temperature in the dark for
30min, samples were analyzed for cell cycle distribution using
FACS-Calibur (BD Bioscience). At least 50K events per sample
were acquired using CellQuest software (BDBioscience), whereas
ModFit LT V3 software (Verity) was employed to determine the
relative percentage number of each cell cycle phase. Biological
replicates have been performed in triplicate.

Histone Extraction
U-937 cells were collected at the end of each experimental
procedure. Next, cells were resuspended twice in PBS and
centrifuged again before adding TEB buffer [PBS with
0.5% Triton X-100 (v/v), 0.02% NaN3 (w/v), and 2mM
phenylmethylsulfonyl fluoride (PMSF)] with a ratio of 107

cells/ml. After 10min on ice, samples were centrifuged, and
supernatants were discarded. A similar step, without incubation,
was repeated using half TEB volume. Finally, pellet was dissolved
in 0.2NHCl overnight at 4◦C, and the supernatant was harvested
after additional centrifugation. Bradford assay was employed to
define the relative protein content/sample. All spin-down cycles
were carried out at 400×g for 10min at 4◦C.

Protein Extraction and Immunodetection
Cells were resuspended in 3–5 volumes of RIPA buffer,
containing NP-40 (1%), sodium deoxycholate (0.5%), sodium
dodecyl sulfate (SDS) (0.1%), aprotinin (10µg/ml), leupeptin
(1mM), and PMSF (1mM) and incubated on ice for 1 h. After
centrifugation (18,000×g for 15min at 4◦C), supernatant was
collected and protein concentration was determined by Bradford
method. Laemmli buffer 4× was added to each sample before
boiling at 95◦C for 5min. Typically, a quantity of 20–40 µg
of total extracts was applied to polyacrylamide gel (Bio Rad

Laboratories); thereafter, proteins were divided by weight in
SDS–polyacrylamide gel electrophoresis (PAGE) and moved on
nitrocellulose membrane (Sigma-Aldrich) using Mini Trans-
Blot BioRad (Bio Rad Laboratories). In order to fill uncovered
spots, obtained films were incubated in nonfat milk (5% w/v)
and then blotted overnight with primary antibody according
to the experimental procedures. The next day, HRP-conjugated
goat anti-rabbit or anti-mouse was used to detect protein–
antibody complexes. Each incubation was preceded and followed
by 5min wash with TBS Tween-20 (Thermo Fisher Scientific)
for three times. Finally, nitrocellulose membranes were detected
by standard chemical luminescence method ECL (Euroclone).
Immunoblotting signals were captured using Chemi-Doc XRS
(Bio-Rad Laboratories) and quantitatively analyzed by ImageJ
(NIH, Bethesda).

RNA Extraction, RT-PCR, and Real-Time
PCR
With the aim of preventing RNA degradations and
contaminations, RNase-free materials and solutions, prepared
with diethyl pyrocarbonate (DEPC) water (Sigma-Aldrich),
were used for RNA extraction. Total RNA was pulled out
by Trizol (Invitrogen-Life Technologies) and successively
reverse transcribed using SuperScript VILO kit (Invitrogen).
Relative mRNA levels of specific genes of interest were
determined by RT-PCR amplification made with iQ SYBR
GREEN Supermix (Bio-Rad Laboratories). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as a housekeeping
gene to normalize data through 11CT method. CREB
and GAPDH primer sequences are reported as follows:
CREB-forward: 5′-CACCTGCCATCACCACTGTAA-3′;
CREB-reverse: 5′-GCTGCATTGGTCATGGTTAATGT-
3′; GAPDH-forward: 5′-GGAGTCAACGGATTTGGT-3′;
GAPDH-reverse: 5′-CTTCCCGTTCTCAGCCTT-3′.

MiRNA Real-Time PCR
Following RNA extraction, the miRNA fraction was converted
into cDNA using miScript Reverse Transcription Kit (Qiagen).
In detail, 1 µg of RNA was incubated with 1× Buffer, 1×
miScript RT, and DEPC-H2O for 60min at 37◦C and then 5min
at 95◦C. Subsequently, miRNA Real-Time PCR was performed
with QuantiTect SYBR Green PCR Kit (Qiagen) using 75 ng
of cDNA in the presence of 1× QuantiTect SYBR Green PCR
Master Mix, miScript Universal Primer, and primer specific for
miR-34b (Qiagen); RNU6b (Qiagen) specific primer was used to
normalize data. The thermal protocol was as follows: 95◦C for
15min plus 35 cycles at 94◦C for 15 s, 55◦C for 30 s, and 70◦C
for 30 s.

Statistical Analysis
Statistical analyses were performed for all biological and technical
replicates. In details, Student’s t-test was applied for the purpose
of defining significant differences in the average between two
distinct experimental groups, whereas analysis of variance
(ANOVA) was used to test differences among more than two
clusters. P-values of <0.05 were assumed as significant and
graphically indicated with asterisks.
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RESULTS

GSKJ4 Inhibits Acute Myeloid Leukemia
Cell Proliferation
To test the possible GSKJ4-mediated consequences on CREB
expression and function in AML, U-937 cell line was used as a
widely known representativemodel of human leukemia cells (27–
29). Nevertheless, specific key experiments were also performed
in other leukemia cells. In agreement with previous findings, we
used GSKJ4 in a range from 1 to 10 µM (16–25).

Over the past few years, GSKJ4 has been reported to exert
antiproliferative properties in different tumor cell types but not in
normal cells, where no toxicity has been observed (16–23). More
recently, Li et al. (25) have highlighted the therapeutic potential
of GSKJ4 also for AML. According to the latter findings, we also
provided evidence in which GSKJ4 causes growth inhibition in
myeloid leukemia cells (30).

In order to confirm our previous experimental setting,
we verified the GSKJ4-mediated effects on both H3K27me3
status and leukemia cell viability. Acting as JMJD3/UTX
inhibitor, Figure 1A shows that GSKJ4 increases H3K27me3.
Simultaneously, analysis of cell growth and viability in U-937
and K-562 revealed an antiproliferative outcome in a dose- and
time-dependent manner (Figures 1B–E).

GSKJ4 Downregulates cAMP Response
Element-Binding Protein Level in Acute
Myeloid Leukemia Cells
Assuming that CREB has been identified as one of the most
relevant transcription factors in AML, driving both growth
and survival (5, 9), we supposed that CREB transcription
factor might be involved in the antiproliferative action made
by GSKJ4 in AML cells. To address our hypothesis, firstly
we looked at GSKJ4-mediated effects on CREB expression. To
this purpose, U-937 cells were exposed and not to GSKJ4,
then CREB protein and RNA levels were evaluated by Western
blotting and RT-PCR, respectively. Interestingly, as shown in
Figure 2A, CREB protein level evidently decreased after 18 and
24 h following GSKJ4 treatment, whereas CREB mRNA level was
not influenced (Figure 2B).

MicroRNA-34b (miR-34b) regulates CREB protein expression
in myeloid cells, where, supporting CREB overexpression, it is
generally downregulated and hyper-methylated (31, 32). In order
to evaluate whether miR-34b was involved in GSKJ4-induced
CREB protein downregulation, we determined the relative
expression levels following GSKJ4 stimulation. Intriguingly,
Figure 2C shows that GSKJ4 further reduced miR-34b levels in
U-937 cells, excluding this translational control from GSKJ4-
mediated CREB protein regulation.

With the purpose of increasing the consistency of our
findings, we also looked at GSKJ4 impact on CREB protein
levels in other leukemia cell models, such as K-562 and
NB-4. Experimental results revealed that GSKJ4 induces CREB
protein downregulation in all cell lines tested (Figure 2F). In
addition, analyses of other transcription factors in response
to GSKJ4, as well as of other histone demethylase inhibitors
on CREB protein levels, suggest discrete and not widespread

GSKJ4-mediated effects, reinforcing the specificity of our
results. Indeed, NF-κB protein levels appeared unchanged upon
GSKJ4 treatment (Figure 2A), whereas PKF118-310 demethylase
inhibitor (33), despite being more effective compared to
GSKJ4 in inducing cell cycle and death variations (Figure 2D),
did not elicit CREB protein downregulation in U-937
cells (Figure 2E).

GSKJ4 Affects cAMP Response
Element-Binding Protein Stability via
Ubiquitin/Proteasome System
To test if GSKJ4 might decrease CREB protein expression
levels affecting its stability, we firstly estimated CREB protein
half-life in untreated (control) and GSKJ4-treated U-937 cells
by the broadly used protein synthesis inhibitor cycloheximide
(CHX) (34). Hence, U-937 cells were treated or not with GSKJ4
and cocultured in the presence of CHX for 18 h, afterward,
CREB protein levels at different time points were analyzed.
Interestingly, Figure 3A shows that CREB protein levels were
clearly decreased already after 2 h of CHX exposure in GSKJ4-
treated group, whereas a significant reduction in the CREB
abundance was evident only after 18 h of exposure to CHX in
the untreated group, suggesting that GSKJ4 compound effectively
influences CREB stability.

To investigate the mechanisms by which GSKJ4 decreases
CREB protein stability, we investigated the impact of MG132
proteasome inhibitor on CREB abundance in response to
GSKJ4 treatment. Therefore, U-937 cells were kept under
proteasome impairment and treated with or without GSKJ4
for 18 h. Subsequently, we aimed to evaluate both CREB and
anti-ubiquitin expression levels, the latter for monitoring the
effectiveness of MG132 as proteasome inhibitor. Figure 3B

clearly shows that the presence of MG132 increased the poly-
ubiquitin signal and, more interestingly, it largely rescued
the GSKJ4-induced CREB downregulation, suggesting the
involvement of the ubiquitin/proteasome pathway in CREB
protein decrease in response to GSKJ4.

Taken together, these findings indicate that the GSKJ4
treatment causes a decrease of CREB protein in U-937 cells,
affecting its stability via ubiquitin/proteasome system.

GSKJ4 Rapidly Induces cAMP Response
Element-Binding Phosphorylation at
Residue Ser133 That Precedes the cAMP
Response Element-Binding Protein
Downregulation
Activation of transcription factors usually requires
posttranslational modifications such as phosphorylation
(35, 36). Moreover, in many of them, phosphorylation and
dephosphorylation processes regulate stability and degradation,
too (37, 38). Regarding CREB transcription factor, it is largely
known that phosphorylation at Ser133 residue might modulate
both activation and protein stability (39–44). To extend and
further investigate the impact of GSKJ4 on CREB function, we
investigated Ser133 phosphorylation and CREB protein levels
in response to GSKJ4 treatment. To corroborate our study, we
treated U-937 cells with GSKJ4 at different times, and then
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FIGURE 1 | Effects of GSKJ4 on H3K27me3 status in U-937 cells and cell viability/growth in U-937 and K-562. (A) H3K27 trimethylation levels were measured in

U-937 cells treated or not (NT) with 1 and 10µM of GSKJ4 for 48 h. U-937 (B) and K-562 (C) cells were cultured with or without (NT) 1 and 10µM of GSKJ4 for 24

and 48 h. Later, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assays were performed in order to determine the relative cell viability amount.

U-937 (D) and K-562 (E) cell number were recorded after treatment with 1 and 10µM of GSKJ4 at 24 and 48 h. Cell viability and cell growth data were indicated in %

of control. Mean and standard deviation (SD) values of at least three repeated experiments were reported. *P < 0.05 by unpaired t-test.

we evaluated the p-Ser133-CREB and CREB protein levels.
Interestingly, as shown in Figure 4A (left panel), we found that
CREB phosphorylation strongly increased in response to GSKJ4

already after 1 h, without relevant changes in CREB total levels
up to 6 h, suggesting a very early CREB activation that seems to
precede CREB protein downregulation.
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FIGURE 2 | GSKJ4-mediated effects on cAMP response element-binding (CREB) protein, CREB mRNA, and miR-34b: reliability and specificity perspectives. (A)

CREB and NF-κB protein levels were defined by immunoblotting after 18 and 24 h of treatment with 10µM GSKJ4. CREB (B) and miR-34b (C) mRNA expression

levels were assessed by RT-PCR after 24 h of 10µM GSKJ4 treatment. GAPDH was used as a housekeeping gene, whereas differences were calculated by 11Ct

method. (D) Representative cell cycle analysis of propidium iodide (PI)-stained cells achieved after 24 h of 10µM GSKJ4 and 0.25µM PKF118-310 treatment were

reported. (E) CREB protein levels and CREB/β-actin Ratio, obtained in response to the same experimental setting illustrated in (D), were also displayed. (F) U-937,

K-562, and NB-4 cells were kept under GSKJ4 treatment for 24 h. Later, CREB protein levels were analyzed by Western blotting. Data from three biological replicates

were used to calculate average and SD values shown in the densitometric histogram plot. *P < 0.05 by ANOVA and unpaired t-test.

Overall, the above results indicate that GSKJ4 greatly impacts
p-Ser133-CREB protein levels, suggesting that this mechanism
might mediate the GSKJ4-induced CREB downregulation.

Protein Kinase A Activity, and Not
Extracellular Signal-Regulated Kinase 1/2
Activity, Is Mainly Required in
GSKJ4-Induced cAMP Response
Element-Binding Protein Downregulation
Among the others kinases, ERK1/2 and PKA play a key role in
CREB phosphorylation at Ser133 residue (45–48). To test the

possible involvement of ERK1/2 pathway on GSKJ4-mediated
Ser133 phosphorylation induction and CREB protein decrease,
we treated U-937 cells with GSKJ4 up to 24 h in presence
or in absence of the upstream ERK1/2 inhibitor PD98059.
Later, we evaluated the p-ERK1/2, p-Ser133-CREB, ERK1/2,
and CREB protein expression levels. Notably, as previously
described, cell exposure to GSKJ4 provokes a rapid increase
of p-Ser133-CREB (Figure 4A, left panel) that was partially
prevented by pretreatment with PD98059 compound (Figure 4A,
right panel). Strikingly, the GSKJ4-induced CREB protein
downregulation was not counteracted at all by the ERK1/2
inhibitor PD98059 (Figure 4B). Indeed, as shown in Figure 4C,
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FIGURE 3 | Assessment of cAMP response element-binding (CREB) stability and ubiquitin/proteasome involvement in GSKJ4-mediated CREB downregulation in

U-937 cells. (A) Cells were treated for up 18 h with or without (NT) 10µM GSKJ4 and grown in the presence of 20µg/ml of protein synthesis inhibitor cycloheximide

(CHX). Thereafter, CREB protein levels were determined by Western blotting (upper part) after 2, 4, 6, and 18 h of treatment. For each time point, the relative

CREB/vinculin Ratio of three unrelated blot images were quantified by ImageJ software and reported in graph as average and SD measure (bottom part). (B)

Proteasome inhibitor MG132 at 10µM was administered, or not (NT), for 18 h to U-937 cells kept in the presence of 10µM GSKJ4. CREB protein levels and the

ubiquitin pattern were evaluated through Western blotting analysis in response to the above stimuli. Densitometric analyses of CREB/vinculin Ratio of three

independent experiments were shown in chart and represented as average and SD values. *P < 0.05 by ANOVA and unpaired t-test.

PD98059 was able to totally abrogate ERK1/2 activation in
response to GSKJ4 compound (Figure 4C). Collectively, the
above findings indicate that GSKJ4-mediated phosphorylation
on serine 133 residue is partly dependent on ERK1/2 activity,
whereas CREB protein downregulation is probably affected by
other independent mechanisms.

In order to define the potential PKA implication on both
GSKJ4-mediated Ser133 phosphorylation and CREB protein
downregulation, GSKJ4-treated U-937 cells were cultured both
with or without PKA inhibitor H89, and subsequently, total and
phosphorylated CREB protein expression levels were analyzed.
Remarkably, Figures 4D,E show that pretreatment of U-937 cells
with the H89 inhibitor results in both a strong reduction of
the p-Ser133-CREB phosphorylation and an almost complete
prevention of CREB protein downregulation in response to
GSKJ4 compound. Altogether, the above findings indicate that
both CREB phosphorylation on Ser133 residue and CREB
downregulation are largely dependent on PKA activity.

DISCUSSION

Despite the intensive combination of chemotherapy and stem
cell transplantation, AML still remains very difficult to treat
(3, 49). It is known that altered functions, such as transcription

factors mutation and/or dysregulated expression are deeply
involved in leukemogenesis (4). Although therapeutic targeting
of transcription factors is still considered challenging, recent
evidence is showing that transcription factors can be targeted for
cancer care (50–53). Remarkably, targeting the activity of CREB
transcription factor appears very promising for the treatment of
leukemia in a huge number of preclinical studies (4, 12, 54, 55).

Here, we report that the small epigenetic compound GSKJ4
significantly downregulates CREB protein levels in leukemic
cells. Since GSKJ4 treatment causes a strong decrease of
CREB protein levels, but not a concurrent reduction of CREB
mRNA expression levels, intricate posttranslational mechanisms
are supposed to be involved. To further corroborate our
hypothesis, the evaluation of GSKJ4-mediated effects on miR-
34b, one of the main controllers in CREB translation, reveals
no engagement in its downregulation. Contextually, by CHX
assay, we provide evidence that CREB protein stability decreases
in response to GSKJ4 exposure and that proteasome inhibition
largely counteracts the GSKJ4-induced CREB downregulation.
In addition, we also describe a rapid CREB phosphorylation at
Ser133 residue that seems to precede CREB protein decrease in
response to GSKJ4 treatment. From a mechanistic point of view,
PKA impairment almost completely prevents both the GSKJ4-
induced p-Ser133-CREB and CREB protein downregulation.
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FIGURE 4 | Effects of PD98059 and H89 on GSKJ4-mediated Ser133 phosphorylation induction and cAMP response element-binding (CREB) protein decrease.

U-937 cells were treated up to 24 h with 10µM GSKJ4 in the presence or in the absence of 10µM PD98059 or 20µM of H89. Immunoblotting analyses of CREB and

phospho-Ser133-CREB were performed after 2, 4, and 6 h of treatment with GSKJ4 alone and in combination with PD98059 (A) or H89 (D). Untreated (NT), PD98059

and H89 lines refer to 2 h of treatment. (C) ERK1/2 and phospho-ERK1/2 levels were evaluated in the same experimental setting described for (A). CREB protein levels

and CREB/housekeeping protein Ratio were determined by Western blotting in response to 24 h of treatment with GSKJ4 alone and in combination with PD98059 (B)

or H89 (E), respectively. All densitometric analyses shown in this figure were calculated from three distinct experiments. *P < 0.05 by ANOVA and unpaired t-test.
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Notably, targeting CREB has been recently proposed as
an effective therapeutic approach in AML. CREB recognized
more than thousands of CRE consensus loci on the DNA.
Upon phosphorylation on Ser133, CREB, together with CBP
coactivator, triggers the transcription of CREB-driven genes,
which in turn regulate cell proliferation, survival, and signal
transduction. Interestingly, Mitton et al. (12) provided evidence
that a CBP–CREB interaction blocker disrupts CREB-driven
gene expression, causing cell cycle arrest and apoptosis of
AML cells. Subsequently, the same group, by structure–activity
relationship (SAR) tools, demonstrated that niclosamide, a
widely used uncoupled oxidative phosphorylation compound,
targets CREB and, preventing its activation, inhibits CREB-
driven gene expression and results in cell cycle arrest and
apoptosis in AML cells (54, 55).

Our results, showing that the epigenetic compound
GSKJ4 causes both CREB protein decrease and inhibition
of proliferation in AML cells, are fully in agreement with
the above findings. However, we do know that our findings
are quite descriptive, thus correlative and more exhaustive
experiments are needed to demonstrate the relationship between
the antiproliferative effects and CREB decrease in response to
GSKJ4 in AML cells. We are going to address this issue as a
future scientific focus. By the way, our study clearly demonstrates
that GSKJ4 downregulates CREB protein in AML cells, and this
is undoubtedly relevant per sè.

As JMJD3 and UTX demethylase inhibitor, we have shown
that GSKJ4 increases H3K27me3 status in AML cells. Moreover,
GSKJ4 has recently been shown to counteract cell proliferation in
different tumor types, including AML (16–25, 30).

In the current study, we describe that the GSKJ4 compound,
according to previous findings, acts as a small molecule inhibitor
against the proliferation of myeloid leukemia cells and elicits
a rapid CREB protein downregulation, suggesting that GSKJ4
might exert anticancer properties by inhibiting demethylases
JMJD3 and UTX and affecting CREB function. Changes
in H3K27me2/3 global level might influence the chromatin
configuration and affect the accessibility of CREB transcription
factor, making it more susceptible to cellular activities such
as kinases, ubiquitin ligases, and proteases. Moreover, possible
GSKJ4-mediated effects on other enzymatic functions, maybe
involved in CREB activation/stability, cannot be excluded. In
addition, methylation of non-histone proteins has recently been
demonstrated to impact diverse cellular functions. Notably, many
of such non-histone targets include transcription factors, such as
CREB (56).

Here we report that upon GSKJ4 treatment, an
early phosphorylation of CREB at the Ser133 residue

occurs and precedes the proteasome-mediated CREB
protein downregulation.

It is largely known that PKA, as well as other kinases such as
ERK1/2, can phosphorylate CREB protein at serine 133 residue
(45–48). Moreover, phosphorylation at Ser133 is also involved
in CREB protein stability (40, 41, 44). Importantly, our findings,
indicating that PKA inhibition almost completely prevents both
GSKJ4-induced p-Ser133-CREB phosphorylation and CREB
protein decrease, are consistent with the above evidence. Based
on all these statements, the molecular mechanisms underlying
the effects of GSKJ4 on CREB pathway in AML cells are still
preliminary and, therefore, they need to be further investigated.

Here we describe that exogenous addition of GSKJ4
epigenetic compound triggers proteasome-mediated CREB
protein downregulation via a PKA-dependent manner.

CREB is a key regulator of the growth and survival of AML
cells that is emerging as a very attractive potential drug target for
AML (4, 5, 12).

Collectively, our study identifies the small-molecule GSKJ4
as a valuable potential agent capable of modulating CREB
function, encouraging the design of further GSKJ4-based studies
for innovative therapeutic approach in AML care.
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Radiotherapy is an essential curative treatment modality for colorectal cancer. Apoptosis
is the major mechanism of IR-induced cell death and aberrant apoptotic signaling results
in radioresistance, which is a hallmark of most, perhaps all, types of human cancers.
Potentiating the induction of apoptosis is an emerging strategy for cancer radiotherapy.
Here, we determined that targeting CDK8 selectively radiosensitized colorectal cancer
through the mitochondria-dependent intrinsic apoptotic signaling, which was mediated
through the induction of the transcription of apaf1 that was e2f1- and not p53-
dependent. Importantly, the enhanced transcriptional activity of e2f1 was dependent on
the kinase activity of CDK8 itself and not on the assembling of the mediator complex.
In addition, clinical inhibitor, and in vivo studies confirmed the radiosensitizing effect of
CDK8. Our results provide a new targeting strategy to improve the radiotherapy of CRC.

Keywords: CDK8, transcriptional regulation, e2f1, apaf1, radiotherapy, apoptosis

INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the second most
frequent cause of cancer-related deaths (Roberts et al., 2018), over 1.8 million new CRC cases and
880,000 CRC-associated deaths were reported in Bray et al. (2018). Clinically, surgical resection is
considered as the main therapeutic modality for CRC, and radiotherapy is considered as an effective
treatment option after surgery (Mishra et al., 2013). However, radioresistance is a major cause of
treatment failure, which results in incomplete cure, recurrence, and metastasis (Pal et al., 2018;
Xiao et al., 2018; Wu et al., 2019). Therefore, appropriate strategies to improve the radiosensitivity
of CRC are urgently needed.

Cyclin dependent kinase 8 (CDK8), a nuclear serine threonine kinase, has come under focus
owing to its central role in transcription. In association with the mediator complex, it acts as
a molecular bridge between transcription factors, chromatin modifiers, promoters, enhancers
and RNA Polymerase II (Liu et al., 2004; Kohler et al., 2019; Klatt et al., 2020). Accumulating
evidence suggests an underlying role for the CDK8 module in the Wnt, HIF1α, NFκB, e2f1,
and p53 pathways, among others (Donner et al., 2007; Galbraith et al., 2013; Birkenheuer
et al., 2015; Rzymski et al., 2015; Chen et al., 2017). As most of these CDK8-dependent
pathways are altered in cancer, it is not surprising that CDK8 has been proposed to contribute
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to tumor development. Notably, CDK8 was first linked to
cancer when it was identified as an oncogene that is frequently
amplified or overexpressed in CRC (Firestein et al., 2008).
Subsequently, CDK8 was found to be amplified in 47% of 123
CRC patient samples in a study and cohort studies revealed
a negative correlation between CDK8 expression and the
survival of CRC patients (Firestein et al., 2010). In addition,
increased level of CDK8 was later found in advanced CRC
stages III and IV, suggesting that CDK8 contributes to the
progression of colorectal adenoma to carcinoma (Seo et al.,
2010). Importantly, it was confirmed that CDK8 has proto-
oncogenic effects in CRC as it interacts with the Wnt pathway
to enhance the transcriptional activity of β-catenin (Zhao et al.,
2013). These observations suggest that CDK8 may play an
important role in colorectal carcinogenesis. However, it is not
clear whether CDK8 participates in the IR response or affects
CRC radiosensitivity.

IR causes DNA damage that activates the p53 and e2f1
pathways in concert or independently to repair the damage or
induce apoptosis (Udayakumar et al., 2010). These two pathways
induce cell-cycle arrest to repair DNA damage. Depending on
the extent of the repair level, the repair process can result in
three different cellular outcomes: efficient repair that promotes
survival, inefficient repair that leads to survival of gnomically
unstable cancer cells, and induction of apoptosis if the damage
is severe and irreparable (Sirbu and Cortez, 2013). By altering
the functions of p53 and e2f1 through truncation, such that
the regions responsible for DNA damage repair are eliminated,
efficient killing of tumor cells can be achieved when combined
with other therapeutic modalities, such as chemotherapy and
IR therapy (Udayakumar et al., 2010). Abrogating the DNA
repair function and concomitantly enhancing the proapoptotic
functions of p53 and e2f1 represents a novel strategy with clinical
potential (Polager and Ginsberg, 2009). Notably, CDK8 has
been described as a key regulator that positively or negatively
affects the transcription of p53 and e2f1. One study showed
that CDK8 was recruited to the p21 promoter in response to
specific stress and reported CDK8 to be a stimulus specific
positive co-regulator of p53 target genes (Donner et al., 2007).
In contrast, another study reported that CDK8 down-regulates
the transcriptional activity of e2f1 by phosphorylation, which
relieves the repression of e2f1 on β-catenin/TCF pathway, and
inhibits e2f1-induced apoptosis in CRC cells (Morris et al.,
2008). Given the potent effect of CDK8 in the transcriptional
regulation of p53 and e2f1, it is of great interest to target CDK8
in cancer therapy.

In this study, we mainly explored the transcriptional
regulation of CDK8 in CRC after IR. We elucidated that
targeting CDK8 sensitizes CRC to IR both in vitro and in vivo
through potentiating transcription of e2f1 target gene apaf1.
Our study revealed that the IR-induced intrinsic apoptosis in
CDK8 knockdown cells was dependent on e2f1 but not p53.
Further, the inhibition of e2f1 transcriptional activity by CDK8
was dependent on the kinase activity of CDK8 itself and not on
the assembling of the mediator complex. These results provide
convincing evidence that CDK8 serves as a promising target to
radiosensitize CRC to therapy.

MATERIALS AND METHODS

Reagents and Antibodies
Propidium iodide (PI) were obtained from Invitrogen (Shanghai,
China). Primers for quantitative real-time PCR and ChIP
analysis were purchased from GENEWIZ (Suzhou, China).
Transcriptone-step gDNA removal and cDNA synthesis
supermix kit was purchased from Transgen Biotech (Beijing,
China). SuperReal PreMix (SYBR GREEN) was purchased
from Qiagen (Shanghai, China). The siRNA were purchased
from GenePharma (Shanghai, China) and siRNA transfection
was carried out using Lipofectamine 2000 (Thermo Fishier,
Carlsbad, CA, United States). pLKO.1 plasmid expressing
CDK8 shRNA was purchased from GENEWIZ (Suzhou,
China). The siRNA sequences and shRNA sequences are
listed in Supplementary Table S1. ChIP was performed using
SimpleChIP Enzymatic Chromatin IP Kit (Agarose Beads) (Cell
Signaling Technology, Danvers, MA, United States). Protein
G Sepharose beads was purchased from Beyotime (Shanghai,
China). Dimethyl sulfoxide (DMSO) and other chemicals
were purchased from Sangon (Shanghai, China). Ponatinib
and CCT251545 were purchased from Selleckchem and stored
following the manufacturer’s instruction.

The antibodies against p53, e2f1, p-Rpb1 CTD (S2/5), Rpb1
CTD, cleaved caspase 7, cleaved caspase 8, cleaved caspase
9, γH2AX and CDK8 were purchased from Cell Signaling
Technology (Danvers, MA, United States). e2f1 (S375) antibody
was obtained from Millipore (Temecula, CA, United States).
Cleaved caspase 3 antibody was purchased from R&D Systems
(Minneapolis, MN, United States). apaf1 antibody was obtained
from Proteintech (Wuhan, China) and housekeeping gene
β-actin was purchased from ZSGB-BIO (Beijing, China).

Cell Lines and Human Samples
Human CRC cell lines (HCT116 and LOVO), Human small
intestine epithelium cell line (HIEC), Mouse CRC cell line
(MC38) and Transformed human embryonic kidney cell line
(HEK293T) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, United States). HCT116,
HIEC, HEK293T and MC38 cells were maintained in Dulbecco’s
modified Eagle’s medium (HyClone, Logan, UT, United States),
LOVO cells were maintained in Dulbecco’s modified Eagle’s
medium with F12 (HyClone, Logan, UT, United States). All
cell lines supplemented with 10% fetal bovine serum (Biological
Industries, Israel) and 1% penicillin/streptomycin (Beyotime,
Shanghai, China) at 37◦C with 5% CO2.

Surgically resected tumor and normal part of human colon
from six individual patients were obtained through Anhui
Medical University (Hefei, China).

Xenograft Model and Radiation
Stably transfected MC38 cells were inoculated into the
subcutaneously in dorsal flank of 4-week-old C57BL/6 wild
type mice obtained through Anhui Medical University (Hefei,
China). A dosage of 0 Gy and 20 Gy were used to irradiate
the mice for 8 days after the injection. Tumor dimensions and
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FIGURE 1 | CDK8 Is Overexpressed in CRC. (A) Expression of CDK8 in different tumor types in the TCGA database arranged by median. (B) Disease free survival of
CRC patients with low versus high CDK8 expression. (C) Transcriptional expression of CDK8 at different stages of CRC from the TCGA database.
(D) Immunohistochemical staining for CDK8 expression in representative tissue sections from a large cohort of normal and CRC clinical specimens (E) CDK8 protein
level was higher in the CRC cell lines, LOVO and HCT116, than in the normal human intestinal epithelial cell line, HIEC, analyzed by western blotting. β-actin served
as an internal control. (F) Quantitation of the intensity of CDK8 expression in the clinical specimens from panel (D) using the IPP software. (G) The intensity of CDK8
expression in the CRC cell lines from panel (E) were quantified after normalization to β-actin using Image J software. ***p < 0.001. Typical results from three
independent experiments are shown. The difference between two groups were analyzed with the Student’s t test. One-way analysis of variance (ANOVA) followed by
Post hoc test was used in multiple groups.

volumes (mm3) were measured and calculated with calipers every
day. In the end, the mice were sacrificed by cervical dislocation
on the 18 day after injection and the tumors were harvested.

The tumor tissues were fixed in formalin to obtain sections
for the TUNEL, H&E and immunohistochemical staining. All
animal experiments procedures and uses of clinical samples
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were performed according to guidelines approved by Committee
review of animal experiments in Anhui Medical University.

For both in vitro and in vivo experiment, the irradiation was
carried out in an X-ray irradiator, X-RAD 320 (Precision X-Ray
Inc., United States). The indicated radiation dose was determined
by the total radiation time basis on the dose rate 4.987 Gy/min
controlled by the compute automatically. The equipment was
maintained and calibrated every year by the manufacturer to
ensure the precision of radiation dose.

Cell Viability Analysis
The indicated cells were plated in a 35 mm tissue culture plate
with 200, 000 cells and cultured for 24 h. After treated or treated
with CDK8 shRNA, IR, or CDK8 shRNA plus IR, cells were
cultured for 24 h. Then all the cells were harvested in the presence
of 2 µg/ml PI. Cell viability was measured by PI exclusion using
a flow cytometer (FACScalibur; Beckon Dickinson, San Jose, CA,
United States) and normalized as the percentage of the viability
of untreated cells.

Colony Formation Analysis
A total of 800 cells were seeded in 60 mm dish. After treatment,
the dishes were incubated for 2 weeks at 37◦C in a 5% CO2
incubator for 14 days. Then the dishes were washed with PBS,
fixed with a solution containing methanol: acetic acid (V/V = 9:1)
for 30 min and subsequently stained with crystal violet for 30 min.
The colonies containing more than 50 cells per colony was
scored and plotted.

Immunoprecipitation Assay
Treated cells were washed with cold PBS twice before the addition
of lysis RIPA buffer. After centrifugation, Protein G Sepharose
Beads were added to the lysate and incubated on a rotator
for 30 min at 4◦C. The supernatant was transferred to a new
tube, after centrifugation at 460 × g for 3 min at 4◦C. The
primary antibody was added to the supernatant and incubated
at 4◦C for 12 h while gently stirring. Protein G Sepharose Bead
slurry was then added to capture the protein complex. After
incubation at 4◦C for 3 h with gentle agitation, the samples were
centrifuged at 1,000 × g for 30 s at 4◦C. The supernatant was
discarded and the pellet was washed with RIPA buffer. Finally,
the immunoprecipitates were resuspended in SDS-PAGE loading
buffer for Western blot analysis.

Quantitative Real-Time PCR
The real-time PCR primer sequences for the target
genes were summarized in supporting information
(Supplementary Table S4). The cycling conditions: 2 min,
95◦C for PCR initial heat activation; and 5 s, 95◦C for
denaturation; and 10 s, 60◦C for combined annealing/extension;
Number of cycles: 40. mRNA expression was assessed by
quantitative real-time PCR on an ABI 7500 FAST Real-
Time PCR System (Applied Biosystems, Foster City, CA,
United States) using SuperReal PreMix (SYBR Green) in
a 48-well plate. RNA levels of the genes of interest were
normalized to the act-1 level for comparison and gene

expression data were analyzed using the comparative 2−11Ct

method. Triplicates for each sample were included for one
single reaction.

Chromatin Immunoprecipitation Analysis
Chromatin immunoprecipitation analysis was conducted
according to the manufacturer’s instructions (Cell Signaling
Technology, Danvers, MA, United States). Briefly,
collected cells were crosslinked with 1% formaldehyde
and blocked with glycine. Cells were then washed and
digested by micrococcal nuclease. The nuclear pellet was
suspended in chromatin immunoprecipitation (ChIP)
buffer and sheared by sonication. The sheared chromatin
was then incubated with various antibodies, including
p53, e2f1, p-Rpb1 CTD (S2/5) and Rpb1 CTD. ChIP-
enriched DNA was analyzed by qPCR with ChIP primers
(Supplementary Tables S2, S3).

RNA-seq Analysis
The sequencing was performed by using Illumina HiSeq
4000 (LianChuan Sciences, Hangzhou, China). For each
given gene list, pathway and process enrichment analysis
has been carried out with the following ontology sources:
KEGG Pathway, GO Biological Processes, Reactome Gene
Sets, Canonical Pathways and CORUM. All genes in the
genome have been used as the enrichment background.
Terms with a p-value < 0.01, a minimum count of 3, and
an enrichment factor >1.5 (the enrichment factor was the
ratio between the observed counts and the counts expected
by chance) were collected and grouped into clusters based
on their membership similarities. More specifically, p-values
were calculated based on the accumulative hypergeometric
distribution, and q-values are calculated using the Banjamini-
Hochberg procedure to account for multiple testings. Kappa
scores were used as the similarity metric when performing
hierachical clustering on the enriched terms, and sub-trees
with a similarity of >0.3 were considered a cluster. The most
statistically significant term within a cluster was chosen to
represent the cluster.

Statistical Analysis
All data are represented as the means plus or minus standard
deviations, and all experiments were performed in triplicate at
least three times independently. P < 0.05 between groups was
considered significant. The differences between two groups were
analyzed with the Student’s t test. One-way analysis of variance
(ANOVA) followed by Post hoc test was used in multiple groups.

RESULTS

Pan Cancer Transcriptome Profiling of
CDK8
TCGA is an invaluable resource to comprehensively analyze
the transcriptome profile of CDK8 across a large spectrum of
the most common tumor entities from thousands of patients.
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In a pan-cancer analysis, the RNA-Seq based expression level
of CDK8 across all the 33 tumor entities publicly available
at TCGA at the time of analysis for all 10,327 patients was
obtained. A scatter plot representation of the mRNA levels
showed that majority of CDK8 was expressed in varying degrees
across the patient samples at medium to high levels, with
the highest levels observed in CRC (Figure 1A). This was in

line with a previous study that suggested a tumor promoting
role for CDK8 in CRC. Moreover, increased CDK8 expression
was significantly associated with decreased survival and clinic
pathologic parameters of progression (Figures 1B,C). To confirm
the results of the TCGA data, clinical samples of CRC were
analyzed. The results showed that the expression level of
CDK8 in the different clinical samples of CRC was higher

FIGURE 2 | Continued
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FIGURE 2 | CDK8 Knockdown Increased IR-Induced Intrinsic Apoptotic Signaling in CRC Cells. (A) HCT116 (left) and LOVO cells (right) were irradiated with different
doses of radiation and CDK8 protein level was analyzed by western blotting 24 h later. (B) HCT116 (left) and LOVO cells (right) transfected with CDK8 or control
shRNA were exposed to different doses of radiation and cell viability was measured 24 h later. (C) Colony formation of HCT116 (left) and LOVO cells (right)
transfected with CDK8 or control shRNA was assessed after irradiated with the indicated doses of radiation. (D) The apoptosis levels were assessed using Annexin
V-FITC/PI double staining in CDK8 kncokdown HCT116 cells (left) and LOVO cells (right) compared with control shRNA cells at 24 h after 4 Gy irradiation. (E) The
expression level of CDK8, γH2AX, cleaved caspase 9, cleaved caspase 8, cleaved caspase 7, and cleaved caspase 3 were detected by western blotting in CDK8
kncokdown HCT116 cells (left) and LOVO cells (right) compared with control shRNA cells at 24 h after 4 Gy irradiation. (F) The intensities of caspase-3,7,8,9 in
CDK8 kncokdown HCT116 (left) and LOVO cells (right) were quantified after normalization to β-actin using Image J software. **p < 0.01. Typical results from three
independent experiments are shown. The difference between two groups were analyzed with the Student’s t test. One-way analysis of variance (ANOVA) followed by
Post hoc test was used in multiple groups.
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than that in the corresponding normal tissues (Figures 1D,F).
Furthermore, CDK8 expression in two CRC lines (HCT116
and LOVO) were also analyzed. The expression level of CDK8
was higher in the CRC lines, particularly in the HCT116 cells
(Figures 1E,G). HIEC is a normal human intestinal epithelial
cell line. Although HIEC is derived from intestine, it was
widely used as the control for HCT116 and LOVO in a lot
of studies (Wu et al., 2018; Hu et al., 2019). Our analysis
identified CDK8 to be specifically overexpressed during CRC
progression, highlighting its potential as novel therapeutic target
in advanced CRC.

Targeting CDK8 Sensitized CRC Cells to
IR Through the Intrinsic Apoptotic
Pathway
We found that CDK8 was overexpressed and correlated with poor
survival and tumor subtypes in CRC. However, it was not clear
whether CDK8 participates in the IR response or affects CRC
radiosensitivity. Therefore, we investigated the effects of IR on
the expression of CDK8 in CRC. As shown in Figure 2A, CDK8
expression level was significantly increased in both HCT116
and LOVO cells following treatment with a series of IR doses.
Furthermore, we explored whether decreased expression of
CDK8 could enhance the radiosensitivity of CRC. We found that
shRNA mediated knockdown of CDK8 when combined with IR,
decreased cell viability and Colony formation in HCT116 and
LOVO cells (Figures 2B,C). Analysis of the surviving fractions
in HCT116 and LOVO cells showed that the survival fraction
values at 4 Gy were reduced from 0.85 and 0.83 to 0.68 and
0.64, respectively.

To further understand the detailed mechanism of induction
of radiosensitivity following CDK8 knockdown, we examined
the apoptotic level and the expression of the apoptotic proteins.
As shown in Figures 2D,E, the highest apoptotic level was
detected and the apoptotic proteins of cleaved caspase 3,
cleaved caspase 7, and cleaved caspase 9 but not cleaved
caspase 8 were significantly increased in CDK8 knockdown
CRC cells after IR treatment, suggesting that downregulation
of CDK8 results in radiosensitivity primarily through the
intrinsic apoptotic pathway. In addition, residual γH2AX, a
sensitive and robust biomarker of DNA damage (Mah et al.,
2010; Zhou et al., 2018), was significantly increased in CDK8
knockdown cells compared with control shRNA cells after IR
treatment (Figure 2F).

CDK8 Knockdown-Mediated
Radiosensitivity of CRC Cells Was
Dependent on e2f1 but Not p53
Our data provided compelling evidence that CDK8 regulated
the radiosensitivity of CRC cells through the intrinsic apoptotic
pathway. However, the potential regulatory mechanism
underlying the activation of the intrinsic apoptotic pathway
remained unclear. To elucidate the crosstalk between p53, e2f1,
and CDK8 in IR-induced apoptotic signaling, the protein level
of p53 and e2f1 was examined. As shown in Figure 3A, the
expression of both p53 and e2f1 proteins were significantly

increased in HCT116 and LOVO cells upon IR treatment.
However, CDK8 knockdown inhibited the increased expression
of p53 induced by IR, while e2f1 remained unaffected. The
decreased level of p53 protein could be due either to decreased
transcription of p53 gene regulated by CDK8, or to decreased
p53 stability induced by CDK8-medaited phosphorylation.

Then, the expression levels of p53 and e2f1 target genes
that link the apoptotic signaling pathways (Moroni et al., 2001;
Lazzerini Denchi and Helin, 2005; Aubrey et al., 2018), including
aen, noxa, p21, puma, bax, bcl2, fas, p73, mcl1, arf, bim,
pkr, and apaf1 were analyzed. Our results showed that CDK8
knockdown combined with IR treatment failed to alter the mRNA
levels of aen, noxa, p21, puma, bax, bcl2, fas, p73, mcl1, bim,
pkr, and arf. By contrast, apaf1 gene expression was the most
significantly increased after CDK8 knockdown together with IR
treatment compared with IR treatment or CDK8 knockdown
alone (Figure 3B and Supplementary Figure S1), indicating that
the intrinsic apoptotic pathway induced by IR treatment in CDK8
knockdown CRC cells was triggered by apaf1.

To further assess the involvement of p53 and e2f1, we
carried out a series of ChIP assays using cells that were
untreated, or treated with CDK8 siRNA, 4 Gy, or both
CDK8 siRNA and 4 Gy. The results of the ChIP analysis for
apaf1 and the constitutively expressed housekeeping gene are
shown in Figures 3C,D. As expected, IR treatment induced
binding of p53 and e2f1 to the promoter region of apaf1,
but not of the housekeeping gene. Importantly, in the CDK8
knockdown cells, there was a slight increase in the amount
of e2f1 but not p53 associated with the apaf1 promoter,
indicating that CDK8 served as a negative regulator of e2f1
transcription. Furthermore, e2f1 but not p53 was strongly
recruited to the promoter region of apaf1 gene in irradiated
CDK8 siRNA cells. Overall, these results demonstrated that the
IR-induced intrinsic apoptotic pathway was mediated through
potentiating transcription of apaf1 which is e2f1- and not p53-
dependent.

CDK8 Interfered With the Transcriptional
Activity of e2f1 Independent of Mediator
Complex
It has been reported that CDK8 interacts with and phosphorylates
e2f1 in cells, and the phosphorylation represses activation of
e2f1-dependent genes (Morris et al., 2008; Zhao et al., 2013).
In this study, we further demonstrated that CDK8 interacted
with e2f1 but not p53 in CRC cells using Co-IP methods
(Figure 4A). Moreover, CDK8 knockdown decreased the
phosphorylation of e2f1 (S375) (Figure 4B). In addition,
using CCT251545, the most specific CDK8 inhibitor (Dale
et al., 2015), we confirmed that the inhibition of CDK8
kinase activity leads to decreased e2f1 phosphorylation
(Figure 4C), which was reported to be key for the increased
transcriptional activity of e2f1. To further demonstrate the
effect of CDK8 inhibitor as a radiosensitizer in CRC, cells
were treated with 100 nM CCT251545 for 24 h prior to IR
treatment. The results showed that CCT251545 sensitized
CRC cells to IR treatment (Figures 4D–F). Therefore, the
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FIGURE 3 | Continued
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FIGURE 3 | Continued

kinase activity of CDK8 is responsible for the efficacy of IR
treatment in CRC.

Subsequently, we detected the role of CDK8 knockdown
combined with IR treatment on the binding of RNA Pol II and
its CTD phosphorylated forms S2/5P (which promotes Pol II
detachment from the promoter and allows for the elongation
of transcription). As shown in Figure 4G, the effect was less
prominent for the binding of S2/5P and total Pol II on the apaf1
promoter, indicating that CDK8 regulated e2f1 transcriptional
activity in a form independent of mediator.

Based on the above data, our studies revealed a detailed
mechanism of CDK8 down regulating e2f1 transcriptional
activity in a CDK8 kinase activity-dependent manner
(Figure 4H).

Targeting CDK8 Enhanced the Efficacy
of Radiotherapy in vivo
To determine whether downregulation of CDK8 can sensitize
CRC to IR treatment in vivo, MC38 with reduced CDK8
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FIGURE 3 | e2f1 But Not p53 Was Involved in IR-Induced Apoptosis in CDK8 Knockdown CRC Cells. (A) The expression of p53 and e2f1 were detected by western
blotting in CDK8 kncokdown HCT116 cells (left) and LOVO cells (right) compared with control siRNA cells at 24 h after 4 Gy irradiation. The intensities of p53 and
e2f1 (lower panels) were quantified after normalization to β-actin using Image J software. (B) apaf1 mRNA level in CDK8 knockdown HCT116 (left) and LOVO cells
(right) compared with control siRNA cells were detected using qPCR analysis at 24 h after 4 Gy irradiation. (C,D) Schemes of the apaf1 (C, top panel) and
housekeeping β-actin (D, top panel) gene loci. The positions of p53 and e2f1 binding sites in the apaf1 gene are shown. ChIP analyses to test for the binding of p53
and e2f1 at the apaf1 loci in the HCT116 (C,D, left lower panels) and LOVO (C,D, right lower panels) cell lines following the indicated treatments. **p < 0.01.
Typical results from three independent experiments are shown. The difference between two groups were analyzed with the Student’s t test. One-way analysis of
variance (ANOVA) followed by Post hoc test was used in multiple groups.

expression were injected into C57BL/6 wild type mice. As
shown in Figures 5A–D, reducing CDK8 expression significantly
increased the inhibitory effects of 20 Gy on tumor growth. The
volumes of tumors from the group with CDK8 shRNA combined
with IR treatment were significantly decreased, indicating
that knockdown CDK8 increases the radiosensitivity of CRC

in vivo. In addition, immunohistochemical staining verified the
expression of CDK8 protein and positive staining for γH2AX
in the combination treatment (Figure 5E). To examine whether
the radiosensitivity mediated by CDK8 in vivo was the result of
apoptosis, we performed TUNEL assays. As shown in Figure 5F,
the apoptotic cell population in CDK8 shRNA combined with
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FIGURE 4 | Continued

IR treatment was significantly greater than that in IR treatment
alone, indicating that IR synergized with CDK8 shRNA to
enhance IR induced apoptosis in vivo. These results suggest that
CDK8 knockdown improves the radiosensitivity of CRC in vivo
through the apoptotic pathway, which is consistent with the
in vitro data described above.

Clinical Drug Ponatinib Increased
Sensitivity of CRC Cells to IR
The role of CDK8 in the radiosensitivity of CRC highlights
the potential application of CDK8 inhibitors in IR
therapy. To explore the potential clinical application of
CDK8 inhibitors, biochemical screening of the available
clinical and preclinical kinase inhibitors from The
IUPHAR/BPS Guide to PHARMACOLOGY1 revealed

1https://www.guidetopharmacology.org

potent binding activity for ponatinib (Dale et al.,
2015; Supplementary Figure S2A). According to our
experimental data (Figure 6A), the expression level of
CDK8 was significantly decreased after treating with
different concentrations of ponatinib. Our results also
showed that ponatinib combined with IR treatment
synergistically decreased cell viability in HCT116 cells
(Supplementary Figure S2B and Figure 6B). Concomitantly,
high apoptotic level (Supplementary Figures S2C,D), and
proteins expression level of cleaved caspase 3, cleaved caspase
7, cleaved caspase 8, cleaved caspase 9, and γH2AX was
detected (Figure 6C).

To investigate the immediate changes in gene transcription
in response to CDK8 inhibition and IR treatment, we
conducted RNA-seq analysis. As shown in Figure 6D and
Supplementary Figure S2E, after IR treatment, the majority
of the differentially expressed genes associated with low
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FIGURE 4 | Continued

CDK8 levels are upregulated compared to their expression
in the high CDK8 group, and metascape analysis used to
evaluate the biological functions of the 94 upregulated genes
showed the top 10 clusters of enriched sets. These genes
were significantly associated with the pathway interaction
database (PID) P53 downstream pathway (Figure 6E), which
contains e2f1 and apaf1. These results further demonstrate
the core role of CDK8 in radiosensitivity of CRC. Overall,

our data demonstrate the potential clinical application of
the CDK8 inhibitor.

DISCUSSION

The role of CDK8 as an oncogene has been increasingly
recognized and widely reported in several human cancers
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FIGURE 4 | CDK8 Interfered with the Transcriptional Activity of e2f1 Independent of Mediator Complex. (A) Co-immunoprecipitation of CDK8 with e2f1 (left) or p53
(right) was performed with the whole cell extract of HCT116 or LOVO cells. (B) HCT116 (left) and LOVO cells (right) were treated with CDK8 siRNA, and the
expression of CDK8, phosphorylated e2f1 (S375), and β-actin were assessed by western blotting. (C) HCT116 (left) and LOVO cells (right) were treated with
various concentrations of CCT251545 for 24 h, and the expression of CDK8, phosphorylated e2f1 (S375), and β-actin were assessed by western blotting.
(D) HCT116 (left) and LOVO cells (right) were treated with different doses of CCT251545 and the cell viability was measured 24 h later. (E) HCT116 (left) and
LOVO cells (right) were pre-treated with 100 nM CCT251545 for 24 h prior to irradiation with different doses of radiation, and cell viability was measured 24 h after
irradiation. (F) HCT116 (left) and LOVO cells (right) were pre-treated with 100 nM CCT251545 for 24 h prior to irradiation with different doses of radiation, and the
apoptosis level was measured 24 h after irradiation. (G) ChIP analyses to test the effects of total Pol II (top panels) and Pol II S2/5P (center panels) on binding of
apaf1 in HCT116 and LOVO cells. (H) Schematic illustration of the mechanism of co-regulation of e2f1 by CDK8. *p < 0.05 and **p < 0.01. Typical results from three
independent experiments are shown. The difference between two groups were analyzed with the Student’s t test. One-way analysis of variance (ANOVA) followed by
Post hoc test was used in multiple groups.
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FIGURE 5 | Targeting CDK8 Enhanced the Efficacy of Radiotherapy in vivo. (A) A schematic of the experimental schedule was shown. (B) Each group of mice was
composed of five C57BL/6 wild type female mice. Control vector MC38 cells (control, 1 × 107 cells) and CDK8 knockdown MC38 cells (CDK8 shRNA, 1 × 107

cells) were inoculated under the dorsal skin of the mice. After 8 days of injection, the treated mice were irradiated with 0 Gy or 20 Gy X ray. The mice were sacrificed
18 day after injection, and tumors were excised. (C,D) The volumes (C) and net weights (D) of the tumors in each group are shown. (E) CDK8 and γH2AX protein
expression was verified by IHC staining. Necrotic cells in tumor sections were visualized by H&E staining. (F) Apoptotic cells (green) in the tumor sections were
identified by TUNEL assay and the nuclei were counterstained with DAPI (blue). **p < 0.01. Typical results from three independent experiments are shown. The
difference between two groups were analyzed with the Student’s t test. One-way analysis of variance (ANOVA) followed by Post hoc test was used in multiple groups.
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FIGURE 6 | Clinical Drug Ponatinib Increased Radiosensitivity of CRC Cells. (A) HCT116 cells were treated with different doses of ponatinib and the protein level of
CDK8 was analyzed by western blotting 24 h later. (B) HCT116 cells were pre-treated with 300 nM ponatinib for 24 h prior to irradiation with different doses of
radiation, and cell viability was measured after 24 h. (C) HCT116 cells were pre-treated with 300 nM ponatinib for 24 h before 4 Gy irradiation, and the expression
level of CDK8, γH2AX, cleaved caspase 9, cleaved caspase 8, cleaved caspase 7, and cleaved caspase 3 were assessed by western blotting after 24 h.
(D) Heatmap shows the 122 differentially expressed genes (DEGs) in CDK8Low versus CDK8High. Among the 122 genes, 28 were downregulated and 94 were
upregulated. (E) A bubble plot displays the 10 most significant terms identified by Metascape analysis. Bubble colors represent the corrected P values. *p < 0.05.
Typical results from three independent experiments are shown. The difference between two groups were analyzed with the Student’s t test. One-way analysis of
variance (ANOVA) followed by Post hoc test was used in multiple groups.
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FIGURE 7 | Schematic sepresentation of the mechanism of CDK8 mediated radiosensitization of CRC cells through the mitochondria-dependent intrinsic apoptotic
signaling through e2f1-dependent induction of apaf1.

(Bragelmann et al., 2017; Roninson et al., 2019). To determine
the expression pattern of CDK8 in human cancers, we performed
a pan cancer analysis of CDK8 transcriptome profiles. Analysis
of TCGA RNA expression data showed that CDK8 expression
was highest in CRC, and associated with significantly decreased
disease-free survival (Figures 1A–C). The identification of cancer
types with frequent amplification of CDK8 and correlation of
expression with survival suggests a potential role of CDK8 in
the pathogenesis of CRC or its treatment response, but it does
not necessarily imply that such cancers will respond to CDK8
inhibitor therapy. Our study provides evidence that inhibiting
CDK8 activity genetically or pharmacologically affects CRC
growth, and when combined with IR treatment, it significantly
augments IR sensitivity of CRC in vitro and in vivo.

Apoptosis is thought to be the major mechanism of IR-
induced cell death and aberrant apoptotic signaling can cause
resistance to radiotherapy (Baskar et al., 2012; Cao et al., 2019). It
was reported that IR causes DNA damage that activates p53 and
e2f1 pathways in concert or independently to repair the damage
or induce apoptosis (Udayakumar et al., 2010). In our study, the
protein expression of p53 were downregulated by IR treatment
when combined with CDK8 knockdown (Figure 3A). This may
be attributed to the role of CDK8 as a positive regulator of p53-
dependent transcription (Donner et al., 2007), and this effect
was blocked when CDK8 expression was reduced. Therefore,
one possible scenario is that a e2f1-mediated alternative pathway
that is p53 independent plays an essential role. As expected,
our results showed that both p53 and e2f1 induced an increase
in apaf1 level following IR treatment, however, the preferential
transcriptional activation of apaf1 in CDK8 knockdown CRC
cells prior to IR was regulated by e2f1 and not p53 (Figure 3C).
This, along with the fact that e2f1 is a more potent inducer
of apoptosis in cancer cells, suggests that the increase in apaf1

level is a significant event in e2f1-induced apoptosis in CDK8
knockdown CRC cells.

Transcriptional regulation is considered to be a critical
determinant of gene expression, which is a complex process
requiring the concerted action of numerous transcription factors
and transcriptional co-factors (Lee and Young, 2013; Maeshima
et al., 2015). As a nuclear serine threonine kinase, CDK8 has been
associated with both positive (Galbraith et al., 2010) and negative
(Elmlund et al., 2006) regulatory roles in transcription through
mechanisms that include regulation of transcription factor
turnover, regulation of CTD phosphorylation, and regulation of
activator or repressor function. Previous studies reported that
CDK8 physically interacts with e2f1, and is a conserved negative
regulator of e2f1-dependent transcription (Morris et al., 2008;
Zhao et al., 2013). In our current study, ChIP analysis revealed
that CDK8 knockdown enhanced the recruitment of e2f1 to the
promoter of the e2f1-responsive gene apaf1 (Figure 3C). This
effect of CDK8 inhibition is specific to e2f1-induced genes and
not with constitutively expressed gene such as actin (Figure 3D).
Importantly, following CDK8 knockdown, there was already
a slight increase in the amount of e2f1 associated with the
promoters. Thus, CDK8 inhibition could potentiate the basal
transcriptional effects of e2f1, and continuously enhance apaf1
transcriptional activity under external stimulation, such as with
IR (Figure 3B). A high concentration of apaf1 may increase
the probability of physical interaction between procaspase-
9 molecules, resulting in oligomerization and subsequent
autoactivation of procaspase-9. Then activated caspase-9, in
turn, cleaves and activates downstream caspases-3/7, effector
proteases that execute the cell death program (Figure 2E).
In short, we propose that CDK8 knockdown enhanced the
transcriptional activity of e2f1 leading to increased apaf1 level
which subsequently triggered the downstream apoptosis cascade
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and finally induced mitochondria-dependent intrinsic apoptosis
to enhance radiosensitizing effect in CRC.

Notably, it has been hypothesized that the negative effect
of the CDK8 module on eukaryotic transcription is mediated
by CDK8-dependent phosphorylation of CTD (Elmlund et al.,
2006). The hyper phosphorylated form of CTD binds less
tightly to the mediator, which may result in the dissociation
of pol II from the holoenzyme complex (Eick and Geyer,
2013). However, we analyzed the effects of CDK8 knockdown
combined with IR on the binding of total RNA Pol II and its
CTD phosphorylated forms, S5P and S2P, but did not find any
increase in the association of any of the forms of Pol II with
the promoter or any other part of the e2f1 responsive gene,
apaf1 (Figure 4G), indicating that Pol II CTD phosphorylation
in the context of activated genes seems to be independent of
the mechanism of transcriptional regulation of e2f1 by CDK8.
This might be attributed to the fact that although majority of
CDK8 sub complex appears to be associated with various forms
of mediator in human cells, up to 30% of CDK8 may exist in
a form independent of the mediator (Knuesel et al., 2009a,b).
It has been reported that the phosphorylation of S375 in e2f1
by CDK8 may be a general mechanism of regulation of e2f1
transcriptional activity (Zhao et al., 2013). This was mirrored by
the CDK8 kinase inhibitor, which prevented the phosphorylation
of e2f1 and increased the radiosensitivitty in both HCT116 and
LOVO cells (Figures 4D–F). In general, our studies revealed a
detailed mechanism of CDK8 mediated downregulation of e2f1
transcriptional activity in a CDK8 kinase activity -dependent
manner independent of the mediator.

γH2AX is a sensitive and robust biomarker of DNA
damage (Xiao et al., 2018). Several studies showed that IR
enhanced γH2AX also via apoptotic signals (Solier and Pommier,
2014). For example, IR caused the release of mitochondrial
cytochrome c into the cytoplasm to activate caspase-3, which
triggers the apoptotic cascade to DNA fragmentation including
phosphorylation of H2AX (Harada et al., 2014). In addition,
DNA repair is curtailed because of caspase-mediated cleavage
and inactivation of key DDR (DNA damage response) mediators
(such as MDC1) (Dimitrova and de Lange, 2006) and effectors
(such as PARP1) (Lazebnik et al., 1994). Along the same lines,
caspase-3 also inactivates DNA replication by cleaving CDC6
(Yim et al., 2006). In the present study, we found that targeting
CDK8 selectively radiosensitized colorectal cancer through the
mitochondria dependent intrinsic apoptotic signaling, which
triggered by caspase-3, 7, 9. Besides, the increase of γH2AX
was also significant in CDK8 knockdown CRC cells after
IR (Figures 2E, 5E). This prompted us to hypothesize that
CDK8 knockdown enhanced the transcriptional activity of
e2f1 leading to increased apaf1 level, which homo-oligomerizes
into a caspase-activating complex that sequentially recruits and
activates the initiator caspase-9 and the effector caspases-3/7.
Caspases activation in those cells could lead to downstream
nuclease activation and DNA fragmentation, which subsequently
induced significantly higher levels of γH2AX.

Based on the data presented above, amplification of CDK8
may be a novel way for cells to overcome regulation by e2f1,
allowing cells to prevent the expression of e2f1 target genes that

are pro-apoptotic. By abrogating e2f1 activity, CDK8 appears
to promote cell proliferation at least in CRC. CDK8 mediated
regulation of e2f1 appears to be a general mechanism to
achieve control over e2f1 mediated activation or repression of
transcription. Potentially, targeting CDK8 for inhibition, at least
in CDK8 over-expressing tumors, could help restore e2f1 activity
in these tumors, promoting inhibition or regression of tumor
growth. In summary, our study demonstrated that knockdown
or inhibition of CDK8 can inhibit the fractional survival of
CRC cells, and targeting CDK8 increased IR-induced apoptosis
in vivo and in vitro. Increased level of apaf1 resulting from
enhanced transcriptional activity of e2f1 (not p53) could provide
an explanation for the greater sensitivity of CRC cells to IR
following CDK8 knockdown (Figure 7). Thus, CDK8 is a potent
candidate target to enhance cancer radiotherapy.
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The development of resistance to anti-cancer therapeutics remains one of the core

issues preventing the improvement of survival rates in cancer. Therapy resistance

can arise in a multitude of ways, including the accumulation of epigenetic alterations

in cancer cells. By remodeling DNA methylation patterns or modifying histone

proteins during oncogenesis, cancer cells reorient their epigenomic landscapes in

order to aggressively resist anti-cancer therapy. To combat these chemoresistant

effects, epigenetic modifiers such as DNA hypomethylating agents, histone deacetylase

inhibitors, histone demethylase inhibitors, along with others have been used. While

these modifiers have achieved moderate success when used either alone or in

combination with one another, the most positive outcomes were achieved when they

were used in conjunction with conventional anti-cancer therapies. Epigenome modifying

drugs have succeeded in sensitizing cancer cells to anti-cancer therapy via a variety

of mechanisms: disrupting pro-survival/anti-apoptotic signaling, restoring cell cycle

control and preventing DNA damage repair, suppressing immune system evasion,

regulating altered metabolism, disengaging pro-survival microenvironmental interactions

and increasing protein expression for targeted therapies. In this review, we explore

different mechanisms by which epigenetic modifiers induce sensitivity to anti-cancer

therapies and encourage the further identification of the specific genes involved with

sensitization to facilitate development of clinical trials.

Keywords: epigenetic aberrations, chemoresistance, mechanism, cancer, epigenetic drugs, epigenetic

combination therapies

EPIGENETICS AND CANCER

The term “epigenetics” refers to the study of heritable phenotypic changes that do not involve
mutations in DNA sequence (1). These changes are centered around alterations in gene activity and
expression; through a variety of processes including DNA methylation and histone modifications
(2). DNA methylation is the covalent addition of a methyl group to the C-5 position of DNA
cytosine rings by DNA methyltransferases. Gene promoter hypermethylation often results in
transcription depletion leading to decreased gene expression (3). Conversely, hypomethylation of
ABCB1 promoter resulted in upregulation of ABCB1 protein and acquisition of taxane resistance
via efficient drug efflux (4). In exceptional cases, promoter methylation of genes, like TERT gene
encoding telomerase reverse transcriptase, leads to increased transcription and protein expression
(5). Methylation in gene bodies also affects transcription; demethylation of gene bodies results in
a decrease in gene transcription (6). These patterns of DNA methylation are retained during cell
division and can persist across generations.
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Histones are modified in multiple ways. These modifications
alter chromatin structure and affect gene transcription by
regulating the access of transcription machinery to DNA.
For an excellent review on the different types of histone
modifications, refer to Audia and Campbell (7). Enzymes
that modify histone proteins also facilitate post-translational
modifications in non-histone proteins, thereby affecting gene
expression (8, 9). Acetylation of NFκB and methylation of
tumor suppressor protein p53 promotes nuclear localization of
these proteins and increases transcriptional activity of respective
gene targets (10, 11). Due to the prominent role of these
proteins in cancer progression and therapy resistance, targeting
their post-translational modifications could have therapeutic
benefit (12, 13).

Drastic alterations in the epigenetic landscapes occur in cancer
cells (14). Aberrant epigenetic patterns function as key drivers in
cancer initiation and progression; often a result of the silencing of
tumor suppressor genes or induced overexpression of oncogenes
(15). Several tumor suppressors, such as RASSF1A and CASP8,
are frequently inactivated in multiple cancer subtypes via
epigenetic downregulation rather than by genetic mutation. For
an excellent review on this specific function in oncogenesis, see
Kazanets et al. (16). On the other hand, certain oncogenes, such
as c-Myc and insulin-like growth factor receptor 2 (IGF-2) are
upregulated by epigenetic mechanisms (17). These epigenetic
changes result in global dysregulation of gene expression; thereby
solidifying the development of disease states (18). Anomalous
epigenetic alterations can also lead to the acquisition of therapy
resistance (19, 20). Figure 1 outlines how epigenetic-induced
gene expression changes can give rise to multiple mechanisms of
therapy resistance.

Efforts to revert these epigenetic changes via the use
of epigenome modifying drugs have achieved some success,
specifically when used in conjunction with other therapies.
While these modifiers are “non-specific” in that they affect
gene expression on a global level, their action elicits “specific”
effects in malignant cells. This is due to the altered epigenome
that is acquired during oncogenesis, highlighted by expression
changes in tumor suppressor genes (silenced) and oncogenes
(augmented) that are responsible for cancer progression or
therapy resistance. Thereby, treatment with epigenetic drugs
elicits a “specific” effect on cancerous cells by reverting these
unique expression changes. Additionally, sensitivity to epigenetic
modifiers can be genomic loci specific, possibly due in part to the
three-dimensional chromatin structure (21–23). Thus, epigenetic
modifiers possess the unique ability to be effective in a broad
category of patients; albeit via altering the expression of a set of
genes in a patient- specific manner (24).

In order to better understand the uses and indications of
epigenetic modifiers in these combinations, it is necessary to
uncover mechanisms of epigenetic drug-induced sensitization to
anti-cancer therapy. Below, we summarize the gene expression
changes induced by specific epigenetic modifiers (listed in
Table 1), and how they have a variety of intracellular/extracellular
consequences to potentiate the effectiveness of subsequent anti-
cancer therapies.

EPIGENETIC DRUG-INDUCED
SENSITIZATION MECHANISMS

Disruption of Pro-survival Signaling
Epigenetic alterations during oncogenesis can dysregulate the
expression of growth factor receptors (25). Increased expression
of these receptors drives the development of therapy resistance
due to the over-activation of their downstream pathways such
as PI3K/Akt and subsequent inhibition of cell death (26). While
targeted therapies against growth factor receptors have been
used to mitigate their effects, the use of such therapies is
limited by the rapid development of resistance. Using epigenetic
modifiers to control the expression of growth factor receptors
is a promising alternative. In breast cancer, dacinostat (HDACi)
disrupted epidermal growth factor (EGF)-mediated signaling,
which is associated with increased metastasis and cell survival.
This was achieved by reducing HER2 (human EGF receptor-2)
protein expression via two independent epigenetic mechanisms:
first by decreasing HER2 mRNA level independent of alterations
in promoter activity and secondly by increasing proteasomal
degradation due to dissociation from its chaperone protein
HSP90 via enhanced acetylation (27). In breast cancer as well,
treatment with lapatinib (HER2/EGFR kinase inhibitor) and
entinostat (HDACi) synergistically disrupted Akt signaling and
promoted apoptosis (28). Though the mechanism of entinostat
and lapatinib synergy is unknown, it is suggested that this
effect is due to entinostat inhibiting lapatinib-induced expression
of HER3; a HER2 heterodimerizing partner responsible for
resistance to HER2 targeted therapies (29).

Hormone-dependent cancers such as breast and prostate
respond to anti-hormone therapy by induction of apoptosis (30).
Resistance to such therapy is acquired by downregulation of
estrogen receptor (ER) or androgen receptor (AR) via epigenetic
mechanisms. Thus, epigenetic drugs have been used to induce ER
and AR expression to mediate sensitization to endocrine therapy
in breast and prostate cancer, respectively (31–33).

Activation of pro-death pathways has been utilized as a
therapeutic target to promote apoptosis in malignant cells.
The binding of tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) to its receptors death domain containing receptor
(DR) triggers pro-death signaling and induces apoptosis via the
caspase cascade (34). Reduced receptor expression is frequently
observed in cancer cells resistant to this pathway. Vorinostat
(HDACi) sensitized breast cancer cells to TRAIL-induced
apoptosis by increasing expression of DR5 (35, 36). Treatment
with epigenetic drugs can also lead to hyperactivation of pro-
death pathways such as the unfolded protein response (UPR)
pathway. UPR is activated to protect cells from endoplasmic
reticulum-stress mediated cell death (37). However, when the
pathway becomes hyperactivated, this response actually leads
to the activation of apoptotic pathways, making it a target in
cancer cells. Treatment with methylstat (inhibitor of KDM4B,
a lysine-specific histone demethylase) dissociated the UPR-
activating initiation factor eIF2α and synergized with PI3K
inhibition to hyperactivate UPR gene transcription, culminating
in apoptosis (38).
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FIGURE 1 | Hallmarks of Epigenetic Alteration-Induced Therapy Resistance Epigenetic dysregulation is a driving force in oncogenesis and the development of therapy

resistance. (1) Increased pro-survival signaling (depicted by enhanced phosphorylation and activation of kinases such as Akt) can inhibit the expression of death

proteins to promote cancer cell survival. The gene expression of death proteins (shown as transcriptional inhibition at the gene promoter) can also be disrupted,

culminating in increased cell survival. (2) Aberrant cell cycling is caused by the over/under-expression of proliferative/checkpoint proteins (blue block with promoter), or

increased activation of signaling pathways (shown by increased phosphorylation/activation) related to proliferation. DNA damage repair is augmented by an increased

expression of repair proteins and disruption of checkpoint signaling. (3) Aberrant intracellular signaling can also alter cytokine expression and lead to reduced cytotoxic

T lymphocyte (CTL) recruitment. Silencing of immune cell antigen targets can also suppress immune targeting of cancer cells (NK, natural killer). Increased expression

of PD-L1 (green arrow and blue triangle) on cancer cells can augment the immune checkpoint response, resulting in T cell apoptosis. (4) Increased cellular adhesion

within the bone marrow microenvironment (yellow block) in hematologic malignancies activates intracellular signaling pathways that protect malignant cells (blue

spheres) from anti-cancer. Epithelial to mesenchymal transition (EMT) dislodges cancer cells (green blocks) from the solid tumor microenvironment and is the first step

in metastasis. (5) Irregular cellular metabolism via overactive glucose metabolism leads to the Warburg effect favoring anabolic glycolysis over oxidative

phosphorylation, and can render cells resistant to chemotherapeutics or antimetabolites. Resistance mechanisms are not restricted to just one of the categories; often

with multiple categories being involved simultaneously.

Through modulation of the expression of growth factor
receptors or augmenting apoptosis-inducing pathways,
epigenetic modifiers can disrupt pro-survival signaling in
cancer cells as an efficient mechanism of sensitization (Table 2).

Restoration of Cell Cycle Control and
Disruption of DNA Damage Repair
Cancer cells often rely on a dysregulated cell cycle for their
continued proliferation (83). Epigenetic modifiers can restore
tight control of the cell cycle and proliferation by mediating
a reversal of dysregulated gene expression as a mechanism
to potentiate therapy. Entinostat (HDACi) downregulated the

expression of MYC, E2F, and other G2M cell cycle genes to
sensitize breast cancer cells to doxorubicin-induced growth
arrest, however, how these genes are downregulated is unknown
(84). Previously, Lee et al. showed entinostat treatment in
breast cancer inhibited Akt signaling (28). Since Akt signaling
controls cell cycle (85), it is likely that Akt is involved in
entinostat-mediated doxorubicin sensitization. While entinostat
alone inhibited the expression of cell cycle proteins, its
combination with decitabine (DNMTi) in pancreatic cancer

increased expression of p21 to reinstitute cell cycle control and
inhibit tumor growth, likely due to increased acetylation of
histone H3 and demethylation of the p21 promoter (86).
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TABLE 1 | Epigenetic modifiers discussed in this review.

Type Inhibitor Effect

DNMTi Azacitidine Traps DNMT and prevents its progression along DNA

Decitabine Forms a covalent complex with DNMT1 to deplete its

activity

Guadecitabine -currently unknown-

Procaine Prevents the binding of DNMT1 and 3A to DNA

Zebularine Traps DNMT and prevents its progression along DNA

HDACi 4-phenylbutyric

acid

Pan HDAC inhibitor

Belinostat Pan HDAC inhibitor

Panobinostat Pan HDAC inhibitor

Valproic Acid Pan inhibitor that binds to catalytic center of HDACs

Dacinostat Non-direct pan HDAC inhibitor

Entinostat Class 1 HDAC inhibitor

Givinostat Class 1 and 2 HDAC inhibitor

Mocetinostat Inhibits HDAC 1/2/3/11

Trichostatin A Inhibits HDACs 1/3/4/6/10

Vorinostat Chelator of zinc ions at active sites of HDACs 1/2/4

Curcumin Variable; potent effects of HDAC 1/3/8

Quercetin -currently unknown-

HDMi HCI-2509 Inhibits lysine-specific demethylase 1 (LSD1)

Iadademstat Inhibits LSD1

Pargyline Inhibits LSD1

S2101 Inhibits LSD1

SP2509 Inhibits LSD1

MC3324 Inhibits LSD1 and lysine-specific demethylase 6A

DW14800 Inhibits protein arginine N-methyltransferase 5 (PRMT5)

JIB-04 Pan inhibitor of Jumanji-domain histone demethylases

Methylstat Inhibits lysine-specific demethylase 4B

SGC-0946 Inhibits disruptor of telomeric silencing 1-like (DOT1L)

Other AZD5153 Inhibits bromodomain-containing protein 4 (BRD4)

JQ1 Inhibits BRD4

Cl-Amidine Inhibits protein-arginine deiminase type-4

EPZ-6438 Inhibits enhancer of zeste homolog 2

MI-463 Inhibits menin (MEN1)

MI-503 Inhibits MEN1

Epigenetic modifiers can potentially mitigate the effects
of fusion oncoproteins. Gene fusions formed as a result
of chromosomal translocations are often responsible for
oncogenesis and therapy resistance (87, 88). In Ewing
sarcoma, the EWS/Fli1 fusion gene is a key oncogenic driver.
Treatment with JIB-04 (pan inhibitor of Jumanji-domain histone
demethylases) simultaneously increased expression of cell-cycle
inhibitor genes while suppressing expression of proteins that
promote cell cycle, possibly through a disruption of EWS/Fli1
fusion gene program (89).

Hyperactive DNA damage repair pathways in cancer cells
promote resistance to DNA damaging chemotherapeutics and
radiation (90). In neuroblastoma, treatment with vorinostat

(HDACi) diminished the expression of Ku-86, a key protein in
non-homologous end joining DNA damage repair, to potentiate
the anti-neoplastic effects of DNA damaging radiation (91).
How vorinostat affects Ku-86 expression requires further
study. Expression of DNA damage repair proteins like 53BP1
and RAD51 was also downregulated following treatment
with pevonedistat (NEDD8-activating enzyme inhibitor)
and belinostat (HDACi) in acute myeloid leukemia (AML).
Downregulation of these proteins occurred in response to
pevonedistat-mediated inhibition of belinostat-induced NFκB
signaling and belinostat-mediated inhibition of pevonedistat-
induced Chk1/Wee1 signaling, identifying a reliance of the two
drugs on each other to disrupt DNA damage repair (92).

Restoring control of cell cycle progression and diminishing
the activation of DNA damage repair pathways is a promising
mechanism to improve responses to treatment. Epigenetic
modifiers offer a unique route to achieving this objective
(Table 3).

Suppress Immune Evasion/Augmenting
Immune Responses
The immune system plays a pleiotropic role in cancer
progression. Infiltration of immune cells into the tumor
microenvironment releases a plethora of cytokines and growth
factors that contribute to tumor proliferation, survival, and
metastasis. Concurrently, activation of immune cells to target
cancer is a promising strategy to utilize the host immune
system in the fight against cancer (126). Like other anti-
cancer treatments, malignant cells develop a resistance to
immunotherapies by evading or suppressing the immune system
and its activation via aberrant epigenetics (127, 128). Treatment
with epigenetic modifiers has proved successful in augmenting
immunotherapy. For a detailed review on this topic, please refer
to Gomez et al. (129).

Epigenetic modifiers trigger increased expression of proteins
for targeted therapies including immunotherapies. Trichostatin
A (HDACi) up-regulated the mRNA and protein levels of both
MIC-A and ULBP-2 in glioblastoma, which are recognized by
natural killer (NK) cells to increase NK cell-mediated lysis
(130). Entinostat (HDACi) blocked regulatory T cells (which
negatively regulate the immune system and limit the efficacy of
immunotherapy) in renal cell carcinoma via increased STAT3
acetylation, possibly due to increased CBP/p300 expression that
acetylates STAT3 (131). In ovarian and colon cancer, azacitidine
(DNMTi) increased the expression of multiple cancer cell-
specific antigens. Since these antigens can be recognized by
the host immune system, they represent prime targets for
immunotherapies (132). The increased expression of cancer
antigens also provides ample opportunity for the development
of anti-cancer vaccines directing the host immune system to
target these antigens. Such advances are currently in their infancy
but have the potential for exceptional breakthrough in cancer
treatment, especially when combined with epigenetic modifiers.

In non-small cell lung cancer, azacitidine (DNMTi) and
givinostat (HDACi) induced Type I interferon signaling
through transcriptional downregulation of MYC to increase the
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TABLE 2 | Epigenetic modifier-induced disruption of pro-survival signaling.

Malignancy Drug(s) Gene/Protein Mechanism References

Bladder carcinoma Decitabine HOXA9 Restores expression (39)

Glioblastoma Decitabine TP53 and CDKN1A Restores expression (40)

Glioblastoma Decitabine CASP8 Upregulates expression (41)

Gastric/esophageal adenocarcinoma Azacitidine HPP1 Restores expression (42)

Renal cell carcinoma Decitabine RASSF1A Restores expression (43)

Renal cell carcinoma Decitabine or

4-phenylbutyric acid

miR-492 Restores expression (44)

ALL Azacitidine DCK Restores expression (45)

ALL Azacitidine AhR Restores expression (46)

AML Azacitidine SHP-1 Increases expression (47)

Chronic myeloid leukemia Azacitidine PRG2 Increases expression (48)

Cholangiocarcinoma Guadecitabine CDKN2A, RASSF1A, SEMA3B Increases expression (49)

Hepatocellular carcinoma Decitabine SULF1 Restores expression (50)

Breast cancer Dacinostat HER2 Downregulates expression at mRNA and protein level (27)

Small cell lung carcinoma Decitabine/Valproic Acid CASP8 Restores expression (51)

Small cell lung cancer Iadademstat NOTCH1 Restores expression (52)

Diffuse large B Cell lymphoma Panobinostat NOXA Increases expression (53)

Prostate Trichostatin A ATF3/4 Increases expression (54)

Prostate Azacitidine GST Restores expression (55)

Prostate Azacitidine miR-34a Restores expression (56)

Tongue squamous cell carcinoma Trichostatin A miR-375 Increases expression (57)

Solid tumors Mocetinostat miR-203 Restores expression (58)

Ovarian Zebularine RASSF1A, ARHI, BLU Restores expression (59)

Bladder Trichostatin A CXADR Increases expression (60)

Breast Vorinostat DR4/DR5 Increases expression (36)

Breast Vorinostat DR5 Increases expression (35)

T-cell leukemia HDACi TRAIL-R2, c-FLIP, and Apaf-1 Increases expression (61)

Breast Entinostat ERα and CYP19A1 Increases expression (31)

Breast Vorinostat ERα Increases expression (32)

Prostate Quercetin/Curcumin AR Increases expression (33)

ALL Vorinostat BCR-ABL Decreases expression (62)

T-cell ALL Dacinostat c-FLIP Decreases expression along with increasing DR4/5

expression to sensitize to Apo2L/TRAIL-induced

apoptosis

(63)

Chronic myeloid leukemia Dacinostat BCR-ABL Decreases expression (64)

AML Dacinostat FLT-3 Decreases expression and activity (65)

Mixed lineage leukemia MI-463/MI-503 HOXA9 Decreases expression (66)

MLL Azacitidine TERT Decreases expression (67)

Hepatocellular carcinoma Guadecitabine WNT/EFG/IGF Decreases expression of pathway associated genes (68)

Non-small cell lung carcinoma Panobinostat TAZ Decreases transcription and its targets (EGFR and

EGFR ligand)

(69)

Multiple myeloma EPZ-5676/SGC-0946 IRF4 Decreases expression (70)

Hematologic Vorinostat JAK Decreases expression (71)

Breast Entinostat Akt Inhibits phosphorylation (28)

Breast Methylstat eIFα Increases dissociation from KDM4B leading to

increased phosphorylation by ERK and transcription of

unfolded protein response genes

(38)

Breast MC3324 ERα Inhibits signaling (72)

Breast Cl-amidine Akt/mTOR Inhibits signaling, leading to increased nuclear

accumulation of p53

(73)

Colon Decitabine Akt Inhibits signaling (74)

Colon Cl-amidine p53 Increases transcription of targets, including miR-16 (75)

Retinoblastoma Vorinostat NFκB Inhibits signaling and increases p53 expression (76)

Gynecologic Panobinostat Mutant TP53 Decreases protein expression (77)

Gynecologic SP2509 p62 Stabilizes protein expression (78)

AML Panobinostat Akt/NFκB Inhibits signaling to increase p53-mediated cell death (79)

Non-small cell lung carcinoma Panobinostat EGFR Inhibits signaling (80)

Ovarian S2101 Akt Inhibits phosphorylation (81)

Prostate Azacitidine Akt Inhibits activation (82)
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TABLE 3 | Restoration of cell cycle control and disruption of DNA damage repair by epigenetic modifiers.

Malignancy Drug(s) Target Gene/Protein Mechanism References

Breast Cl-amidine CDKN1A and GADD45A Increases expression to inhibit cell cycle (93)

Breast Decitabine/ Trichostatin A MSH2 Restores expression (94)

Colorectal AZD5153 c-Myc/Wee1 Reduces expression (95)

Gastric Procaine CDKN2A and RARβ Restores expression (96)

Acute leukemia Decitabine CDKN2A Restores expression (97)

Non-small cell lung carcinoma Trichostatin A CDKN1A Increases expression to mediate G1 arrest (98)

Non-small cell lung carcinoma Azacitidine MGMT Restores expression (99)

Diffuse large B cell lymphoma Decitabine SMAD1 Restores expression (100)

MDS/Chronic myeloid leukemia Decitabine CDKN2B Restores expression (101)

Multiple myeloma Azacitidine/EPZ-6438 SMAD3 Restores expression (102)

Ovarian/Colon Decitabine MLH1 Restores expression (103)

Pancreatic Decitabine/Vorinostat CDKN1A Increases expression to mediate G1 arrest (86)

Pancreatic Azacitidine SST and SSTR2 Restores expression (104)

Multiple HDACi SLFN1 Restores expression (105)

Solid tumors Azacitidine/HDACi Genes related to ionizing

radiation

Increases expression for radiosensitivity (106)

Bladder Panobinostat MRE11 Reduces expression to increase radiosensitivity (107)

Neuroblastoma Vorinostat Ku-86 Reduces expression to disrupt DNA damage repair (91)

Neuroblastoma Panobinostat Chk1 Reduces expression and signaling to disrupt DNA

damage repair

(108)

Breast Entinostat MYC, E2F, and G2M cell cycle

genes

Reduces expression to induce G2M cell cycle arrest (84)

Non-small cell lung carcinoma Belinostat ERCC1 Decreases expression to disrupt DNA damage repair (109)

Lung adenocarcinoma HCI-2509 PLK1 Decreases expression and target genes (110)

Non-Hodgkin’s Lymphoma Belinostat c-Myc Decreases expression to increase DNA damage (111)

Ovarian Panobinostat RAD51 Decreases expression to increase PARP inhibiton (112)

Pancreatic JQ1 c-Myc Decreases expression (113)

Testicular Guadecitabine p53 Increases activation and target gene expression (114)

Breast Valproic Acid γH2AX and H3S10p Increases and decreases retention, respectively (115)

Breast/Ovarian Guadecitabine PARP Increases “trapping” by PARP inhibitors (116)

Ewing Sarcoma JIB-04 Disrupts EWS/Fli1 oncogeneic program to increase

DNA damage

(89)

AML Belinostat Chk1/Wee1 Inhibits signaling to disrupt DNA damage response (92)

Chronic myeloid leukemia Decitabine/Vorinostat p53 Increases cell death through p53-dependent pathway

and p21

(117)

AML Azacitidine/Panobinostat p53 signaling Induced remission in patient-derived xenograft models (118)

AML Panobinostat Chk1/Wee1 Decreases signaling to disrupt DNA damage response (119)

AML Trichostatin A γH2A.X Accumulates to enhance radiosensitivity (120)

Non-small cell lung carcinoma Decitabine/Trichostatin A miRNAs Enhances DNA damage by dysregulating expression (121)

Non-small cell lung carcinoma Panobinostat p53/p21 and Chk1 Increases expression of p53-dependent pathway and

decreased Chk1 signaling

(122)

Ovarian Guadecitabine DNA repair genes Alters expression to disrupt DNA damage repair (123, 124)

Solid tumors DNMTi/HDACi Reduces chromatin condensation to increase DNA

damage following chemotherapy

(125)

expression of the T cell chemoattractant CCL5, thereby reversing
tumor immune evasion by promoting T cell infiltration. This
combination also shifted host T cells from exhausted states
(characterized by loss of effector function due to prolonged
antigen stimulation) to memory and effector states [capable
of durable responses to immune checkpoint blockades) via
activation of associated genes (133)].

Cancer cells exploit the “immune checkpoint” function to
evade the immune system (134) by expression of programmed
cell death-1 (PD-1) or anti–cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4) resulting in increased apoptosis of T cells.
Immune checkpoint blockers such as nivolumab (monoclonal
antibody blocking PD-1) and ipilimumab (monoclonal antibody
blocking CTLA-4) have emerged as an attractive mechanism to
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decrease immune system evasion and tumor cell survival. Co-
administration of azacitidine (DNMTi) and entinostat (HDACi)
alongside immune checkpoint blockers improved treatment
outcome in a preclinical metastatic cancer model via their
inhibitory action on the myeloid derived suppressor cells within
the tumor microenvironment (135).

Exploitation of the immune system to successfully diminish
tumor burden is a promising avenue of improving anti-cancer
therapy. The use of epigenetic modifiers offers a distinctive
method to potentiate these therapies (Table 4).

Modulation of Microenvironmental
Interactions
Cellular and extracellular matrix interactions within the tumor
microenvironment are crucial for cancer development and
progression. Epigenetic dysregulation in cancer is known to
control adhesion through a variety of mechanisms (141–143).
Thus, the use of epigenetic modifiers could provide a way to
mollify these alterations. In solid tumors, disengagement from
the microenvironment has severe consequences for the patient,
as it is the first step in metastasis (144). Therefore, increasing
cell adhesion proves beneficial to localize the tumor to the
primary site.

In a majority of solid tumors, carcinomas arise from
epithelial cells undergoing epithelial to mesenchymal transition
(EMT), which causes loss of epithelial polarity/adhesion and
increased migratory/invasiveness potential (145). Following
EMT, cancer cells acquire stem-cell like properties and a
higher rate of metastasis (146). EMT is controlled by multiple
epigenetic mechanisms, including DNAmethylation and histone
modifications (147). The expression of the classical cell adhesion
molecule and EMT suppressor E-cadherin is downregulated
via promoter hypermethylation in cancer cells (148), or
repressed by transcription factor Snail (149) in conjunction with
histone modifiers such as lysine-specific histone demethylase
1 (LSD1) recruited by Snail (150). In breast cancer cells,
EMT was suppressed by the LSD1 inhibitor pargyline (151).

It is important to note, that the same study identified
LSD1 to inhibit M1 macrophage infiltration into tumors,
which is known to promote tumor progression and therapy
resistance (152).

Targeting the SNAIL/LSD1 complex to prevent EMT via
depletion of SNAIL expression was accomplished by the BRD4
inhibitor JQ1 in breast cancer. JQ1 repressed the expression
of Gli1, an important mediator of SNAIL transcription. This
prevented SNAIL-mediated repression of epithelial markers such
as E-cadherin and prevented EMT (150, 153). Combined, these
two studies provide a powerful indication of how the use of
epigenetic modifiers can perturb EMT to prevent metastasis and
improve treatment efficacy in solid tumors.

In hematologic malignancies, interactions within the bone
marrow microenvironment transition malignant cells into
chemoresistant states (154). Disruption of these interactions
mobilizes cells from the bone marrow into the peripheral blood,
thereby sensitizing them to therapy. In acute lymphoblastic
leukemia (ALL), azacitidine (DNMTi) and panobinostat
(HDACi) combined to disrupt cellular adhesion within the
bone marrow microenvironment in ALL by decreasing the
surface expression of the tetraspanin protein CD81, resulting in
increased chemosensitivity (155, 156).

Hypoxia within the tumor microenvironment can often
promote therapy resistance (157). This therapy resistance can
be attributed to multiple factors including aberrant micro RNA
(miRNA) expression and dysregulated epigenetic machinery
(158, 159). Thus, gene expression alterations are accumulated and
therapy resistance can occur in a variety of mechanisms such
as those described in Figure 1. Due to the aberrant epigenetics
involved, the use of epigenetic modifiers could sensitize cancer
cells by reverting these hypoxic effects. However, further study is
required to elucidate their effectiveness.

The role of microenvironmental interactions and their effect
on cancer progression has been well-defined, however, the use
of epigenetic modifiers to attenuate these effects has not been
exploited. More studies across all cancer subtypes are necessary

TABLE 4 | Suppression of immune evasion/augmented immune responses following epigenetic modifier treatment.

Malignancy Drug(s) Gene/Protein Mechanism References

Osteosarcoma Entinostat MIC-A and MIC-B Increases expression to increase NK cell-mediated

cytotoxicity

(136)

Glioblastoma Trichostatin A MIC-A and ULBP-2 Increases expression to increase NK cell-mediated

death

(130)

Colon Decitabine/Vorinostat Fas Increases expression to sensitize to FasL-induced

apoptosis and improve CTL adoptive transfer

immunotherapy

(137)

Melanoma Vorinostat DR5 Increases expression to overcome immune resistance (138)

Melanoma Dacinostat MHC and tumor antigen Increases expression to improve functional activity of

lymphocytes

(139)

Renal cell carcinoma /Prostate Entinostat STAT3 Increases acetylation to improve immunotherapy (131)

Non-small cell lung carcinoma Azacitidine/Givinostat MYC Inhibits signaling to reverse immune evasion (133)

Ovarian Azacitidine Type I interferon Activates signaling to reduce immunosuppression (140)

Colon/Ovarian Azacitidine Cancer antigens Vaccines (132)

AML Azacitidine PD-1, PD-L1, and CTLA-4 Nivolumab and Ipilimumab NCT02397720
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to achieve a greater understanding of how microenvironmental
interactions can be modulated by epigenetic therapy.

Reprogramming of Cellular Metabolism
Through a variety of genetic and epigenetic mechanisms,
metabolic reprogramming can render cancer cells resistant to
chemotherapeutics (160–162). These changes can often result
as a compensatory mechanism in response to the exposure of
certain chemotherapeutics (162). Therefore, targeting aberrant
cellular metabolism is a promising method of circumventing
therapy resistance.

Due to the epigenetic regulation involved with aberrant
metabolism, epigenetic modifiers could prove highly successful
in mitigating the resultant chemoresistant effects. Treatment
with entinostat (HDACi) combined with cisplatin upregulated
the gene expression of thioredoxin-interacting protein (TXNIP),
which inhibited the cellular uptake of glucose and increased
DNA damage (163). This occurred via an increase in TXNIP
promoter activity, however, this increase was only achievable
with the two drugs in combination. In AML, treatment with the
DNMTi azacitidine combined with the Bcl-2 inhibitor venetoclax
disrupted cellular metabolism by decreasing glutathione levels,
thereby diminishing electron transport chain complex II activity
and oxidative phosphorylation (164).

Epigenetic modifiers can also augment the effectiveness
of established antimetabolites like pemetrexed, which targets
enzymes like thymidylate synthase (TI) catalyzing purine and
pyrimidine synthesis. TI expression can be augmented post
treatment with pemetrexed, thus leading to resistance (165).
In non-small cell lung cancer, pemetrexed treatment followed
by givinostat (HDACi) downregulated the mRNA and protein
expression of TI, thereby overcoming therapy resistance and
resulting in a synergistic increase in cell death (166).

While there has been strong evidence of the role played
by epigenetic-induced metabolic changes in cancer cells in
promoting therapy resistance, the study of how epigenetic
modifiers can mitigate these effects has yet to be explored in
depth. More examination into these effects is required in order
to better overcome resistance to therapies.

Opportunities for Development of Rational
Combinations With Epigenetic Therapy
The impact of epigenetic modifiers on global gene expression
results in modulation of several genes, both promoting
and inhibiting therapy resistance, thereby necessitating and
offering opportunity to combine with targeted therapies. This
is exemplified by a study in ovarian cancer that identified
overexpression of CD146, a cell surface marker involved
in tumor dissemination, following treatment with vorinostat
(HDACi). This increased expression was exploited by combining
vorinostat with anti-CD146 monoclonal antibody treatment
to synergistically induce cell death via inhibition of CD146-
mediated Akt signaling (167). Vorinostat (HDACi) along with
decitabine (DNMTi) was also observed to significantly increase
the expression of the tyrosine kinase AXL in AML. This led
to the identification of a novel triple therapy with the AXL
inhibitor BGB324 facilitating synergistic activation of cell death

(168). Therefore, mechanistic understanding of epigenetic drug
action is essential for developing rational combinations with
targeted therapies.

NEED FOR CLINICAL TRIALS

The use of epigenetic modifiers is a robust method for improving
treatment efficacy in cancer. Through a variety of mechanisms,
epigenetic therapy has the potential to augment the effectiveness
of cancer treatments to improve overall survival in patients.
In many of the examples presented above, a combination
of epigenetic modifiers was used to induce specific changes
that potentiate the effects of anti-cancer therapeutics in cancer
cells. However, despite a plethora of clinical trials involving
the use of epigenetic modifiers, very few have focused on the
use of a combination of epigenetic modifiers along with anti-
cancer therapy (Table 5). The combination therapies identified
in this review underline the need and provide the basis for the
development of future clinical trials to study their effectiveness.

Additionally, it is worth mentioning that not only the use
of epigenetic modifiers (either alone or in combination with
one another) in conjunction with chemotherapeutics should

TABLE 5 | List of clinical trials utilizing multiple epigenetic modifiers in combination

with traditional therapy.

Malignancy Epigenetic

Modifiers

Other Therapeutics NCT

Identifier

ALL Decitabine/

Vorinostat

Vincristine/

Dexamethasone/

Mitoxantrone/

Pegasparagase/

Methotrexate

01483690

AML Azacitidine/

Vorinostat

Gemtuzumab 00895934

AML Azacitidine/

Valproic Acid

All-trans retinoic acid/

Hydroxyurea

01369368

AML/MDS Azacitidine/

Valproic Acid

All-trans retinoic acid 00339196

Breast Decitabine/

Panobinostat

Tamoxifen 01194908

Lymphoma Azacitidine/

Vorinostat

Gemcitabine/Busulfan/

Melphalan/

Dexamethasone/

Caphosol/Glutamine/

Pyridoxine/Rituximab

01983969

MDS Azacitidine/

Valproic Acid

All-trans retinoic acid 00326170

MDS Decitabine/

Vorinostat

CD3-/CD19- NK cell

infusion

01593670

MDS Azacitidine/

Valproic Acid

All-trans retinoic acid 00439673

Melanoma Decitabine/

Panobinostat

Temozolomide 00925132

Non-small cell lung

cancer

Azacitidine/

Entinostat

Docetaxel/

Gemcitabine/Irinotecan

01935947

Non-small cell lung

cancer

Azacitidine/

Entinostat

Nivolumab 01928576
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be studied, but the protocols in which they are administered
should be considered as well. Simultaneous exposures have been
shown to have an inhibitory effect on cell viability compared
to sequential treatment (169). Additionally, a study of the
use of azacitidine and panobinostat in B-ALL identified that
following treatment in mice; leukemic cells were mobilized from
the bone marrow into the peripheral blood. This mobilization
was responsible for the improved efficacy of subsequent
chemotherapy treatment, thus suggesting that staggering the
treatments had a significant effect (170). More study on this
effect as well as its potential in other cancer subtypes must be
performed to exploit the efficacy of epigenetic treatments.

CONCLUSIONS

Aberrant epigenetics is responsible for the development and
progression of several cancers. These alterations can be the
driving forces of therapy resistance and survival. Treatment with
epigenetic modifiers offers a unique route to diminishing these
effects and re-sensitizing cancer cells to traditional therapies.
While there have been some clinical trials studying the efficacy
of epigenetic modifiers in cancer, more studies focusing on
identifying specific gene targets are required, particularly with
a combination of epigenetic modifiers in conjunction with
other therapies. By precisely identifying sensitization biomarkers,
epigenetic/chemotherapeutic/immunotherapeutic combination
therapies can achieve greater translational success (171).
Follow-up studies using comprehensive analyses like RNAseq,
global methylation, and chromatin immunoprecipitation-Seq are
required to identify pathways of sensitization.

It is also imperative to include analyses of non-coding regions
of the DNA, such as miRNA. While epigenetic alterations
during oncogenesis directly affect the transcription of coding

genes, these variations can have an effect on the expression of
miRNAs (172, 173), which are non-coding RNAs that function
in RNA silencing and post-transcriptional regulation of gene
expression. miRNAs can mediate either tumor suppressive
or oncogenic effects depending on their gene target (174).
Examination of alterations in miRNA expression following
treatment with epigenetic modifiers could identify additional
sensitization mechanisms and therapeutic markers.

Studies investigating the development of inhibitors of atypical
histone modifications, such as citrullination, phosphorylation,
sumoylation, ubiquitylation, and ribosylation; are needed
because these modifications are also known to regulate gene
transcription and contribute to cancer progression (175–178).
The mechanisms outlined in this review offer not only a
rationale for successful combinations and mechanisms, but
also identify indications for their use in specific patients
based on the markers being modulated, in line with the
advancements in personalized medicine. Further studies
on the mechanisms of epigenetic modifier action in cancer
are needed to identify markers that can detect and predict
clinical response.
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Transcription factor brachyury, with a DNA-binding T-domain, regulates posterior

mesoderm formation and notochord development through binding with highly conserved

palindromic consensus sequence in a variety of organisms. The absence of brachyury

expression in majority of adult normal tissues and exclusive tumor-specific expression

provides the potential to be developed into a novel and promising diagnostic and

therapeutic target in cancer. As a sensitive and specific marker in the diagnosis of

chordoma, brachyury protein has been verified to involve in the process of carcinogenesis

and progression of chordoma and several epithelial carcinomas in various studies, but the

mechanism by which brachyury promotes tumor cells migrate, invade andmetastasis still

remains less clear. To this end, we attempt to summarize the literature on the upstream

regulatory pathway of brachyury transcription and downstream controlling network by

brachyury activation, all of which involve in both the embryonic development and tumor

progression. We present the respective correlation of brachyury expression with tumor

progression, distant metastasis, survival rate and prognosis in several types of tumor

samples (including chordoma, lung cancer, breast carcinoma, and prostate cancer), and

various brachyury gain-of-function and loss-of-function experiments are summarized

to explore its specific role in respective tumor cell line in vitro. In addition, we also

discuss another two programs relating to brachyury function: epithelial-to-mesenchymal

transition (EMT) and cell cycle control, both of which implicate in the regulation of

brachyury on biological behavior of tumor cells. This review will provide an overview

of the function of master transcriptional factor brachyury, compare the similarities and

differences of its role between embryonic development and carcinogenesis, and list

the evidence on which brachyury-target therapies have the potential to help control

advanced cancer populations.
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INTRODUCTION

The T-box genes encode a family of transcription factors,
characterized by a highly conserved DNA-binding domain of
about 180 amino acid residues, which is designated as T-
domain (1, 2), and are essential in controlling many aspects
of embryogenesis in a wide variety of organisms (3). Eighteen
different mammalian T-box genes have been identified so
far. T-box transcription factors preferentially bind to 24-
nucleotide palindromic consensus sequence: AATTTCACACCT
AGGTGTGAAATT (2).

The first of the T-Box family molecularly characterized is
BRACHYURY (3, 4). Brachyury (“short tail” from Greek) origins
from the phenotype of this gene mutant mice, most striking
defect with a truncated tail, which was first described by
Dobrovolskaia-Zavadskaia in 1927 (3). Orthologs of Brachyury
have been identified in a large amount of multicellular organisms,
such as ascidians, zebrafish, Xenopus, mouse, human, and others
(4–6), which are required for posterior mesoderm formation
and notochord differentiation, normal cell movements during
gastrulation and tail outgrowth, and establishment of left–right
asymmetry (4, 7). BRACHYURY encodes a protein of 435 amino
acids, which functions as a transcription factor to bind with half
site of abovementioned consensus sequence: TCACACCT.

Miettinen et al. (8) performed an immunohistochemical study
of 5,229 cases, demonstrating nuclear BRACHYURY expression
to be a sensitive and fairly specific marker for chordoma. Beyond
that, BRACHYURY has been reported to express in various types
of tumors (9–14), especially highly expressed in several tumors
of epithelial origin. BRACHYURY expression is negative among
most normal tissues, with the exception of testis and thyroid (15–
17). The cause why BRACHYURY is absent in majority of adult
non-neoplastic tissue and exclusively expressed in tumor-specific
manner (18) drives researchers to discover the underlying role
played by BRACHYURY on tumorigenesis.

THE FUNCTION OF BRACHYURY IN
MESODERM AND NOTOCHORD
DEVELOPMENT

The BRACHYURY (T) gene is required for the formation of
posterior mesoderm and axial development. In all vertebrates,
the gene is initially expressed throughout the presumptive
mesoderm, and during later stage, the expression is gradually
restricted to the developing notochord and tail bud (3, 19, 20).
Mutant embryos lacking Brachyury gene function demonstrate
deficiency in notochord differentiation and the formation of
posterior mesoderm but develop normal anterior mesoderm
(3, 21). BRACHYURY expression is lost with maturation of
the notochord, which disappears largely before birth. But some
residual notochordal cells may persist in the intervertebral disks
of the spine until early childhood and possibly throughout life in
some people (15, 22).

Mice homozygous with Brachyury mutations will die
shortly after gastrulation and display several mesodermal
abnormalities (3, 4). BRACHYURY encodes sequence-specific

activator that contains a T DNA-binding domain, through
which BRACHYUYR exerts its mesoderm-inducing effects
by directly activating downstream mesoderm-specific genes
(4, 23). In addition, the role of BRACHYURY gene in developing
mesoderm, morphogenesis, and cell fate is evolutionarily
conserved (3).

THE REGULATORY NETWORK BY
BRACHYURY IN EMBRYONIC
DEVELOPMENT AND TUMORIGENESIS

Upstream Regulatory Pathway of
BRACHYURY Transcription
Fibroblast growth factor (FGF) and fibroblast growth factor
receptor (FGFR) signaling has been implicated in the patterning
of mesoderm and activated Brachyury expression (24–28).
In Xenopus embryos, the expression of Xbra, the Xenopus
homolog of Brachyury, requires an intact FGF signaling pathway.
Formation of mesoderm tissue requires a regulatory loop in
which Xbra activates the expression of a member of the FGF
family and FGF maintains the expression of Xbra (27, 29).

Another study in embryos of the ascidian found that
Brachyury is expressed in a manner dependent on the
FGF-mitogen-activated protein kinase kinase (MEK)-mitogen-
activated protein kinase (MAPK)-Ets signaling pathway and on
the intrinsic factors Zic and FoxA. Binding of Ets and ZicN at the

5
′

upstream of Brachyury promoter region is required for FGF-
responsive Brachyury gene activation in notochord precursor
cells (30). In the chordoma cells, FGFR/MEK/extracellular
signal-regulated kinase (ERK)/BRACHYURY pathway represents
a novel therapeutic target (31). FGF2 induces MEK/ERK
phosphorylation and upregulates BRACHYURY expression,
BRACHYURY knockdown blocks the effects of FGF signaling,
suggesting a positive feedback loop between FGF/FGFR and
BRACHYURY could be required for chordoma cells’ growth
and survival.

The study by Hu et al. (32) suggests that FGFR1/MAPK
signaling is also important for BRACHYURY activation in
lung cancer cells. FGF1/FGFR1 signaling promotes ERK
phosphorylation in the nucleus followed by transcriptional
activation of BRACHYURY, which is further verified to be
important for facilitating epithelial-to-mesenchymal transition
(EMT), tumor cell growth, and invasion.

In addition, basic fibroblast growth factor (bFGF) has
been reported to induce notochord formation and Brachyury
expression in ascidian embryogenesis (26). Activin, BMP-4,
1p63, WNT3, WNT8A, BMP/Nodal pathway (33–37) have also
been shown to regulate transcriptional activation of Brachyury
in mouse, Xenopus, and zebrafish embryo and in tumor cells,
human embryonic cardiomyocyte, etc.

Downstream Regulatory Network by
BRACHYURY Activation
BRACHYURY exerts its regulatory role by controlling
transcription of a large number of target genes (23). Using
ascidian Ciona, an invertebrate chordate, which is a commonly
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used model to study BRACHYURY function, over 50 validated
genes have been identified to be controlled by BRACHYURY
(38) In the embryo of Ciona intestinalis, Hotta et al. (20) showed
that 20 of the putative BRACHYURY target genes encoded
components for regulation of the cytoskeletal architecture,
the extracellular matrix (ECM), proteins implicated in signal
transduction and cell cycle control, etc. Morley et al. (7)
investigated targets and gene regulatory network of No tail (Ntl),
a zebrafish BRACHYURY ortholog, in mesoderm formation,
discovering an in vivo binding site for Ntl, which accords with
the conserved T-box binding site: TCACACCT. Ntl acts in
combination with other factors, including other T-box factors
and several signaling pathways, to mediate its activities in
mesoderm development (7).

Further study by Katikala et al. (39) in 2012 revealed that
transcriptional regulator BRACHYURY can establish multitiered
transcriptional output and temporal readouts of target gene
expression in ascidian Ciona. This molecule regulates most of
its targets by directly activating early- and middle-onset genes,
respectively, while indirectly controlling late-onset genes via
transcriptional intermediaries.

The chief transcriptional targets of BRACHYURY in humans
were firstly identified by Nelson et al. (40), integrating
transcriptome data from chordoma U-CH1 cell line in which
BRACHYURY was silenced with ChIP-seq data generated
from the same cell line. Enriched gene sets controlled by
BRACHYURY are mainly involved in the regulation of cell
cycle and the production of ECM, multiple growth factors,
and cytokines.

Yes-associated protein (YAP), an effector of the Hippo
pathway and a master regulator of organ development (41), was
recently found to be directly transactivated by BRACHYURY
in chordoma cells through binding to the proximal region
of the YAP promoter. Interestingly, BRACHYURY regulates
YAP signaling through a non-transcriptional mechanism
in lung carcinoma (18). Both BRACHYURY and YAP
expressions were found to be elevated in glioblastoma and
brain metastases originating from lung carcinomas, and
BRACHYURY knockdown resulted in a significant decrease in
YAP protein and mRNA expression in primary glioblastoma
cells. BRACHYURY was identified as a positive regulator of YAP
in various types of cancers (18).

THE CORRELATION OF BRACHYURY
WITH CLINICAL TUMORS

Chordoma
Although it is still unclear what role BRACHYURY could be in
the tumorigenesis of chordoma, gene duplication mutation and
overexpression in samples verified by previous various studies
suggest that BRACHYURY might be a crucial molecular driver
in the initiation and propagation of chordoma (42).

BRACHYURY/BRACHYURY expression in chordoma
Henderson et al. (43) performed a comprehensive study
of the gene expression profile from 96 tumor samples
with representatives of all mesenchymal tissues, BRACHYURY

gene was found to be uniquely expressed in chordomas.
By screening 53 chordomas, over 300 other neoplasms,
and 33 normal tissues, BRACHYURY was found to be
expressed in the embryonic notochord and all chordomas,
labeling both chondroid and chordoid areas, and absent
in all other neoplasms and non-neoplastic tissues (44).
BRACHYURY is the first identified molecule to link notochord
formation and chordoma pathogenesis (21). Miettinen et al.
(8) immunohistochemically evaluated 5,229 different tumors
for nuclear BRACHYURY expression, and all chordomas
(75/76) were positive except a sarcomatous one. Another report
(45) revealed that BRACHYURY was positively expressed in
about 90% of all pathologically confirmed chordomas. As for
exceptionally rare extra-axial skeletal chordomas and soft tissue
chordomas, BRACHYURY was also reported to be a useful
diagnostic tool (15, 46). All the above mentioned studies
demonstrated that BRACHYURY expression (especial nuclear
positivity) is a sensitive and fairly specific marker for the
diagnosis and differential diagnosis of chordoma.

Our previous study on chordoma specimens inadvertently
found two types of pathological components coexisting in
the same one specimen, chordoma tumor elements with
strong BRACHYURY expression and notochordal cell rests
with rarely and no expression (47, 48). BRACHYURY was
shown to be a sensitive (100%) and specific (100%) marker in
distinguishing coexisting notochordal cell rests from chordoma
tumor components (48).

The Role of BRACHYURY/BRACHYURY in Chordoma
JHC7 is the first chordoma cell line established with stable
BRACHYURY expression. Silencing of BRACHYURY expression
by using shRNA led to complete growth arrest and inability
to be passaged serially in vitro (49). Similarly, U-CH1 cell
line, which shows polysomy of chromosome 6 involving 6q27,
was validated as representing chordoma by the generation of
xenografts in the mouse model, demonstrating typical chordoma
morphology and immunohistochemistry characteristics.
Silencing of BRACHYURY in this cell line led to cell growth
arrest and acquisition of a senescence-like phenotype (50).

The Genetic Basis of BRACHYURY Expression in

Chordoma
Using combined genetic linkage and comparative genomic
hybridization analyses, germline BRACHYURY duplication
was identified to associate with the familial risk of developing
chordoma (51), which is the first report of BRACHYURY
copy number gain (CNG) in any disease type. Nevertheless,
BRACHYURY duplication is extremely rare in sporadic
chordoma (52).

Presneau et al. (50) and Dei Tos (53) demonstrated that
close to half of the investigated chordoma cases showed a gain
of chromosome band 6q27 (the locus wherein BRACHYURY
locates) either through polysomy of the entire chromosome
6 or structural rearrangements, which indicates that cCNGs
of BRACHYURY are pathogenetically relevant in sporadic
chordoma. Cho et al. (35) and Pillay et al. (54) demonstrated that
a common single-nucleotide polymorphism (SNP) located in the
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BRACHYURY gene, rs2305089, has strong association with the
risk of sporadic chordoma.

In the following case-control comparison study (52), the risk
estimated for rs2305089 was similar in familial and sporadic
chordoma. Another common variant, rs1056048, was identified
to strongly associate with familial chordoma with BRACHYURY
duplication, and rs3816300 was significantly correlated with
earlier age onset, which further corroborates the importance
of genetic variations of BRACHYURY gene in the pathogenesis
of both familial and sporadic chordoma. Recently, Sharifnia
et al. (55) revealed that regulation of BRACHYURY by super-
enhancers is a dominant feature of the chordoma gene-regulatory
landscape. Chordoma JHC7 cells had a focal amplification at
BRACHYUYR locus that encompassed proximal super-enhancers
and a 1.5Mb upstream region with broad H3K27ac occupancy,
and patient-derived chordoma tumors were also found to have
this hyper-acetylated region.

Lung Carcinoma
Various studies have demonstrated that BRACHYURY is
positively associated with the motility and invasiveness ability of
lung tumor cell in vitro and highly expressed in late-stage lung
tumor tissue, which supports BRACHYURY could be developed
into a potential therapeutic target (12, 17, 56).

In addition, 37.5–62.5% of human lung cancer tissues
are positive for BRACHYURY mRNA expression, which has
a significantly higher percentage than normal lung tissue
with 12.5% (10, 17). Moreover, BRACHYURY expression is
significantly positively correlated with tumor stage (10) and
no obvious relationship with histological type (12). High
BRACHYURY mRNA expression significantly correlates with
poor prognosis in both 5 year disease-free survival (DFS) and
overall survival rate in primary lung carcinoma samples (12).

BRACHYURY protein expression was detected in ∼41–60%
of primary lung carcinoma tissues (17, 57) and 40% of non-
small-cell lung carcinomas (NSCLCs) (16, 17), all of which
demonstrated intense nuclear staining and weak, more diffuse
cytoplasmic staining. BRACHYURY protein expression in the
nuclei is significantly related to its mRNA level expression in lung
cancer tissues (12). High expression of BRACHYURY protein is
significantly associated with poor prognosis in overall survival
(58) and high tumor stages, as well as lymph nodemetastases (59)
in NSCLC samples.

BRACHYURY/BRACHYURY has been proved to play an
important role in promoting lung tumor cell progression
and metastasis in vitro (56). Seventy percent of lung cancer
cell lines are positive for BRACHYURY mRNA expression
(16, 17). BRACHYURY-inhibited lung H460 (10) and A549
cells (59) showed significantly reduced migratory and invasive
capability. In addition, inhibition of BRACHYURY in H460 cells
resulted in diminished capability to invade ECM and reduced
expression of genes encoding for matrix metalloproteinase
(MMP)2 and MMP24 (10), both of which participate in the
ECM degradation. BRACHYURY expression did not influence
primary tumor growth, whereas inhibition of BRACHYURY
expression significantly diminished the ability of lung H460
cells developing experimental lung metastasis in vivo, whether

by subcutaneous injection or by intravenous injection (10). All
the above results suggest BRACHYURY is involved in several
key steps of metastatic process in lung cancer cells: invasion,
migration, adhesion, and colonization in the target organ.

BRACHYURY confers survival advantage to the lung cancer
cells in response to treatment with various doses of the
epidermal growth factor receptor (EGFR) inhibitor (17).
Silencing of BRACHYURY in A549 cells increases cell sensitivity
to cisplatin (59).

Breast Carcinoma
BRACHYURY/BRACHYURY expression has been reported to
positively associate with the invasive and metastatic capability of
breast carcinoma cells in vitro and with the risk of recurrence
and distal metastasis in breast patients (9, 60). Different studies
have demonstrated the potential of BRACHYURY as a target
for the treatment of breast carcinoma using cancer vaccines or
immunotherapy approaches (61, 62).

BRACHYURY/BRACHYURY is obviously highly expressed
at the mRNA and protein levels in breast cancer tissues and
cell lines compared to negativity in normal breast cancer
tissues and cells (9, 60, 63–66). Hormone receptor status
of breast cancer is an important and recognized prognostic
factor and can reflect different stages (67), including estrogen
receptor (ER) and progesterone receptor (PR). BRACHYURY
mRNA level expression in breast carcinomas with negativity
for ER and/or PR is statistically significantly higher than
those with positivity for ER and/or PR (9, 61), and triple-
negative breast cancer (TNBC) is significantly higher than triple-
positive and non-TNBC (61). Immunohistochemistry detection
showed 90% of primary infiltrating ductal carcinomas were
positive for BRACHYURY expression, comparing with almost
absence of BRACHYURY in benign breast lesions. No significant
differences were found between BRACHYURY protein level
and various clinical parameters (grade, lymph node status,
et al.) (9). Primary and metastatic TNBC samples showed 92–
100% positive BRACHYURY protein expression, contrasting
with <1% positive expression in adjacent normal breast tissue
(61). Nuclear BRACHYURY protein expression is significantly
higher in tumors of advanced stages III–IV than that of stages
I–II (61) and an independent prognostic factor for DFS, while
BRACHYURY cytoplasmic expression has no correlation with
prognosis (68).

BRACHYURY gain-of-function and loss-of-function
experiments were performed in various studies to investigate
its role in breast carcinoma tumorigenesis, progression, and
resistance to therapeutic intervention in vitro. Silencing
of BRACHYURY in breast MDA-MB-436 cells statistically
significantly reduced the ability to invade the ECM and form
mammospheres in primary and secondary cultures (9). Our
study (60) demonstrated that BRACHYURY promoted breast
cancer cell invasion, migration, adhesion, and colonization in
bone microenvironment in vitro, and BRACHYURY knockdown
in MDA-MB-231 cells decreased the colonization and survival
capability in bone tissue in vivo. BRACHYURY-high breast
tumor cells were more resistant to the cytotoxic effects of
docetaxel in vitro (9). BRACHYURY has also been confirmed
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to enhance breast cancer cell survival capability in response to
tamoxifen therapy, and BRACHYURY silencing demonstrated
more sensitive and higher apoptosis than control group upon
tamoxifen treatment (63). Collectively, all the results of in
vitro assays indicate that BRACHYURY-targeting therapeutic
approaches under clinical trials and laboratory could have
the potential to help control advanced breast carcinomas and
improve prognosis.

Prostate Cancer
BRACHYURY was shown to express in prostate cancer tissues,
which increased with tumor malignancy and aggressiveness and
was positively associated with Gleason score and TNM stage (69).
Besides, BRACHYURY/BRACHYURY was also associated with
tumor chemotherapy resistance (70). Targeting BRACHYURY
is becoming a promising therapeutic option for advanced and
metastatic prostate cancer patients.

Pinto et al. (14) demonstrated BRACHYURY nuclear
staining was present in a comparable positive rate in prostatic
intraepithelial neoplasia (PIN) lesions and prostate cancer tissue,
contrasting with 100% positivity for metastatic prostate cancer.
BRACHYURY nuclear expression is highly associated with the
occurrence of metastasis (14, 69). There is a strong correlation
between BRACHYURY expression and well-established markers
of prostate cancer progression, such as Bcl2, ETS-related gene
(ERG), and phosphatase and tensin homolog (PTEN) loss (70).
A high level of BRACHYURY is verified to associate with
poor prognosis (4, 69, 71). In addition, prostate cell lines
with endogenous BRACHYURY/BRACHYURY expression were
demonstrated to be more resistant to docetaxel and cabazitaxel
treatment than that with negative expression (70).

Androgen receptor (AR) is the mediator of androgen activity
in normal and malignant prostate cells. The BRACHYURY
protein level in the nucleus of primary prostate cancer cells is
statistically associated with the presence of AR (70), and the
enhanced AR expression in the nucleus may be activated by
BRACHYURY protein (70). Moreover, a genome-wide analysis
on AR in prostate cancer cells revealed that BRACHYURY
binding motif is highly enriched in AR-bound promoter region
(72), suggesting that BRACHYURY is involved in AR regulation
on target.

Although androgen-targeted therapy demonstrates
recognized a therapeutic benefit in advanced prostate
cancer, following castration-resistant prostate cancer (CRPC)
develops and tumor progression occurs due to the induced
epithelial-to-mesenchymal plasticity (EMP) and neuroendocrine
transdifferentiation (NEtD) programs by androgen deprivation
(71, 72), the mechanism through which has yet to be
elucidated. Overexpression of BRACHYURY is strongly
associated with NEtD markers, including chromogranin
A (CHGA) and synaptophysin (SYP) (70), and targeting
BRACHYURY/BRACHYURY has become a potential promising
option in such a tricky scenario. A phase I/II trial (NCT03493945)
testing a BRACHYURY-targeted antitumor vaccine has been
performed in metastatic CRPC recently (73).

Although the specific role of BRACHYURY/BRACHYURY on
the tumorigenesis and progression of prostate cancer has been

recognized, more details need to be further investigated and
unveiled, for instance, the mechanism of BRACHYURY involved
in NEtD, the biological significance of BRACHYURY binding
with the regulatory elements of the marker genes (AMACR, AR)
of prostate cancer.

Colorectal Cancer
BRACHYURY mRNA expression was found to elevate in
tumors of the small intestine and in the majority of cell lines
derived from the colon (16). Nearly 90% of the colorectal
adenocarcinomas were immunohistochemically positive for
BRACHYURY expression (74), which is demonstrated as distinct
nucleus staining or widespread cytoplasmic staining (74, 75).
The heterogeneity of BRACHYURY distribution suggests that
it may have region-specific functions (75). High BRACHYURY
expression correlates significantly with higher tumor stage, grade,
and lymph nodemetastasis. Early-stage colorectal cancer samples
(Dukes A) with BRACHYURY expression showed a significantly
decreased survival and poor prognosis, while no correlation was
observed in later tumor stages (74).

Oral Cancer
Immunohistochemical studies demonstrated that BRACHYURY
was positively expressed in 71.0% of oral squamous cell
carcinoma (OSCC), including cytoplasmic and nuclear staining
(76). BRACHYURY expression in OSCC tissue is significantly
associated with lymph node metastasis (76), distant metastasis,
and Anneroth scores (77). High BRACHYURY expression is also
significantly associated with decreased disease-specific survival
and DFS in OSCC patients, which may represent a valuable
prognostic marker of OSCC (76, 77).

THE MECHANISM OF BRACHYURY TO
PROMOTE TUMOR PROGRESSION

Epithelial-to-Mesenchymal Transition
The process of EMT, converting immotile epithelial cells to
migratory mesenchymal cells, is associated with enhancement
of invasive and metastatic potential of tumor cells, as well as
resistance to therapeutic interventions (78, 79). BRACHYURY
has been identified as a driver of EMT in a wide variety
of tumors, including lung cancer (59), breast cancer (66),
prostate cancer (14), hepatocellular carcinoma (80), oral
squamous cell carcinoma (76), adenoid cystic carcinoma (81),
among others, which is responsible for the acquisition of
mesenchymal-like phenotype and positively correlates with
aggressive characteristics of tumor cells (9, 10, 14, 16, 81–83).

Some other mediators have been reported to be involved in
tumor EMT process, such as Slug, Snail, MMPs, fibronectin,
interleukin (IL)8, and transforming growth factor (TGF)-β1,
among others. Various studies have attempted to investigate
the correlation between the expressions of these genes and
BRACHYURY (12, 84, 85). As mesenchymal markers, Snail and
Slug have been shown to act as transcriptional repressors of E-
cadherin expression during the EMT process (86, 87). Fernando
et al. (10) reported BRACHYURY could directly bind to the T-
box half-site consensus sequence (TCACACCT) located at the
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promoter of E-cadherin, resulting in silencing of E-cadherin
expression. BRACHYURY can directly enhance the Snail and
Slug expression, through which can indirectly repress E-cadherin
expression in several types of lung carcinoma cell lines (10, 82).
In chordoma cells, loss of BRACHYURY resulted in a significant
decrease of Snail and Slug (31, 49), and the upregulation of Snail
and Slug by FGF2 was blocked by BRACHYURY knockdown,
suggesting that BRACHYURY plays a critical role in the direct
regulation of Snail and Slug expressions and EMT process of
chordoma (31). BRACHYURY can directly bind with the T-Box
binding sites at the promoter of Snail and fibronectin in prostate
cancer cells (70).

Wan et al. (11) firstly revealed that BRACHYURY upregulated
MMP12 expression in lung NSCLC cells to promote tumor
cell migration and invasion, and a potential T-box binding site
was found in the promoter of MMP12. In addition, Slug and
IL-8 expressions were positively correlated with BRACHYURY
expression at mRNA and protein levels in primary andmetastatic
lung tumor tissues and associated with poor prognosis (12, 58).
In TNBC MDA-MB-436 cell line, silencing of BRACHYURY
resulted in diminished vimentin and fibronectin expression and
increased epithelial ZO1 expression (61). In prostate cancer
cells, BRACHYURY expression was associated with a decrease of
the epithelial marker and increased expression of mesenchymal
signature genes, as well as upregulation of the MMP14, MMP24
(14, 70).

The Effect of BRACHYURY on Tumor Cell
Proliferation and Cell Cycle
Regulating of cell cycle progression is another paramount
mechanism to modulate tumor cell biological behavior
(88). Various studies have reported divergent effects of
BRACHYURY on cell proliferation. Some demonstrated
BRACHYURY promoted tumor cell growth and proliferation
in vitro, including chordoma, prostate cancer, colorectal
cancer, adenoid cystic carcinoma, and breast carcinoma
cells (14, 31, 40, 42, 49, 50, 60, 75, 81). Whereas, others
showed that BRACHYURY inhibited tumor cell growth and
proliferation, including breast carcinoma, lung, and colorectal
cells (9, 10, 82). The lower proliferation rate may protect tumor
cells from stressful conditions, such as nutrient deprivation
and genotoxic injuries induced by radiation or chemotherapy
(79), accordingly, attain a certain survival advantage. The
reported divergent roles of BRACHYURY on cell proliferation
in specific cell line, for instance, breast carcinoma cell lines, need
to be further elucidated, whether it is cell type-dependent or
context-dependent or other causes.

In regard to the mechanism by which BRACHYURY inhibits
cell proliferation in lung carcinoma cells, Fernando et al. (10)
has revealed BRACHYURY blocks the cell cycle progression

likely at the G1-S transition through suppressing cyclin D1
expression and activity of cyclin/CDK complexes. Huang et al.
(82) have reported BRACHYURY impairs cell cycle progression
and reduces tumor cell proliferation by transcriptional silencing
of P21, through directly binding with the T-box half-site binding
sequence located at position −14 relative to the transcription
initiation site in the promoter of P21.

THE TUMOR SUPPRESSOR ROLE OF
BRACHYURY

Unlike the established oncogenic function in some types of
solid tumors, BRACHYURY has been reported to play a tumor
suppressor role in lung cancer (89) and glioma (90). Pinto et al.
(90) recently reported that glioma patients with absence or low
level of BRACHYURYwere associated with tumor aggressiveness
and poor survival. BRACHYURY could have different functions
in tumorigenesis and progression depending on the cofactors and
specific context.

CONCLUSION

The T-box transcription factor BRACHYURY, which is required
for mesoderm formation and notochord development, has
been recognized as a sensitive and fairly specific marker for
chordoma and reported to be expressed in various types of
tumors, especially in tumors of epithelial origin (lung, breast,
prostate, colorectal, oral, et al.). BRACHYURY promotes tumor
metastasis through modulating the EMT process and regulating
cell cycle and closely correlates with patient poor prognosis.
BRACHYURY/BRACHYURY has become an attractive target
in the study of tumorigenesis and therapy not only because
multiple signaling pathways converge to activate its expression
(10) but also it regulates a complex downstream network.
With the development of several clinical trials of therapeutic
cancer vaccine (62, 91, 92), BRACHYURY/BRACHYURY will
become a potential paramount target to help control advanced
cancer populations.
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Lung cancer is the leading cause of cancer-related death, and non-small cell lung cancer

(NSCLC) accounts for almost 80–85% of all lung cancer cases. The transcriptional factor

brachyury has been verified to promote tumor cells migrate, invade, and metastasis

in various types of tumors, whereas divergent roles of brachyury on cell proliferation

have been reported in several types of tumor cells. In this study, we attempted to

explore the effect of brachyury on the cell cycle progression and proliferation capability

of NSCLC cells. Firstly, we performed RNA-sequence and ChIP-sequence to explore

underlying downstream pathways regulated by brachyury. Cell proliferation and colony

formation assays were utilized to detect the effect of brachyury on the proliferation ability

of two types of lung NSCLC cells: H460 and Calu-1, which represent different brachyury

expression levels. Following cell cycle and cell apoptosis assays were used to investigate

the mechanism by which brachyury promotes NSCLC grow and progression. RNA-

sequence and ChIP-sequence (ChIP-seq) showed that one of the vital downstream

pathways regulated by brachyury involves in cell cycle progression. Through cell

proliferation assays and colony formation assays, we found that inhibition of brachyury

could decrease the capability of proliferation in H460 cells. We also found that brachyury

overexpression could prevent the transition from G0/G1 to S phase in Calu-1 cells, and

brachyury knockdown could decrease the transition of G2/M phase in H460 cells. The

cell apoptosis assays showed that inhibition of brachyury could promote apoptosis in

H460 cells. In this study we demonstrate that brachyury and downstream target genes

together involve in tumor cell cycle regulation by inducing accelerated transition through

G2/M, promote tumor cell proliferation and inhibit apoptosis in lung NSCLC H460 cells.

Targeting brachyury expression could be developed into a promising avenue for the

prevention of lung cancer progression.

Keywords: brachyury, lung cancer, NSCLC, transcriptional factor, tumorigenesis
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INTRODUCTION

Lung cancer is the leading cause of cancer-related death
in both men and women, non-small cell lung cancer
(NSCLC) accounts for almost 80–85% of all lung cancer
cases (1). Histologically, NSCLC is mainly divided into
adenocarcinoma, squamous cell carcinoma and large cell
carcinoma. Different subtype has specific molecular and
genomic signature that drives the progression and metastasis of
tumor cells.

The human brachyury protein (Bry), the transcriptional
factor regulating posterior mesoderm formation and notochord
differentiation, has been reported as a specific and sensitive
marker (2–5) and a master regulator of the oncogenic
transcriptional network of chordoma (6). Further studies
demonstrated up-regulation of brachyury gene occurs in various
human tumors of epithelial origin, including lung, breast,
colorectal, prostate cancer and others, but not in the majority
of normal adult tissues (7–9). In primary lung carcinoma
samples, brachyury mRNA expression was identified as a
significant predictor in 5 year disease free survival and
overall survival rate (10) and positively correlated with tumor
stage and poor prognosis (8, 10, 11). Silencing of brachyury
expression significantly diminished migratory, invasive and
metastatic ability in endogenously positive lung cancer cells
in vitro (8, 11), which suggests brachyury can be developed
into a potential therapeutic target in anti-tumor treatment of
lung cancer.

Several previous studies have demonstrated that brachyury
drives epithelial-mesenchymal transition (EMT) in various
types of human tumor cells, including lung carcinoma,
breast carcinoma, among others, to promote progression
and metastasis (8, 9, 12). In addition, as a master regulator,
brachyury governs an elaborate oncogenic transcriptional
network involving diverse signaling pathways (12), by one
of which brachyury implicates in controlling cell cycle
and regulating proliferation and apoptosis (8, 13, 14).
Brachyury expression levels vary a lot among different
subtypes of NSCLC tissue and cell lines, ranging from
strong to almost no expression (15). Therefore, the role of
brachyury in specific NSCLC subtype could be different
and context-dependent.

Our previous study on the breast cancer cells (9) uncovered
that brachyury promote tumor cell proliferate in vitro and in
vivo. Whereas, another study by Palena et al. (16) demonstrated
that silencing of brachyury in MDA-MB-436 cells significantly
enhanced the proliferation ability of tumor cells, which means
brachyury play an opposite role of what we reported. In regard
to lung cancer cells, some studies demonstrated brachyury
inhibits tumor cells grow and proliferate (8, 13). But recently
Hu et al. (17) showed upregulated brachyury increases lung
cancer cell growth and invasion. The cause of the divergent
role played by brachyury on lung cancer cell proliferation still
remains unclear. In this study, we attempted to explore the
potential mechanism from the perspective of cell cycle regulation,
which is one of the paramount downstream pathways regulated
by brachyury.

MATERIALS AND METHODS

Cell Lines and Cell Culture
Human large cell lung cancer cell line H460, Human lung cancer
cell line Calu-1 were purchased from the State Key Laboratory
of radiation medicine and radiation protection (Suzhou, China).
H460 cells and Calu-1 cells were cultured in RPMI-1640medium.
The media (Gibco, Suzhou, China) were supplemented with 10%
fetal bovine serum (FBS, Gibco, Australia) and 1% antibiotics
(Penicillin-Streptomycin). Cells were incubated in a humidified
atmosphere at 37◦C and 5% CO2.

RNA-Seq Transcriptome Analysis
Total RNA from MDA-MB-231 shNC/shBry was prepared
and kept at 80◦C. The RNA quality was determined using a
Bioanalyzer 2200 (Agilent, Santa Clara, CA, USA). RNA with
RIN (RNA integrity number)>8.0 was considered acceptable
for cDNA library construction. Sequencing and bioinformatic
analysis were performed by Shanghai Novelbio. Genes were
considered to be significantly differentially expressed between
groups when the P < 0.05 and the fold change of expression was
more than 1.5.

Chromatin Immunoprecipitation and
Sequencing
To explore the underlying mechanisms of brachyury in lung
cancer cells, Chromatin immunoprecipitation and sequencing
(ChIP-seq) using wildtype MDA-MB-231 cells was performed.
The ChIP assay kit (Millipore) was used to perform the
ChIP assay. The anti-Bry antibodies used in this assay were
purchased from R&D Systems (Bio-Techne, Minneapolis, MN).
The Qubit R© Fluorometer was used to determine the purity
and concentration of DNA samples. TruSeq Nano DNA Sample
Prep Kit (#FC-121–4002, Illumina, San Diego, CA) was used to
end repair, tail and adaptor ligate DNA samples. AMPure XP
beads were used to select the fragments of ∼200–1,500 bp. The
samples were diluted to a final concentration of 8 pM and cluster
generation was then performed on the Illumina cBot using a
HiSeq 3000/4000 PE Cluster Kit (#PE-410–1001, Illumina). Last,
HiSeq 3000/4000 SBS Kit (300 cycles; #FC-410–1003, Illumina)
was used to perform the sequencing on an Illumina HiSeq 4000.
The data were then collected and analyzed.

Construction of Cell Lines
To construct brachyury overexpression/knockdown cell lines,
viral particles containing a small interfering RNA (siRNA-1
and siRNA-2) targeting brachyury or the human brachyury
coding region purchased from GenePharma (Suzhou, China)
were utilized in H460 cells and Calu-1 cells. The cell lines
were constructed as described (9, 18) previously and validated
using western blotting (siRNA-1: CGAATCCACATAGTGA
GAGTT; siRNA-2: GAGGATGTTTCCGGTGCTGAA; siRNA-
Control: TTCTCCGAACGTGTCACGT).

Protein Extraction and Western Blotting
Total protein from lung cancer cells was extracted using
a mammalian protein extraction reagent (MPER, Thermo
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FIGURE 1 | RNA-sequence and ChIP-sequence analyses of MDA-MB-231 cells. (A) Heat map of differentially expressed transcripts, Gene ontology (GO) analysis,

and (B) pathway analysis, based on all identified transcripts. (C) Cellular component classification analysis and targeted genes of ChIP-seq. P-value of GO analysis

and enrichment of pathway analysis are listed for each category. P-value of pathway is colored in red (P < 0.05).
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Fisher Scientific, Waltham, MA, USA) containing a protease
inhibitor cocktail (Thermo Fisher Scientific). An equivalent
amount of protein was electrophoresed using 10% SDS gel
electrophoresis and then transferred to the polyvinylidene
fluoride (PVDF) membrane (Millipore, Billerica, MA, USA).
The membranes were blocked with 5% skimmed milk for
1 h, and then incubated overnight with primary antibodies.
The membranes were washed 3 times and incubated with
secondary antibodies (Anti-Brachyury ab20680, Multi-sciences
Biotechnology, Zhejiang, China). The membranes were then
visualized using a chemiluminescence (ECL) (Multi-sciences
Biotechnology) detection system. The primary antibodies
used included anti-Brachyury (Abcam) and anti-GAPDH-HRP
(MultiSciences, Zhejiang, China).

Cell Proliferation Assay
Cell counting plates were used to detect cell proliferation after
transfection. 3 × 103 Calu-1 and H460 cells were seeded in 24-
well plates and allowed to adhere. Cell viability was measured
every day for 4 days using Cell Counting Kit-8 (Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s
instructions. All results were recorded and the cell proliferation
curves were drawn.

Colony Formation Assay
1 × 102 Calu-1 (Calu-1 Bry cells and NC cells) and H460 cells
(H460 siBry-1 cells, siBry-2 cells and siNC cells) were used to
perform the colony formation assay. Cells were cultured in the
RPMI-1640 medium containing 10% fetal bovine serum and 1%
antibiotics for 10 days. The remaining colonies were stained with
crystal violet and then recorded.

Cell Cycle Assay
Cells (2 × 105) were harvested at 24 h after siRNA transfection,
and fixed with cold 70% alcohol at-20◦C overnight. Alcohol
was removed and cells were washed twice with cold phosphate
buffer saline (PBS). Cells were stained with propidium iodide
solution containing 20µg/ml RNase and incubated at room
temperature for 30min. After filtering by a nylon mesh filter,
cell cycle was performed on a fluorescence-activated cell sorting
(FACS, FACSVerse) analysis. Data were analyzed using the
Flowjo software (Version 7.6.1, Tree Star Software, San Carlos,
CA, USA).

Cell Apoptosis Assay
Sub-G1 Method

Calu-1 and H460 cells were first seeded in 6-well plates. 2
× 105 cells cultured for 24 h were harvested from each well
and fixed with 70% alcohol in refrigerator. The alcohol were
washed off with PBS, and the cells were resuspended in 1ml
DNA staining solution at room temperature for 30min in the
dark. Flow cytometry was used to select blue excitation light
with a wavelength of 488 nm, and simultaneously measure red
fluorescence and forward-angle scattered light.

Annexin V/PI Method

Cells were harvested at 24 h after transfection, and stained
with Annexin V-FITC and propidium iodide (Annexin V-FITC

apoptosis detection kit, B.D. Biosciences Pharmingen, San Jose,
CA, USA). Then cells were put in the dark for 15min at room
temperature. The apoptosis rate was detected by BD FACS
Calibur (Beckman Coulter, CA, U.S.A.).

Statistical Analysis
Values as shown were mean ± S.E.M. of at least three
independent repeats. Statistical analysis was performed using
SPSS17.0 software (IBM Corp, Armonk, NY). Student’s t-test
was used to compare the differences between two groups. The
difference between more than two groups was analyzed by single
factor analysis of variance (ANOVA). P < 0.05 was defined as
statistically significant.

RESULTS

Differentially Expressed Genes in
Brachyury-Knocking Down MDA-MB-231
Cells and Control Cells
Brachyury was constitutively overexpressed in breast cancer
MDA-MB-231 cells. To explore the potential downstream
targets and pathways regulated by brachyury in tumor cells,
RNA-Sequence was performed to profile the transcriptome
in brachyury-knockdown MDA-MB-231 cells (MDA-MB-231
shBry) vs. control MDA-MB-231 cells. A total of 2,364
genes were identified to be differentially expressed, which
were further analyzed to characterize potential pathways or
biological processes. Involving pathways mainly includes: Steroid
biosynthesis, TNF signaling pathway, and DNA replication, etc.
The gene ontology analysis revealed some biological processes
are involved: cell cycle, sterol biosynthetic process and the
cholesterol biosynthetic process, etc. (Figures 1A,B). For ChIP-
seq assays, the results showed that the cellular components
were classified into 11 types, including neuron, asymmetric
synapse, postsynaptic specialization, etc. Furthermore, ChIP-seq
results in this study showed that several downstream genes were
significantly associated with brachyury-binding events, including
PIK3, K-RAS, HER2, N-Ras, CSF1R, etc. PIK3 and K-RAS
are potential target genes of brachyury according to P-value
(Figure 1C), both of which are involved in cell cycle regulation
pathway. Combining and integrating RNA-seq and ChIP-seq
results, we speculated that brachyury promotes tumor cell grow
and progress through regulation of cell cycle. The predictive
target genes above in breast cancer cells were further verified
to be expressed highly in endogenous brachyury-expressing lung
cancer cells using PCR assays.

Brachyury Knockdown Decreased Lung
Cancer Cell Proliferation in vitro
To identify the role of brachyury on the proliferation capability
of lung NSCLC cells in vitro, Calu-1 cell line (absence of
brachyury expression) and H460 cell line (endogenously high
expression of brachyury) were utilized for further study.
Inhibition of brachyury in H460 cells (H460 siBry cells) and
brachyury overexpression in Calu-1(Calu-1 Bry cells) were used
to investigate whether brachyury could enhance the proliferation
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FIGURE 2 | Proliferation assays and colony formation assays to assess the effect of Bry in lung cancer cells. (A) The protein levels of Bry in Bry-overexpression Calu-1

cells or Bry-knockdown H460 cells compared with their respective control cells. (B) Cell proliferation assays to assess the proliferation capacity of Bry-overexpression

Calu-1 cells and Bry-knockdown H460 cells. (C) Colony formation assays to assess the proliferation capacity of Bry-overexpression Calu-1 cells and Bry-knockdown

H460 cells (*P < 0.05, **P < 0.01).

capability of lung cancer cells (Figure 2A). The results showed
that brachyury overexpression in Calu-1 cells had no significant
effect on the proliferation, while brachyury knockdown in H460
cells reduced the proliferation ability compared to the control
cells (Figure 2B). Brachyury overexpression or knockdown had
no effect on the ability of colony formation in Calu-1 and H460
cells (Figure 2C). In summary, brachyury knockdown could
decrease the proliferation capability in H460 cells.

The Effect of Brachyury Expression on Cell
Cycle
The impact of brachyury on cell cycle progression was also
investigated. The cell cycle experiment was performed and
analyzed by flow cytometry. Calu-1 Bry cells demonstrated
significant lower G0/G1 fraction (48.37%, Figure 3A) than
control cells (61.32%), and the percentage of S phase in Calu-1
Bry cells (32.53%, Figure 3A) was markedly higher than control
cells (23.94%, Figure 3A). However, the percentage of G2/M
phase did not have significant difference (Figure 3A). Hence,

overexpression of brachyury in Calu-1 cells could inhibit the
transition from G0/G1 to S phase.

For H460 cells, the percentage of G0/G1 and S phase
did not have significant difference between the brachyury
knockdown group and the control group (Figure 3B). However,
the percentages of G2/M in the H460 siBry-1 and H460 siBry-
2 (26.10% and 27.81%, respective, Figure 3B) were significantly
higher than the control cells (15.89%, Figure 3B). We concluded
that inhibition of brachyury expression in H460 cells could
prevent G2/M transition of cell cycle progression.

Brachyury Knockdown Promotes
Apoptosis in H460 Cells
Next, we investigated the effect of brachyury on cell apoptosis
in H460 cell line and Calu-1 cell line. After overexpression of
brachyury in Calu-1 cells, the percentage of apoptotic cells was
assessed using sub-G1 and Annexin V/ PI method, followed
by flow cytometry (Figures 4A,C). The results showed that
the percentage of apoptotic Calu-1 Bry cells (2.37%) was not
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FIGURE 3 | The effect of Bry on cell cycle. (A) Cell cycle analysis of Bry-overexpression Calu-1 cells. Overexpression of brachyury in Calu-1 cells could promote the

transition from G0/G1 to S phase. (B) Cell cycle analysis of Bry-knockdown H460 cells. Inhibition of brachyury expression in H460 cells could increase the percentage

of G2/M phase (*P < 0.05, **P < 0.01).

significant lower than control cells (5.23%), and a dot-plot of
Annexin V-FITC fluorescence vs. PI fluorescence indicated a
non-significant increase in the percentage of apoptotic cells
after overexpression of brachyury (Figure 4C). Similarly, we
evaluated the apoptosis of H460 cells after knockdown with
siRNA-1 and siRNA-2. The results showed that the percentage
of apoptotic H460 siBry-1 cells (19.50%) and apoptotic H460
siBry-2 cells (14.61%) was significant higher than the control cells
(1.13%) (Figure 4B). Figure 4D was consistent with Figure 4B.
In conclusion, brachyury knockdown could expedite apoptosis of
H460 cells.

DISCUSSION

A comparable range of brachyury mRNA expression levels
has been observed in the lung tumor tissue samples and the
various lung carcinoma cell lines, which suggests available cell
line models can be used as useful tools to ravel the individual
mechanism associated with tumorigenesis and progression (15).
Elevated expression of brachyury in H460 cells has been validated
to associate with invasive and metastasis capability of tumor cells

along with survival benefit (8, 13). However, human squamous
cell carcinoma cell line Calu-1 was reported and characterized
by negative brachyury expression (15). It is because that these
two types of cell lines represent different subtype of NSCLC.
So we utilized Calu-1cells as the control to reveal the specific
role of brachyury in endogenously brachyury-expressing lung
tumor cell. Compared with control cells, inhibition of brachyury
expression in H460 cells demonstrated significantly diminished
proliferation capability. However, overexpression of brachyury
did not result in significantly enhanced proliferation of Calu-
1 cells. In the present study, we found that brachyury plays a
role of promoting cell proliferation in lung H460 cells, which is
consistent with our previous study of brachyury on breast cancer
cells (9) and other reports on chordoma (3, 6, 19, 20), prostate
cancer (21), colorectal cancer (22),adenoid cystic carcinoma (13),
among others (20, 21).

H460 cells with silencing of brachyury (H460 siBry-1, H460
siBry-2) demonstrated significantly higher G2/M fraction, and
insignificantly decreased G1/G0 and S fraction than control
with highly endogenous expression of brachyury. In addition,
brachyury-silenced H460 cells demonstrated significantly
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FIGURE 4 | The effect of Bry on cell apoptosis. (A) The effect of Bry on apoptosis of Bry-overexpression Calu-1 cells. There was no significant difference between the

experimental group and the control group. (B) The effect of Bry on apoptosis of Bry-knockdown H460 cells. (C) Annexin V/PI method to analyze the effect of Bry on

apoptosis of Bry-overexpression Calu-1 cells. There was no significant difference between the experimental group and the control group. (D) Annexin V/PI method to

analyze of the effect of Bry on apoptosis of Bry-knockdown H460 cells (*P < 0.05, **P < 0.01).

increased apoptosis. Altogether, these results indicate that
brachyury inhibits apoptosis in H460 cells, although over-
expression of brachyury did not demonstrate the similar
anti-apoptosis effect in Calu-1 cells. The reason we speculate
is that the downstream brachyury-responsive elements are
in the state of inactivation or silencing due to the absence
of endogenous brachyury stimulation in Calu-1 cells. The
exogenously forced brachyury expression cannot find and bind
with corresponding functioning targets.

Based on the gene expression microarray data and ChIP-seq
data, gene ontology (GO) functional enrichment analysis of
differentially expressed genes (DEGs) between wild brachyury-
expressing and absence of expression breast cancer cells
was performed to uncover the downstream target genes of
brachyury. The up-regulated DEGs are listed in Figure 1C.
Further GO annotation indicates that the top two PI3K

and K-Ras are mainly involved in the regulation of cell
cycle and proliferation. Following verified experiments
were performed to confirm that these top DEGs were
expressed samely in endogenously brachyury-expressing
lung cancer cells.

K-Ras is one member of the ras gene family, which encodes
small GTP-binding proteins. Five- to 50-fold amplification of the
wild-type gene or mutation can make it convert into oncogene
(23). Activated Ras oncogenes have been found in a variety
of human tumors (24), and K-Ras has been considered as
the most commonly altered oncogene in NSCLC, especially
in adenocarcinoma (25, 26). PI3K is one of three major
downstream effectors of K-Ras, and its activation initiates a
signal transduction cascade that promotes cancer cell growth,
survival and metabolism (27). In addition, RAS–PI3K pathway
has been also reported to mediate the anti-apoptotic function of

Frontiers in Oncology | www.frontiersin.org 7 July 2020 | Volume 10 | Article 1078168

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


Xu et al. Brachyury and NSCLC

oncogenic RAS (28) and regulate the expression or activity of
apoptotic-relating molecules or proteins (29).

In this study we demonstrate that brachyury and downstream
target genes together involve in tumor cell cycle regulation by
inducing accelerated transition through G2/M, promote tumor
cell proliferation and inhibit apoptosis in lungNSCLCH460 cells.
Targeting brachyury and downstream effectors pathway has the
potential to be developed into a promising treatment strategy,
which has far reaching significance for the therapy of NSCLC.
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N6-Methyladenosine (m6A) is the most common RNA internal modification in eukaryotic

cells. Its regulatory effects at the post-transcriptional level on both messenger

RNAs (mRNAs) and noncoding RNAs have been widely studied; these include

alternative splicing, stability, translation efficiency, nucleus export, and degradation. m6A

modification is implicated in a series of physiological and pathological activities, such

as embryonic stem cell differentiation, immunoregulation, adipogenesis, and cancer

development. Recently, the significance of m6A methylation has been identified in both

viral hepatitis and non-alcohol fatty liver disease (NAFLD), which are major risk factors

in the development of hepatocellular carcinoma (HCC). Given the high incidence and

mortality rate of HCC worldwide, it is of great importance to elucidate the mechanisms

underlying HCC initiation and progression. m6A as an emerging research focus has

great potential to facilitate the understanding of HCC, particularly from an etiological

perspective. Thus, in this review, we summarize recent progress in understanding m6A

modification related to viral hepatitis, NAFLD, and HCC, including their mechanisms and

clinical applications.

Keywords: m6A methylation, hepatocellular carcinoma, molecular mechanism, cancer etiology, viral hepatitis,

non-alcohol fatty liver disease

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related death worldwide and
accounts formore than 80% of primary liver cancers (1). Viral hepatitis and non-alcoholic fatty liver
disease (NAFLD) are two significant risk factors for HCC development (2–4). The infection rates of
hepatitis B virus (HBV) and hepatitis C virus (HCV) remain significant in high-risk areas, although
vaccines and effective medicines have been designed for the prevention and treatment of viral
hepatitis (5, 6). With the global epidemic of obesity, NAFLD has emerged as another nonnegligible
force in HCC etiology (7). Due to asymptomatic disease progression, most patients have already
advanced into liver cirrhosis or even HCC at the first diagnosis (3). Hence, these patients are
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not eligible for curative treatments such as surgical resection
or liver transplantation, and instead are left with the exclusive
choice of palliative therapies. Worse still, first-line-medicines
such as sorafenib can only extend the overall survival of patients
for another 3 months, and the response rate of the emerging
programmed cell death ligand-1 (PD-L1) immune checkpoint
inhibitor is lower than 20% in HCC patients (8, 9). Thus, it
is of great urgency to develop novel therapies for the effective
prevention, early diagnosis and precision treatment of HCC.

N6-methyladenosine (m6A) is a ubiquitous RNA internal
modification at the posttranscriptional level; it was first identified
in eukaryotic cells, and later found in prokaryotic cells and
viruses (10–15). In 2012, the landscape of m6A modification
was for the first time identified at the whole-transcriptome level
(16, 17). Most m6A sites are enriched within a consensus motif
of RRACH (R = G or A, A = m6A and H = A, C, or U), and
are preferentially located around stop codons and within long
internal exons. Regulators of m6Amodification include “writers,”
which are methyltransferases responsible for transferring the
methyl group to the N6 position; “readers,” which are RNA-
binding proteins that recognize specific m6A-modified positions
to regulate RNA functions; and “erasers,” which are demethylases
that mediate this reversible biological process (18–20).

m6A modification regulates the metabolic processes of both
messenger RNAs (mRNAs) and noncoding RNAs (ncRNAs),
which include structural stability, alternative splicing, translation

Abbreviations: HCC, Hepatocellular carcinoma; NAFLD, Non-alcohol fatty liver

disease; HBV, Hepatitis B virus; HCV, Hepatitis C virus; PD-L1, Programmed

cell death ligand-1; m6A, N6-methyladenosine; mRNAs, Messenger RNAs;

ncRNAs, Noncoding RNAs; METTL3, Methyltransferase-like 3; METTL14,

Methyltransferase-like 14; WTAP, Wilm’s tumor 1-associated protein; ZC3H13,

Zinc finger CCCH domain-containing protein 13; ALKBH5, AlkB homolog 5;

FTO, Fat mass and obesity-associated protein; YTHDC1, YTH domain-containing

1; YTHDF2, YTH N6-methyladenosine RNA-binding protein; RBM15, RNA-

binding motif protein 15; HNRNPC, Heterogeneous nuclear ribonucleoprotein

C; RBM15, RNA-binding motif protein 15; siRNA, Small interfering RNA;

RIOK3, ROI kinase 3; CIRBP, Cold inducible RNA binding protein; dsDNA,

Double-stranded DNA; IFNs, Interferons; ISGs, IFN-stimulated genes; DAA,

3-deazaadenosine; SAC, S-adenosylhomocysteine; SAM, S-adenosylmethionine;

PQSs, Putative quadruplex-forming sequences; G4s, Guanine-quadruplexes; SNP,

Single nucleotide polymorphism; NASH, Non-alcoholic steatohepatitis; SRSF2,

Serine and arginine rich splicing factor 2; RUNX1T1, Runt-related transcription

factor 1; CCNA2, Cellular cycle regulators cyclin A2; CDK2, Cyclin-dependent

kinase 2; Fasn, Fatty acid synthase; BCAA, Branched-chain amino acids; AMPKα1,

AMP-activated protein kinase α1 subunit; LPS, Lipopolysaccharide; ZCCHC4,

Zinc finger CCHC-type containing 4; IL11, interleukin 11; SERPINE2, Serpin

family E member 2; HIF-2α, Hypoxia-inducible factor 2α; SOCS2, Suppressor

of cytokine signaling 2; ETS1, ETS proto-oncogene 1; HuR, Hu-antigen R;

IGF2BP1, Insulin-like growth factor 2 mRNA-binding proteins; SRF, Serum

response factor; ID2, DNA binding 2; PKM2, Pyruvate kinase M1/2; Me-

RIP-PCR, Methylated- RNA immunoprecipitation- polymerase chain reaction;

lincRNAs, Long noncoding RNAs; miRNAs, MicroRNAs; CircRNAs, circular

RNAs; pri-miRNA, primary miRNA; DGCR8, DiGeorge syndrome chromosomal

region 8; GATA3, GATA binding protein 3; pre-mRNA, Precursor mRNA; YAP,

Yes-associated protein; CeRNA, Competitive endogenous RNA; PDX, Patient

derived xenograft; PLGA-PEG NP, PEGylated PLGA nanoplatform; rRNAs,

Ribosomal RNAs; CSAD, Cysteine sulfinic acid decarboxylase; GOT2, Glutamic-

oxaloacetic transaminase 2; LLPS, Liquid-liquid phase separation; H3K36me3,

H3 trimethylation at Lys36; carRNA, Chromosome-associated regulatory RNA;

EMT, Epithelial mesenchymal transition; GC, Gastric cancer; ZMYM1, Zinc finger

MYM-type containing 1; CRC, Colorectal cancer; NSCLC, Non-small cell lung

cancer; AML, Acute myeloid leukemia.

efficacy, export, and decay (21–24). The reciprocal effects of m6A
methylation with mRNAs or ncRNAs are associated with a series
of physiological and pathological biological behaviors such as
stem cell differentiation, immunoregulation and carcinogenesis
(25–27). There is mounting evidence that m6A dysregulation
is critically involved in HCC occurrence and development.
For example, elevated m6A levels in HCC fuel inflammation
and neovascularization in tumors by inhibiting m6A readers
(28). In addition, a reduction of m6A modification promotes
HCC metastasis in an m6A-dependent manner by modulating
microRNA (miRNA) processing (29). Furthermore, some m6A
regulators have shown clinical value as biomarkers or therapeutic
targets in HCC (30). Therefore, in this review, we mainly
summarize the potential mechanisms of m6A modification in
HCC development from an etiological perspective, as well as
its possible clinical applications, including as biomarkers and
therapeutic targets.

Regulators of m6A Modification
The m6A regulators, including “writers,” “erasers,” and “readers,”
cooperatively maintain the dynamic and reversible balance
of m6A methylation (31) (Figure 1). “Writers” including
methyltransferase-like 3 (METTL3), METTL14, and Wilm’s
tumor 1-associated protein (WTAP) comprise the major
components of the methyltransferase complex within the
nucleus, which is responsible for the m6A methylation process
(20). METTL3 is the core catalytic enzyme for transferring
methyl groups to N6 positions, while METTL14 is vital for
recognizing and stabilizing the METTL3-METTL14 complex
(32). WTAP binds the methyltransferase complex and recruits
it toward mRNA targets (33). Other identified “writers” include
METTL16, KIAA1429, zinc finger CCCH domain-containing
protein 13 (ZC3H13), and RNA-binding motif protein 15
(RBM15) (20). It was not until 2011 that scientists discovered that
m6Amodification could be reverted by demethylase, which drew
the attention of the broader academic community (34). Then it
was discovered that the dynamic demethylation process could
be achieved by “erasers” including AlkB homolog 5 (ALKBH5),
and fat mass and obesity-associated protein (FTO). FTO was
the first identified gene contributing to human obesity, and
its polymorphisms are closely related to insulin resistance and
metabolic diseases (35, 36). Two studies reported the identical
increase in intracellular m6Amethylation after knocking out two
different “erasers” (34, 37). Moreover, the demethylation of FTO
and ALKBH5 mainly affects m6A residues within the nucleus.

The most studied m6A “readers” are YTH domain-containing
proteins, including YTHDF1-3 (located in the cytoplasm),
YTHDC1 (in the nucleus), and YTHDC2 (in both) (19).
YTHDF1 and YTHDF3 have coordinated functions that
promote the translation of m6A-modified mRNAs, while
YTHDF2 expedites mRNA degradation, and YTHDC1 takes
part in mRNA alternative splicing and nuclear export (38–40).
YTHDC2 acts paradoxically in either promoting translation or
accelerating mRNA degradation (41). Recently, a novel cellular
biological process called liquid-liquid phase separation (LLPS)
was discovered, through which degradation, translation and
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FIGURE 1 | Schematic diagram of the process and biological function of RNA m6A methylation. The methyltransferase complex composed of METTL3, METTL14

and WTAP co-transcriptionally catalyzes the transfer of the methyl group from adenosylmethionine (SAM) onto the N6 position of adenosine; other “writers” include

RBM15/15B, KIAA1429, and ZC3H13. With the guidance of histone H3K36me, the m6A sites are preferentially located near the 3′ terminus of the transcripts.

Demethylases FTO and ALKBH5 reverse the m6A process. In nucleus, the “readers” of YTHDC1, IGF2BPs, HNRNPs participate in diverse RNA biological processes,

including mRNA alternative splicing, stability, export, and miRNA maturation. The m6A-modified R-loop structures are implicated in the regulation of genomic stability.

In cytoplasm, the m6A-modified mRNAs are targeted for regulation through a process called liquid-liquid phase separation (LLPS), which is mediated by YTHDFs.

Then, other “readers” regulate the degradation and translation of mRNAs in the cytoplasm. ssDNA, single strand DNA; pol II: RNA polymerase II.

splicing of m6A-modified mRNAs are regulated (42). Some low-
complexity domains belonging to YTHDFs have the ability to
interact with each other and to partition into liquid droplets
within the cytoplasm (43). This process can be greatly enhanced
by mRNA transcripts containing multiple m6A residues, which
recruit and juxtapose YTHDF proteins, initiating the phase

separation process. Subsequently, the mRNA-YTHDF complexes
partition into endogenous phase-separated liquid droplets, such

as stress granules, P-bodies, or neuronal RNA granules, thereby
transforming into membraneless compartments, where their
degradation, splicing, and transportation are regulated (42).
In addition to the YTH reader proteins, there are some
binding proteins regulated by m6A-induced structural changes
called m6A “switches,” which include heterogeneous nuclear
ribonucleoprotein C (HNRNPC), HNRNPG, HNRNPA2B1,
and insulin-like growth factor 2 mRNA binding protein 1-
3 (IGF2BP1-3) (44). HNRNPC and HNRNPG are involved
in mRNA splicing, and HNRNPA2B1 participates in miRNA

maturation (18). IGF2BPs function through the recruitment
of RNA stabilizers, such as Hu antigen R (HuR), an RNA
stabilizer, to maintain mRNA stability (45–47). However, the
detailed mechanisms of their interactions with m6A-modified
sites require further exploration.

In addition to the well-studied functions of m6A regulators,
there are some newly identified mechanisms that participate in
the regulation of m6A modification. Huang et al. discovered
that histone H3 trimethylation at Lys36 (H3K36me3), one of
the transcriptional markers, interacts with METTL14 to guide
the methyltransferase complex to nascent RNA and to specific
regions of mRNA transcripts (48). In that study, silence of
either METTL14 or H3K36me greatly reduced the m6A levels
throughout the transcriptome. Moreover, the overlapped sites
of histone modification and m6A modification are preferentially

located near the coding sequence (CDS) and 3
′

terminus of the
transcripts. This finding partially explained the site specificity of
m6A modification in mRNA transcripts, and revealed another
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layer of regulatory mechanism involving crosstalk between m6A
methylation and histone modification. Other recent studies have
shown that m6A modification regulates not only the stability
of mRNAs but also DNA structures. R-loops are nucleic acid
structures consisting of three strands: an RNA: DNA hybrid and
a single strand of unpaired DNA (49). They actively regulate
genome dynamics and functions, including immunoglobulin
class switching, transcription initiation and termination as well as
genomic stability (49). Two independent studies have confirmed
the existence of m6A modified-RNAs within R-loops. Abakir
et al. found that YTHDF2 recognized m6A-modified R-loops
and promoted their degradation (50). By contrast, Yang et al.
observed a decreased R-loop levels upon METTL3 silencing,
which suggests that m6A may promote R-loop formation (51).
Although there are discrepancies between these two studies,
they both indicate that m6A plays an important role in
maintaining genomic integrity by modulating the accumulation
of R-loops. Further, this modulation prevented the occurrence
of a variety of diseases such as cancers, Kaposi’s sarcoma and
neurological disorders. In addition, Liu et al. identifiedMETTL3-
catalyzed m6A on chromosome-associated regulatory RNAs
(carRNAs), such as enhancer RNAs, repeats RNAs and promoter-
associated RNAs, and YTHDC1 promotes the degradation of
these RNAs (52). Moreover, a reduction of m6A modification
increases carRNA levels and promotes the open chromatin state
and transcription. This finding suggests a regulatory effect of
m6A on carRNAs, which in turn affects the chromatin state
and transcription.

Role of m6A Modification in Hepatocellular
Carcinoma
The regulators of m6A play a pleiotropic role in the modulation
of HCC, and both mRNA and ncRNA participate in m6A-
mediated biological processes in HCC (Figure 2). The m6A
regulators reviewed in this article include the “writers” METTL3,
METTL14, WTAP, and KIAA1429; the “eraser” FTO and the
“readers” YTHDF1, YTHDF2 and IGF2BP1; their regulatory
effects in HCC are summarized in Table 1.

m6A in Hepatocellular Carcinoma and Other Cancers
Dysregulation of m6A methylation and abnormal expression
of regulators are involved in various cancer functions, such
as distant metastasis, cancer immunoregulation, tumor
angiogenesis and cancer stem cell formation, by modulating
the degradation, processing or translation of the downstream
targeted RNAs. The epithelial mesenchymal transition (EMT), a
critical process for cancer cell metastasis, is regulated by the m6A
writer METTL3, not only in HCC but across diverse cancers. Lin
et al. discovered that METTL3 is upregulated in HCC, promoting
EMT by enhancing the m6A modification of Snail mRNA (53).
Moreover, YTHDF1 mediates the m6A-increased translation
of Snail mRNA, which promotes the HCC metastasis. Notably,
METTL3 also participates in EMT in gastric cancer (GC), ovarian
cancer and prostatic cancer (27, 54). Yue et al. found that m6A
modification of zinc finger MYM-type containing 1 (ZMYM1),
a downstream target of METTL3, enhanced its stability through
the regulation of HuR, and that ZMYM1 represses E-cadherin

promoter by recruiting the CtBP/LSD1/CoREST complex,
thereby facilitating the EMT process and metastasis of GC (55).
Intriguingly, Ma et al. reported that METTL14 suppresses HCC
metastasis by regulating miRNA in an m6A-dependent manner
(29). METTL14 also inhibits the progression and metastasis of
colorectal cancer (CRC) by downregulating oncogenic lncRNA
(56). Moreover, it can inhibit CRC cell growth via miR-375
/Yes-associated protein 1 (YAP1) pathway (57). These findings
confirm the significant roles of m6A writers in regulating tumor
metastasis and progression across diverse cancers.

It is noteworthy that, because m6A modification and the
expression of m6A regulators are highly heterogeneous across
various cancer types, the effects of m6A methylation may differ
even in the same context. For instance, hypoxia in breast
cancer stimulates hypoxia-inducible factor (HIF)-1α and HIF-
2α- dependent expression of ALKBH5, which leads to the
demethylation of NANOG mRNA and the induction of cancer
stem cell phenotype (58). In non-small cell lung cancer (NSCLC),
YTHDF1 is identified as a hypoxia adaptor, whose depletion
inhibits tumor progression by regulating translation efficacy (59).
However, in HCC, hypoxia induces the reduction of YTHDF2,
which promoted tumor inflammation and angiogenesis (28).
Additionally, YTHDF2 is recognized as an oncogene that is
upregulated in lung cancer and acute myeloid leukemia (AML)
to promote tumor initiation and growth, exhibiting a completely
opposite function as in HCC (60, 61).

The functional implications of m6A in tumor immunology are
drawing increasing attention. Yang et al. reported overexpression
of FTO in melanoma, and that its knockdown increased the m6A
level of critical tumorigenic genes such as PD-1, CXCR4, and
SOX10, leading to increased mRNA degradation mediated by
YTHDF2 (62). Moreover, silencing of FTO sensitized melanoma
to anti-PD-1 treatment. Li et al. found that overexpression
of WTAP is associated with poor prognosis in GC patients,
which might be correlated with T lymphocyte infiltration (63).
However, to date, no studies have explored the relationship
between m6A and immunoregulation in HCC. Due to the low
response rate of advancedHCC patients to anti-PD-L1 treatment,
m6A might be a promising new target for the study of drug
insensitivity and resistance in immunotherapies.

Overall, the above evidence indicates that dysregulated m6A
modification plays an important role in cancer biology, and this
epigenetic alteration is highly heterogeneous.

m6A and mRNA in Hepatocellular Carcinoma
Two recent studies have revealed m6A mechanisms underlying
the negative correlation between YTHDF2 and HCC under
hypoxic conditions (28, 64). Hou et al. reported that reduced
expression of YTHDF2 in HCC tumor tissues was accompanied
by increases in m6Amethylation and mRNA expression, and was
associated with unfavorable survival outcomes and poor clinical
classification (28). The study revealed that YTHDF2 inhibits
HCC progression through m6A modification by decreasing the
stability of interleukin 11 (IL11) and serpin family E member 2
(SERPINE2) mRNA, which are involved in tumor angiogenesis
and inflammation activation respectively (Figure 2A). Moreover,
repression of HCC by YTHDF2 was reversed by HIF-2α
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FIGURE 2 | Partial m6A regulatory mechanisms involved in messenger RNAs (mRNAs) and noncoding RNAs (ncRNAs) in HCC. (A) The hypoxia tumor

microenvironment negatively regulates YTHDF2 to promote cancer inflammation and vascular abnormalization. (B) Upregulated WTAP promotes HCC tumorigenesis

by destabilizing its targeted mRNAs in an m6A-dependent manner. (C) Downregulated METTL14 promotes HCC metastasis by inhibiting microRNA 126 (miRNA)

maturation in an m6A-dependent manner. (D) Upregulated KIAA1429 promotes HCC progression in an m6A- and lncRNA-dependent manner.

under hypoxic conditions. These findings reveal molecular
mechanisms through which targeted HCC treatment may be
utilized. Interestingly, Zhong et al. showed different mechanisms
in HCC in terms of YTHDF2 reduction induced by hypoxia

(64). YTHDF2 directly bound with the 3
′

terminus of the EGFR
m6A site to accelerate its decay, which impeded the MEK/ERK
signaling and thereby suppressed HCC. In addition, the
expression of YTHDF2 was repressed under hypoxic conditions
in HCC. Although the study demonstrated the significant
role of YTHDF2 in inhibiting HCC, whether it involves m6A
modification requires validation in more experiments.

In addition to the direct regulatory effect of YTHDF2, there is
evidence suggesting the cooperative function of m6A regulators
in HCC. Chen et al. showed that METTL3 promotes HCC
progression in a YTHDF2- and m6A-dependent manner (65).
In that study, overexpression of METTL3 promoted tumor
growth in CRISPR/dCas9-VP64 models in vivo and in vitro,
indicating its positive correlation with HCC. Suppressor of
cytokine signaling 2 (SOCS2), a direct downstream target of
METTL3, inhibited tumor progression. The expression of SOCS2

was downregulated by METTL3 through m6A modification,
in which YTHDF2 bound to the 3′ terminus of SOCS2 to
facilitate its decay. Therefore, the m6A regulators METTL3 and

YTHDF2 cooperatively promoted the development of HCC in

an m6A-dependent manner. Another regulator of m6A, WTAP,
has also been found to promote HCC progression through
m6A modification (Figure 2B) (66). WTAP is significantly
upregulated in HCC and this is associated with unfavorable
survival outcomes (66). ETS proto-oncogene 1 (ETS1), a
tumor suppressor in HCC, is negatively regulated by WTAP
via m6A modification. Moreover, m6A modification of ETS1
simultaneously inhibits its binding with HuR, the RNA stabilizer,
which promotes its degradation. In addition, WTAP promotes
the G2/M phase transition via ETS1-p21/p27 signaling pathway
to regulate the HCC cell cycle. Overall, these results confirm
the significance of cooperative effects between m6A regulators
themselves and RNA stabilizers in HCC progression.

As m6A research advances, new regulators are being identified
that take part in the biological processes of tumors. IGF2BPs
(including IGF2BP1/2/3) are newly identified m6A reader
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TABLE 1 | Role of m6A regulators in HCC occurrence and development.

Diseases Regulators Specific function Mechanisms References

HBV METTL3 Promoting viral replication and inhibiting viral

proteins expression

Promoting reverse transcription and

reducing HBV RNA stability

(81)

METTL14

YTHDF2

YTHDF3

HCV YTHDF Inhibiting viral infection Inhibiting infectious virions production by

relocating them to lipid droplets where

virions assemble

(79)

METTL3

METTL14

NAFLD FTO Promoting adipogenesis and enhancing

adipocyte differentiation

Promoting alternative splicing of RUNX1T1

by inhibiting RNA-binding of SRSF2

(87)

FTO Promoting adipogenesis Inhibiting YTHDF2-mediated degradation

of CCNA2 and CDK2

(108)

FTO, METTL3 FTO promoting lipid accumulation while

METTL3 inhibiting adipogenesis

(109)

METTL3 Facilitating insulin resistance and accelerating

fatty acid metabolism in vitro

Promoting Fasn expression (84)

METTL14 Promoting insulin resistance, lipogenesis and

lipolysis in vivo

Activating the AKT signaling (83)

HCC METTL3 Promoting proliferation, migration and colony

formation in vitro, promoting tumorigenesis and

metastasis in vivo

Inhibiting SOCS2 expression by facilitating

YTHDF2-mediated SOCS2 degradation

(65)

METTL3-mediated upregulation of LINC00958

promoting proliferation, migration and lipogenesis

in HCC cells

Upregulating LINC00958 by enhancing its

stability

(72)

Promoting EMT phenotypes in vitro and in vivo Promoting YTHDF1-mediated translation

of Snail mRNA

(53)

WTAP Promoting proliferation and tumor growth in vitro

and in vivo

Inhibiting ETS1 expression by destabilizing

its binding with HuR

(66)

METTL14 Inhibiting HCC metastasis Promoting pri-miR-126 processing by

binding to DGCR8

(29)

KIAA1429 Inhibiting proliferation and metastasis in vitro and

in vivo

Promoting GATA3 pre-mRNA decay by

inhibiting HuR

(73)

Promoting HCC cells migration and invasion Inhibiting ID2 (68)

YTHDF2 Inhibiting hypoxia-induced inflammation,

angiogenesis and metastasis in HCC

Inhibiting IL11 and SERPINE2 by

promoting their degradation

(28)

Suppressing proliferation and tumor growth Promoting the decay of EGFR mRNA by

binding to its 3′ terminus

(64)

Positively associated with HCC malignancy Inhibited by miR-145 binding to its 3′

terminus

(71)

IGF2BP1 Promoting cancer cell growth and invasion Inhibiting miRNA-mediated degradation of

SRF transcripts

(67)

ZCCHC4 Promoting proliferation in vitro and tumor growth

in vivo

Promoting 28S ribosomal RNA

methylation

(75)

FTO Promoting proliferation and in vivo tumor growth Increasing PKM2 expression (69)

METTL3, YTHDF1 Predicts worse survival Overexpressed in HCC tissues (76, 77)

METTL14 Predicts worse survival Regulating CSAD, GOT2 and SOCS2 (30)

proteins that promote the stability and storage of targeted
transcripts by recognizing the consensus motif GGAC (A =

m6A) (45). In HCC cells, IGF2BP1 upregulates serum response
factor (SRF) by binding with its 3′ terminus and promoting its
m6A modification (67). It also inhibits the miRNA-mediated

degradation of SRF transcripts. The dual regulations enhance
the expression of SRF-targeted genes thereby facilitating HCC
tumorigenesis. Strikingly, there are 35 genes regulated by SRF
or IGF2BP1 in total, which in combination construct an
oncogenic cellular network in HCC, making themselves valuable
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therapeutic targets. Recently, KIAA1429 and FTO were both
found to be overexpressed in HCC, which predicted unfavorable
prognoses in HCC patients (68, 69). KIAA1429 inhibits the
expression of inhibitor of DNA binding 2 (ID2) by promoting
its m6A methylation while FTO downregulates pyruvate kinase
M1/2 (PKM2) by triggering its demethylation. Consequently,
KIAA1429 and FTO together promote the tumorigenesis of
HCC. However, these results need higher levels of evidence
for validation.

Overall, these findings suggest that mRNA stability and
degradation are the most common m6A regulatory function in
HCC. We believe that with more in-depth research on m6A
regulators, new mechanisms will soon be revealed.

m6A and Noncoding RNAs in Hepatocellular

Carcinoma
The regulatory effects of ncRNAs including long noncoding
RNAs (lncRNAs), microRNAs and circular RNAs (circRNAs) on
m6A are nonnegligible in HCC. Recently, several studies revealed
how the interplay between m6A modification and ncRNAs
influences the biological behaviors of HCC.

METTL14 inhibits HCC metastasis by regulating primary
miR-126 (pri-miR-126) processing in anm6A-dependent manner
(Figure 2C) (29). The processing of pri-miRNAs is usually
performed by microprocessor proteins such as DiGeorge
syndrome chromosomal region 8 (DGCR8) (70). In this study,
overexpression of METTL14 upregulated the expression of
miR-126 by promoting pri-miR-126 binding with DGCR8,
which facilitated its processing. The same study found that in
metastatic HCC, decreased METTL14 led to the accumulation
of unprocessed pri-miR-126. Moreover, the inhibition of
metastasis was reversed by miR-126 inhibitor in METTL14-
overexpressing HCC cells, indicating the significance of miR-
126 as a downstream target of METTL14 to inhibit metastatic
HCC. In another study, miR-145 regulated m6A levels in HCC
cells through the modulation of reader protein YTHDF2 (71).
Overexpression of miR-145 increased m6A methylation in HCC
cells and this regulation was reversed by overexpression of
YTHDF2. Moreover, the luciferase activities confirmed that miR-
145 directly targeted the 3′ terminus of YTHDF2 mRNA, and in
vitro experiments proved its inhibition of HCC cell proliferation.
This is the first report in HCC that ncRNAs regulate m6A
regulators to influence cancer development. However, it should
be noted that the effects of YTHDF2 in that study contradict
earlier reports, which we suspected could be due to tumor
heterogeneity in HCC (28, 64).

More recently, m6A modification has been reported to be
correlated with the upregulation of LINC00958 in HCC, which
may promote proliferation, invasion, migration and lipogenesis
of HCC cells in vitro (72). Moreover, the upregulation of
LINC00958 may be regulated by METTL3 via the modulation
of the stability of RNA in HCC cells, and high expression of
both genes may predict poor prognosis in HCC. However, this
only shows that METTL3 is positively related with LINC0958,
and thus more specific experimental methods are needed for
validation. KIAA1429 can also promote HCC development via
the m6A-dependent modification of GATA binding protein

3 (GATA3), in which its antisense transcript-derived lncRNA
called GATA3-AS plays an important role (Figure 2D) (73).
KIAA1429 is significantly upregulated in HCC and predicts
worse survival outcomes in HCC patients. Knockdown of
KIAA1429 is negatively related with hepatoma growth both in
vitro and in vivo. KIAA1429 promotes the decay of GATA3
precursor mRNA (pre-mRNA) through m6A modification,
thereby promoting HCC progression. The RNA binding protein
HuR increases the stability of GATA3 pre-mRNA by binding
with the 3′ terminus of pre-mRNA. However, this binding is
negatively regulated by KIAA1429 through m6A modification.
On the other hand, the lncRNA GATA3-AS acts as a cis-acting
element for KIAA1429 to guide m6A methylation on GATA3
pre-mRNA 3′ terminus. This KIAA1429/GATA3 regulatory axis
in HCC development reflects the breakdown of m6A dynamic
balance under pathological conditions.

In recent research, circRNA has been found to facilitate
HCC progression indirectly through m6A modification.
CircRNA_104075 promotes YAP-related HCC progression via
hepatocyte nuclear factor 4 α (HNF4a) in HCC (74). It also
acts as a competitive endogenous RNA (ceRNA) to increase
YAP expression by absorbing miR-583-3p. Intriguingly, an
m6A motif, AGACU, has been identified within the 3′ terminus
of YAP, which may be critical for the interplay between YAP
and miR-582-3p. Furthermore, the critical effects of m6A was
confirmed by luciferase activities and RNA immunoprecipitation
quantitative polymerase chain reaction (RIP-qPCR) analyses.
However, the mechanisms underlying this m6A modification
should be further validated.

Overall, in HCC, m6A modification regulates ncRNAs in
diverse ways, such as through splicing, preprocessing, stability
and decay, and in turn ncRNAs affect and participate in the m6A
process. Therefore, the interactions between m6A and ncRNAs
play an important role in HCC progression, and we believe that
more regulatory mechanisms will be identified in the future.

Future Prospects and Clinical Applications
of m6A in Hepatocellular Carcinoma
Considering the diverse biological effects mediated by m6A
modification in HCC, there may ample opportunity to devise
effective treatments and targeted therapies for HCC patients.

Recently, progress has been made on experimental therapies
targeting m6A-specific mechanisms. Not only novel medicines
but also new m6A regulators are being identified. Hou et al.
demonstrated that PT2385 has excellent efficacy in the treatment
of HCC, and significantly reduces tumor volume in subcutaneous
HCC tumormodels (28). It can reverse the reduction of YTHDF2
regulated by HIF-2α, which attenuates tumorous inflammation
and angiogenesis thereby suppressing HCC growth. Although
the administration of PT2385 does not affect the localization
of YTHDF2 and cannot take effect with YTHDF2 deficiency, it
does provide an opportunity to inhibit hypoxia-induced HCC
development. Zuo et al. invented a novel PEGylated PLGA
nanoplatform (PLGA-PEG NP) encapsulating si-LINC00958
targeting LINC00958 for the treatment of HCC (72). In the
study, it exhibited controllable release, excellent cellular drug
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uptake and precise tumor-targeting capacity. Moreover, tumor
size was effectively reduced in PLGA-PEG (si-LINC00958)
NPs-treated HCC-patient-derived xenograft (PDX) model, and
the pathological results and blood examination exhibited no
significant treatment-related toxicity in the mouse model. A
new m6A methyltransferase, zinc finger CCHC-type containing
4 (ZCCHC4), which mainly takes part in the methylation of
28S ribosomal RNAs (rRNAs), has been identified both in
vitro and in vivo in HCC (75). Silence of ZCCHC4 decreases
m6A methylation in 28S rRNA and inhibits proliferation of
CRISPR/cas9-edited HepG2 cells. In addition, it is overexpressed
in HCC tumor tissues and its silence significantly inhibits tumor
growth in a xenograft animal model, confirming its significant
role in promoting HCC progression through m6A methylation.
Although its detailed biological functions in HCC require more
validation, it might be a potential novel target for HCC treatment.

The application of m6A in HCC is not limited to clinical
treatment; it may also be applied to cancer diagnosis and
prognostic prediction. Recent studies have shown that m6A
regulators have significant potential to serve as biomarkers.
METTL3 and YTHDF1 are both overexpressed in HCC
in several studies, and thus may be useful biomarkers
for survival prediction and clinical classification (76, 77).
Another study identified three METTL14-related downstream
genes including cysteine sulfinic acid decarboxylase (CSAD),
glutamic-oxaloacetic transaminase 2 (GOT2), and SOCS2 using
bioinformatics methods (30). They were included in a nomogram
for the prediction of overall survival. Other overexpressed m6A
regulators in HCC include WTAP, KIAA1429 and FTO, while
downregulated enzymes includeMETTL14 and YTHDF2 (28, 66,
68, 69, 73).

Relationship Between Hepatocellular
Carcinoma and Viral Hepatitis and
Non-alcoholic Fatty Liver Disease
Infection with hepatitis virus is the leading cause of HCC
worldwide (3). There is a high rate of HBV infection in eastern
Asia while HCV infection is more prevalent in developed
countries (2, 5). The etiological connection between viral
hepatitis and HCC enable us to intervene with the progression
of disease for early prevention of HCC. HBV or HCV infection
underlies the context of chronic liver inflammation, which would
lead to liver cirrhosis and eventually HCC (3, 78). During the
process of carcinogenesis, dysregulation of m6A may facilitate
virus activity and disturb host immunity, causing persistent
virus infection, shaping inflammatory microenvironment and
consequently leading to HCC occurrence (Figure 2). For
instance, depletion of certain m6A regulators in HCV can
enhance viral activity, which increases virus titers without
disturbing viral replication (79). Moreover, HCV infection
affects host immunity in an m6A-dependent manner (80). m6A
modification has also been observed in HBV, and is associated
with virus reverse transcription (81). Thus, dysregulation of m6A
in viral host cells is closely associated with the development of
viral hepatitis, and may contribute to the occurrence of HCC.

NAFLD or non-alcohol steatohepatitis (NASH) is gaining
increasing attention for its prevalence around the world and has
become one of the leading etiologies in HCC (7). NAFLD is
in fact a wide-range of chronic liver diseases, characterized by
excessive accumulation of triglycerides in hepatocytes. It tends
to progress from isolated hepatocyte triglyceride accumulation
and steatosis (NAFL), to hepatic triglyceride accumulation with
inflammation and hepatic injury (NASH), and eventually to
liver fibrosis and HCC (82). NAFLD is strongly correlated
with metabolic syndromes such as diabetes and obesity, and
these risk factors interact to increase the risk for HCC
occurrence in NAFLD patients. The pathogenesis of HCC
in NAFLD patients is a complex process involving multiple
mechanisms including lipogenesis, fat accumulation, insulin
resistance, oxidative, and endoplasmic reticulum (ER) stress,
inflammatory response and DNA damage (83–86) (Figure 2).
Recent studies have indicated that m6A modification actively
participates in these processes. The m6A demethylase FTO
has been widely studied due to its established relationship
with obesity, and it has been found to promote adipogenesis
through multiple signaling pathways (87). Additionally, other
m6A regulators such as METTL3 and METTL14 have been
reported to participate in the regulation of insulin resistance (83,
84). These studies prove the significance of m6A modification in
NAFLD progression, opening up an opportunity to prevent HCC
in the future.

Role of m6A Modification in Viral Hepatitis
Gokhale et al. outlined the mechanisms of m6A methylation
in regulating the cellular activity of HCV in host cells (79).
Knockdown of METTL3 and METTL14 with small interfering
RNA (siRNA) increases the production of infectious virions of
HCV, which has also been observed in YTHDF reader proteins
(79). This may suggest that HCV replication can be inhibited by
m6A modification. In addition, m6A can directly modulate the
generation of HVC virions as revealed by immunofluorescent
staining that YTHDF reader proteins are directly localized to
the lipid droplets on which HCV virions assemble (Figure 3A)
(79). Gokhale et al. discovered new signaling pathways affected
by m6A modification after HCV infection, and reported that the
infection alters m6A modification of cellular mRNA (80); for
example, increasedm6A levels of ROI kinase 3 (RIOK3) promotes
its translation while decreased m6A levels of cold inducible
RNA binding protein (CIRBP) promotes its alternative splicing
(80). RIOK3 may be translated into serine/threonine kinase,
which may modulate antiviral pathways, and CIRBR encoding
protein might bond RNA in the cellular stress response (88–
90). Moreover, the innate immune response and endoplasmic
reticulum (ER) stress can trigger this m6Amethylation. However,
it remains unclear whether the specific cellular changes involving
those two mRNAs result from the innate immune response of the
host to defend against infection or is normal cellular response to
ensure robust replication of the HCV. Still, study of new m6A-
modified transcripts could help better elucidate the dynamic
changes that occur during viral infection and such materials may
be potential antiviral-targets.
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FIGURE 3 | Regulatory functions of m6A in HCC-related hepatic diseases. m6A regulation in HCV (A) and HBV (B) affect viral activities (infection and replication) while

m6A modification in non-alcohol fatty liver disease (NAFLD) promotes adipogenesis (C) and insulin resistance (D). (A) m6A-modified HCV RNAs are recruited by

YTHDF proteins onto lipid droplets to impede the assembly of unmodified RNAs, thus inhibiting the production of HCV infectious particles. (B) m6A modification at the

5′ terminus of the pregenomic RNA (pgRNA) is required for HBV reverse transcription while m6A at the 3′ terminus of pgRNA lead to destabilization of HBV transcripts.

(C) FTO promotes the demethylation of RUNX1T1 pre-mRNA; this inhibits SRSF2 binding and alters the alternative splicing of pre-mRNA, therefore promoting

adipogenesis. (D) The expression of METTL3 is upregulated in type 2 diabetes. Upregulated METTL3 inhibits hepatic insulin sensitivity through m6A modification of

Fasn mRNA and facilitates fatty acid metabolism.

m6A modification is vital in the regulation of HBV activity
(81). Although HBV is a double-stranded DNA (dsDNA) virus,
the extension of its life (replication) is fulfilled by RNA transcripts
(91). Imam et al. was the first time to identify m6A in HBV-
infected cell lines and liver tissues of chronic HBV patients
(Figure 3B) (81). They also reported the determinant m6A motif

DRACH (D= A, G, or U and H= A, C, or U) within the epsilon
loop near the 3′ terminus of HBV mRNA, and that the m6A site
is located at A1907 (1905-1909, GGACA) (81). Knockdown of

them6A regulatory enzymes (YTHDF2, YTHDF3,METTL3, and
METTL14) may increase the expression of HBV proteins (HBc
and HBs), by reducing the stability of HBV RNA. However, m6A

at the 5′ stem loop increases reverse transcription and silencing
of MTEEL3 as well as METTL14 reduces reverse transcription
(81). Thus, it is obvious that the effects of m6A in regulating

HBV replication or infection is two-sided, which suggests that
m6A modification in viral metabolism is more of a temporal and
transient modulation to adapt to the environment of host cells.

Potential Antiviral Therapies Targeting m6A
and Future Prospects
Antiviral treatment is indispensable in HCC patients with viral
hepatitis, not only for the inhibition of viral replication but also
for the prevention of tumor progression (92, 93). The universal
presence of m6A in various viruses makes it a potential target for
a wide range of viral infection including HBV and HCV.

Interferons (IFNs) have been used in HCC patients with
chronic viral hepatitis to impede virus infection and replication,
which can effectively prevent the occurrence, recurrence and
metastasis of HCC (94–96). Recent studies have shown that,
one IFN-stimulated genes (ISG), ISG20, selectively recognize
and promotes degradation of m6A-modified HBV transcripts
(97). In that study, ISG20-mediated decay of specific HBV
RNAs was inhibited by the knockdown of YTHDF2 reader
proteins or methyltransferases. Moreover, this ISG20-mediated
RNA decay occurred only at m6A sites of A1907 and combined
with YTHDF2 reader protein to form a complex (97). These
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results lead to the assumption that any degradation process
of virus transcripts can be regulated by the combination of
YTHDF2 protein and its recognition at the epsilon stem loop
(A1907), therefore opening a new gate for the treatment of
HCC patients infected with hepatitis virus. There is evidence
that 3-deazaadenosine (DAA), the S-adenosylhomocysteine
(SAC) hydrolase inhibitor, could serve as a broad-spectrum
antiviral (98). The inhibition of SAC hydrolase results in the
accumulation of SAC, therefore impairing the generation of
S-adenosylmethionine (SAM), from which METTL3 acquire
methyl groups for m6Amethylation (98). In several studies, DAA
has been found to inhibit the replication of diverse viruses by
indirectly targeting m6A modification, and the compound has
demonstrated no detectable toxicity (99–102). After more in vivo
validation, DAA could be a promising medicine for the treatment
of viral hepatitis and the prevention of HCC.

In addition to currently available medicines that inhibit
viral activity through m6A mechanisms, there may be a
relationship between specific structural overlaps of viral genome
and consensus sequences of m6A modification (103). The
guanine-based putative-quadruplex-forming sequences (PQSs) is
a conserved secondary structure in viral RNA, which can fold
into guanine-quadruplexes (G4s) to regulate viral replication and
inhibit protein translation in flaviviruses (79, 104, 105). If viruses
can transform PQSs into G4s to counteract surveillance by host
cells, G4s could be a potential antiviral target (106, 107). In one
study, during the matching of viral PQS and m6A sequencing
data, it was found that some sites of m6A occur within the loops
of PQSs (103). In addition, mutation data have confirmed some
overlapped m6A site are vital for HBV replication. Therefore,
it is reasonable to propose that the colocalization of m6A and
PQSs in HBV RNA might result from the topological control of
m6A methylation, which could generate synergistic effects if it
becomes a therapeutic target. However, more sequencing data of
m6A is needed for further validation.

Role of m6A Modification in Non-alcohol
Fatty Liver Disease
m6A may play an important role in the metabolism of adipose
tissues (85). Significant differences inm6Amethylation landscape
have been observed between NAFLD mice induced through a
high-fat diet and normal mice (85). In addition, differential
m6A genes are highly expressed in pathways associated with
lipid metabolism (85). FTO has been widely studied since its
relationship with obesity was discovered (35). Zhao et al. first
demonstrated that demethylase FTO promotes the process of
adipogenesis by reversing m6A modification (87). Silence of
FTO can promote m6A modification, which strengthens the
binding capacity of serine and arginine rich splicing factor 2
(SRSF2) with targeted exon Runt-related transcription factor
1 (RUNX1T1) (Figure 3C). This alters the alternative splicing
of adipogenesis regulatory factor RUNX1T1, thereby slowing
the differentiation of preadipocytes and adipogenesis (87). This
positive regulation of FTO in lipogenesis has also been confirmed
in other cellular networks (108, 109). FTO knockdown lowers
the expression of cellular cycle regulators cyclin A2 (CCNA2)

and cyclin-dependent kinase 2 (CDK2) but increases their
m6A modification (108). In the meantime, their m6A-modified
mRNAs are recognized and degraded by YTHDF2, resulting in
suppressed adipogenesis. In addition, both FTO knockdown and
METTL3 overexpression can decrease the accumulation of lipids
by increasing mRNA m6A methylation (109). There are many
other studies on the potential role of FTO in NAFLD, which
we do not describe in detail here, because their mechanisms
may not involve m6A modification or the methods used for
m6A examination are not specific (110–112). In general, FTO
and its related signaling could be a prospective research target
in the treatment of NAFLD, and the prevention of NAFLD-
related HCC.

Another major mechanism of NAFLD progression is insulin
resistance (Figure 3D) (86). Intracellular METTL3 and m6A
methylation in type 2 diabetes patients are positively related
with insulin resistance (HOMA-β) and negatively related with
β-cell function (84). METTL3 knockout in the liver of mice
inhibits m6A modification and decreases the intracellular level
of fatty acid synthase (Fasn). However, the depletion of METTL3
improves insulin sensitivity and inhibits fatty acid synthesis (84).
These results indicate that insulin resistance is mediated by
METTL3 through m6A modification of Fasn mRNA and it may
accelerate the metabolism of fatty acids. Interestingly, another
study reported that depletion of METTL14 in β cells in mice
fed a high-fat diet led to seemingly paradoxical effects: insulin
sensitivity increased while insulin secretion decreased (83). In
that study, knockout of METTL14 lowered insulin secretion,
increased insulin sensitivity, inhibited lipogenesis and enhanced
lipolysis. Insulin sensitivity was enhanced due to the activation
of AKT signaling and decreased gluconeogenesis; we speculate
that the decrease in lipid accumulation might have resulted
from the enhanced insulin signaling in the liver (83). All in all,
METTL14 in β cells is positively correlated with lipogenesis and
insulin secretion but negatively related with insulin sensitivity.
Its function in insulin resistance and lipo-metabolism needs
further validation in hepatocytes. However, METTL14 has great
potential in the treatment of NAFLD, especially regarding to its
multiple effects on insulin and lipid metabolism.

Potential Therapies in Non-alcohol Fatty
Liver Disease and Future Prospects
Although the number of people diagnosed with NAFLD is large,
only a minority will fall into progressive liver disease or liver
cancers (113). Thus, it is important to identify patients who are
more likely to progress toHCC and conduct timely interventions.

The regulators of m6A methylation including METTL3,
METTL14, YTHDF2, and FTO are potential targets based
on their significant roles in the pathogenesis of NAFLD. For
instance, dietary branched-chain amino acids (BCAA) can
effectively regulate lipid metabolism in weanling piglets via m6A
modification (114). In one study, high- and low-dose feeding
of BCAA was associated with significantly lower levels of fatty
acid synthesis compared to normal-dose feeding, due to the
upregulation of lipolysis genes and downregulation of lipogenic
genes. Moreover, a lower level of m6Amethylation was identified
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with downregulation of METTL3 and FTO in the livers of the
high-BCAA group (114). The results indicated that a dietary
with high BCAAs can decrease lipid accumulation through the
regulation of m6A modification.

The protective effects of betaine (trimethylglycine) on
liver, including alleviation of impaired liver function and
decreased lipid accumulation, have long been recognized
(115, 116). Recently, it was confirmed that these protective
effects are mediated by FTO through m6A modification
(117). Betaine promotes lipolysis and lipid oxidative by
reversing the hypomethylated-mRNA and overexpressed FTO
in adipocytes of mice fed with high fat diet (118). In
addition, this reversion requires the existence of AMP-
activated protein kinase α1 subunit (AMPKα1) (118). Another
study reported that lipopolysaccharide (LPS)-induced liver
function and lipid metabolism disorder can be alleviated by
curcumin through the upregulation of m6A (119). Furthermore,
curcumin supplementation affected the expression of major m6A
regulators, indicating its powerful hepatoprotective effect (119).
There are plenty of other compounds such as exenatide and
entacapone that directly target m6A regulator, that worth more
researching in the future (120, 121).

CONCLUSION

In summary, m6A modification plays an important role in
the occurrence and development of HCC. Viral hepatitis and
NAFLD aremajor risk factors for HCC, which shows a significant
relationship with m6A methylation. In HCV and HBV, m6A
regulates the infection and replication of virus. In NAFLD, it

participates in insulin resistance and the accumulation of lipids.
Therapeutic experiments regarding m6A have been conducted
on two diseases, which will greatly promote the prevention
of HCC. However, the chronic inflammation that accompanies
these ailments will lead to liver fibrosis and/or cirrhosis, whose
pathogeneses regarding m6A warrant further study. In HCC,
m6A regulators specifically regulate mRNA splicing, translation,
and degradation, while ncRNAs interact with m6A, leading to
changes in gene expression; consequently, mRNAs and ncRNAs
both regulate the progression of HCC. Therefore, in terms of the
diversity of m6A in HCC, m6A-related molecules are potential
biomarkers for early diagnosis and prospective therapeutic
targets for clinical treatment. Furthermore, in the age of precision
medicine, m6A-related therapies could be tailored based on the
etiology and pathogenesis of HCC patients, which will optimize
treatments and their benefits.
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City, Mexico

Despite the recent advances in chemotherapeutic treatments against cancer, some types

of highly aggressive and invasive cancer develop drug resistance against conventional

therapies, which continues to be a major problem in the fight against cancer. In recent

years, studies of alterations of DNA methylome have given us a better understanding

of the role of DNA methylation in the development of tumors. DNA methylation (DNAm)

is an epigenetic change that promotes the covalent transfer of methyl groups to DNA.

This process suppresses gene expression through the modulation of the transcription

machinery access to the chromatin or through the recruitment of methyl binding proteins.

DNAm is regulated mainly by DNA methyltransferases. Aberrant DNAm contributes to

tumor progression, metastasis, and resistance to current anti-tumoral therapies. Aberrant

DNAmmay occur through hypermethylation in the promoter regions of tumor suppressor

genes, which leads to their silencing, while hypomethylation in the promoter regions of

oncogenes can activate them. In this review, we discuss the impact of dysregulated

methylation in certain genes, which impact signaling pathways associated with apoptosis

avoidance, metastasis, and resistance to therapy. The analysis of methylome has

revealed patterns of global methylation, which regulate important signaling pathways

involved in therapy resistance in different cancer types, such as breast, colon, and

lung cancer, among other solid tumors. This analysis has provided gene-expression

signatures of methylated region-specific DNA that can be used to predict the treatment

outcome in response to anti-cancer therapy. Additionally, changes in cancer methylome

have been associated with the acquisition of drug resistance. We also review treatments

with demethylating agents that, in combination with standard therapies, seem to be

encouraging, as tumors that are in early stages can be successfully treated. On the

other hand, tumors that are in advanced stages can be treated with these combination

schemes, which could sensitize tumor cells that are resistant to the therapy. We propose

that rational strategies, which combine specific demethylating agents with conventional

treatment, may improve overall survival in cancer patients.

Keywords: DNA methylation, tumor suppressor genes, oncogenes, DNMTs, therapeutic targets, biomarkers, solid

tumors, chemotherapy
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INTRODUCTION

During carcinogenesis, genetic and epigenetic alterations lead
to dysregulated expression of genes associated with cellular
pathways that regulate processes such as cell proliferation,
cell differentiation, cell death, and cell cycle, among others.
Epigenetic alterations that include DNA methylation (DNAm),
histone modifications, aberrant expression of microRNAs
(miRNAs), and long non-coding RNA (lncRNA) are common in
several types of cancer. These epigenetic changes are hereditary,
transient, and reversible and do not cause modification in
the DNA sequence (1). Cancer can be treated by resection,
chemotherapeutic agents, radiation, and immunotherapy, among
others, as well as any combination of the aforementioned
therapies. However, the 5-year survival rate remains low in many
solid tumors due to tumor intrinsic or acquired resistance (2).

DNAm is a pivotal mechanism in normal cell development,
which plays an important role in the regulation of gene
expression, as well as chromatin stability, genetic imprinting, X-
chromosome inactivation, the suppression of repetitive element
transcription, and transposition. In mammals, DNAm involves
the covalent transfer of methyl groups (-CH3) from S-adenosyl-
1-methionine (SAM) to cytosine in the CpG islands (2). CpG
islands are characterized by a length longer than 200 bp. They
possess a GC content >50% and present a ratio of observed
to expected CpG dinucleotides >0.6. Moreover, CpG islands
have been located in or near ∼50% of human promoters
(3). DNAm is catalyzed by three DNA methyltransferases
(DNMTs), which have been identified in mammals: DNMT1,
DNMT3A, and DNMT3B. DNMT1 maintains hemimethylated
DNA patterns during DNA replication, while DNMT3A and
DNMT3B establish new patterns of methylation in early
embryonic development (4).

Here, we review several DNAm alterations in cancer that
have been associated with carcinogenesis, apoptosis avoidance,
migration, invasion, and metastasis. Several studies have found
that some of these DNAm alterations may be associated with
tumor clinical features such as disease risk, TNM (tumor,
node and metastasis)-stage, prognosis, diagnosis, survival, and
response to treatment. We also discuss several DNAm alterations
in genes and some pathways that have been reported to promote
tumor resistance to therapeutic agents. Additionally, we argue
that the promotion or inhibition of DNAm in a non-specific
way should be carefully revised because of their side effects. In
contrast, more extensive studies should be further developed by
considering the targeting specific alterations in DNAm or editing
the epigenome by CRISPR-Cas9 technology.

DNA METHYLATION REGULATES GENE
EXPRESSION

Genetic mechanisms and epigenetic modifications such as
DNAm, histone modifications, and non-coding RNAs (including
microRNAs) regulate gene expression, which is a fundamental
process that maintains cellular homeostasis. Each cell type
possesses its own gene expression pattern, driven by a specific

epigenetic signature, which may also produce cell heritable
characteristics (5).

DNAm is a covalent modification in which a methyl
group is linked to the cytosine in the dinucleotides cytosine-
guanine (CpG), which is often located in “CpG islands” in
the gene promoters; as a consequence, DNAm can modify
gene expression. The CpG island is a short sequence of DNA
in which the frequency of the CpG sequence is higher than
that in other regions. Hypomethylation of promoter regions
allows gene expression machinery to access the promoters of
target genes. Hypermethylation, on the other hand, can suppress
gene expression through the modulation of the transcription
machinery access to the chromatin or through the recruitment
of methyl binding proteins (5). In addition to promoters, other
upstream DNA regions are rich in CpG sequences, up to 2Kb
distant to CpG islands, which are named “CpG island shores.”
These CpG island shores have been observed in colon and breast
cancers (6, 7), or up to 700 bp in prostate cancer (8). Methylation
of these CpG island shores also regulates gene expression.
This epigenetic regulation was confirmed with the reactivation
of downregulated genes in colon cancer, by demethylation of

hypermethylated CpG island shores, using 5-aza2
′

-deoxycytidine
(a DNAmethyltransferase inhibitor) and DNAmethyltransferase
knockout (6).

Throughout the human lifespan, epigenetic patterns may
change and constitute an important component of the aging
process. Studies of human DNA methylome have revealed
that one-third of 476,366 DNAm sites are affected by age.
When age increases from 14 to 94 years, 60.5% of these
affectedDNAm sites become hypomethylated, and 39.5% become
hypermethylated (9).

DNAm is a dynamic process that can also be affected by
environmental factors, diet, and exercise habits, which can
induce particular gene-expression signatures. For instance, the
presence of short-chain fatty acids, such as butyric acid, can
induce changes in DNAm patterns in normal and cancer cells;
diets deficient in methyl-donor folic acid also promote dynamic
changes in DNAm (5). Exercise favors hypomethylation of
peroxisome proliferator-activated receptor gamma coactivator
1-alfa and delta (PGC-1α, PPAR-δ), pyruvate dehydrogenase
kinase-4 (PDK4), which regulate mitochondrial function and fuel
usage. mRNA upregulation of these genes during acute exercise
is correlated with a transient but marked hypomethylation on
each respective promoter (5). Interestingly, the change in the
DNAm patterns associated with exercise is stronger among older
people. The decreased DNAm associated with exercise habits
among older people has been associated with cancer prevention,
rewinding the “epigenetic clock” as people age (10).

CANCER MODIFIES GENE EXPRESSION
THROUGH DNA METHYLATION

Studies of global DNA methylation have found methylation
patterns or signatures that have been associated with different
cancer hallmarks, such as cell proliferation, migration, invasion,
and metastasis, and also with clinical features such as disease
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stage, prognosis, survival, and response to treatment (2). Many
regulatory regions of tumor suppressor genes and oncogenes
present an altered methylation pattern (6). Aberrant DNAm,
mediated by the overexpression of DNMTs, affects tumor
suppressor genes through their hypermethylation, leading to
transcriptional silencing of these genes. On the other hand,
transcriptional activation by hypomethylation is observed in
proto-oncogenes. Hypomethylation may be detected in early and
late stages of the tumorigenesis in several cancer types, such as
lung cancer, breast cancer, prostate cancer, gastric cancer (GC),
and hepatocellular cancer, among others (6).

Neoplastic transformation, carcinogenesis, and cancer
progression may be led by DNAm disruption, given that
epigenetic changes have been demonstrated in multiple cancers
(11). Most DNAm changes in cancer occur in both CpG islands
and CpG island shores, affecting the expression of tumor
suppressors and oncogenes (6). For instance, it has been found
that ∼7,000 CpG islands are altered in the genome of human
bladder cancer (12).

Analysis of methylation patterns in genomes of normal breast
tissue indicates that the 5’ end of highly expressed genes presents
enriched sites of hypomethylation. This 5’ end region includes the
promoter, first intron, and first exon. In contrast, themethylome’s
analysis of genomes of the breast tumor cell lines (MDA-
MB-231 and MCF-7) shows extensive hypomethylation in the
intergenic and intragenic regions. These tumor cell lines present
megabase-sized hypomethylated zones, which are associated
with gene-poor regions containing tissue-specific gene clusters,
fragile sites, chromosomal rearrangement breakpoints, and
large genes. This suggests that hypomethylation is involved in
genome instability. Interestingly, the extensively hypomethylated
genes are all silenced. Also, primary breast tumors exhibit a
methylation pattern that is between those of the cell lines and
the normal tissue (13). It is well-documented that inactivation of
tumor-suppressor genes can also be caused by deletions, point
mutations, or allelic loss. Marsit et al. speculated that there
might be a mutual relationship between the predisposition to
promoter hypermethylation and genetic deletion in non-small
cell lung carcinomas (NSCLCs). Interestingly, tumors that exhibit
a high loss of heterozygosity show a reduced propensity for
hypermethylation. The authors conclude that tumor suppressor
gene silencing might be caused by allele loss events or epigenetic
silencing events, occurring in a roughly dichotomous fashion,
which would promote different molecular phenotypes in lung
cancer (14).

Table 1 (15–85) summarizes genes with decreased expression
in cancer as a consequence of hypermethylation of their
promoter regions. The absence or reduction of the protein
function associated with these genes has been implicated
in the development, progression, invasion, and metastasis of
many cancer types. Moreover, many hypermethylated genes
included in Table 1 participate in pathways involved with
cell death processes. On the other hand, Table 2 (86–120)
summarizes epigenetically regulated genes by hypomethylation
of their promoter regions, which have been found to be
highly expressed in cancer. The expression or increased
protein function associated with some of these genes has been

shown to support cell proliferation, migration, and invasion
of many cancer types. Many hypomethylated genes are highly
expressed and participate in pathways involved in proliferation
and evasion of the immune system (see Table 2). Both the
hypermethylation and hypomethylation status of the regulatory
regions of tumor suppressor genes and oncogenes have been
tested as possible biomarkers for evaluating several parameters,
such as cancer risk, diagnosis, and prognosis. Furthermore,
analysis of the methylation status of certain genes may be useful
for chemotherapy selection for cancer patients, and even for
immunotherapy or target therapy (see Tables 1, 2).

CANCER CELLS PRESENT THERAPY
RESISTANCE BY CHANGING THEIR DNA
PATTERNS

One of the major reasons for the failure of cancer chemotherapy
is multidrug resistance (MDR). MDR is divided into the
categories of primary drug resistance, which already existed prior
to chemotherapy treatment (intrinsic resistance), and acquired
drug resistance, which develops during the administration of
chemotherapy. This MDR is associated with the regulation and
function of apoptotic pathways, intracellular pH, drug pumps,
DNA damage repair ability, and drug detoxification. All of
these mechanisms reduce the concentration of chemotherapeutic
drugs inside the cell, and hyper- and hypomethylation of certain
genes appear to play a role (121).

Multiple changes in the methylation of CpG islands and
CpG island shores have been found following the acquisition
of drug resistance in different cancers. Studies of global DNA
methylation profiling have identified different proportions
of hypermethylated genes against hypomethylated ones.
Baharudin et al. performed DNAm profiling on five recurrent
and 43 non-recurrent patients with colorectal cancer (CRC)
with 5-fluorouracil (5-FU) treatment (122). The researchers
identified 4,787 significantly differentially methylated genes in
the recurrent group of CRC compared to the non-recurrent
group; 3,112 genes were hypermethylated, and 1,675 genes
were hypomethylated. Interestingly, many hypermethylated
genes were associated with the MAPK signaling pathway,
which is implicated in apoptosis regulation. Conversely, many
hypomethylated genes were associated with the PI3K-AKT
signaling pathway and the promotion of proliferation (122). In
another study, Guo et al. compared the methylation of promoters
in a genome-wide study of human lung adenocarcinoma A549
cells resistant to cisplatin (A549/CDDP) with its progenitor
A549 cells. The study identified 3,617 genes with differentially
methylated promoters; 2,036 were hypomethylated, and 1,581
were hypermethylated. The promoters of RAS association
domain family gene 1 (RASSF1), metallothionein 1G (MT1G),
and G protein-coupled receptor 56 isoform 3 (GPR56) showed
significantly higher hypermethylation in A549/CDDP cells
compared to the progenitor A549 cells (123). Thus, increasing
evidence supports the notion that epigenetic changes are a
driving force behind the acquisition of drug resistance.
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TABLE 1 | Hypermethylated promoters of genes associated with tumor suppression, prognosis, response to treatment, or as potential biomarkers.

Cancer type Hypermethylated

promoter

Biological function associated with hypermethylation

Breast

(BC)

BRCA1, DAPK1, and

RASSF1A

Associated with disease progression and poor overall survival of breast cancer patients (15)

DACT2 Contributes to the progression of breast cancer through activation of WNT signaling pathway (16)

ATM Useful as a potential new biomarker for relatively young patients with breast cancer (17)

FOXA1 Impacts parity and breastfeeding because FOXA1regulates a luminal gene expression signature in progenitor cells and

represses the basal phenotype (18)

Cervical

(CC)

RASSF2 Associated with shorter survival in squamous CC (19)

RASSF1A Increases the risk of CC (20)

TFPI2 Important role in carcinogenesis, it correlates with cancer incidence in China (21)

SIM1 Potential diagnostic biomarker (22)

MEG3 Associated with worse recurrence-free and overall survival, potential plasma-based biomarker (23)

P16INK4a Associated with smoking habit and increased risk of cervical carcinogenesis (24)

SALL3 HPV infection correlates with SALL3 hypermethylation and contribution to carcinogenesis (25)

IFN-γ Associated with tumorigenesis (26)

KLF4 Inactivates its tumor suppressor function in cervical carcinogenesis (27)

RAD51L3 and XRCC2 Predict late toxicity in chemoradiotherapy-treated CC patients (28)

Colorectal

(CRC)

RASGRF1 Is a putative biomarker of overall survival in CRC patients (29)

HADHB Impacts in metastasis because HADHB reduces cancer cell migration and invasiveness (30)

EYA4 Potential candidate screening marker in Iranian population and may improve early detection of CRC (31)

STK33 Promising biomarker for the diagnosis, prognosis, and suitable treatment of CRC (32)

BEND5 Promotes to cell proliferation and is a prognostic marker (33)

FAM134B Associated with aggressiveness and poor prognosis of colorectal adenocarcinomas (34)

CHFR Associated with worse overall survival in CRC patients, its loss contributes to tumorigenesis of epithelial cancers (35)

APC 1A Implicated in smoking-associated colorectal carcinogenesis (36)

NDN Promotes cell proliferation by activating the Wnt signaling pathway (37)

hMLH1 Associated with microsatellite instability and CRC risk (38)

Gastric

(GC)

EIF4E Associated with early onset, and it is a prognostic marker for GC (39)

GPX7 Important role in gastric tumorigenesis and progression (40)

IGF2/DMR Hypermethylation of IGF2/DMR in leukocyte are associated with prognosis (41)

RAR-β Association with histological type and clinical outcomes (42)

TERT A potential stool biomarker in non-invasive gastrointestinal cancer screening (43)

MGMT Associated with an increased risk of GC, correlation with TNM-stage (44)

CHRDL1 Induces proliferation and metastasis by activating Akt and Erk (45)

p16 Considered an potential early marker (46)

miR-335 Associated with poor clinical features and prognosis (47)

SFRP2 and DKK2 Associated with poor prognosis via the activation of Wnt/ β-catenin pathway (48)

NDRG4 Contributes to GC risk, associated with poor prognosis (49)

RUNX3 Associated with poor prognosis, valuable diagnostic and prognostic biomarker (50)

ADAMTS8 Important role in the invasion and metastasis (51)

DAL-1 Associated with GC aggressiveness, potential diagnosis biomarker (52)

Hepato-

cellular

NKAPL Predicts poor outcome in HCC patients prognostic biomarker (53)

(HCC) HOXD10 Activates ERK signaling supporting human HCC (54)

FHIT Associated with live cancer risk, low FHIT expression correlates with TNM-stage, tumor size, and merging of cirrhosis

of liver cancer in the Chinese population (55)

RASSF1A Hypermethylated RASSF1A in serum as a screen method for risk and diagnostic biomarker (56)

HCCS1 Potential biomarker for diagnosis and prognosis of HCC patients (57)

SOCS3 Its hypermethylation stimulates HCC development in patients with HBV (58)

(Continued)
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TABLE 1 | Continued

Cancer type Hypermethylated

promoter

Biological function associated with hypermethylation

miR-142 Promotes TGF-β-mediated tumor growth and metastasis (59)

Lung

(LC)

MLH1 Associated with increased risk of NSCLC (60)

PGCP Associated with human bronchial epithelial cells immortalization (61)

AGTR1 Biomarker to assist the detection and diagnosis of lung squamous cell carcinoma (62)

RASSF1A and

p16INK4a

The evaluation of methylation status of both genes is a promising diagnostic method in lung cancer (63)

RARβ Contributes to the NSCLC tumorigenesis and may serve as a potential risk factor, diagnostic marker, and drug target of

NSCLC (20)

WIF-1 Correlates with smoking behavior, promising non-invasive biomarker using blood or pleural effusion (64)

CDKN2A Correlates with tobacco smoking, detected in early stages of LC carcinogenesis (14)

Ovarian

(OC)

RASSF1A Decreased RASSF1A levels in serum is a sensitive tool for diagnosis and monitoring OC (65)

BTG1 Involved in ovarian carcinogenesis (66)

APC Associated with increased risk of OC, biomarker value using blood samples (67)

miR-34a Prognostic relevance, inverse association with grading, p53 mutation status (68)

FANCF Associated with the susceptibility and clinicopathologic features of epithelial OC (69)

RUNX3 and CAMK2N1 Associated with poor clinical outcome in type II of epithelial OC after complete resection (70)

ABCA1 Associated with poor prognosis (71)

MEG3 Contribute to the development of epithelial OC by inability to activate p53 (72)

Pancreatic

(PC)

TERT Diagnostic value in early state I of PC, recurrence, and survival prediction (73)

SAV1 Promotes invasion and migration, represses pancreatic cancer cell apoptosis (74)

HOPX Prognostic indicator of pancreatic neuroendocrine tumor (75)

CDKN2A Critical role in pancreatic carcinogenesis and prognostic marker value (76)

Prostate

(PCa)

ST6GALNAC3 and

ZNF660

Potential diagnostic and prognostic biomarkers for PCa in liquid biopsies (77)

SOX11 Correlates with adverse clinicopathological characteristics of PCa, including higher PSA level and perineural

invasion (78)

IGF2 Relevant during early stages of tumor development, during chemotherapy or androgen deprivation (79)

SPARC Correlation with poorer prognosis based on specific hypermethylated CpG sites (80)

PAQR3 Associated with perineural invasion, biomarker for detection and monitoring PCa (81)

PCDH8 Methylation status is associated with tumor size, shape, stage, and grade, hypermethylation associated with poorer

prognosis (82)

RHCG-TCAF1 Predictive of biochemical recurrence, pathological tumor stage and pre-operative PSA (83)

TERT Predicts biochemical relapse (84)

GSTP1 Marker of high risk of PCa in rebiopsy on an initially negative prostate biopsy (85)

HYPERMETHYLATION OF KEY GENES
ASSOCIATED WITH THERAPY
RESISTANCE IN CANCER

Downregulation of specific genes by hypermethylation of their
promoters may lead to MDR. Table 3 (124–153) shows genes
whose promoters may suffer hypermethylation and have been
associated with resistance to antitumoral therapy in several types
of cancer. The products of some of these genes are associated
with signaling pathways, such as JAK-STAT, Wnt/β-catenin,
MAPK/mTOR, and FAK/Ekt. The promoter hypermethylation
pattern or the downregulated gene expression are promising
biomarkers for early detection of intrinsic or acquired
MRD (Table 3).

The transcriptional silencing mediated by hypermethylation

can be used as a therapeutic strategy to diminish the expression

of genes associated with drug resistance. For instance, it has

been shown that the transmembrane ectoenzyme CD13 endows
GC patients with insensitivity to CDDP and that expression of
this molecule predicts a poor prognosis in CDDP-treated GC
patients. CD13 functions upstream of the epithelial membrane
protein 3 (EMP3) to induce its expression. The optimal
phosphorylation of PI3K is facilitated by EMP3 upregulation.
Phosphorylated PI3K activates the PI3K/AKT/NF-κB pathway
suppressing autophagy and epithelial-mesenchymal transition
(EMT) and overcoming CDDP resistance in GC cells. Ubenimex,
a CD13 inhibitor, induces transcriptional silencing of EMP3 that
is mediated by hypermethylation. Therefore, to overcome CDDP
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TABLE 2 | Hypomethylated promoters of genes involved in tumor progression, prognosis, or potential therapeutic targets.

Cancer type Hypomethylated

promoter

Biological function associated with hypomethylation

Breast

(BC)

NSUN2 Associated with metastatic progression in BC, promoting cell proliferation, migration and invasion (86)

MMP7 Distinguishes the basal-like breast cancer subtype from other triple-negative tumors (87)

IL-10 Involved in the process of breast carcinogenesis (88)

Cervical

(CC)

STK31 It could be a novel cellular target gene for the HPV16 oncogeneE7, hypomethylation biomarker for CC (89)

Colorectal

(CRC)

HES1 Critical role in the progression and prognosis of CRC, associated with poor prognosis (90)

RORA1 Correlation with stages III and IV, but not with stages I and II, biomarker for chemotherapy selection in highly advanced

CRC (91)

MUC5AC Marker of high microsatellite instability in CRC, detects microvesicular hyperplastic polyps and sessile serrated

adenoma (92, 93)

TCF3 Prognostic value indicating recurrence in stage II and III of CRC (94)

Gastric (GC) COX2 Associated with the intestinal type of gastric cancer (95)

IGF2 Surrogate marker of gastric cancer risk, through IGF2 hypomethylation in blood leukocyte DNA (96)

Hepato-

cellular

BORIS Promising prognostic biomarker for the prognosis of HCC (97)

(HCC) RNA5SP38, IL21, and

SDC4P macroH2A1

Prognostic and diagnostic value associated with HCC patient survival (98)

hsa-miR-191 Associated with poor prognosis via activation of c-MET in hepatocellular carcinoma (99)

miR-106a

miR-106a

Promotes the epithelial-to-mesenchymal transition in HCC (100)

Associated with stronger invasiveness, faster cell cycle progression, increased apoptosis resistance (101)

Lung

(LC)

NSD1 A tumor cell-intrinsic driver of an immune cold phenotype, associated with reduced T cell infiltration into the tumor

microenvironment in LC (102)

NY-ESO-1 Associated with poor prognosis in patients not treated with chemotherapy, prognostic marker in stage 3 NSCLCs (103)

MUC-4 TET1 regulates MUC-4 hypomethylation, which plays crucial role in carcinogenesis and tumor invasion (104)

AHRR and F2RL3 Reflects long-term effect of smoking on the LC risk, biomarkers for smoking exposure (105)

ARL4C Involved in tumorigenesis of lung squamous cell carcinoma (SqCC) (106)

TMPRSS4 Associated with poor prognosis in SqCC, a potential therapeutic target (107)

EYA2 Promoter factor of lung adenocarcinoma oncogenesis, altering proliferation and cell cycle distribution (108)

Ovarian

(OC)

SLC6A12 Associated with poor overall survival, it is a metastasis-promoting gene in OC (109)

CT45 Possible prognostic biomarker, immunological or therapeutic target (110)

CA9 Correlated with a more aggressive phenotype in ovarian cancer cells (111)

AGR2 Modulator of more aggressive cancer phenotypes (112)

ATG4A and

HIST1H2BN

Associated with poor progression-free survival and overall survival (113)

Pancreatic

(PC)

SERPINB5 Diagnostic marker for pancreatic ductal adenocarcinoma from pancreatitis (114)

MUC4 Involved in carcinogenesis, prognostic marker for pancreatic cancer (115)

S100A4 Associated with poor differentiation, promising diagnostic marker for early detection (116)

MET and ITGA2 Associated with poor survival, having a role in pancreatic carcinogenesis (117)

Prostate

(PCa)

TFF3 Potential diagnostic biomarker for PCa (118)

CD147 Promotes aggressive tumor progression in human PC (119)

TFF1 and TFF3 Their overexpression in PC may serve as biomarkers (120)

resistance in GC cells, ubenimex epigenetically inhibits the
activation of the CD13/EMP3/PI3K/AKT/NF-κB pathway (154).
Additionally, the NFκB pathway participates in the acquisition
of resistance to tyrosine kinase inhibitor (TKI) treatment in
lung cancer. Although it is a rare event, methylated cytosine

may be converted to thymine by deamination. As a result,
the methylated CG sequence could be converted into the TG
sequence. Treatment with EGFR TKIs leads to activation of
the NFκB pathway and also induces the activation-induced
cytidine deaminase (AICDA) expression. AICDA deaminates
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TABLE 3 | Hypermethylation associated with chemotherapy resistance in cancer.

Cancer type Hypermethylated

promoter

Mechanism associated with hypermethylation and diminished expression Associated

resistance

Breast

(BC)

TGBI Associated with trastuzumab resistance in HER2+ BC patients Trastuzumab (124)

ER-α The formation of the ZEB1/DNA methyltransferase (DNMT)3B/histone deacetylase (HDAC)1

complex on the ER-α promoter leads to DNA hypermethylation and the silencing of ER-α. Thus,

ZEB1 represses ER-α transcription.

Antiestrogen (125)

MSH2 Biomarker for early detection of resistance, target for epigenetic therapy Doxorubicin (126)

MGP Associated with chemoresistant phenotype in ER+ breast cancer cells Doxorubicin (127)

PSAT1 Associated with cytokine and JAK-STAT signaling, and poor clinical outcome to tamoxifen in ER

positive primary tumors

Tamoxifen (128)

Cervical

(CC)

SOCS Ectopic expression of SOCS1 and SOCS3 confer radio-resistance to HeLa cells Radiation (129)

ZNF582 Associated with resistance to radiation and chemotherapy in HeLa cells Radiation (130)

Colorectal

(CRC)

NKX6.1 Metastasis suppressor by regulating epithelial-mesenchymal transition/outcome predictor of stage II

CR patients, associated with poor prognosis

5-FU (131)

DCR1 Silencing of DCR1 in cancer cells may promote pro-survival and pro-growth signals, predictive

biomarker when a combination of irinotecan and capecitabine is used

Irinotecan (132)

MEIS2 Possibly involved in the Wnt/β-catenin pathway to maintain CRC stemness, which leads to L-OHP

resistance

Oxaliplatin (133)

miR-26b Tumor suppressive role of miR-26b is mediated by negatively regulating P-glycoprotein protein

expression

5-FU (134)

CCNEI, CCNDBP1,

PON3, DDX43, and

CHL1

Associated with the recurrence of CRC and 5-azadC-mediated restoration of 5-FU sensitivity is

mediated at least in part by MAPK signaling pathway.

5-FU (122)

Gastric

(GC)

TFAP2E High expression of miR 106a 5p and miR 421 regulate the chemoresistance induced by TFAP2E

methylation

5-FU (135)

TFAP2E The lack of response to fluorouracil-based chemotherapy is associated with TFAP2E

hypermethylation, indicating that it might be a potential predictor of treatment response in patients

with GC

5-FU (136)

Hepato-

cellular

(HCC)

CSF3R

KCNQ1

Associated with poor prognosis, higher recurrence rates, indicative of non-CDDP regimens in

hepatoblastoma patients

Remarkable inhibitory roles on tumor metastasis in vitro and in vivo

Cisplatin (137)

Cisplatin (138)

Lung

(LC)

PDE3A Inhibitor of DNA synthesis and cell viability in cancer cells/PD3A re-expression improves overall

survival in adenocarcinoma patients.

Cisplatin (139)

LRP12 Associated with shorter survival, marker for carboplatin resistance Carboplatin (140)

miR-483-3p Because miR-483-3p directly targets integrin β3, and represses downstream FAK/Erk signaling

pathway, its absence promotes acquired EGFR TKI resistance in EGFR-mutant NSCLC

Gefitinib (141)

GPR56, MT1G, and

RASSF1

Potential methylation markers associated with acquired methylation in multidrug resistance of lung

adenocarcinoma

Cisplatin (123)

Ovarian

(OC)

UCHL1 Knockdown of UCHL1 reduces cell apoptosis contributing to cisplatin resistance in OC cells Cisplatin (142)

OXCT1 Silencing of OXCT1 is associated with cisplatin resistance Cisplatin (143)

BRCA1 Loss of promoter hypermethylation restore BRCA1 function in recurrent disease Cisplatin (144)

miR-199a-3p Favors migratory, invasive and tumorigenic capabilities, and cisplatin resistance Cisplatin (145)

hMSH2 Associated with platinum resistance, poor prognosis value Platinum (146)

RASSF1A Associated with multidrug resistance Platinum and

Placlitaxel (121)

NAGA NAGA acts as a cisplatin sensitizer Cisplatin (147)

TRIB2 Downregulation of TRIB2 contributes to platin-resistance, promising prognostic and predictive

marker

Cisplatin (148)

miR-490-3p miR-490-3p enhances CDDP sensitivity of OC cells through downregulating ABCC2 expression. Cisplatin (149)

Pancreatic

(PC)

BNIP3

miR-132

Associated with chemoresistance in pancreatic ductal adenocarcinoma cell lines

Promotes TGF-β-driven progression of pancreatic cancer

Gemcitabine (150)

Dexamethasone (151)

Prostate

(PCa)

miR-34a Diminished miR-34a expression enhances chemoresistance, allowing upregulation of

ATG4B-induced autophagy through AMPK/mTOR pathway

Dox, Topo (152)

miR-205 and miR-31 Associated with apoptosis resistance in advanced PCa, the antiapoptotic genes BCL2L2 (encoding

Bcl-w) and E2F6 have been identified as the targets of miR-205 and miR-31, respectively.

Docetaxel and

Cisplatin (153)
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the 5-methylcytosine, resulting in thymine to generate a
T790M mutation. Hence, this is also a methylation-associated
mechanism behind the acquisition of a mutation that provides
resistance to TKI treatment in lung cancer (155).

DNAm-induced silencing of tumor suppressors is common
in cancer. The hypermethylation can be reverted using the
FDA-approved DNMT inhibitor 5-aza-2’-deoxycytidine, also
named 5-azacytidine or decitabine. 5-Azacytidine has proven
to be effective in the treatment of hematological neoplasms.
However, its antitumor effect varies in solid tumors (156). The
inhibition of methylation has presented good results in GC;
Zhang et al. reported that growth arrest-specific transcript 5
(GAS5), which is a tumor suppressor lncRNA, is downregulated
in GC. Adriamycin (ADM)-resistant cells (SGC-7901/ADM)
have significantly higher levels of hypermethylation in the
GAS5 promoter than GC SGC-7901 cells. The authors enforced
GAS5 expression, provoking a significant reduction in tumor
growth rate and apoptosis after Adriamycin treatment (157).
Additionally, Wu et al. have shown that hypermethylation of
miR-129-5p CpG island promotes miR-129-5p downregulation,
favoring chemoresistance in GC cells. In the GC MDR
cell line (SGC7901/VCR), the expression of miR-129-5p was
restored through the use of 5-azacytidine, which reduced the
chemo-resistance to 5-FU, vincristine, and cisplatin in this
cell line. When the authors downregulated miR-129-5p, the
chemoresistance was recovered. Furthermore, three members of
ABC transporters (ABCG1, ABCC5, and ABCB1), which are
associated withMDR, are direct targets of miR-129-5p regulation
(158). In contrast, the demethylation of regulatory regions can
induce chemoresistance in cervical cancer. Sensitivity to DNA
topoisomerase I inhibitors in cancer therapy can be affected by
DNA hypermethylation of the Werner (WRN) gene that reduces
WRN expression. The WRN gene codes for a DNA helicase
that contributes to genomic stability. Masuda et al. reported
that cervical cancer-derived cell lines and primary cervical
cancer that presented decreased WRN expression due to DNA
hypermethylation showed high sensitivity to the topoisomerase
I inhibitor (CPT-11). After treatment with 5-azacytidine, the
tumor cells became resistant to CPT-11. To confirm this result,
they transfected with a siRNA against WRN in tumor cells.
These cells increased the sensitivity to CPT-11 (159). Therefore,
treatment with demethylating drugs may have unforeseen and
opposing results in cancer patients.

Silencing mechanisms to prevent the expression of tumor
suppressor genes may also be induced by hypermethylation in
cancer. For instance, potassium (K+) channels are dysregulated
in different tumors and contribute significantly to the malignant
phenotypes, such as chemoresistance, proliferation, and
migration. KCNQ1 (potassium channel) can interact with
β-catenin to affect its subcellular distribution. The interaction of
KCNQ1 with β-catenin reduces Wnt/β-catenin signaling, which
consequently blocks the expression of its downstream targets,
such as MMP7, CCND1, and c-Myc. As a result, proliferation
and cell migration are inhibited. DNA hypermethylation of
KCNQ1 promoter has been shown to downregulate KCNQ1
expression in hepatocellular carcinoma (HCC). Downregulation

of KCNQ1 is found in HCC cell lines and tissues and is associated
with a poor prognosis (138). Additionally, the KCNQ1 Opposite
Strand/Antisense Transcript 1 (KCNQ1OT1) gene is a lncRNA,
which has been reported to be highly expressed in colorectal
and lung cancers. High KCNQ1OT1 expression is correlated
with malignant phenotypes in lung cancer. The transfection of
si-KCNQ1OT1 can effectively knock down the expression of
KCNQ1OT1, increasing KCNQ1 levels and, thus, inhibiting the
malignancy and chemoresistance of lung cancer cells to paclitaxel
(160). Accordingly, treatments that focus on recovering KCNQ1
expression must consider both the hypermethylation of
regulatory regions and the expression of lncRNA. Another
example of multiple mechanisms for silencing gene expression
is the downregulation of BCL2 interacting protein 3 (BNIP3),
which is a proapoptotic member of the BCL-2 family that induces
necrotic-like cell death. Loss of BNIP3 expression in pancreatic
cancer is correlated with methylation of the BNIP3 promoter.
Mahon et al. showed an association between the decreased
expression of BNIP3 and chemoresistance to gemcitabine in
pancreatic ductal adenocarcinoma (PDAC) cell lines. Besides
promoter hypermethylation, S100A4 overexpression, which
belongs to the S100 calcium-binding protein family, represents
an alternative mechanism for inhibiting BNIP3 function in
PDAC. S100A4 knockdown, mediated by RNA interference,
upregulated the expression of BNIP3 in PDAC cell lines that have
an unmethylated BNIP3 promoter, which led to an increased
sensitivity to gemcitabine in PDAC cell lines (150). Consequently,
it is important to keep in mind that hypermethylation is one of
several mechanisms that inhibits tumor suppressor genes, and
anti-cancer treatments must consider this fact.

HYPOMETHYLATION OF KEY GENES IS
ASSOCIATED WITH THERAPY
RESISTANCE IN CANCER

Hypomethylation of promoters for a certain type of gene may
also function as tumor mechanisms for acquiring resistance
to drug therapy. Table 4 (161–181) shows some genes whose
promoters are hypomethylated in several types of cancer.
Hypomethylation of the promoters of these genes leads to their
upregulation. The product of some of these genes supports
mechanisms involved in MDR, proliferation, the repression
of apoptotic signaling, mitochondrial function, and DNA
repair. For instance, Luzhna et al. found that diminished
radiation responsiveness was correlated with significant
global DNA hypomethylation in radiation-resistant cells
(MCF-7/DOX). This radiation resistance can be reversed
by an epigenetic treatment, which is the use of SAM, a
methyl donor. The radiation sensitivity in MCF-7/DOX cells
was promoted through use of the SAM-mediated reversal
of DNA methylation. However, the researchers found that
SAM should be carefully used because the SAM application
decreased responsiveness to radiation on MCF-7 cells that
were originally radiation-sensitive and highly methylated.
Remarkably, the authors concluded that a fine balance of DNA
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TABLE 4 | Hypomethylation associated with chemotherapy resistance in cancer.

Cancer type Hypomethylated

promoter

Mechanism associated with hypomethylation and increased expression Associated

resistance

Breast (BC) ID4 Potential biomarker in distinguishing acquired tamoxifen-refractory BC Tamoxifen (161)

ERp29/ MGMT ERp29 expression in the triple negative MDA-MB-231 breast cancer cells significantly increases cell

survival against ionizing radiation, by downregulating DNA methyltransferase 1, ERp29 promotes

promoter’s hypomethylation of the DNA repair gene (MGMT)

Radiation (162)

ETS-1 Inhibitor of miR-320a expression, downregulation of miR-320a triggers TRPC5 and NFATC3

overexpression, which are essential for BC chemoresistance

Adriamycin and

paclitaxel (163)

miR-663 Overexpression of hypomethylated miR-663 induces chemoresistance in breast cancer cells by

down-regulating HSPG2.

Cyclophosphamide

and docetaxel (164)

MDR1, GSTpi, MGMT,

and Upa

Hypomethylation of the promoter regions of the MDR1, GSTpi, MGMT, and Upa genes is

associated with acquirement of doxorubicin resistance of MCF-7 cells

Doxorubicin (165)

Colorectal

(CRC)

NME2 Enhancer of growth abilities and reduced apoptosis in HCT-8 cells 5-FU (166)

CDO1 CDO1 hypomethylation in stage III colon cancer with postoperative chemotherapy exhibits worst

prognosis than CDO1 hypermethylation. In some CRC cell lines, forced expression of CDO1 gene

increases mitochondrial membrane potential accompanied by chemoresistance and/or tolerance

under hypoxia.

Adjuvant (167)

Nrf2 TET-dependent demethylation of the Nrf2 promoter upregulates Nrf2 and HO-1 expression, which

induces cellular protection mechanisms, leading to 5-FU resistance in CRC cells

5-FU (168)

Gastric (GC) ASCL2 Enhanced ASCL2 expression increases cell growth and promotes resistance to 5-FU in GC cells, a

useful prognostic marker for GC patients

5-FU (169)

MDR1 Overexpression of DCTPP1 decreases the concentration of intracellular 5-methyl-dCTP, which

results in promoter hypomethylation and hyper-expression of MDR1

5-FU (170)

GTSE1 GTSE1 expression represses apoptotic signaling and confers cisplatin resistance in gastric

cancer cells.

Cisplatin (171)

Hepato-

cellular

(HCC)

PD-L1/DNMT1 axis Highly DNMT1 upregulation positively correlates with PD-L1 overexpression in sorafenib-resistant

HCC cells, where PD-L1 induced DNMT1-dependent DNA hypomethylation

Sorafenib (172)

MDR1 MDR1 promoter hypomethylation might be regulated by the riboregulatory H19, inducing the

P-glycoprotein expression through the upregulation of its gene MDR1 in liver cancer cells

Doxorubicin (173)

Lung (LC) TDRD9 Associated with aberrant mitosis and abnormal-shaped nuclei, protects from replicative stress

increasing drug resistance

Aphydicolin (174)

Ovarian (OC) SERPINE1 Associated with EMT process and carboplatin resistance in A2780cp cells Carboplatin (175)

TMEM88 Functions as an inhibitor of Wnt signaling contributing to the platinum resistance Platinum (176)

BRCA1/SIRT1/EGFR

axis

Cisplatin-resistant ovarian cancers increase BRCA1, SIRT1, and EGFR levels compared with those

in cisplatin-sensitive ovarian cancers. Decreased nicotinamide adenine dinucleotide (NAD)-mediated

SIRT1 activity, decreased EGFR levels, significantly elevated SIRT1 levels, and BRCA1 activation are

associated with hypomethylation in the BRCA1 promoter

Cisplatin (177)

HERV HERV-K hypomethylation is associated with a poor prognosis and platinum resistance in ovarian

clear cell carcinoma (OCCC), promising biomarker for predicting OCCC treatment response and

prognosis.

Platinum (178)

MAL Highly expressed MAL gene in serous ovarian cancers from short-term survivors (<3 years) and

treated with platinum-based therapy. MAL methylation status is a potential target for enhancing

sensitivity to platinum-based drugs in epithelial ovarian cancer

Platinum (179)

Prostate

(PCa)

miR-27a-5p miR-27a-5p promoter becomes hypomethylated during PCa progression, miR-27a-5p upregulation

decreases EGFR/Akt1/mTOR signaling

Castration (180)

CD117 and ABCG2 Prostate cancer cell line 22RV1 expresses high surface levels of both CD117 and ABCG2

(CD117+ABCG2+ cells). This subpopulation shows hypomethylation in ABCG2 promoter and also

overexpresses stem cells markers such as Nanog, Oct4, Sox2, Nestin, and CD133

Cisplatin, paclitaxel,

adriamycin, and

methotrexate (181)

methylation is needed to ensure proper drug and radiation
responsiveness (182).

Activation of drug-resistance-associated genes, besides the
hypomethylation of their promoters, can be caused by de novo
gene fusions. In the case of breast cancer, BRCA1-deficient
tumors are extremely sensitive to DNA-damaging drugs and
poly(ADP-ribose) polymerase (PARP) inhibitors. However,

BRCA1 protein was detected in 31 of 42 drug-resistant cases,
despite presenting a hypermethylated promoter. BRCA1-
intragenic deletions and the loss of BRCA1 promoter
hypermethylation have been shown to occur, and de novo
gene fusions take place, where BRCA1 expression can
be under the transcriptional control of a heterologous
promoter (183).
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Therefore, targetingmethylation should be carefully evaluated
because most compounds that promote or inhibit this process are
not gene-specific, which may lead to undesirable effects.

REGULATION OF WNT CANONICAL AND
NON-CANONICAL PATHWAYS BY DNA
METHYLATION THAT SUPPORTS CANCER
DEVELOPMENT AND THERAPY
RESISTANCE

In this section, we include potential mechanisms by which
differentially methylated genes take part in the development
of cancer, by integrating protein interactions and pathways
regulated by methylation (11). Tumors present a dysregulated
pattern of methylation in genes that impact in pathways like
the Wnt canonical pathway and PI3K/AKT/mTOR (e.g., DKK,
SFRPs, WIF1, DVL, APC, PTEN, SALL2, and IGFBP-3), which
support resistance to specific inhibitors as well as conventional
chemotherapeutic agents.

The Wnt/beta-catenin signaling pathway plays important
roles in carcinogenesis and therapy resistance. Wnt is a large
family of secreted lipoproteins that can join to receptors
and co-receptors at the cell surface and activate a complex
signaling network. This pathway participates in a wide range
of physiological cellular processes like embryonic development,
tissue homeostasis, tissue regeneration, cell polarity, cell
proliferation, cell migration, and apoptosis (184, 185). The
Wnt signaling pathway may be activated by the Wnt/ß-catenin
pathway (also known as the canonical pathway (Figure 1)
(185, 186) or non-canonical Wnt signaling. Non-canonical Wnt
signaling, which is independent of β-catenin, is activated by the
pathways Wnt/planar cell polarity and Wnt/Ca2+ (187, 188).

Methylation of genes involved in the Wnt pathway plays
a crucial role in regulating the development and progression
of tumors, as well as metastasis, diagnosis, and treatment.
Several tumors, such as lung, breast, prostate, colon, gastric,
and ovarian cancers, among others, exhibit a pattern of
deregulated methylation in this pathway (184, 189, 190). For
instance, Dickkopf-related protein (DKK3), secreted frizzled-
related protein 1 (SFRP1), SFRP2, and Wnt inhibitory factor-
1 (WIF1), which are tumor suppressor genes, prevent LRP5/6
receptors from interacting with their ligands, consequently
inhibiting the signaling of the Wnt pathway (191, 192). In
the context of methylation, it has been said that several
tumors show the downregulation of DKK3, SFRP1, SFRP2,
and WIF1 by hypermethylation in their promoters (193). The
hypermethylation of DKK3 has been associated with docetaxel
(DTX) resistance in the lung cancer H1299/DTX cell line.
Moreover, treatment with 5-azacytidine on the H1299/DTX cell
line upregulates DKK3 expression at both the mRNA and protein
levels, which inhibits colony formation and induces apoptosis
due to recovered sensitivity to DTX. Additionally, P-glycoprotein
is a drug efflux pump associated with MDR, encoded by the
MDR-1 gene (MDR-1). MDR-1 overexpression is associated with
DTX resistance in lung cancer. Restored expression of DKK3

leads to the downregulation of MDR-1 and P-glycoprotein, thus
increasing sensitivity to DTX. This is a mechanism of regulation
in lung cancer therapy. Therefore, DKK3 may be a therapeutic
target that may help tumor cells recover sensitivity to DTX
(194). Another study found that the decreased expression of
DKK3 is associated with hypermethylation in pancreatic cancer
biopsies in comparison to non-tumor tissue. In this study, DKK3
expression was not detected in three pancreatic cancer cell lines
(Aspc-1, Bxpc-3, and CFPAC-1). DKK3 overexpression by DKK3
transfection in the Bxpc-3 pancreatic cell line promotes the
inhibition of β-catenin translocation to the nucleus, as well as
its transcriptional role under conditions of hypoxia or normoxia.
Furthermore, DKK3 repressed the EMT and migration of Bxpc-
3 cells, mediated by the inhibition of β-catenin. These effects
improved the response to gemcitabine in Bxpc-3 tumor cells,
suggesting that DKK3may be a potential target for therapy (195).

In advanced stages of lung cancer, treatment based on taxanes
is one treatment option, such as paclitaxel and DTX; however,
resistance to therapy is presented in some patients (196).
Ren et al. showed that hypermethylated SFRP1 regulates the
chemotherapy resistance of taxanes and DTX in A-549 and SPC-
A1 lung adenocarcinomas cell lines. The resistance was mediated
by Wnt pathway activation because SFRP1 reduces β-catenin
stability, leading to cell death, whereas SFRP2 promotes β-catenin
accumulation, inducing resistance to apoptosis. Moreover, 5-
azacytidine treatment restored the SFRP1 expression level,
inducing the inhibition of the Wnt pathway and promoting
drug sensitivity in resistant cell lines. Thus, the overexpression
of SFRP1 can improve patients’ responses to taxanes and DTX
therapies (196). Zhu et al. also found that SFRP1 and SFRP5 were
hypermethylated in NSCLC. Furthermore, the hypermethylation
of SFRP5 predicted a poor response to TKI therapy; hence,
SFRP5 methylation could be associated with TKI resistance
(197). Additionally, higher levels of the hypermethylation of
SFRP1, SFRP2, and WIF1 genes were found in colon cancer
compared to non-tumoral tissues. Thus, the hypermethylation of
one or both SFRP1and SFRP2 genes is a promising prognostic
marker for predicting survival in patients who receive post-
operative chemotherapy (198–200). Su et al. found that SFRP5
was hypermethylated in 44.4% of ovarian cancer tissues, as well as
in SKOV3 and A2780 tumor cell lines. The SFRP5 low expression
promotes EMT, tumor growth, invasion, tumor progression, and
cisplatin resistance. Restored expression of SFRP5 reduces Wnt
non-canonical signaling, promoting sensitivity to cisplatin in a
mouse model of ovarian cancer (201).

Several genes whose protein products participate in
the Wnt transduction signaling cascade are regulated by
hypermethylation. Hence, the deregulation of this process
during carcinogenesis may contribute to drug resistance. For
instance, hypermethylation of DVL in prostate cancer has
been suggested to favor resistance to cabazitaxel in DU145
cells. Reactivation of DVL by 5-azacytidine treatment in
DU145 10DRCR cells restores sensitivity to cabazitaxel in this
prostate tumor cell line (202). Hypermethylation of adenoma
polyposis coli (APC), a tumor suppressor gene, inhibits the
Wnt pathway, promoting tumorigenesis and tumor progression
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FIGURE 1 | Activation of the Wnt/β-catenin signaling pathway in the resistance to therapy in cancer by methylation. The canonical Wnt/ß-catenin pathway is activated

by the binding of Wnt to the Frizzled receptor (Fzd). Then LRP is phosphorylated by casein kinase 1 (CK1α) and glycogen synthase kinase 3 beta (GSK3β) associated

with tumor suppressor adenomatous polyposis coli (APC). LRP phosphorylation promotes the recruitment of disheveled proteins (DVL) to the plasma membrane,

where they are polymerized and activated. DVL complex interacts with Axin, which inhibits the degradation of β-catenin and leads to its accumulation in the cytoplasm

and translocation into the nucleus, where β-catenin promotes the activation of LEF/TCF transcription factors inducing the transcription of several genes. In the

absence of Wnt, β-catenin is a target of the destruction complex conformed by Axin, CK1α, APC, and GSK-3β. CK1α and GSK-3β phosphorylate β-catenin,

promoting its ubiquitination by the β-TrCP ubiquitin ligase and degradation through the proteasome. On the other hand, this figure shows some aberrantly methylated

key genes that increase resistance to therapeutic agents and the dysregulation of the Wnt/β-catenin signaling pathway. These genes play an antagonist role in the Wnt

pathway, for instance, Dickkopf-related protein (DKK3), secreted frizzled-related proteins (SFRP1, SFRP2), and WNT inhibitory factor-1 (WIF1), which are tumor

suppressor genes and inhibit the signaling of Wnt to bind LRP5/6 receptors. , phosphorylation; ↑, increase; ↓, decrease, , methylation.

in CRC (203, 204). In breast cancer, Matuschek et al. reported
that hypermethylated APC promotes tumor aggressiveness
in circulating tumor cells. Additionally, 70% of breast cancer
tissues presented hypermethylation in the APC gene (205). By
the same token, loss of APC inactivates the repair of double-
stranded breaks mediated by ATM, Chk1, and Chk2, which
induces doxorubicin resistance (205, 206). Thus, we suggest
that the methylation status of several key genes involved in the
Wnt/canonical signaling pathway may be used as predictive
markers of tumor progression and therapy response.

REGULATION OF THE
PI3K/PTEN/AKT/MTOR SIGNALING
PATHWAY BY DNA METHYLATION
SUPPORTS CANCER DEVELOPMENT AND
THERAPY RESISTANCE

AKT is also recognized as protein kinase B (Serine/Threonine

Kinase 1, or Protein Kinase B), which participates in several

processes such as cell metabolism, cell proliferation, angiogenesis,
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apoptosis, motility, and cell survival (207). Aberrant DNAm
of key genes in PI3K/PTEN/AKT/mTOR signaling pathway
promotes therapy resistance in solid tumors (Figure 2).

Tamoxifen (TAM) is the first line of therapy for the treatment
of estrogen-receptor-positive breast cancer. This type of breast
cancer develops TAM resistance, promoting tumor relapse (208).
Phuong et al. found that the MCF-7 breast cancer cell line
showed TAM resistance (TAMR/MCF-7). This resistance is
mediated by a high expression of DNMT1. DNMT1 along with
SAM induce the hypermethylation of PTEN in amplicon A

and amplicon B sites, leading to its downregulation and the
constitutive activation and phosphorylation of PI3K/AKT. 5-
Azacytidine treatment inhibits DNMT1 in TAMR/MCF-7 cells,
restoring PTEN expression, suppressing cell proliferation, and
promoting cell death by apoptosis (209). Spalt-like transcription
factor 2 (SALL2) functions as a tumor suppressor, which
regulates the AKT/mTOR pathway (Figure 2). Hypermethylated
SALL2 is found in the TAM-resistant ER+ TAMR/MCF-7
breast cancer cell line, which leads to SALL2 downregulation.
SALL2 decreased expression promotes decreased expression

FIGURE 2 | DNA methylation regulates the PI3K/PTEN/AKT/mTOR signaling pathway in the resistance to therapy in cancer. (Left) PI3K induces the phosphorylation

and activation of AKT/mTOR. This transduction signal begins with the activation of the membrane tyrosine kinase receptors (RTKs) or G-protein-coupled receptors,

which promotes the change of phosphatidylinositol (4,5)-bisphosphate (PIP2) in phosphatidylinositol (3-5)-trisphosphate (PIP3). The activation of PI3K

(phosphoinositide-3-kinase) is regulated by the phosphatase and tensin homolog (PTEN) by dephosphorylating PIP3 into PIP2. (Right) We show the aberrant

methylation of the PTEN, Spalt-like transcription factor 2 (SALL2), transforming growth factor beta-induced protein (TGFB1), and Lysine (K)-specific demethylase 5A

(KDM5A) genes through the high expression of methyltransferase (DNMT3B), s-adenosylmethionine (SAM), H3K27me3, H3K9me2, and H3K4me3, promoting a

continued activation of the PI3K/AKT/mTOR signaling pathway associated with resistance therapy in solid tumors. , phosphorylation; ↑, increase; ↓, decrease; ,

methylation, , radiotherapy.
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levels of estrogen receptor-alpha (ERα) and PTEN, which
causes the continued activation of AKT/mTOR. In addition,
hypomethylation of SALL2 increases its expression, leading to
the upregulation of ER and PTEN and the further inhibition of
the AKT/mTOR signaling pathway, which consequently leads to
TAM sensitivity (210).

Among breast cancers, 15–20% are human epidermal
growth factor receptor 2 positive (HER2+) and may develop
resistance to trastuzumab. Palomeras et al. reported that
primary breast tumors that developed trastuzumab resistance
present a loss of expression of transforming growth factor
beta-induced protein (TGFBI) by hypermethylation. TGFBI
inhibits the HER2 receptor and AKT (124). Abnormal activation
of PI3K/AKT is common in breast cancer. Among the most
frequent causes is constitutive signaling through mutational
activation of phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit alpha (PIK3CA), which is mutated in 45%
of luminal breast cancers. Thus, a promising therapeutic
strategy is to develop PI3K/AKT inhibitors. KDM5A lysine
demethylase can remove tri- and dimethyl marks on histone
H3 (H3K4me3), leading to tumor progression and drug
tolerance. KDM5A is a target of AKT and, together, they regulate
certain cell-cycle genes. AKT phosphorylates KDM5A, thus
promoting the subcellular localization of KDM5A from the
chromatin-bound regions and nucleus to the cytoplasm. As a
result, KDM5A is rendered unable to demethylate H3K4me2/3.
PI3K/AKT inhibition decreases KDM5A phosphorylation,
promoting the low expression of cell-cycle promoting genes.
Additionally, KDM5A regulates resistance to PI3K/AKT
inhibitors (211).

On the other hand, some mutated EGFR lung cancers
induce resistance to EGFR-TKIs (gefitinib and erlotinib). Two
gefitinib-resistant cell lines (GEF1-1 and GEF2-1) derived
from the PC-9 cell line were treated with 5-azacytidine.
This treatment restored PTEN expression and promoted
sensitivity to gefitinib and erlotinib in GEF1-1 and GEF2-
1 cell lines. Nonetheless, the parental cell line (PC-9 cells)
did not show this sensitivity due to the hypermethylation of
PTEN and hyperactivation of AKT (212). Furthermore, the
hypermethylation of insulin-like growth factor-binding protein-
3 (IGFBP-3) promotes cisplatin resistance in lung cancer.
Downregulation of IGFBP-3 induces PI3K/AKT activation by
specific de-repression of insulin-like growth factor-I receptor
(IGFIR) signaling (213).

Methylation of PTEN promoter is an alternative mechanism
to PTEN downregulation that induces drug resistance. For
instance, lung cancer cells develop radioresistance due to
hypermethylated PTEN that induces low expression of pAKT
and downregulates p53 expression (214). In similar research,
Pappas et al. showed that restoring PTEN expression in the
human lung cancer cell line H1299 by the use of the adenovirus
expression vector (Ad-PTEN) increases sensitivity to ionizing
therapy. Of note, PTEN promoter is methylated in H1299 cells.
The phosphorylation of BAD, a proapoptotic molecule regulated
by AKT, inhibits its binding to Bcl-2, leading to apoptosis. Thus,
restoring PTEN induces lower levels of phosphorylated AKT and
BAD, which sensitizes to apoptosis. Also, Ad-PTEN regulates the

DNA repair of double-strand breaks, mediated by the activation
of H2AX (215).

Differential DNA methylation profiles are found in prostate
cancer samples. These tumors show hypermethylated PTEN and
hemi- and homozygous PTEN loss. The latter has been associated
with poor prognosis, recurrence, and tumor progression (216).

Qian et al. found that DNMTs were highly expressed
in nasopharyngeal carcinoma resistant cells; consequently,
PTEN and PPP2R2B promoter hypermethylation is induced.
DNMT upregulation activates two important signaling
pathways, PI3K/mTOR and PDK1/MYC, favoring survival,
proliferation, and resistance to the BEZ235 inhibitor (217).
Treatment with BEZ235 and the inhibition of DNMT
expression with 5-azacytidine induces drug sensitivity
in resistant tumor cells. Furthermore, 5-azacytidine
dephosphorylates the AKT, GSK3β, MYC, P70, and 4EBP-
1 proteins involved in the AKT/mTOR and PDK1/MYC
pathways. The combination of decitabine and BEZ235
upregulates PTEN protein expression, inhibiting cell growth.
Hence, new combinations of chemotherapeutic agents with
inhibitors against components of the PI3K/AKT/mTOR
signaling pathway should be tested to increase tumor
chemotherapy sensitivity.

CONCLUSIONS AND FUTURE
DIRECTIONS

Several studies have shown that modifications in DNAm patterns
may support cancer development, invasion, and metastasis.
Global methylation analyses suggest that CpG islands tend
to be a highly altered methylation status that depends on
the cancer type (122, 123). Importantly, several studies have
reported that DNAm patterns of drug-treated tumor cells can
change and support the acquisition of resistance to treatments,
such as radiotherapy and chemotherapy. Some of these
DNAm changes have been proposed as promising biomarkers
whose presence would be indicative that therapy must be
replaced (Tables 3, 4).

Additionally, the study of the DNAm patterns and their
involvement in the regulation of several signaling pathways
in cancer has provided significant insight into the molecular
mechanisms underlying the development of cancer. For instance,
dysregulation of Wnt canonical and PI3K/AKT/mTOR signaling
pathways, caused by an altered methylation status in a variety of
genes, has been associated with resistance to current treatments
(taxanes, DTX, cisplatin, TKI, etc.) in many types of cancer.

Some studies have tried to change drug-resistance-associated
DNAm patterns using SAM and DNMTs to increase the
methylation grade or TET-dependent demethylation to diminish
DNAm. Although they have changed the DNAm pattern of the
target gene, these treatments also modify the DNAm patterns
of other genes, causing undesirable secondary effects. For this
reason, a fine balance of DNAm is needed to ensure proper
drug responsiveness.

Recent advances in applied genetic engineering and genome
editing may provide new tools for targeting methylation status in
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cancer patients. In particular, the clustered regularly interspaced
short palindromic repeats/associated protein 9 (CRISPR/Cas9)
system allows for the addition or removal of DNA from
the genome in a specific manner. Genetic engineering has
produced a new version of Cas9 (dCas9), in which the
activity of endonuclease has been removed but in which
the DNA binding activity is maintained. dCas9 can also
be linked to DNMT3A or ten-eleven translocation-1 (TET1)
enzymes, generating the systems dCas9-DNMT3A or dCas9-
TET1, respectively (218, 219). These systems can induce the
methylation and demethylation of target genes in a specific-
sequence manner, which makes them promising tools in the fight
against cancer or the acquisition of therapy resistance.
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KDM5c is a histone demethylase that specifically demethylates trimethylated and
dimethylated H3 Lys-4 to play a central role in transcriptional repression. C-Jun is
a proto-oncogene and promotes cell proliferation when ectopically accumulated, but
can be ubiquitinated by SCF (FBXW7), leading to its degradation. FBXW7 is an E3
ubiquitin ligase of c-Jun, and exhibits carcinostasis in colon cancer. Here, we report that
overexpression of KDM5c in human colon cancer cells results in attenuated FBXW7
transcription and accumulated c-Jun protein, leading to increased proliferation of colon
cancer cells. We show that overexpression of KDM5c can result in increased c-Jun
protein levels and decreased ubiquitin levels, with no significant change in mRNA levels
of c-Jun. KDM5c overexpression blocks the ubiquitin-proteasome proteolytic pathway
of c-Jun by down-regulating the expression of FBXW7. KDM5c down-regulation of
FBXW7 occurs by demethylation of H3K4me3 at TSS and downstream of the FBXW7
gene. And interaction of KDM5c with H3K4me3 downstream of FBXW7 gene may be
followed by recruitment of DNMT3b to methylate the spatially close CpG island located
near the FBXW7 TSS. This methylation represses FBXW7 gene expression, which
can reduce c-Jun degradation via the ubiquitin-proteasome pathway. TCGA database
analysis revealed high expression of KDM5c in colon cancer tissues. KDM5c expression
in colon cancer was correlated with poor overall survival of patients in the first 7 years.
Data from TCGA showed that high expression of KDM5c was correlated with high DNA
methylation of the FBXW7 gene, but was not positively correlated with methylation of
the Jun gene. These results suggest that KDM5c regulation of colon cell proliferation is
mainly mediated by the KDM5c-FBXW7-c-Jun axis.

Keywords: KDM5c, c-Jun oncogene, colon cancer cell, FBXW7, epigenetic modifier

INTRODUCTION

Colorectal cancer (CRC) is the third most prevalent malignancy and ranks second in mortality
among solid tumors, representing a serious public health problem worldwide (1). Driver gene
mutations account for a large proportion of colon malignant tumors cases, but mutated driver genes
have not been identified for some colon cancer cases, suggesting that epigenetic changes act as an
important supplement to genetic changes to cause tumors. During tumor development, abnormal
epigenetic regulation can aggravate tumor proliferation and metastasis (2–4). Here, we applied an
epigenetic perspective to investigate new potential therapeutic targets for colorectal cancer.

Recent evidence has indicated that epigenetic mutations are strongly involved in cancer
initiation and progression (5). These mutations have been detected widely across the genome,
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and are considered a more important contributor to tumor
heterogeneity. Many epigenetic modifications play critical role
in CRC including DNA methylation, histone modification,
chromatin remodeling, microsatellite instability, and non-coding
RNAs (6, 7). Thus, epigenetic mutations are promising targets for
not only epidemiological and physiopathological studies, but also
therapeutic response evaluation and drug design (8).

A member of the SMCY homolog family, KDM5c (also
known as JARID1C) is an H3K4me2/3 demethylase that plays
a central role in transcriptional repression (9). KDM5c was
initially found to be important for brain development and
function, and mutations of KDM5c can lead to X-linked
mental retardation (10). KDM5c abnormality was subsequently
correlated with development of various cancers. For example,
KDM5c was significantly upregulated in breast cancer tissues
compared with paired normal breast tissues, and was positively
correlated with metastasis (11); loss of KDM5c results in the
activation of a set of enhancers in human breast cancer cells (12);
KDM5c acts in proliferation and invasion of gastric cancer cells,
which may be partly associated with p53 expression (13); and
KDM5 demethylase suppresses STING-induced innate immune
response in tumor cells (14, 15). Despite these associations with
various cancers types, the function of KDM5c in CRC progression
has not been reported.

C-Jun is a proto-oncogene that accelerates cell proliferation
(16). It is required for cell cycle progression through the G1 phase,
and increased G1 arrest is detected in c-Jun null cells (17). The
c-Jun protein is ubiquitinated by FBXW7 (F-box/WD repeat-
containing protein 7), which belongs to the F-box protein family
and functions as a receptor subunit for SCF (Skp1/Cullin/F-
box protein) E3 ubiquitin ligases (18, 19). FBXW7 acts as an
important tumor suppressor, and mutations in the FBXW7 gene
have been found in ovarian, lymphoma, and colorectal cancers
(20, 21). However, whether FBXW7-mediated degradation of
c-Jun is under strict control remains unknown.

In this study, we investigated the function and mechanism
of KDM5c in colon cancer cell proliferation by disrupting
KDM5c expression. Our results showed that KDM5c accelerated
proliferation of colon cancer cells by down-regulating FBXW7
transcription, thereby, reducing c-Jun degradation via the
ubiquitin-proteasome pathway. We also observed regulation by
KDM5c on FBXW7 that may be mediated by binding of KDM5c
to TSS and downstream of the FBXW7 gene. We identified
a DNA methylation site upstream of the FBXW7 gene. And
the interaction site of KDM5c and H3K4me3 in downstream
of FBXW7 gene may be spatially adjacent and interlinked by
DNMT3/DNMT3L. Our study reveals novel roles of KDM5c in
regulating colon cancer cell proliferation and suggests KDM5c as
an attractive target for CRC treatment.

MATERIALS AND METHODS

Cell Culture
The human colon cancer cell lines RKO and HCT-8, containing
the wild-type FBXW7 gene, were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% FBS, 1%

penicillin-streptomycin, MEM vitamins (Media Tech), and MEM
non-essential amino acids (Media Tech). Cells were grown on
tissue culture-treated plates (Laboratory Product Sale) in a 37◦C
humidified incubator and an air atmosphere with 5% CO2. All
cell lines were purchased from ATCC and routinely tested and
authenticated via by assessing the cell morphology, proliferation
rate, a panel of genetic markers, and checking for contamination.
Cells were also tested for mycoplasma using the MycoAlert
Detection Kit (Cambrex). Human interleukin 4 (IL4) and
neutralizing IL4 antibody were purchased from Cell Signaling.

Transient Transfection
RKO and HCT-8 cells were transiently transfected with 30 nM
KDM5c or a scrambled control siRNA using Lipofectamine 3000
(Thermo Fisher Scientific) following the manufacturer’s protocol.
For plasmid transfection, 3 µg plasmid was transfected using
MSCV-dGFP-JARID1C (Promega) or MSCV-null (Mirus Bio).
The cells were used for experiments 48 h after transfection, or
as otherwise indicated.

Cell Proliferation Assay
RKO and HCT-8 cells were seeded in 96-well plates at a
density of 2000 cells/well and allowed to attach for 8 h, and
0.5 mg/mL MTT (Sigma-Aldrich) was then added before another
incubation of 4 h at 37◦C. The violet MTT formazan precipitates
were subsequently dissolved in 100 µL DMSO. Absorbance was
measured at 570 and 670 nm and adjusted for background using
a UQuant reader. The MTT assay was repeated at the same time
on four consecutive days. For each group, five replicates and three
independent experiments were performed.

Colony Formation Assay
For the colony formation assay, 1000 RKO or HCT-8 cells
were seeded in 6-well plates and incubated overnight. The
cells were then transfected with siRNA or mimic plasmid for
24 h. The medium was replaced with fresh medium every
3 days. When visible colonies formed, they were fixed with
4% paraformaldehyde and stained with 0.1% crystal violet.
The numbers of colonies were counted using a Syngene
G:BOX imaging system.

Flow Cytometry
Cell cycle progression was analyzed 48 h after transfection using
propidium iodide (PI) as a stain to label the DNA content. The
isolated cell pellet was washed twice with PBS supplemented
with 1% FBS and resuspended in 70% cold ethanol for overnight
fixation. The samples were then centrifuged for 10 min at 500 rcf
at 4◦C, and resuspended in cold PBS. Finally, the samples were
centrifuged for 5 min at 300 rcf and 4◦C, and then resuspended
in DNA staining solution [0.1% Triton X-100 (Sigma Aldrich),
2% propidium iodide (Sigma Aldrich) in PBS]. Samples were
then incubated for 30 min at room temperature, and flow
cytometric analysis was performed on a BD FACSCalibur device
(BD Biosciences). Flow cytometry was also used to confirm cell
models were successfully established, with more than 90% of cells
synchronized at each stage.
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Immunofluorescence
Immunofluorescence was performed following the standard
procedure. Briefly, RKO and HCT-8 cells were seeded on a 6-
well plate 48 h after transfection. The cells were then fixed with
4% paraformaldehyde and permeabilized with 0.25% Triton X-
100, blocked with 1% BSA in PBST, and probed with primary
antibodies against c-Jun (Abcam). Alexa Fluor 488 tagged
secondary antibody (Cell Signaling) was used for detection, and
the nuclei were stained with DAPI (Sigma) and imaged by a Leica
SP8 confocal microscope.

Chromatin
Immunoprecipitation-Quantitative PCR
(ChIP-qPCR)
Chromatin immunoprecipitation was performed to analyze the
enrichment of select regions and confirm H3K4me3 binding at
regions of interest using a True MicroChIP Kit (Diagenode)
according to the manufacturer’s protocol. A total of 1×106 cells
were collected and crosslinked with 1% formaldehyde. Cells
were disrupted by ultrasonication to fragment the DNA into
200–500 bp pieces. Specific antibodies to the protein of interest
[anti-KDM5c (Abcam) and anti-H3K4me3 (Diagenode)] were
added to bind target protein-DNA complexes, and incubated
overnight. Protein A agarose was added to bind the antibody-
target protein-DNA complexes, washed to remove non-specific
binding, and then the enriched target protein-DNA complexes
were eluted from the beads and the crosslinks were reversed.
After purification, enriched DNA-fragments were subjected to
qPCR analysis using fluorescence quantitative PCR. Goat IgG
was used as the negative control. The fold change in the amount
of the DNA fragment enriched by a specific antibody versus
the total input was calculated by the following formula: %
recovery = 100∗2∧[(Ct(input)-log%(x%)/log2)-Ct(sample)]. The
primers used in the ChIP-PCR assays are listed in the Table 1.

Chromosome Conformation Capture (3C)
Assay
A total of 1×106 cells were collected and crosslinked with 1%
formaldehyde. After stopping the crosslinking via glycine, the
cells were lysed using lysis buffer and centrifuged to remove
cellular debris. The chromatin was then diluted 3-fold using
a ChIP dilution buffer containing a protease inhibitor cocktail
(Sigma-Aldrich) and digested overnight at 37◦C with restriction
enzymes including EcoNI, SnaBI, SalI, and NotI (New England
Biolabs). The digested chromatin was further diluted 6-fold into
a T4 ligation buffer before ligation was performed for 4 h at
room temperature using T4 DNA ligase and 0.5 mM ATP. DNA
was purified with the QIAquick PCR Purification Kit (Qiagen)
followed by CHIP-qPCR. For CHIP assay, anti-DNMT3 (Abcam)
was used to bind target protein-DNA complexes. The primers
used in the 3C-ChIP-PCR assays are listed in the Table 2.

Co-immunoprecipitation IP/Re-IP
Cells from a 10-cm plate were resuspended in lysis buffer
supplemented with a protein inhibitor (PI). The lysate was
then centrifuged to collect the supernatant, which was further

TABLE 1 | The primers used in the ChIP-PCR assays.

Location Primers

1# FBXW7 TSS (chromosome 4
152318937) F

5′-AGGTCCCAACAAGCATCAGA-3′

1# FBXW7 TSS (chromosome 4
152318937) R

5′-CCAGCTTTGTGTTTGAGGCT-3′

2# FBXW7 TSS (chromosome 4
152319177) F

5′-GGTGCTGGACTTTGATGTGG-3′

2# FBXW7 TSS (chromosome 4
152319177) R

5′-AACATCCTGCACCACTGAGA-3′

3# FBXW7 TSS (chromosome 4
152319971) F

5′-ACTCCCAGTGGCCAAACTTA-3′

3# FBXW7 TSS (chromosome 4
152319971) R

5′-GGCTCAAGTTTCAGTGGCAA-3′

4# FBXW7 TSS (chromosome 4
152320116) F

5′-TTGCCACTGAAACTTGAGCC-3′

4# FBXW7 TSS (chromosome 4
152320116) R

5′-TCTCCACAGAACAGGCAAGT-3′

5# FBXW7 (chromosome 4 152534873) F 5′-ACGTTTGTACTCAAGCCGCA-3′

5# FBXW7 (chromosome 4 152534873) F 5′-TTGGATAACGTGTGGTCGGG-3′

6# FBXW7 (chromosome 4 152535061) F 5′-GACCACACGTTATCCAACGC-3′

6# FBXW7 (chromosome 4 152535061)
R

5′-CATTTGGCCCCAAACAGACC-3′

7# FBXW7 (chromosome 4 152535162) F 5′-GATCAGTCCGGCTTTTCGAG-3′

7# FBXW7 (chromosome 4 152535162)
R

5′-GATCTTACCCCTGACCCGAG-3′

8# FBXW7 (chromosome 4 152539858) F 5′-CCACCATTCCCCTGTTGTAAGA-3′

8# FBXW7 (chromosome 4 152539858)
R

5′-GACCTGAAGTTCCAAGAGCCA-3′

9# FBXW7 (chromosome 4 152540657) F 5′-TCTCGAAAGCTCCAAACCGT-3′

9# FBXW7 (chromosome 4 152540657)
R

5′-TCCTCGCGCAGATTGTTAGG-3′

1# c-Jun TSS (chromosome 1 58778991)
F

5′-GCAATGAACCCAAGGCTGAA-3′

1# c-Jun TSS (chromosome 1 58778991)
R

5′-TCCTGTGAGAAGCATCGAGG-3′

2# c-Jun TSS (chromosome 1 58779638)
F

5′-GCGTGACTTTATGCGAGTGT-3′

2# c-Jun TSS (chromosome 1 58779638)
R

5′-CCGGTGTTAGTCTACTCCCC-3′

3# c-Jun TSS (chromosome 1 58780100)
F

5′-GGAGACCGCCCCTAAACTTA-3′

3# c-Jun TSS (chromosome 1 58780100)
R

5′-GAGGGGTGGTTGTTGTTTCC-3′

4# c-Jun (chromosome 1 58784487) F 5′-AACCTCAGCTCTGGGGAAATG-3′

4# c-Jun (chromosome 1 58784487) R 5′-CTGCTAATGAGCAAACAGCCC-3′

5# c-Jun (chromosome 1 58784705) F 5′-GTACCCAGTAGGTCTGGGAGT-3′

5# c-Jun (chromosome 1 58784705) R 5′-CCTTCCGGGTTGCTGACATC-3′

6# c-Jun (chromosome 1 58785088) F 5′-CACCACTCCCCAGTTTGCTT-3′

6# c-Jun (chromosome 1 58785088) R 5′-ACGATGTGTCACCAGCTTCAT-3′

7# c-Jun (chromosome 1 58785389) F 5′-AGCTGGTGACACATCGTCAT-3′

7# c-Jun (chromosome 1 58785389) R 5′-GAACTCTGGGAGGGTCGAAT-3′

incubated with primary antibodies (e.g., anti-c-Jun) via shaking
at 4◦C for 24 h. Then, a 50% slurry of Protein A/G Agarose Resin
was added and incubated for two more hours. The resin was
washed at least four times using a wash buffer with PI. Finally, the
binding proteins were eluted using an SDS loading buffer. Re-IP
was performed to re-enrich the antigen-antibody complex eluent

Frontiers in Oncology | www.frontiersin.org 3 September 2020 | Volume 10 | Article 535449207

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


fonc-10-535449 September 14, 2020 Time: 15:49 # 4

Lin et al. KDM5c-FBXW7-c-Jun Promoted Colon Cancer Cell Proliferation

TABLE 2 | The primers used in the 3C-ChIP-PCR assays.

Location Primers

P1 FBXW7 (chromosome 4 152534873) F 5′-ACGTTTGTACTCAAGCCGCA-3′

P1 FBXW7 (chromosome 4 152534873) R 5′-TTGGATAACGTGTGGTCGGG-3′

P2 FBXW7 (chromosome 4 152535162) F 5′-GATCAGTCCGGCTTTTCGAG-3′

P2 FBXW7 (chromosome 4 152535162) R 5′-GATCTTACCCCTGACCCGAG-3′

P3 FBXW7 (chromosome 4 152325958) F 5′-AGGAAACCGCTACAGACCAA-3′

P3 FBXW7 (chromosome 4 152325958) R 5′-GGGAAGAGGAAGTGGGGATC-3′

P4 FBXW7 (chromosome 4 152325311) F 5′-CCAAGACCAGAAGCTCTCGA-3′

P4 FBXW7 (chromosome 4 152325311) R 5′-CTCGCGCAGATTGTTAGGG-3′

TABLE 3 | BSP primers for DNA methylation.

Location DNA methylation Primers

FBXW7 (chromosome 4
152325440) F

5′-AAAAATTTTTTAGTAATTTTTTAGAGG-3′

FBXW7 (chromosome 4
152325440) R

5′-TTAAATACAAAATCACAACCTAAATC-3′

FBXW7 (chromosome 4
152325675) F

5′-GTTTGTATTTTTATTATATTTTTTGAGTT-3′

FBXW7 (chromosome 4
152325675) R

5′-CCCTACAACCTAATCTACACCTACT-3′

FBXW7 (chromosome 4
152325974) F

5′-AGGAGTAGTTTTTATTTGTTTYGAAG-3′

FBXW7 (chromosome 4
152325974) R

5′-TCTATACRAAACTCTCRCCTCACTC-3′

c-Jun (chromosome 1 58779165) F 5′-GGAAAGTATATTTGGTTTTGTTAAA-3′

c-Jun (chromosome 1 58779165) R 5′-TTCATTTCCCTCATCTACAAAT-3′

c-Jun (chromosome 1 58779351) F 5′-TTTGTAGATGAGGGAAATGAAG-3′

c-Jun (chromosome 1 58779351) R 5′-TAAACTTCAAATCTCTACACTCCC-3′

c-Jun (chromosome 1 58779589) F 5′-AGTGTAGAGATTTGAAGTTTAGGTT-3′

c-Jun (chromosome 1 58779589) R 5′-TAACAAAATCCAAATAAAAACAA-3′

c-Jun (chromosome 1 58779949) F 5′-GGTGTAAYGGAGATTTAGTTGA-3′

c-Jun (chromosome 1 58779949) R 5′-TTTCCCCACTTATAAAACCC-3′

c-Jun (chromosome 1 58780320) F 5′-AAAATAATTGGTTAGGTTTTTTGG-3′

c-Jun (chromosome 1 58780320) R 5′-ATAACCCATAATATCACCCCAA-3′

obtained from IP using antibodies (e.g., anti-c-Jun) and Protein
A/G Agarose Resin to reduce interference from non-chemical
bond aggregation.

Assessment of DNA Methylation
Genomic DNA was extracted using a TIANamp Genomic
DNA Kit (Tiangen) and treated with sodium bisulfate using
an EZ DNA Methylation Kit (Zymo Research) according to
the manufacturers’ protocols. Three separate bisulfite (BSP)
modification treatments were performed for each DNA sample.
BSP primers (Table 3) were designed using the online
MethPrimer software and 50 ng of genomic DNA was used for
PCR amplification using Zymo Taq Premix (Zymo Research).
A standard amplification program was used with annealing for
40 s at 50.4◦C and extension for 30 s at 72◦C (38 cycles).
The PCR products were then sub-cloned into the pMD19-T
vector (Takara) and different positive clones for each sample
were randomly selected for sequencing (Sangon). Finally, the
sequences were analyzed using online QUMA software.

TABLE 4 | Primers used for the RT-qPCR.

Location DNA methylation Primers

GAPDH-CDS-F 5′-GGAGCGAGATCCCTCCAAAAT-3′

GAPDH-CDS-R 5′-GGCTGTTGTCATACTTCTCATGG-3′

C-JUNF-CDS-F 5′-TCCAAGTGCCGAAAAAGGAAG-3′

C-JUNR-CDS-R 5′-CGAGTTCTGAGCTTTCAAGGT-3′

FBWX7-CDS-F 5′-GGCCAAAATGATTCCCAGCAA-3′

FBWX7-CDS-R 5′-ACTGGAGTTCGTGACACTGTTA-3′

KDM5c-CDS-F 5′-GGGTCCGACGATTTCCTACC-3′

KDM5c-CDS-R 5′-ATGCCCGATTTCTCTGCGATG-3′

Cyclin D1-CDS-F 5′-GCTGCGAAGTGGAAACCATC-3′

Cyclin D1-CDS-R 5′-CCTCCTTCTGCACACATTTGAA-3′

Western Blot Analysis
Anti-KDM5c (1:1,000), anti-c-Jun (1:1,000), anti-FBXW7
(1:1,000), anti-Cyclin D1 (1:1,000), anti-H3K4me3 (1:1,000),
anti-H3 (1:1000), and anti-β-actin (1:4,000) were used for
Western blot analysis according to standard procedures.

Quantitative PCR (qPCR)
Total RNA was extracted using a Qiagen RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. A total
amount of 2 µg RNA was used for reverse transcription
using Superscript II (Invitrogen). Quantitative PCR (qPCR)
was performed in triplicate on an ABI Prism 7500 real-time
PCR system (Applied Biosystems) using SYBR Green Premix
(Takara). GAPDH was used as the internal control. The relative
expression of genes was calculated by the 2-(11Ct) method.
Primers used for the RT-qPCR assays were designed using
PrimerBank (Table 4).

Bioinformatics Analysis of the
Association Between the KDM5c
Expression and FBXW7/c-Jun
Methylation Levels in Colon Cancer
Patients
The gene expression data and DNA methylation data (BeadChip
platform) from 464 samples were downloaded from TCGA
website1. From these data, we extracted beta-values to evaluate
the DNA methylation level of each probe. The annotations
of probes to specific genes (e.g., KDM5c and c-Jun) were
defined as probes located at the promoter region of genes.
We used the “champ.DMP” function in the “ChAMP” package
in R to identify differentially methylated probes. We defined
probes with adjusted p-value ≤ 0.05 as differentially methylated
probes. For the gene expression data, the KDM5C high
expression group was defined as expression higher than 1.25
times the median expression and the low expression group
was defined as expression lower than 0.75 times the median
expression of KDM5c.

1https://portal.gdc.cancer.gov/
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Bioinformatics Analysis of the
Association Between KDM5c Gene
Expression and Overall Survival in
Patients With Colon Cancer
The association between the identified KDM5c gene expression
and overall survival (OS) for colon cancer patients was assessed
using data from TCGA. Kaplan-Meier plots were constructed
to illustrate the relationship between gene expression levels of
KDM5c and patient overall survival. The relationship was tested
by log-rank test.

Statistical Analyses
Statistical analyses were performed using GraphPad Prism
software (version 5.0). One-way ANOVA followed by Newman–
Keuls post hoc analysis was used to determine differences between
KDM5c-OE, empty vector, KDM5c-KD, and siControl. Tumor
data were analyzed using a Student’s t-test for comparison
of two groups (KDM5c-OE and empty vector or KDM5c-
KD and siControl). Any statistical data that did not pass the
equal-variance test (Bartlett’s test for equal variances) were
logarithmically transformed and reanalyzed. The data presented
are the mean ± standard error. The overall survival (OS) rates
were analyzed via Kaplan-Meier survival analysis with the log-
rank test. All data analyses and statistical correlations of TCGA
datasets were performed using R software. A value of p < 0.05 is
considered statistically significant.

RESULTS

KDM5c Is Required for Cell Proliferation
and Cell Cycle Regulation in Colon
Cancer Cells
Previous work has correlated KDM5c to various cancers, but
whether KDM5c plays a role in colon cancer progression
remains unknown. To answer this question, we first investigated
if cell proliferation can be affected by altering expression of
KDM5c. To do this, we increased the amount of KDM5c
by transfected KDM5c plasmid and used western blot to
confirm increased KDM5c protein level in both RKO and
HCT-8 cells compared to the wild-type cells, but decreased
H3K4me3 protein level, consistent with the demethylase function
of KDM5c. Conversely, knockdown (KD) of KDM5c using
short siRNAs in RKO/HCT-8 cells (with high endogenous
KDM5c levels) reduced KDM5c protein level and increased
H3K4me3 protein level (Figures 1A,B), which indicates the
successful disruption of KDM5c expression in RKO/HCT-8 cells.
Next, MTT assay using these cell lines showed that KDM5c
overexpression (OE) significantly promoted HCT-8/RKO cell
growth (Figures 1C,E). Consistent with this, KDM5c-KD
obviously inhibited cell proliferation compared to the siControl
group (Figures 1D,F), suggesting that KDM5c has an important
role in colon cancer cell proliferation, which has not been
previously reported. In addition, we performed a 2-D colony
formation assay in KDM5c-OE HCT-8/RKO cells or KDM5c-
KD HCT-8/RKO cells. The overexpression of KDM5c increased

colony formation of HCT-8/RKO cells, whereas KDM5c-KD
reduced colony formation in HCT-8/RKO cells (Figures 1K,L).
These results were statistically significant (Figures 1M,N). To
determine if KDM5C regulates the cell cycle, we next performed
flow cytometry after cell cycle synchronization. The results
showed that more than 90% of the cells were synchronized
at each stage, indicating that the cell model was successfully
established. In order to directly distinguish the M phase cells,
flow cytometry assays were carried out with Propidium Iodide
(PI) staining. For KDM5c-OE RKO/HCT-8 cells, there were
more cells in G2/M phase and fewer cells in G1 phase and
for KDM5c-KD RKO/HCT-8 cells, there were fewer G2/M
phase cells and more G1 phase cells (Figures 1G–J), suggesting
KDM5c is involved in cell cycle regulation. Together, these results
indicate KDM5c is an important determinant of colon cancer cell
proliferation and cell cycle.

KDM5c Promotes c-Jun Protein
Accumulation but Downregulates
FBXW7 Expression
To investigate the mechanism underlying KDM5c regulation of
RKO/HCT-8 cell growth, we used quantitative PCR (qPCR) and
Western blot methods to examine changes of multiple cancer-
related genes at the transcription and protein level when KDM5c
expression was altered. Levels of c-Jun, FBXW7, and Cyclin D1
were measured with different amounts of KDM5c expression.
When KDM5c was overexpressed, FBXW7 expression was
significantly decreased compared to the level in the control
group (P < 0.05), while in the KDM5c-KD group the FBXW7
mRNA level was much higher than that of the control group
(Figure 2C). As shown by Western blot and qPCR results,
the FBXW7 protein and RNA levels changed similarly in the
different groups tested, indicating that KDM5c downregulates
FBXW7 expression. However, there was no difference in the
mRNA expression of c-Jun between the two groups (Figure 2A),
but the protein level was much higher in KDM5c-OE and
lower in the KDM5c-KD group relative to the level in the
control. Furthermore, the downstream target of c-Jun, cyclin D1,
exhibited the same changes in both mRNA and protein levels
as c-Jun and KDM5c (Figures 2A–F). We tested the effects of
expression of KDM5c fused to green fluorescence protein (GFP).
The immunostaining results also showed increased c-Jun (red)
levels in HCT-8 cells overexpressing the GFP-KDM5c fusion
protein, with more than 40% of GFP-positive cells showing higher
signal for c-Jun (Figure 2I). In contrast, c-Jun levels were quite
stable in cells transfected with control vectors. These data indicate
KDM5c promotes c-Jun protein accumulation but downregulates
FBXW7 expression.

Co-localization of KDM5c and H3K4me3
in FBXW7
We next asked if KDM5c acts by binding directly to the
FXBW7 or c-Jun gene regions to regulate their expression.
H3K4 trimethylation (H3K4me3) is a well-known epigenetic
modification that promotes mRNA expression, and typically
localizes close to the transcription start site (TSS) and up to
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FIGURE 1 | Continued
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FIGURE 1 | Effects of KDM5c overexpression and knock-down on H3K4me3 levels and colon cancer cell growth. (A,B) Representative Western blots (A) and
quantification (B) showing the changes of the H3K4me3 levels in HCT-8 and RKO transfected with the empty vector, KDM5c-OE, siControl, and siKDM5c. H3 was
detected as the loading control. (C–F) MTT assays to analyze the cell proliferation rates of HCT-8 and RKO 72 h after transfection with the empty vector, KDM5c-OE
(C,E), siControl, and siKDM5c (D,F). (G,H) Representative flow plots of RKO (upper row) and HCT-8 (lower row) cells transfected with the empty vector,
KDM5c-SMCV, siControl, and siKDM5c. Propidium iodide staining and flow cytometric analysis were performed to determine the fractions of G1 and G2/M cells.
(I,J) The fraction of G2/M phase cells was increased in KDM5c-OE RKO (left) and HCT-8 (right) cells, while the fraction of G1 was decreased in siKDM5c RKO (left)
and HCT-8 (right) cells. (K,L) Results of 2D colony formation assay showing differences in colony formation in HCT-8 (K) and RKO (L) cells transfected with the
empty vector, KDM5c-OE, siControl, and siKDM5c. (M,N) The KDM5c-OE group showed increased colony formation as compared to the empty vector, but
siKDM5c decreased colony formation as compared to siControl in HCT-8 (M) and RKO (N) cells. Each error bar represents the standard error of the mean (SEM).
Statistical analysis was performed and p-values were calculated. This experiment was repeated three times with similar results. * Above the bars indicates significant
difference; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

5 kb downstream on actively transcribed genes (ENCODE Project
Consortium 2007). To do this, we performed ChIP-PCR in RKO
cells overexpressing KDM5c to investigate KDM5c association
with FXBW7 and c-Jun genes and determine the potential
correlation of KDM5c with H3K4me3 signals and transcriptional
regulation. We probed the TSS and the surrounding sequence,
up to 5 kb downstream (Figures 3A,B). The primers used for
ChIP-qPCR assays were selected based on the H3K4me3 binding
signal of the FBXW7 ChIP data in the ENCODE database, The
primers used for ChIP-qPCR assays were selected based on
the H3K4me3 binding signal of the FBXW7 ChIP data in the
ENCODE database, which showed an obvious H3K4me3 peak
in the TSS region of the FBXW7 gene. Four primers were in
TSS region and five primers downstream of the FBXW7 gene.
To confirm this, ChIP-PCR was performed to look at H3K4me3
binding and consistently with the ENCODE data (Figure 3B),
revealed significant enrichments of H3K4me3 peaks in this
same region. An obvious KDM5c enrichment was detected in
the FBXW7 gene TSS between chromosome 4 152319971 and
152320116. And KDM5c signal was also observed in a region
downstream of the FBXW7 transcription area at chromosome 4
152534873. Furthermore, a H3K4me3 peak was also tested in the
c-Jun gene TSS between chromosome 1 58778991 and 58780100.
While, no obvious KDM5c enrichment was teseted in the c-Jun
gene TSS and within 2 kb of downstream sequence (Figure 3C).
These data suggest that KDM5c does not directly control c-Jun
expression, but promotes c-Jun accumulation by suppressing
FBXW7 expression.

KDM5c Adjusts DNA Methylation Loci in
the FBXW7 Gene Region
The online software MethPrimer2 predicts that chromosome 4
152324318–152326358, which was between TSS and the first
exon of the FBXW7 gene, contains three CpG islands at
−918/768, −683/498, and −384/129 (Figure 4A). And TSS of
c-Jun (chromosome 158778791–58780791) also contains 3 CpG
islands at −1420/641, −638/499, and −429/58 (Figure 4D). The
sequences of FBXW7 CpG islands are presented in Figure 4B,
with the methylation loci indicated in red letters and the primer-
annealing positions boxed. The methylation patterns of these
CpG sites were determined using bisulfite-assisted sequencing
for RKO cells transfected with empty vector or KDM5c-SCMV
in three individual trials. The same CpG sites were identified in

2http://www.urogene.org/methprimer/

all clones. The methylation percentages of all CpG sites in the
three CpG islands were determined for the FBXW7 and c-Jun
RKO empty vector and KDM5c-OE and further assessed using
QUMA software3. As shown in Figure 4C, the DNA methylation
levels of (384/129) CpG island changed significantly between the
empty vector and KDM5c-OE (34.2 ± 5.26% and 57.1 ± 6.95%).
However, no methylation was detected for the other two CpG
islands, (918/768) and (683/498), showed, suggesting that the
(384/129) CpG island of the FBXW7 gene plays a major role
in regulating the significantly higher DNA methylation levels
adjusted by KDM5c. Furthermore, five primers were set up
for detection the three CpG islands in the TSS of c-Jun gene
(the sequence of CpG islands are presented in Supplementary
Material), we found that KDM5c overexpression did not affect
the methylation of CpG in c-Jun gene (Figure 4E), suggesting
that KDM5c does not affect c-Jun gene expression by affecting
DNA methylation.

DNMT3b May Mediate the Formation of
DNA Looping Between CpG Islands Near
the TSS and the H3K4me3 Peak
Downstream of FBXW7
H3K4me3 in the TSS region is a recognized transcription
initiation marker, which achieves transcriptional inhibition
through histone and DNA bimodal methylation (22). However,
we want to further explore how downstream H3K4me3
demethylation can achieve transcriptional inhibition. Despite
their linear distance from each other, we hypothesized that the
target sites of KDM5c and DNA demethylase might be brought
physically into close proximity to each other by DNA looping.
Based on previous studies that suggested DNMT3B expression
might contribute to the CpG island methylator phenotype in
colorectal cancer (23), we investigated DNMT3B as a DNA
demethylase conformer member. If close together, KDM5c- and
DNMT3B-binding fragments digested by the same restriction
enzymes should be able to be ligated and detected by qPCR
method. To test this hypothesis, we performed ChIP combined
with chromosome conformation capture (ChIP-3C) assays in
RKO cells. We designed two primers (P3 and P4) located in the
promoter region flanking CpG island candidates. The binding
site of P3 targets the position of CpG island near the TSS of
FBXW7, which is the position where methylation is controlled
by KDM5c (Figure 4F). In addition, we designed another two

3http://quma.cdb.riken.jp/
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FIGURE 2 | KDM5c overexpression modified downstream gene expression. (A–D) Quantitative PCR (qPCR) data of c-Jun (A), Cyclin D1 (B), FBXW7 (C), and
KDM5c (D) expression in RKO and HCT-8 cells that were transfected with the empty vector (Control), KDM5c-SMCV (KDM5c-OE), siRNA (siControl), and siKDM5c.
(E) RT-PCR results showing the kinetic transcription levels of KDM5c, cyclin D1, and FBXW7. (F–H) Western blot (F) and qualification (G,H) analysis showing that
the overexpression of KDM5c in both RKO and HCT-8 cells increased c-Jun and cyclin D1 but reduced FBXW7 protein levels. The level ofβ-Actin was detected as
the loading control. (I) Immunofluorescence indicates that HCT-8 cells transfected with MSCV-dGFP-KDM5c expressed more c-Jun than those transfected with
MSCV-dGFP-null. The presented data are from two independent experiments. Upper panel: staining of HCT-8 overexpression of KDM5c. Lower panel: cell nucleus
(blue), KDM5c (green), and c-Jun (red) staining of HCT-8 transfected with the empty vector. Merge: cell nucleus (blue), KDM5c (green), and c-Jun (red) overlap. Scale
bar = 25 µm. Data indicate the mean ± SD from four technical replicates. Non-significant, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. This experiment was
repeated three times with similar results.
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FIGURE 3 | H3K4me3 modification level and its binding proximity to KDM5c as determined by ChIP-qPCR assays. (A,B) Primer locations selected according to the
H3K4me3 distribution patterns in the FBXW7 gene. The #1–4 primers, respectively, anneal to chromosome 4 152318937, 152319177, 152319971, and 152320116
in the TSS region of FBXW7; the #5–9 primers, respectively, anneal to chromosome 4 152534873, 152535061, 152535163, 152539858, and 152540657 in the
downstream of the FBXW7 gene. The H3K4me3 peak distribution was determined by ChIP-qPCR using H3K4me3-specific antibodies. The location of KDM5c
reciprocal DNA was determined by KDM5c-specific antibodies. The structure diagram shows the relationship between the loci and the anchor points in 3C-CHIP
(showed in Figure 4) (B). The ChIP-qPCR values are shown below. H3K4me3 enrichments were tested in #3–4 and #5–6 locations in FBXW7 gene. Enrichment of
KDM5c was detected in the #3–4 and #5 locations in the FBXW7 gene. (C) Primer locations chosen according to the H3K4me3 distribution patterns in the c-Jun
gene. The #1–3 primers, respectively, anneal to chromosome 1 58778991, 58779638, 58780100 in the TSS region of the c-Jun gene; the #4–7 primers,
respectively, anneal to chromosome 1 58784487, 58784705, 58785088, and 58785389 in the downstream of the c-Jun genes. A H3K4me3 enrichment was tested
in the #1–3 locations. And no obvious enrichment of KDM5c also was detected in the c-Jun gene. Experiments were repeated three times, each with three qPCR
measurements, and the value for the representative experiment is shown as the mean ± SEM. * Above the bars indicates significant difference; P > 0.05; *P ≤ 0.05;
**P ≤ 0.01; ***P ≤ 0.001.
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FIGURE 4 | KDM5c overexpression modifies the DNA methylation profile of the FBXW7 gene and its potential regulation. (A) Schematic representation of the
FBXW7 promoter. The FBXW7 gene is located on chromosome 4, and a 2-kb promoter region spans from 152324318 to 152326358 (NCBI accession
NG_029466). The GC percentage is indicated by blue background. The x-axis denotes the bp position in the 5′-untranslated region relative to the TSS.
(B) Sequence of the CpG islands of the FBXW7 gene. The methylation loci are marked in red letters and the primer annealing positions are boxed. (C) The
percentages of (384/129) CpG islands were analyzed using QUMA software. (D) Schematic representation of the c-Jun promoter. The c-Jun gene is located on
chromosome 1, and a 2-kb promoter region spans from 58778791 to 58780791 (NCBI accession NC_000001.11). The GC percentage is indicated by. The x-axis
denotes the bp position in the 5′-untranslated region relative to the TSS. (E) The percentages of c-Jun CpG islands were analyzed using QUMA software. (F) The
relative association between the (384/129) CpG islands and the H3K4me3 peak interacting with KDM5c was detected by ChIP-3C-qPCR assays in RKO cells. The
upper panel shows the H3K4me3 of the FBXW7 ChIP-seq signal in ENCODE, the EcoNI cleavage site, and the locations of primers used for ChIP-3C-qPCR assays.
The lower panel shows the qPCR results. (G) Schematic figures showing how KDM5c adjusts the methylation of distant CpG islands.

primers (P1 and P2) downstream of FBXW7. P1 binds near the
region of DNA bound by KDM5c. EcoNI restriction enzyme
only acts on the DNA fragment amplified by P3 and P1, SnaBI
only acts on the DNA fragment amplified by P3 and P2, SalI
only acts on the DNA fragment amplified by P4 and P1, and
NotI only acts on the fragment produced by amplification by
P3 and P2. As shown in Figure 4D, after cleaving the gene
fragment with EcoNI restriction enzyme, the gene fragment
enriched with DNMT3B antibody can be amplified by PCR
detection using P1 and P3 primers. Thereby, we speculate that
KDM5c demethylates H3K4me3 bound downstream of FBXW7
and recruits DNMT3 to remove the methylation of the DNA
CpG island located upstream of the FBXW7 TSS, resulting in
the downregulation of FBXW7 expression. All in all, KDM5c
can increase the exposure of H3K4 by removing H3K4me3
methylation, recruit the DNMT3/DNMT3L complex containing,

and induce demethylation of no matter linear distance proximity
or spatially adjacent DNA CpG island to induce transcription
initiation (Figure 4G).

KDM5c Overexpression Inhibits c-Jun
Degradation via the
Ubiquitin-Proteasome Pathway
Since FBXW7 is a ubiquitin ligase that targets c-Jun for
proteasome-mediated degradation, we examined whether
KDM5c overexpression decreases c-Jun ubiquitination by
suppressing FBXW7 expression. Immuno-purified c-Jun was
incubated with crude lysates of RKO cells transfected with
wild-type KDM5c. Consistent with previous report, FBXW7-
promoted formation of Ub-c-Jun conjugates, which were
immunoprecipitated with anti-c-Jun antibody and detected
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FIGURE 5 | KDM5c reduces proteasome-mediated c-Jun degradation. (A) KDM5c reduces the ubiquitination of c-Jun in vivo. RKO cells were transfected with an
empty vector or vector encoding KDM5c-dGFP. After immunoprecipitation of c-Jun from lysates, the levels of c-Jun and ubiquitinated c-Jun were determined by
Western blot using antibodies against c-Jun or Ub. (B) Re-immunoprecipitation of the ubiquitinated c-Jun. After the ubiquitination assay performed as in (A), the
proteins were eluted from the beads using SDS sample buffer, re-incubated with antic-c-Jun antibody, and then c-Jun ubiquitination was detected as in (A).
(C) Time course of c-Jun loss in either RKO or HCT-8 cells. Cells transfected with either the empty vector or KDM5cOE were treated with cycloheximide (CHX)
(100 ug/ml) to inhibit protein biosynthesis before examination. The level of β-Actin was detected as the loading control. (D) Time course of c-Jun loss in the same
cells as in (C) after the combined treatment of proteasome inhibitor VELCADE and CHX. Cells were first treated by 100 nM VELCADE for 12 h, then combined with
5 mg/ml CHX for another 2 h. β-Actin was detected as the loading control. (E,F) Quantitation of Western blots. Bands corresponding to c-Jun got from RKO (E) and
HCT-8 (F) transfected with an empty vector or vector encoding KDM5c-dGFP and treated with CHX or CHX and VELCADE were quantified. C-JUN levels were
normalized toβ-Actin. Data represent mean ± SD from two biological replicates. Non-significant, P > 0.05; *P ≤ 0.05; **P ≤ 0.01.

using an anti-ubiquitin antibody. Notably, in the c-Jun
immunoprecipitates, the predominant ubiquitylated band was
detected above 37 kDa (Figure 5A). The KDM5c-OE group
exhibited lower ubiquitin level and higher c-Jun protein level.
The putative ubiquitin-c-Jun conjugates were eluted from the
beads using SDS sample buffer and re-immunoprecipitated with
the anti-c-Jun antibody, indicating Ub is covalently conjugated to
c-Jun (Figure 5B). To examine whether KDM5c overexpression
can slow c-Jun metabolism, RKO cells were treated with CHX
(1 µM) to inhibit protein synthesis, and then c-Jun protein
dynamics were measured by western blot. The c-Jun protein
level decreased gradually within the 2 h after CHX treatment
(Figure 5C) and KDM5c-OE cells exhibited obviously reduced
c-Jun degradation rate after CHX treatment. Moreover, the
highly specific proteasome inhibitor VELCADE inhibited
c-Jun degradation (Figure 5D), suggesting that the observed

decrease in c-Jun content is largely due to degradation by the 26S
proteasome. With combined treatment of CHX and VELCADE,
KDM5c-OE cells further extended the c-Jun metabolic time.
Interestingly, when colon cells were treated with both CHX
and VELCADE, there was less of a difference of metabolic rate
between KDM5c-OE colon cancer cells and control cells than
that with CHX treatment alone. These data are statistically
significant (Figures 5E,F) and suggest that KDM5c can inhibit
the ubiquitin-26S proteasome degradation pathway of c-Jun.

KDM5c Promotes Cell Proliferation by
Downregulating FBXW7 but Upregulating
c-Jun in Colon Cancer Cells
The results described above suggest a mechanism in which
KDM5c promotes cell proliferation by downregulating FBXW7
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but upregulating c-Jun. To test this hypothesis, we next
performed functional studies to measure cell proliferation and
cell cycle progression. We co-transfected wild type KDM5c and
FBXW7 as the KDM5c-OE/FBXW7-OE group (Figures 1A,B),
which inhibited growth of RKO/HCT-8 cells (Figures 6C,D)
and reduced colony formation (Figures 6I–L), with fewer
G2/M phase cells and more G2 phase cells (Figures 6E–
H). FBXW7 overexpression eliminated the oncogenicity of
KDM5c, indicating downregulation of FBXW7 is necessary
for tumorigenesis of KDM5c. However, colon cancer cells
co-transfected with KDM5c, FBXW7, and c-Jun as KDM5c-
OE/FBXW7-OE/c-Jun-OE cells, exhibited significantly increased
cell growth and increased colony formation, with more G2/M
phase cells and fewer G1 phase cells. The results show
that C-JUN overexpression improves cell proliferation after
FBXW7 overexpression, indicating that c-Jun is the downstream
target of FBXW7.

TCGA Database Show High Expression
of KDM5c in Colon Cancer Tissue
Consistent With High Methylation in
KDM5c DNA and Poor Overall Survival
To assess KDM5c expression levels in colon cancer, we first
analyzed the expression of KDM5c mRNA in 464 colon cancer
tissues samples from a TCGA dataset (The Cancer Genome
Atlas)4 and found that KDM5c expression was significantly
increased in colon cancer tissue samples compared with normal
tissue samples (Figure 7A). Patients with high expression of
KDM5c exhibited decreased overall survival rates compared
to those with low expression of KDM5c in the first 7 years,
p = 0.25 (Figure 7B). The TCGA database DNA methylation
analysis showed that higher methylation of FBXW7 DNA in
colon cancer tissue correlated with high expression of KDM5c,
(p < 0.05) but there was no association of JUN DNA methylation
with KDM5c expression (p > 0.05) (Figure 6C). There were
no direct differences for gender, pathological type, and tumor
stage between the high and low KDM5c expression groups.
The clinical information for all samples is provided in the
Supplementary Material.

DISCUSSION

Colorectal cancer (CRC) is one of the leading causes of cancer
death, but effective treatments remain limited, leading to a critical
demand to identify and exploit novel therapeutic target. In
this study, we identified the histone demethylase KDM5c as an
interesting target candidate. KDM5c plays an important role in
controlling human colon cancer cell proliferation. Specifically,
KDM5c protein level can alter colon cancer cell growth by
deregulating transcription of the cancer cell repressor gene
FBXW7 (Figure 2), thereby, modulating c-Jun degradation via
the ubiquitin-proteasome pathway (Figure 4). Thus, our work
has revealed a novel function of KDM5c and the underlying
mechanism of this function.
4http://ualcan.path.uab.edu/analysis.html

Colorectal cancer is a complex disease and was originally
thought to result from genetic alterations in key regulatory genes
and pathways (24). Later discoveries revealed that epigenetic
modifications such as DNA methylation, histone modifications,
and non-coding RNA play more essential roles in CRC
pathogenesis (25). However, the relationship between these
genetic and epigenetic contributions remains to be clarified. In
this study, enhanced KDM5c expression increased c-Jun protein
level and knock-down of KDM5c reduced c-Jun protein level
(Figure 2), indicating strong association of KDM5c with c-Jun
function. Modulation of c-Jun by KDM5c suggests epigenetic
mechanisms target key gene regulators during CRC development.
However, in a previous study, JARID1C promoted metastasis of
breast cancer cells via down regulation of BRMS1 expression, and
silencing of JARID1C dramatically increased BRMS1 expression,
both at the mRNA and protein level (26). This is opposite to
the way KDM5c regulates the c-Jun protein, suggesting different
mechanisms may allow different functions of KDM5c in different
cancer types. In the future, KDM5c inhibitor development,
in vivo detection of KDM5c, and animal experiments can be
applied to further investigate the importance of KDM5c as a
target for CRC treatment.

As an important tumor suppressor by the negative regulation
of many oncogenic proteins, FBXW7 is under tight control
through various mechanisms, including non-coding RNA,
methylation, and other genetic regulation (27). Our work here
indicates that FBXW7 is a critical downstream target modulated
by KDM5c, indicating a new regulatory mechanism by which
FBXW7 is regulated. Whether this regulation is specific to CRC
or also exists in other cancer types remains to be determined.
As the histone methyltransferase EZH2 catalyzes H3K27me3
on FBXW7 (28), future research should investigate if EZH2
may counteract the action of KDM5c to balance the FBXW7
methylation level.

Histone methylation cooperates with DNA modification to
modulate gene expression programming, despite the requirement
of these two systems for different sets of enzymes to catalyze
different chemical reactions (29). Histone methylation helps
to direct DNA methylation patterns, and DNA methylation is
facilitated by the DNMT3 binding partner, DNMT3L, which
binds to chromatin by recognizing the K4 residue on histone H3
(30). If this histone moiety is methylated, the complex cannot
bind and the underlying DNA region is thus protected from de
novo methylation. Generally, H3K4me3 binds within the TSS
region and up to 5 kb downstream from actively transcribed
genes (31), but it is unclear how H3K4me3 downstream of
transcription region affects DNA methylation in the TSS region.
In this work, a H3K4me3 peak interacting with KDM5c is located
downstream of the FBXW7 coding sequence, and the CpG island
that exhibits increased methylation after KDM5c overexpression
is located upstream of the TSS. If the H3K4me3 peak acts as
the anchor of DNMT3L and recruits DNMT3 to methylate the
CpG island in the TSS region, then the two sites, more than
16000 bp apart. As shown by our 3C-ChIP data, the CpG island
in the FBXW7 gene TSS region and a H3K4me3 peak in the
downstream portion of the FBXW7 gene are indeed physically
close and connected by DNMT3 (Figure 4). Therefore, our
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FIGURE 6 | Continued
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FIGURE 6 | Overexpression of KDM5c promotes colon cancer cells by downregulating FBXW7 to indirectly change levels of the downstream regulator c-Jun. (A,B)
Representative Western blots (A) and quantification (B) showing the protein levels of c-Jun, cyclin D1, and FBXW7 in either HCT-8 or RKO cells transfected by
empty vector, KDM5c-OE, KDM5c-OE/FBXW7-OE or KDM5c-OE/FBXW7-OE/c-Jun-OE. (C,D) MTT assays to detect cell proliferation rates of the cell lines
described in (A) 72 h after transfection. (E,F) Representative flow plots of the same cell lines as in (A). (G,H) Statistical results showing that the fraction of G2/M
phase cells was significantly increased in KDM5c-OE and KDM5c-OE + FBXW7-OE + c-Jun-OE and decreased in KDM5c-OE + FBXW7-OE RKO (left) and HCT-8
(right) cells. (I) 2-D colony formation assay showing colony formation changes in HCT-8 cells transfected by empty vector, KDM5c-OE, KDM5c-OE/FBXW7-OE, or
KDM5c-OE/FBXW7-OE/c-Jun-OE. (J) In HCT-8 cells KDM5c-OE significantly increased colony formation compared to empty vector, and KDM5c-OE/FBXW7-OE
significantly decreased colony formation compared to KDM5c-OE/FBXW7-OE/c-Jun-OE line. (K) 2-D colony formation assay showing colony formation changes in
RKO cells transfected by empty vector, KDM5c-OE, KDM5c-OE/FBXW7-OE or KDM5c-OE/FBXW7-OE/c-Jun-OE. (L) In RKO cells, the KDM5c-OE group exhibited
significantly increased colony formation compared to empty vector, while KDM5c-OE/FBXW7-OE exhibited significantly decreased colony formation compared to
KDM5c-OE/FBXW7-OE/c-Jun-OE line. Column: mean; Error bar: standard error of the mean (SEM). Statistical analysis was performed and p-values were
calculated. * Above the bars indicates significant difference; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

FIGURE 7 | TCGA database analysis. (A) TCGA dataset analysis revealed that the KDM5c mRNA levels were significantly increased in colon cancer, (P < 0.05). (B)
Overall survival rates of patients with colon cancer stratified by the expression of KDM5c were analyzed via Kaplan-Meier survival analysis. (C) Heat map of the
methylation levels of the FBXW7 and JUN genes in 473 human colon cancer tissues as sourced from TCGA. The upper panel shows that colon cancer tissues with
higher KDM5c expression exhibit higher methylation levels in the FBXW7 gene. The lower panel shows that KDM5c expression in colon cancer tissue has no
relationship with the methylation level in the c-Jun gene.

results provide insights into the coordination between histone
methylation and DNA methylation.

CONCLUSION

In conclusion, KDM5c promotes in vitro colon cancer cell growth
by a mechanism involving demethylation of H3K4me3 in the
TSS and downstream of the tumor suppressor gene FBXW7.
H3K4me3 demethylation may recruit DNMT3b, resulting in
methylation of the CpG island located near the TSS. This
causes downregulation of FBXW7 expression, which reduces the
ubiquitin-proteasome-mediated degradation of proto-oncogene
c-Jun. The in vivo data from TCGA validate our conclusions.
Our results demonstrate a novel epigenetic regulatory pathway

in colon cancer and suggest KDM5c demethylase as an exciting
potential target for colon cancer therapy.
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