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Editorial on the Research Topic
Epigenetics in cancer: mechanisms and drug development-volume Il

Cancer remains the leading cause of death in affluent nations, underscoring the urgent
need for innovative approaches to combat this devastating disease (Siegel et al., 2023).
Epigenetics, a field of study focusing on the modulation of gene expression and function
without altering the DNA sequence, holds tremendous promise in understanding and
addressing cancer development and progression.

The Research Topic titled “Epigenetics in Cancer: Mechanisms and Drug Development-
volume II” presents a compilation of ten articles contributed by over sixty esteemed authors
in the fields of cancer epigenetics and therapeutics. This comprehensive collection
encompasses diverse research directions, including the roles of transcription and
chromatin in gene regulation, DNA modifications, RNA epigenetics, non-coding RNA,
and epigenomic methods. Alongside shedding light on the latest discoveries regarding
epigenetic mechanisms, these articles also emphasize novel and promising therapeutic drugs
aimed at reversing specific epigenetic alterations.

DNA methylation, a key epigenetic modification, has been extensively studied due to its
involvement in transcriptional inhibition and gene silencing (Liang et al., 2021). Recent
investigations have elucidated the downstream mechanisms of gene silencing mediated by
DNA methylation, uncovering the remarkable contribution of molecular domain proteins
(Wurster et al., 2021). In hepatocellular carcinoma (HCC), the understanding of epigenetic
abnormalities linked to aberrant enhancers provides novel insights into drug therapy for this
malignancy. It has been observed that DNA methylation can finely tune gene expression by
balancing the effects of transcriptional inhibition and activation, highlighting its role in gene
repression (Goncharova et al., 2023).

For instance, Yang et al. demonstrated the involvement of promoter methylation and
miR-454-3p in the dysregulation of 4.1N/EPB41L1 at the transcriptional and
posttranscriptional levels, respectively. These findings support the potential therapeutic
use of targeting DNA methylation and miR-454-3p for NSCLC treatment. Additionally,
Huang et al. analyzed epigenomic and transcriptomic data, proposing a prognostic signature
based on six AE-DEGs that outperforms previous models in predicting long-term and short-
term overall survival in HCC patients. Their discovery of the unique role of epigenetic
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aberration-induced aberrant enhancers in HCC progression offers
new insights for drug therapy.

RNA methylation, another significant epigenetic modification,
has emerged as a major focus of research. With over 100 chemical
modification methods identified, N6-methyladenine (m6A) stands
out as a predominant RNA modification (Zhou et al., 2020). Studies
have highlighted the reversible nature of m6A modification,
controlled by writers, readers, and demethylases. M6A plays a
critical role in regulating gene expression, splicing, RNA editing,
RNA stability, and controlling mRNA lifetime and degradation (Li
et al,, 2023; Xiong et al., 2023). Notably, the clinical and prognostic
value of m6A-related features has been elucidated in glioblastoma
multiforme (GBM), laying a foundation for future research in
glioma (Liu et al.). Furthermore, researchers have emphasized the
potential of ncRNA m6A modification and m6A regulators as
promising diagnostic and prognostic biomarkers across various
cancers, aiding in recurrence and survival prediction, and serving
as potential therapeutic targets in cancer treatment (Chen et al. and
Mobet et al.). However, while these advancements offer significant
promise, further exploration is necessary to unravel more specific
mechanisms and develop theories closer to practical applications in
clinical diagnosis and treatment.

Another
methylcytosine (m5C), has demonstrated a pivotal role in gene
expression and RNA stability. In hepatocellular HCC, the
characterization of m5C-related regulators has enhanced our

crucial  post-transcriptional  modification,  5-

understanding of the tumor immune landscape and provides a
practical tool for predicting prognosis (Liu et al.). This valuable
insight has the potential to improve patient outcomes and guide
effective interventions for this challenging disease.

Although epigenetic modifiers have shown promise as targets
for cancer treatment, their efficacy as standalone therapies remain
limited. Combinatorial approaches that integrate epigenetic
therapies with other anti-tumor treatments offer a more
comprehensive strategy for maximizing therapeutic outcomes (Ye
et al., 2021; Li et al., 2022; Lin et al., 2023).
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In conclusion, the study of epigenetics in cancer has unveiled
intricate mechanisms and opened new avenues for drug
development. This collection of articles provides a snapshot of
the latest research, encompassing diverse aspects of epigenetic
regulation in cancer. As scientists delve deeper into these
mechanisms and translate their findings into clinical practice, we
anticipate further breakthroughs that will transform the landscape of

cancer treatment and improve patient outcomes.
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Recently, N6-methyl-adenosine (m6A) ribonucleic acid (RNA) modification, a critical and
common internal RNA modification in higher eukaryotes, has generated considerable
research interests. Extensive studies have revealed that non-coding RNA m6A
modifications (e.g. microRNAs, long non-coding RNAs, and circular RNAs) are
associated with tumorigenesis, metastasis, and other tumour characteristics; in
addition, they are crucial molecular regulators of cancer progression. In this review, we
discuss the relationship between non-coding RNA m6A modification and cancer
progression from the perspective of various cancers. In particular, we focus on
important mechanisms in tumour progression such as proliferation, apoptosis, invasion
and metastasis, tumour angiogenesis. In addition, we introduce clinical applications to
illustrate more vividly that non-coding RNA m6A modification has broad research
prospects. With this review, we aim to summarize the latest insights and ideas into
non-coding RNA m6A modification in cancer progression and targeted therapy, facilitating
further research.

Keywords: m6A RNA modification, non-coding RNA, tumorigenesis mechanism, cancer therapy, epigenetics

1 INTRODUCTION

In eukaryotic cells, some non-coding ribonucleic acids (ncRNAs), such as microRNAs (miRNAs),
long non-coding RNAs (IncRNAs), and circular RNAs (circRNAs), usually do not encode proteins
but perform their respective biological functions at the RNA level. Generally, ncRNAs have long been
thought to be post-transcriptional regulators of gene expression, but RNA modifications have
rendered it possible for ncRNAs to generate new regulatory effects on gene expression. N6-methyl-
adenosine (m6A), methylated at the N6 position of adenosine, is a reversible epigenetic RNA
modification that modulates splicing, degradation, and other biological processes of RNAs (Fazi and
Fatica 2019; Zhou et al,, 2020). During the process from DNA to RNA, adenylate undergoes

Abbreviations: CRC, colorectal cancer; ccRCC, clear cell renal cell carcinoma; ceRNA, endogenous ribonucleic acid; circRNA,
circular ribonucleic acid; EMT, epithelial-mesenchymal transition; ESCC, esophageal squamous cell carcinoma; GC, gastric
cancer; HCC, hepatocellular carcinoma; HNSCC, head and neck squamous cell carcinoma; IncRNA, long non-coding
ribonucleic acid; miRNA, micro ribonucleic acid; m6A, N6-methyl-adenosine; ncRNA, non-coding ribonucleic acid; NM,
nafamostat mesilate; NSCLC, non-small cell lung cancer; RBRP, RNA-binding regulatory peptide; 3'-UTR, 3'-untranslated
region.
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ncRNA m6A Modification in Cancer
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affecting the stabilization and expression of the downstream target mRNA. Anti-sense INcRNA could recruit m6A eraser proteins to decrease m6A abundance on the
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other regulator cofactors. The non-coding RNA with m6A modification resides could

ncRNA. During the processing from pri-miRNA to miRNA, the presence of m6A

raser ALKBHS5).

methylation modification at the sixth position under the action of
methyltransferase (“writer”) METTL3/14, WTAP, KIAA1429,
RBM15, and ZC3H13. Next, the bases are demethylated by
demethyltransferase (“eraser”) FTO and ALKBH. Finally, these
methylated RNA base sites require specific enzymes (“readers”) to

accomplish the purpose of embellishing ncRNAs (Sun et al,
2019). The molecular mechanisms of m6A modification involved
in the regulation of ncRNA gene expression have been reported
previously (Erson-Bensan and Begik 2017; Fazi and Fatica 2019;
He et al., 2020; Zhang et al., 2020d), and more interestingly, the

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

December 2021 | Volume 9 | Article 778582


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

Chen et al.

abundance of m6A modification and the expression of m6A
regulators are also regulated by ncRNAs.

The genes encoding miRNA are transcribed as long
transcripts, called primary miRNA (pri-miRNA) in the
nucleus. Pri-miRNA undergoes nuclear cleavage mediated by
Drosha-DGCR8 complex, to form precursor miRNA (pre-
miRNA), which is then transported to cytoplasm via Exportin-
5 and sheared by RNase |ll endonuclease Dicer to short RNA
fragments, namely miRNA (Vishnoi and Rani 2017). Studies have
shown that pri-miRNAs methylated by m6A are more likely to be
identified by molecules that are responsible for miRNA
maturation, thus accelerating the initiation, splicing,
transportation and other processes of miRNA biogenesis
(Alarcon et al, 2015a; Alarcén et al, 2015b; Chen et al.,
2020c) (see Figure 1A). For example, the m6A “writer”
METTL3, marked in pri-miRNA, has been reported to interact
with DGCR8 and to positively promote the splicing and
maturation of miR-25 (Alarcon et al, 2015b), miR-143-3p
(Wang et al, 2019a), pri-miR-221/miR-222 (Han et al,
2019a), pri-miR-1246 (Peng et al, 2019), and miR-25-3p
(Zhang et al., 2019a). Further, the m6A “reader” HNRNPC
can directly bind pri-miR-21 to increase miR-21 expression
(Park et al, 2012), whereas HNRNPA2BI1 interacts with
IncRNA LINCO01234 to indirectly modulate miR-106b-5p
maturation (Chen et al., 2020d). Inconsistent with the above
findings, a study has shown that HNRNPA2BI1 overexpression
downregulates miR-29a-3p, miR-29b-3p, miR-222, and inversely
upregulates miR-1266-5p, miR-1268a, and miR-671-3p (Klinge
et al., 2019). Notably, the methyltransferase NSun2 blocks the
splicing of pri-miR-125b2 and interferes with miR-125b cleavage,
which is in contrast to the action of methyltransferase METTL3/
14 (Yang et al,, 2015; Yuan et al.,, 2014). These data suggest the
extraordinary complexity and diversity of m6A modification in
miRNA biosynthesis.

LncRNA is a kind of ncRNA with a length of more than 200
nucleotides, but was initially considered as “transcriptional noise”
because its biological functions were unknown (Yang et al., 2020b).
With further research, increasing associated machineries of IncRNA
have been found. The current studies indicate that m6A modification
can act as a structural “switch” to change the conformation of
IncRNA, participate in the ceRNA model for silencing miRNA or
affect the stability and expression of IncRNA (see Figure 1A).
Specifically, m6A-modified IncRNA is demonstrated to have
hairpins that are more suitable for conformation in the RNA-
HNRNPC complex, suggesting that m6A modification acts as a
“switch” to trigger the combination of IncRNA and HNRNPC (Liu
et al,, 2015; Zhou et al., 2016). In addition, m6A modification can
facilitate IncRNA to act as endogenous RNAs (ceRNAs) and then
sponge downstream miRNA by improving the stability of IncRNA
transcript or reducing RNA degradation (Jin et al.,, 2019; Wang et al,,
2020a). Notably, m6A modification contributes to the function of
IncRNAs, as well as affects their expression level. It is reported that
YTHDF1 knockdown downregulates LINC00278-sORF1 translation
without changing the m6A modification level. METTL3, METTL14,
and WTAP knockdown reduces the m6A modification level and
LINCO00278-sORF1 translation, while ALKBHS5 increases them (Wu
et al,, 2020).

ncRNA m6A Modification in Cancer

The interaction between m6A modification and ncRNAs is
reciprocal, which means that ncRNAs can also regulate m6A
modification in biological processes. Some miRNAs can target the
mRNA of m6A regulators and integrate into the 3'-UTR region of
mRNA to alter their stability and expression, thus indirectly
affecting m6A modification abundance. Further, IncRNA can
affect the stability and degradation of m6A-related enzymes or
combine with them to form complexes, thus facilitating a
regulatory effect on the downstream target mRNA of m6A
regulators (see Figure 1B). For example, miR-33a, miR-600,
miRNA let-7g, miR-744-5p, and miRNA-145 are shown to
decrease the expression of METTL3, HNRNPC or YTHDEF2 at
both the mRNA and protein levels (Cai et al., 2018; Du et al.,
2017; Kleemann et al., 2018; Wei et al., 2019; Yang et al., 2017).
Furthermore, the IGF2BP2 mRNA is regulated by IncRNA
LINRIS, which is not only responsible for maintaining
IGF2BP2 mRNA stability but also prevents its degradation
(Wang et al., 2019b). Except for changing the expression level
of m6A regulators, ncRNA can change m6A abundance via a
sequence-dependent manner. For example, the decrease of
endonuclease Dicer leads to aberrant miRNA expression, and
modulates the binding of m6A-related enzymes to mRNAs that
contain miRNA binding sites, thus downregulating the
abundance of m6A modification without affecting the
expression of m6A regulators, METTL3, FTO, and ALKBH5
(Chen et al., 2015).

So far, several studies have enriched our understanding of the
interactions between ncRNA and m6A modification, and
indicated that aberrant expression of m6A regulators and m6A
modification on ncRNAs can alter normal biological processes.
Notably, this abnormal biological change caused by m6A
modification makes ncRNAs involved in tumorigenesis and
cancer progression, associating with cell proliferation and
apoptosis, invasion and metastasis, cell stemness, drug
resistance and other mechanisms that enhance the malignancy
of cells and the difficulty of cancer therapies. Therefore, the role of
ncRNA m6A modification in various cancers is worthy of further
study to better understand the related mechanisms, contributing
to provide insights for early cancer diagnosis, outcome prediction
and cancer treatment strategies. In this review, we discuss the
relationship between ncRNA m6A modification and cancer
progression from the perspective of various cancers. In
particular, we focus on important mechanisms in tumour
progression and introduce potential clinical applications to
illustrate more vividly that ncRNA m6A modification has
broad research prospects in cancer. We aim to summarize the
latest insights into ncRNA m6A modification in cancer
progression and targeted therapy, facilitating further research.

2 Functions of ncRNA m6A Modification in

Different Types of Cancer

2.1 Lung Cancer and ncRNA m6A Modification

Lung cancer, also known as primary bronchial lung cancer, refers
to malignant tumour originating in bronchial mucous epithelium
or alveolar epithelium, and is mainly classified into
adenocarcinoma, squamous cell carcinoma, large cell

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

December 2021 | Volume 9 | Article 778582


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

Chen et al.

carcinoma and small-cell lung cancer. Due to the huge difference
between small cell carcinoma and other types in biological
behaviour, treatment prognosis and other aspects, lung cancer
other than small cell lung cancer is collectively referred to as non-
small-cell lung cancer (NSCLC) (Yousef and Tsiani 2017;
Inamura 2018). During the progression of NSCLC, LINC01234
is reported to be an oncogenic IncRNA that interacts with m6A
“reader” HNRNPA2B1. Overexpression of LINC01234 combined
with HNRNPA2B1 recruits DGCRS8 and facilitates the processing
of several miRNA precursors, including pri-miR-106b.
Interestingly, activated c-Myc by miR-106b-5p can bind to the
LINCO01234 promoter to create a positive feedback loop (Chen
et al., 2020d). Contrast to interaction, METTL3 accelerates the
splicing of the precursor and generates mature miR-143-3p,
regulating the expression of oncogene miR-143-3p (Wang
et al., 2019a). Similarly, the miR-107/LAST2 axis is regulated
by the m6A “eraser” ALKBHS5 in an HuR-dependent manner to
decrease YAP activity and inhibit tumour growth (Jin et al., 2020);
IncRNA MALAT1 is stabilized by the METTL3/YTHDF1
complex and its RNA level is increased with high levels of
m6A modification (Jin et al., 2019). METTL3 has been shown
to promote the expression of some crucial oncoproteins and
facilitate tumour proliferation, apoptosis, and invasion in human
lung cancer (Du et al., 2017). However, miR-600 and miR-33a
inhibit the expression of METTLS3, reversing its positive effects on
NSCLC progression and playing the role of tumour suppressor
genes (Du et al., 2017; Wei et al,, 2019). In summary, the effect of
m6A modification on cancers may be completely opposite under
the regulation of ncRNAs, suggesting the relationship between
ncRNA and m6A modification is complex and variable in cancer
progression.

2.2 Liver Cancer and ncRNA m6A

Modification

Primary carcinoma of the liver has multifactorial pathogenesis
and is a malignant tumour occurring in hepatocytes or
intrahepatic bile duct epithelial cells, including hepatocellular
carcinoma (HCC), hepatobiliary carcinoma and hepatic sarcoma
(Gao et al., 2020). HCC occurs in liver cells and is the main
histological subtype of the hepatic malignancy (accounting for
more than 90% cases of primary carcinoma of the liver).
Overwhelming evidence has proved the regulatory roles of
ncRNAs related to liver carcinogenesis, and their relationship
can be summed up as “frenemy” which is means a kind of love-
hate relationship (Wong et al., 2018). The miR-186, which plays
the role of anti-hepatoblastoma, is weakly expressed in HCC
tissues, and its overexpression inhibits cell aggressive
characteristics; however, the increase of its direct target
METTL3 reverses the inhibitory effect (Cui et al,, 2020). In
addition, another study has shown that METTL3 can improve
the expression of c-Myc by increasing m6A modification, whereas
miR-338-5p inhibit the expression of METTLS3 to interfere with
the lung cancer progression (Wu et al., 2021). The m6A “writer”
METTL14 positively modulate pri-miRNA-126 maturation by
interacting with DGCRS to suppress the metastatic potential of
HCC cells. Similar to the interaction of miR-186 and METTL3,
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the overexpression of pri-miRNA-126 inversely inhibits the
repressing effect of METTL14 (Ma et al., 2017).

Thus, hostility alters their normal biological functions, while
the friendship represents a positive correlation between ncRNAs
and m6A regulators. With the help of m6A modification
mediated by METTL3/METTL14, IncRNA LINCO00958 (Zuo
et al, 2020)and circ-SORE (Xu et al, 2020a)are upregulated
because of enhancement of transcript stability. The m6A
“reader” IGF2BP1 plays an oncogenic role in HCC
progression, but the decrease of IncRNA LIN28B-AS can
deplete the expression of IGF2BP1-dependent mRNAs, such as
IGF2 and Myc, thereby inhibiting HCC cell proliferation,
migration, and invasion (Zhang et al., 2020c). In addition to
influencing the expression of molecules, m6A modification and
ncRNA also affect their binding to downstream molecules.
KIAA1429 is a member of m6A methyltransferases, and
GATA3 mRNA is a direct downstream target of KIAA1429-
methylation, facilitating the degradation of GATA3. Strikingly,
KIAA1429 preferentially induces GATA3 pre-mRNA in a
targeted manner under the guidance of the antisense gene
IncRNA GATA3-AS to maintain their roles in cancer
progression (Lan et al.,, 2019). In addition, m6A modification
targets the 3'-UTR of YAP, which induces the repression effect of
miR-582-3p, although whether the m6A regulator is primarily
responsible for this essential part of the interaction is unclear until
now (Zhang et al., 2018). The complexity of m6A modification
and ncRNAs suggest that it is necessary to further study the
mechanisms and effects of their crosstalk in liver cancer, thus
using the stable and significant indicators to assist early diagnosis
and treatment.

2.3 Gastric Cancer and ncRNA m6A
Modification

Gastric cancer (GC) is a malignant tumour of digestive system
occurring from gastric mucosal epithelium and glandular
epithelium (Karimi et al., 2014), accounting for the second
largest malignant tumour in China. In GC tissues, it is found
that MEETL3 promotes the maturation of pri-miR-17-92 (Sun
et al, 2020b), and m6A-modified motif-assisted miR-660 to
reduce oncogene E2F3 activity (He and Shu 2019). Besides,
METTL3 can upregulate the expression of target mRNA
SEC62 by facilitating the stabilizing effect of IGF2BP1 on
SEC62, but this positive regulation could be inhibited by miR-
4429 (He et al,, 2019). In contrast, IncRNA ARHGAP5-AS] is
responsible for recruiting METTLE3 to stabilise ARHGAP5
mRNA in the cytoplasm (Zhu et al., 2019). Unlike enhancing
downstream target mRNA stability, METTL3 has been reported
to combine with the m6A “reader” YTHDF2 to promote the
degradation of PTEN mRNA and increase tumour malignancy,
and subtly, the oncogenic IncRNA LINC00470 serves as an
accelerator in this process (Yan et al, 2020). Many studies
have reported that aberrant expressions of IncRNA (Sun et al,,
2016), miRNA (Shin and Chu 2014), and circRNA (Shan et al,,
2019) play important roles in GC progression and could be
regarded as diagnostic/prognostic markers and
chemotherapeutic tools. Compared with the complex change
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of m6A modification in liver cancer, most ncRNAs and protein
genes related to m6A are upregulated in GC tissues, suggesting
that the m6A-related risk score might be informative for risk
assessment and prognostic stratification (Guan et al., 2020).

2.4 Bladder Cancer and ncRNA m6A
Modification

Bladder cancer is a morbid malignancy of the urinary tract, and
95% of bladder tumors originate from epithelial tissue. Notably,
the symptoms of bladder cancer mimic those of a urinary tract
infection, increasing the diagnosis difficulty and delaying timely
therapy (Li et al., 2019¢). Accumulating evidence implies that the
abnormal m6A modification of ncRNA is related to
tumorigenicity and poor prognosis in bladder cancer.
Oncogenic METTL3 facilitates DGCR8 to recognise pri-
miRNA and accelerate the maturation of pri-miR221/222,
which is targeted to PTEN (Han et al., 2019a). Differently
from the direct regulation, the m6A “eraser” FTO regulates
the expression of MALAT/miR-384/MAL2 axis by catalysing
MALAT1 demethylation in an m6A-dependent manner,
indicating the potential of FTO as a diagnostic and prognostic
biomarker (Tao et al., 2021). Low expression of METTL14 and
decreased global m6A abundance in bladder cancer tissue are also
associated with the clinical severity and outcomes of bladder
cancer. METTL14 knockout promotes the proliferation, self-
renewal, metastasis, and initiation of tumour cells, while
overexpression plays an adverse role (Gu et al.,, 2019). These
m6A-related molecules may play important roles in the clinical
diagnosis and treatment of bladder cancer in the future.

2.5 Breast Cancer and ncRNA m6A
Modification

Breast cancer is an epithelial malignant tumour originating from
the terminal ductal lobule unit of the breast. The breast epithelial
cells have unlimited replicative potential and other malignant
characteristics because of various carcinogenic factors (Nagini
2017). The hostile hypoxic microenvironment is a major reason
for the rapid expansion of cancer cells. It has been reported that
the IncRNA KB-1980E6.3 that is associated with hypoxia can
recruit m6A “reader” IGF2BP1 to stabilize c-Myc mRNA and
enhance the malignant characteristics (Zhu et al., 2021). In
endocrine-resistant LCC9 breast cancer cells, HNRNPA2B1
expression is higher than that in parental and tamoxifen-
sensitive cells, and this increase alters the transcriptome and
expression of miRNAs, because HNRNPA2BI is a “reader” of the
m6A mark in pri-miRNAs and is responsible for promoting
DROSHA processing of pre-miRNAs (Klinge et al, 2019).
Similarly, m6A methyltransferase METTL14 has been
demonstrated to be significantly increased in breast cancer
tissues with the function of reshaping miRNA profile of cancer
cell lines. It has been verified that hsa-miR-146a-5p is a
differentially expressed miRNA, modulated by METTL14-
induced m6A modification, and thus affects the migration and
invasion of breast cancer cells (Yi et al,, 2020). In addition,
METTLI14 is regulated by the oncogenic IncRNA LNC942 to
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facilitate cell growth and cancer progression. Mechanistically,
LNC942 recruits the METTL14 protein and elevated post-
transcriptional METTL14-mediated m6A modification levels,
thereby stabilising the expression of downstream targets (Sun
et al, 2020a). In human epidermal growth factor receptor 2
(HER2)-positive breast cancer, it is reported that m6A “eraser”
FTO inhibits miR-181b-3p and upregulates the expression of
oncogenic ARL5B (Xu et al., 2020b). Overall, more extensive and
in-depth researches on the aberrant m6A modification of ncRNA
for the carcinogenesis and development of breast cancer are
required.

2.6 Colorectal Cancer and ncRNA m6A
Modification

Carcinoma of large intestine is a malignant gastrointestinal tract
tumour that originates from large intestine mucous membrane
epithelium and gland with a high metastasis and reoccurrence
rate, including colon cancer and carcinoma of the rectum (Muller
et al.,, 2016). Most researchers focus on the relationship between
ncRNA m6A modification and metastasis of colorectal cancer
(CRQC). A novel IncRNA RP11-138 J23.1 (RP11) is demonstrated
to positively regulate epithelial-mesenchymal transition (EMT) in
CRC cells. Mechanistically, the expression of RP11 is upregulated
in an m6A modification-dependent manner; then, the complex
composed by RP11 and HNRNPA2B1 prevents Zebl
degradation, triggering the dissemination of cancer cells (Wu
et al,, 2019). LncRNA GAS5 promotes YAP ubiquitin-mediated
degradation, but YTHDEF3 alleviates this effect via IncRNA GAS5
decay, confirming that YTHDEF?3 is not only a novel target of YAP
but also a significant player in YAP signalling by facilitating
IncRNA GAS5 degradation (Ni et al., 2019). Overexpression of
METTLI14 is also reported to correlate with the YAP pathway and
can suppress CRC cell growth and metastasis via the miR-375/
YAP1 pathway (Chen et al., 2020b). Besides, the expression of
oncogene IncRNA XIST negatively correlates with YTHDF2 and
METTL14 in CRC tissues because of the m6 A modification (Yang
et al.,, 2020c¢). In contrast, YTHDC1 recognises circNSUN2 and
export it to the cytoplasm, eventually participating in cancer
progression by forming the cir-cNSun2/IGF2BP2/HMGA2
complex (Chen et al, 2019a). In addition, the oncogene
IncRNA LINC00460 combines with IGF2BP2 and upregulates
the expression of HMGA1 mRNA and increase its stability,
participating in cancer development (Hou et al., 2021). The
m6A “reader” YTH protein family and IGF2BP2 have been
widely reported in colorectal cancer, and therefore it is
reasonable to speculate that the m6A “reader” may play an
important role in the progression of colorectal cancer, which
deserves deeply study.

2.7 Other Cancers and ncRNA m6A

Modification

Abnormal m6A modification of ncRNAs is also associated with
the progression of other cancers. In clear cell renal cell carcinoma,
Gu et al. find a novel DNA methylation-deregulated and RNA
m6A reader-cooperating IncRNA (DMDRMR), which interacts
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FIGURE 2 | Abnormal m6A modification of non-coding RNA in human cancers. HNSCC, head and neck squamous cell carcinoma; ESCC, esophageal squamous
cell carcinoma; HCC, hepatocellular carcinoma; CRC, colorectal cancer; NSCLC, non-small-cell lung carcinoma; GC, gastric cancer; ccRCC, clear cell renal cell
carcinoma. The icons represent the ncRNAs that can be regarded as potential diagnostic and prognostic biomarkers. T High expression is positively associated with
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with IGF2BP3 to stabilize target genes and plays a carcinogenic
role (Gu et al, 2021). In thyroid cancer, IncRNA MALAT1
competitively binds to miR-204, upregulates IGF2BP2 and
enhances MYC expression in m6A-dependent manner,
conferring a stimulatory effect on cancer progression (Ye
et al, 2021). In osteosarcoma, ALKBH5 inhibits the
degradation of IncRNA PVTI and leads to the overexpression
of IncRNA PVTI. Overexpressed PVT1 can suppress the binding
of YTHDF2 with PVTI1 to promote cancer cell proliferation
(Chen et al.,, 2020a). This combination of the m6A “reader”
and IncRNA, which affects cancer cell proliferation, also occurs in
pancreatic cancer. IGF2BP2 and IncRNA DANCR have been
reported to interact and promote the cancer stemness-like
properties of pancreatic cancer. The adenosine at 664 of
DANCR is modified by N6-methyladenosine, and IGF2BP2
serves as a reader for this structural change to stabilise
DANCR RNA and promote cell proliferation (Hu et al., 2020).
In pancreatic duct epithelial cells, oncogenic miR-25-3p is
correlated with poor prognosis in patients with pancreatic
cancer. One study has found that NF-kB-associated protein
induced by m6A modification facilitates excessive pri-miR-25

maturation under the environment of cigarette smoke
condensate; then it activates the oncogenic AKT-p70S6K
signalling and provokes malignancy of pancreatic cancer
(Zhang et al, 2019a). In head and neck squamous cell
carcinoma, oncogenic LNCAROD affects the degree of tumour
malignancy. METTL3-and METTL14-induced dysregulated
m6A modification could account for the aberrant expression
of LNCAROD and lead to the malignant behaviour of tumour
cells (Ban et al., 2020). Moreover, Zheng et al. propose that m6A
is highly enriched in oncogenic IncRNA FAM225A and enhances
RNA stability, contributing to cell proliferation, migration,
invasion, and metastasis (Zheng et al., 2019). Similarly, m6A
modification improves the transcript stability of IncRNA
RHPNI1-AS1 and upregulates its expression in epithelial
ovarian cancer tissues, facilitating RHPN1-AS1 to act as an
oncogene (Wang et al, 2020a). In glioblastoma, it has been
found that 13 central m6A methylation regulators are
associated with the clinical and molecular phenotype,
suggesting that m6A regulators are important participants in
malignant progression (Du et al., 2020b). A more specific
example is HNRNPC, which directly binds to pri-miR-21 and
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FIGURE 3 | The mechanisms of non-coding RNA (miRNA & IncRNA) m6A modification involved in cancer progression. The biological functions of non-coding
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promotes its expression, playing a role in the metastatic potential
of the glioblastoma cell lines. The experimental results show that
the expression levels of HNRNPC are higher in highly aggressive
cancer cells and are elevated along with the brain tumour grade
(Park et al., 2012). In the cancers listed above, the abundance of
m6A modification and the enzymes involved in it can affect
ncRNA maturation and activation and change their biological
functions, which in turn can impact the progression of various
cancers (see Figure 2).

3 MECHANISMS OF NCRNA M6A
MODIFICATION IN CANCER
PROGRESSION

The ncRNA and m6A regulators show significant changes in
different cancers owing to their interactions, which cause
abnormal biological functions and thereby affect cancer
progression (see Figure 3). Among urological cancers
(Wang et al., 2020c), METTL3 is overexpressed in bladder

cancer (Xie et al., 2020)and prostate cancer (Yuan et al., 2020),
but shows low expression in kidney cancer (Tao et al., 2020).
METTLI14 is downregulated in kidney and bladder cancers,
playing a tumour suppressive role. Surprisingly, even though
METTL3 and METTL14 show different expression levels and
functions in urological cancers, they both participate in cancer
progression through cell growth- and cell death-related
pathways (Tao et al, 2020). Therefore, understanding
ncRNA m6A modification from the perspective of cancer
progression mechanisms will provide more promising ideas
and methods to interfere with cancer progression (see
Table 1).

3.1 Tumour Cell Proliferation

Many studies have reported that m6A modification of ncRNAs
influences tumorigenesis and cell proliferation; for example,
ectopic expression of miR-660 directly binds to oncogene E2F3
to affect cell proliferation owing to the m6A motif in the region
of E2F3 3'-UTR (He and Shu 2019). The stabilisation of
oncogene SEC62 mRNA could be enhanced by the m6A
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TABLE 1 | The biological function and mechanism of ncRNAs and m6A modification involved in cancer progression.

Non-coding RNA

miR-143-3P

miR-338-5p
miR-320b

miR-33a
miR-107

miR-600

miR-4443
IncRNA THOR

INcRNA MALATH
INcRNA LINC01234
miR-186
miR503HG

miR-126
IncRNA LIN28B-AS1

IncRNA LINC00958
INcRNA GATA3
circRNA-SORE
circRNA_104075
miR-4429

miR-660

miR-17-92

INcRNA ARHGAP5-AS1
INcRNA LINC00470
INcRNA NEAT1
miR-146a-5p
miR-181b-3p

miRNA let-7g

IncRNA LINC00942
INncRNA KB-1980E6.3
miR-1246

miR-375

IncRNA LINRIS
IncRNA GAS5

INcRNA LINC00460

IncRNA RP11-138
J23.1

Cancer

lung cancer

lung cancer
lung cancer

NSCLC
NSCLC

NSCLC

NSCLC
NSCLC

NSCLC

NSCLC
hepatoblastoma
HCC

HCC
HCC

HCC

HCC

HCC

HCC

GC

GC

GC

GC

GC

GC

breast cancer
breast cancer
breast cancer
breast cancer
breast cancer
CRC

CRC

CRC

CRC

CRC

CRC

Biological function and
mechanism

Methylation facilitates miR-143-3p biogenesis and promotes brain metastasis via miR-143-
3p/VASH1 axis

MiR-338-5p inhibits cell growth and migration via inhibition METTL3/c-Myc pathway
miR-320b suppresses HNF4G and IGF2BP2 expression to inhibit angiogenesis and tumor
growth

MiR-33a attenuates cell proliferation by reducing the expression of METTL3

ALKBH5 regulates miR-107/LATS2 axis to inhibit YAP, thus inhibiting tumor growth and
metastasis

MiR-600 downregulates METTL3 expression to induce migration, proliferation and
apoptosis

Exosomal miR-4443 facilitates tumor growth and promotes cisplatin resistance via METTL3
YTHDF1/2 regulate the stability of IncRNA THOR, strengthening cell proliferation and
metastasis

MALAT1 is stabilized by METTL3/YTHDF3 complex and sponges miR-1914-3p to promote
invasion, metastasis and resistance

LINC01234 interacts with HNRNPA2B1 to enhance cell growth via miR-106b/CRY2/c-Myc
axis

METTL3/miR-186 axis contributes to migration and invasion via the Wnt/p-catenin signaling
pathway

MIR503HG promotes HNRNPA2B1 degradation and inhibits migration via NF-kB signaling
pathway

Methylation facilitates miR-126 maturation and alters cell metastatic capacity
LIN28B-AS1 downregulates IGF2BP1-dependent mRNAs, inhibiting proliferation, migration
and invasion

Methylated LINC00958 sponges miR-3619-5p to upregulate HDGF, facilitating cell
proliferation, motility and lipogenesis

GATAS-AS participates in the binding of KIAA1429 and GATAS, relating with tumor growth
and metastasis

CircRNA-SORE induces sorafenib resistance via miR-103a-2-5p/miR-660-3p and Wnt/
B-catenin pathway

CircRNA_104075 stimulates YAP-dependent tumorigenesis and cell proliferation through
m6A modification

MiR-4429 inhibits METTLS3 to repress SEC62, preventing proliferation and facilitating
apoptosis

Ectopic expressed miR-660 directly binds to E2F3 and realizes anti-proliferation effect via
the m6A motif

METTLS facilitates the maturation of miR-17-92, decreases the resistance to mTOR inhibitor
everolimus

INcRNA ARHGAP5-AS1 facilitates ARHGAP5S methylation, accelerating the
chemotherapeutic resistance

LINC00470 decrease PTEN expression via m6A regulators, promoting proliferation,
migration and invasion

ALKBH5 and NEATT influences the expression of EZH2 and thus affects invasion and
metastasis

METTL14 modulates hsa-miR-146a-5p expression, affecting migration and invasion of
cancer cells

The FTO/miR-181b-3p/ARL5B signaling pathway regulates cell migration and invasion
The loop of HBXIP/let-7g/METTL3/HBXIP related with cell proliferation

LNC942 increases methylation level, elevates cell proliferation and inhibits cell apoptosis
LncRNA KB-1980E6.3 maintains CSC stemness via interacting with IGF2BP1 to facilitate
c-Myc stability

Upregulated METTL3 facilitates migration and invasion via miR-1246/SPRED2/MAPK
signaling pathway

METTL14 suppresses cell growth via the miR-375/YAP1, inhibits cell migration and invasion
through the miR-375/SP1 pathway

LINRIS stabilizes IGF2BP2 and prevents its degradation, promoting the aerobic glycolysis
and proliferation

LncRNA GAS5 promotes YAP degradation, but YTHDF3 alleviates this effect via INCRNA
GAS5 decay

LncRNA LINC00460 combines with IGF2BP2 to increase HMGAT1, facilitating invasion and
metastasis

The m6A modification upregulates RP11 to promote EMT, migration, invasion and enhance
liver metastasis
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TABLE 1 | (Continued) The biological function and mechanism of ncRNAs and m6A modification involved in cancer progression.

Non-coding RNA

INcRNA XIST
LINC00266-1 (RBRP)
Circ-NSUN2

INcRNA NEATH
miR-25-3p

INcRNA KCNK15-AS1
IncRNA DANCR

INcRNA GAS5/GAS5-
AS-1

INcRNA KCNMB2-AS1
INcRNA HOTAIR
INcRNA RHPN1-AS1
miR-744-5p

miR-145
miRNA221/222
IncRNA DMDRMR
INcRNA FOXM1-AS
miR-21

INcRNA PVT1
miR-495

INcRNA CCAT1/CCAT2
INcRNA FAM225A
IncRNA LNCAROD

IncRNA LINC00278

INcRNA MALATH1

Cancer

CRC

CRC

CRC

colon cancer
pancreatic cancer

pancreatic cancer
pancreatic cancer

cervical cancer

cervical cancer

cervical cancer
epithelial ovarian cancer
ovarian cancer

ovarian cancer

bladder cancer

clear cell renal cell
carcinoma
Glioblastoma
glioblastoma multiforme
Osteosarcoma
prostate cancer

prostate cancer

nasopharyngeal
carcinoma
HNSCC

ESCC

thyroid cancer

Biological function and
mechanism

Methylation decrease enhances the expression of XIST, increasing tumorigenicity and
metastasis

The LINC00266-1-encoded RBRP peptide promotes tumorigenesis and metastasis via
IGF2BP1/c-Myc

YTHDC1 recognizes cir-cNSun2 and facilitates invasion by forming the cir-cNSun2/
IGF2BP2/HMGA2 complex

ALKBH5 upregulates NEAT1 expression by demethylation, which leads to inhibit apoptosis
and induce cell proliferation and migration

Methylation facilitates pri-miR-25 maturation to provoke malignant phenotypes via AKT-
p70S6K pathway

Demethylation KCNK15-ASTis related with cell motility

DANCR s stabilized by IGF2BP2. IGF2BP2 and DANCR promote cancer stemness-like
properties

GAS5-AS1 regulates m6A modification of GAS5 to inhibit proliferation and metastasis

KCNMB2-AS1 sponges miR-130b-5p/miR-4294 to upregulate IGF2BP3, inhibiting
apoptosis of cancer cells and inducing proliferation

LncRNA HOTAIR methylated by m6A upregulate EMT related-genes and increase
aggressiveness

RHPN1-AS1 is stabilized by methylation, promotes cell proliferation and metastasis via miR-
596/LETM1 and activates FAK/PIBK/Akt pathway

The overexpression of miR-744-5p decreases HNRNPC, relating with cell apoptosis

MiR-145 downregulates YTHDF2 expression and increase m6A levels, suppressing cell
proliferation

METTLS overexpressed cells, miRNA221/222 promotes tumor proliferation by regulating
PTEN.

LncRNA DMDRMR-mediated regulation of m6A-modified CDK4 by IGF2BP3 promotes cell
proliferation and metastasis

FOXM1-AS regulates FOXM1 expression to maintain tumorigenicity of glioblastoma
stemness-like cells

HNRNPC controls the metastatic potential by regulating the expression of miR-21 and
PDCD4

ALKBHS upregulates PVT1 to suppress its binding with YTHDF2, promoting tumor
proliferation

KDMB5A/MIRNA-495/YTHDF2/mB6A-MOB3B axis is associated with cancer cell apoptosis
MB6A “reader” VIRMA downregulation attenuates the aggressive phenotype by overall
reduction of mBA-levels decreasing stability and abundance of oncogenic INcRNA CCAT1
and IncRNA CCAT2

FAM225A with highly enriched m6A modification promotes tumorigenesis and metastasis
via miR-590-3p/miR-1275/ITGB3

Methylation stabilizes LNCAROD and promotes cancer progression via HSPATA/YBX1,
associating with cell proliferation and mobility

LINC00278 modified by mBA encodes a micropeptide YY1BM, whose downregulation
upregulates eEF2K expression, disrupts negative regulation of the AR signaling pathway and
inhibits cell apoptosis

MALAT1 upregulates IGF2BP2 and enhances Myc expression by competitively binding to
miR-204, conferring a stimulatory effect on proliferation, migration, invasion and cell
apoptosis
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modification of METTL3 and IGF2BPI; however, it was
demonstrated that miR-4429 targets and suppresses
METTL3 to repress SEC62 and realise an anti-proliferative
effect (He et al., 2019). In addition, the overexpression of miR-
145 inhibits cancer cell proliferation, while this suppression is
impaired by the overexpression of YTHDF2, resulting in a
crucial crosstalk between miR-145 and YTHDF2 by forming a
double-negative feedback loop (Li et al., 2020a). Carcinogenic
IncRNA THOR has been reported to be related to m6A
modification for the first time. YTHDFI and YTHDF2 can

regulate the stability of THOR by reading the m6A motifs,
thereby strengthening cell proliferation and helping THOR to
realise its oncogenic function (Liu et al., 2020a). In terms of the
m6A “reader,” METTL3-induced m6A methylation reduces
IncRNA RHPN1-AS1 degradation to help it serve as a ceRNA
and activate the PI3K/AKT pathway (Wang et al., 2020a).
Similarly, LNC942, IncRNA XIST and IncRNA FAM225A can
affect cell proliferation and cancer progression under the m6A
“writer”’-mediated m6A modification (Sun et al., 2020a; Yang
et al., 2020c¢; Zheng et al., 2019).
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With the participation of m6A modification, both IncRNA
THOR and IncRNA RHPN1-AS1, regarded as oncogenes, can
promote tumorigenesis and cell proliferation, while it is worth
noting that LINC00266-1 itself cannot promote tumorigenesis
but RBRP encoded by it is a potential oncogene in colorectal
cancer. LncRNA LINC00266-1 encodes a 71-amino acid peptide
named “RNA-binding regulatory peptide” (RBRP), which binds
to the RNA-binding proteins, including the m6A “reader”
IGF2BP1. The existence and expression of natural endogenous
RBRP has been verified in colorectal, breast, and ovarian cancers
and nasopharyngeal carcinoma. RBRP, considered as a regulatory
subunit of a m6A “reader,” strengthens m6A recognition by
IGF2BP1 on targeted RNAs through the essential G19 residue
and promotes tumorigenesis (Zhu et al., 2020a).

3.2 Tumour Cell Apoptosis

To investigate the function of miRNA m6A modification in cell
apoptosis, regions upstream and downstream of miRNA 675
m6A modification sites in the H19 locus are mutated with a
system of adenine base editors, showing that mutation facilitates
cell apoptosis by downregulating the expression of H19 (Hao
et al., 2020). Gu et al. (2018) also believed that m6A-modified
miRNAs regulated the pathway closely related to cell apoptosis, as
verified in arsenite-transformed cells. In prostate cancer,
YTHDEF2 is regarded as a target of miR-495 to recognise
MOB3B m6A modification and inhibit its expression. At the
same time, the miR-495 promoter interacts with overexpressed
oncogenic KDM5A and restrains the expression of miR-495. It
has been reported that the progression of prostate cancer can be
motivated by the activation of the KDM5A/miRNA-495/
YTHDF2/m6A-MOB3B axis by influencing the apoptosis of
cancer cells (Du et al., 2020a). YTHDEF2 is also considered as
a direct target gene of miR-145 in epithelial ovarian cancer, and
its overexpression enhances cell apoptosis (Li et al., 2020a).
Besides, cigarette smoke decreases the m6A modification of
LINC00278 and the translation of YY1BM encoded by
LINC00278, and these dysregulations inhibit the apoptosis of
cancer cells (Wu et al., 2020). In addition, overexpressed IncRNA
KCNMB2-AS1 plays the role of ceRNA and upregulates the
oncogene IGF2BP3 by sponging miR-130b-5p and miR-4294.
IGF2BP3 binds to KCNMB2-AS1 m6A sites, forming a positive
regulatory loop composed of KCNMB2-AS1 and IGF2BP3 to
inhibit cell apoptosis and induce proliferation (Zhang et al,
2020e).

3.3 Tumour Cell Invasion and Metastasis

Some researchers have proposed a correlation between m6A and
invasion, metastasis, such as the overexpression of FTO, which
promotes the migration and invasion of GC cell lines (Xu et al.,
2017). ALKBHS5 is involved in mediating methylation reversal,
and it is reported that ALKBH5-demethylated IncRNA NEATT is
overexpressed in GC and colon cancer cells, promoting invasion
and metastasis (Guo et al., 2020; Zhang et al., 2019b). Yang et al.
also determined that the downregulation of ALKBH5 in colon
cancer is associated with tumour inhibition. Overexpression of
ALKBHS5 restrains the invasion and metastasis of colon cancer
cells (Yang et al, 2020a). In addition, ALKBH5 demethylates

ncRNA m6A Modification in Cancer

IncRNA KCNK15-AS1 and downregulates its expression in
pancreatic cancer tissues, inhibiting cell motility and invasion
(He et al., 2018). These interesting roles of ALKBHS5 in different
cancers warrant further study. The m6A modification level is
significantly reduced in HCC tissue, especially in metastatic
tissues. It was confirmed that the main factor is the
downregulation of METTL14, which mediates miRNA
maturation and alters the metastatic capacity of HCC (Ma
et al, 2017). LncRNA miR503HG is also reduced in HCC
tissues. Further investigation suggested that HNRNPA2BI
degradation is promoted by miR503HG, suppressing the NF-
kB pathway and facilitating the invasion and metastasis of HCC
cells (Wang et al., 2018). In other tumours, METTL3-methylated
regulates the MALAT1-miR-1914-3p-YAP axis and increases
YAP activity to enhance drug resistance and metastasis (Jin
et al,, 2019). METTL3-mediated methylation can also enhance
the stability of IncRNA FAM225A, which regulates the expression
of ITGB3 by binding to miR-590-3p and miR-1275 as ceRNA,
and thus activates the FAK/PI3K/AKT signalling pathway and
promotes the invasion and migration of cancer cells (Zheng et al.,
2019). Moreover, the carcinogenic IncRNA RHPNI1-AS1 and
IncRNA THOR have also been found to be associated with
cell viability and mobility by ectopic m6A modification,
thereby affecting cancer cell invasion and metastasis (Liu et al.,
2020a; Wang et al., 2020a).

3.4 Epithelial-Mesenchymal Transition
During epithelial-mesenchymal transition (EMT) progression,
the loss of E-cadherin causes cells to acquire mobility and the
capacity (Castosa et al., 2018; Ribatti et al., 2020). It has previously
been reported that the decrease of METTL3 inhibited the lung
cancer cell morphological conversion induced by TGF-B, and
augmented the expression changes of EMT-related marker genes,
indicating the importance of m6 A modification in EMT (Wanna-
Udom et al., 2020). As for ncRNA m6A modification, it has been
proposed that m6A-methylated IncRNA HOTAIR could
upregulate EMT genes and increase the aggressiveness of
tumour cells (Peng et al, 2016). In addition, IncRNA RP11
was reported to positively regulate the migration, invasion,
and EMT of colorectal cancer cells. It is believed that m6A
methylation increases nuclear accumulation and participates in
the upregulation of RP11, triggering the spread of colorectal
cancer cells (Wu et al, 2019). By analysing the cancer cells
and clinical samples, Kandimalla et al. established the
RNAMethyPro-a gene expression signature, which is
correlated with EMT-related prognosis genes (Kandimalla
et al, 2019). The specific mechanisms between ncRNA m6A
modification and EMT deserve further study.

3.5 Tumour Angiogenesis

Angiogenesis is regarded as a significant step in tumour
development, and some of the genes associated with EMT and
tumour angiogenesis are m6A target genes involved in
tumorigenesis; they are very sensitive to m6A modification.
Previously, RNA functional analysis confirm that METTL14
and ALKBHS5 can regulate the expression of each other,
inhibit the demethylation activity of YTHDEF3, and induce
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aberrant m6A modification to play roles in tumour angiogenesis
and metastasis (Panneerdoss et al., 2018). In lung cancer, the anti-
cancer gene miR-320b downregulates the expression of IGF2BP2
and thymidine kinase 1 (TK1), thus suppressing angiogenesis and
lung cancer growth (Ma et al., 2021). During the process of lung
cancer brain metastasis, upregulated miR-143-3p promoted by
METTL3-methylation facilitates miRNA splicing and biogenesis,
interacts with VASHI1 and increases invasion capability and
angiogenesis (Wang et al., 2019a). In brain metastasis of breast
cancer, transcripts associated with brain metastasis are enriched
by YTHDEF3 and promote cancer cells to interact with cells in the
tumour microenvironment, benefiting angiogenesis and
metastasis (Chang et al., 2020).

3.6 Cancer Stem Cells

Cancer stem cells maintain the vitality of the cellular population
through self-renewal and infinite proliferation, which are
essential for cancer initiation and metastasis. Experimental
analysis has shown that ALKBH5 facilitates the proliferation
and tumorigenicity of cancer stem cells by interacting with
IncRNA FOXM1-AS (Zhang et al, 2017). Moreover, the
identified m6A “reader” YTHDF2 can reduce the half-life of
diverse m6A transcripts, including the tumour necrosis factor
receptor (Tnfrsf2), leading to negative effects on the overall
integrity of leukemic stem cell function. Under YTHDEF2
depletion, Tnfrsf2 is upregulated to facilitate cell apoptosis in
leukemic stem cells (Paris et al., 2019). In addition to leukemic
stem cells, YTHDEF2 is associated with the liver cancer stem cell
phenotype (Zhang et al., 2020b). In breast cancer, a recent study
showed that IncRNA KB-1980E6.3 can augment cancer cell self-
renewal and maintain the stemness of cancer cells under a
hypoxic microenvironment, indicating that targeting the
IncRNA  KB-1980E6.3/IGF2BP1/c-Myc axis may be a
promising therapy for refractory hypoxic tumours (Zhu et al,
2021).

3.7 Drug Resistance

Drug resistance that develops during conventional drug therapy
is one of the significant reasons for chemotherapy failure in
cancer. As the main component of methylase involved in m6A
modification, METTL3 has been widely reported to be associated
with drug resistance. In NSCLC, the METTL3/YTHDF3 complex
enhances the stability of IncRNA MALATI, regulating the
MALATI1-miR-1914-3p-YAP axis to increase YAP expression
and induce drug resistance (Jin et al., 2019); METTL3, as a direct
target gene of miR-4443 in tumour exosomes, is involved in
regulating FSP1 expression and interferes with the ferroptosis
induced by cisplatin, resulting in drug resistance (Song et al,
2021). Furthermore, in GC cells, METTLS3 is recruited by IncRNA
ARHGAP5-ASI to stabilize ARHGAP5 mRNA and promotes
chemoresistance (Zhu et al., 2019), and consistent with this study,
Sun et al. find that elevated METTL3 and levels of m6A
modification facilitate the maturation of pri-miR-17-92 to the
miR-17-92 cluster, which activates the AKT/mTOR pathway.
High levels of METTL3 and the miR-17-92 cluster then enhance
the sensitivity of cancer cells to the mTOR inhibitor, everolimus
(Sun et al., 2020b).

ncRNA m6A Modification in Cancer

In tamoxifen-resistant LCC9 breast cancer cells, studies have
determined that overexpressed m6A “reader” HNRNPA2BI1 can
upregulate and downregulate different miRNAs simultaneously
and affect the downstream signalling pathways of these miRNAs.
Transient overexpression of HNRNPA2B1 reduces the sensitivity
of cancer cells to 4-hydroxytamoxifen and fulvestrant, suggesting
the potential role of HNRNPA2BI in endocrine-resistance
(Klinge et al., 2019). Oncogene circRNA-SORE is upregulated
in sorafenib-resistant HCC cells, acting as ceRNA to sponge miR-
103a-2-5p and miR-660-3p, competitively activate the Wnt/
B-catenin pathway, and induce sorafenib resistance (Xu et al.,
2020a). However, further study shows that interfering the

expression of circRNA-SORE has effects on improving
sorafenib  efficacy, ~ which  represents a  promising
pharmaceutical intervention targeted circRNA-SORE in

sorafenib-treated HCC patients. Besides, recent studies have
shown that depletion or inhibition of FTO suppresses the
expression of immune checkpoint genes and attenuates the
self-renewal ability of cancer stem cells, thus overcoming their
immune escape (Su et al., 2020). Another study indicated that the
m6A modification induced by ‘eraser’ FTO augments melanoma
growth, whereas FTO inhibition increases the sensitivity of cancer
cells to anti-PD-1 immunotherapy, suggesting that the immune
checkpoint molecular inhibitors represented by PD-1/PD-L1 can
play an important role with the help of FTO inhibitors (Yang
et al, 2019). Although these two studies were based on the
demethylation effect of FTO on mRNAs, it is reasonable to
believe that FTO inhibitors can also inhibit ncRNA-related
targets or signal pathways with the deepening of studies on
the crosstalk of FTO and ncRNAs. These findings provide in-
depth insights into chemoresistance and support the therapeutic
potential of ncRNA m6A modification, especially in combination
with existing drugs to target refractory malignant tumours.

4 CLINICAL APPLICATION OF NCRNA M6A
MODIFICATION IN CANCERS

4.1 m6A Regulators and Abnormally
Modified ncRNAs as Potential Diagnostic
and Prognostic Biomarkers

The interaction between ncRNAs and m6A modification suggests
that they may provide new ideas for the clinical treatment of cancer
and even become prognostic biomarkers or therapeutic targets for
cancer therapy. Zhang et al. constructed an m6A-score model to
quantify m6A modification patterns in cancers. By analysing tumour
microenvironment phenotypes and 5-year survival rates in patients
with low and high m6A-score subgroups, it was found that patients
with low m6A-scores show significant therapeutic advantages,
suggesting a crosstalk between m6A modification and tumour
microenvironment diversity and complexity (Zhang et al., 2020a).
In HCC tissues, m6A methyltransferases WATP and KIAA1429 are
related to prognosis (Chen et al, 2019b; Liu et al, 2020b), and
METTL3, YTHDE2, ZC3H13 and ALKBH5 are considered
independent prognostic factors for overall survival; of these, only
METTL3 is an independent prognostic factor for recurrence-free
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survival (Li et al, 2019b; Liu et al, 2021). In CRC, depletion of
METTL14 is associated with poor prognosis (Chen et al., 2020b; Yang
et al, 2020c), which is different from the methylated enzymes
METTTL3 and KIAA1429 in liver cancer. Notably, m6A “reader”
ALKBHS5 is associated with TNM stage, tumour size, lymph node
metastasis (Tang et al., 2020), and can be regarded as a prognostic
indicator in colon cancer (Guo et al., 2020). ALKBHS5 is also believed
to be a novel biomarker and independent prognostic factor in
pancreatic cancer and NSCLC (Tang et al, 2020; Zhu et al,
2020b). Further, studies have revealed that FTO expression is
closely  correlated with low differentiation, peritumoral
lymphovascular invasion, lymph node metastasis and is positively
correlated with TNM stage in HCC, GC, HER2-positive breast cancer
and bladder cancer, which makes FTO a possible biomarker for
diagnostic and prognostic purposes (Cui et al., 2020; Tao et al., 2021;
Xu et al, 2017; Xu et al, 2020b). Notably, high expression of
HNRNPC in glioblastoma enhances cell invasiveness by regulating
the miR-21/PDCD4 axis, and the level of HNRNPC is reported to
increase with the increasing grade of brain tumour (Park et al., 2012).
Bioinformatics analysis and validation experiments further
confirmed the value of high expression HNRNPC in the
prognosis of GBM patients at the expression level (Wang et al,
2020b). Interestingly, Ying et al. have identified m6A “reader”
HNRNPC genes in the Chinese population and discussed the
relationship between single nucleotide polymorphisms and
susceptibility to pancreatic cancer, providing a completely novel
idea on studying the role of m6A modification in tumorigenesis
(Ying et al,, 2021). Besides, several studies have analyzed the m6A
regulators expression differences and their correlations in normal
tissue and tumour tissue based on the clinical data of TCGA and
GTEx databases, and it is found that the differential expression of
some m6A regulators are closely associated with the risk factors of
prognosis in hematologic system tumours and endocrine-system-
related tumours (Li et al., 2020b; Zhang et al., 2021). Based on TCGA,
GTEx and GEO, a novel risk signature has been constructed to
evaluate the relationship between m6A regulators and survival rate of
patients in uterine corpus endometrial carcinoma and uterine
carcinosarcoma, further inspiring us to combine the
bioinformatics with the study of m6A modification (Zou et al,
2021). Taken together, focusing on the expression of m6A
regulators and their prognostic value provides us with a potential
experimental avenue. It will have good clinical significance to directly
or indirectly measure the expression level of m6A, the degree of
tumours malignancy and the prognosis of patients by using tumour
samples of patients.

ncRNAs modified by abnormal m6A modification could also be
regarded as biomarkers, but these ncRNAs show a high degree of
specificity and difference in various cancers. A m6A-IncRNA co-
expression network has been constructed in primary glioblastoma
to identify four m6A-related prognostic IncRNAs: MIR9-3HG,
LINC00900, MIR155HG, and LINCO00515 (Wang et al, 2021).
Using a similar approach, LINC00152, LINC00265, and nine other
IncRNAs are documented as biomarkers for predicting the overall
survival of lower-grade glioma patients (Tu et al., 2020). In HCC,
high expressed circRNA_104075 acts as a ceRNA to sponge miR-
582-3p and upregulate YAP expression. The significant changes in
downstream pathways caused by circRNA_104075 render it
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possible to be a new diagnostic marker (Zhang et al, 2018).
LncRNA00266-1-encoded peptides RBRP bind to m6A “reader”
IGF2BP1 to facilitate tumorigenesis, and the patients with high
level of RBRP display an unfavourable prognosis (Zhu et al,
2020a); high expression of LINC00958 also can independently
predict poor overall survival in patients with HCC. The good news
is to take advantage of the role of LINC00958 as a biomarker, Zuo
et al. constructed a novel drug delivery system, a PLGA-based
nanoplatform filled with si-LINC00958, with the advantages of
controlled release, tumour targeting, and better safety and
effectiveness (Zuo et al, 2020). Differently, as a prognostic
indicator, IncRNA miR503HG is significantly decreased in HCC
tissues, and is positively associated with overall survival and time to
recurrence (Wang et al., 2018).

The same phenomenon occurs in GC and cervical cancer. High
expression of IncRNA ARHGAP5-AS1 (Zhu et al,, 2019)and IncRNA
LINC00470 (Yan et al, 2020) is related to the poor prognosis of
patients with GC, whereas low expression of miR-660 is strongly
linked with a large tumour size, severe lymph node metastasis,
advanced TNM stage, and poor outcome (He and Shu 2019). In
cervical cancer, IncRNA HOTAIR and IncRNA GAS5 show opposite
effects on forecasting the clinical states of patients, high expression of
HOTAIR indicates a high degree of malignancy, whereas IncRNA
GAS?5 is downregulated in cancer tissues, indicating that low GAS5
expression suggests poor prognosis (Peng et al., 2016). The above
examples show that under m6A modification, multiple ncRNAs with
significant changes may appear in the same cancer, which makes
them have great potential for future prognostic diagnosis. However,
accuracy cannot be determined solely using existing studies, and is
worth further experimental exploration.

Surprisingly, IncRNA LINRIS (Wang et al., 2019b), IncRNA
RP11 (Wu et al, 2019), IncRNA LINC00460 (Hou et al., 2021),
IncRNA NEATI (Guo et al.,, 2020), and circRNA NSUN2 (Chen
et al, 2019a) are all upregulated in patients with CRC and poor
overall survival, indicating their promising role as critical
prognostic markers and therapeutic targets. In prostate cancer,
IncRNA CCAT1 and IncRNA CCAT?2 can be regarded as a group
variable to independently predict the prognosis of patients
(Barros-Silva et al.,, 2020). Further, evidence confirms that
potential prognostic markers also exist in other cancers, such
as LINC01234 in NSCLC (Chen et al,, 2020d), miR-744-5p in
ovarian cancer (Kleemann et al., 2018), IncRNA LNCAROD in
head and neck squamous cell carcinoma (Ban et al., 2020),
IncRNA PVT1 in osteosarcoma (Chen et al., 2020a), miR-25-
3p (Zhang et al., 2019a)and IncRNA DANCR (Hu et al.,, 2020)in
pancreatic cancer (see Figure 2). Notably, several recent studies
have used data models to analyse differentially expressed ncRNAs
in some cancers to identify potential prognostic or diagnostic
markers, such as in ovarian cancer (Li et al., 2021), adrenocortical
carcinoma (Jin et al., 2021), kidney renal clear cell carcinoma (Yu
et al,, 2021), and colorectal cancer (Zuo et al., 2021). This new
approach can explore the relationship between ncRNAs and
different cancers on a large scale, as well as provide ideas and
directions for further molecular mechanism research. To
effectuate the role of ncRNAs and m6A regulators as
biomarkers, the remarkable relationship between the
expression level of m6A and prognosis needs to be explored
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more specifically. Demonstrating or testing the changes in m6A
levels based on existing data in various cancers to evaluate clinical
significance maybe more convincing.

4.2 m6A Regulators as Drug Targets to

Participate in Cancer Therapy

Increasing attention has been focused on m6A regulators in hope of
finding new treatments. For instance, a study shows that the new
sodium channel blocker MV1035 can disturb migration and
invasion characteristics by targeting ALKBH5 in glioblastoma
(Malacrida et al, 2020). The potential of ALKBH as a drug
target has been demonstrated by screening ALKBH blockers
from newly synthesised anthraquinone derivatives (Huang et al.,
2015). As an important demethylase, FTO has been identified to
play an oncogenic role in NSCLC, ovarian cancer, and acute
myeloid leukemia, associating with cancer cell proliferation,
cancer stem cell maintenance and other malignant characteristics
(Huang et al., 2020a; Huang et al., 2019; Li et al., 2019a). In recent
years, researchers have used FTO as a target to develop FTO
inhibitors, hoping to make new breakthroughs in cancer
treatment. It is well known that meclofenamic acid, R-2-
hydroxyglutarate, and MO-I-500 inhibit the activity of FTO and
display anti-cancer activity (Huang et al., 2015; Singh et al., 2016; Su
et al, 2018). Huang et al. find that artificially developed FTO
inhibitors FB23 and FB23-2 can directly bind to FTO, selectively
inhibit the m6A demethylase activity of FTO, and significantly
inhibit cell proliferation in human acute myeloid leukaemia (Huang
etal., 2019). Su et al. screen out two small-molecule FTO inhibitors,
CS1 and CS2, and showed strong anti-cancer effects in multiple
types of cancers. According to a previous study, the self-renewal of
leukaemia stem cells can be attenuated and the immune response
can be reprogrammed by CS1/2 (Su et al., 2020). A recent trial of
FTO inhibitors shows that the ethylester form of meclofenamic acid
(MA2) can negatively regulate Myc-miR-155/23a cluster-MXI1
feedback circuit and augment the efficacy of the chemotherapy
drug temozolomide (TMZ) on inhibiting proliferation of malignant
glioma cells (Xiao et al., 2020). In addition, the protease inhibitor
nafamostat mesilate (NM) has been shown to inhibit the growth
and metastasis of colorectal cancer and has anti-cancer effects in
pancreatic cancer and lung cancer (Han et al., 2019b). Han et al. find
that the activity of FT'O can be inhibited by NM, indicating that NM
might play a role in interfering with cancer progression as an FTO
inhibitor. In addition, some biotech or pharmaceutic companies get
down to developing high-efficiency small-molecule inhibitors,
targeting the m6A regulators, in particular molecules like
METTL3 and FTO that vary significantly in many cancers
(Huang et al., 2020b). Undoubtedly, it provides a new choice for
the effective management of a variety of cancers whether used alone
or in combination with anti-tumour drugs, especially under the
circumstance of chemotherapy drug resistance.

5 CONCLUSION AND PROSPECTS

Multiple regulation of various “writers” and “erasers” allows m6A
modification in a dynamic and reversible manner, and
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significantly interacts with ncRNAs. Numerous studies have
focused on the role of abnormal ncRNA m6A modifications in
cancer progression. Aberrant m6A-modified ncRNAs and
alteration of m6A regulators are closely related to cellular
proliferation, apoptosis, invasion and metastasis, as well as
other key steps of tumorigenesis and cancer progression.
Undoubtedly, the cancers listed in this review form only a
small part of the disease, and mainly include mainstream
cancers and ncRNAs from recent years. Therefore, from the
perspective of m6A modification, further research is needed to
understand whether ncRNAs can participate in tumorigenesis
and progression in other cancers, whether the same ncRNA plays
the same role in different cancers (e.g. IncRNA MALAT1 and
RBRP encoded by IncRNA LINC00266-1), and how different
ncRNAs come into effect when they are involved in the same
cancer; more research are also needed to explore the underlying
mechanisms, especially in the field of stemness, reprogramming
of tumour immune microenvironment and angiogenesis, and to
illustrate the effects of ncRNA and m6A modification on cancer
initiation, promotion and progression. Accordingly, the overall
abundance of m6A modification may not be of vital significance;
instead, some specific transcripts or genes play significant roles in
biological function and cancer progression (most of them play the
role in promoting cancer). Therefore, increased attention should
be given to the significant changes in specific molecules,
improving their clinical as diagnostic/prognostic
biomarkers. Further, studies now mainly focus on the cellular
level, whereas fewer studies have been conducted in vivo. In
clinical applications, several studies have elucidated the effect of
ncRNAs in cancer prognosis based on m6A-Seq, m6A score, and
designing data models, which has revealed molecules that could
serve as biomarkers or therapeutic targets, and have greatly
enriched the research in this field. However, applying these
molecules in developing pharmaceutical preparations and in
clinical diagnosis is still challenging. Overall, given the
importance of ncRNA m6A modification and m6A regulators
in various cancers, we consider that they are promising diagnostic
and prognostic biomarkers contributing to the prediction of
recurrence and survival, even serving as potential drug targets
for therapeutic interventions in cancer treatment. Nevertheless,
more specific mechanisms, more in-depth theories, and closer to
practical applications of clinical diagnosis and treatment require
further exploration.
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Methylation of adenosine in RNA to N6-methyladenosine (m®A) is widespread in eukaryotic
cells with his integral RNA regulation. This dynamic process is regulated by methylases
(editors/writers), demethylases (remover/erasers), and proteins that recognize methylation
(effectors/readers). It is now evident that m®A is involved in the proliferation and metastasis
of cancer cells, for instance, altering cancer cell metabolism. Thus, determining how m°A
dysregulates metabolic pathways could provide potential targets for cancer therapy or
early diagnosis. This review focuses on the link between the m®A modification and the
reprogramming of metabolism in cancer. We hypothesize that m°A modification could
dysregulate the expression of glucose, lipid, amino acid metabolism, and other metabolites
or building blocks of cells by adaptation to the hypoxic tumor microenvironment, an
increase in glycolysis, mitochondrial dysfunction, and abnormal expression of metabolic
enzymes, metabolic receptors, transcription factors as well as oncogenic signaling
pathways in both hematological malignancies and solid tumors. These metabolism
abnormalities caused by m°A’s modification may affect the metabolic reprogramming
of cancer cells and then increase cell proliferation, tumor initiation, and metastasis. We
conclude that focusing on m®A could provide new directions in searching for novel
therapeutic and diagnostic targets for the early detection and treatment of many cancers.

Keywords: M®A, methylation, reprogramming, metabolism, metabolite, oncogenic, cancer

INTRODUCTION

Adenosine methylation is the most common modification of RNA in eukaryotes. The methyl group
is attached to the nitrogen-6 position of adenosine, creating N6-methyladenosine or m®A (Wang
et al., 2017). This modification is highly dynamic and reversible, as it involves enzymes that
methylate adenosine (writers), remove methylation (erasers), or recognize it (readers) (Chen et al.,
2019b). Moreover, the m®A modification is integral to the regulation of RNA, as it affects mRNA
processing, mRNA translation, mRNA decay, mRNA export to the cytoplasm, and miRNA
maturation (Roundtree et al, 2017a). In the past several years, compelling evidence has
witnessed the implication of m®A in RNA modification. Recent work has uncovered that m°A
plays an important role in gene expression regulation emerged as critical post-transcriptional
modifications. Currently, Shi et al, (2019) review advances progress in understanding the
mechanisms which specific cellular contexts and molecular function of N6-methyladenosine and
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highlight the importance of RNA modification regulation,
including mRNA, tRNA, rRNA, and other non-coding RNA.
They conclude that the recent biological outcome of m°®A
methylation could be promising for translational medicine.
Previously, the roles of m°A modifications in modulating gene
expression throughout cell differentiation and animal
development were reviewed by Frye et al., (2018). Their study
illustrates that m®A methylation plays a critical role by regulating
various aspects of RNA metabolism, physiological processes, and
stress response (Frye et al., 2018). More interestingly, others
recent evidence indicates that the modification of m®A also
regulates physiology and metabolism in tumors (Faubert et al.,
2017; Choe et al., 2018).

Metabolic reprogramming in cancer cells was discovered to
promote tumorigenesis (Frezza, 2020). Biochemical and
molecular studies have suggested several possible mechanisms
for its evolution during cancer development (Hanahan and
Weinberg, 2011). Recently, m°A’s function in oncology and its
involvement in the regulation of cancer metabolism has received
growing attention. As a result, our understanding of the
metabolic mechanisms regulated by the m®A’s modification in
carcinogenesis and their potential therapeutic implications have
progressed significantly.

Interestingly, m°A can act as a suppressor or promoter in the
proliferation (Liu et al., 2018; Shen, 2020), differentiation (Chen
et al.,, 2019a), and metastasis of tumor cells (Ma et al., 2017) in
various cancers. It also appears to reprogram cancer cell
metabolism (Shen et al, 2020), as it can regulate metabolic
enzymes, transporters, pathways, and transcription factors that
promote cancer progression (Li et al., 2020c; Chen et al., 2021a).
Here, we discuss the current understanding of how the m°A
modification affects cancer metabolism and the potential for
regulating it to provide new targets for cancer therapy.

M®A REGULATION

Modification of m®A is regulated by: methyltransferases that
catalyze methylation (writers), demethylases that remove
(erasers) the methyl group from mC®A, then m°A recognition
proteins (readers) recognize the modification (Lewis et al., 2017).
Interestingly, m°A methyltransferase, m°A demethylases, and
m°A recognition proteins play essential roles in gene regulation.

mC®A Methyltransferase

Methyltransferase-like3 (METTL3) and Methyltransferase-like14
(METTL14) are the critical components of the m°A
methyltransferase complex (MTCQ). These
methyltransferases colocalize in the nucleus (Liu et al.,, 2014),
forming a heterodimer. METTL3 transfers the methyl of the
S-adenosyl methionine (SAM) to produce S-adenosyl
homocysteine (SAH) and leads to global miRNA
downregulation. By binding with eIF3h in the cytoplasm,
METTL3 can also promote oncogenic mRNAs translation
(Choe et al, 2018). METTL3 could be modulated through
post-transcriptional modifications, affecting protein stability,
localization, writer complex formation, and writer catalytic

two
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activity (Shi et al,, 2019). In comparison, METTL14 identifies
specific RNA sequences as a target and stabilizes the structure of
MTC (Liu et al., 2014; Lin et al., 2016; Sledz and Jinek, 2016). For
example, METTL14 can methylate target miRNA by cooperating
with HNRNPA2BI1 and DGCRS, promoting miRNA maturation
(Alarcon et al., 2015).

Wilms’ tumor associating protein (WTAP), another writer
protein, plays a role in localizing the methylase complex in the
nucleus by interaction with heterodimer (Ping et al, 2014;
Knuckles et al, 2018). Recently, other components, such as
HAKAI, ZC3HI13, and VIRMA/KIAA1429, have been
identified to interact with other parts of the MTC (Yue et al,
2018), while ZCCHCA4 is a ribosomal RNA-28S methyltransferase
(Ma et al, 2019). Other methyltransferase components like
METTLS5 have been found to be independent m°®A writers. It
catalyzes the attachment of m°®A onto specific structure RNAs,
including U6-small nuclear RNA (snRNA), 18S rRNA, and 28S
rRNA (Wang et al, 2017; Ignatova et al, 2020). METTL16
catalyzes m°A of the U6- spliceosomal small nuclear RNA and
MAT2A 3'-UTR mRNA (Pendleton et al., 2017).

m®A Demethylases

The m°A remover proteins erase the m°A modification by
increasing the level of iron ferrous (Fe**) (co-factor) and a-
ketoglutarate (co-substrate) dependent oxygenase family (Fedeles
et al, 2015). Two erasers that catalyze m°A demethylation ALKB
homolog 5 (ALKBHS5) and fat mass and obesity-associated
protein (FTO) can recognize adenine and cytosine methylation
in RNA (Fu et al.,, 2013). ALKBH5 and FTO are members of the
Fe**/a-ketoglutarate-dependent dioxygenases family. The first
RNA demethylase identified FTO was reported to remove the
methyl group of N6 - methyladenosine (m°A) in RNA. m°A
erasers may exhibit different expression levels, post-translational
modifications, and cellular localization, depending on cell types.
For instance, m°A demethylase FTO is predominantly nucleus
localized and regulates 5-10% of total mRNA m°®A demethylation
(Wei et al,, 2018). In contrast, FTO is also highly abundant in the
cell cytoplasm and can mediate up to 40% m®A demethylation of
total mRNA in certain leukemia cells (Shi et al., 2019).
Additionally, FTO regulates alternative splicing via m6A by
interacting with  Serine-rich  splicing factor 2(SRSF2)
(Bartosovic et al, 2017). Interestingly, FTO may control
metabolic disorders. ALKBH5 another m°A  demethylase,
affects mRNA export and processing factors (Zheng et al,
2013). ALKB homolog 3 (ALKBH3) was found to demethylate
only tRNAs (Ueda et al,, 2017; Yang et al., 2020).

mC®A Recognition

The m°A recognition proteins (readers) control the destiny of
RNAs that have been modified. Readers/effectors are distributed
in the nucleus and cytoplasm, indicating their functional
diversity. While writers and erasers carry out methylation and
demethylation, the readers determine the functional
consequences of modification. m°A  recognition proteins
characterization has provided valuable insights into the
molecular mechanisms of the mC®A-mediated post-
transcriptional gene regulation (Shi et al., 2019). Furthermore,
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RNA binding proteins (RBPs) could regulate the interactions
between m°A effectors and RNA substrates.

YTHDF1/2/3 and YTHDCI recognize the m®A change and
alter mRNA’s splicing, translation, and decay (Xu et al., 2014; Wu
etal,, 2017a). Intriguingly, these proteins also play crucial roles in
mRNA metabolism (Wang et al., 2015). For instance, YTHDF1
binds to mRNA, including eukaryotic translation initiation factor
3 (eIF3) and poly-A- binding protein (PABP) complex to
promote RNA translation (Wang et al, 2015). YTHDE2
recognizes mRNAs not destined for translation, accelerating
their destruction. Interestingly, it identifies specific m®A
-modified binds to CCR4-NOT transcription complex subunit
1 (CNOT1). However, it recruits the CCR4-NOT complex of the
m°A -tagged RNA P-body to promote its destruction (Du et al.,
2016). YTHDEFS3 by interaction with YTHDF1 accelerates mRNA
translation, affecting YTHDF2-mediated degradation of mRNAs
labeled with m®A (Li et al., 2017a).

YTHDC1 mediates mRNA export marked with m°A by
interaction with the nuclear export adaptor protein SRSF3
(Roundtree et al, 2017b). Importantly, YITHDCI regulates
splicing events by inhibiting SRSF10 or activating splicing
factor SRSF3. In conjunction with nuclear RNA export factor
1 (NXF1), YTHDCI can also mediate mRNA export to the
cytoplasm. Unlike the rest of the family, YTHDC2, an RNA
helicase. Its helicase domain contributes to RNA binding (Hsu
et al,, 2017). Significantly, YTHDC2 and YTHDEF3 can facilitate
RNA degradation or enhance RNA translation depending on the
context (Shi et al., 2017).

hnRNPs, another m°A recognition family, is localized in the
nucleus where heterogeneous nuclear ribonucleoprotein C
(hnRNPC) can bind with nascent RNA transcripts and control
their processing (Alarcon et al., 2015). For instance, the IncRNA
MALAT! facilitates a change in the m°A site for recognition and
binding by hnRNPC (Liu et al., 2015). Interestingly, m°A
regulates RNA binding motifs (RBMs) accessibility by altering
mRNA and long noncoding RNA (IncRNA) structure to promote
hnRNPC interaction. These changes influence RNA-protein
interactions in human cells. This mechanism is called the
“m°A -switch” (Liu et al, 2015). hnRNPC-binding regulated
by the m°A -switch regulates RNA alternative splicing,
indicating that the switch helps regulate gene expression and
RNA maturation (Liu et al., 2015).

Another component of the m°A recognition family,
Heterogeneous nuclear ribonucleoprotein A2B1
(hnRNPA2B1), regulates RNA alternative splicing and
microRNA processing (Alarcon et al., 2015; Liu et al., 2015).
Further, it interacts with DiGeorge syndrome critical region gene
8 (DGCRS8) for miRNA maturation and recognizes the m°A
signals of microRNA (Zhao et al., 2017). Eukaryotic initiation
factor 3 (eIF3), another effector/reader, could initiate protein
translation in a cap on its 5'-UTR (Meyer et al, 2015). In
conjunction with Hu antigen R (HuR), these proteins
recognize m°A’s modification and stabilize their RNA
transcripts (Meyer et al., 2015).

Insulin growth factor-2 binding proteins 1, 2, and 3 (IGF2BP
1/2/3) were identified as another m°A recognition. After co-
localizing with HuR, these proteins protect mRNA decay and
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enhance mRNA translation (Huang et al., 2018). These findings
demonstrated that m®A methyltransferases (editors/writers) and
m®A demethylases (remover/erasers) cooperate to modulate the
distribution of m°A on RNA by adding (writer) or removing
(erasers) the methyl. While the m°A recognition (effectors/
readers) proteins recognize the m®A modified transcripts and
determine their fate regulate functions (Figure 1).

M®A REGULATES CANCER METABOLISM

Cancer cells need abundant energy and raw materials to grow and
divide; therefore, they substantially alter their metabolic pathways
(Hanahan and Weinberg, 2011; Li and Zhang, 2016).
Importantly, biochemical and molecular studies suggest several
possible mechanisms for the evolution of aberrant metabolism
during cancer development (Hanahan and Weinberg, 2011). For
example, proliferating cancer cells can enhance the synthesis of
glucose of carbohydrates, lipids, and proteins to obtain an ample
and uninterrupted supply of molecules needed for biosynthesis
(Khan et al., 2020). Moreover, most cancer cells depend on
aerobic glycolysis rather than the TCA cycle (Vander Heiden
et al., 2009). The preference for glycolysis over mitochondrial
oxidative phosphorylation seems to be a hallmark of cancer cells
(Garber, 2006).

However, aerobic glycolysis transports chemical generates
ATP. This ATP and its breakdown product adenosine are
widespread throughout the body, and both have been shown
to regulate cell proliferation and differentiation. Therefore,
metabolic  reprogramming is widely utilized during
oncogenesis, and the m°A modification can regulate
metabolism in cancer progression (Figure 2).

mP°A Regulates Glucose Metabolism
Glucose, an essential nutrient in blood, is the main energy source
for cells (Shaw, 2006). However, several studies have found that
hyperglycemia increases the overall risk of cancer (Stattin et al.,
2007). Cancer cells enhanced glucose uptake has also been
implicated in metastasis and poor prognosis (Macheda et al,
2005). Aerobic glycolysis in cancer can increase the mC®A
modification genes associated with glycolysis (Fry et al., 2017).

Recent evidence demonstrated that cancer reprograms glucose
metabolism (Li et al,, 2020c); thus, aerobic glycolysis exemplifies an
evolutionary change in cancer cells. Not surprisingly, glycolytic
transporters like glucose transporter (GLUT), glycolytic enzymes
such as pyruvate kinase isozyme M1/2 (PKM1/2), pyruvate
dehydrogenase kinase (PDK), lactate dehydrogenase (LDH), and
hexokinase (HK) is important targets to understand cancer
metabolism (Doherty and Cleveland, 2013; Viale et al., 2014). The
relationship between m°A and glucose metabolism is crucial for
understanding cancer progression because glucose is the most
important metabolite associated with many enzymes and
transporters. Additionally, glycolysis is an essential pathway
involved in cancer progression, metastasis, and chemotherapy
resistance (Ganapathy-Kanniappan and Geschwind, 2013).

In Colorectal Cancer (CRC), the METTL3-HK2/GLUTI-
MYC-IGF2BP is involved in cells proliferation and metastasis
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(Shen et al, 2020; Xiang et al., 2020; Chen et al, 2021a). glucose to glucose 6-phosphate (G6P) (Wilson, 2003). Many
Hexokinase (HK) catalyzed the first step of anaerobic  investigations reveal the implication of HK in cancers. For
glycolysis and oxidative phosphorylation, which converts  instance, HK2 bound to mitochondria enable cancer cells to
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become more glycolytic (Chen et al., 2014; Wu et al,, 2017b).
GLUT]I, a glucose transporter, mediates the first step of glucose
inside cells (Cheeseman, 2008). Overexpression of GLUTs
facilitates glucose consumption in cancer progression (Ancey
et al,, 2018). METTL3 stabilizes GLUT1 and HK2 mRNA in
colorectal cancer by directly interacting with the 3 UTR mRNA
of GLUT1 and the 5/3'-UTRs mRNA of HK2. This enhanced
HK2 and GLUT1 expression, promoting CRC progression (Shen
etal., 2020). One recent study established that METTL3 enhanced
CRC growth and identified GLUT1-mTORC1 as the primary
target of METTL3 in that disease (Chen et al, 2021a). More
interestingly, METTL3 induced GLUTI translation in m°A to
promote glucose uptake and lactate production, leading to
mTORC1 activation. These findings indicate that METTL3
promotes CRC via the m°A-mediated GLUT1-mTORCI
signaling activation.

In Cervical Cancer, (Li et al., 2020c) demonstrated that m°A
regulates glycolysis in cancer cells through pyruvate
dehydrogenase kinase 4 (PDK4). PDKs are the gatekeeper
enzymes involved in altered glucose metabolism in tumors
(Patel and Korotchkina, 2006; Devedjiev et al., 2007). They are
remarkably overexpressed in multiple human tumor samples.
Among them, PDK4 was noticed as one critical metabolic factor
of metabolism control because it can divert carbon flux from
oxidative phosphorylation into glycolysis (OXPHOS) (Stacpoole,
2017). According to Li and collaborators, the extracellular
acidification rate (ECAR) was decreased in Mettl3™""" HelLa
cells, While the oxygen consumption rate (OCR) was
increased (Li et al, 2020c), demonstrating that METTL3
promotes glycolysis. Additionally, PDK4 can reverse lactate
production level, glucose consumption, and ATP rate in
Mettl3-depleted cells. More importantly, overexpression of
PDK4 to an endogenous level attenuated the metabolic
phenotypes of SiHa cells that had lost METTL3. Also,
overexpression of ALKBH5 suppressed PDK4 expression in
Hela cells (Li et al, 2020c). Moreover, compared with
negative control samples, IGF2BP3 and YTHDF1 were
significantly higher in cervical cancer samples (Li et al,
2020¢). Li et al. (2020b) further determined whether the m°A
modification can regulate PDK4 expression in addition to
affecting the stability of the kinase’s mRNA. Modifying the
PDK4 mRNA at its 5-UTR by m°A positively regulated its
elongation during translation and the stability of its mRNA
because m°A is bound to the YTHDF1 and IGF2BP3 (Li et al.,
2020c¢). In HeLa cells, IGF2BP3 inhibition can suppress PDK4
expression and alter the suppressive effect of METTL3 on PDK4
expression (Li et al.,, 2020c). More interestingly, YTHDF1 and
IGF2BP3-targeting PDK4 with d m®A CRISPR significantly
downregulated PDK4 mRNA and protein levels (Li et al,
2020c). Thus, targeting m°A on PDK4 mRNA with
dm6ACRISPR appears to regulate glycolysis and ATP
generation in cancer (Li et al, 2020c). These studies suggest
that PDK4 is a critical metabolic agent of glycolysis and ATP
generation regulated by m°A in cervical cancer progression.

In Hepatocellular Carcinoma (HCC), hepatic FTO helps
regulate the expression of the gluconeogenic gene. Recent
evidence indicates that demethylation of m°A by FTO affects
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glucose metabolism via hepatic gluconeogenesis (Shen et al,
2015). On the other hand, the FTO level may be affected by
insulin in HCC (Mizuno et al., 2017). Pyruvate kinase isozymes
M1 (PKM1) and M2 (PKM2) are glycolytic enzymes (Doherty
and Cleveland, 2013). They mediate the final steps of glycolysis by
dephosphorylation of phosphoenolpyruvate (PEP), producing
pyruvate and ATP. According to (Li et al, 2019a), FTO
promotes HCC tumorigenesis by demethylating m°A on
PKM2 mRNA. This demethylation accelerates translation,
leading to tumorigenesis in HCC (Li et al., 2019a). The
demethylation of PKM2 mRNA by FTO suggests that FTO
also regulates the expression of PKM2. Knocking down FTO
represssd HCC progression (Li et al, 2019a). This finding
revealed that FTO could demethylate PKM2 mRNA, thereby
upregulating the kinase’s expression. Upregulated PDK4 was
found to reduce hepatic chemotherapy-induced colorectal liver
metastasis (Strowitzki et al., 2019). PDK4 collaborates with
METTL3 to induce proliferation and hepatic chemosensitivity
cancer cells (Li et al., 2020c). Regarding the link between PDK4
and m°A, Li and collaborators found that m°A -PDK4 plays an
essential role in liver cancer progression. Consistent with this
finding, knocking down METTL3 inhibited PDK4 antibodies in
Huh7 cells. Moreover, overexpression of the demethylase
ALKBHS5 (another m°A eraser) decreased glucose, lactate, and
ATP abundance in Huh7 HCC cells (Li et al.,, 2020c). Li and
collaborators also provided evidence that METTL3 regulates
glycolytic activity in HCC. Downregulation of METTL3
cooperates with the 2-deoxyglucose (2-DG) to inhibit HCC
proliferation, suggesting that suppressing glycolysis by
inhibiting METTL3 might be a potential strategy for treating
HCC (Lin et al., 2020).

In Acute Myeloid Leukemia (AML), «a-ketoglutarate,
produced by isocitrate dehydrogenase in the TCA cycle,
interacts with m°®A demethylase proteins (Losman et al., 2020).
R-2HG (R-2-hydroxyglutarate) inhibited FTO activity by
stimulating the modification of m°A -RNA in cells. Moreover,
through targeting the FTO/MYC/CEBPA axis, R-2HG inhibited
the proliferation of leukemia cells (Su et al., 2018). It was reported
that knocking down FTO or LDHB (lactate dehydrogenase B)
inhibits R-2HG in leukemia cells (Qing et al., 2021). Additionally,
R-2HG abrogated FTO/m°®A/YTHDF2-mediated upregulation of
LDHB, suppressing aerobic glycolysis (Qing et al., 2021). These
findings show that R-2HG attenuates aerobic glycolysis by
inhibiting FTO in leukemia cells. Lactate dehydrogenase
(LDH) converts pyruvate to lactate, and this enzyme is
frequently upregulated in multiple cancers (Wang et al., 2012).
Lactate, ketone, and pyruvate are monocarboxylates that play
essential roles in cancer metabolism (Halestrap, 2013).

In Gastric Cancer (GC), overexpression of METTL3 (a writer)
promoted metastasis to the liver in vitro and in vivo, and it also
stimulated the modification of adenosine to m°A, enhancing
mRNA stability (Wang et al., 2020c). Tumor angiogenesis was
promoted by Hepatoma-derived growth factor (HDGF)
upregulation, while nuclear HDGF activated GLUT4 and
ENO2 expression and increased metastasis in GC cells (Wang
et al., 2020c). WTAP (a writer) promoted GC cell proliferation
and glycolytic capacity and enhanced HK2 expression through
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interacting with the m®A modified 3'-UTR of HK2 mRNA (Yu
et al., 2021).

In Glioblastoma (GBM), Li et al. recently showed that long
noncoding RNA just proximal to X-inactive specific transcript
(JPX) interacted with N6-methyladenosine (m®A) demethylase
FTO and enhanced FTO-mediated PDK1 mRNA demethylation.
Additionally, JPX exerted its GBM-promotion effects through the
FTO/PDK1 axis (Li et al., 2021). These outcomes reveal the
critical role of JPX in promoting GBM aerobic glycolysis-m°A
demethylase FTO.

In Lung Cancer (LC), YTHDEF2 expression is increased in
tumor tissues, promoted proliferation, and bound to 3'-UTR of 6-
phosphogluconate dehydrogenase (G6PD) mRNA (Sheng et al.,
2020). This binding facilitates G6PD mRNA translation in LC
and promotes tumorigenesis. Recently, Yang and collaborators
showed that FTO is declined in lung adenocarcinoma, which
correlates with poor patient overall survival. Moreover,
downregulated FTO expression enhanced m°A levels in
mRNAs of genes involved in metabolic pathways such as
MYC (Yang et al, 2021). Interestingly, the enhanced levels
recruited the binding of YTHDF1, which promoted the
translation of MYC mRNA and increased glycolysis and
cancer progression (Yang et al., 2021).

In Breast Cancer (BC), METTL3 overexpression enhanced the
PDK4 protein expression in breast cancer cells (Li et al., 2020c).
Interestingly, the m°A -modified 5'-UTR of PDK4 regulated the
kinase’s elongation during translation and the stability of its
mRNA through interaction with YTHDF1 and IGF2BP3.
Further, clinical data confirm that m6A/PDK4 is implicated in
breast cancer progression (Li et al., 2020c). These findings suggest
that proteins associated with m°A regulate glycolysis in breast
cancer cells.

m®A Regulates Lipid Metabolism

Recently, elevated lipid levels were recognized as an important
aberration of cancer metabolism (Swierczynski et al., 2014).
Moreover, previous studies have noticed that lipid metabolism
is reprogrammed in tumors (Schulze and Harris, 2012; Nath and
Chan, 2016). Dysregulation of lipid metabolism is an essential
feature of cancer cells (Murai, 2015; Gaida et al., 2016).

There is also a link between m°A proteins and lipid
metabolism in cancer. After observing that knocking down
METTL3 and YTHDEF2 decreased lipid accumulation in
hepatocellular carcinoma cells, Zhong et al. (2018) proposed
that the presence of m°A in mRNA mediates crosstalk
between the circadian clock and lipid metabolism (Zhong
et al, 2018). Kang et al. (2018) showed that FTO increased
triglyceride (TG) deposition and decreased mitochondrial
content. FTO regulates lipid metabolism in hepatocytes by
modulating RNA m°A levels (Kang et al., 2018). These studies
revealed that FTO’s demethylating is an important actor in the
lipid metabolism of hepatocytes. By linking the epigenetic
modification of RNA with fat deposition, they suggested a new
m°A target for regulating hepatic fat metabolism (Kang et al.,
2018). FTO overexpression in HepG2 cells also reduced m°A
levels, enhancing stearoyl ~CoA  desaturase (SCD),
monoacylglycerol O acyltransferase 1 (MOGAT1), and fatty
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acid synthase (FAS), which contribute to cell growth (Kang
et al, 2018). Numerous studies demonstrated that METTL3-
mediated m®A modification and inhibition of mRNA decay
promoted the miR-3619-5p/HDGF axis, enhancing lipogenesis
in Hepatocellular Carcinoma (Zhong et al, 2019; Zuo et al,
2020).

In GBM, Fang et al. (2021) recently showed that YTHDF2
facilitates m®A -dependent mRNA decay, impacting glioma
patients’ survival. Moreover, YTHDF2 inhibited cholesterol
homeostasis in GBM cells. These outcomes highlight the
critical function of YTHDE2 regulated cholesterol homeostasis
in GBM (Fang et al,, 2021). Other reported studies showed that
YTHDEF2 could also regulate lipogenic genes, including acetyl
CoA carboxylase 1 (ACC1), fatty acid synthase (FAS), and
stearoyl-CoA desaturase 1(SCD1), to decrease their mRNA
stability (Zhou et al., 2021).

As a lipid, sphingolipids also regulate cancer proliferation,
migration, invasion, and metastasis. Among this class of lipid,
delta 4 desaturase sphingolipid 2 (DEGS2) catalyzes the
conversion of dhCers to phytoceramides (Casasampere et al.,
2016). Recently, Guo and collaborators found the role of m®A
modification on DEGS2 in colorectal cancer and suggested that
inhibited m°A promotes DEGS2 expression and dysregulated
lipid metabolites, contributing to colorectal cancer (Guo et al.,
2021). Furthermore, overexpression of DEGS2 promoted cell
growth, while depletion of DEGS2 inhibited cell growth
(Casasampere et al, 2016). Regarding the molecular
mechanism, Guo and collaborators found that METTL3
depletion promoted the DEGS2 mRNA, increased DEGS2
expression in HCT116 cells, suggesting that METTL3 is
essential for the stability and translation of DEGS2. YTHDEF2
knockdown induced the level of DEGS2 mRNA expression,
meaning that YTHDF2 contributes to the DEGS2 mRNA
decay (Guo et al, 2021). Collectively, this recent evidence
suggests that m®A regulates lipid metabolism in cancer.

m®A Regulates Amino Acid Metabolism

To proliferate, cancer cells need large amounts of amino acids
(Sivanand and Vander Heiden, 2020), which are essential
building blocks of proteins (Murugan, 2019; Vettore et al,
2020). Moreover, there is much evidence for specific
degradation in amino acid metabolism in cancers (Li and
Zhang, 2016). Glutamine, which regulates the expression of
many genes related to metabolism (Curi et al, 2005), is
carried into cancer cells by multiple transporters, such as Na +
-coupled neutral amino acid transporters (SNATs) and Na +
-dependent transporters (Kandasamy et al., 2018).

To renew the TCA cycle, many tumor cells highly need
glutamine (Matés et al, 2013). Glutamate dehydrogenase
(GLUD1) and transaminases can transform glutamine to o-
KG to reconstruct the TCA cycle (Vander Heiden et al., 2009).
FTO and ALKBH5 were identified as «-KG-dependent
dioxygenases (Zhu et al., 2020). METTL14 may promote HCC
progression by modulating m®A -regulated genes, including
glutamic oxaloacetic transaminase 2 (GOT2), cysteine sulfonic
acid decarboxylase (CSAD), and suppressor of cytokine signaling
2 (SOCS2) (Li et al., 2020b). In colon cancer, Chen and
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TABLE 1 | Regulation of metabolites by mPA associated proteins in cancer.

mPA Methylation in Cancer Metabolism

Metabolic pathways Metabolites/Enzymes/Signaling m°®A associated Cancer type Role in References
pathways proteins cancer

Glycolysis GLUT1-mTORCA METTL3 CRC Oncogene Chen et al. (2021a)
GLUT1 METTL3/IGF2BP2/3 CRC Oncogene Shen et al. (2020)
PDK4 METTL3 Breast cancer Oncogene Li et al. (2020c)
HK2 METTL3 CRC Oncogene Shen et al. (2020)
GLUT4/Enolase METTL3 Liver cancer Oncogene Wang et al. (2020c)
GLUT4/HDGF/ENO2 METTL3/IGF2BP3 Gastric cancer Oncogene Wang et al. (2020c)
PDK4 METTL3/IGF2BP3/ALKBH5 Cervical cancer Oncogene Li et al. (2020c)
MYC FTO/YTHDFA Lung cancer Oncogene Yang et al. (2021)
PDK4 METTL3 Liver cancer Oncogene Li et al. (2020c)
HK2 WTAP Gastric cancer Oncogene Yu et al. (2021)
PDK4 YTHDF1/IGF2BP3 Breast cancer Oncogene Li et al. (2020c)
PKM2 FTO HCC Oncogene Li et al. (2019a)
PDK4 ALKBH5 Cervical cancer Oncogene Li et al. (2020c)
PDK4 ALKBH5 HCC Oncogene Li et al. (2020c)
GLUT1 ALKBH5 CRC Oncogene Shen et al. (2020)
G6PD YTHDF2 Lung cancer Oncogene Sheng et al. (2020)
2-deoxyglucose METTL3 HCC Oncogene Lin et al. (2020)
MYC METTL3 CRC Oncogene Lin et al. (2020)
LDHB YTHDF2 AML Oncogene Qing et al. (2021)

Lipid metabolism Lipid METTL3/YTHDF2 Liver cancer Oncogene Zhong et al. (2018)
Cholesterol YTHDF2 Glioblastoma cancer Oncogene Fang et al. (2021)
Triglyceride METTL3 Liver cancer Oncogene Kang et al. (2018)
Sphingolipid (DEGS2) METTL3/YTHDF2 CRC Oncogene Guo et al. (2021)

Glutaminolysis R-2HG-MYC FTO Leukemia Oncogene Su et al. (2018)
CSAD/GOT2/S0OCS2 METTL14 HCC Oncogene Li et al. (2020b)
R-2HG FTO AML Oncogene Qing et al. (2021)
Glutamine YTHDFA Colon cancer Oncogene Chen et al. (2021b)

Other metabolic Iron and ferritin metabolism YTHDFA1 HPSCC Oncogene Ye et al. (2020)

collaborators demonstrated YTHDF1-mediated as a positive
association between glutamine metabolism and cisplatin
resistance (Chen et al., 2021b).

Recently, reports have indicated that AMP-activated protein
kinase (AMPK) could act as a beneficial target for treating cancer
patients (Wang et al., 2016b). AMPK can act to inhibit tumorigenesis
through the regulation of cell proliferation. AMP-activated protein
kinase-alpha2 (AMPKa2) was inversely correlated with FTO (Wang
et al,, 2016a). FTO is upregulated in colorectal cancer and interacts
with MYC to accelerate cell proliferation and migration (Zou et al.,
2019). In colorectal cancer, Yue and collaborators reveal that
AMPKa2 inhibits CRC cell growth and promotes apoptosis
through altering FTO (Yue et al, 2020). More interestingly, miR-
96 could retard cancerogenesis by inactivating the FTO-mediated
MYC AMPKa2-dependent manner in CRC cells (Yue et al.,, 2020).
Together, these findings elucidate links between m°A and metabolic
changes in cancers (Table 1 and Figure 2).

Other Metabolic Processes Regulated by

mPA in Cancer

Emerging evidence demonstrates that m°A can also regulate
metabolic processes in carcinogenesis that do not involve glucose,
lipids, or amino acids. For example, iron metabolism plays a key role
in tumorigenesis (Jung et al,, 2019). Therefore, pathways that acquire,
export, or store iron are often perturbed in cancer (Jung et al., 2019).

The tumor microenvironment exerts selective pressure that renders
the cancer cells adopt altered metabolism, supporting these cells’
energy and metabolic demands, thereby facilitating tumor growth.
Recent evidence showed that tumor-associated macrophages (TAMs)
could provide iron to impact metabolism within the tumor
microenvironment. When Ye and collaborators evaluated the
correlation between the m®A modification and iron metabolism,
they found that YTHDF1 regulates growth and iron metabolism in
hypopharyngeal squamous cell carcinoma (HPSCC) (Ye et al., 2020).
YTHDF1 was also associated with intratumoral iron and ferritin
levels in hypopharyngeal squamous cell carcinoma (HPSCC)
patients. They further demonstrated that HPSCC tumorigenesis
induced by YTHDFI is dependent on iron metabolism and
regulates transferrin receptor protein (TFRC) expression in this
cancer (Ye et al, 2020). Regarding the molecular mechanism,
YTHDF1 binds to the UTR of TFRC mRNA to regulate mRNA
translation of TFRC (Ye et al,, 2020). Targeting TFRC-mediated iron
metabolism and YTHDF1 could become potential candidates for
early diagnosis or treatment for HPSCC patients (Ye et al., 2020).

CONTROL OF MPA BY METABOLITES IN
CANCER

In cancer, metabolism is often regulated by the m®A modification.
But could certain metabolites regulate m®A? This controversial
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TABLE 2 | Control of m°A by metabolites in cancer.

mPA Methylation in Cancer Metabolism

m°®A implicated Metabolites Effects References

proteins

FTO NADP NADP decreases m°A methylation in RNA and promotes adipogenesis Wang et al. (2020b)

FTO R-2HG R-2HG attenuates aerobic glycolysis and downregulates the expression of FTO in leukemia cells Qing et al. (2021)

FTO R-2HG R-2HG increases m®A modification of RNA by inhibiting FTO activity, destabilizing MYC transcripts in Su et al. (2018)
leukemia cells

FTO Isocitrate Isocitrate increases m°®A levels of RNA by inhibiting FTO’s activity in leukemia cells Li et al. (2017b)

idea is supported by the finding that proteins that regulate m°A
associate highly with many types of cancer. Also, Wang et al.
(2020b) showed that nicotinamide adenine dinucleotide
phosphate (NADP) binds to FTO, decreases m°A methylation
in RNA, and promotes adipogenesis. Furthermore, NADP
regulated mRNA m6A via FTO in vivo, and deletion of FTO
blocked adipogenesis caused by enhanced NADP in 3T3-L1 pre-
adipocytes.

Succinate prevents a-ketoglutarate-dependent dioxygenase
from regulating critical factors of tumorigenesis, including
hypoxia responses and histone demethylation. Additionally,
hypoxia in tumors broadly increases levels of m®A in GLUT1
and MYC mRNAs (Priolo et al., 2014). ALKBH5 and FTO m°A
demethylases require a-KG, Fe(II), and O, for total enzymatic
activity (Zhang et al., 2019; Xu and Bochtler, 2020; Losman et al.,
2020). The TCA cycle produces other metabolites that regulate
m°A  demethylation. Interestingly, citrate, another critical
metabolite in the TCA, was noticed with an a-KG-binding site
in ALKBHS5 (Feng et al., 2014). Citrate by binding to a-KG/FTO
complex can inhibit the enzyme’s activity (Aik et al., 2013).

In AML cells, the FTO’s enzymatic activity is inhibited,
carrying the IDH (isocitrate dehydrogenase) mutation, which
correlates with significantly increased m°A levels (Li et al,
2017b). IDHs are critical enzymes that catalyze isocitrate to «-
ketoglutarate (a-KG) and CO, in the TCA cycle. They also
epigenetically control gene expression through effects on «a-
KG-dependent dioxygenases. R-2HG was recently reported to
exhibit antitumor activity. It attenuates aerobic glycolysis and
downregulates the expression of FTO/LDHB/PFKP in leukemia
cells (Qing et al., 2021). Moreover, it increases mPA modification
of RNA by inhibiting FTO activity, destabilizing CEBPA/MYC
transcripts in leukemia cells (Su et al, 2018). These findings,
therefore, indicate that certain metabolites can drive the m°A
modification of RNA in cancer (Table 2).

Potential Clinical Applications of M°A and

Targeting the Modification in Cancer

As proteins that create, erase and recognize m®A play a role in
cancer metabolism, targeting altered metabolic pathways by
focusing on m°A modification has become a promising
anticancer strategy. Survival analysis of patients showed that
METTL3 (a writer) is a prognostic factor for poor outcomes
in HCC (Lin et al., 2020), thyroid carcinoma (Wang et al., 2020a),
pancreatic cancer (Xia et al., 2019), CRC (Li et al., 2019b), gastric
cancer (Wang et al., 2020c), and colorectal cancer (Chen et al.,

2021a). WTAP (another writer) predicts the survival of patients
with high-grade serous ovarian carcinoma (Yu et al., 2019), HCC
(Chen et al., 2019¢), RCC, and GC (Li et al., 2020a). As METTL3
depletion can decline oncogenes’ expression and reduce CRC
proliferation (Shen et al., 2020), breast cancer (Li et al., 2020c),
cervical cancer (Li et al., 2020c), and liver cancer (Wang et al.,
2020c), METTL3 offers an alternative therapeutic target in
colorectal cancer patients with high glucose levels (Shen et al.,
2020). It also could promote colorectal tumorigenesis via the
m°A-GLUT1-mTORCI axis. Combined targeting of METTL3
and mTORC1 showed promise for suppressing CRC
proliferation, suggesting that METTL3 could also be an
alternative therapeutic target in that disease (Chen et al,
2021a). Deleting METTL3 from Hela cells also decreased
PDK4 expression and increased the cells’ sensitivity to
doxorubicin (DOX) treatment (Li et al., 2020c). However,
ectopic overexpression of PDK4 attenuated this effect and
reduced DOX sensitivity in cervical cancer cells. This suggests
that PDK4 is involved in the proliferation and chemosensitivity of
METTL3-cells (Li et al., 2020c). Moreover, METTL3-silenced
pancreatic cancer cells and glioma stem cells (GSCs) showed
enhanced irradiation sensitivity (Visvanathan et al, 2018)
(Taketo et al, 2018). High level of R-2HG expressed by
mutant isocitrate dehydrogenase, was demonstrated to play
important antitumor effect in glioma and leukemia cells by
inhibiting FTO activity (Su et al., 2018).

Recently, Yankova et al. (2021) showed that STM2457, the
small-molecule inhibitor targeting METTL3, might be a strategy
for treating myeloid leukemia. Pharmacological METTL3
inhibition prolonged survival in AML mouse models (Yankova
et al, 2021). Intriguingly, treating tumors with STM2457
increased apoptosis and reduced AML growth (Yankova et al,
2021). These results identified METTL3 inhibition as a promising
therapeutic strategy for AML treatment and demonstrated that
targeting enzymes that modify RNA is a new approach promising
anticancer therapy (Yankova et al., 2021). Depleting METTL3
from cells induced resistance to cisplatin, gemcitabine, and 5-
fluorouracil in pancreatic cancer and non-small cell lung cancer
(Jin et al., 2019). Also, FTO inhibitors (FB23 and FB23-2) provide
a therapeutic strategy for treating leukemia. Targeting regulators
of RNA methylation have also shown promise in preclinical
models, which are effective against AML, as exemplified by
FB23 and FB23-2 (small-molecule inhibitors) of the m°A
eraser FTO (Huang et al., 2019).

By pharmacological approaches, FTO is broadly viewed as an
attractive biological target. Peng et al. (2019) found a small
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TABLE 3 | Non-exhaustive list of Potential alternative therapeutic agents offers by mPA targeting modifications in cancer.

Underlying mechanism and
Key results

METTL3 depletion decreased PDK4 expression and increased
sensitivity to doxorubicin treatment in cervical cancer cells

STM2457 by targeting METTLS increased apoptosis and reduced AML
growth treating myeloid leukemia

Depleting METTL3 from cells induced resistance to cisplatin,
gemcitabine, and 5-fluorouracil in pancreatic cancer and non-small cell
lung cancer

METTL3-silenced pancreatic cancer cells and glioma stem cells showed
enhanced irradiation sensitivity

R-2HG, highly expressed by isocitrate dehydrogenase, inhibit FTO and
act an antitumor in glioma and leukemisa cells

Entacapone bound to FTO and inhibited FTO activity involved in the
regulation of metabolic homeostasis and amino acid metabolism
Targeting FTO, FB23 and FB23-2 are effective promise in preclinical
models against acute myeloid leukemia

Disregulated FTO help tumor cells to escape TKI-mediated kiling and
broad defense mechanism by which leukemia cells develop resistance
mechanism to TKI

Small molecule Dac51 can block FTO-mediated immune evasion and
control immunity against cancer cells

Disregulated complex FTO - glycolytic agents help tumor cells to escape
immune surveillance

Knockdown of FTO sensitizes melanoma cells to interferon-gamma
(IFNy) and sensitizes melanoma to anti-PD-1 treatment in mice
JPX/FTO/PDK1 axis facilitate aerobic glycolysis in GBM cells, and
correlated with GBM cells’ sensitivity to temozolomide

YTHDF1 is associated with cisplatin resistance in colon cancer.Inhibition
of GLS1 synergized with cisplatin to induce cell death of colon cancer

YTHDF1 regulate antitumor immunity and have synergetic effect on
immunotherapy by improving the therapeutic effect of PD-L1 inhibitor
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m°®A proteins Drugs/Therapeutic Metabolites
involved agents Pathways/Immune
system

METTL3 Doxorubicin (DOX) Glycolytic metabolism/
Antitumor

METTL3 STM2457 Antitumor

METTL3 Cisplatin, Gemcitabine, 5-  Antitumor

fluorouracil

METTL3 Gamma-irradiation Antitumor

FTO R-2HG Metabolic regulation/
Antitumor

FTO Entacapone Metabolic regulation/
Antitumor

FTO FB23 and FB23-2 Antitumor

FTO Tyrosine kinase Immunity control

inhibitor (TKI)

FTO Dac51 Antitumor/Immunity
control

FTO Glycolytic agents Immunity control

FTO Anti-PD-1 blockade Antitumor immunity

FTO Temozolomide (TMZ2) Glycolytic metabolism/
Antitumor

YTHDFA1 Cisplatin Amino acid metabolism/
Antitumor

cells
YTHDFA1 PD-L1 inhibitor Antitumor immunity
YTHDF2 STATS Immune response

Upon activation by cytokines, YTHDF2 is upregulated in NK Cells.

Ma et al. (2021)

YTHDF2 promoted NK Cell effector function by inhibiting a STAT5-
YTHDF2-positive feedback loop involved in tumor progression

molecular inhibitor of FTO and selected m6A demethylase FTO
as a potential target by developing a new strategy. By studying the
molecular function of FTO in metabolism, they identified
entacapone (FDA-approved drug) as a selective inhibitor of
FTO activity involved in the regulation of metabolic
homeostasis (Peng et al., 2019). Entacapone bound to FTO
and inhibited FTO activity. They conclude that the FTO-
entacapone complex may be promising for designing new
drug-like FTO inhibitors as translational medicine (Peng et al.,
2019). Furthermore, they discovered that the transcription factor
forkhead box protein O1 (FOXO1) mRNA as a substrate of FTO,
which Knockdown of FOXOI1 through the inhibition of FTO
could be used to treat metabolic dysregulation (Peng et al., 2019).

Targeting YTHDF1 (a reader) might be another promising
therapeutic approach, as (Liu et al., 2020) identified the YTHDF1-
EIF3C axis as a critical translational factor involved in ovarian
cancer progression (Liu et al, 2020). Chen and collaborators
(2021) recently reported that YTHDF1 is associated positively
with cisplatin resistance in colon cancer (Chen et al., 2021a; Chen
et al., 2021b). Furthermore, inhibition of GLSI synergized with
cisplatin to induce cell death of colon cancer cells (Chen et al.,
2021b). Recently, Kumar et al., 2021 reviewed how components

of EEE (Editor/Eraser/Effector) could become
candidates for treating leukemia (Kumar et al., 2021).
Regarding immunotherapy against cancer cells, FTO was
identified as an essential regulator of glycolytic metabolism
that tumors could use to escape immune surveillance (Liu
et al, 2021). Consistent with this idea, depleting FTO
impaired the glycolytic activity of tumor cells to restore the
CD8" T cell function needed to inhibit tumor growth (Liu
et al., 2021). Moreover, Dac51 (a small molecule) can block
FTO-mediated immune evasion and control immunity,
suggesting that RNA epitranscriptome could promise a new
strategy for immunotherapy against cancer cells (Liu et al., 2021).
On the other hand, Yang et al. (2019) demonstrate that the
effect of FTO knockdown on melanoma response to anti-PD-1 (a
novel immunotherapies for the patient with melanomas)
immunotherapy is dependent on the immune system. The
combination of m°A demethylase FTO inhibition with anti-
PD-1 blockade may reduce the resistance to immunotherapy
in melanoma (Yang et al., 2019). Additionally, FTO depletion
sensitizes melanoma cells to interferon-gamma (IFNy) and
sensitizes melanoma to anti-PD-1 treatment (Yang et al,
2019). Their findings suggest a crucial role of FTO, which

potential
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increases FTO’s level, decreases response to anti-PD-1 blockade
immunotherapy, and enhances tumor growth in melanoma
(Yang et al,, 2019). One other recent study demonstrates that
the YTHDF]I reader regulated antitumor immunity, a synergetic
effect on immunotherapy by improving the therapeutic effect of
PD-L1 inhibitors (Han et al, 2019). Yan and collaborators
demonstrate that FTO-m°A axis deregulation induces response
to tyrosine kinase inhibitor (TKI) treatment in leukemia cells
(Yan et al., 2018). Cells with FTO upregulation have more TKI
tolerance and higher growth rates in mice (Yan et al., 2018).
Currently, Li and collaborators demonstrated that the JPX/FTO/
PDK1 axis could facilitate aerobic glycolysis in GBM cells, which
was correlated with GBM cells’ sensitivity to temozolomide
(TMZ). These findings provide valuable information for
understanding that blocking the JPX/FTO/PDKI1 axis may
serve as a promising strategy for mitigating the efficacy of
TMZ in GBM(Li et al., 2021).

By elucidating the biological roles of m®A’s modification in
natural killer (NK) cells, Ma and collaborators uncovered a new
direction for harnessing NK Cell antitumor immunity. YTHDEF2
deficiency in NK Cells impaired NK Cells’ antitumor and
antiviral activity in vivo. Upon activation by cytokines,
YTHDF2 is upregulated in NK Cells. More interestingly,
YTHDEF2 promoted NK Cell effector function by inhibiting a
STAT5-YTHDEF2-positive feedback loop involved in tumor
progression (Ma et al., 2021). These findings suggested that
m°A and its regulatory or associated proteins are involved in
cancer progression. The development of new applicable
inhibitors or the translation of existing inhibitors into clinical
practice may provide innovative and effective therapeutic
strategies for treatment (Table 3).

CONCLUSION AND PERSPECTIVES

The connection between metabolism and tumorigenesis is
attracting attention, and many gratifying results have revealed
the link between the m°A modification and oncometabolite in
cancer progression. The data demonstrates that the m°A
modification regulators could act as promising candidates for
diagnosis, prognosis, or treatment against cancer. Thus, designing
a diagnostic profile for cancer is possible based on oncometabolite
regulated by m°A. In this review, the potential crosstalk between
m°A RNA methylation and metabolic control in tumorigenesis
was described. These findings build a link between metabolic
reprogramming and the m°A modification. As investigators have
focused mostly on glucose metabolism and performed in vitro
studies with cell lines, their investigations need to be validated in
animal models and clinical studies.

As integrated regulation of metabolism in cancers, the network of
several major anabolic and catabolic pathways are important co-
factors or substrates of the critical enzymes for RNA modifications.

m®A Methylation in Cancer Metabolism

Since many of the metabolic alterations and consequently aberrated
RNA regulation are common to a wide range of cancer types, they
can serve as promising targets for anti-cancer therapies. Considering
current efforts to target both cancer metabolism and regulation of
the epigenome, it is still elusive to fully clarify the critical downstream
factors functions mediated by some oncometabolite in cancer cells.
Understanding the integrated metabolism in cancer cells may open
new avenues for anti-cancer strategies. Therefore, determining
metabolic differences between normal proliferating and cancer
cells will be of great interest. Nevertheless, heterogeneity of
tumors is yet another challenge, which is multiples phenotypes
metabolic in multi-cellular systems. In addition, more researches
should be conducted to better understand the molecular
mechanisms ~ among  metabolic  enzymes, transporters,
transcription factors, and their pathways regulated by the m°A
modification in cancer metabolism.

By pharmacological approach, evidence has shown that
characterization of m°®A writers and erasers proteins have
provided valuable insights promising anti-cancer drugs
targeting modification in cancer. While several small-molecule
inhibitors targeting writers or erasers are either approved drugs or
are currently being evaluated in clinical trials, the targeting m°A
recognition proteins have lagged behind. After writers and erasers
carry out methylation and demethylation, the readers determine
the functional consequences of modification. Thus, more
investigations and pharmacological research needs to target
mCA readers in cancer progression to yield meaningful results.

Most importantly, attempts to target m°A pathways and their
associated metabolic pathways need to consider immune cells, as
m°A was recently reported to play roles in antitumor immunity,
immune responses, and immunotherapy in cancers (Liu et al,
2021; Ma et al, 2021). Such an approach will help us better
understand and fully clarify how the dysregulation of metabolism
by m°®A in tumorigenesis jeopardizes immune surveillance. As
well as regulating glucose, amino acids, and lipids, m®A can
regulate other metabolites, such as SAM, SAH, IDH, R-2HG,
vitamin C, and iron. It will be interesting to understand how the
m®A modification affects those compounds and how that
knowledge could enhance cancer treatment. As m°A often
alters metabolism, some metabolites might also regulate the
production, editing, and recognition of m°A to affect cancer
progression. Due to this controversial idea, it will also be
interesting to discover how metabolite signaling networks
regulate m®A in cancer and how they, in turn, could be regulated.
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Background: Hepatocellular carcinoma (HCC) is the most common primary liver cancer
with a poor prognosis. 5-methylcytosine (m5C) modification plays a nonnegligible role in
tumor pathogenesis and progression. However, little is known about the role of m5C
regulators in HCC.

Methods: Based on 9 m5C regulators, the m5C modification patterns of HCC samples
extracted from public databases were systematically evaluated and correlated with tumor
immune and prognosis characteristics. An integrated model called the “m5Cscore” was
constructed using principal component analysis, and its prognostic value was evaluated.

Results: Aimost all m5C regulators were differentially expressed between HCC and
normal tissues. Through unsupervised clustering, three different m5Cclusters were
ultimately uncovered; these clusters were characterized by differences in prognosis,
immune cell infiltration, and pathway signatures. The m5Cscore was constructed to
quantify the m5C modifications of individual patients. Subsequent analysis revealed
that the m5Cscore was an independent prognostic factor of HCC and could be a
novel indicator to predict the prognosis of HCC.

Conclusion: This study comprehensively explored and systematically profiled the features
of m5C maodification in HCC. m5C modification patterns play a crucial role in the tumor
immune microenvironment (TIME) and prognosis of HCC. The m5Cscore provides a more
holistic understanding of m5C moaodification in HCC and provides a practical tool for
predicting the prognosis of HCC. This study will help clinicians identify effective indicators
of HCC to improve the poor prognosis of this disease.

Keywords: 5-Methylcytosine, hepatocellular carcinoma, tumor immune microenvironment, m5Cscore, prognosis
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary
liver cancer and is currently the third leading cause of cancer-
related death worldwide (Bray et al., 2018; Islami et al., 2021).
Although effective measures such as HBV vaccine immunization
and health education have been implemented, the incidence of
HCC has increased from 46.3 per 100,000 to 62.8 per 100,000
between 2005 and 2014 (Bosetti et al., 2014; Sayiner et al., 2017;
Hester et al., 2020). Despite improvements in surveillance and
treatment, the prognosis of HCC remains poor and the median
overall survival (OS) time is only approximately 6-2 months once
diagnosed (Bosetti et al., 2014). Prognostic assessment is a crucial
step in the management of patients with HCC. An increased
concentration of a-fetoprotein (AFP) is associated with poorer
prognosis. Disappointingly, relevant studies reported that its
sensitivity was approximately 60%, and more worryingly, its
specificity was 80% (Marrero et al., 2009; Lok et al, 2010).
Other tumor markers, such as angiopoietin 2 or vascular
endothelial growth factor, might refine prognostic prediction
in statistical modeling, but cannot yet be incorporated into the
individual assessment of a specific patient (Forner et al., 2018).
Therefore, searching for effective biomarkers for predicting the
prognosis of HCC and developing novel targets for HCC
treatment are urgent.

RNA modifications, which are more than 150 types of
modifications ~ reported  thus  far, are  prevalent
posttranscriptional modifications and play a critical role in
regulating biological processes (Roundtree et al, 2017;
Boccaletto et al., 2018). 5-methylcytosine (m5C), an important
posttranscriptional modification, is present in diverse RNA
species and participates in many aspects of gene expression,
including RNA export, ribosome assembly, translation, and
RNA stability (Trix] and Lusser, 2019). Increasing evidence
has suggested that m5C modification plays a nonnegligible
role in tumor pathogenesis and progression. It was reported
that the m5C regulator YBX1 maintained the mRNA stability
of the oncogenic gene heparin binding growth factor (HDGF) by
binding to m5C methylated sites and recruiting ELAVLI, thus
exerting an oncogenic role in bladder cancer development
through the activation of HDGF (Chen et al, 2019). In
addition, Gao et al. (Gao et al, 2019) found that high
expression of NSUN2 could promote the proliferation and
tumorigenesis of gallbladder carcinoma cells both in vitro and
in vivo by closely cooperating with ribosomal protein L6.
Recently, the role of m5C modification in cancers, including
lung cancer, colon carcinoma, bladder cancer, and thyroid
carcinoma, has been explored (Pan et al, 2021a; Pan et al,
2021b; Chen et al,, 2021; Gao et al, 2021; Geng et al., 2021;
Gu et al,, 2021; Hu et al., 2021; Li et al., 2021; Liu et al., 2021; Xu
et al,, 2021). In addition, He et al. (He et al., 2020a) built a gene
signature including 2 m5C regulators and found that it could
effectively predict the prognosis of HCC. However, the signature
is limited to the number of m5C regulators, while their role in the
pathogenesis and progression of HCC depends on the interaction
among the multiple m5C regulators.

Role of m5C in HCC

In this study, we systematically evaluated the m5C
modification pattern and tumor immune microenvironment
(TIME) in HCC patients. We revealed three distinct m5C
modification patterns in  HCC; these clusters were
characterized by differences in prognosis, immune cell
infiltration, and pathway signatures. Based on the m5C
regulators and related genes, a model (termed “m5Cscore”)
was constructed to quantify the m5C modification patterns of
individual patients. The study also demonstrated that the
mb5Cscore could serve as a practical tool to predict the
prognosis of HCC.

MATERIALS AND METHODS

Data Extraction and Preprocessing

The RNA sequencing data and relevant clinicopathological
features of 374 HCC and 50 normal samples were obtained
from The Cancer Genome Atlas database (TCGA; https://
portal.gdc.cancer.gov/). Gene expression data (measured in
fragments per kilobase of exon per million fragments mapped
or FPKM) were transformed into transcripts per kilobase million
(TPM). Somatic mutation data were extracted from the TCGA
data portal. Furthermore, an eligible HCC set was downloaded
from the International Cancer Genome Consortium database
(ICGG; https://icgc.org/) and served as the validation cohort. All
human HCC tissue samples used in this study were obtained from
patients who underwent surgery in the Shandong Provincial
Hospital Affiliated to Shandong First Medical University. This
project was approved by the Ethics Committee of Shandong
Provincial Hospital Affiliated to Shandong First Medical
University and was performed in accordance with the
Declaration of Helsinki. Each participant provided written
informed consent.

The Landscape of m5C Regulators in

Hepatocellular Carcinoma

A total of 10 m5C regulators were obtained and curated from
previous studies (Guo et al., 2021; Bohnsack et al., 2019; Delaunay
and Frye, 2019); these regulators included 7 “writers” (NOP2,
NSUN2, NUSN3, NSUN4, NSUN5, NSUN6, and NSUN?7),
1 “reader” (YBX1), and 2 “erasers” (TET2 and TET3). The
expression profile of these regulators was systematically
extracted and analyzed in normal and tumor samples. The
somatic mutation of HCC was assessed with the “maftools” R
package. The tumor mutation burden (TMB) was calculated, and
the correlation between TMB and clinical characteristics was
evaluated. The expression levels of m5C regulators in special
immune cells were investigated using the Tumor Immune Single-
Cell Hub (TISCH) (http://tisch.comp-genomics.org/) (Sun et al.,
2021). A pie plot was used to show the cell number of each cell
type. UMAP and violin plots were used to show the expression of
m5C regulators in different immune cell types. The prognostic
value of the m5C regulators was assessed using the Kaplan-Meier
(KM) curve with log-rank test.
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Model-Based Clustering Analysis for m5C

Regulators

Based on the expression matrix of m5C regulators,
unsupervised clustering was performed to identify distinct
m5C modification patterns in HCC patients according to the
best cutoff using the “ConsensusClusterPlus” R package, and
the stability of clustering was guaranteed by 1,000 repetitions
(Wilkerson and Hayes, 2010). The optimal number of clusters
was determined by the consensus clustering algorithm. Survival
analysis was performed between distinct clusters with the KM
method. The differences in the biological processes between the
distinct clusters were investigated through gene set variation
analysis (GSVA) using the “GSVA” R package. The “c2.
cp.kegg.v7.4. symbols” gene set was obtained from the
Molecular Signatures Database (MSigDB). An adjusted p
value <0.05 was considered statistically significant.

Comparison of the Tumor Immune
Microenvironment Between Distinct
m5Cclusters

Single-sample gene set enrichment analysis (ssGSEA) was used to
quantify the relative infiltration levels of 23 immune cell types in
HCC samples (Charoentong et al, 2017). The ratios of the
immune stromal components in the tumor microenvironment
(TME) were measured using Estimation of Stromal and Immune
cells in Malignant Tumor tissues using Expression data
(ESTIMATE) analysis with the “estimate” R package
(Yoshihara et al., 2013). The differences in the TME between
the different clusters were analyzed with the Wilcoxon rank sum
test. Furthermore, the “limma” R package was used to investigate
the differences in the expression of targeted immune checkpoint
molecules between the different clusters.

Identification of Prognosis-Related
Differentially Expressed Genes Between the

Distinct m5Cclusters

Principal component analysis (PCA) was used to investigate
whether there were different m5C modification patterns in
HCC. The empirical Bayesian approach was applied to extract
differentially expressed genes (DEGs) between the distinct
m5Cclusters. The significance criterion of DEGs was set as an
adjusted p value <0.001. Gene Ontology (GO) biological process
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis were performed to investigate the enriched
functional annotations of DEGs. A critical value of adjusted
p-value = 0.05 was selected as the filter criterion. After
obtaining the DEGs, univariate Cox regression analysis was
performed to identify prognosis-related genes. The significance
criterion was set as an adjusted p value <0.001 and abs
(logFC) > 0.

Construction of the m5C Gene Signature
To quantify the m5C modification patterns of individual HCC
patients, a set of scoring systems (termed “m5Cscore”) was

Role of m5C in HCC

constructed by PCA. Both principal components 1 and 2 were
selected to act as signature scores. The m5Cscore was defined
using a method similar to the Genomic Grade Index (GGI)
(Sotiriou et al., 2006; Zeng et al., 2019):

m5Cscore = » (PCLi +PC2i)

where i is the expression of overlapping genes with significant
prognosis-related DEGs among the m5Cclusters. The m5Cscore
was calculated in both the TCGA and ICGC cohorts.

According to the score, samples were divided into high- and
low-m5Cscore groups. Correlation analyses were performed to
investigate the relationships between the m5Cscore and some
related biological pathways, including (Bray et al., 2018) survival
analysis, (Islami et al, 2021), immunocorrelation analysis,
(Bosetti et al., 2014), clinical correlation analysis, (Hester et al.,
2020), TMB, and (Sayiner et al, 2017) targeted immune
checkpoint molecules.

The Human Protein Atlas

The immunohistochemistry (IHC) results showing the
protein expression of m5C regulators were downloaded
from The Human Protein Atlas (HPA) website (https://
www.proteinatlas.org/). ~ The  corresponding  patient
information, staining, intensity and quantity were obtained
online (Supplementary Table S1).

RNA Isolation and Quantitative

Real-Time PCR

Total RNA from 10 HCC samples and 10 adjacent tissues was
extracted using the FastPure" Cell/Tissue Total RNA Isolation Kit
V2 (Vazyme, RC112-01) according to the manufacturer’s
instructions. The total RNA concentration and purity were
detected by a Nanodrop 2000 spectrophotometer (Thermo
Fisher, United States). Samples were then reverse-transcribed
into cDNA with HiScript® III RT SuperMix for gPCR (Vazyme,
RC323-01) according to the manufacturer’s protocol. qRT-PCR
analysis was performed using ChamQ Universal SYBR qPCR
Master Mix (Vazyme, Q711-02/03) on a QuantStudio 3 (Applied
Biosystems, United States) to measure the expression levels of
m5C regulators. The expression levels of the gene were
normalized to P-actin and analyzed by the 2-AACt method.
The primers used in this study are shown in Supplementary
Table S2.

Statistical Analysis

All statistical analyses were performed with R software (version
4.0.5) and GraphPad Prism software (version 8.3.0). Paired t tests
were performed to compare the expression levels of m5C
regulators in HCC tissues. Continuous variables were
dichotomized for patient survival using the optimal cutoff
values determined by the “survminer” R package. The survival
curves for the prognostic analysis were constructed by the KM
method, and log-rank tests were used to identify the significance
of differences. Receiver operating characteristic (ROC) curves (R
package “timeROC”) and the area under the curve (AUC) values
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FIGURE 1 | 5C modification pattern in HCC. (A) The expression of m5C regulators in tumor and normal tissues; (B) The mutation frequency of m5C regulators in
HCC (Each column represents a patient with a m5C regulator mutation, and the upper panel shows the tumor mutation burden. 0-3 means the number of patients with
mutation, and 0-640 means the total mutation frequency of each patient).
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FIGURE 2 | Expression of m5C regulators in tumor microenvironment-related cells (TISCH). (A-1) The expression of m5C regulators in immune cells.

were used to evaluate the prognostic value of the m5Cscore  was an independent prognostic factor for HCC. All statistical p
(Blanche et al,, 2013). Univariate and multivariate independent ~ values were two-sided, with p < 0.05 deemed statistically
prognostic analyses were performed to assess whether the model  significant.
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FIGURE 3 | Molecular characteristics of m5Cclusters. (A) Forest plot of univariate Cox regression analysis results; (B) Interaction of m5C regulators in HCC; (C)
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RESULTS

Expression Variation of the m5C Regulators

in Hepatocellular Carcinoma

In this study, 374 HCC and 50 normal samples in the TCGA
cohort were analyzed. The results revealed that almost all
enrolled m5C regulators were differentially expressed
between HCC and normal tissues, while there was no
difference in the expression of TET2 (Figure 1A). Most
m5C regulators were upregulated in HCC tissues (p <
0.001), while the expression levels of NSUN6 and NSUN7

were downregulated in HCC tissues. Somatic mutations were
investigated to explore the prevalence of m5C regulator
variations in HCC. The overall average mutation frequency
of m5C regulators was low, with only 9 of 364 samples having
m5C regulator mutations (Figure 1B). The mutation
frequency was higher in NOP2 than in other regulators.
Furthermore, the TMB was different in HCC patients with
different clinicopathological characteristics. Variation analysis
showed that patients in the male or NO stage had a higher
TMB, and a similar result could be found in patients older than
65 years (Supplementary Figure S1).

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

a1

February 2022 | Volume 10 | Article 842220


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

Liu et al.

Role of m5C in HCC

1.00

0.75

o
o
o

Immune infiltration

0.25 4

—IT1—0

m5Ccluster E9 A =

B E3 c

ns

Cc

2000

m5Ccluster BB ClusterA BE ClusterB B3 ClusterC

044
4.2e-05
0.0029

4000

-

3000 1000

2000

o

ImmuneScore
StromalScore

1000

-1000

o

-1000

m5Ccluster BA ClusterA BE ClusterB B3 ClusterC

0.032

0.0032

==

D

m5Ccluster BR ClusterA BE ClusterB B3 ClusterC

0.31 0.93

0.0004
0.0012

.-

2000

ESTIMATEScore

o

-2000

ClusterA ClusterB ClusterC ClusterA

ClusterC

G

40

m5Ccluster B3 ClusterA B Cluster8 £

40

w
S
. ‘ H
w
S

PD-1 expression
N
S
PD-L1 expression
N
S

o
o
5
o

ClusterB

m5Ccluster B3 ClusterA B3 Clusterd

0*;&; 0

.
CTLA4 expression
.

ClusterC ClusterA ClusterB ClusterC

1 ClusterC m5Ccluster B3 ClusterA B ClusterB 3 ClusterC

H

ns

N
S

&

s
.

" .
‘e
2.

o

ClusterA ClusterB ClusterC ClusterA

ClusterB

FIGURE 4 | Tumor immune landscape in distinct m5Cclusters. (A) ssGSEA of patients in distinct m5Cclusters, the asterisks represent the statistical p value
between the three m5Cclusters (o < 0.05; **p < 0.01; **p < 0.001); (B) Immune score of patients in distinct m5Cclusters; (C) Stromal score of patients in distinct
mb5Cclusters; (D) ESTIMATE score of patients in distinct m5Cclusters; (E) PD-1 expression in distinct m5Cclusters (*p < 0.05; **p < 0.01; **p < 0.001); (F) PD-L1
expression in distinct m5Cclusters (*p < 0.05; **p < 0.01; **p < 0.001); (G) CTLA-4 expression in distinct m5Cclusters ("p < 0.05; **p < 0.01; **p < 0.001).
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Considering the role of the TME in tumor occurrence and
progression, we used a data set (GSE140228) in the TISCH
database to analyze the expression levels of m5C regulators in
TME-related cells. As shown in Supplementary Figure S2,
GSE140228 was divided into 20 cell clusters and 12 types of
cells, and CD8" T cells were the most abundant immune cells (n =
19969). The expression level of YBX1 was highest in TME-related
cells, while NSUN7 and TET3 were hardly expressed (Figures
2A-TI). In addition, the expression levels of m5C regulators were
different in distinct immune cells (Supplementary Figure S3).

Univariate Cox regression analysis and the KM method
showed that most m5C regulators were potential prognostic

risk factors for HCC patients (Supplementary Table S3,
Figure 3A, Supplementary Figure S4). The network of m5C
regulators comprehensively demonstrated the interactions,
connections, and prognostic significance of m5C regulators in
HCC patients (Figure 3B). The results showed that there were
distinct positive correlations between each other. Most regulators,
such as NSUN4 and YBX1, presented tumorigenic characteristics,
with higher gene expression levels correlated with poor prognosis.
Conversely, NSUN6 presented tumor-suppressing
characteristics, with higher gene expression levels related to
favorable prognosis. Overall, the above results presented high
heterogeneity of the genome and expression variations of m5C
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regulators between normal and HCC tissues, indicating that m5C
regulators may play a crucial role in HCC occurrence and
progression.

m5C Modification Patterns Mediated by
m5C Regulators

Based on the expression of the 9 m5C regulators, model-based
clustering was performed to classify HCC patients using the
“ConsensusClusterPlus” R package. Through unsupervised
clustering, three distinct m5C modification patterns were
ultimately uncovered (identified as m5Cclusters A-C),
including 91 cases in cluster A, 119 cases in cluster B, and 160
cases in cluster C (Figure 3C). Prognostic analysis showed that
there was a survival advantage in cluster A and a survival
disadvantage in cluster B (Figure 3D). Further analysis
revealed that there was a significant difference in three distinct
m5C modification patterns. m5Ccluster A presented significantly
low expression of all m5C regulators, while m5Ccluster B was
characterized by high expression of all regulators (Figure 3E).
Therefore, it was not surprising that m5Ccluster B had the
poorest prognosis. In addition, GSVA was performed to
investigate the differences in the biological process among the
distinct m5Cclusters. The results indicated that distinct m5C
modifications had a significant effect on the biological behaviors
of HCC (Supplementary Figure S5).

Tumor Immune Characteristics in Distinct
m5C Modification Patterns

Through ssGSEA, the difference in the infiltration of 23 different
immune cell types was assessed in the distinct m5Cclusters
(Figure 4A). m5Ccluster A showed high infiltration of

activated B cells, activated CD8" T cells, eosinophils and
monocytes, while m5Ccluster B was characterized by high
infiltration of activated CD4" T cells and T helper type 2
(Th2) cells. In addition, the results of the ESTIMATE
algorithm revealed that the immune, stromal, and ESTIMATE
scores (p < 0.05) were higher in cluster A than in clusters B and C,
while there was no difference between clusters B and C (Figures
4B-D). Meanwhile, the expression of targeted immune
checkpoint molecules was different among the distinct clusters.
The boxplots showed that the expression of the PD-1, PD-L1 and
CTLA-4 genes was markedly higher in cluster B and significantly
lower in cluster A (Figures 4E-G). It was surprising that the
expression levels of targeted immune checkpoint molecules
showed a similar trend with the expression levels of the m5C
regulators. Characterized by high expression levels of the m5C
regulators, m5Ccluster B also had high expression levels of the
targeted immune checkpoint molecules.

Generation of the m5Cscore Model

PCA indicated that there were distinct m5C modification
patterns in HCC (Figure 5A). To further investigate the
potential biological behavior of each m5Ccluster, a total of
5,136 DEGs were extracted from the distinct m5Cclusters
(Figure 5B). GO enrichment analysis and KEGG pathway
analysis were performed with the “clusterProfiler” R package.
The results showed that the DEGs were enriched in biological
processes related to tumorigenesis and tumor progression, such
as the cell cycle and autophagy (Figures 5C,D).

Univariate Cox regression analysis was performed to
investigate the prognostic value of each DEG, and 1,183 genes
with prognostic utility were eventually extracted to construct the
patients’ individual m5Cscore. The best cutoff value was
calculated, and the patients were divided into low- and high-

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

43

February 2022 | Volume 10 | Article 842220


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

Liu et al.

Role of m5C in HCC

A
m5Ccluster B3 A 51 B B3 C
B
p <2.22e-16
1004 p < 2.22¢-16
I 1
/ p < 2.22e-16
501
/ Q
/ 8
0
Q
')
€ 04
Dead
_50 B
m5Celuster m5Cscore Fustat A é é
m5Ccluster
1.00 D 10
m5Cscore m5Cscore
=~ Low ==~ Low
2075 =~ High 2075 =~ High
35 3
8 E
[ [
8050] --------tH o] 8050] -------------ooeeooooo
g g
£ =
5 5
@ 025 @ 0.25
p<0.001
0.00 0.00
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6
Time(years) Time(years)
° Number at risk o Number at risk
Slow]276 213 115 77 57 38 24 9 6 4 1 8 Low| 154 143 92 46 15 1 0
QHgh{ e 48 25 13 6 2 2 0 0 0 0 Q High{ 78 57 29 12 1 1 0
€ 0 1 - 3 4 5 6 7 8 9 10 £ 0 1 2 3 4 5 6
Time(years) Time(years)
FIGURE 6 | Construction of the m5Cscore model. (A) Alluvial diagram showing the changes in m5Cclusters and m5Cscore; (B) Differences in m5Cscore among
the three m5Cclusters; (C) KM analysis of patients in the high- and low-m5Cscore groups (TCGA cohort); (D) KM analysis of patients in the high- and low-m5Cscore
groups (ICGC cohort).

mb5Cscore groups. An alluvial diagram was used to visualize the
changes in the attributes of individual HCC patients and showed
that m5Ccluster B was linked to a high m5Cscore and had the
highest proportion of deaths (Figure 6A). Furthermore, the
relationship between m5C modification and the m5Cscore was
explored. Differential analysis found that m5Ccluster B had the
highest m5Cscore, while m5Ccluster A had the lowest m5Cscore
(Figure 6B).

Patients with low m5Cscores demonstrated a prominent
survival benefit in both the TCGA and ICGC cohorts (Figures
6C,D). In addition, univariate and multivariate Cox regression
analyses including sex, age, tumor grade, m5Cscore, and tumor
stage were performed in the TCGA and ICGC cohorts, which
confirmed that m5Cscore was an independent prognostic
factor of HCC (in TCGA cohort: HR: 1.045, 95% CI:
1.029-1.061, p < 0.001; in ICGC cohort: HR: 1.038, 95% CI:
1.022-1.054, p < 0.001, respectively) (Figures 7A-D). The
AUC curves indicated that the m5Cscore had an acceptable
prognostic value for HCC patients. The AUC values for
predicting 1-, 2-, 3-, and 4-years OS in the TCGA cohort
were 0.75, 0.64, 0.66, and 0.67, respectively, and those in the

ICGC cohort were 0.79, 0.78, 0.80, and 0.83, respectively
(Figures 7E,F).

To investigate the potential biological mechanism of the
m5Cscore, we analyzed the correlations between the m5Cscore
and some biological processes. As shown in Figure 8A, there were
significantly positive correlations between the m5Cscore and
some infiltrated immune cells, such as activated CD4" T cells
and Th2 cells, while there was a negative correlation between the
mb5Cscore and the infiltration of eosinophils, monocytes and
neutrophils.  Unfortunately, there was no significant
relationship between TMB and the m5Cscore (p = 0.96)
(Figure 8B). In addition, patients with high m5Cscores had a
high proportion of deaths (Figures 8C,D). Furthermore, the
model validation results indicated that the m5Cscore model
could be suitable for patients with different tumor grades
(Figures 8E,F). Immunotherapies involving PD-1, PD-L1 and
CTLA-4 blockade have undoubtedly emerged as a major
breakthrough in cancer therapy. Patients with high m5Cscores
showed obviously high expression levels of PD-1, PD-L1, and
CTLA-4, which indicated a potential response to anti-PD-1/PD-
L1/CTLA-4 therapy (Figures 8G-I).
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The mRNA and Protein Expression Levels of
m5C Regulators in Hepatocellular
Carcinoma

To further verify the trend of m5C regulator expression in HCC
tissues, we performed a qPCR assay and acquired IHC
pathological specimen data from the HPA. As shown in
Figures 9, 10, almost all m5C regulators were differentially
expressed between HCC and normal tissues. Most m5C
regulators were upregulated in HCC tissues, while the
expression levels of NSUN6 and NSUN7 were significantly
downregulated in HCC tissues.

DISCUSSION

Multiple m°C regulators have been identified as participants in
the development and progression of cancer. Specifically, m°C
plays an important role in cancer cell proliferation and metastasis,
as well as cancer stem cell development, by regulating mRNA
stability, expression, and translation (Lu et al., 2018; Shen et al.,
2018; Chen et al., 2019; Mei et al., 2020). For instance, Ban et al.
(Ban et al, 2021) found that YBX1 could promote
nasopharyngeal carcinoma (NPC) cell proliferation and
invasiveness by enhancing the protein synthesis of AURKA.
As one of the most widespread malignances worldwide, HCC
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remains poorly understood in terms of its pathogenesis and
development (Xue et al, 2020). Recently, the role of m5C
modification in tumors has attracted great attention, and
increasing evidence has revealed that m5C modification is
closely related to the tumorigenesis and tumor progression of
HCC (He et al.,, 2020b; He et al.,, 2020¢; Zhang et al., 2020). Sun
et al. (Sun et al., 2020) found that the NSUN2-mediated m°C
modification of H19 IncRNA exerts an important function in the
progression and malignancy of HCC. However, most of these
studies focused on a single m5C regulator or only explored the
distribution of m5C in HCC, and the overall influence of m5C

regulator-related modification patterns on tumor prognosis has
not been fully established.

In this study, we demonstrated that m5C modification played
a crucial role in the tumorigenesis and tumor progression of HCC
and had potential prognostic value for HCC. To clarify the role of
m5C in HCC, we comprehensively profiled the m5C modification
patterns in HCC samples obtained from public databases.
Through unsupervised clustering analyses, we identified three
distinct m5C modification patterns in HCC, characterized by
differences in prognosis, immune cell infiltration, and pathway
signatures. In addition, to quantify the m5C modifications of
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individual patients, constructed a model (termed
“m5Cscore”), which was proven to be an independent
prognostic factor of HCC. Our results indicated that m5C
modification was different in HCC patients and could be a
novel prognostic biomarker.

The expression levels of almost all m5C regulators were
significantly higher in HCC tissues than in adjacent tissues,
and a previous study showed that the degree of mRNA
methylation in HCC was significantly higher than that in
adjacent tissues (Zhang et al, 2020). These results suggested
that the alteration of m5C modification was correlated with
the pathogenesis of HCC. As shown in Figure 3D, three
distinct m5C modification patterns identified by unsupervised
clustering analyses had different survival outcomes. m5Ccluster
A, which was characterized by low expression levels of m5C
regulators, had a survival advantage, while m5Ccluster B, which
presented significantly high expression of m5C regulators, had a
survival disadvantage. The results indicated that the expression
levels of m5C regulators were closely related to the tumor
progression of HCC. Considering the heterogeneity of m5C
modification, the m5Cscore model was constructed to quantify
the m5C modification patterns of individual HCC patients.
Through a comprehensive analysis and validation with the
training cohort (TCGA) and validation cohort (ICGC), the
m5Cscore was identified as a robust and independent
prognostic factor of HCC. In addition, subsequent analysis
found that the m5Cscore was closely related to immune cell
infiltration. The m5Cscore had a significantly positive correlation
with the infiltration of activated CD4" T cells and Th2 cells and a
negative correlation with the infiltration of eosinophils,
monocytes and neutrophils.

we

The immune environment that surrounds cancer tissues can
affect tumor cell growth and metastasis (Ostrand-Rosenberg,
2008). The different types of immune cells have the potential
to either promote or delay tumor development and progression.
In this study, we investigated the expression levels of m5C
regulators in TME-related cells and found that they were
different in distinct immune cells. The results indicated that
m5C regulators were closely related to the TME in HCC. In
addition, we quantified the infiltration of 23 different immune cell
types in HCC samples through ssGSEA. Subsequent analysis
found that there was a significant difference in immune cell
infiltration among the distinct m5Cclusters. Patients in
m5Ccluster A showed high infiltrations of activated B cells,
activated CD8" T cells, eosinophils and monocytes, while
those in m5Ccluster B were characterized by high infiltrations
of activated CD4" T cells and Th2 cells. Renata et al. (Rossetti
et al,, 2018) demonstrated that activated B cells could induce
antigen specific T cell responses and play an antitumor role.
Similarly, activated CD8" T cells and eosinophils can inhibit
tumor growth in different ways (Wieckowski et al., 2009; Grisaru
et al,, 2021). In addition, previous research showed that a high
number of Th2 cells was associated with poor prognosis in
tumors (De Monte et al, 2011). Therefore, with a high
infiltration of antitumor immune cells, patients in m5Ccluster
A had a survival advantage, while those in m5Ccluster B
characterized by high infiltration of tumor promoting immune
cells had a worse outcome.

Immune checkpoint inhibitor (ICI) therapy targeting the PD-
1/PD-L1/CTLA-4 pathway has been approved for the treatment
of more than 10 cancer types (Callahan et al., 2016; Hoos, 2016).
As a chance for cure, ICI therapy has revolutionized cancer
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treatment (Xie et al., 2021). However, only a portion of patients
had an expected response during immune checkpoint blockade
therapy (Agdashian et al, 2019). For patients with advanced
HCC, the anti-PD-1 agents nivolumab and pembrolizumab
demonstrated an objective response rate (ORR) of only 15% in
patients who had prior treatment with sorafenib (El-Khoueiry
et al., 2017; Zhu et al., 2018). A similar situation has occurred in
anti-CTLA-4 therapy (Duffy et al, 2017). Recently, the
expression levels of PD-1, PD-L1 and CTLA-4 were identified
as predictive biomarkers for immunotherapy response (Ferris
et al., 2016; Herbst et al., 2016; Muro et al., 2016; Ott et al., 2017).
In this study, we found that the expression levels of these targeted
immune checkpoint molecules were different in HCC patients.
Patients in m5Ccluster B had higher expression of PD-1, PD-L1
and CTLA-4 than those in m5Ccluster A, and a similar situation
showed that the expression levels of PD-1, PD-L1 and CTLA-4
were higher in the high m5Cscore group. The results indicated
that those patients would have a better response to ICI therapy.
This needs to be further evaluated through experiments.

There were several limitations in this study. First, immune cell
infiltration was assessed based on algorithms owing to technical
limitations. Second, due to a lack of data, we could not directly
explore the difference in the response to immunotherapy between
the high- and low-m5Cscore groups. Last, there was no clinical
cohort to verify the predictive value of the m5Cscore in HCC;
thus, further research based on large cohort prospective clinical
trials is needed.

In conclusion, this study comprehensively explored and
systematically profiled the expression features of m5C-related
regulators in HCC. The m5C modification patterns play a crucial
role in the TIME and prognosis of HCC. Our work will enhance
the understanding of the tumor immune landscape and provide a
practical tool for predicting the prognosis of HCC. This study will
help clinicians identify effective indicators for HCC to improve
the poor prognosis of this disease.
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Background: Claudins (CLDNs) are a family of closely related transmembrane proteins
that have been linked to oncogenic transformation and metastasis across a range of
cancers, suggesting that they may be valuable diagnostic and/or prognostic biomarkers
that can be used to evaluate patient outcomes. However, CLDN expression patterns
associated with colorectal cancer (CRC) remain to be defined.

Methods: The mRNA levels of 21 different CLDN family genes were assessed across 20
tumor types using the Oncomine database. Correlations between these genes and patient
clinical outcomes, immune cell infiltration, clinicopathological staging, lymph node
metastasis, and mutational status were analyzed using the GEPIA, UALCAN, Human
Protein Atlas, Tumor Immune Estimation Resource, STRING, Genenetwork, cBioportal,
and DAVID databases in an effort to clarify the potential functional roles of different CLDN
protein in CRC. Molecular docking analyses were used to probe potential interactions
between CLDN4 and TGFp1. Levels of CLDN4 and CLDN11 mRNA expression in clinical
CRC patient samples and in the HT29 and HCT116 cell lines were assessed via gPCR.
CLDN4 expression levels in these 2 cell lines were additionally assessed following TGFp1
inhibitor treatment.

Results: These analyses revealed that COAD and READ tissues exhibited the
upregulation of CLDN1, CLDN2, CLDN3, CLDN4, CLDN7, and CLDN12 as well as the
downregulation of CLDN5 and CLDN11 relative to control tissues. Higher CLDN11 and
CLDN14 expression as well as lower CLDN23 mRNA levels were associated with poorer
overall survival (OS) outcomes. Moreover, CLDN2 and CLDN3 or CLDN11 mRNA levels
were significantly associated with lymph node metastatic progression in COAD or READ
lower in COAD and READ tissues. A positive correlation between the expression of
CLDN11 and predicted macrophage, dendritic cell, and CD4* T cell infiltration was
identified in CRC, with CLDN12 expression further being positively correlated with
CD4* T cell infiltration whereas a negative correlation was observed between such
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infiltration and the expression of CLDN3 and CLDN15. A positive correlation between
CLDN1, CLDN16, and neutrophil infiltration was additionally detected, whereas neutrophil
levels were negatively correlated with the expression of CLDNS and CLDN15. Molecular
docking suggested that CLDN4 was able to directly bind via hydrogen bond with TGFp1.
Relative to paracancerous tissues, clinical CRC tumor tissue samples exhibited CLDN4
and CLDN11 upregulation and downregulation, respectively. LY364947 was able to
suppress the expression of CLDN4 in both the HT29 and HCT116 cell lines.

Conclusion: Together, these results suggest that the expression of different CLDN family
genes is closely associated with CRC tumor clinicopathological staging and immune cell
infiltration. Moreover, CLDN4 expression is closely associated with TGFp1 in CRC,
suggesting that it and other CLDN family members may represent viable targets for

antitumor therapeutic intervention.

Keywords: colorectal cancer, CLDNs, public databases, TGFp1, molecular docking, prognostic value

INTRODUCTION

Colorectal cancer (CRC) is the third most common and fourth
deadliest cancer (Mdarmol et al., 2017). As CRC is often diagnosed
at an early stage, it generally has a good 5-year overall survival
(OS) rate, but patients diagnosed at a later stage with metastatic
disease often fair poorly (Yamagishi et al., 2016). Diagnostic and
prognostic biomarkers of CRC thus offer clear clinical value for
identifying and monitoring affected patients.

Claudins (CLDNs) are members of a 27 + gene family of
transmembrane proteins with four transmembrane helical
domains, two extracellular loops, and short N- and C-terminal
domains (Suzuki et al., 2014). These CLDNs play important roles
in tumorigenesis and can influence aggressive growth and
motility owing to their role as regulators of intercellular
adhesion. Indeed, there is growing evidence that CLDN
dysregulation is common across many cancer types such as
gastric, lung, breast, ovarian, and colorectal cancer (Yu et al,
2009; Tabariés and Siegel, 2017).

Herein, we surveyed patterns of CLDN mRNA and protein
expression in different CRC patient subsets in order to elucidate
the links between these different genes and outcomes associated
with different CRC stages. In addition, relationships between
CLDN expression, mutational status, and immune cell infiltration
in CRC tumors were assessed to better clarify the mechanistic role
of these CLDNs and to guide the selection of future targets for
therapeutic intervention when treating patients with this
cancer type.

MATERIALS AND METHODS

Clinical Samples

CRC patient tumor and paracancerous tissues were collected
from the First Department of General Surgery, Shijiazhuang
People’s Hospital (Hebei Province, China), and Hebei Medical
University Fourth Hospital (China). Pathologists confirmed the
diagnosis and staging of all patients, and the Ethical Committee of

Shijiazhuang People’s Hospital approved this study. All patients
provided written informed consent to participate.

Cell Culture

Human HT29 and HCT116 cell lines were grown in McCoy’s 5A
media (Gibco, CA, USA) containing 10% FBS and penicillin/
streptomycin at 37°C in a 5% COz incubator (Yang et al., 2021).

Oncomine Database Analysis of CLDN
mRNA Profiles

The Oncomine database (http://www.oncomine.com) (Rhodes et al.,
2004) was utilized to evaluate the expression of 21 different CLDN
family members in 20 cancer types, using the following criteria for
differential expression: p = 0.01, Fold-change > 1.5, gene rank <10%.

GEPIA Analyses

The GEPIA database (http://gepia.cancer-pku.cn/) (Tang et al,
2017) was used to analyze colon adenocarcinoma (COAD) and
rectal adenocarcinoma (READ) tissue samples in order to explore
the relationships between different CLDN family members and
key clinical outcomes including staging, overall survival (OS), and
disease-free survival (DFS). Default GEPIA parameters were
utilized for these analyses.

Human Protein Atlas Analyses

IHC staining data pertaining to the protein level expression of
different CLDN family members were assessed with the Human
Protein Atlas database (https://www.proteinatlas.org/) in CRC
patient tumors and normal tissue samples (Pontén et al., 2008).

Immune Cell Infiltration Analysis

The association between different CLDN family members and the
infiltration of immune cells into CRC tumors was assessed with
the TIMER database (https://cistrome.shinyapps.io/timer/), with
scatter plots for different CLDN genes being generated to
demonstrate purity-corrected partial Spearman’s r values and
corresponding significance metrics (Li et al., 2021).
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UALCAN Database Analyses
Staging and nodal metastasis status for COAD (n = 324) and READ

(n = 172) patient clinicopathologic parameters were evaluated using
the UALCAN database (Lyu et al,, 2020). According to multivariate
Kaplan-Meier survival analysis, with p-values calculated using the
log-rank test (log-rank test). The Ualcan database uses TCGA RNA-
seq and clinical data for 31 cancer types.

Analysis of CLDN Mutational Status in CRC
The mutational status of different CLDN family genes in CRC was
assessed using the cBioPortal database (http://cbioportal.org)
(Cerami et al,, 2012). Assessed mutations included deep deletions,
missense mutations, copy number amplifications, and mRNA
upregulation.

CLDN Matrix Interaction Analyses

An interaction matrix for CLDN family genes was generated
using the “matrix” command in the GeneNetwork database
(Mulligan et al., 2017), enabling a correlation analysis between
different CLDN family members.

Protein-Protein Interaction Network

The STRING database (http://string-db.org; version 11.0) was
used to construct a CLDN family gene PPI network incorporating
24 co-expressed genes with a score of >0.4 (Franceschini et al.,
2013). The network was visualized using Cytoscape (v 3.8.2).

GO and KEGG Enrichment Analysis

GO analyses were used to assess the enrichment of particular
genes in specific functional categories including biological
processes (BPs), cellular components (CCs), and molecular
functions (MFs), enabling efficient analyses of transcriptomic
datasets (Thomas et al., 2019). The Kyoto Encyclopedia of Genes
and Genomes (KEGG) database compiles functional data
pertaining to a diverse array of regulatory pathways (Kanehisa
et al., 2016). The online DAVID database (https://david.ncifcrf.
gov/; version 6.8) was used for GO annotation and KEGG
pathway analyses in this study (Huang et al, 2007). R was
used to visualize the enrichment data.

Molecular Docking Analysis

Full-length wild-type protein sequences were obtained from UniProt
(https://www.uniprot.org/) (UniProt Consortium, 2021), with
Uniprot ID. 014493 and Uniprot ID. P01137 being used for
CLDN4 and TGFB1, respectively. Three-dimensional structures for
these proteins were obtained from the RCSB PDB database (https://
www.rcsb.org/) (Berman et al., 2000), using PDB IDs of 7KP4 and
5VQP, respectively, for docking analyses. The CLDN4 and TGFf1
proteins were docked with the Zdock server 3.0.2 (https://zdock.
umassmed.edu/) (Pierce et al., 2014). Prior to docking, PYMOL was
utilized to remove water molecules, heteroatoms, and repeated
subunits, with the best docked complex being assessed for
hydrogen bonding.

gRT-PCR
The ISOGEN reagent (Nippon Gene Co. Ltd., Kokyo, Japan)
was utilized to isolate RNA from tissue and cell line samples,

Claudin Gene in Colorectal Cancer

after which qPCR was conducted by initially reverse
transcribing 1 pg of total RNA per sample using a Revert
Aid first strand cDNA synthesis kit (ThermoFisher
Scientific). Primers used for qPCR are compiled in
Supplementary Table S1. A Real-Time PCR system (BIOER
Co. Ltd., Kokyo, Japan) was used for all qPCR analyses, and the
relative expression of CLDN11, CLDN4, and TGFpl was
assessed via the ACT method as in prior reports (Yang
et al, 2021). For appropriate experiments, the HT29 and
HCT116 cells were treated for 48h with the TGEFp1
inhibitor LY364947 (5.00 or 10.0uM).

Western Blot

HT29 and HCT116 cells were treated for 48 h with LY364947
at concentrations of 5, and 10 pM. After being washed three
times with PBS, the cells were lysed for 30 min on ice before
being centrifuged at 10000 g for 5 min at 4°C for 5 min. The
protein concentrations in cell lysates were determined using
an ND-1000 Spectrophotometer (National Instruments)
(NanoDrop, ThermoFisher Scientific). SDS-PAGE was used
to separate out equal amounts of total protein, which was then
transferred to PVDF membranes (Millipore, Billerica, MA,
USA). After blocking with 5% milk for 2 h, we did overnight
immunoblotting with primary antibodies at 4°C. The primary
antibodies were raised against TGFP1 (1:1,000; Abcam,
Cambridge, MA, USA), CLDN4 (1:500; abways technology)
and PB-actin (AC026, at 1 : 10000 dilution). A secondary
antibody of goat anti-rabbit IG (KPL074-1,506, at 1: 5,000
dilution) was then used to incubate the membranes for 1 h at
37°C. Fusion FX5 Spectra was used to determine the intensity
of protein bands (Fusion, France). The membranes were then
incubated for 1h at 37°C with secondary antibodies of goat
anti-rabbit IG (KPL074-1,506, at 1:5,000 dilution). The
intensity of protein bands was estimated via executing
Fusion FX5 Spectra (Fusion, France).

RESULTS

The Association Between CLDN Family

Gene Expression and CRC Pathological
Type

We began by using the Oncomine database to evaluate CLDN
family member expression in CRC. In total, 19 CLDNs were
found to be differentially expressed between normal tissues
and COAD and READ patient samples. At the mRNA level,
CLDNI1, CLDN2, CLDN12, and CLDN14 were upregulated
whereas CLDN3, CLDN5, CLDN7, CLDNS8, CLDNII,
CLDN15, and CLDN23 were downregulated (FC > 1.5) in
patients with CRC (Figure 1). Specifically, fold-change values
for CLDN1, CLDN2, and CLDNI12 in COAD tissues were
6.755, 3.006, and 2.096, respectively (Supplementary Table
S1), while in READ tissues these respective fold-change values
were 4.301, 1.849, and 1.583 in the dataset analysis of Kaiser
et al. (2007). CLDN19 expression was altered by 1.117 and
1.158-fold in COAD and READ tissues from this same dataset,
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while CLDN20 expression was changed by 1.075- and 1.091-
fold, respectively. Gaedcke et al. (2010) found fold-change
values for the expression of CLDN1, CLDN10, CLDN11,
CLDN15, and CLDN22 of 19.563, 1.583, 1.718, 1.417, and
1.05, respectively, in READ tissues. Skrzypczak et al. (2010)
further reported CLDN1 and CLDN2 expression levels in CRC
tissues that were altered by 6.351- and 7.754-fold, respectively.
In the TCGA dataset, CLDN14 expression in READ and
COAD was altered by 4.876-fold and 4.368-fold,
respectively, while it was altered by 3.471-fold in the dataset
generated by Gaedke et al. CLDN18 expression was altered by
1.298-fold and 1.184-fold in COAD data from TCGA and
Kaiser et al., and by 1.216-fold and 1.25-fold in READ samples
from these two respective data sources.

The GEPIA database was next utilized to compare the
expression of different CLDN family members in CRC and
in normal colon tissue samples, revealing CLDN1, CLDN2,
CLDN3, CLDN4, CLDN7, and CLDNI12 to have been
upregulated and CLDN5 and CLDNI11 to have been
downregulated in COAD and READ tissues relative to
control samples (Figure 2). Significant differences in
CLDN3, CLDN4, CLDN5, CLDN6, CLDN9, CLDNI11, and
CLDN12 expression were evident as a function of tumor stage
(Figure 3). CLDN3, CLDN4 and CLDN6 were related with
clinicopathological stage in CRC. The more CLDN5, CLDNOY,

and CLDNI11 are expressed in CRC, the worse the stage.
CLDNI12 expression in CRC associated with pathological
stage. We additionally examined the link between CLDN
family gene mRNA levels and CRC patient lymph node
metastasis, revealing a significant relationship between the
expression of CLDN1, CLDN2, CLDN3, CLDN7, CLDNS,
CLDN9, CLDN11, CLDN14, CLDN16 and CLDN23 nodal
metastasis in COAD and READ (Figures 4A, B, C, G, H, I, K,
M, N, R) (Figures 5A, B, G, E, F, G, I, K, M, O).

The Association Between CLDN Expression

and CRC Patient Survival Outcomes
Kaplan-Meier curves and log-rank tests were next performed,
revealing a relationship between the upregulation of CLDNI11,
CLDN14, and CLDN23 at the mRNA level and COAD and
READ patient OS (Figure 6). Specifically, high levels of
CLDN11 and CLDN14 expression were correlated with worse
patient OS, whereas CLDN23 overexpression was linked to better
OS outcomes.

Analysis of CLDN Protein Levels in CRC

The Human Protein Atlas yielded findings that were
somewhat consistent with the mRNA level data above, with
higher CLDN1 and CLDNI12 protein levels and lower
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CLDNI11 levels in CRC tumors relative to samples of normal

colon tissue

(Figure 7).

The Relationship Between CLDN Expression

and CRC Tumor Immune Cell Infiltration
Using the TIMER database, we detected a negative correlation
between the mRNA level expression of CLDN5, CLDNS,

CLDNI11, and CLDNI18 and CRC tumor purity (Figures S8E, H,
J, O). Moreover, CLDN12 expression was correlated with B cell
infiltration and positively correlated with CD8" T cells (Figures 8K).
Additionally, CLDN5, CLDN9, CLDNI11, CLDN15, and CLDN20
were significantly positively correlated with CD4" T cell infiltration
into CRC tumors, while CLDN7 expression was negatively correlated
with such infiltration (Figures 8E, H, J, M, Q). Additionally, a clear
positive correlation was observed between macrophage infiltration
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and the expression of CLDN1, CLDN9, CLDN11, and CLDN16
(Figures 8A,H,),N). Neutrophil infiltration was negatively correlated
with CLDN15 expression and positively correlated with CLDN1 and
CLDNI16 expression (Figures 8A, M, N), while CLDN11 expression
was positively correlated with dendritic cell infiltration (Figures 8J).

CLDN Mutation and the Relationships in

CLDN Family in COAD Patients

Next, we assessed CLDN family gene mutations in 640 COAD
samples using the online cBioPortal tool, revealing mutations in
283 samples (44%) (Figures 9A). Mutations in CLDN10 (6%) were
attributable to missense mutations and gene amplification.

The Genenetwork database was also used to explore relationships
among CLDN gene expression levels in COAD samples, revealing the
following correlative relationships: CLDN1 with CLDN2; CLDN3
with CLDN4, CLDN7, CLDN8, CLDN14, and CLDN23; CLDN4
with CLDN7, CLDNS, and CLDN14; CLDN5 with CLDNIO0,
CLDN11, CLDN18, and CLDN24; CLDN7 with CLDN8 and
CLDN14; CLDN8 with CLDN14; CLDN9 with CLDN3, CLDN4,
CLDN?7, CLDNS8, CLDN14, CLDN15, and CLDN23; CLDN10 with
CLDN18 and CLDN24; CLDN11 with CLDN10, CLDN18, and
CLDN24; CLDNI15 with CLDN3, CLDN4, CLDN7, CLDNS,
CLDN14, and CLDN23; CLDN18 with CLDN24; and CLDN23
with CLDN4, CLDN7, CLDN8, CLDN14, and CLDN23. A co-
expression network for these CLDNs is shown in Figures 9B.

A PPI network for these CLDN family genes was generated
composed of 24 nodes and 254 edges (Figures 9C).

GO Function and KEGG Pathway Enrichment
Analyses of CLDN Genes in CRC

The DAVID database was utilized to predict the functional roles
of different CLDNs in key CRC-related biological processes,

molecular functions, and cellular components (Figures 10A).
KEGG pathway analyses further revealed a close relationship
between these CLDN family members and tight junctions, cell
adhesion molecules, leukocyte transendothelial migration, and
Hepatitis C (Supplementary Table S2).

Molecular Docking Analyses

A prior study of inflammatory bowel disease demonstrated the
ability of TGFpl signaling inhibition to suppress CLDN4
expression (Marincola Smith et al, 2021). A molecular
docking analysis was therefore conducted to explore putative
interactions between CLDN4 and TGEFp1. For this approach,
ZDOCK scores were used to estimate protein-protein binding
affinity, with higher scores being indicating of greater binding
affinity (Pierce et al,, 2011). This approach revealed that nine
hydrogen bonds were predicted to form between CLDN4 and
TGFp1, with interactions between Glu109 of CLDN4 and GIn177
of TGFp1, Cys107 of CLDN4 and Gly173 and Argl81 of TGFf1,
Val95 of CLDN4 rand Ser244 of TGFP1, Ser98 of CLDN4 and
His247 and Arg249 of TGFp1, Trpl8 of CLDN4 and Leu242 of
TGFp1, Ala20 of CLDN4 and Glu261 of TGFf1, and Leul73 of
CLDN4 and Thr260 of TGFp1 (Figures 11A).

Assessment of CLDN4 and CLDN11
Expression and the Responsiveness of

CLDN4 to TGFp1 Inhibitor Treatment

At the mRNA level, we found that CLDN11 and CLDN4
expression were respectively reduced and increased in CRC
tumor samples relative to paracancerous controls as measured
via qPCR (n = 10, p < 0.05). At the protein level, CLDN4
expression was increased by WB (n = 5, p < 0.05) (Figures
11B,C,D) (Supplementary Table S3). Treatment with LY364947
(TGFp1 inhibitor) at a dose of five or 10 uM was sufficient to
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FIGURE 11 | (A) A docking analysis of CLDN4 and TGFp1. (B) (C) The protein of CLDN4 levels was increased in human CRC tissues (n =5, *p < 0.05; *p < 0.01).

(D) CLDN4 and CLDN11 mRNA levels were respectively increased and decreased in human CRC tissues (n = 10, *p < 0.05; **p < 0.01). (E) (F) (G) Western blot and
gRT-PCR showed TGFB1 and CLDN4 were remarkably downregulated at both protein and mRNA levels after treatment with LY364947 at 5.0 and 10.0 uM/ml,
respectively, on HT29 cells. (H) () (J) Western blot and gRT-PCR showed TGFp1 and CLDN4 were remarkably downregulated at both protein and mRNA levels

after treatment with LY364947 at 5.0 and 10.0 uM/ml, respectively, on HCT116 cells. TGFp1 reduced CLDN4 expression in colorectal cancer cell lines.
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suppress CLDN4 mRNA and protein expression at 48 h post-
treatment in both HT29 and HCT116 cells (Figure 11E, F, G,
H L))

DISCUSSION

Claudin (CLDN) genes encode a family of proteins that play a critical
role in the generation and functioning of tight junctions between
epithelial and endothelial cells (Hewitt et al, 2006). Many
malignancies rely on this protein family for their development,
progression, and metastasis. Although some studies have
demonstrated the importance of claudins in tumorigenesis and
the prognosis of human cancers (Arabzadeh et al,, 2007; Morel
et al,, 2012), no extensive bioinformatic analyses of this gene family
have been performed in colorectal cancer to date. In this study, each
gene in the claudin family was evaluated to examine its expression
and prognostic relevance in colorectal cancer using bioinformatics
tools, offering an opportunity to better understand how claudin gene
dysregulation affects colorectal cancer, as well as how treatment can
be optimized to improve patient prognosis.

Our findings revealed that the mRNA expression levels of
CLDNI1, CLDN2, CLDN12, and CLDN14 were upregulated in

colorectal cancer tissues relative to normal tissues in the

Oncomine database, whereas CLDN3, CLDN5, CLDN7,
CLDN8, CLDNI11, CLDNI15, and CLDN23  were
downregulated, as previously reported. However, when

comparing colorectal cancer tissues from the GEPIA database
to normal colonic mucosa, the mRNA level expression of
CLDN3, CLDN7, and CLDN23 was shown to be significantly
higher in these tumor tissues. Given the inconsistencies in claudin
gene expression in these two databases, we focused on those
claudins exhibiting comparable gene expression patterns in both
databases. In addition, three genes were shown to be related with
advanced colorectal cancer: CLDNI11 (p = 0.007), and CLDN14
(p = 0.03) and CLDN23 (p = 0.021). Moreover, we found that
CLDNI11 and CLDN18 protein levels were decreased in CRC
tumors relative to normal tissues. At the same time, high levels of
CLDNI1 expression were associated with an increase in the
proportion of CD4" T cells, macrophages, neutrophils, and
dendritic cells within tumors. We further determined that
CLDN4 and TGFp1 were capable of forming hydrogen bonds,
and that CLDN4 was overexpressed in CRC cell lines and
inhibited by TGFp inhibitor treatment.

Claudin expression is related to tumor proliferation, migration,
and invasion (Mori et al., 2011; Pope et al., 2014; Wang and Zoller,
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2019; Li et al,, 2020a). Many claudins are dysregulated in a range of
cancers, as in the case of the CLDN1 and CLDN2 genes, which are
overexpressed in colorectal cancer (Dhawan et al., 2011; Mori et al,
2011; Pope et al, 2014; Wang et al,, 2019). CLDN3 is similarly
overexpressed at the mRNA level in CRC tumors that belong to the
consensus molecular subgroup (CMS)-CMS2 and CMS3, which
correspond to a poor prognosis (Tang et al, 2011; Perez et al,
2020). Colorectal cancers have significant levels of CLDN4 expression
(Georges et al., 2012). It has been shown that combination treatment
with 5-fluorouracil (FU) and an anti-CLDN4 extracellular domain
antibody (4D3) enhances antitumor efficacy against CRC (Fujiwara-
Tani et al., 2018). CLDN5 expression has been shown to be reduced
in squamous cell carcinomas of the lung (Akizuki et al, 2017),
cervical cancer (Zhu et al, 2015), hepatocellular carcinoma
(Sakaguchi et al, 2008), oral squamous cell carcinoma
(Phattarataratip and Sappayatosok, 2016), breast cancer (Escudero-
Esparza et al, 2012), and pancreatic cancer (Jakab et al, 2011).
Similarly, compared to normal mucosal tissues, CLDN5 expression
was downregulated in CRC tumors (Cherradi et al,, 2019), although
the mechanistic basis for this change remains poorly understood.
CLDNE6 is a cellular adhesion protein that is abundantly expressed in
gastric tumors tissues and cell lines, and is associated with a poor
prognosis. CLDN6 enhances gastric cancer cell proliferation and
invasiveness via the YAP1 and YAPI1-Snaill axis (Li et al., 2020a).
High expression of CLDN7 has been shown to accelerate pancreatic
and colon cancer progression (Mu et al, 2019; Wang and Zoller,
2019). Cancer initiation cells (CICs) and nasopharyngeal carcinoma
metastases in gastrointestinal tumors can be detected using CLDN7
as a marker protein (Liu et al., 2017; Kyuno et al,, 2019). The MAPK/
ERK signaling pathway is activated in colorectal cancers when
CLDNS is overexpressed (Cheng et al, 2019). In contrast, low
levels of CLDN8 expression slow the progression of renal clear
cell carcinoma via the EMT/AKT signaling pathway (Zhu et al,
2020). Colonic epithelial barrier function in mice is influenced by
TGF family signaling, which regulates CLDN2, CLDN4, CLDN7, and
CLDNS in colonic epithelial cells. We additionally confirmed that
TGFp1 and CLDN4 engage in molecular structural interactions and
that TGFp1 inhibits CLDN4 transcription and protein expression in
human colorectal cancer cell lines. Increased levels of TGFp1 may
affect the expression of CLDN4, potentially influencing CRC
development. CLDN9 can be employed as a prognostic biomarker
for gastric and esophageal cancer (Kang et al., 2020; Yu et al., 2020).
CLDNI10 overexpression promotes carcinogenesis in papillary
thyroid cancer, which has a poor prognosis (Zhou et al, 2018).
However, infiltration of B cells, CD8 + T cells, and macrophages as a
consequence of increased CLDNI0 expression improves the
prognosis of patients with papillary thyroid carcinoma (Xiang
et al, 2020). TGFP or WNT/B-catenin-induced epithelial-
mesenchymal transition (EMT) and tumor resistance may be
linked to CLDNI10, which offers promise as a prognostic
biomarker in ovarian cancer (Gao et al, 2017; Li et al, 2020b).
Hypermethylated CLDN11 can be utilized as a biomarker for the
early detection of CRC melanoma, and gastric cancer (Agarwal et al,
2009; Karagiannis et al., 2014; Guo et al,, 2019). While CLDN11 is
perhaps the best-studied claudin in oncogenic contexts to date, it has
yet to be identified as either a promoter or repressor of tumor growth
(Bhat et al.,, 2020). CLDN12 is involved in the formation of Ca2+

Claudin Gene in Colorectal Cancer

channels in intestinal epithelial cells and is involved in Ca2+ uptake in
intestinal epithelial cells (Fujita et al., 2008). According to prior
studies, CLDN12 is the most uniformly expressed of these genes
across murine organs (Hwang et al., 2014). By activating PI3K/AKT/
mTOR, CLDN14 promotes CRC development (Qiao et al., 2021).
CLDNI15 has been shown to be a positive indicator associated with
malignant pleural mesothelioma in clinical contexts (Watanabe et al,,
2021), while CLDN16 is a predictor of oral squamous cell carcinoma,
breast cancer, and thyroid cancer (Chen et al., 2010; Gomez-Rueda
et al,, 2016; Ribeiro et al., 2021). In gastric cancer, CLDN18 can be
employed as a tumor marker (Matsusaka et al, 2016). Moreover,
CRC patients with low levels of CLDN23 expression may benefit
from its use as a prognostic, diagnostic, or therapeutic target (Oh
et al., 2017; Liu et al,, 2020).

Previous studies exploring the effects of CLDN1, CLDN2,
CLDN4, CLDN11, CLDN12, CLDN14, and CLDN23 expression
on CRC tumor growth have yielded findings consistent with our
results in the present study. However, the influence of additional
genes expressed in CRC on tumor growth remains unknown. In
addition, as many of these studies are subject to various
limitations, the same genes may not be consistently expressed
in both databases analyzed in the present study, and the results
may thus be skewed. Secondly, as we used an online database to
analyze gene expression patterns, our findings remain to be
verified in a large-scale colorectal cancer clinical study.

In conclusion, we herein found that many claudin family genes
and proteins were dysregulated in CRC by querying multiple publicly
available databases. Claudin family proteins have also been implicated
in various phases of cancer development, lymph node metastasis, and
immune cell infiltration. In addition, TGFP1 was found to suppress
the expression of CLDN4 in CRC cell lines. In general, claudin family
genes contribute to the progression and prognosis of colorectal
cancer, and they may thus be prospective targets for the
development of novel pharmaceutical preparations capable of
treating CRC.
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Recently, emerging evidence has indicated that aberrant enhancers, especially super-
enhancers, play pivotal roles in the transcriptional reprogramming of multiple cancers,
including hepatocellular carcinoma (HCC). In this study, we performed integrative analyses
of ChIP-seq, RNA-seq, and whole-genome bisulfite sequencing (WGBS) data to identify
intergenic differentially expressed enhancers (DEEs) and genic differentially methylated
enhancers (DMEs), along with their associated differentially expressed genes (DEE/DME-
DEGs), both of which were also identified in independent cohorts and further confirmed by
HiC data. Functional enrichment and prognostic model construction were conducted to
explore the functions and clinical significance of the identified enhancer aberrations. We
identified a total of 2,051 aberrant enhancer-associated DEGs (AE-DEGs), which were
highly concurrent in multiple HCC datasets. The enrichment results indicated the
significant overrepresentations of crucial biological processes and pathways implicated
in cancer among these AE-DEGs. A six AE-DEG-based prognostic signature, whose ability
to predict the overall survival of HCC was superior to that of both clinical phenotypes and
previously published similar prognostic signatures, was established and validated in
TCGA-LIHC and ICGC-LIRI cohorts, respectively. In summary, our integrative analysis
depicted a landscape of aberrant enhancers and associated transcriptional dysregulation
in HCC and established an aberrant enhancer-derived prognostic signature with excellent
predictive accuracy, which might be beneficial for the future development of epigenetic
therapy for HCC.

Keywords: enhancer, super-enhancer, DNA methylation, histone modification, prognostic model, eRNA, RNA-seq,
hepatocellular carcinoma
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INTRODUCTION

Liver cancer is the sixth most common malignant tumor and the
third leading cause of cancer-related deaths, accounting for
approximately 700,000 deaths annually worldwide and poses a
severe health threat and economic burden to the world (Likhitsup
and Parikh, 2020; Sung et al., 2021). This is especially true in
China, which has the largest HCC risk population (HBV carriers)
throughout the world. The latest epidemiological report showed
that primary liver cancer is the fourth most common tumor in
China (Feng et al., 2019) and the vast majority of liver cancers are
HCCs. Since there are usually no evident symptoms in the early
developmental state of liver cancer, patients are often diagnosed
in the late stage of liver cancer, resulting in an extremely high
probability of death (Grandhi et al., 2016). Although the survival
duration of early- and intermediate-stage HCCs has improved
over the past decades, the prognosis for advanced-stage HCC
patients has remained poor, with no significant improvement.
Even with the survival benefits of several first- and second-line
therapeutic options available for patients with advanced HCC,
such as sorafenib and lenvatinib, the median survival time of
intermediate to advanced HCC is only 1-2 years (Marrero et al.,
2018). Clinical studies of immune checkpoint inhibitors have
yielded promising survival benefits, although the suppressive
milieu and tumor immunosurveillance escape mechanisms in
the liver still dampen the effectiveness of immunotherapy
(Nakano et al., 2020). Hence, there is an urgent need to
explore the underlying genetic and epigenetic mechanisms
implicated in hepatocarcinogenesis to identify potential
targets/biomarkers for the diagnosis, treatment and prognosis
of HCC.

Cancer is a complex disease involving both genetic mutations
and epigenetic aberrations. By definition, epigenetics refers to
heritable states of gene activities that do not involve alteration of
DNA sequence itself. Epigenetic changes such as DNA
hypermethylation or hypomethylation, dysregulation of
histone modification patterns, chromatin remodeling, and
aberrant expression of noncoding RNAs are demonstrated to
be involved in the initiation and progression of HCC (Wahid
et al., 2017). Unlike genetic mutations, epigenetic alterations are
reversible and various drugs targeting epigenetic regulators have
exhibited viable therapeutic potential for solid tumors in both
preclinical and clinical studies (Cheng et al., 2019). A better
understanding of the epigenetic mechanisms underlying
hepatocarcinogenesis will facilitate the discovery of new targets
and biomarkers for HCC therapy.

Like most malignancies, HCC is also characterized by
widespread abnormal gene expression. Enhancers are distal,
noncoding genomic regulatory elements with multiple
transcription factor binding sites that interact with promoters
to enhance the transcription of target genes. Nucleosomes in the
neighborhood of active enhancers usually contain histones with
iconic posttranslational modifications, such as H3 lysine
monomethylation (H3K4mel) and H3 lysine acetylation
(H3K27ac) at their amino termini (Shlyueva et al, 2014).
Super-enhancers are large clusters of enhancers that
synergistically promote gene transcription (Herranz et al,
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2014). Emerging evidence shows that cancer cells can acquire
super-enhancers in the vicinity of key oncogenes, such as MYC
and TALI, during the development of cancer (Hnisz et al., 2013;
Herranz et al., 2014; Mansour et al., 2014). Moreover, pancancer
studies of TCGA data also showed wide-spread aberrant super-
enhancer activities in cancers (Chen et al., 2018a; Chen and Liang,
2020).

In HCC, Wong et al. demonstrated that the super-enhancer
landscape and components of the trans-acting super-enhancer
complex, composed of CDK7, BRD4, EP300, and MEDI, were
significantly altered (Tsang et al., 2019). Additionally, Deng et al.
reported an aberrant landscape of active enhancers developed in
cirrhosis and conserved in hepatocarcinogenesis (Yang et al.,
2020). However, those two studies lacked a comprehensive
collection of enhancers in the liver, reliable identification of
enhancer target genes, and replication of enhancer aberrations
in independent cohorts.

In the present study, through the integration of transcriptome
and epigenome data, we aimed to: 1) manually curate a
comprehensive catalog of enhancers in the liver; 2)
systematically identify and replicate enhancer aberrations and
associated target genes in HCC; and 3) explore the function and
prognostic significance of identified aberrant enhancers.

MATERIALS AND METHODS

Patient Data and Tissues Collection

Paired tumor tissues and adjacent non-tumor tissues used in this
study were collected from 33 HCC patients who underwent
hepatectomy at the First Affiliated Hospital, Zhejiang
University School of Medicine. Board-certified pathologists
reviewed each specimen to confirm that all frozen sections
were histologically consistent with tumor or non-tumor
tissues. This study was approved by the Institutional Review
Board of The First Affiliated Hospital. Written informed consent
was obtained from each participant.

High-Throughput Sequencing and
Computational Preprocessing

DNA methylation and gene expression of 33 pairs of tumour and
adjacent tissues were assessed by whole-genome bisulfite
sequencing (WGBS) and mRNA-seq on the Illumina X Ten
platform with standard procedures. After quality control, clean
WGBS reads were aligned with the reference genome (hg38)
using Bismark (v. 0.16.1) (Krueger and Andrews, 2011) with
default parameters. The harvested count data for each strand were
combined for methylation level estimation. Differentially
methylated loci (DML) and differentially methylated regions
(DMRs) were detected with customized R scripts like our
previous WGBS study (Huang et al,, 2021). For RNAseq data,
clean reads that passed quality control were aligned with the hg38
genome, and the reference transcriptome was downloaded from
GENCODE (v. 29) (Harrow et al., 2012) with STAR (v. 2.5.2a)
(Dobin et al.,, 2013). Estimated raw count gene expression from
STAR was imported into DESeq2 (Love et al, 2014) for
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differential expression analysis. STAR generated alignment BAM
files were utilized as input for enhancer RNA (eRNA) expression
quantification via bedtools (v. 2.27.1) (Quinlan and Hall, 2010).
More details about high-throughput sequencing and
bioinformatic  preprocessing can be found in the
Supplementary Methods.

Curation of a Comprehensive Catalog of

Enhancers in Liver

Eleven histone ChIP-seq liver relevant samples were collected
from the public domain. Specifically, bed files containing the
pseudo-replicated peaks identified from six H3K4mel- and
H3K27ac-based ChIPseq profiled samples (i.e., one HepG2,
one Hepatocyte, and four normal adult liver tissue samples)
were downloaded from ENCODE (Consortium, 2004). For
each ENCODE sample, regions with overlapped H3K27ac and
H3K4mel peaks were annotated as active enhancers, and regions
with only H3K4mel peaks were considered as primed enhancers.
In one case of an adult liver ENCODE sample without H3K27ac
profiling data, H3K4mel peaks were included as enhancers
(primed or active). Four types of histone (including H3K4mel
and H3K27ac) ChIP-seq profiling-based ChromHMM state
annotation files of five adult liver tissue samples (i.e., one
normal liver sample and two tumor and matched adjacent
cirrhosis samples from two HCC patients) were retrieved from
the recent integrative epigenomic study on HCC (Hlady et al,
2019). Specifically, regions whose ChromHMM states were
annotated as “poised enhancer” (refers to regions with only
H3K4mel peaks) were included as primed enhancers, and
regions annotated as “active enhancer” (refer to regions with
both H3K4mel and H3K27ac) were collected as active enhancers.
All (active or primed) enhancers from each sample were merged
together via bedtools (Quinlan and Hall, 2010). Afterwards,
enhancers with a lenth of <50bp or overlapped with any
promoter (upstream 1,500bp to downstream 500bp from
TSS) were excluded from further analysis. The concurrence of
each merged enhancer was estimated as the number of ChIP-seq
samples in which the merged enhancer was annotated as a primed
or active enhancer. In other words, a merged enhancer with
higher concurrence represents a more highly conserved and
reliable enhancer among those 11 liver-related ChIP-seq samples.

Identification of Intergenic Differentially
Expressed Enhancers and Associated

Differentially Expressed Genes

The collected enhancers in the liver were divided into two
groups, namely, intergenic enhancers and genic enhancers,
according to their genomic locations. For intergenic
enhancers, the read count-based expression levels of eRNAs
were estimated via the “coverage” module of bedtools (Quinlan
and Hall, 2010). A paired t-test was applied to the normalized
expression (log, transformed fragment per million, log, FPM)
of each eRNA to identify significant differentially expressed
eRNA (|log, fold change of FPM| > 0.5 and BH-FDR < 0.05).
Intergenic enhancers with significant differential expression of

Aberrant Enhancer Landscape in HCC

eRNA were defined as intergenic differentially expressed
enhancers (intergenic DEEs). Nearby (TSS located + 1 Mb
from the center of corresponding intergenic DEEs)
differentially expressed genes (DEG) (|log, fold change
(LEC)|> 0.5 and BH-FDR < 0.05) displayed a significant
correlation (Spearman Rho > 0.7 and Bonferroni-corrected
p-value < 0.01) with eRNA expression were identified as
intergenic DEE-associated DEGs (intergenic DEE-DEGs).

Replication of Intergenic DEE-DEGs

For independent replication of intergenic DEE-DEGs, four
HCC RNA-seq datasets were downloaded from the GEO:
GSE77314 (paired tumor and adjacent nontumor tissue
samples from 50 HCC patients) (Liu et al, 2016),
GSE124535 (paired tumor and adjacent nontumor tissue
samples from 35 HCC patients) (Jiang et al, 2019),
GSE148355 (62 tumor and 47 adjacent nontumor samples)
(Yoon et al., 2021), and GSE77509 (paired tumor and adjacent
nontumor samples from 20 HCC patients) (Yang et al., 2017).
The same protocols in the discovery cohort were applied to
detect intergenic DEEs and associated DEE-DEGs in these four
datasets. Afterward, identified intergenic DEEs and DEE-
DEGs from each dataset were compared with those from
the discovery cohort to calculate the concurrence of each
intergenic DEE and DEE-DEG. Specifically, the concurrence
of each DEE was calculated as one plus the number of GEO
datasets in which the DEE was successfully replicated, while
the concurrence of each DEE-DEG was calculated as one plus
the number of GEO datasets in which the corresponding DEE
and DEG were significant and the correlation between them
was also significant.

Assessment of the Roles of Epigenetic

Modification Aberrations in Intergenic DEEs
Intergenic DEEs that overlapped with at least one DMR and
displayed significant methylation-eRNA Spearman correlation
(BH-FDR < 0.05) were defined as methylation-associated DEEs,
and corresponding DEE-DEGs were classified as methylation-
associated DEE-DEGs. Meanwhile, we further investigated the
dysregulation of histone posttranslational modification (PTM)
modifiers and their potential implications in those identified
intergenic enhancer aberrations. Top differentially expressed
histone PTM modifiers (JLFC| > 1 and BH-FDR < 5%) in the
discovery cohort were screened out for subsequent coexpression
analyses to determine the ratios of DEEs and DEE-DEGs that
significantly correlated (|]Spearman correlation coefficient| > 0.5
and BH-FDR < 5%) with the mRNA expression of those histone
PTM modifiers.

Identification of Genic Differentially
Methylated Enhancers and Associated

Differentially Expressed Genes

Reliable genic enhancers (concurrence among the 11 ChIP-seq
samples >2) that overlapped (length,yeriap = 200 bp, lengthyeriap/
lengthephancer = 0.3, and with at least 5 CpGs) with at least one
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DMR were identified as potential genic differentially
methylated enhancers (genic DMEs). For each potential
genic DME, their associated DEGs were screened via the
Spearman correlation test. Nearby (distance of enhancer to
TSS < + 1 Mb) DEGs (|JLEC|> 0.5 and BH-FDR < 0.05) that
show significant correlation (JRho| > 0.5 and FDR < 0.01)
between gene expression and DNA methylation level were
identified as genic DEE-associated DEGs (genic DME-DEGs).
Genic DME candidates with at least one associated DEG were
identified as genic DMEs.

Replication of Genic DMEs and DME-DEGs
The normalized gene expression and DNA methylation level
matrix of TCGA-LIHC were retrieved via the RTCGA R package
(Kosinski and Biecek, 2015). For each genic DEE-DEG pair
identified in the discovery cohort, examined the
significance of differential methylation, differential expression,
and Spearman correlation between DNA methylation and gene
expression in TCGA-LIHC. A genic DEE-DEG pair was
considered as “successful replication” only when there was
simultaneous significant differential methylation, differential
expression, and a significant correlation between methylation
and expression in TCGA-LIHC. Considering the platform
limitation of the 450 k methylation array in covering enhancer
CpG, we classified all replication failures of DEE-DEGs into two
groups: 1) “type I failure” refers to replication failure due to the
lack of CpG for corresponding genic DMEs in TCGA-LIHC, and
2) “type II failure” refers to replication failure except type I failure.
The raw replication rate of genic DEE-DEGs was calculated as the
ratio of genic DEE-DEGs that achieved successful replication,
while the platform-adjusted replication rate was defined as:

we

CountSuccessful replication/(CountSuccessful replication + CountType 11
failure)* 100.

Functional Enrichment of Aberrant
Enhancer-Associated Differentially

Expressed Genes

AE-DEGs were defined as the union of those identified intergenic
DEE-DEGs and genic DME-DEGs. Pathway/gene ontology (GO)
enrichment analyses of upregulated and downregulated AE-
DEGs were performed via the online web tool Metascape
(Zhou et al,, 2019). In addition, 10 cancer hallmark gene sets
were downloaded from the Cancer Hallmark Gene (CHG)
database (Zhang et al., 2020a). The enrichment degrees of AE-
DEGs for cancer hallmarks were evaluated through a
hypergeometric test followed by BH-FDR multitest
correction in R.

Bioinformatic Confirmation of AE-DEGs
Using Public Hi-C Data

The bed files containing topologically associated domains
(TADs) and chromatin loops of Hi-C-profiled HepG2 and
one normal adult liver tissue sample were downloaded from
the 3D  Genome  Browser  (http://3dgenome.fsm.
northwestern.edu/) (Wang et al., 2018). Each pair of AE
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and AE-DEG was examined to determine whether both the
enhancer and its associated DEG were located in the same
TAD or located in the two elements of a chromatin loop,
respectively.

Establishment of an AE-Derived Prognostic
Model

Clinical phenotype data, including overall survival (OS) time
and status, were retrieved from the integrated TCGA
pancancer clinical data (Liu al,, 2018a).
Univariate Cox proportional hazards regression analysis was
conducted to screen for AE-DEGs associated with the OS of
HCC patients in TCGA-LIHC via the function “coxph” in the
R package “survival” (Therneau, 2020). AE-DEGs with
univariate Cox p-value < 0.05 were incorprated into the
least absolute shrinkage and selection operator (LASSO)
regression model by using the glmnet package (Friedman
et al., 2010) for identification of the most prominent
survival-associated AE-DEGs in TCGA-LIHC. Afterward,
the multivariate proportional hazards Cox regression model
was employed to establish a gene signature for predicting the
OS of HCC patients. Multivariate Cox regression-derived
coefficients (P) were used to calculate the risk score as
follows: risk score = (Bgene1 * normalized expression level of
genel + Bgene> * normalized expression level of gene2 + ... +
Bgenen * normalized expression of geneN) (Lossos et al., 2004).
Based on the optimal cutoff of risk score determined by
minimizing log-rank test p-value, HCC patients were
divided into high- and low-risk groups, whose differences in
OS probability across time were visualized through a Kaplan-
Meier survival curve by using the function “ggsurvplot” in the
survminer package (Alboukadel Kassambara, 2021). The
prognostic performance of the risk score was evaluated by
time-dependent receiver operating characteristic (ROC) curve
analysis via the function “survivalROC” in the survivalROC
package (Patrick, 2013). The independent prognostic role of
the identified gene signature in TCGA-LIHC was assessed by
building a multivariate Cox regression model including the
risk group, age, gender, and pathologic tumor-node-metastasis
(TNM) stage of each patient. All factors that passed through
the multivariate Cox regression model were utilized for the
construction of a predictive nomogram via the rms package
(RMS, 2021). Calibration plots and time-dependent ROC
curves were applied to assess the predictive performance of
the established nomogram.

resource et

Validtion of the AE-Derived Prognostic
Model

Regarding the independent validation of the prognostic
signature, clinical phenotypes and gene expression data of
the International Cancer Genome Consortium Liver Cancer-
RIKEN (LIRI-JP) were downloaded from the ICGC website.
Multivariate Cox regression-derived coefficients from TCGA-
LIHC were used to calculate the corresponding risk score for
each patient in ICGC-LIRI. Similarly, ICGC-LIRI patients
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FIGURE 1 | The schematic flowchart of the present study.
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TABLE 1 | Characteristics and enhancer identification strategies applied for 11 liver-relevant ChiP-seq samples.

Sample Source H3K4me1 H3K27ac Enhancer
name identification strategy

HepG2 ENCODE (Consortium, 2004)
Hepatocyte
LiverAdult 1
LiverAdult 2
LiverAdult 3
LiverAdult 4

H3K4me1 only (primed enhancer) + H3K4me1 and H3K27ac (active
enhancer)

X <

H3K4me1 (primed or active enhancer)

LiverAdult 5 The integrative epigenomic HCC study (Hlady et al.,
Cirrhosis 1 2019)

Cirrhosis 2

Tumor 1

Tumor 2

H3K4me1 only (primed enhancer) + H3K4me1 and H3K27ac (active
enhancer)

L

L
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FIGURE 3 | Distinct patterns of activated and repressed intergenic enhancers in HCC. (A) (left) Distribution of the concurrence of identified intergenic DEEs among

five RNA-seq datasets and (right) distribution of the number of associated intergenic DEE-DEG of each DEE. (B) (left) Distribution of the concurrence of identified
intergenic DEE-DEGs among five RNA-seq datasets and (right) distribution of the number of associated DEE of each DEE-DEG. (C) Gene clusters associated with
aberrant super-enhancers. Only gene clusters with at least five DEE-DEGs and super-enhancers with at least five DEEs were displayed. Activated DEEs and DEE-
DEGs are shown in red color, and repressed DEEs and DEE-DEGs are shown in blue.
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RESULTS

Comprehensive Collection of Enhancers in

the Liver

The procedures of this study are shown in the schematic
flowchart (Figure 1). Among 11 liver-relevant ChIP-seq
profiled samples, we identified numerous enhancers whose
counts ranged from 96,124 to 163,953 (Figure 2A; Table S1.1).
On average, there were 124,838 enhancers in each sample, among
which approximately one third (32.08%) were active enhancers
with both H3K4mel and H3K27ac peak signals (Table 1;
Supplementary Table S1.1). Interestingly, there was a higher
proportion of long enhancers (length > 3kb) in nonnormal
samples (i.e., tumoral and cirrhosis samples), and the median
widths of classical enhancers (length < 3 kb) were also higher than
those of normal samples (Figures 2B,C; Supplementary Table
S1.2). Specifically, the mean percentages of long enhancers
(>3kb) in tumor samples, adjacent cirrhosis samples, and
normal liver samples were 10.17, 1293, and 1.97%,
respectively (Figure 2C). After combining these enormous
enhancers, we obtained a comprehensive catalog of 223,007
unique enhancers in the liver. Over one half (53.64%) of them
were concurrent enhancers that consistently existed in at least
two samples (Figure 2D; Supplementary Table S1.3). In
addition, genomic location-based annotation showed that
approximately 29.84% (66,551/223,007) of those 223,007
enhancers were located in intergenic regions (Supplementary
Table S1.3).

Activated and Repressed Intergenic
Enhancers Show Different Patterns in
Concurrence and Transcriptional

Regulation in HCC

In the discovery cohort, 23,601 of the 66,551 collected intergenic
enhancers displayed active transcription of eRNA, and 13,182 of
them were identified as intergenic DEEs, including 11,036
activated DEEs and 2,146 repressed DEEs (Figure 3A).
Through bioinformatic inferrence for target genes, 842
activated DEEs and 951 repressed DEEs were found to be
correlated with 423 wupregulated DEE-DEGs, and 387
downregulated =~ DEE-DEGs, respectively  (Figure  3B;
Supplementary Table S2). Although the number of activated
DEEs was over fivefold that of repressed DEEs (11036 vs. 2,146),
each repressed DEE was found to be simultaneously associated
with more DEE-DEGs (Figure 3A). Specifically, 19.67% of
repressed DEEs displayed high correlations with multiple
DEE-DEGs, while only 2.28% of activated DEEs showed this
pattern (Figure 3A). Moreover, 387 downregulated and 423
upregulated DEE-DEGs also showed differences in terms of
the number of associated DEEs. Compared with upregulated
DEE-DEG, each downregulated DEE-DEG tended to be
simultaneously regulated by more DEEs (Figure 3B). Taken
together, found a higher portion of potential
transcriptional master regulators among the repressed DEEs,
and more downregulated DEE-DEGs were simultaneously
associated with aberrant super-enhancers that were consisted

we

Aberrant Enhancer Landscape in HCC

of multiple adjacent synergistic enhancers (Figure 3C). For
example, in 16ql3, a cluster of 35 repressed intergenic DEEs
was identified as potential regulators of the metallothionein (MT)
family (i.e., each of the 35 DEEs was significantly correlated with
the expressions of all 12 metallothionein genes) (Figure 3C;
Table 2). A literature searching revealed that nine of those
12 MT genes were previously implicated in HCC (Table 2).
Besides, in chromosome 17, we also identified a super-
enhancer whose activation was correlated with upregulation of
10 DEGs including nine previously-reported oncogenes in HCC
or other cancers (Table 2). Beyond these, we also identified
another four gene clusters likely regulated by super-enhancers
on chromosomes 14, 2, 19, and 8 (Figure 3C).

Moreover, the identified intergenic DEEs and DEE-DEGs
were overall highly replicated in four independent GEO
datasets (Table 3). A total of 83.03% of activated DEEs, and
91.33% of repressed DEEs were observed in at least one GEO
dataset (i.e., concurrence > 2) (Figure 3A). Furthermore, 54.85%
of upregulated DEE-DEGs and 85.01% of downregulated DEE-
DEGs were identified in at least one GEO dataset (Figure 3B).
Compared with activated DEEs and upregulated DEE-DEGs,
those repressed DEEs and downregulated DEE-DEGs were
more likely to be conserved in multiple GEO datasets
(i.e., concurrence higher than three) (Figures 3A,B). For
instance, 54.52% of repressed DEEs and 41.86% of
downregulated DEE-DEGs were consistently replicated in
more than three GEO datasets, while only 25.34% activated
DEEs and 13.71% upregulated DEE-DEGs were also observed
in three or more GEO datasets (Figures 3A,B).

Potential Roles of Epigenetic Modification
Aberrations in Identified Aberrant

Intergenic Enhancers

Through integration with matched WGBS data in the discovery
cohort, the differential expression of 10.61% of the activated
DEEs and 11.14% of the repressed DEEs was significantly
correlated with regional differential DNA methylation,
especially hypomethylation, in corresponding enhancers
(Figure 4A). Nevertheless, these differential methylation-
associated DEEs correlated with 34.04% of the upregulated
DEE-DEGs and 37.21% of the downregulated DEE-DEGs
(Figure 4B), suggesting that those methylation-associated
DEEs were more likely to be transcriptional master regulators
that targeted multiple genes. In addition to DNA methylation,
there was also substantial dysregulation of histone modification
in HCC. Three histone methyltransferases (EZH2, EHMT2, and
SMYD3), two demethylases (KDM5B and KDM6B), and two
deacetylases (HDAC11 and HDACY9) were differentially
expressed in both the discovery and four GEO datasets
(Figure 4C; Supplementary Table S2.2). Coexpression tests
showed that many DEEs and DEE-DEGs were significantly
correlated with the differential expression of those seven
histone modification regulators, especially EZH2, EHMT?2, and
SMYD3 (Figures 4D,E). Notably, 75.89% of the upregulated
DEE-DEGs and 63.57% of the downregulated DEE-DEGs
displayed significant coexpression with EZH2 and SMYD3,
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TABLE 2 | Summary information about two representative sets of DEE-DEGs regulated by intergenic DEE clusters.

Enhancer Average Avergae Gene LFC FDR Average Average Implicated
cluster LFC.DEE LogFDR.DEE name DEG DEG rho concurrence cancers
chr16:56520399-56864888 -3.3 6.62 MT1A -2.08  1.45E- 0.76 2.56 HCC (Ning et al., 2021)
(~344 kb, 35 DEEs) 06
MT1CP -2.01 1.20E- 0.82 3.51 Unknown
03
MT1DP -1.37  1.64E- 0.81 3.71 HCC (Yu et al., 2014a) and others (Gai
03 et al., 2020)
MTI1E -3.58  2.35E- 0.88 3.72 HCC (Liuet al., 2020) and others (Hur et al.,
16 2016)
MTI1F -3.70 3.24E- 0.91 3.75 HCC (Lu et al., 2003) and others (Lin et al.,
17 2017a)
MT1G -3.43 6.06E- 0.90 3.67 HCC (Wang et al., 2019) and others (Fu
10 et al., 2013)
MT1H -2.13  1.48E- 0.86 243 HCC (Zheng et al., 2017)
03
MT1JP -5.27  1.36E- 0.82 3.64 HCC (Wu et al., 2020a) and others (Zhang
20 et al.,, 2018; Yu et al., 2019)
MT1L -2.58  5.28E- 0.86 2.86 Unknown
10
MT1M -3.65 2.33E- 0.90 2.78 HCC (Fu et al., 2017) and others (Li et al.,
12 2021)
MT1X -3.55 1.47E- 0.88 3.86 HCC (Liu et al., 2018b)
17
MT2A -3.35 4.85E- 0.91 3.83 Breast cancer (Kim et al., 2011) and others
24 (Pan et al., 2013)
chr17: 81740217-81874724 1.05 4.53 HGS 1.04 1.95E- 0.87 1.22 HCC (Canal et al., 2015)
(~134 kb, 14 DEEs) 20
CCDC137  0.95 3.37E- 0.80 1.78 Unknown
16
NPLOC4 0.82 3.53E- 0.79 1.22 Bladder cancer (Lu et al., 2019) and others
11 (Skrott et al., 2017; Pan et al., 2021)
CEP131 1.42 2.39E- 0.79 1.78 HCC (Liu et al., 2017) and others (Kim
19 et al., 2019; Wang et al., 2020)
CSNK1D 0.55 8.36E- 0.76 1.22 Breast cancer (Bar et al., 2018) and others
08 (Peer et al., 2021)
MAFG 0.98 3.10E- 0.71 1.00 HCC (Liu et al., 2018c)
07
MAFG-DT  3.03 3.42E- 0.73 1.33 HCC (Ouyang et al., 2019) and others (Cui
28 etal., 2018; Lietal., 2019; Suiet al., 2019;
Qu and Liu, 2020; Xiao et al., 2020)
FOXK2 0.68 3.22E- 0.73 1.67 HCC (Lin et al., 2017b) and others (Shan
07 et al., 2016; Nestal de Moraes et al., 2019)
SIRT7 0.61 8.43E- 0.72 1.00 HCC (Zhao et al., 2019) and others (Yu
06 et al., 2014b; Zhang et al., 2015)
NARF 1.07 9.12E- 0.74 2.00 Glioblastoma (Anderson et al., 2010)
15

Notes: Enhancer cluster: the cluster of intergenic DEEs that were simultaneously associated with the corresponding cluster of genes; average LFC.DEE: the arithmetic mean of log. fold
change of the FPM of all DEEs in the enhancer cluster; average LogFDR.DEE: the arithmetic mean of the—log;0FDR of the differential expression test of all DEEs in the enhancer cluster;
average rho: the arithmetic mean of Spearman correlation coefficients of all DEE-DEG pairs between corresponding DEGs and DEEs in the enhancer cluster; average concurrence: the
arithmetic mean of the concurrence of all DEE-DEG pairs between corresponding DEGs and DEEs in the enhancer cluster; implicated cancers: results of literature searching (only molecular
mechanism studies) to determine the relevance between DEE-DEG and cancers (genes implicated in HCC were highlighted with a bold font).

TABLE 3 | Characteristics of five RNA-seq datasets used in the present study.

Dataset No. of tumor tissues No. of adjacent tissues Additional data type Reference (PMID)
Discovery cohort 33 33 WGBS —

GSE77314 50 50 - 27119355 (Liu et al., 2016)
GSE124535 35 35 — 30814741 (Jiang et al., 2019)
GSE148355 62 47 - 33772139 (Yoon et al., 2021)
GSE77509 20 20 — 28194035 (Yang et al., 2017)
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FIGURE 4 | DNA methylation and histone PTM modifer-associated intergenic DEEs and DEE-DEGs. (A) Percentage of DNA methylation-associated intergenic
DEEs. (B) Percentage of DNA methylation-associated intergenic DEE-DEGs. (C) Significant differential expression of seven histone modification regulators (three histone
methyltransferases, two histone demethylases, and three histone deacetylases) in the discovery cohort. (D) Proportion of histone modification regulator-associated
intergenic DEEs. (E) Percentage of histone modification regulator-associated intergenic DEE-DEGs.

respectively, which were much higher than the corresponding
percentages for significantly correlated DEEs (26.26 and 35.41%,
respectively)  (Figures 4D,E), suggesting that histone
modification-associated DEEs are also more likely to be
transcriptional master regulators.

Aberrant Genic Enhancers-Associated With
DNA Methylation Alterations

Among those collected genic enhancers, 1,119 DMEs and their
associated DME-DEGs were identified through the integration
of WGBS, ChIP-seq, and RNA-seq data. Overall,
hypomethylated and hypermethylated DMEs displayed
similar transcriptional regulation patterns (i.e., they tended to
be correlated with equal number of DME-DEGs) (Figure 5A).
In total, there were 1,442 genic DEE-DEGs, including 120
hypermethylated upregulated DEE-DEGs (HyperUp), 168
hypermethylated downregulated DEE-DEGs (HyperDown),
517 hypomethylated upregulated DEE-DEGs (HypoUp), and
637 hypomethylated downregulated DEE-DEGs (HypoDown)
(Figure 5B; Supplementary Table S3.1). Approximately half
(52.50%) of the identified DEE-DEGs exhibited a nonclassical
positive correlation between DNA methylation and gene
expression. The results of independent replication of those
1,442 DME-DEGs in TCGA-LIHC showed that the raw

replication rates of the four types of DEE-DEGs
(i.e., HyperUp, HyperDown, HypoUp, and HypoDown)
were 47.50, 42.86, 28.63, and 14.44%, respectively

(Figure 5C). Since the 450k methylation array barely
covered CpGs located in the gene body and intergenic
regions, which were primarily hypomethylated, it was not
surprising to observe much lower raw replication rates and
higher type I failure ratios for the HypoUp and HypoDown
groups. In contrast, their platform-adjusted replication rates
reached 67.86, 59.02, 65.78, and 50.00% (Figure 5D), which
were comparable to each other.

Intergration of Aberrant
Enhancer-Associated Transcriptional
Dysregulation and Sucessfully in Silico

Verification Based on HiC Data

After combining 1,442 genic DME-DEGs with the 810 intergenic
DEE-DEGs, we obtained a set of 2,051 aberrant enhancer-
associated DEGs (AE-DEGs), which was composed of 1,092
upregulated AE-DEGs and 959 downregulated AE-DEGs
(Figure 6A; Supplementary Table $3.2). Pathway/biological
process enrichment analyses demonstrated that 1,092 activated
AE-DEGs were overrepresented for genes implicated in the cell
cycle, nuclear division, DNA repair, and DNA replication
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FIGURE 5 | Identification and validation of genic DMEs and associated DME-DEGs in HCC. (A) Distribution density of the number of associated DME-DEGs of
hypermethylated and hypomethylated genic DME. (B) Count of four types of genic DME-DEGs. “HyperUp” refers to hypermethylated enhancer-associated upregulated
DME-DEGs; “HyperDown” refers to hypomethylated enhancer-associated downregulated DME-DEGs; “HypoUp” refers to hypermethylated enhancer-associated
upregulated DME-DEGs, and “HypoDown” refers to hypomethylated enhancer-associated downregulated DME-DEGs. (C) Distribution of the three types of
replication results of genic DME-DEGs. “Successful replication” refers to the successful replication of genic DME-DEGs for correlated differential methylation and
differential expression in TCGA-LIHC; “type | failure” refers to replication failure due to lack of CpG for the corresponding genic DMEs in TCGA-LIHC; and “type Il failure”
refers to replication failures except type | failure. (D) Platform-adjusted replication rates of four types of genic DME-DEGs in TCGA-LIHC. Platform-adjusted replication
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(Figure 6B), while 959 repressed AE-DEGs were enriched for genes
involved in monocarboxylic acid metabolism, adaptive immune
response, biological oxidation, and cytochrome P450 epoxygenase
pathway (Figure 6C). Moreover, hypergeometric test revealed that
AE-DEGs showed significant enrichment for genes related to four
cancer hallmarks including genome instability and mutation (FDR =
6.3e-9), reprogramming energy metabolism (FDR = 1.2e-3),
resisting cell death (FDR = 7.3e-3), and evading immune
destruction (FDR = 4.2e-2) (Figure 6D).

In addition, AE-DEGs were further verificated according to
HiC-produced TADs and chromatin loops. The results showed
that 63.24 and 71.62% of AE-DEGs were in the same TAD, in
which their corresponding enhancers were located, in the HiC
profiled HepG2 and normal adult liver tissue sample (Figure 6E;
Supplementary Table S3.3). Moreover, the TAD validation
results in two HiC samples were highly consistent. Specifically,
56.95 and 80.35% of AE-DEGs were successfully supported by
TADs in both samples and either sample, respectively (Figure 6E;
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FIGURE 6 | Biological functions and in silico verification of AE-DEGs. (A) Venn diagram displaying the overlap between genic DME-DEGs and intergenic DEE-
DEGs. The union of them were defined as aberrant enhancer-associated DEGs (AE-DEGs). (B) and (C) Top ten overrepresented pathways/GO terms of activated AE-
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Supplementary Table $3.3). Furthermore, 12 and one AE-DEG
were confirmed by chromatin interaction loops in HepG2 and
normal liver sample (Supplementary Table S3.4), respectively.

Construction of a Six AE-DEGs -Based
Prognostic Model

Through univariate Cox regression, LASSO, and multivariate Cox
regression model filtering, 2051 AE-DEGs were eventually
filtered to six genes to build a prognostic model for OS in
TCGA-LIHC. These six AE-DEGs included procollagen-

lysine,2-oxoglutarate 5-dioxygenase 2 (PLOD2), homeobox D9
(HOXD9), BOP1 ribosomal biogenesis factor, which is also
known as Block of Proliferation (BOP1), Ras-related protein
Rab-26 (RAB26), killer cell lectin-like receptor K1 (KLRK1),
and Ral guanine nucleotide dissociation stimulator like 4
(RGL4) (Figure 7A). A prognostic risk score was calculated
for each patient as follows: the risk score = (0.424 * expression
of PLOD2) + (0.109 * expression of HOXD9) + (0.184 *
expression of BOP1) + (-0.134 * expression of RAB26) +
(—0.185 * expression of KLRK1) + (-0.0547 * expression of
RGL4). An optimal cutoff at 7.37 was applied to divide all
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patients into high-risk (N = 100) and low-risk (N = 265) groups
(Figure 7B). Kaplan-Meier analysis revealed significant differences
in OS probability across time between high-risk and low-risk groups
(p < 2.0e-16) (Figure 7C). Wilcox rank-sum exact tests illuminated
significantly less OS duration in high-risk patients (p = 1.2e-9), and
lower risk scores among alive patients (p = 4.5e—9) (Figures 7D,E).
The areas under the time-dependent ROC curves (AUCs) for 1-, 3-,
and 5-years OS were estimated to be 0.783, 0.797, and 0.715,
respectively (Figure 7F). A multivariate Cox regression model
constructed using both age, gender, and pathologic TNM stage
demonstrated that TNM stage (p < 0.001, HR = 2.16) and risk group
(p < 0001, HR = 442) were both independent prognostic
biomarkers for OS of HCC patients in TCGA-LIHC (Figure 7G).

Subsequently, a predictive nomogram was built by combining
the risk score and TNM stage for accurate prediction of overall
survival probability in 1, 3, and 5years (Figure 8A). The
calibration plots for internal validation of the nomogram

showed high consistency between the predicted OS outcomes
and actual observations (Figure 8B). Time-dependent ROC
curves revealed the best predictive performance of the
nomogram, with AUCs of 0.796, 0.830, and 0.773 for 1-year,
3-years, and 5-years OS, respectively (Figure 8C).

Consistent Validation of the Six
AE-DEGs-Based Prognostic Model in
ICGC-LIRI

Univariate Cox regression revealed that all six AE-DEGs that
constituted the identified prognostic signature were significant
OS-related biomarkers in ICGC-LIRI cohort (Figure 9A). Risk
scores were calculated for each ICGC-LIRI patient by using the
coefficients estimated from TCGA-LIHC. Similarly, 198 ICGC-LIRI
patients were divided into high-risk (N = 65) and low-risk (N = 135)
groups according to the corresponding optimal cutoff (Figure 9B).
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Kaplan-Meier analysis revealed significant differences in OS
probability across time between high-risk and low-risk group
ICGC-LIRI patients (p = 7.0e-9) (Figure 9C). Wilcox rank-sum
exact tests illuminated significantly less OS duration in high-risk
patients (p = 0.0061), and lower risk scores among alive patients (p =
6.5e—6) (Figures 9D,E). The AUCs for 1-, 3-, and 5-years OS were
estimated as 0.795, 0.756, and 0.800 (Figure 9F), respectively. A
multivariate Cox regression model constructed using both age,
gender, and pathologic TNM stage also confirmed that the risk
group (p < 0.001, HR = 5.03) was an independent prognostic
biomarker for OS of HCC patients in ICGC-LIRI (Figure 9G).

The Six AE-DEG-Based Prognostic Model
Display Superb Predictive Performance for
OS of HCC Patients

Furthermore, the good predictive performance of our identified AE-
DEG-based signature was assessed through comparisons with seven

established similar prognostic models (Long et al., 2019; Zhang et al,,
2020b; Ouyang et al., 2020; Tang et al., 2020; Zhu et al., 2020; He
et al, 2021; Wang et al,, 2021). Among all signatures, the hypoxia-
related gene-based signature and our AE-DEG-based signature were
the only two models in which all AUCs were higher than 0.7, which
is a well-accepted criterion for high predictive accuracy. Moreover,
our model’s average AUCs in the discovery and validation cohorts
were both higher than those of the hypoxia-related model (0.765 and
0.784 vs. 0.723 and 0.763) (Table 4). Overall, our prognostic
signature had more predictive power than others.

DISCUSSION

In the present study, integration of ChIP-seq and RNA-seq data
revealed substantial intergenic DEEs and associated DEE-DEGs in
HCC. Compared with activated DEEs and DEE-DEGs, the repressed
DEEs and DEE-DEGs displayed higher consistency in multiple HCC
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TABLE 4 | Comparison of the predictive performance of our AE-DEG-based signature with seven previously established prognostic signatures in HCC.

Signature name

Methylation-driven gene based signature 1 (Long et al., 2019)

Methylation-driven gene based signature 2 (He et al., 2021)

Angiogenic gene based signature (Zhu et al., 2020)

EMT related gene based signature (Wang et al., 2021)

Ferroptosis and iron-metabolism related gene based signature (Tang et al., 2020)
Differentially expressed gene signature (Ouyang et al., 2020)

Hypoxia related gene based signature (Zhang et al., 2020b)

Our AE-DEG based signature

cohorts. Remarkably, 162 of those 387 intergenic DEE-DEGs were
concurrent in at least four of the five HCC cohorts that were
analyzed in this study. Functional enrichment analysis by
Metascape (Zhou et al,, 2019) revealed that half of those highly
concurrent genes were liver-specific. Enrichment of repressed DEGs
for liver-specific genes was previously reported in HCC (Lian et al,,
2018). A highly plausible mechanism underlying this phenomenon
might be cell dedifferentiation. Cell dedifferentiation is a process that
implicates the epigenetic reprogramming of gene activity to
transform cells into a less differentiated state like their parent cell
type. In the development of HCC, stepwise dedifferentiation is a
certain event that exhibits loss of hepatic functions and morphology
and gain of hepatic progenitor markers (Chao et al, 2020).
Moreover, the well-known demethylation agent 5-azacytidine (5-
AZA) displayed potential for usage in dedifferentiation therapy in
HCC cell lines and cell-derived xenograft (Gailhouste et al., 2018). In
addition, it has been shown that upon loss of the mouse Igk gene’s
downstream enhancers, E3' and Ed, the mature B cells unexpectedly
undergo reversible retrograde differentiation (Zhou et al,, 2013).
Hence, our finds about conservative enhancer repression associated
suppression of liver-specific genes might shed new light on
epigenetic mechanisms underlying the dedifferentiation that
occurs in hepatocarcinogenesis and provide potential targets for
dedifferentiation-targeted therapy of HCC.

Notably, highly conserved intergenic DEE-DEGs with counts
less than 200 unexpectedly included the majority of all MT genes
in the genome. MTs are small cysteine-rich proteins that play
pivotal roles in metal homeostasis and protection against heavy
metal-related cytotoxicity, DNA damage, and oxidative stress
(Coyle et al., 2002). Dysregulation of MTs is ubiquitous in most
malignancies, and emerging evidence shows that MTs are
implicated in tumor formation, progression, and drug
resistance (Si and Lang, 2018; Merlos Rodrigo et al., 2020). As
mentioned earlier, nine identified DEE-associated differentially
expressed MT isoforms were reported to be involved in liver
cancer. Specifically, the upregulation of MTIA mediated the
attenuation of malignant behaviors of CT23 knockdown in
HCC cells (Ning et al., 2021). MTIDP is a pivotal anticancer
long noncoding RNA (IncRNA), whose suppression mediates the
vital carcinogenetic roles of RUNX2 and YAP in HCC (Yu et al.,,
2014a). MT1E was newly identified as a novel tumor suppressor
for HCC that could induce apoptosis and suppress cell growth
and metastasis (Liu et al., 2020). Exogenous expression of MT1F
displayed a strong inhibitive effect on the growth of HepG2 cells

AUCs for OS in discovery AUCs for OS in validation

1-year 3-years 5-years 1-year 3-years 5-years
0.6885 0.6563 0.6548 0.6397 0.6644 0.5942
0.742 0.661 — 0.695 0.655 -
0.74 0.66 0.66 0.78 0.74 —
0.824 0.798 0.800 0.688 0.674 0.876
0.77 0.71 0.64 0.67 0.73 —
0.77 0.73 0.72 0.63 0.68 0.65
0.78 0.70 0.70 0.75 0.77 0.77
0.783 0.797 0.715 0.795 0.756 0.800

(Lu et al., 2003). MT1G was uncovered as a tumor suppressor in
HCC by inducing the transcriptional activity of p53 through
direct interaction and supply of appropriate zinc ions to p53
(Wang et al., 2019). MT1H functions as a tumor suppressor that
suppresses the proliferation and invasion of HCC cells by
inhibiting the Wnt/B-catenin pathway (Zheng et al, 2017).
Overexpression of the IncRNA MTI1JP remarkably inhibited
the proliferation and enhanced apoptosis, which might be
mediated by regulating the expression of AKT (Wu et al,
2020a). Similarly, MTIM also showed a tumor-suppressive
ability to suppress cell viability, migration, and invasion and
activate apoptosis in vitro (Fu et al, 2017). MTIX was
demonstrated to be a tumor suppressor that suppresses tumor
growth and metastasis in vivo and induces cell cycle arrest and
apoptosis by repressing the NF-«kB signaling pathway in HCC
(Liu et al., 2018b). The roles of MTICP, MTIL, and MT2A in
HCC are still unknown, while MT2A could promote breast cancer
invasiveness and might play a suppressive role in gastric cancer
through inhibition of the NK-«B signaling pathway (Kim et al.,
2011; Pan et al., 2013).

Besides, there were also several sets of upregulated genes
associated with activated super-enhancers in HCC. On
chromosome 17, a group of 10 activated DEE-DEGs was
found to be associated with increased enhancer activity for
14 intergenic DEEs. It is intriguing that six (HGS, CEP131,
MAFG, MAFG-DT, FOXK2, and SIRT?) of them have already
been discovered as proto-oncogenes in HCC (Canal et al,,
2015; Lin et al., 2017b; Liu et al., 2017; Liu et al., 2018¢; Ouyang
et al., 2019; Zhao et al, 2019). In particular, the IncRNA
MAFG-DT, which is likewise known as MAFG-ASI, was
also recently shown to play oncogenic roles in multiple
tumors in addition to HCC, including colorectal cancer
(Cui et al., 2018), breast carcinoma (Li et al., 2019), bladder
urothelial carcinoma (Xiao et al., 2020), esophageal squamous
cell carcinoma (Qu and Liu, 2020), and lung adenocarcinoma
(Sui et al, 2019). NPLOC4, also known as NPL4, is
uncharacterized in HCC but has been revealed as an
important oncogene in bladder cancer (Lu et al., 2019) and
a critical target of the anticancer drug disulfiram (Skrott et al.,
2017; Pan et al., 2021). Similarly, CSNK1D has recently been
identified as a novel drug target in Hedgehog/GLI-driven
cancers (Peer et al, 2021), and silencing of CSNKID
attenuates the migration and metastasis of triple-negative
breast cancer cells (Bar et al., 2018). As an E3 ubiquitin
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ligase, NARF was identified as a positive regulator of cell
growth in glioblastoma (Anderson et al., 2010). CCDC137
has not been characterized in any cancer, but its depletion
via HIV could cause cell cycle arrest (Zhang and Bieniasz,
2020). Taken together, the elevated activity of the super-
enhancer, which is composed of a cluster of 14 synergistic
enhancers located on chromosome 17, was demonstrated to be
associated with the activation of several critical oncogenes
implicated in HCC and/or other cancers. Therefore, inhibition
of this activated super-enhancer might be a promising therapy
for HCC.

Our integrative transcriptomic analyses discovered massive
concurrent DEEs in HCC, which might be caused by either
genetic mutations or epigenetic aberrations. However, those
DEEs, especially repressed DEEs, were ubiquitous and
conserved in multiple HCC cohorts, which suggests a
higher  possibility —of epigenetic  aberration-relevant
underlying mechanisms. Indeed, our investigation revealed
that considerable DEEs and DEE-DEGs were linked to
DNA methylation and histone modification. Notably, there
were strong associations between the activation of three
histone methyltransferases (EZH2, EHMT2, and SMYD3)
and enhancer aberrations. This was consistent with the
previous findings that mutations and expression changes of
epigenetic modifiers are common events leading to an
aggressive gene expression and poor clinical outcomes in
HCC (Bayo et al, 2019). EZH2, EHMT2, and SMYD3 are
vital epigenetic regulators that could be targeted for cancer
therapy (Cheng et al., 2019). Unlike those of EZH2 (Gao et al.,
2014; Liu et al., 2015; Zhuang et al., 2016; Chen et al., 2018b),
the roles of EHMT2 and SMYD3 in mediating transcriptional
regulation in carcinogenesis are still not fully characterized in
HCC (Zhang et al., 2021a; Guo et al., 2021). Our findings serve
as a proof-of-concept that activation of histone
methyltransferases, such as EZH2, EHMT2, and SMYD3
might promote hepatocarcinogenesis by inducing enhancer
aberration of crucial cancer-related genes.

To better assess the clinical outcomes of HCC patients, in this
study, we applied machine learning approaches to explore the
prognostic significance of AE-DEGs in HCC and established a
prognostic model based on a panel of six AE-DEGs, including
PLOD2, HOXDY, BOP1, RAB26, KLRKI1, and RGL4. Our
identified AE-DEG-based signature outperformed clinical
characteristics such as the TNM stage and seven previously
established similar prognostic models in terms of predictive
accuracy, suggesting that those six AE-DEGs might play
important roles in HCC. PLOD2 encodes a key enzyme
mediating the formation of the stabilized collagen cross-links,
which are considered as the “highway” for cancer cell migration
and invasion (Provenzano et al., 2006). The roles of PLOD2 in
breast cancer, sarcoma, bladder cancer, and renal cell carcinoma
were thoroughly discussed in a previous review (Du et al., 2017).
PLOD?2 was first demonstrated as a prognostic marker for HCC
in 2011 (Noda et al., 2012), while the function and mechanism
of PLOD2 activation in HCC have not been thoroughly
explored. HOXD9 and BOPI were both uncovered as the
oncogenic promoters of epithelial-mesenchymal transition

Aberrant Enhancer Landscape in HCC

(EMT) in HCC (Chung et al., 2011; Lv et al., 2015), which
was in line with their unfavorable prognostic contribution in
our identified prognostic signature. On the other hand, RAB26
was novel in HCC but was newly identified as a suppressor of
the migration and invasion of breast cancer cells (Liu et al,,
2021). The roles of KLRKI and RGL4 have not been
investigated in any malignancies but have been identified
as prognostic factors in lung adenocarcinoma (Sun et al,
2020; Zhang et al,, 2021b). In summary, previous studies
revealed pivotal cancer-related functions of PLOD2,
HOXDY, BOPI, and RAB26, manifesting our findings of
their ~ AE-associated  dysregulation and prognostic
significance in OS of HCC, and suggesting the possibility
that PLOD2, RAB26, KLRK1, and RGL4 play essential roles in
the progression and survival of HCC, although further
experimental investigations are warranted.

Our study uncovered systematic enhancer aberrations with
important functions and excellent prognostic significance in
HCC. There are still several potential limitations. First of all,
RNA-seq is still commonly used in the literature (Chen et al,,
2018a; Wu et al., 2020b; Chen and Liang, 2020) but is not one
of the best choices for the comprehensive detection of eRNA;
for example, GRO-seq would be a better approach (Danko
et al., 2015; Zhang et al, 2020c). Second, aberrant genic
enhancers might be only partially captured by identifying
genic DMEs, especially considering the relatively low ratio
of DNA methylation-associated DEEs in total intergenic DEEs.
Moreover, although our identified AE-DEGs were successfully
replicated in independent cohorts and confirmed by TADs
from HiC, further validation of enhancer-mediated
transcriptional  regulation of particular genes via
experimental technologies such as CRISPR, like in previous
enhancer related studies (Chen et al., 2018a; Xiong et al., 2019),
was lacking in our present study and will be part of our
ongoing works.

CONCLUSION

In conclusion, our integrative analysis of the epigenome and
transcriptome depicted and verified a systematic landscape of
aberrant enhancers and 2051 associated DEGs, including
many well-known cancer-related genes, in HCC. These
findings provide new insight into the roles of epigenetic
aberration induced aberrant enhancers in the progression of
HCC. Furthermore, our established prognostic signature based
on six AE-DEGs displayed superior predictive performance
over previous models for predicting the long-term and short-
term OS of HCC patients.
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Methylation is one of the most extensive modifications of biological macromolecules and affects
cell-fate determination, development, aging, and cancer. Several methylation modifications,
including 5-methylcytosine and N6-methyladenosine, play an essential role in many cancers.
However, little is known about the relationship between methylation and the prognaosis of clear
cell renal cell carcinoma (ccRCC). Here, we established a methylation-regulating genes
prognostic signature (MRGPS) to predict the prognoses of ccRCC patients. We obtained
ccRCC samples from The Cancer Genome Atlas and identified methylation-regulatingd genes
(MRGs) from the Gene Set Enrichment Analysis database. We also determined differentially
expressed genes (DEGs) and performed cluster analysis to identify candidate genes.
Subsequently, we established and validated an MRGPS to predict the overall survival of
ccRCC patients. This was also verified in 15 ccRCC samples collected from the Fujian
Provincial Hospital via quantitative real-time transcription (QRT-PCR). While 95 MRGs were
differentially expressed (DEGs1) between tumor and normal tissues, 17 MRGs were
differentially expressed (DEGs2) between cluster 1 and 2. Notably, 13 genes common
among DEGs1 and DEGs2 were identified as hub genes. In fact, we established three
genes (NOP2, NSUN6, and TET2) to be an MRGPS based on their multivariate Cox
regression analysis coefficients (p < 0.05). A receiver operating characteristic curve analysis
confirmed this MRGPS to have a good prognostic performance. Moreover, the MRGPS was
associated with characteristics of the tumor immune microenvironment and responses to
inhibitor checkpoint inhibitors. Data from “IMvigor 210” demonstrated that patients with a low
MRGPS would benefit more from atelozumab (o < 0.05). Furthermore, a multivariate analysis
revealed that MRGPS was an independent risk factor associated with ccRCC prognosis (p <
0.05). Notably, a nomogram constructed by combining with clinical characteristics (age, grade,
stage, and MRGPS risk score) to predict the overall survival of a ccRCC patient had a favorable
predictive value. Eventually, our gRT-PCR results showed that tumor tissues had higher NOP2
and NSUN6 expression levels and lower TETZ2 expression than normal tissues of ccRCC
samples. While the proposed MRGPS comprising NOP2, NSUNG, and TET2 can be an
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MRGPS for ccRCC

alternative prognostic biomarker for ccRCC patients, it is a promising index for personalized ICl

treatments against ccRCC.

Keywords: methylation, clear cell renal cell carcinoma, quantitative real-time transcription, immune checkpoint

inhibitor, prognosis, risk signature

INTRODUCTION

Clear cell renal cell carcinoma (ccRCC) is one of the most lethal
malignancies of the genitourinary tract, accounting for 70-80% of
renal cell carcinoma patients (Zhao et al, 2018). Despite
substantial advances in the diagnosis and treatment of ccRCC,
long-term prognosis remains far from satisfactory (Siegel et al.,
2017). Approximately 20-30% of patients initially present with
metastasis (Reiter et al, 2015), indicating that the current
screening index for ccRCC is inadequate; thus, it is necessary
to immediately identify an aggressive diagnostic marker for
ccRCC. In addition, approximately 30-40% of patients with
localized ccRCC relapse or exhibit metastasis within 2 years of
undergoing radical surgeries (Miao et al., 2018). This implies that
the ccRCC patient population is greatly heterogeneous and
highlights the inaccuracies in the existing staging system
integrated with clinicopathological characteristics.

Interestingly, ccRCC is a highly immunogenic tumor
characterized by an abundance of suppressed immune cells
(Diaz-Montero et al., 2020). A randomized phase II study has
demonstrated that immune checkpoint inhibitor (ICI)
monotherapy exhibits non-inferiority efficacy to sunitinib
(Mcdermott et al, 2018). However, a CheckMate-214 trial
(Cella et al., 2019; Albiges et al., 2020) has revealed that
nivolumab combined with iplimumab has positive outcomes
compared with sunitinib. Thus, this combination has been
approved by the United States Food and Drug Administration
as a frontline therapeutic approach for ccRCC patients with
intermediate severity. Nonetheless, the objective response rates
(ORRs) of avelumab, pembrolizumab, and nivolumab are 16, 36,
and 17%, respectively (Tzeng et al., 2021), whereas that of
avelumab combined with nivolumab is 42% (Cella et al,
2019). Additionally, continuing treatment with nivolumab has
been found to be associated with reduced tumor burden in
approximately 50% of patients (Hellmann et al., 2018). Hence,
an aggressive biomarker, except PD-1/PD-L1, tumor mutation
burden (TMB), and microsatellite status, is urgently warranted in
ICI management for ccRCC.

Methylation is one of the most abundant modifications that is
widespread across all biological processes. It involves an alkylation
reaction, wherein a methyl group replaces a hydrogen atom
(Michalak et al, 2019). Methyltransferases, also called “writers,”
use the methyl donor S-adenosylmethionine to catalyze
methylation; “writers” cooperate with dedicated “erasers”
(demethylases) and methyl “readers” (Dawson and Kouzarides,
2012). Genomic studies have demonstrated that hypo- and/or
hyper-methylation occur in various enzymes and can result in loss
of histone modification (Michalak et al., 2019). Few examples include
mutations in metabolic enzymes that regulate histone and DNA
demethylation and somatic mutations in core histone genes (You and

Jones, 2012). In fact, previous studies have demonstrated that
aberrant changes in DNA or RNA methylation can be
prospectively  utilized in the diagnosis, prognosis, and
individualized treatment of various cancers, including ccRCC
(Fang et al, 2020; Zhang et al,, 2020; Li et al,, 2021). Therefore,
we systematically analyzed the transcriptomic data of ccRCC patient
tissues to identify methylation-regulating genes (MRGs) and
accurately predict the prognoses and guide the ICI management
of ccRCC patients.

MATERIALS AND METHODS

Patients and Datasets
We retrieved 359 human MRGs from the Gene Set Enrichment
Analysis (GSEA) database (https://www.gsea-msigdb.org/gsea/
index.Jsp; Supplementary Table S1) (Subramanian et al,
2005). Moreover, we obtained RNA sequencing (RNA-Seq)
expression profile dataset of 537 ccRCC patients and 72
corresponsonding normal samples from The Cancer Genome
Atlas (TCGA; https://portal.gdc.cancer.gov/) (Tomczak et al.,
2015). The clinicopathological characteristics and survival data
of these patients was also retrieved from TCGA. The RNA-seq
profiles and clinical data of IMvigor 210” cohort were obtained
from http://research-pub.gene.com/IMvigor210CoreBiologies/.
Furthermore, 15 frozen, surgically resected tumor specimens
were acquired from patients pathologically diagnosed with
ccRCC at the Fujian Provincial Hospital (FPH) between
December 2018 and December 2020. Additionally, we
validated the immunohistochemical staining of prognostic
genes using The Human Protein Atlas (HPA) database (http://
www.proteinatlas.org/) (Uhlén et al, 2015). This study was
approved by the ethics committee of the FPH.

Identification of Methylation-Regulating

Hub Genes

Based on the RNA-seq data of the ccRCC samples (537 tumors vs
72 normal samples) obtained from TCGA, we analyzed the
differentially expressed genes (DEGsl) between tumor and
normal tissues. We also functionally explored the biological
properties of MRGs in the TCGA ccRCC patients by
clustering ccRCC patients into different clusters using the
“ConsensusClusterPluspackage” (Wilkerson and Hayes, 2010)
(http://www.bioconductor.org/; 1,000 iterations and resampling
rate of 80%). The cumulative distribution function (CDF) and
delta area were considered to determine the optimal number of
groups (k). Subsequently, we identified DEGs between the
different clusters (DEGs2) and defined the hub genes as genes
common to both DEGs1 and DEGs?2.
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Construction and Validation of
Methylation-Regulating Genes Prognostic

Signature

We divided TCGA patients into training and validation cohorts at
a ratio of 3:7 (11 samples were deleted because their OS was 0 or
unknown), and prognostically significant hub genes (p < 0.05)
were screened by univariate Cox regression analysis. In fact, these
candidate genes were used to establish a methylation-regulating
genes prognostic signature (MRGPS) via multivariate Cox
regression analysis. The risk score for each patient was
determined using the following formula:

Risk score = ZCoef(i) x x (i)

i=1

Thereafter, the patients were classified into low-risk and high-
risk groups based on the median risk score. We determined the
prognostic ability of the MRGPS in the training cohort by
generating Kaplan-Meier and receiving
operating characteristic (ROC) curves using the R packages
“survminer” and “survivalROC”. The prognostic performance
of this MRGPS was further tested in the testing cohort in the same
manner as mentioned above.

survival curves

Functional Analysis

We conducted Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis to analyze the main
function using the “clusterProfiler" (Yu et al,, 2012) R package
and visualized it using the “Treemap” (Liu et al, 2021) and
“ggplot2” packages. Additionally, GSEA was performed to
understand the biological processes prevalent in the different
subgroups using the “clusterProfiler” R package. Predefined gene
sets were identified in the GSEA using the GO Biological Process;
5,000 permutations were performed to determine the p values of
these gene sets. Significant pathways were defined as having a p
value of <0.05 and a false discovery rate (FDR) of <0.05 (Powers
et al., 2018).

Immune Score and Immunotherapy

Benefits Analyses

We conducted a single sample GSEA (ssGSEA) analysis, where
(Bustin and Mueller, 2005)in we analyzed 20 immune cells of 537
ccRCC samples based on the expression profile of a single sample;
we used the “gsva” R package to perform this analysis
(Hianzelmann et al., 2013). The ESTIMATE algorithm (i.e., the
“estimate” R package) was used to calculate the immune score of
each patient. Subsequently, we assessed the immune score
difference between the two cluster subgroups. A semi-
quantitative analysis of 22 immune cell types in the two
MRGPS groups was performed using CIBERSORT via the
“cibersort” R package (Chen et al, 2018). Moreover, we
calculated tumor immune dysfunction and exclusion (TIDE)
and microsatellite instability (MSI) scores from the website of
http://tide.dfci.harvar.edu to assess the potential efficacy of ICIs
in the two MRGPS subgroups (Fu et al., 2020). We also compared

MRGPS for ccRCC

the somatic mutations between the two MRGPS subgroups by
obtaining the TMB, i.e., the total number of somatic mutations.

Predicting the Benefits of MRGPS for

Tyrosine Kinase Inhibitors

Since VEGFR-targeted therapy remains the first line of treatment
for ccRCC, we explored the sensitivity of TKIs, such as sunitinib,
sorafenib, pazopanib, and axitinib, stratified by MRGPS. The
sensitivity of each TKI was evaluated by ICs, calculation using the
“pRRophetic” package (Geeleher et al, 2014), and the
corresponding data were obtained from the Genomics of Drug
Sensitivity in Cancer database (Yang et al., 2013).

Development of Risk Prediction Model
Furthermore, we conducted a multivariate Cox analysis to
evaluate whether the signature-based risk score was
independent of other clinical characteristics. The testing
cohort was used to further test the performance of the
signature in the same manner mentioned above. Thereafter,
we generated a nomogram consisting of the current MRGPS
and clinical characteristics with p < 0.1. This helped predict the 1-,
3- and 5-years overall survival (OS) of the TCGA ccRCC patients
using the “rms” package. Additionally, we evaluated this
nomogram using the calibration curve, ROC curve, and
decision-making curve (DCA).

Quantitative Reverse Transcription PCR
Relative quantitation of the 15 paired mRNAs was determined by
quantitative reverse transcription polymerase chain reaction
(qQRT-PCR; SuperScript IV Reverse Transcriptase 18090010;
Thermo Fisher, United States). The amplification reactions
were performed as described previously (Bustin and Mueller,
2005). NSUNG6-specific primers were: forward primer, 5'-ATC
TGCGTCCGTTTCACC-3' and reverse primer, 5-GCTTCC
ACCACACCTCATC-3". NOP2-specific primers were: forward
primer, 5-GGGCACAGACACACAAACA-3' and reverse
primer, 5-GAACGGATGGGAGACACAG-3". TET2-specific
primers were: forward primer, 5'-CACAACCATCCCAGAGTT
CA-3' and reverse primer, 5'-ACTTCCTCCAGTCCCATTTG-
3’. Human p-actin-specific primers were: forward primer, 5'-
GAAGAGCTACGAGCTGCCTGA-3' and reverse primer 5'-
CAGACAGCACTGTGTTGGCG-3". Data  analysis  was
performed using the AACT method.

Statistical Analyses

Distributed data were compared by performing the Student’s
t-test and Wilcoxon test, whereas proportion differences
were calculated by the chi-square test. Additionally,
component analysis in subgroups were compared by the
Fisher’s test. While survival differences between different
groups were assessed via the log-rank test, prognostic
factors were identified by the Cox regression analyses. All
statistical analyses were performed using RStudio version
4.0.3, and two-sided p < 0.05 was considered as statistically
significant.

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

90

March 2022 | Volume 10 | Article 832803


http://tide.dfci.harvar.edu
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhang et al.

MRGPS for ccRCC

Transcriptome data and clinical information of
537 ccRCC samples and 72 corresponsonding
normal samples from TCGA database

The expressions of methylation-regulated
genes (n=359) in ccRCC

¥

Differential expression
genes (DEGs1, n=95)
between normal and ccRCC
samples

Hub genes (n=13)

¥
Consensus clustering
identified two clusters of
patients with ccRCC
v

Immune cell infltration analysis j

GSEA and GSVA analysis j

Differential expression genes
(DEGs2, n=17) between
different clusters

Univariable Cox regression analysis

}

regression analysis

[Establishing MRGPS based on multivariate CoxJ

—

Construction a
prognostic
nomogram

FIGURE 1 | The entire analytical process of the studly.

_— . Validation using The correlation .
Validation using : G G : Comprehensive
- i independent analysis with Validation using .
survival analysis prognostic clinical qPCR and HPA analysis of
and ROC curve 5 g MRGPS
analysis characteristics

l l

Predicting the

The benefits

Imm Il ;
) Iunelce for immuno- benefits for
infiltration
et therapy targeted
n i P!
Yy analysis therapy

RESULTS

Identification of Methylation-Regulating

Hub Genes

The entire analytical process of this study is presented in Figure 1,
and the clinical characteristics of the ccRCC patients in the TCGA
and FPH cohorts are listed in Table 1. Additionally, Figure 2A
presents all 95 DEGs among tumor and normal tissues (DEGsl:
FDR<0.05 and |log2FC|>0.5), including 51 upregulated and 44
downregulated genes; the top 50 DEGs are presented in a
heatmap (Figure 2B). The GO analysis of DEGsl revealed that
methylation-relate biological process (BP), cellular component (CC),
and molecular function (MF) were enriched in tumor tissues
(Figure 2C).

Subsequently, we performed consensus clustering to explore
the molecular characteristics between different MRG expression
samples. We observed a relative change in the CDF of the
consensus cluster from k = 2 to k = 9 (Figure 2D); the delta
area under the CDF curve from k = 2 to 9 is depicted in

Supplementary Figure S1H. The corresponding heatmap
presents the results of this consensus from k = 2 to 9 (k = 2,
Figure 2E; k = 3-9, Supplementary Figure S1A-G). The criteria
for deciding the cluster number was determined by a relatively
high consistency and a low variation coefficient and an
appreciable increase in the area under the CDF curve. Thus,
after comprehensive consideration, we chose k = 2 as the optimal
cut-off for the clusters number.

A significant difference in the OS was observed between patients
of clusters 1 and 2 (p < 0.001, Figure 2F). To determine which genes
contributed to this difference in prognosis, we first identified 17 genes
as DEGs between cluster 1 and cluster 2 (DEGs2: FDR<0.05, |log2FC|
>0.5; Figure 2G); these genes are also represented in a heatmap
(Figure 2H). Eventually, 13 overlapping genes between DEGs1 and
DEGs2 were identified as the hub genes (Figure 21, Supplementary
Table S2).

We further evaluated the molecular characteristics of the
different clusters by conducting immune-related analyses
between clusters 1 and 2. The ssGSEA demonstrated that
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TABLE 1 | Clinical characteristics of the ccRCC patients in TCGA cohort and FPH

cohort.
Characteristic TCGA cohort FPH cohort
n (%) 537 (100%) 15 (100%)
Age, n (%) - —
<65 352 (65.55%) 11 (73.33%)
>65 185 (34.45%) 4 (26.67%)
Gender, n (%) — -
Female 191 (35.57%) 6 (40.00%)
Male 346 (64.43%) 9 (60.00%)
Histologic grade, n (%) - —
G1 14 (2.61%) NA
G2 230 (42.83%) NA
G3 207 (38.55%) NA
G4 78 (14.53%) NA
NA 8 (1.48%) NA
Pathologic stage, n (%) - —
Stage | 269 (50.09%) 12 (80.00%)
Stage |l 57 (10.61%) 2 (13.33%)
Stage Il 125 (23.28%) 1 (4.67%)
Stage IV 83 (15.46%) 0 (0%)
NA 3 (0.56%) 0 (0%)
T stage, n (%) - —
T 275 (51.21%) 12 (80.00%)
T2 69 (12.85%) 2 (13.33%)
T3 182 (33.89%) 1(4.67%)
T4 11 (2.05%) 0 (0%)
N stage, n (%) — -
NO 240 (44.69%) 15 (100%)
N1 17 (3.17%) 0 (0%)
NA 280 (52.14%) 0 (0%)
M stage, n (%) - —
MO 426 (79.33%) 15 (100%)
M1 79 (14.71%) 0 (0%)
NA 32 (5.96%) 0 (0%)

cluster 2 had a high abundance of approximately all immune cell
types compared to cluster 1 (p < 0.05, Figure 3A). Moreover, the
tumor microenvironment estimate scores, including the stromal,
immune, and total scores, were higher in cluster 2 than those in
cluster 1 (p < 0.05, Figure 3B). Notably, immune-related
signaling pathways were enriched in cluster 2, as determined
by the GSEA (Figure 3C and Supplementary Table S3).
Furthermore, we obtained the enrichment score of each
negative immune-related signaling pathway in each ccRCC
sample by performing a gene set variation analysis (GSVA).
Consequently, we observed significant survival differences
between high- and low-GSVA scores regarding the negative
regulation of adaptive immune response, negative regulation of
immune response, and negative regulation of leukocyte-mediated
immunity (p < 0.05, Figures 3D-F); however, this did not hold
true for the negative regulation of natural killer cell-mediated
immunity (p > 0.05, Figure 3G).

Construction and Validation of the
Methylation-Regulating Genes Prognostic

Signature

In the training cohort, we screened prognosis-associated seven
hub genes by univariate Cox regression analysis (Figure 4A).
Then, a multivariate Cox regression analysis was conducted to

MRGPS for ccRCC

screen the optimal model and was depicted in Figure 4B; based
on their regression coefficients, three MRGS (NOP2, NSUN6, and
TET2) were identified to form an MRGPS. The MRGPS score of
each patient was calculated according to the following formula:
Risk score [NOP2 expression*(0.656940513)] + [NSUN6
expression*(0.911107243)] + [TET2 expression*(-
1.180533124)]. Considering the median score as the cut-off
value, patients in the training cohort were divided into low-
and high-risk groups; these patients had apparent survival
differences (p < 0.001, Figure 4C). The corresponding risk
scores and survival statuses are presented in Figure 4D. The
ROC curves demonstrated the excellent predictive capability of
the current MRGPS with 1-, 3-, and 5-years AUCs being 0.798,
0.750, and 0.768, respectively (Figure 4E). Likewise, the
advantages of the current MRGPS were observed in the
validation (Figures 4F-H) and the whole cohorts (Figures 4L,)).

In addition, relationships between clinicopathological
characteristics and risk scores were further explored. As shown
in Supplementary Figure S2A, differences were observed
regarding the age (age <65 years, age >65 years), differentiation
(G1, G2, G3, G4), T stage (T1, T2, T3, T4), M stage (M0, M1), and
cancer stage (I, I, III, IV). Furthermore, Kaplan-Meier survival
curves showed that the high-risk patients had worse prognoses
than the low-risk patients in the following attributes: age
<65 years, age >65 years, male sex, female sex, G1-2, G3-4, T1-
2, T3-4, MO, M1, stage I-II, and stage III-IV (p < 0.05,
Supplementary Figure S2B-M).

Immune Analyses and Immunotherapy

We further explored the immune microenvironment
characteristics of patients belonging to the different risk
subgroups by conducting immune cell infiltration and immune
function analysis on the TCGA cohort patients. We observed
significantly decreased number of naive B cells, memory B cells,
plasma cells, CD4+T cells, CD4+T memory cells, gamma T cells,
resting NK cells, MO/M1/M2 and resting dendritic cells, activated
dendritic cells, and resting mast cells and also observed increased
number of CD8+T cells and regulatory T cells in the high-risk
group (p < 0.05, Figure 5A). Relative expression levels of MHC
molecules and co-stimulatory molecules and adhesion factors,
such as CD40, CD58, HLA-A, HLA-B, HLA-C, HLA-DMA,
HLA-DOB, HLA-DPBI, and HLA-F, were all higher in the
high-risk group than those in the low-risk group (p < 0.05,
Figure 5B). Importantly, the expression levels of immune
checkpoint proteins, such as PDCD1, CTLA4, TBX2, TNF,
LAG3, CD8A, IENG, and GZMB were all significantly higher
in the high-risk group than those in the low-risk group (p < 0.05,
Figure 5C).

Furthermore, patients in the high-risk group were found to
have a higher TIDE score, lower MSI score, and higher TMB than
those in the low-risk group (p < 0.05, Figures 5D-F). This
suggested that low-risk patients may benefit more from
immunotherapy compared to high-risk ones according to the
current MRGPS. We further validated this observation using the
“IMvigor 210” dataset containing clinical information and RNA-
seq data of metastatic urothelial cancer patients who were treated
with the ICI atezolizumab (PD-L1 inhibitor). Remarkably, data
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FIGURE 2 | Identification of methylation-regulating Hub Genes. (A) Volcano plot demonstrates DEGs1. (B) Heatmap demonstrates the top 50 DEGs1. (C) The
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from the 298 IMvigor patients also validated the clinical utility of
the current MRGPS in response to atezolizumab (p < 0.05,
Figure 5G).

Potential Biological Pathway Analysis of
Methylation-Regulating Genes Prognostic
Signature

We further determined the potential biological pathways
prevalent in different risk group by performing a KEGG
analysis on the DEGs among high- and low-risk groups
(FDR<0.05 and |log2FC|>0.5). We observed that the
“PI3K—-Akt signaling pathway”, “mTOR signaling pathway”,

“Ras signaling pathway” and other carcinogenesis-related
pathways were enriched in the high-risk group (Figure 6A).
Furthermore, the GSEA revealed that the high-risk group had
higher enrichment score for the PI3K-AKT and mTOR pathways
compared to the low-risk group (Figures 6B,C). These results
revealed that the MRGPS possibly promotes cancer development
by activating these pathways.

VEGF Family Expressions and TKI
Sensitivity

As the VEGF family was an important molecular target, we
compared their expression levels in high- and low-risk groups.
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Consequently, no significant differences in VEGFA expression
were observed between the two groups (p > 0.05, Figure 7A).
VEGFB and VEGFD expression
significantly upregulated in the high-risk group (p < 0.05,

However,

levels were

Figures 7B,D), whereas that of VEGFC was significantly
downregulated in the high-risk group (p < 0.05, Figure 7C).
Further analysis revealed that sunitinib had lower ICs, the higher-
risk group than that in the low-risk groups (p < 0.05, Figure 7E).
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FIGURE 5 | Immune-related analysis between different MRGPS subgroup. (A) The proportions of TME cells in different MRGPS subgroups. (B) Relative expression

of MHC molecules, co-stimulatory molecules, and adhesion factors. (C) Association of MRGPS with immune checkpoint molecules. (D) TIDE, (E) MSI, (F) TMB score in
different MRGPS subgroups. (G) Distribution of immune response to ICls therapy in different MRGPS subgroups in IMvigor patients. Significant statistical differences
between the two subgroups were assessed using the Wilcoxon test (ns, p > 0.05; *, p < 0.05; **, p < 0.01; **, p < 0.001).

In contrast, pazopanib (p < 0.05, Figure 7G), but not sorafenib ~ whole cohorts (p < 0.05, Table 2). Subsequently, we developed a
and axitinib (both p > 0.05, Figures 7F,H), had lower IC5, in the ~ nomogram based on age, differentiation grade, stage, and MRGPS
low-risk group than that in the high-risk group. These results  risk score to further predict the OS of ccRCC patients belonging
indicated that different risk groups had varying susceptibilities for ~ to the TCGA cohort (p < 0.1, Figure 8A). We observed good
different targeted drugs. calibrations regarding the predicted vs observed 1-, 3-, and 5-
years OS of the patients (Figure 8B). Moreover, the ROC curves

. . . exhibited better predictive capability in the current nomogram to
Methylation-Regulating Genes Prognostic predict the 1-, 3-, and 5-years OS than the MRGPS and risk scores
Signature-Based Nomogram Construction published by Wang et al. (2021), Chen et al. (2021), and Zheng
Furthermore, we discovered that the current risk score was an  etal. (2021) (Figures 8C-E). Additionally, DCA analysis revealed
independent risk factor for OS in the training, validation, and  the superiority of the current nomogram over MRGPS and the
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(Figures 8F-H).

Validation Using Quantitative Real-Time
Transcription-PCR and Human Protein

Atlas Datasets

Our qRT-PCR analysis revealed elevated expression levels of
NOP2 and NSUNS6, but decreased expression of TET2 were in
the tumor tissues compared to those in the paired normal tissues
of 15 ccRCC samples obtained from FPH (p < 0.05, Figures
9A-C). The results of HPA database demonstrated that the
expression levels of both NOP2 and NSUN6 were higher in
the ccRCC tissues than those in the normal tissues; however,
the expression of TET2 was significantly lower in the ccRCC
tissues than that in the normal tissue (Figures 9D-F).

DISCUSSION

Global and local changes in DNA/RNA/histone methylation are
seminal features of malignant tumor cells (Michalak et al., 2019).
In the current study, we identified three MRGs (NOP2, NSUNG,
and TET2) from TCGA data and established an MRGPS for the

prognoses of ccRCC patients. This MRGPS exhibited excellent
calibration and discrimination. In addition, we validated the three
candidate genes in 15 paired ccRCC samples obtained from FPH
by qRT-PCR. Furthermore, the current risk score was correlated
with tumor immune microenvironment characteristics and could
be used as a potential biomarker of ccRCC response to ICIs.
Of note, ccRCC is a highly heterogeneous malignancy
(Jonasch et al., 2021). The existing prognosis models that
incorporate clinicopathological characteristics, such as the
AJCC staging system and the Mayo Clinic stage and necrosis
score, have improved prognosis capacity (Parker et al., 2017).
However, owing to the complex molecular mechanism of ccRCC,
clinical parameters alone are inadequate for predicting the
prognoses of ccRCC patients. Interestingly, chromatin
methylations, such as m5C and m6A, play a fundamental role
in the ccRCC carcinogenesis (Angulo et al., 2021). Nonetheless,
comprehensive exploration of chromatin methylation in ccRCC
is still lacking. In this study, we established a novel MRGPS using
data from TCGA ccRCC patients; this MRGPs improved the
prognoses of ccRCC patients with a C-index as high as 0.798 at 1-
year OS. In addition, close links were identified between the
clinical and pathological characteristics of ccRCC and MRGPS:
age, sex, differentiation, and tumor node metastasis (TNM) stage.
Furthermore, a MRGPS-incorporating nomogram demonstrated
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TABLE 2 | Multivariate Cox regression analysis in training, validation, and the whole cohorts.

Characteristics

Multivariate analysis

Hazard
ratio (95% ClI)

Training cohort

Age 1.045 (1.019-1.072)2
Gender 0.955 (0.5654-1.649)
Grade 1.168 (0.761-1.791)
Stage 2.123 (0.955-4.722)
T 0.687 (0.339-1.390)
M 1.561 (0.499-4.886)
Risk score 1.218 (1.115-1.332)*

AStatistically significant (p < 0.05).

a higher prognostic capacity and clinical utility than published
risk scores.

Among the three MRGs identified, NOP2 and NSUN6 were
prognostic risk factors, whereas TET2 was a prognostic protective
factor. Notably, NOP2 and NSUNG6 are key members of the
NOP2/Sun domain family and possess S-adenosyl-L-
methionine-dependent methyltransferase activity (Frye and
Blanco, 2016). NOP2 is upregulated in various cancers,
including lung adenocarcinoma, breast cancer, and prostate
cancer, and it is associated with tumor aggressiveness (Ma
et al,, 2017). Deficiency of NSUN6-mediated methylation can
downregulate transcription and translation. While NSUN6
expression is highest in the testis and lowest in the blood, it is
heterogeneous in different tumors. However, it is downregulated
in tumors originating from tissues that have high NSUN6

Validation cohort The whole cohorts

1.027 (1.009-1.046)%
0.879 (0.577-1.340)
1.474 (1.098-1.978)
1.504 (0.834-2.710)
0.914 (0.530-1.577)
1.426 (0.593-3.428)
1.230 (1.076-1.406)%

1.032 (1.017-1.047)
0.958 (0.691-1.329)
1.398 (1.108-1.765)%
1.559 (0.985-2.466)
0.894 (0.589-1.357)
1.523 (0.774-2.996)
1.222 (1.141-1.308)

expression, such as the testis, thyroid, and ovaries (Selmi et al.,
2021). In contrast, it is upregulated in tumors originating from
tissues that have low NSUN6 expression, such as that in
hematologic tumor and kidney cancer. Moreover, NSUNG6 is
associated with prognosis of various cancers, including
pancreatic cancer (Yang et al, 2021) and hepatocellular
carcinoma (Wang et al,, 2018). It also plays an important role
in bone metastasis (Li et al., 2017). On the other hand, TET2
mutations have been widely identified various myeloid
malignancies. In fact, TET2 inactivation leads to
polyhematopoietic abnormalities in mice, which is a recurrent
event in human lymphoma formation (Ferrone et al., 2020).
Notably, TET2 dysfunction mutations are generally associated
with DNA hypermethylation, tumor progression, and poor
patient outcomes (Cimmino et al., 2017). However, NOP2,
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NSUNG6, and TET2 have been rarely studied in ccRCC. In the
present study, qRT-PCR data from 15 paired FPH ccRCC
samples revealed that while NOP2 and NSUN6 were
upregulated, TET2 was downregulated in tumor tissues
compared with those in normal tissues. In summary, NOP2,
NSUN6, and TET2 were identified as prognostic biomarkers
for ccRCG; however, additional in vitro and in vivo research is
needed to validate these findings.

The potential mechanisms of MRGPS regulating ccRCC
prognosis deserved further study. In the present study, we
found via KEGG analysis and GSEA that the PI3K-AKT and
mTOR signaling pathways were highly enriched in the high-risk
subgroup. The PI3K signaling pathway facilitates several essential
cellular functions, such as cell proliferation, growth, migration,
metabolism, and survival (Fruman and Rommel, 2014). In a large
cohort of 419 primary ccRCC patients, aberrantly expressed

components of the PI3K signaling cascade (e.g., PTEN, PI3K,
p-AKT, mTOR, p-mTOR, p-S6, and p-4EBP1 proteins) exhibited
aggressive pathological features and caused adverse survival
(Darwish et al., 2013). Therefore, we hypothesized that poor
prognoses of patients with a high MRGPS might be because of
activation of the PI3K-AKT and mTOR pathways; nonetheless,
this hypothesis requires further exploration.

Since ccRCC is a highly vascular tumor, the levels of
angiogenic factors, including VEGF, are correlated with its
prognosis (Choueiri and Kaelin, 2020). Inhibition of VEGFR
generally causes vascular normalization, thereby activating anti-
tumor immunity (Hsieh et al., 2017). Until 2017, the multikinase
inhibitors sunitinib and pazopanib that primarily target VEGFR
formed the frontline treatment for ccRCC (Powles et al., 2021).
The median progress free survival (PFS), OS and ORR for
sunitinib and pazopanib are 8.4 and 9.5 months, 28.4 months
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and 29.3 months, and 25 and 31%, respectively (George et al,,
2021). The complexity of the VEGFR family may possibly be
responsible for the inconsistent results. In this study, we
found that the current MRGPS could be used as an
alternative to VEGFRs. Remarkably, it had a positively
correlation with VEGFB/D and negative correlation with
VEGFC; however, it did not have a correlation with
VEGFA. Furthermore, we also found that while sunitinib
had a lower ICsq, pazopanib had a higher ICsq in high-risk
patients than those in low-risk patients, according to the
current MRGPS. This highlighted the response divergence
between sunitinib and pazopanib and clarified personalized
TKI treatment for ccRCC patients.

Although ccRCC patients have a typically suppressed immune
status, they are highly abundant in immune cells (Senbabaoglu
et al,, 2016). In this study, we revealed that the current MRGPS
was correlated with tumor-infiltrating lymphocytes: high MRGPS
was associated with increased number of CD8+T cell number,

activated NK cell, follicular helper cells T cells, and regulatory
T cells. In contrast, low MRGPS was associated with decreased
number of naive B cells, resting memory CD4" T cells,
monocytes, macrophages M2, and resting mast cells, as
previously reported (Diaz-Montero et al, 2020). In addition,
the current MRGPS was also associated with co-stimulatory
molecules, such as CD40 and CD58. Immune checkpoints are
cell surface receptors expressed on immune cells, and their
inhibition causes immune activation. In the present study, we
found that high MRGPS was associated with PDCD1 and CTLA4
expression levels (both p < 0.001). Further analysis revealed that
low MRGPS was correlated with lower TIDE score and higher
MSI score than high MRGPS (both p < 0.05), indicating that
patients with low MRGPS would benefit more from ICIs.
Importantly, this finding was validated in 298 IMvigor patients
receiving atezolizumab. Therefore, MRGPS is a promising
biomarker for predicting the response of ccRCC patients
towards IClIs.
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Nonetheless, our study has several limitations. First, both the
data from TCGA and FPH are retrospective; therefore, the risk
score needs to be verified in prospective cohorts. Second, merely
incorporating MRGPS to build a prognostic model is inadequate,
regardless of its importance. Third, samples from FPH were too
few, and the results need to be validated in more samples. Finally,
the associations of the current MRGPS with tumor mutations,
tumor immune microenvironment, and TKI and ICI responses
require further validation in vitro and in vivo.

In conclusion, the current MRGPS consisting of NOP2,
NSUN6, and TET2 is a potential alternative prognostic
biomarker for ccRCC patients and is also be a promising
index for personalized ICI treatments in ccRCC.
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Pyroptosis is defined as an inflammatory form of programmed cell death. Increasing
studies have demonstrated that pyroptosis is closely related to tumor development and
antitumor process. However, the role of pyroptosis in kidney renal papillary cell carcinoma
(KIRP) remains obscure. In this study, we analyzed the expression of 52 pyroptosis-related
genes (PRGs) in KIRP, of which 20 differentially expressed PRGs were identified between
tumor and normal tissues. Consensus clustering analysis based on these PRGs was used
to divided patients into two clusters, from which a significant difference in survival was
found (p = 0.0041). The prognostic risk model based on six PRGs (CASP8, CASP9,
CHMP2A, GPX4, IL6, and IRF1) was built using univariate Cox regression and
LASSO-Cox regression analysis, with good performance in predicting one-, three-,
and five-year overall survival. Kaplan—-Meier survival analysis showed that the high-risk
group had a poor survival outcome (p < 0.001) and risk score was an independent
prognostic factor (HR: 2.655, 95% Cl 1.192-5.911, p = 0.016). Immune profiling revealed
differences in immune cell infiltration between the two groups, and the infiltration of M2
macrophages was significantly upregulated in the tumor immune microenvironment,
implying that tumor immunity participated in the KIRP progression. Finally, we identified
two hub genes in tumor tissues (L6 and CASP9), which were validated in vitro. In
conclusion, we conducted a comprehensive analysis of PRGs in KIRP and tried to
provide a pyroptosis-related signature for predicting the prognosis.

Keywords: pyroptosis, kidney renal papillary cell carcinoma, signature, prognosis, gene

INTRODUCTION

Renal cell carcinoma (RCC) is one of the most common tumors in the genitourinary system,
accounting for 3.7% of all malignancies globally (Sung et al., 2021). Kidney renal papillary cell
carcinoma (KIRP) refers to a subtype of RCC, with a relatively lower invasiveness and better
prognosis than other types of RCC. However, approximately 25-35% of RCC patients had distant
metastasis at the time of initial diagnosis, and the five-year survival rate of metastatic RCC was found
to be only about 12% (Brozovich et al., 2021; Roberto et al., 2021). Accordingly, a novel risk model
should be developed to identify potential high-risk KIRP patients, which may be conductive to
clinical decision-making or exploring novel therapeutic biomarkers.

Pyroptosis has been reported as an inflammatory type of programmed cell death mediated by
gasdermin proteins (Xia et al., 2019). The members of gasdermin families consist of GSDMA,
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GSDMB, GSDMC, GSDMD, GSDME (or DFNA5), and PJVK (or
DENB59) (Broz et al., 2020). Pyroptosis is characterized by pore
formation in the plasma membrane, which can lead to the
formation of inflammasomes and the release of pro-
inflammatory factors, thus resulting in cell death. Pyroptosis
was firstly discovered in the inflammatory response to
infection (Zychlinsky et al, 1992). According to further
research studies, more functions relating to pyroptosis in
neurological, infectious, autoimmune, cardiovascular, and
oncologic disorders have been found (Yu et al., 2021). Over
the past few years, increasing studies have confirmed that
pyroptosis might play a double-edged role since it could both
promote and inhibit tumor cells. On the one hand, the activated
pyroptosis can result in the release of inflammatory mediators,
such as IL-1 and IL-8, which can form an inflammatory
environment and facilitate the occurrence of cancer (Chavez-
Dominguez et al., 2021). On the other hand, inducing pyroptosis
of tumor cells showed a great potential in inhibiting tumor
proliferation, migration, and invasion (Derangere et al., 2014;
Wang et al.,, 2017). For example, iron-activated reactive oxygen
species (ROS) could promote melanoma cell pyroptosis via a
Tom20-Bax-caspase-GSDME pathway (Zhou et al, 2018).
However, the effect of pyroptosis on the development and
prognosis of KIRP remains unknown.

In this study, we performed a comprehensive analysis for the
expression level of pyroptosis-related genes (PRGs) in KIRP and
constructed a signature to predict the survival outcomes of KIRP
patients. Subsequently, functional enrichment analysis and its
interactions with cancer immunity of the signature were further
explored. Furthermore, hub genes of the signature were validated.

MATERIALS AND METHODS

Dataset Acquisition

The normalized RNA sequencing (RNA-seq) expression data as
transcripts per million (TPM) and corresponding clinical
information of 321 KIRP samples were acquired from TCGA
database (https://xenabrowser.net/datapages/, until December
01, 2021). After screening, the 72 samples were rejected based
on the merged sample quality annotations (https://gdc.cancer.
gov/about-data/publications/pancanatlas).  Additionally, 28
normal kidney samples were collected from the Genotype-
Tissue Expression (GTEx) database (https://xenabrowser.net/
datapages/, until December 01, 2021). All RNA-seq data were
log,-transformed for further analysis.

Identification of Differentially Expressed

PRGs

As shown in Supplementary Table S1, the 52 PRGs were
retrieved from GSEA (http://www.gsea-msigdb.org/gsea/index.
jsp) and previous research (Supplementary Table S1) (Qi
et al., 2021). The “limma” R package was utilized to determine
differentially expressed genes (DEGs) between 28 normal kidney
samples and 249 KIRP samples, with |Log,FC|>1 and p < 0.05.
The differentially expressed PRGs were selected through the
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“VennDiagram” package, and their protein-protein interaction
(PPI) network was acquired from the STRING database (https://
www.string-db.org/, version 11.5).

Consensus Clustering Analysis

To investigate the biological characteristics of differentially
expressed PRGs in KIRP patients, we classified the patients
into different subtypes using the “ConsensusClusterPlus” R
package with a resampling rate of 80% and 500 iterations. The
differential clinical information and expression of different
subtypes were shown in the heat-map. The survival differences
among clusters were visualized with the Kaplan-Meier curve
using the “survival” R package.

Establishment of a Pyroptosis-Based

Prognostic Model

Univariate Cox proportional hazards regression analysis
determined the prognostic value of PRGs in KIRP patients,
and genes with p < 0.2 were selected for subsequent analysis.
The candidate PRGs were selected using 10-fold cross-validation
of the least absolute shrinkage and selection operator (LASSO)-
penalized Cox regression analysis in the “glmnet” R package.
Then, the prognostic model was built based on the six genes
(CASP8, CASP9, CHMP2A, GPX4, IL6, and IRFI) and their
coefficients, and the penalty parameter (A\) was decided by the
minimum criteria. The risk score of each patient was calculated
according to regression coefficients derived from the LASSO-Cox
regression model multiplied with its gene expression level, as
follows: Risk score = Zin*Yi (X: coefficients, Y: gene expression
level). Next, 249 patients were separated into the low-risk group
and the high-risk group based on the median risk score, and
Kaplan-Meier survival analysis and a log-rank test were
performed to compare the survival outcomes between two risk
groups. The area under the curve (AUC) of the receiver-operating
characteristic (ROC) curve based on the “survival,” “survminer,”
and “time-ROC” R packages was used to evaluate the predictive
performance of the prognostic model.

Independent Prognostic Analysis of Risk
Scores

To identify independent prognostic factors and validate the
independent prognostic value of risk score, the risk score and
clinical characteristics including age, gender, and T-stage,
N-stage, M-stage, and tumor stage in TCGA dataset were
analyzed via univariate and multivariate Cox regression
models, respectively. These multivariate prognostic analysis
results were calculated and then visualized by the “forestplot”
R package.

Functional Enrichment Analysis of DEGs
and Evaluation of Tumor Immune

Microenvironment
The DEGs between the low-risk group and the high-risk group
were identified via the “limma” R package. |Log,FC|>1 and p < 0.05
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were considered to be statistically significant. The Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses of those DEGs were performed via the
“clusterProfiler” R package. The “CIBERSORT” package was
used to explore the landscape of 22 tumor-infiltrating immune
cells and their connection with the signature.

Ethics Statement and Tissue Sample

Collection

A total of three pairs of tissues from KIRP patients and their
paired normal tissues were collected from the Department of
Pathology of The Second Affiliated Hospital of Chongqing
Medical University, which was approved by the Human
Research Ethics Committee.

Immuno-Histochemical Staining

Paraffin sections were placed in a 60°C oven to melt the paraffin
and soaked in xylene and ethanol at different concentrations to
elute the paraffin. Then, the sections were incubated with 3%
H,0, at room temperature for 10 min to eliminate endogenous
peroxidase activity. The sections were immersed in boiling
EDTA repair solution for 10 min and allowed to cool naturally.
Then, the sections were incubated with 5% BSA blocking
solution at 37°C for 30 min. The sections were incubated
with appropriately IL-6 primary antibody (1:50, Proteintech,
21865-1-AP) and CASP9 primary antibody (1:200, Abcam,
ab202068) at 4°C overnight. The next day, the sections were
washed three times with PBS for 10 min. The sections were
incubated with secondary antibody at room temperature for
60 min. After washing three times with PBS for 10 min, the
tissues were stained with DAB and hematoxylin. Then, the
sections were sequentially immersed in 60, 75, 80, 95, and
100% ethanol for dehydration. Finally, the sections were sealed
with neutral gum and observed with a light microscope.

Statistical Analysis

The DEGs between the normal and KIRP tissues were analyzed
with one-way analysis of variance. The Kaplan-Meier curve with
a two-sided log-rank test was utilized to assess the survival
difference. Cox regression models were applied to identify
prognostic factors, with hazard ratios (HRs) and 95%
confidence intervals (CIs). All statistical analyses were
completed by R software (v4.1.0), and p < 0.05 was considered
statistically significant.

RESULTS

Identification of Differentially Expressed

PRGs Between KIRP and Normal Tissues

The mRNA expression of 52 PRGs from 249 tumor and 28
normal tissues was examined on the basis of TCGA data. 20
genes were considered differentially expressed PRGs with |
Log2FC|>1 and p < 0.05. As shown in Figure 1A, 13 genes
(GRX4, BAX, CHMP2A, PYCARD, CHMP48, IL18, CASP4,
PLCG1, TP53, CASP1, CHMP6, CASP8, and CASP3) of the
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above genes were upregulated, and 7 genes (TIRAP, CHMP7,
IL6, IRF1, CASP9, PRKACA, and CHMP3) were
downregulated in the tumor group. To further explore the
interactions of these 20 differentially expressed PRGs, PPI
network analysis was conducted, and the results are shown in
Figure 1B. And the correlation network of these genes is
shown in Figure 1C.

Consensus Clustering Analysis Based on

Differentially Expressed PRGs

To investigate whether differentially expressed PRGs had an
impact on survival outcomes, we carried out the consensus
clustering analysis of 249 KIRP patients. Based on the above
PRGs, the results showed that the clustering variable (k) = 2
was considered to have the optimal stability from k = 2 to 9,
implying that KIRP patients could be divided into two clusters
(cluster 1 and cluster 2) with the highest intragroup
correlations and the lowest intergroup correlations (Figures
2A-D). Notably, compared with those in cluster 1, KIRP
patients in cluster 2 had a significantly longer survival
(Figure 2E, p = 0.0041), indicating a significant prognostic
value of these PRGs. Moreover, clinical characteristics
including gender, age, and tumor TNM stage were
presented in two clusters without significant differences
(Figure 2F).

Construction of a Prognostic Six-Gene
Signature in KIRP Patients

The clinical implication of PRGs was further assessed in KIRP
patients. As shown in univariate Cox regression analysis
(Figure 3A), 11 (IL6, CHMP2A, GPX4, CASP3, CASP4,
CASP8, CASP9, CHMP7, PRKACA, TP53, and IRFI) of
PRGs were survival-related with p < 0.2. And then, LASSO-
Cox regression analysis was performed using 11 prognostic
genes, and a signature consisting of CASP9, CHMP2A, GPX4,
IL6, IRF1, and CASP8 was constructed based on the optimal A
score (Figures 3B,C). The risk score was calculated by the

following formula: Risk score = (0.067*IL6 exp.) +
(0.01011*CASP8 exp.) + (0.5066*IRF1 exp.) +
(—0.4791*CASP9 exp.) + (—0.0988*CHMP2A exp.) +

(—0.119*GPX4 exp.). 249 KIRP patients were approximately
divided into the low-risk group and the high-risk group
according to the median risk score (Figure 3D). As shown
in Figure 3E, the result of principal component analysis (PCA)
indicated patients of two risk groups could be distributed into
two directions. Figure 3F shows that patients of the low-risk
group tended to have a low probability of mortality compared
to those of the high-risk group. Consistently, Kaplan-Meier
analysis showed that the high-risk group had a significantly
shorter survival time (Figure 3G, p < 0.001). A time-
dependent ROC curve was performed to evaluate the
predictive performance. And the AUC was 0.85 at 1 year,
0.785 at 2 years, and 0.707 at 3 years (Figure 3H), showing
that this risk model exhibited high accuracy and sensitivity in
predicting the prognosis of KIRP patients.
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Independent Prognostic Value of the
Signature

Univariate Cox regression analysis and multivariable Cox
regression analysis were carried out to determine whether the
risk score could serve as the independent prognostic predictor for
survival in KIRP. The univariate Cox regression analysis showed
that the risk score was significantly associated with poor survival
(HR: 3.276, 95% CI 1.528-7.025, p = 0.002, Figure 4A).
Moreover, other clinical characteristics including tumor stage
and N-stage were found as the risk factors as well. After the
adjustment of confounding factors, the result of multivariable
Cox regression analysis suggested that the risk score was still a
risk prognostic factor (HR: 2.655, 95% CI 1.192-5.911, p = 0.016,
Figure 4B). As shown in Figure 4C, the patients suffering from
advanced tumor stage had a higher probability of high risk score.

Functional Enrichment Based on the
Signature

To further investigate the differences in biological function and
pathway between the low-risk group and the high-risk group,
DEGs were generated using the “limma” R package. Then, these

DEGs were further analyzed with the GO term and KEGG
pathway enrichment analysis. As presented in Figure 5A, the
top-rank biological processes were lymphocyte mediated
immunity, complement activation pathway, and humoral
immune response mediated by circulating immunoglobulin.
Moreover, the most highly enriched cellular components
associated with DEGs were immunoglobulin complex, external
side of plasma membrane, and T cell receptor complex
(Figure 5B). As for the molecular functions, antigen binding,
immunoglobulin receptor binding, and immune receptor activity
were on the top list (Figure 5C). Furthermore, the KEGG
pathway analysis is shown in Figure 5D, and the cytokine-
cytokine receptor interaction pathway and the viral protein
interaction with cytokine and cytokine receptor signaling
pathway were mostly associated with these DEGs. These
results showed that these DEGs were significantly enriched in
immune-related functions or pathways.

Immune Characteristic Analysis Based on
Pyroptosis-Related Risk Score

Based on functional enrichment, we speculated that tumor
immune status of KIRP played an important role in the
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development of cancer. Therefore, the tumor immune
microenvironment (TIM) of KIRP was further explored.
Firstly, the abundance of immune cell infiltration was
investigated. The overview of tumor microenvironment
immune cell compositions is shown in Figure 6B, in which 22
type cells had differential distributions in KIRP. To be specific,
M2 macrophages were found with an especially high infiltration
level. The infiltration levels of naive B cells, CD8" T cells,
regulatory T cells, and M1 macrophages in the high-risk group

were significantly upregulated, while the infiltration levels of
memory B cells, activated mast cells, and resting mast cells

decreased (Figures 6A,C, p < 0.05).

Identification and Validation of the Hub

Genes In Vitro

To further explore genetic interrelationships in the PRG
signature, the PPI network of these genes was obtained
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using the STRING database (Figure 7A). IL6 was the hub
node in the obtained interactive network. Next, the
CytoHubba plugin in Cytoscape was used, and the genes
with the top three MCC values (IL6, CASP8, and CASP9) were
identified as candidate hub genes (Figure 7B). Meanwhile, we
assessed the prognostic role of these PRGs in the signature,
and three genes (CASPY, IL6, and IRF1) were survival-related
(p < 0.05). High expression of CASP9 was significantly
correlated with longer overall survival in KIRP patients
(p = 0.031), while high IL6 (p = 0.004) and IRFI (p <
0.001) expressions had a shorter survival time (Figures
7C-E). The intersections of the above genes were selected
as hub genes. Finally, two hub genes (IL6 and CASP9) were
identified and further validated through protein expression
levels in wvitro. As depicted in immuno-histochemical
staining, the protein expression levels of IL6 and CASP9
were significantly downregulated in KIRP tissues compared
with normal renal tissues (Figures 7F,G).

DISCUSSION

Pyroptosis has been defined as an inflammasome-induced
programmed cell death, and it was initially observed in
immune defense and anti-infection for eliminating viral and
bacterial infections (Zychlinsky et al, 1992). Recently,
increasing studies have demonstrated that pyroptosis played a
vital role in carcinogenesis, and inducing tumor cell pyroptosis
might be a potential treatment strategy for cancers (Wang et al.,
2019). However, the role of pyroptosis in KIRP patients remains
unclear.

In the present study, we comprehensively evaluated the
mRNA expression levels of 52 PRGs in KIRP and normal
tissues, from which 20 genes were differentially expressed.
These patients were categorized into two groups based on
consensus clustering analysis. Patients in cluster 2 had a
longer survival time than those in cluster 1, implying that
these PRGs might be important for predicting the prognosis of
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composition in KIRP patients.
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FIGURE 6 | (A,C) Differences in immune cell composition between the high-risk group and the low-risk group; (B) tumor microenvironment immune cell
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KIRP patients. Subsequently, using univariate Cox regression
analysis and LASSO-Cox regression analysis, we had
constructed a six-gene risk model with good prediction
performance in the survival of KIRP. The results showed that
patients in the high-risk group had a poor survival outcome and
the risk score was an independent prognostic factor. Functional
analysis using GO/KEGG analysis indicated that DEGs between
the high-risk group and the low-risk group were closely
associated with immune functions or pathways. Following
that, we further explored the TIM of KIRP, showing a high
infiltration level of M2 macrophages and differential distributions
of immune cells between two risk groups. Finally, we identified
two hub genes (IL6 and CASP9), which were validated via protein
expression levels in vitro.

For genes within the constructed signature, caspase-9 encoded
by CASP9 is a caspase trigger point, which plays an important role in
the GSDME-mediated pyroptosis pathway. Caspase-9 activation can
trigger caspase-3, inducing GSDME-mediated pyroptosis. Recent
studies demonstrated that caspase-9 could be activated by the

Tom?20/Bax/Cytochrome ¢ pathway in melanoma or by lobaplatin/
ROS and JNK phosphorylation/Bax/Cytochrome ¢ pathways in colon
cancer, showing a great potential value of clinical application (Zhou
et al, 2018; Yu et al,, 2019). In this study, we found that the mRNA
expression of CASP9 was significantly decreased in KIRP tissues, and
patients with high CASP9 expression levels were correlated with
longer overall survival. Further research studies observed that the
methylation level of CASP9 promoter was significantly elevated in
KIRP (Supplementary Figure S1, p < 0.001) and thus reduced the
expression of the gene. Therefore, CASP9 was a protective gene and
might be a potential therapeutic target for KIRP. IL6 is a cytokine
involved in numerous biological processes including immune
response, inflammation, and embryonic development, and it is also
a key factor in tumor development and progression (Hirano, 2021).
For example, IL6 could promote the development and proliferation of
pancreatic cancer cells through the STAT3-Pim kinase axis (Block
et al, 2012). Lippitz et al. reported that serum IL6 was positively
correlated with tumor stage or metastases, and increased IL6 meant
poor survival outcomes (Lippitz and Harris, 2016). We also obtained a
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similar result (p = 0.031), showing that it was a prognostic risk factor.
Notably, the mRNA expression of IL6 was downregulated in KIRP.
Caspase8, encoded by CASP8, was proved to activate caspase-1 and
GSDMD cleavage, thus resulting in pyroptosis (Orning et al., 2018;
Han et al,, 2021). Additionally, IRFI was considered a transcription
factor regulating pyroptosis. Recent studies had proved that IRFI
could transcriptionally induce GSDMD expression for pyroptotic cell
death (Karki et al,, 2020). In our study, IRFI was also downregulated
in KIRP. Kang et al. demonstrated that conditional GPX4 knockout
could trigger lipid peroxidation-dependent caspase-11 and GSDMD
cleavage, leading to pyroptosis (Kang et al., 2018). Additionally, SU
et al. observed that high expression of GPX4 in ¢«cRCC promoted
cancer cell proliferation and metastasis in vitro (Su et al., 2019). Here,
GPX4 was found with high expression in KIRP tissues and increased
significantly in the high-risk group. Given the role of GPX4, it could
also serve as a therapeutic target. However, the role of CHMP2A in
pyroptosis is largely unclear and deserves further exploration.

According to DEGs between the high-risk group and the low-
risk group, functional enrichment analysis in GO/KEGG showed
that immune functions or immune-related pathways were highly
frequent, such as activation of immune response and adaptive
immune response, which meant that the TIM might be the key to
the KIRP progression. Then, a high infiltration level of M2
macrophages was observed in the tumor microenvironment of
KIRP, which was related to the immunosuppression state.
Existing studies have demonstrated tumor-associated M2
macrophages could promote cell proliferation and angiogenesis
and accelerate tumor progression (Fan et al, 2021; Xie et al,
2021). This might be a part of reasons that KIRP patients obtained
poor therapeutic effect from immune checkpoint inhibitors. The
activated M1 macrophages could produce inflammatory
cytokines, for example, TNF-a, IL-1, and IL-12, enhance T cell
function, and then exert antitumor functions (Yang et al., 2021).
Moreover, activated T cells and B cells play protective roles in
tumor immunity (Lin et al., 2013). Conversely, regulatory T cells
and mast cells exert negative effects in antitumor (Maciel et al.,
2015; Hirano, 2021). However, compared with the low-risk
group, the tumor-protective immune cells, such as Ml
macrophages and CD8 + T cells, were increased in the high-
risk group. The TIM is a complex and disordered process in the
development of tumor, which needs further research.

To our knowledge, this is the first time to systemically explore
the relationship of PRGs and KIRP. The above results might
provide novel insights into predicting prognostic, clinical
decision-making and future research studies of KIRP.
However, some limitations exist in this study. Firstly, the
pyroptosis-related risk model in KIRP was constructed based
on TCGA database. Due to the lack of appropriate datasets, this
risk prognostic model could not be verified by other databases.
However, its prognostic value and robustness were proved via
different methods. Secondly, in the process of constructing this
model, we might have excluded other prognostic genes which
were not associated with pyroptosis. Finally, although immuno-
histochemical staining was performed to validate some
differentially expressed PRGs, more fundamental experiments
to elucidate the role of these genes were encouraged.

A Novel Pyroptosis-Related Gene Signature for KIRP

CONCLUSION

In conclusion, a prognostic model based on six PRGs was
constructed, which could serve as an independent prognostic
factor for KIRP patients. And the level of tumor immune cell
infiltration was significantly different between the low-risk group
and the high-risk group. Finally, two hub genes were identified and
validated in vitro. These primary results might provide some useful
value for the clinical prognosis and future research studies of KIRP.
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Background: The histone lysine demethylase KDM5 family is an important epigenetic
state-modifying enzyme family. Increasing evidence supports that epigenetic abnormalities
in the KDM5 family are related to multiple cancers in humans. However, the role of the
KDM5 family in pancreatic cancer is not clear, and related research is very scarce.

Methods: R software, Kaplan—Meier Plotter, cBioPortal, TIMER, LinkedOmics, STRING,
Metascape, TISIDB, and the GSCA Lite online tool were utilized for bioinformatics analysis.

Results: KDM5A/B/C was significantly overexpressed in many kinds of tumor tissues,
including pancreatic adenocarcinoma (PAAD), while the expression of KDM5D was
significantly downregulated. The high expression of KDM5A/B/C was related to poor
clinical features, such as worse treatment efficacy, higher tumor grade, and more
advanced clinical stage. Patients with a family history of breast cancer and melanoma,
history of drinking or history chronic pancreatitis were more likely to have KDM5A/B/C
gene abnormalities, which were related to a variety of adverse clinical features. The results
of gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) pathway
analyses of the KDM5 family and its 800 co-expressed genes showed that many gene
terms related to cell proliferation, migration and many carcinogenic pathways. Notably, we
found that the expression level of KDM5A/B/C was positively correlated with the
expression of multiple key driver genes such as KRAS, BRCA1, and BRCA2 etc. In
addition, PPl network analysis showed KDM5 family proteins have strong interactions with
histone deacetylase family 1 (HDAC1), which could modify the lysines of histone H3, and
co-act on many pathways, including the “longevity-regulating pathway” and “Notch
signaling pathway”. Moreover, the upregulation of KDM5A/B/C expression was
associated with an increase in the infiltration of B cells, CD8" T cells and other
infiltrating immune lymphocytes and the expression levels of immune molecules such

Abbreviations: PAAD, Pancreatic adenocarcinoma; FOLFIRINOX:5-fluorouracil, leucovorin, irinotecan, and oxaliplatin;
GNP, Gemcitabine and naphthaclitaxel; TCGA, The cancer genome atlas; GTEx, Genotype-tissue expression; OS, Overall
survival; RFS, Relapse free survival; DFES, Disease-free survival; GO, Gene ontology; KEGG, Kyoto encyclopedia of genes and
genomes; DNA, Deoxyribonucleic acid; RNA, Ribonucleic acid; NSCLC, Non-small cell lung cancer; EMT, Epithelial-mes-
enchymal transformation; HDAC, Histone deacetylase family; PPI, Protein-protein interaction; BP, Biological process; CC,
Cellular composition; MF, Molecular function; BRCA, Breast invasive carcinoma; STAD, Stomach adenocarcinoma; ACC,
Adrenocortical carcinoma; SKCM, Skin cutaneous melanoma; PRAD, Prostate adenocarcinoma; Bakl, BCL2-antagonist/
killer 1.
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Mechanism of the KDM5 Family

as NT5E and CD274. Interestingly, the overexpression of KDM5A/C was also corelated
with reduced sensitivity of pancreatic cancer cells to many kinds of pancreatic cancer-
targeting or chemotherapeutic drugs, including axitinib and gemcitabine.

Conclusion: KDM5 family members may be prognostic markers and new therapeutic
targets for patients with pancreatic cancer.

Keywords: pancreatic cancer, prognostic markers, KDM5 family, bioinformatics analysis, pathogenesis introduction

INTRODUCTION

Pancreatic cancer has attracted wide attention because of its
unusually high mortality rate, and pancreatic cancer ranks
fourth or fifth among causes of cancer-related death in most
developed countries. At the beginning of the 21st century, the
estimated number of pancreatic cancer cases in the world was
1,10,000, and the global mortality rate was estimated at 98%
(Parkin et al., 2001). In 2021, an estimated 60,430 people will be
diagnosed with pancreatic cancer in the United States alone,
and approximately 48,220 are expected to die from the disease
(Siegel et al.,, 2021). Currently, pancreatic cancer is the fourth
most common cause of cancer-related death in men (after lung,
prostate and colorectal cancer) and women (after lung, breast
and colorectal cancer) in the United States (Siegel et al., 2021).
Surgery and adjuvant therapy are cornerstones of the treatment
of pancreatic cancer. Resection does lead to a 5-years survival
rate of approximately 20%, but only 10% of patients can
undergo pancreatic cancer resection due to the presence of
widespread locally advanced lesions or metastases (Raimondi
et al., 2009). However, even after radical resection, most
patients experience relapse. Multimodal therapy based on a
combination of neoadjuvant therapy, chemotherapy,
radiotherapy, immunotherapy, and surgery seems to be an
important strategy for improving prognosis (Neoptolemos
et al, 2018), but the vast majority of pancreatic cancer
patients are treated with current systemic chemotherapy
regimens  (FOLFIRINOX:  5-fluorouracil,  leucovorin,
irinotecan, and oxaliplatin; GNP: gemcitabine and nab
paclitaxel). Chemotherapy resistance is an important factor
affecting the efficacy of multidisciplinary therapy (Von Hoff
et al., 2013), and thus, the prognosis of pancreatic cancer
remains poor. Therefore, there is an urgent need to clarify
the specific mechanisms of the occurrence and development of
pancreatic cancer and chemotherapy resistance, develop new
targeted drugs and prognostic markers, improve the efficacy of
multidisciplinary comprehensive treatment, and prolong the
survival time of patients with pancreatic cancer.

Stable inheritance of epigenetic state is essential for
maintaining the specific functions of tissue and cell types.
Previous studies have shown that epigenetic aberrations play
an important role in the occurrence and development of tumors
(Feinberg et al., 2006). Research on the function of epigenetic
state-modifying enzymes has become a hot topic in tumor
therapy. In eukaryotes, deoxyribonucleic acid (DNA) is
packaged in the form of chromatin (Kornberg, 1974). The
basic component of chromatin is the nucleosome, which

consists of 146 bp of DNA wrapped on octamers of the four
core histones (H2A, H2B, H3, and H4) (Luger et al., 1997).
Histone tails are subjected to a variety of posttranslational
modifications, including acetylation, methylation,
phosphorylation, ubiquitin and SUMOylation (Shilatifard,
2006) which affect chromatin structure, thus affecting gene
expression and DNA repair. Abnormal histone demethylation
can lead to excessive cell proliferation, which leads to
tumorigenesis and has been shown to be associated with
many cancers (Cao et al.,, 2002; Milne et al., 2002; Nakamura
et al, 2002; Yokoyama et al., 2004). The KDM5 family of
histone lysine demethylases is an important family of
epigenetic state-modifying enzymes that contain five
conserved domains: JmjN, ARID, JmjC, PhD, and a C5HC2
zinc finger (Blair et al., 2011) and can specifically catalyze the
trimethylation, dimethylation and monomethylated lysine 4
demethylation of histone H3, thus playing a central role in
histone coding (Zhang et al., 2014; Johansson et al., 2016;
Tumber et al., 2017). The family includes lysine demethylase
5A (KDM5A), lysine demethylase 5B (KDMS5B), lysine
demethylase 5C (KDMS5C), and lysine demethylase 5D
(KDM5D). Many studies have reported the role of the
KDMS5 family in the occurrence and development of many
cancers. KDM5A is closely related to breast cancer, prostate
cancer, ovarian cancer and small-cell lung cancer (Hou et al,,
2012; Feng et al., 2017; Oser et al., 2019; Du et al., 2020). The
expression of KDM5B promotes the invasiveness of non-small-
cell lung cancer (NSCLC) (Kuo et al, 2018). Furthermore,
increased expression of KDM5B promotes the growth of
liver cancer cells and maintains chronic myeloid leukemia
through multiple epigenetic effects (Gong et al., 2018; Xue
et al.,, 2020). KDM5C is overexpressed in prostate cancer. It
is a prognostic marker of prostate-specific antigen recurrence
after radical prostatectomy (Stein et al, 2014). In contrast,
KDMS5D inhibits the invasion and metastasis of prostate
cancer, and its overexpression can reduce the invasive ability
of gastric cancer (Li et al., 2016; Gu and Chu, 2021). However,
the role of the KDMS5 family in pancreatic cancer is not clear,
and related research is very scarce.

As such, this study analyzed data related to KDM5 family
members in pancreatic cancer. First, we compared KDM5
family member expression and prognosis between
pancreatic cancer samples and matched normal pancreatic
tissues with The Cancer Genome Atlas (TCGA) and
Genotype-Tissue Expression (GTEx) databases and further
studied the possible mechanism by which the family
members participate in the occurrence and development of
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pancreatic cancer through gene mutation, protein interaction,
functional enrichment, and immune infiltration analyses. In
addition, we used different databases to verify the results. The
findings of this study will help to identify potential diagnostic
markers and new treatment targets and ultimately improve the
efficacy of multimodal comprehensive treatment of pancreatic
cancer.

MATERIALS AND METHODS

Ethical Statement

This study was approved by the Academic Committee of Cancer
Hospital of Chinese Academy of Medical Sciences and carried out
in strict accordance with the principles of the Helsinki
Declaration. The data in this study were retrieved from online
databases, all necessary written informed consent forms were
obtained, and no human or animal experiments were performed.

Expression Analysis

In this study, R (version3.6.3) was used to analyze the expression
level (https://xenabrowser.net/datapages/) of the KDM5 family
in tumor and paracancerous tissues in the PAAD TCGA cohort
and normal pancreatic tissue in the GTEx database, and
visualized with ggplot2 (3.3.3). The statistical significance of
the differential expression was evaluated by the Wilcoxon test.
To analyze the correlation between the gene expression levels of
KDMS5 family members and clinical variables, we used the R
(version 3.6.3) to analyze PAAD samples from the TCGA
database  (https://portal.gdc.cancer.gov/). The statistical
significance of the differential expression was evaluated by
Fisher’s test.

Gene Mutation Analysis

We used cBioPortal (https://www.cbioportal.org/) (Gao et al,
2013) to analyze the gene mutation of KDM5 family members in
pancreatic cancer and further determined the correlation of these
mutations with important clinicopathological factors. The
statistical significance of the difference was evaluated by the
chi-squared test. Furthermore, the log-rank test was used to
evaluate the relationship between KDM5 family gene
mutations and overall survival (OS) and disease-free survival
(DEFS) in patients with pancreatic cancer.

Survival Analysis

We used Kaplan-Meier Plotter (http://kmplot.com/analysis/)
(Gyérfty et al, 2013) to analyze the correlation between the
expression of KDM5 family genes and OS and relapse-free
survival (RFS) in pancreatic cancer. The cutoff for low
expression versus high expression was set as the value
automatically selected by the best cutoff model, and the array
with deviation was excluded. The log rank test was used to
calculate the p value (p < 0.05).

Correlation and Interaction Analyses
We used TIMER (http://timer.cistrome.org/) (Li et al., 2017) to
analyze the correlations of KDM5 family gene expression in

Mechanism of the KDM5 Family

pancreatic cancer, and the statistical significance was evaluated
by Spearman’s test. LinkedOmics (http://www.linkedomics.org/)
(Vasaikar et al., 2018) was used to assess and draw a volcano plot
of the correlations between KDM5 family members and 800
coexpressed genes in pancreatic cancer and a heatmap of the top
50 positively/negatively related genes. The genes with the
strongest interaction with KDM5 family proteins were
determined by combined score analysis via STRING (https://
string-db.org/) (Szklarczyk et al., 2015), and the corresponding
protein-protein interaction (PPI) network was constructed by
STRING.

Gene Annotation

The first 10 motifs with positive and negative correlations with
the expression of each member of the KDM5 family were
functionally  annotated  (https://www.genecards.org/) by
GeneCards.

Functional Enrichment Analysis

We used Metascape (https://metascape.org) (Zhou et al., 2019) to
visualize the enriched biological process (BP), cellular
composition (CC), molecular function (MF) and KEGG
pathway terms of the KDM5 family and its coexpressed genes.
Furthermore, the R (version 3.6.3) and clusterProfiler package
(version 3.14.3) were used to visualize the enriched BP, CC, MF,
and KEGG pathway terms of the 9 genes with the strongest
interaction with KDMS5 family proteins.

Immune Infiltration Analysis

We used TIMER to analyze the correlation between the
expression level of the KDM5 family and the degree of
lymphocyte infiltration. The statistical significance of the
difference was evaluated by Spearman’s test. In addition,
TISIDB (http://cis.hku.hk/TISIDB/) (Ru et al., 2019) was also
used to analyze the correlation between KDMS5 family
expression and the expression of immune molecules in
pancreatic cancer. The difference was evaluated by
Spearman’s test. We used the GSCA Lite online tool (http://
bioinfo.life.hust.edu.cn/web/GSCALite/) (Liu et al., 2018) to
analyze the correlation between KDM5 family expression and
sensitivity to current chemotherapeutic or targeted drugs for
pancreatic cancer. The difference was evaluated by
Spearman’s test.

RESULTS

Abnormal Expression of the KDM5 Family in

Pancancer and PAAD Patients

We used the R (version 3.6.3) to analyze the expression level of
the KDM5 family in tumor and paracancerous tissues in TCGA
and normal tissues in GTEx. The analysis of gene expression
levels showed that KDM5 family genes were upregulated or
downregulated in tumors compared with normal or
paracancerous tissues in each type of cancer. Compared with
that in paracancerous tissues or normal tissues, the expression
of KDM5A/B/C was significantly increased in 12 kinds of
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FIGURE 1 | The expression level of the KDM5 family in different tumor tissues and paracancerous tissues in the TCGA database and normal tissues in the GTEX
database. (A) The expression level of KDM5A,; (B) The expression level of KDM5B; (C) The expression level of KDM5C; (D) The expression level of KDM5D. ns, p > 0.05; *,
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tumor tissues, such as PAAD, breast invasive carcinoma
(BRCA) and stomach adenocarcinoma (STAD), but
significantly =~ downregulated in  only  adrenocortical
carcinoma (ACC) and skin cutaneous melanoma (SKCM)
(Figures 1A-C). In contrast, the expression of KDM5D was

significantly decreased in 24 kinds of tumor tissues, such as

PAAD, BRCA, and prostate adenocarcinoma (PRAD)
(Figure 1D). In summary, our results show that KDM5A/B/
C is significantly overexpressed in a variety of tumor tissues,
including PAAD, while the expression of KDM5D is
significantly downregulated, indicating that the expression of
KDMS5 family members is closely related to the occurrence and
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FIGURE 2 | KDM5 family gene mutations and clinical and prognostic characteristics in patients with PAAD. (A) KDM5 family mutations in pancreatic cancer; (B)
Pancreatic cancer patients with a history of drinking are more likely to undergo KDM5 family gene mutation; (C) Pancreatic mucinous adenocarcinoma patients are more
likely to undergo KDM5 family genes mutation; (D) Pancreatic cancer patients with a family history of breast cancer and melanoma are more likely to undergo KDM5A
gene mutation; (E) Pancreatic mucinous adenocarcinoma patients are more likely to undergo KDM5A gene mutation; (F) Pancreatic cancer patients with a history

of drinking are more likely to undergo KDM5B gene mutation; (G) Pancreatic cancer patients with a family history of breast cancer are more likely to undergo KDM5C
gene mutation; (H) Pancreatic cancer patients with a history of chronic pancreatitis are more likely to undergo KDM5C gene mutation; (I) Pancreatic cancer patients with
a higher pancreatic cancer tumor grade are more likely to undergo KDM5C gene mutation.
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development of many kinds of human malignant tumors,
including pancreatic cancer.

KDM5 Family Mutations and Their
Correlation With Clinicopathological and
Prognostic Features in Patients With PAAD

To further explore the mechanism of differential expression of the
KDMS5 family in pancreatic cancer, we used the cBioPortal online
tool to analyze the gene mutations of the KD

M5 family. The KDMS5 family had two or more types of gene
variants in 17 samples (11%) from pancreatic cancer patients
(Figure 2A). The most common variant was in the KDM5A/B
gene (5%). The main types of variants were amplification and
missense mutations. In addition, 2.7% of the variants occurred in
KDM5C, and the most common type of variant was deep
deletion, while no related mutations were detected in the
KDMS5D gene. Then, we comprehensively analyzed the clinical
and pathological features of patients with KDM5 family gene
mutations and those without mutations. The results showed that
patients with a history of drinking and pancreatic cancer with
mucinous adenocarcinoma were more likely to develop KDM5

family gene mutation (Figures 2B,C). Next, we analyzed the
independent relationship between KDM5A/B/C gene mutation
and clinicopathological features. The results showed that most of
the patients with KDM5A gene mutation had a family history of
breast cancer and melanoma or a pathological pancreatic cancer
subtype of pancreatic mucinous adenocarcinoma (Figures 2D,E).
Most of the patients with KDM5B gene mutation had a history of
drinking (Figure 2F), and most of the patients with KDM5C gene
mutation had a family history of breast cancer, a history of
chronic pancreatitis and a higher pancreatic cancer tumor
grade (Figures 2G-I). In the analysis of the prognostic
characteristics of patients with KDM5 family gene mutation
and those without mutation, it was not found that KDM5
family gene mutation had a significant effect on OS
(Supplementary Figure S1A) and DFS (Supplementary
Figure S1B) in patients with pancreatic cancer, which may
have been related to the small sample size of patients. In
summary, the frequency of KDM5A/B/C gene mutations was
higher in patients with pancreatic cancer, while patients with a
history of drinking, a family history of breast cancer, and a family
history of melanoma or a history of chronic pancreatitis were
more likely to develop KDM5A/B/C mutations. These mutations
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TABLE 1 | Relationship Between KDM5 family member expression and clinicopathological features in the PAAD cohort.

Variable

Age (years) <65 > 65

Gender
Female
Male
Race
Asian
Black or African American
White
Smoker
No
Yes
Alcohol history
No
Yes
History of diabetes
No
Yes
History of chronic pancreatitis
No
Yes
Family history of cancer
No
Yes
Anatomic neoplasm subdivision
Head of Pancreas
Other
Primary therapy outcome
PD
SD
PR
CR
Radiation therapy
No
Yes
Residual tumor
RO
R1
R2
Histologic grade
G1
G2
G3
G4
Pathologic stage
Stage |

Number
(%) (n =
178)

93 (52.25)
85 (47.75)
80 (44.94)

98 (55.06)
11 (6.18)
6 (3.37)

161 (90.45)

82 (46.07)
96 (53.93)

1 (39.89)
107 (60.11)
124 (69.66)

54 (30.34)
150 (84.27)

28 (15.73)
81 (45.51)

97 (54.49)
138 (77.53)
40 (22.47)

58 (32.58)

19 (10.67)
20 (11.24)
81 (45.51)
126 (70.79)

52 (29.21)
112 (62.92)

7 (32.02)
9 (5.06)
31 (17.42)

96 (53.93)
49 (27.53)
2(1.12)
22 (12.36)

KDM5A expression

High
(%) (n = 89)

51 (57.30)
38 (42.70)
35 (39.33)

36 (40.45)
53 (59.55)

39 (43.82)
50 (56.18)
59 (66.29)

30 (33.71)
72 (80.90)

7 (19.10)
43 (48.31)

46 (51.59)
73 (82.02)
16 (17.98)

32 (35.96)
2 (2.25)
12 (13.48)

45 (50.56)
32 (35.96)

0 (0.00)
9 (10.11)

Low (%)
(n = 89)

42 (47.19)
47 (52.81)
45 (50.56)

46 (51.69)
43 (48.31)

32 (35.96)
57 (64.04)
65 (73.03)

24 (26.97)
74 (83.15)

15 (16.85)
37 (41.57)

52 (58.43)
65 (73.03)
24 (26.97)

25 (28.09)

4 (15.79)
1 (12.36)
9 (43.82)
8 (65.17)
31 (34.83)
58 (65.17)

25 (28.09)
6 (6.74)
19 (21.35)

5.
1

2 (58.43)
6 (17.98)
2 (2.25)

13 (14.61)

p-value

0.230

0.175

0.685

0.149

0.376

0.688

1.000

0.408

0.209

0.037*

0.108

0.265

0.019"

0.171

KDMS5B expression

High

(%) (n = 89)

54 (60.67)
35 (39.33)
34 (38.20)

55 (61.80)
9 (10.11)
6 (6.74)

74 (83.15)

35 (39.33)
54 (60.67)

36 (40.45)
53 (59.55)
68 (76.40)

21 (23.60)
70 (78.65)

19 (21.35)
43 (48.31)

46 (51.69)
66 (74.16)
23 (25.84)

34 (38.20)

9 (10.11)
9 (10.11)
37 (41.57)
66 (74.16)

23 (25.84)
5 (61.80)

28 (31.46)
6 (6.74)
11 (12.36)

48 (53.93)

30 (33.71)
0 (0.00)
5 (5.62)

119

Low (%)
(n = 89)

39 (43.82)
50 (56.18)
46 (51.69)

2 (47.19)

35 (39.33)
54 (60.67)
56 (62.92)

33 (37.08)
77 (86.52)

2 (13.48)
37 (41.57)

52 (59.43)
72 (80.90)
17 (19.10)

25 (28.09)

9 (10.11)
10 (11.24)
45 (50.56)
60 (67.42)

29 (32.58)
58 (65.17)

28 (31.46)
3(3.37)
21 (23.60)

48 (53.93)
18 (20.22)
2 (2.25)
17 (19.10)

p-value

0.036*

0.097

0.057

0.088

1.000

0.038"

0.076

0.408

0.369

0.371

0.365

0.914

0.048"

0.004*

KDM5C expression

High
(%) (n = 89)

53 (59.55)
36 (40.45)
61 (68.54)
28 (31.46)
8(8.99)
5 (5.62)
76 (85.39)
43 (48.31)
46 (51.69)

36 (40.45)
53 (59.55)
67 (75.28)

22 (24.72)
72 (80.90)

7 (19.10)
38 (42.70)

51 (57.30)
67 (75.28)
22 (24.72)

29 (32.58)

Low (%)
(n = 89)

40 (44.94)
49 (55.06)
19 (21.35)

39 (43.82)
50 (56.18)

35 (39.33)
54 (60.67)
58 (65.17)

31 (34.83)
75 (84.27)

4 (15.73)
42 (47.19)

47 (52.81)
1 (79.78)
18 (20.22)

30 (33.71)

7.87)

14.61)
43.82)
75.28)

7 (
13 (
39 (
67 (
22 (24.72)
61 (68.54)

25 (28.09)
3(3.37)
17 (19.10)

8 (53.93)
3 (25.84)
1(1.12)

9 (10.11)

p-value

0.072

<0.001*

0.412

0.627

1.000

0.075

0.893

0.544

0.590

0.200

0.298

0.378

0.938

0.252

KDMS5D expression

High
(%) (n = 89)

43 (48.31)
46 (51.69)
0 (0.00)

89 (1.00)
4 (4.49)
3(3.37)

82 (92.13)

34 (38.20)
55 (61.80)

37 (41.57)
52 (58.43)
59 (66.29)

30 (33.71)
76 (85.39)

13 (14.61)
42 (47.19)

47 (52.81)
1 (79.78)
18 (20.22)

33 (37.08)

6 (6.74)
9 (10.11)
1 (46.07)
65 (73.03)

24 (26.97)
56 (62.92)

30 (33.71)
3(3.37)
12 (13.48)

47 (52.81)

30 (33.71)
0 (0.00)
8 (8.99)

Low (%)
(n = 89)

50 (56.18)
39 (43.82)
80 (89.89)

9 (10.11)
8 (8.99)
4 (4.49)

77 (86.52)

48 (53.93)
1 (46.07)

34 (38.20)
55 (61.80)
65 (73.03)

24 (26.97)
71 (79.78)

18 (20.22)
38 (42.70)

51 (57.30)
67 (75.28)
22 (24.72)

26 (29.21)

2 (13.48)
1 (12.36)
0 (44.94)
1 (68.54)
28 (31.46)

7 (64.04)

28 (31.46)
4 (4.49)
20 (22.47)

49 (55.06)
18 (20.22)
2 (2.25)
14 (15.73)

p-value

0.368

<0.001*

0.580

0.041*

0.750

0.346

0.507

0.621

0.590

0.548

0.620

0.915

0.080

0.261

(Continued on following page)
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TABLE 1 | (Continued) Relationship Between KDM5 family member expression and clinicopathological features in the PAAD cohort.

KDM5A expression p-value KDMS5B expression p-value KDM5C expression p-value KDMS5D expression p-value

Number

(%) (n

Variable

Low (%)
(n

High

(%) (n

Low (%)
(n

High

(%) (n

Low (%)
(n

High

(%) (n

Low (%)

(n

High

(%) (n

= 89)

= 89)

= 89)

= 89)

= 89)

= 89)

= 89)

= 89)

178)

75 (84.27)

73 (82.02)

68 (76.40)
3(3.37)

80 (89.89)

72 (80.90)
3(3.37)

76 (85.39)

147 (82.58)

Stage Il

3(3.37)

0 (0.00)
3(3.37)

0 (0.00)
4 (4.49)
3(3.37)

0 (0.00)
4 (4.49)
4 (4.49)

3(1.69)
6 (3.37)

Stage Il

2 (2.25)

1(1.12)

4 (4.49)

1(1.12)

3(3.37)

Stage IV
T stage

3(3.37) 0.893

0.343 4 (4.49)

4 (4.49)

3(3.37)

0.020*

0.143

7 (3.93)

™

13 (14.61)
71 (79.78)

11 (12.36)
73 (82.02)

11 (12.36)
71 (79.78)
3(3.37)

7 (7.87) 18 (20.22) 14 (15.73)
64 (71.91) 72 (80.90)

79 (88.76)

16 (17.98)
67 (75.28)
3(3.37)

9(10.11)

76 (85.39)

25 (14.04)
143 (80.34)

T2

T3

2 (2.25)
26 (29.21)

1(1.12)

26 (29.21)

0 (0.00)
23 (25.84)

3(3.37)

0 (0.00)
26 (29.21)

0 (0.00)
26 (29.21)

3 (1.69)
52 (29.21)

T4
N stage

29 (32.58) 0.429 1.000

1.000

27 (30.34)

1.000

26 (29.21)

NO

63 (70.79)

63 (70.79)
63 (70.79)

60 (67.42)

66 (74.16)

62 (69.66)

63 (70.79)

63 (70.79) 63 (70.79)
61 (68.54)

126 (70.79)
126 (70.79)

N1
M stage

0.366

63 (70.79)

63 (70.79) 64 (71.91)  1.000

0.386

65 (73.03) 62 (69.66)

0.396

65 (73.03)

MO

26 (29.21)

26 (29.21)

25 (28.09)

26 (29.21)

27 (30.34)

24 (26.97)

28 (31.46)

24 (26.97)

52 (29.21)

M1

Mechanism of the KDM5 Family

may lead to more malignant and higher-grade tumors. However,
the effect of KDM5A/B/C gene mutation on the prognosis of
patients with pancreatic cancer needs to be further clarified in
studies with a large sample size.

Correlation Between KDM5 Family Gene
Expression and Clinical and Prognostic
Characteristics in Patients With PAAD

To analyze the correlation between the gene expression levels of
KDMS5 family members and clinical variables, we used the basic R
package (version 3.6.3) to analyze the samples of the PAAD
cohort in the TCGA database. As shown in Table 1, high
expression of KDM5A was significantly associated with poorer
treatment efficacy (p = 0.037) and higher tumor grade (p = 0.019).
High expression of KDM5B was significantly correlated with age
<65 years old (p = 0.036), no history of diabetes (p = 0.038),
higher tumor grade (p = 0.048), more advanced clinical stage (p =
0.004), and more advanced T stage (p = 0.020). High expression of
KDMS5C was significantly correlated with female sex (p < 0.001).
High expression of KDM5D was significantly correlated with
male sex (p < 0.001) and smoking history (p = 0.041). The results
of this study suggest that the high expression levels of KDM5A
and KDMS5B can increase the degree of malignancy of PAAD and
lead to a worse prognosis of patients, further confirming that
members of KDM5 family may be oncogenes of PAAD. Next, we
analyzed the correlation between the expression levels of KDM5
family genes and prognosis in patients with pancreatic cancer via
Kaplan--Meier Plotter. The results showed that upregulated
expression of KDM5A was associated with shorter OS and
RFS (Figures 3A,B). Downregulation of KDM5D expression
was significantly correlated with shorter OS and RFS (Figures
3A,B). In addition, although there was a lack of consistent
significance in the associations with OS and REFS,
overexpression of KDM5B and KDM5C was significantly
associated with shorter OS and shorter RFS, respectively
(Figures 3A,B). The above data show that abnormal
expression of the KDM5 family can be used as a biomarker to
predict the prognosis of patients with pancreatic cancer, which is
worthy of further experimental data verification.

Enrichment Analysis of the KDM5 Family
and 800 Co-Expressed Genes in Patients
With PAAD

To explore the interaction between KDM5 family genes and their
co-expressed genes in pancreatic cancer, 800 co-expressed genes
of the KDMS5 family in pancreatic cancer were obtained from the
LinkedOmics database (Supplementary Material S1), and a
volcano plot of the KDM5 family and co-expressed genes in
pancreatic cancer was drawn (Figure 4A). Then, we analyzed the
GO and KEGG pathway terms of these 800 genes using the
Metascape database. To study the functional mechanism of the
KDMS5 family in the occurrence and development of pancreatic
cancer, GO analysis was performed. The results showed
significant enrichment of the BP terms “peptide metabolic

» o«

process”, “chromatin organization”, and “cellular response to
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FIGURE 3| Gene expression level of and prognostic characteristics associated with the KDMS5 family in patients with PAAD. (A) Upregulated expression of KDM5A
is associated with shorter OS/Downregulation of KDMED expression is significantly correlated with shorter OS; (B) Upregulated expression of KDM5A is associated with
shorter RFS/Downregulation of KDM5D expression is significantly correlated with shorter RFS.

DNA damage stimulus” (Figure 4B). The enriched CC terms
mainly included “cytosolic ribosome”, “transferase complex” and
“mitochondrial envelope” (Figure 4C). The enriched MF terms
mainly included “structural constituent of ribosome”, “chromatin
binding”, and “transcription factor binding” (Figure 4D). The
KEGG pathway analysis showed that the target genes were mainly
associated ~ with  the terms  “ribosome”,  “chemical
carcinogenesis—reactive oxygen species”, and “transcriptional
misregulation in cancer” (Figure 4E). To further analyze the
mechanisms of the KDM5 family and its coexpressed genes, the
top 50 genes with a positive correlation (Figure 5A) and the top
50 genes with a negative correlation (Figure 5B) with KDM5
family genes were visualized in a heatmap. GeneCards was used
to annotate the top 10 genes positively related to the expression of
KDMS5A/B/C and the first 10 genes negatively related to the
expression of KDM5D. The results showed that the functions of
related genes included transcriptional regulation (DDI2, ASXL2,
CCNT1, CNOTI1, REST, TRIM44, IRF6, KDM6A, EIF1AX,
DDX3X, TSIX, ZFX, TXLNG, KRAS, GPATCH2, and ZRSR2),
protein modification (WNK1, UBXN7, RAPGEF6, CHML,
WDR26, and SYAP1), DNA damage repair (SMCIA), cell
cycle regulation (TP53BP2), and cell migration regulation
(F11R). Then, the top 10 genes negatively related to the
expression of KDM5A/B/C and the top 10 genes positively
related to the expression of KDMS5D were functionally
annotated. The results showed that the functions of the genes
included transcriptional regulation (DDX3Y, ZFY, and RPS4Y1),
protein modification (USP9Y and UTY), translation regulation
(EIF1AY and RPS4Y1), cell cycle regulation (GADD45GIP1), cell
migration regulation (NLGN4Y), cell proliferation regulation
(TMSB4Y, TP53I13, EGFL7, and TSPAN33) and apoptosis

regulation (DPP7). Notably, our analysis showed that the
KRAS gene was positively related to the expression of KDM5B
(Figure 5A). KRAS can induce transcriptional silencing of tumor
suppressor genes, and its mutations produce modified proteins
that drive the occurrence and development of pancreatic cancer
(Asimgil et al., 2022). This correlation further suggested that the
KDMS5 family plays a unique role in malignant tumors driven by
KRAS mutations, including pancreatic cancer. At the same time,
this important finding inspired us to analyze the correlation
between the expression of KDM5 family genes and other
pathogenic genes in pancreatic cancer. We used the R (version
3.6.3) to analyze the TCGA PAAD data. The results showed that
the expression level of KDM5A/B/C was positively correlated
with the expression of KRAS, BRCA1, BRCA2, ATM, SLC16A4,
and RABL3. We speculated that although some of the genes
known to be pathogenic in pancreatic cancer were not in the top
50 genes positively correlated with the expression of KDM5
family genes, they may still have a co-expression relationship
with the KDM5 family. Furthermore, it is suggested that the
KDMS5 family may play an important role in the pathogenesis of
pancreatic cancer. Finally, we used the TIMER database to
analyze the relationships among the members of the KDMS5
family, and the results showed that the expression of each
member was significantly positively correlated: the correlation
between KDM5A and KDM5B was the strongest (cor = 0.594)
(Figure 5D). According to the above results, we speculated that
members of the KDM5 family can cooperate with a variety of
pathogenic genes, transcriptional regulatory factors, protein-
modifying factors, DNA damage repair factors, cell cycle
regulatory factors, and cell migration regulatory factors in
pancreatic cancer, including factors related to the terms
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“chemical carcinogenesis—reactive oxygen species”, and
“transcriptional misregulation in cancer”, to participate in the

occurrence and development of pancreatic cancer.

Gene Enrichment Analysis of KDM5 Family

Genes and PPl Network Members in PAAD
To explore the PPIs between KDM5 family genes and related
genes in pancreatic cancer, we analyzed the protein expression of
members of the KDM5 family and related genes using the
STRING database (Supplementary Material S2). The nine
genes with the strongest protein-protein interaction (PPI) with
KDMS5 family members were determined. We analyzed the PPI
network related to the KDM5 family expression in pancreatic
cancer. The PPI network included 9 gene nodes and 24 edges
(Figure 6A). The results showed that the protein expression of
KDM5A/B/C was closely related to that of HDACI. The protein
encoded by HDACI can deacetylate part of the lysine residue of
histone H3 and plays an important role in transcriptional
regulation and cell proliferation (Cai et al., 2000). The proteins
encoded by the KDMS5 family play a role in the regulation of gene
expression through the specific demethylation of histone H3
lysine 4 (Zhang et al., 2014). Both proteins act on histone H3
lysines, suggesting that they may have a synergistic effect in the
regulation of gene expression. Next, we used the R (version 3.6.3)
to analyze the GO and KEGG pathway terms of the 9 genes with

the strongest interaction with KDM5 family proteins (Figure 6B).
The results of the GO analysis showed significant enrichment of
the BP terms “histone lysine demethylation”, “histone
demethylation”, and “protein demethylation”. The significantly
enriched CC terms mainly included “histone methyltransferase
complex”, “methyltransferase complex”, and “Sin3 complex”.
The significantly enriched MF terms mainly included “histone
demethylase activity”, “demethylase activity”, and “transcription
corepressor activity”. The KEGG pathway analysis showed that
the target genes were mainly associated with the terms “longevity-
regulating pathway”, “Notch signaling pathway”, and
“amphetamine addiction”. The above results show that KDM5
family proteins may have strong interactions with HDACI and
other proteins, modify the lysines of histone H3, and act on many
pathways, including the “longevity-regulating pathway” and
“Notch signaling pathway”, which play a regulatory role in the
proliferation of pancreatic cancer cells.

Relationship Between the KDM5 Family and
Tumor-Infiltrating Immune Cells and
Immune Molecules in Patients With PAAD
The immune system is a complex system in which immune cells
both act as the first line of defense against a variety of pathogens
and provide surveillance by identifying and destroying latent
cancer cells. However, in some cases, the immune system can help
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cells, CD8" T cells, macrophages, neutrophils, dendritic cells and other infiltrating lymphocytes; (E-1) The correlation between KDM5 family expression and
immunostimulatory molecules, immunosuppressive molecules, MHC molecule, chemokines, and chemokine receptors in pancreatic cancer; (J) The expression levels of
KDMS5A and KDM5C are negatively correlated with sensitivity to many pancreatic cancer-targeting and chemotherapeutic drugs, including axitinib, and gemcitabine.

tumor cells escape immune control (Shalapour and Karin, 2015).
Tumor-infiltrating lymphocytes are a unique kind of
lymphocytes that infiltrate the tumor microenvironment by
detecting cancer antigens and releasing proinflammatory cells.
We used the TIMER database to further explore the relationship
between the expression of KDM5 family genes and the level of
infiltrating lymphocytes. The results showed that upregulation of
KDM5A/B/C  expression was associated with increased
infiltration of B cells, CD8" T cells, macrophages, neutrophils,
dendritic cells and other infiltrating lymphocytes (Figures 7A-C)
and the upregulation of KDM5D expression was not associated
with increased infiltration of B cells, CD8" T cells, macrophages,
neutrophils, dendritic cells and other infiltrating lymphocytes
(Figure 7D). Next, we analyzed the correlation between KDM5
family  expression and immunostimulatory molecules
(Figure 7E), immunosuppressive molecules (Figure 7F), MHC
molecules (Figure 7G), chemokines (Figure 7H), and chemokine
receptors (Figure 7I) in pancreatic cancer using the TISIDB
database. The results showed that upregulated expression of
KDM5A/B/C was associated with an increase in the expression
of immunostimulatory molecules such as NT5E, TNFSF4, and
TNFSF15, immunosuppressive molecules such as CD274 and
TGFBR1, MHC molecules such as TAP2, chemokines such as
CCL24, and chemokine receptors such as CCR8 and CCR9
(Figures 7E-I), which provides important information for
predicting potential therapeutic targets. Finally, we used
GSCALiteonlinetool to analyze the relationship between the
expression of KDM5 family genes and sensitivity to current
immune or targeted therapies for pancreatic cancer

(Figure 7J). The results showed that the expression levels of
KDM5A and KDM5C were negatively correlated with sensitivity
to many pancreatic cancer-targeting or chemotherapeutic drugs,
including axitinib and gemcitabine. Thus, the KDMS5 family
might represent a new target for predicting drug sensitivity
and for developing multitarget combined therapy for
pancreatic cancer.

DISCUSSION

Unlike other histone-modifying enzymes, members of the KDM5
family of histone lysine demethylases contain an ARID domain
and thus can recognize the specific DNA sequence in targets; this
feature is also an important marker to distinguish the KDM5
family from other histone lysine demethylase families (Blair et al.,
2011). In recent years, an increased understanding of the
carcinogenic role of the KDM5 family has been gained, and
related experimental studies have found a potential cancer-
promoting role of the KDM5 family in a variety of malignant
tumors, including breast cancer, lung cancer, and prostate cancer
(Hou et al., 2012; Stein et al., 2014; Li et al., 2016; Feng et al., 2017;
Gongetal., 2018; Kuo et al., 2018; Oser et al., 2019; Du et al., 2020;
Xue et al., 2020; Gu and Chu, 2021). However, research on the
role and mechanism of the KDM5 family in the occurrence and
development of pancreatic cancer is still lacking, and specific
bioinformatics analyses have not been carried out. This study is
the first to analyze the expression, gene mutation, relationship
with immune cell infiltration and prognostic role of the KDM5
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family in pancreatic cancer. We employed multiple public
databases to reveal that the expression of KDM5A, KDM5B,
and KDM5C (all members of the KDM5 family) is significantly
increased in pancreatic cancer. In contrast, the expression of
KDMS5D was significantly decreased, and the expression level
KDMS5 family members was closely related to tumor stage, tumor
grade, treatment efficacy, and other clinicopathological factors,
suggesting that KDMS5 family members have significant
prognostic and diagnostic value and can be used as potential
biomarkers for the diagnosis and prognostication of pancreatic
cancer. In addition, we revealed a possible mechanism by which
the KDMS5 family participates in the occurrence and development
of pancreatic cancer and its relationship with the tumor immune
response, providing potential targets for multitarget combined
therapy of pancreatic cancer, and important clinical significance.

Studies have shown that KDM5A promotes the resistance of
breast cancer cells to clinical drugs such as trastuzumab and
erlotinib by blocking the regulation of p21 and BCL2-antagonist/
killer 1 (Bakl) (Hou et al., 2012; Choi et al., 2018). Similarly, our
study revealed that the expression of KDM5A can also reduce the
sensitivity of pancreatic cancer cells to a variety of targeted and
chemotherapeutic drugs (such as gemcitabine and paclitaxel).
Because KDM5A can lead to tumor cell chemotherapy resistance
in a variety of cancers, we urgently need to further study the
mechanism of drug resistance to develop new therapeutic targets
for pancreatic cancer. In addition, compared with that in normal
prostate tissue, the expression of KDM5A in prostate cancer
tissue was upregulated (Vieira et al., 2013). This overexpression
significantly reduced the methylation level of H3K4, which in
turn reduced the expression level of the KLF4 and E-cadherin
genes, which suppress tumor cell proliferation, and made prostate
cancer more invasive (Huang et al., 2011). KDM5A can also
promote the progression of prostate cancer through the KDM5A/
miRNA-495/YTHDF2/m6A-MOB3B axis (Du et al., 2020). This
study revealed a possible synergistic effect of KDM5A and m6A
regulators in the pathogenesis of prostate cancer. In addition,
KDM5A can also promote the occurrence of small-cell lung
cancer by inhibiting the target genes NOTCH1 and NOTCH?2
(Oser et al., 2019). The results of KEGG pathway analysis of the
genes with the strongest interaction with KDM5 family proteins
in this study also suggest that the family may promote the
occurrence and development of pancreatic cancer through the
NOTCH pathway. Intriguingly, the GO and KEGG analyses of
the KDM5 family and its 800 coexpressed genes in this study
suggest that they play a role in many biological processes, such as
“cell cycle regulation”, “chromatin binding”, “transcription factor
binding” and “transcriptional disorders in cancer”, which is
consistent with the finding that overexpression of KDM5A
promotes the proliferation, invasion, and metastasis of many
kinds of tumors. The KDM5A family likely plays a key role in
regulating the proliferation of pancreatic cancer cells and
inducing chemotherapy resistance.

KDMS5B is a transcriptional inhibitor that specifically
demethylates histone H3 lysine 4 (H3K4), putting it in a state
of transcriptional inactivity (Benevolenskaya, 2007). Related
studies have shown that KDMS5B inhibits the expression of
PTEN at the transcriptional level through H3K4

Mechanism of the KDM5 Family

demethylation, thus inhibiting phosphorylated PI3K and AKT
and increasing the proliferation, migration and invasion of
hepatocellular carcinoma cells in vivo and in vitro (Tang et al.,
2015). In addition, in syngeneic mouse breast tumor models and
xenotransplantation models, KDM5B knockout leads to
upregulation of tumor suppressor genes such as BRCAI,
CAV1, and HOXA5 (Yamane et al., 2007) and increased
H3K4 methylation in the chromatin regions of these target
genes (Rasmussen and Staller, 2014). KDM5B is also related to
chemotherapeutic drug resistance in NSCLC. Related
experiments have shown that knockout of the KDM5B gene
enhances the death of NSCLC cells induced by cisplatin and
doxorubicin, suggesting that KDM5B may promote the
invasiveness of NSCLC cells through epigenetic regulation of
epithelial-mesenchymal transformation (EMT) regulatory factors
such as vimentin, snail, and E-cadherin and upregulation of
multipotent transcription factors such as OCT4, SOX2, KLF4,
and c-Myc (Kristensen et al., 2012; Rasmussen and Staller, 2014;
Yamamoto et al., 2014). These studies have revealed that KDM5B
may be a marker of malignant tumor progression and a potential
therapeutic target.

There is an interaction between KDMS5C and histone
deacetylases (HDACs), which have been successfully targeted
in cancer therapy (Huang et al., 2011), consistent with the results
of our protein interaction analysis. In addition, some studies have
shown that the success of HDAC inhibitors is closely related to
their interaction with KDM5C. HDACs usually act on many
different histone residues, while the catalytic activity of KDM5C
is limited to specific histone residues (Huang et al., 2011). This
suggests that KDM5C inhibitors may have more specific
biological effects and are more specific anticancer drugs than
HDAC inhibitors. In addition, Johannes Stein et al. found that
KDMS5C gene knockout leads to growth retardation of prostate
cancer cells in vitro and induces the regulation of several
proliferation-related genes. This finding implies that KDM5C
is an ideal drug target for prostate cancer (Stein et al., 2014).
Recent studies have found that KDMS5C is also highly expressed
in ER-positive primary gastric cancer, regulated by ER and HIFI,
and can significantly promote the proliferation, migration and
invasion of gastric cancer cells (Xu et al, 2017). This study
provides additional strong evidence for the role of KDM5C in
promoting cancer. Therefore, we speculate that KDM5C may also
play the role of an oncogene in pancreatic cancer and expect it to
become a new target for tumor therapy.

KDMS5D is a male-specific protein that inhibits the expression
of genes associated with cell invasion (Li et al., 2016). There is
growing evidence that EMT is necessary for tumor metastasis,
and KDMS5D gene knockout increases the expression of key EMT
regulators (such as N-cadherin and Slug) (Li et al., 2016). In
addition, related studies have shown that the expression of ETV4
is significantly increased in the process of gastric cancer cell
proliferation and is closely related to lymph node metastasis,
distant metastasis, and poor prognosis of gastric cancer patients,
while KDM5D can downregulate the expression of ETV4 (Cai
et al,, 2020). In addition, overexpression of KDM5D can increase
the sensitivity of cancer patients to ATR inhibitors or cell cycle
inhibitors (Schifer et al, 2021). These studies suggest that
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decreased expression of KDM5D may be an important reason for
the occurrence of many kinds of cancers and tumor drug
resistance.

Another key finding of this study is that the expression levels
of KDM5 family members are related to the infiltration of many
kinds of infiltrating lymphocytes and the expression level of
immune molecules in pancreatic cancer. The immune system
is a complex system (Saab et al., 2020). In addition to acting as the
first line of defense against a variety of pathogens, immune cells
can also provide surveillance by identifying and destroying latent
cancer cells. However, in some cases, the immune system can help
tumor cells escape immune control (Shalapour and Karin, 2015).
Tumor-infiltrating lymphocytes are a unique kind of
lymphocytes that infiltrate the tumor microenvironment by
detecting cancer antigens and releasing proinflammatory and
immune molecules that are important substances that regulate
the immune function of the body (Lee et al., 2016). Upregulation
of KDM5A/B/C expression was associated with increased
infiltration of B cells, CD8" T cells, macrophages, neutrophils,
dendritic cells, and other infiltrating lymphocytes and increased
expression of immunostimulatory molecules such as NT5E,
TNFSF4, and TNFSF15, immunosuppressive molecules such as
CD274 and TGFBR1, MHC molecules such as TAP2, and
chemokine receptors such as CCL24, CCR8, and CCR9. These
findings prove that the KDM5 family is closely related to immune
function in pancreatic cancer, which provides important
information for predicting potential therapeutic targets.
Intriguingly, we found that overexpression of KDM5A/C was
associated with reduced sensitivity of pancreatic cancer cells to a
variety of pancreatic cancer-targeting and chemotherapeutic
drugs, such as axitinib and gemcitabine. This discovery
provides strong evidence for the study of KDM5A and
KDMS5C as targets for new pancreatic cancer-targeting and
chemotherapeutic drugs. However, this study has some
limitations. For example, the number of databases included in
this study is somewhat inadequate. In addition, this study is only a
bioinformatics analysis of the function of KDM5 family in PAAD.
Future basic research may further confirm the tumor-promoting
or tumor-suppressing role of the KDM5 family in PAAD.

CONCLUSION

In summary, our bioinformatics analysis of the KDM5 family and
the pathogenesis of pancreatic cancer found that KDM5 family
members can be used as prognostic markers and new therapeutic
targets for patients with pancreatic cancer. However, relevant
experimental studies in vivo and in vitro are urgently needed.
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Non-small-cell lung cancer (NSCLC) is divided into three major histological types, namely, lung
adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and large-cell lung carcinoma
(LCLC). We previously identified that 4.1N/EPB47L7 acts as a tumor suppressor and is
reduced in NSCLC patients. In the current study, we explored the underlying epigenetic
mechanisms of 4.1N/EPB41L1 reduction in NSCLC. The 4.1N/EPB41L1 gene promoter
region was highly methylated in LUAD and LUSC patients. LUAD patients with higher
methylation level in the 4.1N/EPB417L1 gene promoter (TSS1500, ¢g13399773 or TSS200,
€g20993403) had a shorter overall survival time (Log-rank p = 0.02 HR = 1.509 or Log-rank p =
0.016 HR = 1.509), whereas LUSC patients with higher methylation level in the 4.1N/EPB41L1
gene promoter (TSS1500 ¢g13399773, TSS1500 cg07030373 or TSS200 ¢g20993403) had
a longer overall survival time (Log-rank p = 0.045 HR = 0.5709, Log-rank p = 0.018 HR = 0.68
or Log-rank p = 0.014 HR = 0.639, respectively). High methylation of the 4. 1N/EPB471L1 gene
promoter appeared to be a relatively early event in LUAD and LUSC. DNA methyltransferase
inhibitor 5-Aza-2'-deoxycytidine restored the 4.1N/EPB41L1 expression at both the mRNA
and protein levels. MiR-454-3p was abnormally highly expressed in NSCLC and directly
targeted 4.1N/EPB41L7T mRNA. MiR-454-3p expression was significantly correlated with
4AN/EPB41L1 expression in NSCLC patients (r = —-0.63, p < 0.0001). Therefore, we
concluded that promoter hypermethylation of the 4.1N/EPB47L1 gene and abnormally high
expressed miR-454-3p work at different regulation levels but in concert to restrict 4.1N/
EPB41L1 expression in NSCLC. Taken together, this work contributes to elucidate the
underlying epigenetic disruptions of 4.1N/EPB41L1 deficiency in NSCLC.

Keywords: 4.1N/EPB41L1, lung adenocarcinoma (LUAD), methylation, miR-454-3P, non-small-cell lung cancer
(NSCLC), lung squamous cell carcinoma (LUSC)

Abbreviations: 3'UTRs, 3'-untranslated regions; 5-Aza-CdR, 5-Aza-2'-deoxycytidine; HR, hazard ratio; LCLC, large-cell lung
carcinoma; LR, log-likelihood ratio; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; NSCLC, non-
small-cell lung cancer; SD, standard deviation; TBS-seq, targeted bisulfite sequencing; TSS, transcription start site.
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INTRODUCTION

Lung cancer is the most commonly diagnosed cancer and the
most lethal cause of cancer mortality worldwide (Bray et al,
2018). Non-small-cell lung cancer (NSCLC), consisting of lung
adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), and large-cell lung carcinoma (LCLC) (Rodriguez-
Canales et al., 2016), represents major types of lung cancers
(80-85%) (D’Addario et al., 2010). Owing to a lack of obvious
early symptoms and early-stage diagnosis, most patients with
NSCLC are diagnosed in the advanced clinical stage—that is—III
or IV (Norouzi and Hardy, 2021). Despite recent advances in
NSCLC treatment, less than 15% of the patients eventually
survived (Quintanal-Villalonga 2019;
Norouzi and Hardy, 2021).

Gene promoter methylation and miRNA dysregulation are
typical markers of cancer epigenetics (Nebbioso et al., 2018).
Gene promoter methylation most commonly occurs at the CpG
islands and regulates the gene expression at the transcriptional
level (Yang et al., 2014; Zhou et al., 2017; Arechederra et al., 2018).
5-10% of CpG islands in the promoter of genes have been
identified as cancer-specifically methylated, which should not
be methylated in normal cells (Heller et al., 2013; Olbromski et al.,
2020). The methylations of certain genes are of clinical relevance
for patients with NSCLC (Heller et al., 2013). MiRNAs are
endogenous small non-coding RNAs, which directly bind to
the 3'-untranslated regions (3'UTRs) of target mRNAs to
regulate the gene expression at the posttranscriptional level.
NSCLC patients have widespread dysregulation of miRNA
expression (Du et al, 2018; Uddin and Chakraborty, 2018). It
has been well-documented that 4.1 family members 4.IN/
EPB41L1 and its homologs (4.1B/EPB41L3, 4.1G/EPB41L2, and
4.1R/EPB41) are lost in various cancers (Yang et al., 2021).
However, epigenetic silencing of 4.1 family members in
cancers is still largely unknown. Loss of 4.1B/EPB41L3 is the
only case that has been linked to high promoter methylation in
cancers (Kikuchi et al., 2005; Zhang et al., 2012). No miRNAs
have been found to regulate 4.1 family members.

Our previous studies suggested that 4.1N/EPB4IL1 is
abnormally low expressed and exerts anticancer effects in
NSCLC (Wang et al, 2016; Yang et al, 2016; Yang et al,
2021). In the current study, for the first time, we focus on
identifying the underlying epigenetic disruptions of 4.1N/
EPB41L1 deficiency in NSCLC. We report that promoter
hypermethylation and aberrant miR-454-3p expression
regulate 4.1N/EPB41L1 expression at transcriptional and
posttranscriptional levels, respectively, but work in concert to
restrict its expression in NSCLC.

and Molina-Pinelo,

MATERIALS AND METHODS

Antibodies
Rabbit anti-4.IN antibody was purchased from ATLAS
(Bromma, Sweden). Rabbit anti-GAPDH antibody was
purchased from Santa Cruz (Santa Cruz Biotechnology,
United States).

4. 1N/EPB41L1 is Epigenetic Silenced

Cell Culture
MRCS5, 95C, and 95D cells were grown in DMEM medium

(Gibco, United States) and supplemented with 10% fetal
bovine serum (Gibco, United States). H460 and A549 cells
were grown in RPMI 1640 medium (Gibco, United States) and
supplemented with 10% fetal bovine serum. All the cells were
grown at 37°C in a humidified atmosphere containing 5% CO..

NSCLC Tissue Samples

Tumor tissues and tumor-adjacent tissues were obtained from the
Second Xiangya Hospital of Central South University (Changsha,
China). The tissue samples were subjected to qPCR experiments
after approval by the Ethics Committee of the Second Xiangya
Hospital. Informed consent was obtained from all participating
subjects.

Methylation-Based Analysis

The MethSurv tool (https://biit.cs.ut.ee/methsurv/) (Modhukur
et al,, 2018) was used to perform the assessment of methylation-
based analysis for the 4.1N/EPB41L1 gene in LUAD and LUSC.
The raw data for LUAD and LUSC could be downloaded from the
website (https://biit.cs.ut.ee/methsurv/).

Cell Transfection and Western Blot
MiR-454-3p and the control mimics were purchased from
RiboBio (Guangzhou, China) and transfected according to our
previously published protocol (Li et al., 2016). Western blot was
also performed according to our previous protocol (Yang et al.,
2016).

Targeted Bisulfite Sequencing

The cells were sent to Biomarker Acegene Corporation,
Shenzhen, China for targeted bisulfite sequencing (TBS-seq)
analysis. 4.IN/EPB41L1 promoter methylation was assessed
according to the previously published method (Gao et al,
2014a; Gao et al., 2014b; Gao et al., 2015; Pan et al, 2018).
Methylation levels are defined as the fraction of read counts of ‘C’
in the total read counts of both ‘C’ and ‘T” for each covered C site.
On the basis of such read fraction, methylated cytosine was called
using a binomial distribution as in the method described by Lister
etal. (2009), whereby a probability mass function is calculated for
each methylation context (CpG). Two-tailed Fisher’s exact test
was used to identify cytosines that are differentially methylated
between two samples or groups. Only those CGs covered by at
least 200 reads in at least one sample were considered for testing.

5-Aza-2'-deoxycytidine(5-Aza-CdR)
treatment

5-Aza-CdR (Merck, Germany) was diluted in PBS. The cells were
seeded in a 6-well plate and treated with 0, 1, or 10 uM 5-Aza-
CdR for 48 h. 5-Aza-CdR was replaced every 24 h.

RNA Extraction and gPCR

Total RNA was isolated using the RNeasy kit (QIAGEN,
United States). cDNA was synthesized using the RevertAid H
Minus First-Strand ¢cDNA Synthesis Kit (Thermo Scientific,
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United States). Stem-loop RT primers (RiboBio, China) were
used in reverse transcription for miR-454-3p. qPCR was
performed using the One-Step qRT-PCR SYBR® Green Kit
(Vazyme Biotech, China). The sequences of primers targeting
4.1N/EPB41L1 and miR-454-3p were used as described earlier
(Wang et al., 2010) and designed by Vazyme Biotech (Nanjing,
China). U6 small nuclear RNA was used as an internal control for
miR-454-3p analysis.

Dual-Luciferase Reporter Gene Assay

The 3'UTR target sites of 4.1N/EPB41L1 mRNA were amplified
by PCR with genomic DNA from MRCS5 cells. The PCR product
was cloned in the psiCHECK2 vector (Promega, United States) to
construct the wild-type plasmid (psiCHECK2-4.IN-wt). The
corresponding mutant psiCHECK2-4.1N-mut was constructed
by in vitro site-directed mutagenesis (Mut ExpressMultiS Fast
Mutagenesis Kit, Vazyme Biotech, China). Bidirectional
sequencing was applied to confirm the correct sequence of the
two constructs. For the dual-luciferase reporter gene assay, A549
and H460 cells were cultured in a 24-well plate for 24 h and
transfected with psiCHECK2-4.1N-wt or psiCHECK2-4.1N-mut
plasmids and miR-454-3p mimics or miR-negative-control using
the RiboFECT™CP transfection kit (Ribo Biotechnology, China)
and Lipofectamine 2000 (Invitrogen, United States). 48 hours
after the transfection, the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, United States) was used to measure the
luciferase activity according to the manufacturer’s protocol.

Statistics

All the experiments were performed in triplicate, and statistical
analyses were conducted using GraphPad Prism 5.0. The data
were presented as the mean + standard deviation (SD). Student’s
t-tests were used to calculate the results. A p-value < 0.05 was
considered significant statistically. DNA methylation values were
represented as beta values (range from 0 to 1). Any beta value
equal to or greater than 0.6 was considered fully methylated. Any
beta value equal to or less than 0.2 was considered to be fully
unmethylated. Beta values between 0.2 and 0.6 were considered to
be partially methylated. Differential methylation for individual
CpG loci was assessed by comparing the beta values. The patients
were classified into high-methylation and low-methylation levels
based on maxstat (Modhukur et al, 2018). Cox proportional
hazards models were used to perform the survival analysis based
on methylation levels of the CpG sites. The methylation levels and
overall survival time were used as explanatory variables and
response variables, respectively, to perform overall survival
analysis.

RESULTS

Hypermethylation of the 4.1N/EPB41L1
Gene in NSCLC

Aberrant hypermethylations in the promoter region of genes are
considered a major reason for gene silencing in cancer (Lamy
et al., 2001). The CpG island methylation prediction using the
CpGPNP program (http://forensicdna.kr/cpgpnp/) showed four

4. 1N/EPB41L1 is Epigenetic Silenced

CpG islands in the 4.1N/EPB4IL1 gene promoter (2,000 bp
upstream to 1,000 bp downstream of the transcription start
site, Figure 1A). NSCLC predominantly encompasses the
LUAD (40% prevalence) and LUSC subtypes (25%
prevalence). The MethSurv tool (https://biit.cs.ut.ee/methsurv/)
(Modhukur et al., 2018) was used to perform the assessment of
methylation-based analysis for the 4.1N/EPB41L1 gene promoter
region (TSS200 and TSS1500) in LUAD and LUSC. The heat map
showed that high methylation of the 4.IN/EPB4IL1 gene was
prevalent in both LUAD (Figure 1B) and LUSC (Figure 1C).
Because the MethSurv tool (https://biit.cs.ut.ee/methsurv/) lacks
LCLC data, we investigated the methylation of the 4.1N/EPB41L1
gene in LCLC cells (95C, 95D, and H460) and normal lung
fibroblast cells (MRC5). TBS-seq results showed that promoter
methylation of 4.1N/EPB41L1 was significantly higher in LCLC
cells (95C, 95D, and H460) than in normal lung cells (MRC5) (p <
0.001) (Figures 1D,E). To further validate the role of methylation
in 4.1N/EPB41L1 gene repression, we treated the LCLC cells (95C
and H460) and LUAD cells (A549) with DNA methyltransferase
inhibitor 5-Aza-CdR. After demethylation treatment, the 4.1N/
EPB41L1 gene was restored both at mRNA (Figures 2A-C) and
protein levels (Figures 2D-F). Taken together, these results
indicated that 4.1N/EPB41L1 gene methylation is a cause of
decreased 4.1N/EPB41L1 expression in NSCLC patients.

Prognostic Relevance of 4.1N/EPB41L1
Hypermethylation in LUAD and LUSC

In most cases, evaluating DNA methylation signature in the
promoter region is highly desirable and sensitive for cancer
diagnosis and prognosis. The Kaplan-Meier survival curve
showed that the higher methylation levels in the promoter
(TSS1500, cg13399773 or TSS200, cg20993403) of the 4.IN/
EPB4IL1 gene were significantly associated with a shorter overall
survival time (Log-rank p = 0.02, HR = 1.509 or Log-rank p = 0.016,
HR = 1509, respectively) for LUAD patients (Figures 3A,C).
Median methylation levels of the two CpG sites (cg13399773 and
€g20993403) were high (beta>0.5) at stage I and did not essentially
change in tumors of more advanced stages (Figures 3B,D). Unlike
the LUAD, the Kaplan-Meier survival curve showed that the higher
methylation levels in the promoter (TSS1500 cg13399773, TSS1500
€g07030373, or TSS200 cg20993403) of the 4.1N/EPB41L1 gene were
significantly associated with a shorter overall survival time (Log-rank
p =0.045 HR = 0.5709, Log-rank p = 0.018 HR = 0.68 or Log-rank
p = 0.014 HR = 0.639 respectively) for LUSC patients (Figures
4A,C,.E). Median methylation levels of the three CpG sites (TSS1500
cg13399773, TSS1500 cg07030373, or TSS200 cg20993403) were
high (beta>0.5) from stage I to IV and tended to decline with tumor
progression (Figures 4B,D,F). We did not further explore the
contrasting ~ prognostic ~ relevance  of = 4.1N/EPB41LI
hypermethylation between LUAD and LUSC. However,
methylation of the 4.1N/EPB4ILI gene might be an important
mechanism for tumor formation in LUAD and LUSC because
high 4.IN/EPB41L1 gene methylations were observed at stage L
Because the MethSurv tool (https://biit.cs.ut.ee/methsurv/) lacks
LCLC data, the prognostic relevance of 4.1N/EPB41LI
hypermethylation in LCLC was unknown.
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FIGURE 1 | Promoter methylation of the 4.1N/EPB47L1 gene in NSCLC. (A) In the upper panel, CpG island prediction of the 4.1N/EPB41L1 gene promoter was
integrated using the CpGPNP program. The red line represented GC content, the green line represents CpG O/E value, and the yellow box represented four predicted
locations of CpG island (range from 82 to 179, 265-361, 2412-2467, and 2542-3002, sequence length >100 bp, GC content >50%, O/E value >0.6). The lower panel
represented the structure of the 4. 1N/EPB41L 1 gene promoter (range from TSS -2000 to TSS 1000). Coordinate values of abscissas in the lower and upper panels
were correlated. TSS -2000 in the lower panel corresponded to 0 in the upper panel. The TSS site in the lower panel corresponded to 2000 in the upper panel. TSS 1000
inthe lower panel corresponded to 3000 in the upper panel. (B,C) Heatmap depicting the CpG methylation level of the 4.1N/EPB41L 1 gene promoter in LUAD and LUSC
patients. Rows and columns represented the CpGs and the patients, respectively. (D) Heatmap depicting the methylation levels of the 4.1N/EPB41L1 gene promoter in
normal lung fibroblast cells MRC5 and LCLC cells (95C, 95D, and H460). The row label was the methylation site. The number of row labels corresponded to the
coordinate value of abscissa in the upper panel of Panel 1A. Methylation levels were represented as beta values and shown as a continuous variable from blue to red. Any
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FIGURE 1 | beta value equal to or greater than 0.6 was considered fully methylated. Any beta value equal to or less than 0.2 was considered to be fully unmethylated.
Beta values between 0.2 and 0.6 were considered to be partially methylated. (E) Boxplots indicating the methylation differences between normal lung fibroblast cells
MRC5 and LCLC cells (95C, 95D, and H460). Median methylation levels (show by a thick black line). ***o < 0.001.

4.1N/EPB41L1 mRNA is a Direct Target of abolished by the mutation in the miR-454-3p-binding region of
miR-454-3p the 4.1N/EPB41L1 mRNA 3'UTR in H460 and A549 cells

(Figures 5G,H). The abovementioned results signified that
abnormally highly expressed miR-454-3p is another epigenetic
cause of 4.1IN/EPB41L1 decreasing in NSCLC patients.

We previously described that the 95D cells had remarkably lower
4.1N/EPB41L1 expression than the 95C cells (Yang et al., 2016).
Unexpectedly, although the methylation level of the 95D promoter
was higher than that of 95C, there was no significant difference
between the two homologous NSCLC subclones 95C/95D . .
(Figure 5A). Over half of all protein-encoding genes are Abnormally High-Expressed miR-454-3p
regulated by miRNAs (Turchinovich et al, 2012). Aberrantly —Decreases 4.1N/EPB41L1 in NSCLC
high-expressed oncomiRNA silencing cancer suppressing genes  TCGA data were used to extract RNA transcript levels of the miR-
are frequently found in NSCLC. Therefore, we investigated the = 454-3p. We found that the miR-454-3p was significantly higher in
potential miRNAs regulating 4.IN/EPB4IL1 expression. The  the LUAD (Figure 6A) and LUSC (Figure 6C) tissues in
miRNA-target gene database TargetScan (miRBase:www.mirbase. ~ comparison to the adjacent tissues, whereas the 4.1N/EPB41L1
org) was used to predict the potential miRNAs regulating 41N/ mRNA was significantly lower in LUAD (Figure 6B) and LUSC
EPB41L1, and miR-454-3p was suggested as a potential miRNA  (Figure 6D) tissues than the corresponding adjacent tissues.
(Figure 5B). qPCR results showed that the miR-454-3p was  Then, we used qPCR to measure the miR-454-3p and 4.1N/
expressed significantly lower in the 95D cells than in 95C cells ~ EPB41L1 mRNA expressions in 37 NSCLC tissues and 31 tumor-
(Figure 5C). After overexpressing the miR-454-3p in A549 cells  adjacent tissues. We found that the expression patterns are
(Figure 5D), the expression level of protein 4.IN/EPB4ILI was  consistent with TCGA data (Figures 6E,F). Moreover, the
downregulated (Figure 5E). association between miR-454-3p and 4.IN/EPB41L1 mRNA
To further examine if 4.1N/EPB41L1 was a target gene of miR- ~ was validated by Spearman’s coefficient analysis. The MiR-
454-3p, the dual-luciferase activity assay was applied in A549 and ~ 454-3p expression level showed a significantly negative
H460 cells. The predicted binding sites of miR-454-3p and 4.1N/  correlation with 4.1N/EPB41L1 mRNA (r = -0.63, p < 0.0001,
EPB41L1 mRNA and mutant sequences containing four mutated ~ Figure 6G). Expression patterns of miR-454-3p and 4.1N/
nucleotides are shown in Figure 5F. MiR-454-3p significantly =~ EPB41L1 mRNA showed that abnormally high expression of
suppressed the luciferase activity, and this suppressive effect was ~ miR-454-3p negatively regulates 4.1N/EPB41L1 in NSCLC.
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FIGURE 2| 4.1N/EPB41L1 was restored by methyltransferase inhibitor 5-Aza-CdR in NSCLC cells. (A-C) gPCR was performed to evaluate expressions of 4.1N/
EPB41L7 mRNA in 95C, H460, and A549 cells after O uM or 1 uM 5-Aza-CdR treatments for 48 h (D-F) 95C, H460, and A549 cells were treated with 0, 1 or 10 uM 5-
Aza-CdR for 48 h, and then the protein was detected by Western blot. The data were presented as the mean + SD, *p < 0.05.
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FIGURE 3 | Methylation levels and prognosis of the 4.1N/EPB41L1 promoter in patients with LUAD. (A) Kaplan—Meier curves for cg13399773-4.1N showing
survival in lower (beta <0.611, shown in blue) and higher methylation groups (beta > 0.611, shown in red) dichotomized by the maxstat method. (C) Kaplan-Meier curves
for cg20993403-4.1N showing survival in lower (beta <0.59, shown in blue) and higher methylation groups (beta > 0.59, shown in red) dichotomized by the maxstat
method. (B,D) Violin plots showing the methylation levels of cg13399773-4.1N and cg20993403-4.1N among stage |-V LUAD patients. Median methylation levels
(show by a thick black line) and interquartile range were summarized by the boxplot within each violin plot. HR: hazard ratio; LR: log-likelihood ratio; LUAD: lung
adenocarcinoma. Methylation levels were represented as beta values. Any beta value equal to or greater than 0.6 was considered fully methylated. Any beta value equal
to or less than 0.2 was considered to be fully unmethylated. Beta values between 0.2 and 0.6 were considered to be partially methylated.
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DISCUSSIONS

DNA methylation in the promoter region results in gene repression,
which is one of the most well-defined epigenetic hallmarks. We
previously revealed that downregulated 4.1N/EPB4ILI1 exerts
antitumor effects by activating the cdlassical Wnt pathway and
C-MYC expression in NSCLC (Wang et al, 2016; Yang et al,
2016; Yang et al, 2021). The Wnt pathway disruption driven by
methylation of promoter regions plays a key driving role in the high
CpG island methylated phenotype LUAD subtype. This subtype is also
significantly correlated with the overexpressed MYC gene (Cancer
Genome Atlas Research, 2014; Duruisseaux and Esteller, 2018). 4.1N/
EPB41L1 has many similar biological characteristics to its homologous
4.1B/EPB411L3. High promoter methylation of the 4.1B/EPB41L3
gene-induced gene-silencing frequently occurs in NSCLC (Kikuchi

et al,, 2005; Zhang et al., 2012), breast cancer (Heller et al.,, 2007), renal
clear cell carcinoma (Yamada et al., 2006), and prostate cancer (Schulz
et al, 2007; Schulz et al, 2010). Thus, we decided to explore the
underlying epigenetic disruptions of 4.IN/EPB4IL1 deficiency in
NSCLC. Similarly, we found that high 4.1N/EPB4IL1 gene
methylation was prevalent in LUAD and LUSC. 4.1B/EPB4IL3
gene methylation is a potential indicator for poor prognosis in
NSCLC patients, especially in LUAD patients (Kikuchi et al., 2005).
We found that a higher methylation level of 4.1N/EPB41L1 gene CpG
sites (cg13399773 and cg20993403) was potential predictive markers of
shorter overall survival in LUAD patients. It is acceptable that patients
with higher promoter methylation within the 4. 1N/EPB41L1 gene have
a shorter overall survival time because the methylation inhibits tumor
suppressor 4.IN/EPB41L1 expression at the transcriptional level
However, it is a different matter for LUSC, which remains to be
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FIGURE 4 | Methylation levels and prognosis of the 4.1N/EPB41L1 promoter in patients with LUSC. (A) Kaplan—Meier curves for cg13399773-4.1N showing

survival in lower (beta <0.675, shown in blue) and higher methylation groups (beta > 0.675, shown in red) dichotomized by the maxstat method. (C) Kaplan-Meier curves
for cg07030373-4.1N showing survival in lower (beta <0.796, shown in blue) and higher methylation groups (beta > 0.796, shown in red) dichotomized by the maxstat
method. (E) Kaplan—-Meier curves for cg20993403-4.1N showing survival in lower (beta <0.611, shown in blue) and higher methylation groups (beta > 0.611,

shown in red) dichotomized by the maxstat method. (B,D,F) Violin plots showing the methylation levels of cg13399773-4.1N, cg07030373-4.1N, and cg20993403-
4.1N among stage I-IV LUAD patients. Median methylation levels (show by a thick black line) and interquartile range were summarized by the boxplot within each violin
plot. HR: hazard ratio; LR: log-likelihood ratio; LUSC: lung squamous cell carcinoma. Methylation levels were represented as beta values. Any beta value equal to or
greater than 0.6 was considered fully methylated. Any beta value equal to or less than 0.2 was considered to be fully unmethylated. Beta values between 0.2 and 0.6

elucidated in the future. The 5-year survival rate is less than 15% for
NSCLC patients, but the rate can increase to 63% with the early stage of
initial diagnosis (van Rens et al, 2000; Geng et al, 2017), thus
demonstrating the value of the early diagnosis of NSCLC. 4.1B/
EPB41L3 gene promoter methylation is regarded as an early event
in renal clear cell carcinoma (Yamada et al,, 2006). In this study, high
4.IN/EPB4IL1 gene methylation was also observed to be a relatively
early event in LUAD and LUSC patients, indicating its valuable role in
tumorigenesis and potential as an early detection marker.

qPCR results of our sample set and the TCGA database
together showed that the miR-454-3p was upregulated in the
NSCLC tumor tissue, which contrasted with the results from
another independent study (Jin et al., 2019). Interestingly, tumor
expression of miR-454-5p in NSCLC is reported as upregulated
(Zhu et al,, 2016), but another report suggests its expression to be
downregulated (Liu et al, 2018). It is not rare when various
clinical specimens are evaluated; the expression levels of some
miRNAs are different. Because of the complexity of NSCLC
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development, for these miRNAs, the specimen integration of
different NSCLC stages and histological types could impede their
expressions together (Zhong et al., 2021). In NSCLC, our study
showed aberrantly high-expressed miR-454-3p directly bound to
4.1N/EPB41L1 mRNA 3'UTR and led to the depression of tumor
suppressor 4.IN/EPB4I1L1 at the posttranscriptional level,
uncovering the known miRNAs regulating 4.1N/EPB41L1. It
has been reported that the miR-454-3p also acts as
oncomiRNA in oral squamous cell carcinoma (Shi et al,
2021), cervical cancer (Guo et al., 2018; Shukla et al., 2019;
Song et al,, 2019; Li et al.,, 2021), liver cancer (Li et al.,, 2019),

breast cancer (Ren et al, 2019; Wang et al., 2020), and colon
cancer (Li et al., 2018). Moreover, an integrative bioinformatics
analysis indicates that miR-454-3p is a biomarker for diagnosing
some cancers, including the LUAD (Botling et al., 2013), which
needs further confirmation studies in the future.

Epigenetic alterations have been demonstrated to be highly
orchestrated from the initiation step to therapy resistance step in
lung cancer (Quintanal-Villalonga and Molina-Pinelo, 2019).
Although many research studies have revealed the vital
anticancer roles of 4.1 family members, the knowledge of the
underlying epigenetic mechanism behind their loss in cancers is
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nearly empty. This study showed that promoter methylation and
miR-454-3p were implicated in the expression deregulation of the
4.1N/EPB41L1 at transcriptional and posttranscriptional levels,
respectively. The epigenetic abnormalities are reversible; the
application of upregulating 4.1N/EPB4IL1 by targeting DNA
methylation and miR-454-3p may represent a promising
therapy for NSCLC treatment.
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