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The Potential Roles of RNA
N6-Methyladenosine in Urological
Tumors

Yang Lit, Yu-zheng Get, Luwei Xu, Zheng Xu, Quanliang Dou and Ruipeng Jia*

Department of Urology, Nanjing First Hospital, Nanjing Medical University, Nanjing, China

N6-methyladenosine (m®A) is regarded as the most abundant, prevalent and conserved
internal MRNA modification in mammalian cells. MBA can be catalyzed by m°A
methyltransferases METTL3, METTL14 and WTAP (writers), reverted by demethylases
ALKBH5 and FTO (erasers), and recognized by mSA -binding proteins such as
YTHDF1/2/3, IGF2BP1/2/3 and HNRNPA2B1 (readers). Emerging evidence suggests
that m8A modification is significant for regulating many biological and cellular processes
and participates in the pathological development of various diseases, including tumors.
This article reviews recent studies on the biological function of m8A modification and the
methylation modification of m8A in urological tumors.

Keywords: N6-methyladenosine (m®A), writers, erasers, readers, urological tumors

INTRODUCTION

In past decades, epigenetic modification has been identified to be involved in diverse biological
processes and disease progression, attracting more and more attention. Epigenetics is a study
of reversible, inheritable phenotypes that do not involve changes in nuclear DNA sequences
(Mohammad et al, 2019), and primarily includes RNA interference, histone modification,
chromatin rearrangement, DNA methylation and RNA modification (Arguello et al., 2019; McGee
and Hargreaves, 2019).

RNA modification was previously regarded as occurring in high-abundance RNA species,
while emerging evidence indicates that it is characterized in lowly abundant species of RNA
such as non-coding RNAs and Mrna (Dominissini, 2014; Li X. et al., 2016). Among them, RNA
methylation has attracted accumulating attention in recent years and N6-methyladenosine (m®A)
is the most prevalent RNA methylation sites (Pan, 2013). M®A modification was firstly reported to
be interrelated to the regulation of gene expression, growth and development in 1970s (Desrosiers
et al., 1974; Perry et al., 1975; Chandola et al., 2015; Hsu et al., 2017), and it has been regarded as
one of the most common mRNA modifications recently. Many researches have revealed that m®A
modification mainly occured in the consensus sequence RRACH sequence (R= A, G; H=A, C, U)
(Li L. J. et al., 2018), which is enriched in stop codons, 3’ untranslated region (UTR) and the last
exon in non-coding RNA (Dominissini et al., 2012; Meyer et al., 2012). Besides, m®A is widespread
in RNA of bacteria, viruses and eukaryotes (Desrosiers et al., 1974; Wang Y. et al., 2014; Deng et al.,
2015; Fu et al., 2015; Greer et al., 2015; Zhang et al., 2015; Liu J. et al., 2016; Zhu et al., 2018).

MPA modification is reversible and catalyzed by many relevant enzymes (Batista, 2017;
Dai et al., 2018). Studies have shown that m®A is involved in various biological and disease
processes via regulating target gene expression (Chen X.Y. et al.,, 2019; Lan et al., 2019). M®A
modification is associated with various diseases, such as neurological diseases (Liu E. Y et al., 2017;
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Salta and De Strooper, 2017) and cancers. In this review, we
provide a broad overview of the relationship between RNA
m®A methylation and urological tumors. We further highlight
the possible uses in diagnostic, prognostic and therapeutic
applications of m® A modifications for urological tumors.

REGULATORS OF MPA

Similar to histone modification and DNA methylation, m®A
modification is reversible and dynamic, and influences biological
functions that are primarily mediated by three types of

regulators:  methyltransferases  (“writers”),  demethylases
(“erasers”) and mCfA binding proteins (“readers”). The
methyltransferase ~complex (MTC) can catalyze m°A,

demethylase can remove m°A, while RNA reader proteins
can recognize m®A and bind to the RNA. These proteins
play an essential biological role in mC®A modifications
(Table 1, Figure 1). Cross-talk among writers, erasers
and readers of m°A is involved in the development and
progression of tumors (Deng et al., 2018; Panneerdoss et al.,
2018).

Methyltransferases (“Writers”)

MTC has been identified to regulate the installation of m®A
and Methyltransferase-like 3 (METTL3), METTL14, and Wilms
tumor 1-associated protein (WTAP) have been proved as the core
components of this complex (Ping et al., 2014; Schwartz et al.,
2014; Zhou J. et al,, 2015). METTL3 is an Sadenosyl methionine
(SAM)-binding protein and regarded as a major catalytic enzyme
with functions reminiscent of the N6-adenine methyltransferase
system (Barbieri et al, 2017). Besides, METTL3 is highly
conserved in eukaryotes from yeast to humans (Bokar et al.,
1997). WTAP can also increase the binding ability of METTL3,
thus regulating recruitment of the complex to mRNA targets
(Ping et al., 2014). METTL14 could form a stable complex
with METTL3 and both of them contain a SAM-binding motif.
With the help of WTAP, METTL3-METTL14 could colocalize
in nuclear speckles and form a heterodimer, so as to participate
in catalytic activity (Liu J. et al., 2014; Zhao X. et al, 2014).
Besides, VIRMA, RBM15, ZC3H13 and KIAA1429 are the new
components of the m®A “writer” complex (Moindrot et al., 2015;
Wang X. et al., 2016; Deng et al.,, 2018; Wen et al., 2018).

METTLS3

The writer METTL3 has been identified to be involved in
various biological processes. METTL3 can enhance the BAT-
mediated adaptive thermogenesis and suppress obesity and
systemic insulin resistance via targeting the 3’ UTR of the
PRDM16, PPARG, and UCP1 transcript to install the m®A
modification (Wang Y. et al.,, 2020). The ablation of METTL3
in germ cells severely inhibited spermatogonial differentiation
and blocked the initiation of meiosis (Xu et al., 2017). Besides,
METTL3 was also shown to be upregulated in various solid
tumors and associated with poor prognosis. In oral squamous

cell carcinoma (OSCC), METTL3 can facilitate tumor growth and
metastasis through making an increment in m®A modification
and expression of c-Myc transcript (Zhao W. et al., 2020). In
colorectal cancer (CRC), METTL3 stabilizes HK2 and GLUT1
expression via a m®A -IGF2BP2/3-dependent mechanism (Shen
etal., 2020). Additionally, METTL3 might affect tumor metastasis
through promoting the maturation of pri-miR-1246 (Peng
et al, 2019). METTL3 enhances the splicing of precursor
miR-143-3p and facilitates its biogenesis, thereby promoting
the brain metastasis of lung cancer (LC) (Wang H. et al,
2019). Moreover, METTL3 induces non-small cell lung cancer
(NSCLC) drug resistance and metastasis by promoting Yes-
associated protein (YAP) mRNA translation via a mlA -
YTHDF1/3/elF3b-dependent mechanism (Jin D. et al., 2019). In
gastric cancer (GC), overexpression of METTL3 can promote the
stability of ZMYMI, thereby enhancing epithelial mesenchymal
transformation (EMT) process and tumor metastasis (Yue et al.,
2019). In addition, upregulated METTLS3 facilitates GC growth
and liver metastasis through installing m®A modifications of
HDGEF transcript (Wang Q. et al., 2020).

METTL14

Studies have demonstrated that METTL14 is associated
with a lower risk for development of neoplasms. In CRC,
METTL14 acts as a tumor-suppressor to inhibit cell growth and
metastasis in vitro and in vivo. Mechanistical study demonstrated
that downregulated METTL14 substantially abolishes m®A
modifications of XIST and augments XIST expression (Yang X.
et al., 2020). In addition, METTL14 can inhibit CRC cell
proliferation, migration and invasion via the miR-375-YAP1/SP1
signal axis (Chen X. et al., 2020). Although both of METTL3 and
METTL14 could act as m®A “writer”, METTL3 might promote
the progression of CRC, while METTLI14 functions as a tumor
suppressor in CRC. METTL14 can also assume an oncogenic
role in triple-negative breast cancer (TNBC) (Shi et al., 2020),
pancreatic cancer (Kong et al., 2020) and leukemia (Weng
et al., 2018). Moreover, METTL14 is significantly upregulated
in Epstein-Barr virus (EBV) latently infected cells. METTL14
can lead to oncogenesis via increasing m®A modifications of the
indispensable EBV latent antigen EBNA3C and thus facilitating
its stability and expression. Interestingly, EBNA3C can also
enhance stability and expression of METTL14 (Lang et al., 2019).

METTL16

METTL16 has been recently shown to have distinct target RNAs
for m®A modification. Studies have revealed that METTLI6
can bind a subset of mRNAs and methylate U6 small nuclear
RNA (U6 snRNA) and long non-coding RNA (IncRNA) (Brown
et al., 2016; Fitzsimmons and Batista, 2019). Moreover, the
UACAGAGAA sequence is essential for METTL16-mediated-
methylation and the Nterminal module of METTL16 is required
for RNA binding (Doxtader et al., 2018; Mendel et al., 2018).
METTLI6 is involved in catalyzing m®A in A43 of the U6
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TABLE 1 | Functions of mPA regulators in RNA metabolism.

Type m6A Regulators Function References
mBA writer METTL3 Catalyzes m®A modification Schwartz et al., 2014
Zhou J. et al., 2015
- METTL14 Forms a stable complex with METTL3 Schwartz et al., 2014
- - - Zhou J. et al., 2015
METTL16 Catalyzes m6A modification Warda et al., 2017
- WTAP Contributes to the localization of METTL3-METTL14 heterodimer to the Ping et al., 2014
nuclear speckle
RBM15 Binds the mBA complex and recruit it to special RNA site Moindrot et al., 2015
- VIRMA Recruits the m6A complex to the special RNA site and interacts with Wang T. et al., 2020
polyadenylation
- - Cleavage factors CPSF5 and CPSF6 -
ZC3H13 Bridges WTAP to the mRNA-binding factor Nito Wen et al., 2018
mBA eraser FTO Mediates demethylation of both hm8A and f6A in mRNA Basak et al., 2019
ALKBH5 Removes mBA modification Tang et al., 2018
mBA reader YTHDF1 Facilitates mRNA translation efficiency Liu J. et al., 2020
YTHDF2 Promotes mRNA degradation Zhou J. et al., 2015
- YTHDF3 Enhances translation and degradation by interacting with YTHDF1 and Shiet al., 2017
YTHDF2
- - - LiA etal, 2017
YTHDCA Recruits the RNA splicing and controls the nuclear export Roundtree et al., 2017b
- YTHDC2 Interacts with RNA helicase and increases the translation efficiency of Mao et al., 2019
target RNA
IGF2BPs Recruits RNA stabilizers Huang H. et al., 2018
- HNRNPA2B1 Mediates mRNA splicing and primary microRNA processing Alarcon et al., 2015
HNRNPC Influences alternative splicing and mRNA localization Guichard et al., 2012
- EIF3 Facilitates cap-independent translation Meyer et al., 2015

small nuclear RNA (Warda et al., 2017). Under loss-of-SAM
conditions, METTL16 can induce the splicing of a retained
intron, thereby enhancing level of MAT2A and expression of
SAM, while down-regulation of METTL16 and YTHDCI can
abolish SAM-responsive regulation of MAT2A (Pendleton et al.,
2017; Shima et al., 2017). While the specific role of METTL16 in
solid tumors remain to be further explored.

Demethylases (“Erasers”)

The reversible and dynamic m®A modification can be mediated
by obesity-associated protein (FTO) and alkB homolog 5
(ALKBHS5) (m°A “erasers”) (Jia et al., 2011; Zheng et al., 2013).
Both FTO and ALKBH5 are members of the ALKB family
of dioxygenases. As the first reported demethylase, FTO can
also mediate demethylation of both N6-hydroxymethyladenosine
(hm®A) and N6-formyladenosine (f6A) in mRNA (Basak et al.,
2019). ALKBHS plays an essential role in mRNA export and RNA
metabolism (Tang et al., 2018).

FTO

As an m®A eraser, FTO is associated with the initiation
and development of various cancers including hepatocellular
carcinoma (HCC), melanoma, breast cancer and glioma. In
HCC, SIRT1 destabilizes FTO and thus steering the m®A
of downstream elements and consecutive mRNA expression
in tumorigenesis (Liu X. et al, 2020). In melanoma, FTO
can impair IFNy-induced killing via augmenting CXCR4, PD-
1 and SOX10 expression via repressing YTHDF2-mediated
degradation and suppress response to anti-PD-1 blockade
immunotherapy (Yang S. et al, 2019). In breast cancer, FTO
enhances breast cancer cell growth, colony formation and
metastasis. Mechanistical study demonstrated that FTO can
mediate m®A demethylation of BNIP3 transcript and induce
its degradation via an YTHDF2 independent mechanism (Niu
et al,, 2019). The ethyl ester form of meclofenamic acid (MA2)
inhibits FTO and enhances the effect of the chemotherapy drug
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FIGURE 1 | The molecular mechanism of m6A. MBA can be installed by “writers” (METTL3/14/16, WTAP, RBM15, VIRMA, KIAA1429, and ZC3H13), removed by
“erasers” (FTO, ALKBH5, and ALKBH3), and recognized by “readers” (YTHDF1/2/3, YTHDC1/2, IGF2BPs, HNRNPs, and elF3). METTL3/14/16, methyltransferase
like 3/14/16; WTAP, WT1 associated protein; RBM15, RNA binding motif protein 15; VIRMA, vir like m®A methyltransferase associated; ZC3H13, zinc finger
CCCH-type containing 13; FTO, FTO alpha-ketoglutarate dependent dioxygenase; ALKBH5, alkB homolog 5, RNA demethylase; ALKBH3, alkB homolog 3, RNA
demethylase; YTHDF1/2/3, YTH N6-methyladenosine RNA binding protein 1/2/3; YTHDC1/2, YTH domain containing 1/2; IGF2BPs, insulin like growth factor 2
mRNA binding proteins; HNRNPs, heterogeneous nuclear ribonucleo proteins; elF3, eukaryotic translation initiation factor 3 subunit.

temozolomide (TMZ) on suppressing proliferation of glioma
cells (Xiao et al., 2020).

ALKBHS

ALKBHS5 has been regarded as a tumor suppressor in many
cancers. In NSCLC, ALKBHS5 suppresses cell growth and
metastasis both in vitro and in vivo via repressing miR-
107/LATS2-mediated YAP activity and YTHDFs-mediated
YAP expression (Jin D. et al., 2020). In pancreatic cancer,
downregulated ALKBH5 predicts poor prognosis and
knockdown of ALKBH5 markedly facilitates tumor growth and
metastasis (Tang et al., 2020). In HCC, ALKBHS5 is characterized
as a tumor suppressor and could attenuate the expression of
LYPD1 via an mA-dependent manner in HCC cells (Chen Y.
et al., 2020). In addition, ALKBH5 can augment steady-state
CYR61 mRNA expression via an m®A -dependent mechanism,
thereby repressing trophoblast invasion (Li X. C. et al., 2019).

mOA Binding Proteins (“Readers”)

MPCA readers can recognize and bind to m®A sites and regulate
target RNA translation, splicing, nuclear export and decay
(Figure 2). In YTH (YT521-B homology) domain family, the
evolutionarily conserved YTH domain acts as the module

for directly binding to m®A. YTHDFI-3 and YTHDCI-2
are the main five YTH domain proteins. YTHDF1 can bind
to m®A sites around the stop codon and thus facilitating
mRNA translation efficiency (Liu X. et al., 2020). YTHDEF2
can accelerate degradation and deadenylation of the transcripts
by bringing m®A-modified translatable mRNAs to mRNA
decay sites and recruiting CCR4-NOT deadenylase complex
(Zhou J. et al,, 2015). YTHDEF3 can, respectively, promote RNA
translation through associating with YTHDF1 and enhance RNA
degradation by interacting with YTHDF2 (Li A. et al, 2017;
Shi et al,, 2017). In contrast to the prevailing model, where
each DF paralog binds to distinct subsets of mRNAs, Zaccara
and Jaffrey show that the DF paralogs bind proportionately
to each m®A site throughout the transcriptome (Zaccara and
Jaftrey, 2020). YTHDCI recruits the RNA splicing and control
the nuclear export (Roundtree et al., 2017b). YTHDC2 interacts
with RNA helicase and increases the translation efliciency
of target RNA (Mao et al, 2019). The insulin-like growth
factor 2 mRNA binding protein (IGF2BP) family proteins,
including IGF2BP1-3, can recognize m®A containing transcripts.
IGF2BPs exert their functions via recruiting RNA stabilizers
(Huang H. et al., 2018). Eukaryotic initiation factor 3 (EIF3)
can facilitate cap-independent translation (Meyer et al., 2015).
Heterogeneous nuclear ribo nucleo protein (HNRNP) family
proteins include hnRNPC, hnRNPG and hnRNPA2B1. HnRNPC
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RNA translation

and hnRNPG can influence alternative splicing and mRNA
localization (Guichard et al., 2012) while hnRNPA2B1 can bind
to m®A -containing primary microRNAs and enhance microRNA
maturation (Alarcon et al., 2015).

YTHDFA1

More recently, YTHDF1 has been proved to be upregulated in
various tumors, associated with more advanced stages and poorer
survival. In ovarian cancer, YTHDFI promotes tumor growth
and metastasis. Mechanistically, YTHDF1 binds to the m®A
modification site of EIF3C 3’-UTR to increase the translation of
EIF3C mRNA (Liu X. et al., 2020). YTHDFI1 could promote the
translation of frizzled7 (FZD7) in an mGA—dependent manner,
leading to hyper-activation of the Wnt/B-catenin pathway and
promotion of gastric carcinogenesis (Pi et al.,, 2020). Besides,
YTHDFI binds the m®A modification site of Robo3.1 3'-UTR
and promotes its translation in an m®A-independent mechanism.
While down-expression of YTHDF1 in spinal commissural
neurons contributes to pre-crossing axon guidance defects
(Zhuang M. et al., 2019).

YTHDF2

Evidence has shown that YTHDF2 can act as an oncogene
or tumor suppressor in different tumor models. In HCC,
YTHDEF2 decreased expression level is associated with poor

prognosis and classification. YTHDF2 may participate in the
occurrence and progression of HCC by processing the decay
of m®A-containing serpin family E member 2 (SERPINE2)
and interleukin 11 (IL11) mRNAs (Hou et al., 2019). Besides,
YTHDEF2 can suppress tumor growth through modulating
the mSA methylation of EGFR mRNA by the m®A/mRNA
degradation pathway. However, YTHDF2 promotes the cancer
stem cell liver phenotype and cancer metastasis by binding
mC®A-modified OCT4 mRNA (Zhang et al, 2020). YTHDF2
can also interact with miRNA, miR-145 targets YTHDF2 and
results in its degradation (Yang Z. et al, 2017). Moreover,
YTHDE?2 is also involved in the initation of other biological
process. In spermatogenesis, Y THDF2 regulates cell proliferation
and adhesion via modulating the m®A methylation of MMPs
and simultaneously decreasing the overall translational output
(Huang T. et al., 2020). Knockdown of YTHDF2 promotes
the expression of MAP2K4 and MAP4K4 and activates MAPK
and NF-kB signaling pathways, which facilitate the expression
of proinflammatory cytokines and exacerbate the inflammatory
response in LPS-stimulated RAW 264.7 cells (Yu et al., 2019).

YTHDF3

YTHDE3 has been reported to play a fine-tuning role in the
RNA accessibility of YTHDF1 and YTHDF2 and biological
process. In CRC, IncRNA GAS5 leads to ubiquitin-mediated
degradation of YAP via interacting with WW domain of YAP,
thus repressing tumor progression. While YTHDF3 might
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recognize m®A-modified GAS5 and induce decay of it (Ni
et al, 2019). YTHDF3 can serve as a negative regulator to
enhance the translation of FOXO3 mRNA, thereby maintaining
host antiviral immune function and preventing inflammatory
response (Zhang Y. et al., 2019).

YTHDCH1

YTHDCI and YTHDC2 have conserved m®A binding domain
and preferentially bind to m®A-modified RNA in RRm6ACH
consensus sequence (Roundtree et al., 2017a). YTHDCI is
involved in processing of pre-mRNA transcripts of F6, SRSF3,
and SRSF7 in the oocyte nucleus, and it may play a crucial role
in fetal development (Kasowitz et al., 2018). MAT2A mRNA
can be methylated by METTL16 and YTHDCI can bind to
the m®A modification site of MAT2A 3'-UTR. Downregulation
of METTL16 and YTHDCI might effectively abolish SAM-
responsive regulation of MAT2A (Shima et al., 2017). The m®A
modification site of long non-coding RNA X-inactive specific
transcript (XIST) can be preferentially read by YTHDCI and
it’s required for XIST function (Patil et al., 2016). Recent study
shows that the ability of the YTH domain of YTHDCI1 binding to
ssDNA is stronger than in an RNA context. However, the YTH
domains of YTHDF2 and YTHDFI exhibit the opposite effect
(Woodcock et al., 2020).

YTHDC2

YTHDC2 could bind mitotic transcripts, specific piRNA
precursors and interact with RNA granule components, licensing
the proper progression of germ cells through meiosis (Bailey
et al, 2017). YTHDC2 results in colon cancer metastasis
through augmenting translation of HIF-1a, it may be a potential
diagnostic marker and therapy target in colon cancer (Tanabe
et al.,, 2016). YTHDC2 binds to the mRNA of lipogenic genes
and participates in the regulation of hepatic lipogenesis and TG
homeostasis (Zhou B. et al., 2020).

IGF2BPs

IGFBPs could use common RNA binding domains to recognize
m®A containing transcripts and play a significant role in many
diseases. In breast cancer, FGF13-AS1 can reduce the half-life
of c-Myc (Myc) mRNA by binding IGF2BPs, thus suppressing
cell proliferation, migration and invasion (Ma et al.,, 2019). In
ovarian cancer, IGF2BP1 enhances cell proliferative and invasive
ability by antagonizing miRNA-impaired gene expression, the
elevate expression of IGF2BP1 is correlated to poor prognosis
(Muller et al., 2018). IGF2BP1 could function as an adaptor
protein to recruit the CCR4-NOT complex, so as to initiate the
degradation of the IncRNA highly up-regulated in liver cancer
(HULC) (Hammerle et al., 2013). In pancreatic cancer, IGF2BP2
could promote cell growth through activating the PI3K/Akt
signaling pathway and be negatively regulated by miR-141 (Xu

et al., 2019). In addition, IGF2BP2 enhances cancer stemness-
like properties and promotes tumorigenesis by acting as a reader
for m®A modified DANCR (Hu et al., 2020). In gastric cancer,
miR-34a directly targets IGF2BP3, overexpression of IGF2BP3
promotes cell proliferation and invasion (Zhou Y. et al., 2017).
IGF2BP3 could interact with RNA-binding protein Lin28b and
thereby promotes stability and expression of target mRNAs such
as B-cell regulators Pax5 and Arid3a, so as to participate in the
fetal-adult hematopoietic switch (Wang S. et al., 2019).

EIF3

EIF3 is crucial for specialized translation initiation via interacting
with the 5'; cap region, resulting in assemblage of translation
initiation complexes on elF3-specialized mRNA (Lee et al., 2016).
Study has proved that YTHDF1 might promote the translation
of EIF3 via recognizing the m®A-modified sites of EIF3 mRNA
and simultaneously augments the overall translational output,
thus facilitating tumorigenesis and metastasis in ovarian cancer
(Liu X. et al., 2020). In renal cell carcinoma (RCC), knockdown
of EIF3 dramatically decreases cell viability with sunitinib
treatment. Mechanistically, EIF3 could interact with GRP78 and
enhance protein stability by blocking the ubiquitin-mediated
degradation of GRP78 (Huang H. et al.,, 2019). In gallbladder
cancer (GBC), EIF3 can stabilize GRK2 protein through blocking
ubiquitin-mediated degradation, wherefore activating PI3K/Akt
signal pathway and enhancing tumor growth and metastasis
(Zhang et al.,, 2017). All above studies demonstrate that EIF3 is
a vital role in the progerssion of various cancers.

ROLES OF RNA M®A IN UROLOGICAL
TUMORS

Accumulating evidence indicates that RNA m°®A modification
is related to the tumorigenesis, development and progression of
urological tumors. Therefore, we summarize these latest advances
of m®A modification in urological tumors (Table 2, Figure 3).

Renal Cell Carcinoma

Renal cell carcinoma (RCC) is derived from renal epithelium
and is one of the most common cancers worldwide, making up
nearly 2% to 3% of all adult malignancies (Rini et al., 2009). Li
and collaborators demonstrated that METTL3 was a potential
prognostic marker of RCC, and the expression levels of METTL3
are interrelated to tumor size and histological grade. Inhibition of
METTL3 could obviously promote cell proliferation, migration
and invasion, and make cell cycle arrest (Li X. et al., 2017).
In addition, METTL3 knockdown might activate oncogenic
PI3K/Akt/mTOR signaling pathway. Hence, METTL3 might
function as a tumor suppressor in the tumorigenesis of RCC.
Gong and co-workers found that the expression level of
METTL14 is decreased in RCC (Gong et al., 2019). Additionally,
the mRNA level of METTL14 is associated with RCC patients’
overall survival. Knockdown of METTL14 promotes the mRNA
and protein expression levels of P2RX6, while P2RX6 could
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TABLE 2 | The roles of RNA m°®A in urological tumors.

Cancer mPA Regulators Role in cancer Biological function Mechanism References
Renal cancer METTL3 Suppressor Suppresses RCC proliferation, Regulates EMT and PI3K-Akt-mTOR pathways Rini et al., 2009
migration
gene and invasion
- METTL14 Suppressor Suppresses RCC migration and Down-regulates P2RX6 protein translation LiX. etal, 2017
invasion
- - gene - - -
FTO Suppressor Spppress RCC growth Promotes PGC-1a expression by reducing m6A Gong et al., 2019
levels
gene
Prostate cancer METTL3 Oncogene Promotes PCa growth and Regulates hedgehog pathway Siegel et al., 2020
metastasis
METTL3 Oncogene Promotes PCa proliferation, Promotes MYC expression by increasing m6A Caietal., 2019
migration levels
and invasion
- YTHDF2 Oncogene Promotes PCa proliferation and / Yuan et al., 2020
migration
Bladder cancer METTL3 Oncogene Promotes BC growth Promotes CDCP1 mRNA modification and Bray et al., 2018
translation
- METTL3 Oncogene Promotes BC proliferation Interactes with the microprocessor protein DGCR8  Yang F. et al., 2019
and
- - - - positively modulates the pri-miR221/222 process -
METTL3 Oncogene Promotes BC growth and Regulates AFF4/NF-kB/MYC signaling network Han et al., 2019
metastasis
- METTL3 Oncogene Promotes BC growth and promote the translation of ITGA6 mRNA Cheng et al., 2019
metastasis
METTL3/YTHDF2 Oncogene Promotes BC growth and METTL3/YTHDF2 may mediate the mRNA decay JinH. etal, 2019
metastasis
of tumor suppressors SETD7 and KLF4
. METTL14 Suppressor Promotes the proliferation, METTL14 knockdown may enhance the RNA Xie et al., 2020
self-renewal, metastasis
- - gene and tumor initiating capacity of stability of Notch1 mRNA -
bladder TICs
FTO Suppressor Inhibits BC proliferation and / Gu et al.,, 2019
migration
Gene

further regulate the Ca?*-mediated p-ERK1/2/MMP9 signal
pathway promote cell migration and invasion. Zhuang C. et al.
(2019) found that PGC-la underwent m°A methylation in
RCC. As an m°®A demethylase, FTO could recognize the m®A
sites of PGC-1a. and reduce its methylation level, therefore
leading to the increases in mitochondria biogenesis and oxidative
phosphorylation and the decreases in tumor growth of RCC
(Zhuang C. et al,, 2019).

Prostate Cancer
Prostate cancer (PCa) has been regarded as the most common
cancer among men and the second cancer-related deaths in

the men in 2019 (Siegel et al., 2020). Despite recent advances
in many therapies, the 5 years survival rate for prostate
cancer patients remains low. Cai et al. found that METTL3 is
overexpressed in PCa tissues and cell lines (Cai et al., 2019).
Elevated expression of METTL3 could promote cell proliferation,
survival, colony formation, and invasion. Moreover, knockdown
of METTL3 could decrease the m®A modification and expression
of GLI1, thereby regulating hedgehog pathway. Yuan et al. (2020)
demonstrated that the mRNA expression level of METTL3 was
increased in prostate cancer tissues. Additionally, the expression
level of METTL3 is associated with the deterioration of PCa
patients’ condition. Mechanistically, METTL3 could enhance
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tial role of mBA in urological tumors progression is reflected in the regulation of

MYC (c-myc) expression via elevating m® A levels of MYC mRNA
transcript, so as to facilitate the proliferative, migrative and
invasive ability of cancer cells. Li found that YTHDF2, an m°A
reader, was upregulated in prostate cancer tissues and cell lines
(Li J. et al., 2018). Knockdown of YTHDEF2 led to decreased
levels of m®A and impaired proliferation and migration of PCa
cells. Therefore, YTHDEF?2 played a vital role in the initition and
progression of PCa.

Bladder Cancer

Bladder cancer (BCa) is the most common urogenital and the
10th most common cancer worldwide, with an estimated 549
000 new cases and 200 000 deaths in 2018 (Bray et al., 2018).
Despite the improvement of clinical diagnosis and therapies, BCa
is regarded as a major cause of cancer-interrelated morbidity and
mortality. In the study of Yang F. et al. (2019) the expression
levels of METTL3 were elevated in BCa patient samples. The
increase in METTL3 expression was proven to be correlated with
BCa growth and progression in vitro and in vivo. Moreover,
METTL3 could positively regulate CDCP1 process based on an
m®A -dependent mode, bringing about elevated expression of
CDCPI. Han et al. (2019) demonstrated that the expression
level of METTL3 in BCa was significantly up-regulated and
associated with poor prognosis of BCa patients. They found
that METTL3 might interact with the microprocessor protein
DGCRS8 and positively modulate the pri-miR221/222 process
through an m°®A -dependent mechanism. Cheng and coworkers

elucidated that METTL3 was obviously up-regulated in BCa
tissues and significantly promoted growth and metastasis of BCa
(Cheng et al., 2019). Mechanistically, METTL3 might promote
BCa progression via AFF4/NF-kB/MYC signaling pathway. Jin
and coworkers demonstrated that METTL3 and ALKBH5 can
alter cell adhesion via regulating ITGA6 expression in BCa
(Jin H. et al, 2019). Increased m°A methylation enhanced
the translation of ITGA6 mRNA by binding of YTHDF1 and
YTHDEF3 and promoted malignant phenotypes in BCa. Xie
and coworkers found that knockout of METTL3 impaired
tumor growth and metastasis, METTL3/YTHDF2 mC®A axis
could directly degrad the mRNA expression of the tumor
suppressors SETD7 and KLF4, leading to the development
and progression of BCa (Xie et al, 2020). Gu et al. (2019)
found a decrease of N6-methyladenosine in BCa and bladder
tumor initiating cells (TICs). In addition, METTL14 is down-
regulated in BCa and bladder TICs and it could promote
the proliferation, metastasis, self-renewal and enhance tumor
initiating capacity of bladder TICs. Mechanistically, METTL14
might regulate Notch1 expression in an m®A-dependent manner.
Wen demonstrated that knockdown of FTO could accelerate
the progression of BCa (Wen et al., 2020), while the potential
mechanism remains unknown.

Testicular Germ Cell Tumors
Testicular germ cell tumors (TGCTs) are the most common
solid neoplasm among men aged between 14 and 44 years
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(Cheng et al., 2018). Despite the advanced prognosis of localized
TGCTs, approximately 20-30% of patients may experience
disease recurrence during surveillance (Mortensen et al., 2016).
Lobo and coworkers demonstrated that abundance of m®A and
expression of VIRMA/YTHDEF3 were different among TGCTs
subtypes, with higher levels in seminomas (SEs), suggesting a
contribution to SE phenotype maintenance (Lobo et al., 2019).
However, the potential biological roles of VIRMA/YTHDE3
remain to be further explored.

Wilms Tumor

Wilms tumor (WT) is the most prevalent childhood kidney
tumor characterized by the disorganized and dysregulated
development of a kidney (Davidoff, 2009; Servaes et al., 2019).
Hua et al. (2020) found an obvious relationship between ALKBH5
rs1378602 AG/AA genotypes and decreased Wilms tumor risk
in children in clinical stage I diseases. However, the observed
association should be further validated in another well-designed
analysis with other larger ethnicities.

POTENTIAL APPLICATION OF RNA MEA
IN UROLOGICAL TUMORS RNA

RNA m®A as Biomarker in Urological

Tumors

Mounting evidence has indicated that m®A regulators have the
potential to be superior diagnostic and prognostic biomarkers
for urological tumors patients. Strick et al. conducted gqRT-
PCR to detect the gene expressions of ALKBH5 and FTO were
studied in 166 ccRCC and 106 normal renal tissues. They found
that the expression level of ALKBH5 and FTO were obviously
decreased in ccRCC tissues (Strick et al., 2020). Declined mRNA
levels of ALKBH5 and FTO were related to a shortened overall
and cancer-specific survival following nephrectomy. Therefore,
ALKBHS5 and FTO could be used as prognostic biomarkers
for RCC. Zhao Y. et al. (2020) demonstrated that METTL14
mRNA expression negatively correlated with the RCC stages
and positively correlated with RCC patients’ overall survival, it
might be a potential biomarker of RCC. Yuan et al. performed
the qRT-PCR to detect the mRNA expression level of METTL3
in 84 clinical human PCa specimens and 32 corresponding
adjacent normal specimens. The results showed that a significant
positive association between METTL3 expression was observed
with tumor stage and metastasis. Moreover, the expression level
of METTL3 had remarkable prognostic value for overall survival
and disease-free survival (Yuan et al., 2020); hence, METTL3
might play a vital role in PCa progression and metastasis. Chen
et al. concluded that m®A regulators were related to malignant
clinicopathological features of BCa and a risk signature with
FTO, WTAP and YTHDC3 might play vital roles in diagnosis
and prognosis of BCa patients (Chen M. et al, 2019). In
TGCTs, VIRMA and YTHDF3 might be prognostic factors
(Lobo et al., 2019).

RNA m®A as Therapeutic Targets in

Urological Tumors

The critical roles of m®A in urological tumors suggest that it
has the potential to be involved in tumor therapy. A number
of studies have indicated that m®A modification is significant in
therapies of urological tumors, especially in targeted treatment.
Zhuang et al. found that the Von Hippel-Lindau (VHL) -deficient
cells expressing FTO might restore mitochondrial activity, induce
oxidative stress and ROS production and suppressed tumor
growth, via promoting PGC-1a expression by decreasing m°A
levels in its mRNA transcripts (Zhuang C. et al., 2019). Therefore,
the m®A methylation and m®A-related regulators, and uncovers
an essential FTO-PGC-1a axis might play a vital role in the
treatment of RCC. Gong and coworkers found that ATP could
enhance cell migration and invasion via rugulating P2RX6
expression in RCC (Gong et al., 2019). Mechanistically, ATP-
P2RX6 could modulate the Ca?*-mediated p-ERK1/2/MMP9
signal pathway, while METTL14 might down-regulate P2RX6
protein translation in an mGA—dependent manner. Herein,
the further exploration of regulation of METTL14 expression
might contribute to develop a new approach to repress RCC
progression. Li et al. suggested that METTL3 expression is higher
in PCa than in normal prostate tissues, especially in PCa with
bone metastasis (Li E. et al, 2020). METTL3 regulates the
expression of Integrin 1 (ITGB1) through m®A-HuR-dependent
mechanism, which affects the binding of ITGB1 to Collagen I and
tumor cell motility, so as to promote the bone metastasis of PCa.
Therefore, METTL3 might act as a therapeutic target for PCa
bone metastasis. Wen et al. found that knockdown of FTO could
enhance cell proliferation and migration and protect BCa cells
from cisplatin-induced cytotoxicity (Wen et al., 2020). Hence,
targeting the m®A modification of FTO may be beneficial to the
treatment of BCa.

DISCUSSION

Recently, RNA epigenetics is emerging as a hot topic. Among
them, m®A modification has become a new layer of post-
transcriptional regulation of gene expression. The implications of
m®A modifications in human carcinogenesis have been verified
in many kinds of cancers, including urological tumors. In this
review, we summarized the potential biological effects of m®A-
related regulators, and particularly focused on the impacts of
m®A modification on different tumors in the urinary system.
MPA can be installed by the methyltransferase, while these
modifications may be removed by m®A eraser demethylases.
Furthermore, m®A readers could specifically recognize the m®A
methylation sites and thus regulating mRNA splicing, translation,
degradation, nuclear export, and other cellular processes. Besides,
m® A methylation and its related regulatory factors are reported to
be involved in the processing and the biological function of non-
coding coding RNAs (Coker et al., 2019; Huang H. et al., 2020).
However, m®A methylation seems to serve as a double-edged
sword due to the specific mechanism for m®A in cancers remains
unknown. Some genes may lead to cancer progression after m®A
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methylation, while removal of m®A modification can result in
the progression of other tumors. For example, in HCC, sumol
modification of METTL3 can promote tumor progression via
regulating snail mRNA homeostasis (Xu et al., 2020), while
in glioblastoma, LncRNA SOX2OT can facilitate temozolomide
resistance through promoting SOX2 expression via ALKBHS5-
mediated epigenetic regulation (Liu X. et al., 2020). In addition,
the same m®A-associated regulator may play crucial roles in the
same type of cancer via targeting different downstream genes.
For instance, in CRC, METTL3 can promote tumor progression
through enhancing the expression of either MYC (Xiang et al.,
2020) or CCNE1 (Zhu W. et al.,, 2020). Additionally, researches
have reported conflicting findings in the same type of cancer; for
instance, in CRC, METTL3 and METTLI14 play totally opposite
roles in tumor initition and progression (Li T. et al., 2019; Yang X.
etal., 2020). Overall, all above studies show that m® A methylation
and its related regulatory networks are complex and need to
be further explored. Moreover, Han et al. found that METTL3
can enhance tumor growth of BCa through accelerating pri-
miR221/222 maturation based on m®A-dependent mode (Han
et al., 2019), while Gu et al. (2019) reported that METTL14 can
inhibit bladder tumorigenesis through N6-methyladenosine of
Notchl. The above discrepancy may result from several factors
such as case sample size and different related regulatory genes.
Furthermore, studies have identified the therapeutic potential
of m®A modification. METTL3 might induce NSCLC drug
resistance and metastasis via modulating the MALAT1-miR-
1914-3p-YAP axis (Jin D. et al., 2019). In glioma, METTL3 can
promote glioma radioresistance and stem-like cell maintenance
(Visvanathan et al., 2018). In melanoma, FTO can act as an
m®A demethylase to promote melanoma tumorigenesis and anti-
PD-1 resistance (Yang S. et al., 2019). R-2HG can inhibit FTO
activity and thus elevating m®A mRNA modification in R-2HG-
sensitive leukemia cells, thereby generating anti-leukemia effects
(Su et al., 2018). In cervical squamous cell carcinoma (CSCC),
FTO can regulate the chemo-radiotherapy resistance by targeting
B-catenin through mRNA demethylation (Zhou S. et al., 2018).
The advanced development of m®A modification study
marks a novel insight in the dignosis and therapy of various
diseases. Nevertheless, we believe that future prospects on
m®A  modification need to be further explored. Firstly,
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N6-methyladenosine (m®A) methylation, as the most prevalent internal RNA
modification, has been revealed to play critical roles in various biological functions.
In this study, we performed mSA transcriptome-wide profiling in three kinds of skin
tissue: involved psoriatic skin (PP), uninvolved psoriatic skin (PN), and healthy control
skin samples (NN). The findings revealed that transcripts of PP contained the fewest
mBA peaks and lowest mPA peak density. The greatest differences of méA methylation
were observed in the PP vs. NN and PP vs. PN comparisons. Intriguingly, in these
comparisons, hypermethylated m8A was mainly enriched within the CDSs and 3'UTRs,
while hypomethylated mPA was not only enriched within CDSs and 3'UTRs, but
also within 5’UTRs. GO and KEGG pathway analyses indicated that hypermethylated
transcripts in PP were particularly associated with response-associated terms, cytokine
production, and olfactory transduction. Meanwhile, hypomethylated transcripts in PP
were mainly associated with development-related processes and the Wnt signaling
pathway. In addition, we discovered that 19.3-48.4% of the differentially expressed
transcripts in psoriasis vulgaris were modified by m®A, and that transcripts with lower
expression were more preferentially modified by m®A. Moreover, upregulation of gene
expression was often accompanied by upregulation of meA methylation, suggesting a
regulatory role of mBA in psoriasis vulgaris gene expression.

Keywords: N6-methyladenosine, m®A methylation, psoriasis vulgaris, MeRIP-seq, RNA modification

INTRODUCTION

Psoriasis is a chronic, systemic, inflammatory disease, affecting about 2% of the world’s population
(Greb et al,, 2016). The most common subtype is psoriasis vulgaris, accounting for 80-90% of
all cases (Greb et al., 2016). In 2014, the WHO adopted a resolution that defines psoriasis as a
chronic, non-communicable, painful, disfiguring, and disabling disease for which there is no cure
(World Health Organization, 2014). The skin lesions of psoriasis vulgaris are characterized by
excessive proliferation and abnormal differentiation of keratinocytes, accompanied by significant
infiltration of inflammatory cells, which originate as a result of dysregulation of immunity triggered
by environmental and genetic stimuli (Boehncke and Schon, 2015; Hugh and Weinberg, 2018).
Situated between heredity and the environment are epigenetic markers, which are another layer
of biological information (Pollock et al., 2017). Extensive epidemiological and molecular analyses
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have provided evidence for the involvement of epigenetics in
psoriasis vulgaris (Pollock et al., 2017; Rendon and Schikel,
2019). The effects of pharmacological inhibitors of epigenetic-
modifying enzymes in psoriasis vulgaris have been studied
and verified (Bovenschen et al., 2011; Hammitzsch et al.,
2015). Epigenetic mechanisms modify gene expression without
changing the sequence of the genome, such as long non-coding
RNA (IncRNA) and microRNA (miRNA) silencing, and DNA
methylation, but RNA modifications in psoriasis vulgaris have
not yet been reported (Rendon and Schikel, 2019).

In the past, the study of epigenetic changes in human diseases
mainly focused on DNA methylation and histone modification.
Although post-transcriptional modifications of RNA have been
known for more than 50 years, the effects of these modifications
on the regulation of gene expression has only begun to be
explored in recent years due to the previous lack of sensitive
detection techniques (He, 2010). Against the background of the
rapid development of second-generation sequencing technology,
as early as 2012, the sequencing technology of methylated RNA
immunoprecipitation with next-generation sequencing (MeRIP-
Seq) was developed (Dominissini et al, 2013). m®A (N6-
methyladenosine), involving methylation at the 6th position
nitrogen atom of adenine (A) of RNA, is the most prevalent
RNA modification in messenger RNA (mRNA) and IncRNA of
higher eukaryotes (Wang et al., 2017b; Wang et al., 2020). mSA
methylation is highly conserved and occurs widely in eukaryotic
species ranging from yeast, plant, and drosophila to mammals, as
well as viruses (Bi et al., 2019). m®A methylation can be “written”
by methyltransferases [e.g., methyltransferase-like 3 (METTL3),
methyltransferase-like 14 (METTL14), and Wilms tumor 1-
associated protein (WTAP)] and “erased” by demethylases [e.g.,
fat-mass and obesity-associated protein (FTO) and alkB homolog
5 (ALKBHS5)], which confirms that m®A methylation is dynamic
and reversible (Bi et al., 2019). In addition, the discovery of
binding proteins [e.g., YTH domain family 1-3 (YTHDF1-
3)] confirmed that m®A methylation has a wide range of
biological effects and significance (Fu et al., 2014). In recent years,
m®A methylation has emerged as a critical post-transcriptional
regulator of gene expression programs, and it can regulate various
aspects of RNA, including splicing, transport, translation, and
stability (Fu et al., 2014; Frye et al., 2018). It has been found that
m®A methylation is closely related to metabolism, carcinogenesis,
nervous system, mental, oral, and immune diseases (Church
et al., 2010; Engel and Chen, 2018; Pan et al., 2018). However,
to the best of our knowledge, no reports have been published on
m®A methylation in the context of psoriasis vulgaris.

In this study, we established a transcriptome-wide m®A
methylome profile of psoriasis vulgaris, as assessed by MeRIP-
Seq. In addition, we used RNA-Seq data to perform a combined
analysis of m®A methylation and mRNA levels.

MATERIALS AND METHODS

Patient Samples
Four patients with psoriasis vulgaris were recruited from the
outpatient clinics of the Peking Union Medical College Hospital

(Supplementary Table 1 and Supplementary Figure 1). Prior to
recruitment, none of the patients had received systemic tretinoin,
glucocorticoid, immunosuppressant, or biological agents, nor
had they received PUVA/solarium/UV treatment for at least
3 months or topical therapy for at least 2 weeks before the
study start. Infectious diseases, tumors, autoimmune diseases,
and other immune-related diseases were ruled out. The subjects
had no coagulatory disorders or other diseases making them
unsuitable to undergo a surgical operation. Skin biopsies were
obtained from the patients with psoriasis vulgaris by minimally
invasive surgery under aseptic conditions with local anesthesia
(0.5% lidocaine). Two types of skin sample were collected from
each patient: one from active lesions and the other from skin not
exhibiting any of the macroscopic changes related to psoriatic
lesions, at least 3 cm away from the active lesions. Four age-
and sex-matched healthy controls without a personal or family
history of psoriasis vulgaris were enrolled from the Department
of Plastic Surgery at Peking Union Medical College Hospital.
Healthy skin tissues were obtained from these volunteers. This
study was approved by the Ethics Committee of Peking Union
Medical College Hospital and informed consent was obtained
from all patients and unaffected individuals.

MeRIP-Seq, RNA-Seq, and Data Analysis

The MeRIP-Seq was performed by Cloudseq Biotech Inc.
(Shanghai, China), in accordance with the published procedure
with slight modifications (Meyer et al., 2012). Briefly, four
biological replicates were used for the PP, PN, and NN groups.
Total RNA was extracted from the three groups of skin
tissue using TRIzol reagent (Life Technologies, Carlsbad, CA,
United States). The quality and quantity of total RNA were
assessed using NanoDrop ND-2000 (Thermo Fisher Scientific,
Waltham, MA, United States). The RNA integrity was measured
using denaturing agarose gel electrophoresis. Seq-Star™ poly(A)
mRNA Isolation Kit (Arraystar, Rockville, MD, United States)
was used to isolate mRNA from total RNA. mRNA was
randomly fragmented to 200 nt by RNA Fragmentation
Reagents (Ambion) (Invitrogen, Carlsbad, CA, United States).
A total of 5 pg of fragmented mRNA was saved as input
control for RNA-Seq, while 500 pg of fragmented mRNA
was used to perform m°®A RNA immunoprecipitation with
GenSeq™ mP®A-MeRIP Kit (GenSeq, Beijing, China) [including
anti-m®A polyclonal antibody (Synaptic Systems, Goettingen,
Germany)]. Both the m®A IP sample and the input sample
(without immunoprecipitation) were used for library preparation
with NEBNext® Ultra II Directional RNA Library Prep Kit
(New England Biolabs, Ipswich, MA, United States). The
library quality was evaluated with BioAnalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, United States). Library
sequencing was performed on an Illumina HiSeq instrument with
150 bp paired-end reads.

Paired-end reads were harvested from the Illumina HiSeq
4000 sequencer and were subjected to quality control by Q30.
After 3" adaptor-trimming and the removal of low-quality reads
by cutadapt software (v1.9.3) (Martin, 2011), the reads were
aligned to the reference genome (UCSC HG19) with Hisat2
software (v2.0.4) (Kim et al., 2015). Methylated sites on RNAs
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(peaks) were identified using Model-based Analysis of ChIP-Seq
(MACS) software (Zhang et al., 2008). Peak numbers refer to
peaks present in all four samples in each group. Differentially
methylated sites (fold change > 2 and P < 0.00001) on mRNAs
were identified by diffReps (Shen et al., 2013). Genes of interest
were visualized in the IGV (Integrative Genomics Viewer)
software (v2.3.68) (Thorvaldsdéttir et al., 2013). Those peaks
identified by both software programs overlapping with exons
of mRNA were determined and selected using custom-made
scripts. The GO analysis and pathway enrichment analysis were
performed on the differentially methylated protein-coding genes
by using GO' and KEGG databases’. Sequence motifs were
identified using Homer (Heinz et al., 2010). Gene expression was
calculated by Cufflinks (Trapnell et al., 2012) using sequencing
reads from input samples. Cuffdiff (Trapnell et al., 2012) was used
to find DE genes.

MeRIP-RT-gPCR

RNA fragmentation and mC®A-immunoprecipitation were
performed as described above. Briefly, total RNA was
extracted using TRIzol (Life Technologies) and fragmented
by RNA fragmentation reagents (Thermo Fisher Scientific)
or not. After saving 50 ng of the total RNA as input, the
remaining RNA (2 jug) was used for m®A-immunoprecipitation
with anti-m®A polyclonal antibody (Synaptic Systems) in
500 WL of IP buffer (150 mM NaCl, 0.1% NP-40, 10 mM
Tris, pH 7.4, 100 U RNase inhibitor) to obtain the m®A
pull-down portion (m®A IP portion). m®A RNAs were
immunoprecipitated with Dynabeads® Protein A (Thermo
Fisher Scientific) and eluted twice with elution buffer (5 mM
Tris-HCL pH 7.5, 1 mM EDTA pH 8.0, 0.05% SDS, 20 mg/ml
Proteinase K). m®A IP RNAs were recovered by ethanol
precipitation and RNA concentration was measured with
Qubit® RNA HS Assay Kit (Thermo Fisher Scientific).
Then, 2 ng of the total RNA and m®A IP RNA were used
to synthesize complementary DNA by using the iScript
cDNA Synthesis Kit (Bio-Rad, CA, United States). Real-time
PCR was subsequently performed, using an SYBR Premix
Ex Taq (Takara, Liaoning, China) and ABI 7500 Sequence
Detection System (Thermo Fisher Scientific). All procedures
were performed in accordance with the manufacturer’s
protocols. The sequences of the primers used are presented
in Supplementary Table 2.

Statistical Analyses

Experiments were performed at least three times and
representative results are shown. Statistical analysis was
performed using GraphPad Prism Version 8.0 software.

Differences between individual groups were analyzed
using the chi-squared test and Students t-test (two-
tailed and unpaired) with triplicate or quadruplicate

sets. Pearson’s correlation was adopted to carry out the
correlation analysis. A value of P < 0.05 was considered
statistically significant.

'www.geneontology.org

2www.genome.jp/kegg

RESULTS

Overview of m®A Methylation in

Psoriasis Vulgaris mRNA

To obtain the transcriptome-wide m®A map of psoriasis vulgaris,
we examined three kinds of skin tissue, namely, involved psoriatic
skin (PP), uninvolved psoriatic skin (PN), and healthy control
skin samples (NN), using m®A-targeted antibody coupled with
high-throughput sequencing (i.e., MeRIP-Seq). Psoriasis Area
and Severity Index (PASI) scores for psoriatic patients ranged
from 10.8 to 16.7. Using Illumina HiSeq 4000, we acquired
68,678,097, 62,087,334, and 62,121,508 reads from PP, PN,
and NN, respectively. After end-trimming and quality filtering,
57,334,158, 45,130,912, and 49,749,336 high-quality reads (83.11,
72.65, and 80.04% of the total reads) from PP, PN, and NN,
respectively, were mapped to the human reference genome
(UCSC HG19) (Supplementary Table 3).

The fewest m°A peaks (sites) were identified in PP, while
the most were identified in PN. Specifically, 16,868 m°®A peaks
were identified from 16,520 genes in PP, 22,144 mSA peaks were
identified from 17,665 genes in PN, and 20,408 m®A peaks were
identified from 17,358 genes in NN (Figure 1A, Supplementary
Figure 2, Supplementary Table 4, and Supplementary Data 1).
We next compared the shared peaks between groups; we found
that transcripts of PP and NN carried the fewest shared m®A
peaks (a total of 15,176 m®A peaks from 10,604 genes), while
transcripts of PN and NN carried the largest number of shared
m®A peaks (a total of 17,678 m®A peaks from 11,816 genes),
suggesting that the difference between PP and NN was greater
than that between PN and NN (P < 0.001) (Figure 1B).

mO®A Peak Density and Distribution
Pattern in Psoriasis Vulgaris mRNA

Based on the above results, we estimated that there were 0.62-
0.75 m® A peaks per 1,000 nucleotides or 1.02-1.25 m®A peaks per
identified transcript in PP, PN, and NN. Among them, transcripts
of PP contained the lowest m®A peak density (0.62/1k nt or
1.02/gene), while transcripts of PN contained the highest (0.75/1k
nt or 1.25/gene) (Figure 1C and Supplementary Table 4). The
numbers of m®A peaks varied widely among individual genes,
and most of them contained a single m®A peak. Specifically,
59.68, 52.95, and 55.25% of the methylated transcripts contained
a single m®A peak in PP, PN, and NN, while 26.07, 28.42, and
27.15% of the methylated transcripts contained two m®A peaks
per mRNA, respectively. For three m®A peaks, the percentages
were further reduced to 8.88, 11.13, and 10.46% in PP, PN, and
NN, respectively. Only 5.38, 7.50, and 7.14% of the methylated
transcripts containing more than three m®A peaks (Figure 1D).
To determine whether the identified m®A peaks were enriched
at consensus sequences of RRACH (R represents purine, A is
m®A, and H is a non-guanine base), we performed motif analysis
and found consistent results in PP, PN, and NN (Figure 1E and
Supplementary Figure 3). To analyze the distribution pattern of
mO®A in psoriasis vulgaris, the metagene profiles of all identified
mCA peaks were investigated in the transcriptomes of PP, PN,
and NN, which revealed that m®A peaks were highly enriched
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group-specific and common m®A peaks. (C) Estimation of m®A density on transcripts. Transcripts with different expression level are divided to 10 groups, and the
mPA density of PP, PN, and NN samples is calculated separately. (D) Percentage of m®A methylated genes with different m®A peak number. (E) The top five motifs
enriched across mPA peaks identified from involved psoriatic skin samples. (F) Distribution of m®A peaks across the length of mRNAs. 5'UTRs, CDS, and 3'UTRs of
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within the coding sequences (CDSs) and 3" untranslated regions
(3’UTRs) (Figures 1E,G and Supplementary Figure 4). These
features of m®A methylation indicate its high conservation in
psoriasis vulgaris.

Analysis of Differentially Methylated

RNAs Among PP, PN, and NN Samples

We next analyzed the differentially methylated RNAs (DMRs).
The greatest differences were observed in the PP vs. NN and
PP vs. PN comparisons (Figure 2A, Supplementary Table 5,
and Supplementary Data 2). In the PP vs. NN and PP vs.
PN comparisons, the number of hypomethylated m®A peaks
was much greater than that of hypermethylated m®A peaks in
PP (P < 0.001). Specifically, compared with NN, transcripts
of PP contained more hypomethylated m®A peaks (1,719 m®A
peaks from 1,113 genes) than hypermethylated ones (1,470 m®A
peaks from 1,127 genes). When compared with PN, transcripts
of PP also contained more hypomethylated m®A peaks (2,316
mSA peaks from 1,568 genes) than hypermethylated ones (2,024
m®A peaks from 1,362 genes) (Figure 2A and Supplementary
Table 5). However, when compared with NN, PN contained
slightly more hypermethylated m°A peaks (914 m®A peaks from
691 genes) than hypomethylated ones (755 m®A peaks from 537
genes), but this difference was relatively small compared with
those of PP vs. NN and PP vs. PN (P < 0.001) (Figure 2A and
Supplementary Table 5). Furthermore, upon analyzing the m®A
peak distribution pattern of these DMRs in PP vs. NN, PP vs.
PN, and PN vs. NN, we found that the hypermethylated m®A
peaks were mainly enriched within CDSs and 3'UTRs, while
hypomethylated m®A peaks were not only enriched within CDSs
and 3'UTRs, but also highly enriched within 5 UTRs (Table 1).

Gene Ontology Analysis of Differentially
Methylated RNAs Among PP, PN, and NN

Samples

To deduce the potential biological significance of m®A
methylation in psoriasis vulgaris, we analyzed these DMRs
by performing Gene Ontology (GO) analysis. GO analysis
revealed that, compared with PN or NN, hypermethylated
DMRs in PP were particularly associated with response-related
items [e.g., defense response, response to other organisms,
inflammatory response, and response to (external) biotic
stimulus] and cytokine-related items (e.g., regulation of cytokine
production, cytokine production, and interleukin-6 production),
suggesting that these hypermethylated DMRs may be involved
in the response to environmental stimulations at the initial stage
of psoriasis vulgaris (Figure 2B, Supplementary Figure 5A, and
Supplementary Data 3). Meanwhile, hypomethylated DMRs
in PP were mainly enriched in development-related items (e.g.,
multicellular organism development, system development,
anatomical structure development, developmental process, and
nervous system development) and cell-cell signaling, which
suggested that the function of hypomethylated DMRs differed
from that of hypermethylated DMRs. Hypomethylated DMRs
in PP were mainly focused on cell and tissue development
processes (Figure 2C, Supplementary Figure 5B, and
Supplementary Data 3). In addition to these shared gene

ontological terms, DMRs in the PP vs. NN and PP vs. PN
comparisons were also associated with some specific terms.
For example, in PP vs. NN, hypermethylated DMRs in
PP were specifically associated with the G-protein-coupled
receptor signaling pathway (Figure 2B and Supplementary
Data 3), including cannabinoid receptors that are involved
in the proliferation/differentiation and immune activity of
keratinocytes, indicating that these hypermethylated DMRs may
participate in critical processes of psoriasis vulgaris (T6th et al.,
2019). Meanwhile, hypomethylated DMRs in PP were specifically
associated with the polyol metabolic process (Figure 2C and
Supplementary Data 3), which may be related to the previous
epidemiological finding that psoriasis patients tended to suffer
from metabolic diseases (Hu et al., 2019). When compared with
PN, hypermethylated DMRs in PP were specifically associated
with cell cycle-related items (e.g., mitotic cell cycle process,
mitotic cell cycle, cell cycle, and mitotic nuclear division)
(Supplementary Figure 5A and Supplementary Data 3),
while hypomethylated DMRs in PP were specifically associated
with negative regulation of cellular component movement,
locomotion, and learning (Supplementary Figure 5B and
Supplementary Data 3). Given that the cell cycle-related genes
were dysregulated in keratinocytes in psoriasis vulgaris, m®A
methylation should play an important role in dysregulation
of the cell cycle in keratinocytes in psoriasis vulgaris (Pasquali
et al., 2019). Besides, PN and NN exhibited various differences,
and the DMRs were mainly associated with system process and
multicellular organismal process (Supplementary Figures 5C,D
and Supplementary Data 3). All of these results suggest that
mC®A methylation participates in various pathophysiological
aspects of psoriasis vulgaris.

Kyoto Encyclopedia of Genes and
Genomes Pathway Analysis of
Differentially Methylated Genes Among

PP, PN, and NN Samples

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of DMRs was also conducted for both hypermethylated
and hypomethylated genes. This analysis showed that,
compared with NN or PN, hypermethylated DMRs in PP were
mainly associated with cytokine-cytokine receptor interaction
(Figure 2D, Supplementary Figure 5E, and Supplementary
Data 4); hypomethylated DMRs in PP were mainly associated
with the Wnt signaling pathway (Figure 2E, Supplementary
Figure 5F, and Supplementary Data 4). We used quantitative
reverse-transcription PCR (RT-qPCR) to validate the important
genes WNT5A, DIF1, and DKK2 in Wnt signaling pathway, as
well as TNF, IL17A, HIF1A, and SOCS1/3, which are associated
with the pathophysiology of psoriasis; all of them showed
significant enrichment in immunoprecipitation (IP) pull-down
samples (Figure 3 and Supplementary Figure 6). In addition to
these shared pathways, DMRs in the PP vs. NN and PP vs. PN
comparisons were also associated with some specific pathways.
For example, in PP vs. NN, hypermethylated DMRs in PP were
specifically associated with olfactory transduction (Figure 2D
and Supplementary Data 4), which may explain why psoriasis
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FIGURE 2 | Gene ontology and Kyoto Encyclopedia of Genes and Genomes analyses of coding genes containing altered mPA peaks. (A) Comparison of the
number of hypermethylated and hypomethylated m®A peaks identified in PP, PN, and NN samples. (B) The top 10 gene ontology terms were significantly enriched
for the hypermethylated genes in PP vs. NN. (C) The top 10 gene ontology terms were significantly enriched for the hypomethylated genes in PP vs. NN. (D) The top
10 significantly enriched pathways for the hypermethylated genes in PP vs. NN. (E) The top 10 significantly enriched pathways for the hypomethylated genes in PP
vs. NN.

patients have an abnormal sense of smell (Aydin et al., 2016); Supplementary Data 4), which is involved in almost every
meanwhile, hypomethylated DMRs in PP were specifically aspect of psoriasis vulgaris, including keratinocyte proliferation,
associated with the MAPK signaling pathway (Figure 2E and  differentiation, migration, T-helper-cell differentiation, and
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TABLE 1 | Number of m8A peaks among PP, PN, and NN samples.

PP vs. NN PP vs. NN PP vs. PN PP vs. PN PN vs. NN PN vs. NN
(up-regulated) (down-regulated) (up-regulated) (down-regulated) (up-regulated) (down-regulated)
5'UTR 92 208 139 407 77 76
Start codon 36 73 54 126 34 37
CDS 628 802 882 973 367 329
Stop codon 70 56 112 81 36 29
3'UTR 382 286 572 304 220 190

angiogenesis (Mavropoulos et al., 2013). In the PP vs. PN
comparison, DMRs were specifically associated with the cell
cycle and gap junction (Supplementary Figures 5E,F and
Supplementary Data 4). Besides, from the comparison with
NN, DMRs in PN were mainly associated with vascular
smooth muscle contraction and osteoclast differentiation
(Supplementary Figures 5G,H and Supplementary Data 4).

Relationship Between m®A Peaks and

mRNA Level

We next performed MeRIP-Seq and RNA-Seq combined analysis
to explore whether the extent of m® A methylation was associated
with the mRNA level of the differentially expressed genes
(DEGs). Specifically, upon comparison with NN, 511 highly
expressed DEGs were identified in PP, of which 116 (22.7%)
transcripts were modified by mCA, 87.9% (102/116) of which
were hypermethylated. Meanwhile, 773 transcripts expressed
at lower levels were identified in PP, of which 340 (44.0%)
were modified by m®A, 97.6% (332/340) of which were
hypomethylated (Table 2, Figure 4A, and Supplementary Data
5). The comparison of PP vs. PN and PN vs. NN showed a
similar pattern to the comparisons of PP vs. NN (Table 2,
Supplementary Figures 7A,B, and Supplementary Data 5).
Based on these results, we estimated that 19.3-48.4% of the
DEGs (transcripts) were chemically modified by m°A. In the
PP vs. NN and PP vs. PN comparisons, the proportion of
transcripts expressed at lower levels that were modified by m®A
was higher than that of highly expressed transcripts (46.1 vs.
23.7%, P < 0.001), suggesting that transcripts expressed at lower
levels were more preferentially modified by m®A. These results
also showed that the upregulation of gene expression was often
accompanied by the upregulation of m®A methylation (r = 1,
P < 0.05). Furthermore, we classified these mGA-containing
DEGs by their peak position and examined how their mRNA
expression levels correlated with the locations of m°A peaks.
Our analysis showed that, irrespective of whether the m®A
peaks were located at a 5UTR, CDS, intron, or 3'UTR, their
extent of methylation was always positively correlated with the
mRNA expression levels (P < 0.001) (Figure 4B, Supplementary
Figure 8, and Supplementary Data 6).

To compare the mRNA expression levels of methylated and
unmethylated transcripts, we divided the whole transcriptome
genes according to whether they were modified by m°A.
However, we found that, in the PP vs. NN comparison,
among m°®A methylated genes, more were upregulated than
downregulated; among non-m®A methylated genes, more were

downregulated than upregulated. This trend was consistent with
the PP vs. PN and PN vs. NN comparisons (Figure 4C and
Supplementary Figure 9).

DISCUSSION

Extensive m®A-related studies have been performed in malignant
tumors, nervous system diseases, hematopoietic diseases,
metabolic diseases, viral diseases, and injuries, but no reports
have been published on m®A profiling in patients with psoriasis
vulgaris (Brocard et al, 2017; Zhang et al., 2017; Sun et al,
2019). In this study, two sequencing libraries, namely, m®A-Seq
library (IP) and RNA-Seq library (input), were constructed for
high-throughput MeRIP-Seq to examine transcriptome-wide
m®A methylation patterns in a total of 12 skin samples, four
each from PP, PN, and NN biopsies. Our data showed that
m®A is highly conserved across psoriasis vulgaris and healthy
controls. Nevertheless, there are differences among PP, PN, and
NN, with ~5,624 fewer m®A peaks identified in PP samples
than in PN samples.

m®A-modified nucleotides were previously shown to be widely
distributed in human tissues including the liver, kidney, brain,
lung, and heart (Dominissini et al., 2012; He et al.,, 2019; Lan
et al., 2019; Mathiyalagan et al., 2019). Here, we detected 1.021,
1.254, and 1.176 m®A peaks per gene in skin samples of PP, PN,
and NN, respectively. These results further affirm that m°®A is a
universal form of RNA modification in human tissues. However,
the levels of m®A methylation in skin samples of PP, PN, and NN
were lower than the previous estimations of approximately ~1.7
m®A residues per gene in a human hepatocellular carcinoma cell
line (HepG2) and ~3 m°A residues per average mRNA transcript
in mammalian cells (Dominissini et al., 2012). The differences
in proportions of m®A-modified transcripts may be due to the
different tissue types. The pattern of adenosine methylation in
mRNAs of PP, PN, and NN is consistent with that reported in
mouse brain, in that a few of the m® A peaks are clustered together
while most of them are single (Meyer et al., 2012). However, the
proportions of single peaks of PP, PN, and NN (59.68, 52.95,
and 55.25%) are even higher than that of mouse brain (46%)
(Meyer et al., 2012). We assumed that this difference might
be associated with the different tissue types and gene structure
characteristics.

Comparative analysis among groups showed that PP and
NN contained the fewest shared m®A peaks, while PN and NN
carried the most. In addition, DMR analysis revealed that the
greatest differences were observed in the PP vs. NN and PP vs.
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FIGURE 3 | Examples of genes with m®A peaks in PP, PN, and NN.
Integrative Genomics Viewer (IGV) tracks showed MeRIP-seq reads
distribution in TNF, IL-17A, SOCS1/3, HIF1A, WNT5A, WIF1, DKK2, CNR2,
and GPR55 mRNA of PP, PN, and NN. Different colors illustrate the
accumulation of mBA-IP reads. The blue squares indicate the verified
sequence fragments.

PN comparisons, instead of PN and NN, suggesting that the
difference in m®A methylation between PP and NN was greater
than that between PN and NN. Compared with PN or NN, the
number of hypomethylated DMRs in PP was much greater than
that of hypermethylated DMRs, suggesting that DMRs in PP were
preferentially hypomethylated. These hypermethylated m°A
peaks in PP were mainly enriched in CDSs and 3'UTRs, which
is consistent with previous studies (Meyer et al., 2012). However,
the hypomethylated m®A peaks in PP were not only enriched in
CDSs and 3'UTRs, but also highly enriched in 5'UTRs. Because
5'UTRs play a major role in controlling translation efficiency
and shaping the cellular proteome (Hinnebusch et al., 2016), we
assume that the hypomethylated DMRs in PP may be involved in
protein translation and shaping.

GO analysis revealed that, compared with PN or NN,
hypermethylated DMRs in PP were mainly linked to response-
associated terms (e.g., response to other organisms, inflammatory
response, and response to external/biotic stimulus) and cytokine
production and regulation. Because psoriasis is often triggered
by internal or external environmental stimuli and persists
due to cross-talk between keratinocytes and immunocytes,
which mediates the production of cytokines, chemokines, and
growth factors (Hugh and Weinberg, 2018), it is suggested
that m®A methylation may be involved in the important
pathogenic processes of psoriasis, including triggering the disease
and maintaining inflammation. Distinct from hypermethylated
DMRs in PP, the hypomethylated DMRs in PP were mainly
associated with development-related terms, suggesting that
hypomethylated DMRs in PP may participate in development-
related processes. In addition, compared with NN, highly
methylated DMRs in PP were specifically enriched in the
G-protein-coupled receptor signaling pathway. Studies have
reported that cannabinoid type 2 receptor (CB2) and G-protein-
coupled receptor 55 (GPR55), as G-protein-coupled receptors,
were both increased in psoriasis vulgaris and could attenuate
oxidative stress and act in an anti-inflammatory process
(Ambrozewicz et al., 2018; Figure 3). Another study reported that
cannabinoid receptors control the proliferation/differentiation
and immune activity of keratinocytes (Toth et al., 2019).
While both CB2 and GPR55 were modified by m°A, there
was no significant difference among PP, PN and NN in our
study (Figure 3). Meanwhile, hypomethylated DMRs in PP
were particularly associated with the polyol metabolic process,
which is one of the major biochemical pathways involved in
the development of diabetic macroangiopathy and peripheral
neuropathy (Katakami, 2018). It has been shown that there is a
significant correlation between psoriasis/diabetes and the polyol
metabolic process (Mamizadeh et al., 2019), so we consider that
these hypomethylated DMRs in PP may provide a clue to explain
why psoriasis is related to diabetes.

Interestingly, KEGG pathway analysis revealed that, compared
with NN, highly methylated DMRs in PP were mainly associated
with olfactory receptor genes. Ahn et al. (2016) reported that
modules linked to psoriasis were mainly associated with olfactory
signaling, as assessed by RNA-Seq. Olfactory receptors are known
to be expressed not only in nasal tissue but also in skin tissue
and specifically in keratinocytes, dendritic cells, and melanocytes
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TABLE 2 | Relationship between m®A peaks and mRNA level.

PP vs. NN

PP vs. PN

PN vs. NN

Highly expressed DEGs (transcripts)

Highly expressed transcripts modified by méA
Hypermethylated highly expressed transcripts
Lower expressed DEGs (transcripts)

Lower expressed transcripts modified by m8A
Hypomethylated lower expressed transcripts

511
22.7% (116/511)
87.9% (102/116)
773
44.0% (340/773)
97.6% (332/340)

1,330
24.1% (320/1,330)
81.9% (262/320)
696
48.4% (337/696)
94.3% (318/337)

409
23.2% (95/409)
94.7% (90/95)
498
19.3% (96/498)
91.7% (88/96)

DEGs, differentially expressed genes.

* PP-up regulated peaks
* NN-up reg‘ulated peaks

PP-up regulated peaks
.NN-up regulated peaks

> Non-peak
. <
pd 104 R 9
c < N B o~ 1
E ot 8 b4
8- > s Z
.2 . SIS
7] “ X QA 0d-mmmmim e TSP PN R P
7] . (S
L6 :, [SI
o L SO
I 359 .-
SR 3 - 5
HE 32 ps
TP e o~
24 . ." . o .
0+ - 5'UTR CDS Intonic 3'UTR 5'UTR CDS Intonic 3'UTR
0 2 4 6 8 10 12 14
Expression in PP
c PP_vs_NN
mSA targets
——— Non-targets
c
o
=
o
©
S
]
(]
2
o)
S
>
S
>
(&S]
P=22e16
5 3 2 4 0 i 2 3 4 5

Log,(PP/NN), gene expression

FIGURE 4 | Relationship between mPA peaks and mRNA level. (A) Differentially expressed genes (transcripts) in PP and NN. Genes contained up-regulated m6A
peaks are highlighted in red and genes contained down- regulated mPA peaks are highlighted in blue. (B) The ratio of gene expression levels in PP and NN samples
containing up-regulated m®A peaks. Genes are divided into four categories (5'UTR, CDS, Intonic, 3'UTR) according to the peak positions. (C) Cumulative
distribution of MRNA expression changes between PP and NN for m®A -modified genes (red) and non-target genes (green). P-values are calculated by two-sided
Mann-Whitney test.

(Ahn et al, 2016). In addition, Aydin et al. (2016) found that
the olfactory function of patients with psoriasis was significantly
worse than that of healthy controls (P < 0.001). These results

suggest that m® A methylation may be involved in the mechanism
of anosmia in psoriasis vulgaris. In addition, our studies showed
that hypomethylated transcripts in PP were mainly associated
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with the Wnt signaling pathway. The Wnt gene family is
known to encode a set of highly conserved secreted signaling
proteins that participate in and control cell differentiation, cell
proliferation, and immune-mediated inflammatory cascade in
psoriasis vulgaris (Gudjonsson et al., 2010; Dou et al., 2017; Wang
et al,, 2017a). This suggests that m®A methylation may control
the critical pathogenic processes in psoriasis vulgaris, including
cell differentiation, cell proliferation, and immune-mediated
inflammation, by modifying expression of the Wnt gene family
(Irrera et al., 2020). Besides, we found that IL-17A and TNF-a,
two of the key genes of the TNF-a/IL-23/Th17 axis in psoriasis,
are upregulated > 20-fold and > 3.5-fold in m®A methylation
levels in PP vs. NN, respectively (Figure 3). This axis is widely
regarded as the core process of the pathogenesis of psoriasis
vulgaris, which could induce the proliferation of keratinocytes
and form the inflammatory plaque of psoriasis vulgaris (Rendon
and Schikel, 2019). The rapid and efficient therapeutic response
of various monoclonal antibodies against TNF-a or IL-17A
strongly supports the TNF-a/IL-23/Th17 axis as being a key
factor for the expansion of inflammation and the aggravation
of skin lesions in psoriasis vulgaris (Rendon and Schikel, 2019).
Therefore, these findings support the notion that m®A may be a
critical denominator that controls keratinocyte proliferation, cell
differentiation, and inflammation in psoriasis vulgaris.

RNA-Seq data were used for the combined analysis of m®A
peaks and mRNA level. Upon comparison with PN or NN,
about 20% of the highly expressed genes in PP (PP-high) were
chemically modified by m®A, while about 40% of the genes
expressed at lower levels in PP (PP-low) were chemically modified
by m®A, which was close to the findings in a previous report
(over one-third) on the human brain (Dominissini et al., 2012).
The estimated difference between PP-high and PP-low suggested
that genes expressed at lower levels were preferentially modified
by m°®A. We extended this analysis to the whole transcriptome.
However, among genes expressed at a low level in PP, the
proportion of m®A targets was smaller than that of non-m°A
targets; meanwhile, among highly expressed genes in PP, the
proportion of m®A targets was greater than that of non-m°®A
targets. The reason for the results being opposite between the
two analyses may be the different data ranges. The former
analysis only analyzed DEGs, while the latter analysis analyzed
the whole transcriptome. In previous studies on A. thaliana, most
transcripts with a low expression level were more likely modified
by m®A in both leaf and flower chloroplasts (Wan et al., 2015;
Wang et al., 2017c). However, the root amyloplast presented the
methylation feature that the moderately expressed transcripts
were more likely to be methylated, and those expressed at
the two extremes were less methylated by m®A (Wan et al,
2015; Wang et al, 2017c). These results indicated that the
relationship between the level of mRNA and whether there is
m®A modification differs among different species, organs and
tissues. Furthermore, we analyzed the relationship between m°A
level and mRNA level, and found that the upregulation of gene
expression was often accompanied by the upregulation of m®A
methylation regardless of the peak position, suggesting a possible
positive relationship between the extent of m®A methylation and
the mRNA levels. Actually, many researches have revealed that

mCA level was positively or negatively correlated with mRNA
level (Zhao et al., 2017). Mostly, m®A methylation was shown to
be negatively correlated with mRNA level when m®A methylation
was linked to accelerate degradation of target transcripts (Liu
et al,, 2014). For example, silencing of m®A writers (METTL3,
METTLI14, or WTAP) in mammalian cells has been shown to lead
to increases in the abundance of their respective target transcripts
(Liu et al., 2014). Overexpression of m°A reader (YTHDF2) in
human embryonic kidney 293T cells has been shown to lead to
decreases in the abundance of the target transcripts (Wu et al,,
2020). Besides, m®A methylation was shown to be positively
correlated with mRNA level when m®A methylation was linked
to enhance mRNA expression (Zhao et al., 2017). For example,
METTL3-mediated m®A methylation enhanced ZMYM1 mRNA
expression in gastric cancer (Yue et al., 2019). The role of mlA
methylation in transcriptional regulation needs to be elucidated
by further studies in the future.
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Intervertebral disc degeneration (IVDD) has been reported to be a major cause of
low back pain. Studies have demonstrated that VDD may be dysregulated at the
transcriptional level; however, whether post-transcriptional regulation is involved is still
unknown. The current study aimed to illustrate the role of Human antigen R (HuR),
an RNA binding protein involved in post-transcriptional regulation, in IVDD. The results
showed that the expression of HUR was decreased in degenerative nucleus pulposus
(NP) tissues as well as in TNF-a-treated NP cells. Downregulation of HuR may lead
to increased inflammation and extracellular matrix (ECM) degradation in TNF-a-treated
NP cells; however, these effects were not reversed in HUR overexpressed NP cells.
Inhibition of the NF-«B signaling pathway attenuates inflammation and ECM degradation
in HUR-deficient NP cells. A mechanism study showed that HUR prompted NKRF mRNA
stability via binding to its AU-rich elements, and upregulation of NKRF suppressed
inflammation and ECM degradation in HuR-deficient NP cells. Furthermore, we found
that NKRF, but not HUR, overexpression ameliorated the process of IVDD in rats in vivo.
In conclusion, HUR suppressed inflammation and ECM degradation in NP cells via
stabilizing NKRF and inhibiting the NF-kB signaling pathway; NKRF, but not HUR, may
serve as a potential therapeutic target for IVDD.

Keywords: intervertebral disc degeneration, HuR, inflammation, extracellular matrix, NKRF

INTRODUCTION

Low back pain is a common disorder in the population, and up to 25% of people in the United States
suffer from back and neck pain (Martin et al., 2008; Hoy et al., 2010; Zheng et al., 2018). Severe low
back pain can lead to disability, which not only affects the quality of life for individuals but also
causes a serious burden to society; the socio-economic burden caused by low back pain has been
reported to exceed 85 billion dollars (Martin et al., 2008). Studies have shown that up to 40% of
lower back pain is related to intervertebral disc degeneration (IVDD) (Freemont, 2009).
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The intervertebral disc is the soft tissue located between
the bony vertebrae, and it absorbs the load transmitted by
the vertebral body and provides flexibility for the spine. The
intervertebral disc is composed of three parts: cartilage endplate,
annulus fibrosus (AF), and nucleus pulposus (NP). The jelly-like
NP tissue is the major tissue of intervertebral disc to combat
against loading, while the dysfunction of NP cells is considered
to be the initiating cause of IVDD (Sakai and Grad, 2015;
Gorth et al., 2020).

The function of cells can be regulated at various levels, such
as transcriptional and post-transcriptional (Uchida et al., 2019).
In the previous studies, we found that transcription factor BRD4
is overexpressed in degenerated NP cells, and it may promote
matrix metallopeptidase 13 (MMP13) expression via MAPK and
NEF-kB signaling pathway (Wang et al., 2019). We also showed
that the nuclear localization of transcription factor EB (TFEB)
was declined in NP cells during IVDD, which caused blockage
of autophagy flux and increased apoptosis (Zheng et al., 2019).
Also, dysfunction of SOX9 and FOXO has been implicated in
IVDD (Gruber et al., 2005; Alvarez-Garcia et al., 2017). These
studies reveal that the pathogenesis of IVDD may occur at the
transcriptional level; however, whether post-transcriptional is
involved is still unclear.

Post-transcriptional regulation refers to the regulation of
gene expression at the post-transcriptional level, such as RNA
stabilization, RNA cleavage, RNA editing, RNA splicing, and
translation (Zhao et al., 2017). RNA-binding protein is a type
of post-transcriptional regulation protein, which can bind to
RNA and participate in the functional regulation (Glisovic et al.,
2008). Human antigen R (HuR), encoded by the ELAVLI gene,
is one of the first identified RNA binding proteins. HuR can
bind to the adenine-uracil-rich elements (ARE) at the 3'UTR of
the target mRNA molecule and regulates a variety of biological
processes (Schultz et al,, 2020). Pan et al. (2019) found that
HuR may regulate extracellular matrix (ECM) gene expression
and pH homeostasis in physiological hypoxia condition in
NP cells; however, the role of HuR in pathogenesis of IVDD
is still unknown.

In the current study, we evaluated the expression of
HuR in NP cells during IVDD; we also upregulated and
downregulated its expression via lentivirus to explore the
role of HuR in IVDD; inflammatory genes were screened
to demonstrate its working mechanism; HuR and NKRF
overexpressing lentiviruses were injected into NP tissues to assess
their therapeutic effect on IVDD.

MATERIALS AND METHODS

Ethics Statement

All surgical interventions, treatments, and postoperative animal
care procedures were performed in strict accordance with
the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health and the Animal Care and
Use Committee of Wenzhou Medical University (WYDW2020-
0560). Human tissue collection and treatments were also
permitted by the Second Affiliated Hospital and Yuying

Children’s Hospital of Wenzhou Medical University Ethics
Committee (LCKY2020-135).

Human NP tissues of different grades were isolated from
patients, to compare the expression of ELAVL1 by quantitative
PCR (qPCR). The work was given official approval by the
Ethics Committee of the Second Affiliated Hospital of Wenzhou
Medical University, and we obtained written informed consent
from patients or relatives prior to tissue collection.

Reagents and Antibodies

Dimethyl sulfoxide (DMSO), citrate buffer, and collagenase
type II were purchased from Sigma-Aldrich (St. Louis, MO,
United States). The cell culture reagents were obtained from
Gibco (Grand Island, NY, United States). Primary antibodies
against IL-1, TNF-a, p65, GAPDH, and Lamin B were
obtained from Proteintech (Wuhan, China); primary antibodies
against matrix metallopeptidase 3 (MMP3), MMP13, IL-6,
Aggrecan, COL2, and NKRF were acquired from Abcam
(Cambridge, MA, United States); and primary antibodies
against HuR (ELAVLI1), p-p65, and IkBa were purchased
from Cell Signaling Technology (Beverly, United States).
Goat anti-rabbit and anti-mouse IgG-HRP antibodies were
purchased from Bioworld (Nanjing, China). Alexa Fluor®
488- and Alexa Fluor® 594-conjugated secondary antibodies
were obtained from Jackson ImmunoResearch (West Grove,
PA, United States). 4',6-Diamidino-2-phenylindole (DAPI) was
obtained from Beyotime (Shanghai, China).

Culture of NP Cells and Extraction

Rat NP cells were extracted from healthy NP of young Sprague-
Dawley rats. NP tissues were cut up into 1 mm? and washed
for three times with phosphate-buffered saline (PBS) before
digestion with 0.25% type II collagenase at 37°C for 2 h. After
centrifugation, the cell suspensions were cultured in DMEM/F12
(Gibco) with 10% fetal bovine serum (FBS; Gibco) and antibiotics
(1% streptomycin/penicillin) in the incubator at 5% CO; at 37°C.

Quantitative Real-Time PCR (qPCR)

After treatment, total RNA was extracted from NP cells by
the TRIzol method (Invitrogen). One thousand nanograms of
total RNA was reverse transcribed to synthesize cDNA (MBI
Fermentas, Germany) using the PrimeScript-RT reagent kit
(Takara, Japan) and the CFX96 Real-Time PCR System (Bio-Rad
Laboratories, Berkeley, CA, United States). Amplification of the
cDNA was performed by SYBR Premix Ex Taq using the CFX96
Real-Time PCR System (Bio-Rad Laboratories, Berkeley, CA,
United States). The cycle threshold (Ct) values were determined
and normalized to the level of a housekeeping gene (GAPDH).
The expression of the target genes in different groups was
evaluated using the 2722t method. The forward and reverse
primer sequences are provided in Supplementary Table S1.

Western Blot (WB) Analysis

Proteins from NP cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer (Beyotime) with 1 mM phenylmethane-
sulfonyl fluoride (PMSF) (Beyotime) and then centrifuged for
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20 min at 12,000 rpm at 4°C. The protein concentration was
measured by the BCA protein assay kit (Beyotime). Forty
nanograms of protein was separated via 8-12% (w/v) sodium
dodecyl sulfate polyacrylamide gel electrophoresis and blotted
onto polyvinylidene fluoride membranes (Bio-Rad, Hercules,
CA, United States). After blocking with 5% non-fat milk for
2 h, the membranes were incubated with primary antibodies
against HuR (1:1000), IL-1 (1:800), TNF-a (1:800), p65 (1:1000),
MMP3 (1:1000), MMPI13 (1:1000), IL-6 (1:800), Aggrecan
(1:1000), COL2 (1:1000), NKRF (1:1000), p-p65 (1:800), IkBa
(1:800), Lamin B (1:2000), and GAPDH (1:3000) overnight
at 4°C, and then subsequently incubated with the respective
secondary antibodies for 2 h at room temperature. After washing
three times with Tris-buffered saline with Tween® 20, the
blots were visualized by electrochemiluminescence plus reagent
(Invitrogen). The signals were visualized using the ChemiDoc™
XRS + Imaging System (Bio-Rad, Hercules, CA, United States),
and the band densities were quantified with Image Lab 3.0
software (Bio-Rad, Hercules, CA, United States).

Immunofluorescence

Rat NP cells were plated in a six-well plate and treated as
described above. After treatment, the NP cells were washed
with ice-cold PBS, fixed with 4% (v/v) paraformaldehyde for
15 min, and permeated using 0.1% Triton X-100 diluted in
PBS for 10 min. Then, the cells were blocked with 5% bovine
serum albumin for 1 h at 37°C and then incubated with a
primary antibody at 4°C overnight. The next day, the cells
were incubated with Alexa Fluor® 488- or Alexa Fluor® 594-
conjugated secondary antibodies (1:300) for 1 h at room
temperature and labeled with DAPI for 5 min. Finally, five
fields from each slide were chosen randomly for microscopic
observation with a Nikon ECLIPSE Ti microscope (Nikon,
Japan), and the fluorescence intensity was measured using Image]J
software 2.1 (Bethesda, MD, United States) by observers who
were blinded to the experimental groups.

Lentivirus and siRNA Transfection

The NP cells reaching 40-60% confluence were transfected
using LV-siHuR lentivirus (from  Cell-land, China,
TACCAGTTTCAATGGTCATAA), at a multiplicity of infection
(MOI) of 30. The NP cells reaching 40-60% confluence was
transfected using LV-HuR lentivirus (from OBiO, China,
NM_001108848), at a MOI of 50. The NP cells reaching 40-60%
confluence were transfected using LV-NKRF lentivirus (from
GeneChem, China, XM_003752133), at a MOI of 40. After 12 h
of transfection, the culture medium was changed every other
day. When confluent, the transfected NP cells were passaged for
further experiments.

RIP

RNA-binding protein immunoprecipitation (RIP) can be used
to identify specific RNA molecules, which are associated with
targeted proteins. The immunoprecipitation of endogenous
ribonucleoprotein complexes was analyzed using Imprint®
RNA Immunoprecipitation Kit (Sigma) according to the
manufacturer’s instructions.

Puncture-Induced Rat IVDD Model

Adult male Sprague-Dawley rats (200-250 g, n = 32) used
for this study were randomly obtained from the Experimental
Animal Institute of Wenzhou Medical University and were
randomly divided into four groups: Control group, IVDD group,
IVDD + LV-NKRF group, and IVDD + LV-HuR group. The
experimental level rat tail disc (Co7/8) was located by digital
palpation on the coccygeal vertebrae and confirmed by counting
the vertebrae from the sacral region in a trial radiograph.
The tail skin was sterilized with iodinated polyvinylpyrrolidone,
and needles (27G) were used to puncture the whole layer of
AF through the tail skin. To make sure the needle is not
be punctured too deep, the length of the needle was decided
according to the AF and NP dimensions, which were measured
in the preliminary experiment about 5 mm. Subsequently, 5 L1
of lentivirus (virus type: LV-NC, LV-NKREF, or LV-HuR; virus
concentration: 10° TU/ml) was injected into the NP cavity by
using a microliter syringe through that 27 G needle (Zheng
et al., 2019; Chen Y. et al., 2020). All animals were allowed free
unrestricted weight bearing and activity and were monitored
every day to ensure their well-being.

X-Ray Image Acquisition and Magnetic
Resonance Imaging (MRI)

Four weeks after surgery, X-ray images were obtained for all
animals. The rats were fixed in a prone position in the X-ray
irradiation system (Kubtec Medical Imaging, United States).
The disc height index (DHI) was determined using the
published method.

The rats coccyx was analyzed in sagittal T2-weighted
images using a 3.0-T clinical magnet (Philips Intera Achieva
3.0 MR). T2-weighted sections in the sagittal plane were
obtained with the previous settings (Zheng et al., 2019). The
magnetic resonance imagings (MRIs) were evaluated by a blinded
orthopedic researcher using the Pfirrmann MRI grading system
(Pfirrmann et al., 2001).

Histopathological Analysis and

Immunohistochemical Examination

The rats were killed by an intraperitoneal overdose of 4%
pentobarbital, and the tails were collected. The specimens were
decalcified, fixed in formaldehyde, dehydrated, and embedded in
paraffin. Then, the tissues were cut into 5-pum sections. Slides of
each disc were stained with hematoxylin and eosin (H&E) and
Safranin O-fast green (S-O). The cellularity and morphology of
the intervertebral disc were examined by a separate group of
experienced histological researchers in a blinded manner using
a microscope (Olympus Inc., Tokyo, Japan).

After  deparaffinization,  sections of sample for
immunohistochemistry were incubated with 3% H,0, for
10 min and washed by PBS for three times. Then, the sections
were incubated with 0.1% trypsin for 20 min and washed by PBS
for three times. Sections were blocked with 1% (w/v) goat serum
albumin for 1 h at 37°C, followed by primary antibody (1:200)
incubation at 4°C overnight. Negative control sections were
incubated with non-specific IgG. Next, the sections were washed

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

November 2020 | Volume 8 | Article 611234


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

Shao et al.

HuR Suppresses Inflammation via NKRF

three times with PBS and incubated with HRP-conjugated
secondary antibodies for 1 h at 37°C. At least three sections from
each specimen were observed. The rate of positive cells each
section was quantitated by observers who were blinded to the
experimental groups.

Statistical Analysis

Data are presented as the means + standard deviation (SD)
from three independent experiments. The data were analyzed via
GraphPad Prism (United States). Statistical differences between
two groups were determined using two-tailed unpaired Student’s
t test, or two-tailed non-parametric Mann-Whitney test. In
multiple comparisons, multiple groups were performed with one-
way analysis of variance (ANOVA) and Tukey’s post hoc test. p
values < 0.05 were considered statistically significant.

RESULTS

The Expression of HUR Is Decreased in
Degenerative NP Tissues and
TNF-o-Treated NP Cells

Post-transcriptional regulation is the control of gene expression
at the RNA level, which contributes substantially to gene
expression regulation across tissues. In order to explore the post-
transcriptional regulators that are involved in the process of
IVDD, we screened data from the GEO DataSets'. A typical
set of data (Series Accession: GSE23130) was shown as
heatmap in Figure 1A. From the heatmap, it was implied
that ELAVL1(HuR) was the most differentially expressed post-
transcriptional regulator during IVDD process. To further verify
the results, two more datasets (GSE59485 and GSE15227)
were included. Venn diagram showed that ELAVLI(HuR)
was one of commonly downregulated genes during IVDD
(Figure 1B). Interestingly, it was found from dataset GSE27494
that ELAVLI(HuR) gene level was also depressed in NP cells
under inflammatory factor stimulation (Figure 1C). In short,
the GEO DataSets data showed that ELAVL1(HuR) expression
is decreased in degenerative NP tissues and NP cells under
inflammatory factor stimulation.

In order to further certify that ELAVLI(HuR) expression
is decreased in IVDD, we collected NP tissues from IVDD
patients (Pfirrmann grade II, III, and IV) to detect HuR
expression by qPCR (Figure 1D). The qPCR results showed
that ELAVLI(HuR) expression was decreased as the disc
degeneration grade rises (Figure 1D). In addition, we established
a puncture-induced rat IVDD model to detect HuR expression
by immunofluorescence, and the results showed that HuR
expression was also decreased in rat degenerative NP tissues
(Figure 1F). In short, these results showed that HuR expression
was decreased in human degenerative NP tissues and rat
degenerative NP tissues.

Furthermore, we isolated NP cells from normal human NP
tissues and treated them with ascending concentrations and
duration of TNF-a. The results showed that HuR expression was
decreased in a time- and dose-dependent manner (Figure 1E).

Thttps://www.ncbi.nlm.nih.gov/gds

HuR Regulates Inflammation in
TNF-o-Treated NP Cells

To explore the effects of HuR on IVDD in vitro, we regulated
HuR expression in NP cells by transfecting with lentivirus-shHuR
(LV-shHuR) and lentivirus-HuR (LV-HuR), and the lentivirus
transfection efficiency was confirmed by PCR and Western blot
(WB) (Supplementary Figures S2A,B). Although there are two
reacting bands of HuR in HuR-overexpressing cells, it may
not affect the subsequent experiments; similar phenomenon
could be found in previous studies (Katsanou et al., 2005;
Kawagishi et al., 2013).

Next, we detected the expressions of IL-6, IL-1f, TNF-a, and
iNOS (by qPCR, WB, and ELISA), which are commonly used
as indicators of inflammation, in NP cells. The qPCR results
showed that the expression of IL-6, IL-18, TNF-a, and iNOS
were expectedly increased under TNF-a treatment; interestingly,
proinflammatory mediators were higher in the HuR-deficient and
TNF-a-treated group (LV-shHuR + TNF-a) than those in the
TNF-a-treated alone group (Figure 2A). Meanwhile, the WB and
ELISA results also confirmed the qPCR results (Figures 2B,C).
These results indicate that downregulation of HuR promotes
inflammation in TNF-a-treated NP cells.

Downregulation of HuR promotes inflammatory response
in TNF-a-treated NP cells; however, to our surprise, HuR
upregulation could not inhibit inflammation in TNF-a-treated
NP cells. The results of qPCR, WB, and ELISA showed
that the expressions of IL-6, IL-18, TNF-a, and iNOS in
HuR overexpression and the TNF-a-treated group (LV-HuR +
TNF-a) were not lower than those in the TNF-a group (Figure 2).

HuR Regulates ECM Metabolism in
TNF-a-Treated NP Cells

Extracellular degradation, induced by
catabolism and inadequate anabolism, is considered to be
one of the most prominent feature in NP cells during IVDD
(Hua et al, 2017). We then analyzed Aggrecan and collagen
II (COL2) expression to determine ECM anabolism and
the expression of MMP3 and MMP13 to determine ECM
catabolism in HuR-overexpressing and knockdown NP cells.
The qPCR and Western blotting results showed that TNF-a
treatment significantly reduced the expression of Aggrecan
and COL2, while it increased the expressions of MMP3
and MMP13 (Figure 2D and Supplementary Figure S3);
interestingly, compared with the TNF-a treatment alone group,
the expressions of Aggrecan and COL2 were decreased, while the
expressions of MMP3 and MMP13 were further increased in the
TNF-a 4+ LV-shHuR group. Meanwhile, immunofluorescence
and ELISA analyses of COL2 and MMP13 also confirmed the
phenomenon (Figures 2D,F). To our surprise, HuR upregulation
could not maintain ECM homeostasis in the TNF-a-treated NP
cell (Figure 2).

matrix excessive

HuR Deficiency Activates NF-«kB
Signaling Pathway in TNF-a-Treated NP
Cells

In order to explore the working mechanism of HuR on IVDD
in NP cells, we analyzed genes that have been reported to be
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FIGURE 1 | The expression of HUR is decreased in degenerative NP tissues and TNF-a-treated NP cells. (A) The heatmap, from GSE23130, displayed the
expressions of 19 known post-transcriptional genes. (B) Venn diagram of all differentially downregulated genes (o < 0.05, FC < 0) and data from different NP tissues
(GSE23130, GSE59485, and GSE15227). (C) The ELAVL1 gene expression from GSE27494 in NP cells under inflammatory factor stimulation. (D) Representative
MRI images of three different degrees of IVDD patients, and the EIAVL1 gene expression of NP tissue (The red arrow indicates the intervertebral disc segment used
in the experiment). (E) The ELAVL1 protein expression was detected by Western blot in various concentrations or time of TNF-a-treated NP cells. (F) Representative
immunofluorescence staining of HUR in NP tissue from normal and IVDD rats (scale bar: 800 um). All data were shown as mean + SD. *p < 0.05, *p < 0.01.

regulated by HuR in previous studies. The study by Mukherjee
et al. (2011) was included into KEGG pathway analysis. The
results showed that various pathways were involved, among
which NF-kB signaling pathway is most likely to participate
in the regulatory effects of HuR on inflammation in IVDD
(Figure 3A). The NF-kB signaling pathway is a key regulator of
inflammation (Liu T. et al., 2017); and evidences demonstrated
that inhibition of NF-«kB signaling pathway can delay the
progression of IVDD (Liu T. et al, 2017; Chen F. et al,
2020). Thus, we focus on the NF-kB signaling pathway in
further studies.

We evaluated the NF-kB signaling pathway by WB, and
the results showed that the NF-kB signaling pathway was
dramatically activated in TNF-a-treated NP cells, as indicated
by the p-p65/p65 ratio, the IkBa expression in total cell,
and the p65 expression in nuclear (Figure 3C); interestingly,
the NF-kB signaling pathway was further activated in the

LV-shHuR + TNF-a group (Figure 3C). These results were also
confirmed by immunofluorescence (Figure 3B).

To determine whether inhibiting NF-kB signaling pathway
may suppress inflammation and ECM degradation caused by
HuR deficiency, NP cells were pre-treated with the classical
NF-kB inhibitor QNZ (EVP4593). The WB results showed that
there were significantly higher levels of inflammation and ECM
degradation in HuR-deficient NP cells, while this phenomenon
was attenuated by QNZ treatment (Figures 3D,E). The ECM
results were also confirmed by immunofluorescence (Figure 3F).

HuR Regulates NF-kB Signaling Pathway
Through NKRF in TNF-o-Treated NP
Cells

Next, we asked through which protein does HuR exert its
inhibitory effect on NF-kB signaling pathway. We tested known
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FIGURE 2 | HuR regulates inflammation and ECM degradation in TNF-a-treated NP cells. The cells were transfected with LV-NC, LV-shHuUR, or LV-HuR before
TNF-a treatment. (A) The gene expression of inflammatory cytokines, such as IL-6, IL-18, TNF-a, and iNOS, was detected, with or without TNF-a treatment and
added lentivirus. (B,C) The protein expressions of inflammatory cytokines were detected by Western blot and ELISA. (D) The protein expressions of ECM
biosynthesis and ECM breakdown proteins, such as Aggrecan, COL2, MMP3, and MMP13, were detected by Western blot. (E) The expressions of MMP13
detected by ELISA. (F) The COL2 and MMP13 were detected by immunofluorescence combined with DAPI staining for nuclei (scale bar: 50 um). All data were
shown as mean + SD (n = 3). “p < 0.05, *p < 0.01.
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MMP3, and MMP13 was detected by Western blot. (F) The COL2 and MMP13 were detected by immunofluorescence combined with DAPI staining for nuclei (scale
bar: 50 um). All data were shown as mean + SD (n = 3). *p < 0.05, *p < 0.01.

proteins that may inhibit NF-kB activation by qPCR, which
include KLF2 (Jha and Das, 2017), A20 (Wertz et al., 2004), Cyld
(Trompouki et al., 2003), NFKBIA (Rinkenbaugh and Baldwin,
2011), NFKBIB (Chapman et al., 2007), NKRF (Nourbakhsh
and Hauser, 1999), Taxlbpl (Shembade et al., 2011), and

Tnipl (Huang et al., 2008). The results showed that the
expression of NKRF was the most significantly affected by HuR
expression (Figure 4A).

The data from the GEO DataSets also showed that the
expression of NKRF was decreased in both blood and
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(D) The protein expression of NKRF was detected by Western blot, treated with or without TNF-a treatment; the levels were determined using Image J software.
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intervertebral disc tissues of IVDD patients (Figures 4B,C).
Meanwhile, we evaluated the expression of NKRF under TNF-
a treatment condition in NP cells by WB; it was shown that
the expression of NKRF was increased in HuR-overexpressing
NP cells, whereas it decreased in HuR knockdown NP cells. We
also assessed the expression of NKRF in NP cells without TNF-
o treatment; it showed that NKRF was not affected by HuR
expression in TNF-a untreated NP cells (Figure 4D).

Previous studies have shown that HuR may exert its
effect on gene expression through stabilizing mRNAs in a
variety of biological processes (Lopez De Silanes et al., 2004).
Bioinformatic study implied that there are multiple HuR binding
sites at the 3'UTRs of NKRF mRNA (Figure 4E). In the
following study, we verified the binding between HuR and
NKRF mRNA by RIP experiments. mRNAs were evaluated
by qPCR in HuR pull-down molecules. The results showed
that the expression of NKRF mRNA is highly expressed in

HuR pull-down molecules; however, when HuR was knocked
down, the expression of NKRF mRNA was significantly
decreased (Figure 4F), suggesting that HuR may indeed
bind to NKRF mRNA.

NKRF Suppresses NF-kB Signaling
Pathway in HuR-Deficient NP Cells and
Suppresses Inflammation and ECM

Degradation in TNF-a-Treated NP Cells

NKRF may regulate NF-kB signaling pathway under
physiological conditions; however, whether it may regulate
NF-kB signaling pathway under HuR-deficient conditions
is still unknown. Thus, we upregulated NKRF expression in
HuR-deficient NP cells by transfecting them with lentivirus-
NKRF (LV-NKRF). The WB results showed that the NKRF
levels increased by LV-NKRF transfection, implying that we
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have successfully established the NKRF upregulation NP cell
model (Figure 5A). Next, we assessed whether upregulating
NKRF may inhibit NF-«kB signaling pathway induced by HuR
overexpression. The WB results showed that the NF-kB signaling
pathway was dramatically activated in the LV-shHuR group, as
indicated by the p-p65/p65 ratio, the IkBa expression in total cell,

and the p65 expression in nuclear, whereas NKRF upregulation
can inhibit NF-kB signaling pathway (Figures 5B,C).

To determine the function of NKRF during the IVDD
process, NKRF was overexpressed in TNF-a-treated NP cells,
and inflammation and ECM degradation were assessed. The
WB results showed that the increased levels of TNF-a, IL-6,
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IL-1B, and iNOS induced by TNF-a treatment were attenuated
by NKRF overexpression (Figure 5D); the degradation of
ECM induced by TNF-a was also attenuated by NKRF
overexpression (Figures 5E,F).

Overexpression of NKRF, but Not HuR,

Ameliorates the Process of IVDD in vivo

To investigate the protective effects of HuR and NKRF in IVDD
in vivo, we established puncture-induced rat IVDD model and
injected lentivirus into the intervertebral disc to regulate the
expression of HuR and NKRF.

The X-ray results showed that disc height was markedly
decreased in the IVDD group; however, the disc height was
higher in the LV-NKRF group compared to the IVDD group,
whereas there was no significant difference between the LV-HuR
group and the IVDD group (Figure 6A). Meanwhile, we observed
that the T2-weighted signal intensity of the intervertebral disc
in the LV-NKRF group was brighter than the one in the IVDD
group, whereas the MRI T2-weighted signal intensity in the LV-
HuR group was as weak as that in the IVDD group (Figure 6B).
Pfirrmann grade scores were also determined. The scores were
lower in the LV-NKRF group, and no significant difference
was found in the LV-HuR group compared with the IVDD
group (Figure 6B).

From H&E staining, we found that the NP tissues were
reduced and replaced by the fibrochondrocytes, and the
cartilaginous endplate was collapsed in the IVDD group, whereas
NKRF upregulation ameliorates these degenerations (Figure 6C).
According to Safranin O-Fast Green staining, which is sensitive to
proteoglycan and hyaluronic acid, we also found that red staining
signal in the LV-NKRF group was higher than those in the IVDD
group, whereas red staining signal in NP tissues in the LV-HuR
group was similar to that in the IVDD group (Figure 6D).

Further, the results showed that the inflammation and
ECM degradation were prompted in the IVDD group, as
indicated by the expression of MMP13 and IL-6 (detected
by immunohistochemistry, Figure 6E), whereas NKRF
overexpression ameliorated the increased inflammation and
ECM degradation. In order to investigate the regulatory effect
of NKRF on NF-kB signaling pathway in vivo, we detected
the expression of p-p65 expressions by immunohistochemical
staining. The results showed that the levels of p-p65 expressions
were prompted in the IVDD group, whereas NKRF upregulation
inhibited the expression of p-p65 expressions (Figure 6E).
Unfortunately, we also found that HuR overexpression cannot
inhibit the expression of MMP13, IL-6, and p-p65, indicating
that HuR overexpression may not ameliorate inflammation,
ECM degradation, and NF-kB signaling pathway in vivo.

DISCUSSION

Intervertebral disc degeneration has been reported to be a
major cause of low back pain. In the current study, we found
that HuR may suppress inflammatory response and maintain
ECM homeostasis in NP cells via inhibiting NF-kB signaling
pathway in vitro; a mechanism study revealed that HuR prompts

NKRF mRNA stability via binding to the AU-rich element,
and upregulation of NKRF inhibits NF-kB signaling pathway
and inflammatory response and maintains ECM homeostasis in
HuR-deficient NP cells. In vivo, we demonstrated that NKRF
overexpression ameliorates the process of IVDD (Figure 6F).

Human antigen R is an RNA-binding protein, and HuR
stabilizes mRNAs to regulate gene expression, which in turn
affects various and contradictory biological processes (Peng et al.,
1998; Zhang et al., 2018). Here, we asked whether HuR plays a
protective or destructive role in IVDD. Shang et al. (2015) found
that HuR promotes the progression of diabetic nephropathy
and regulates NADPH oxidase, by regulating the mRNA of
NOD2. Zhang and Bowden (2008) found that HuR upregulation
promotes non-melanoma skin cancer under UVB by maintaining
the stability of COX-2 mRNA. On the other hand, Liu L. et al.
(2017) found that HuR upregulation enhances the early recovery
of the intestinal epithelium after acute injury via increasing the
translation of Cdc42. In this study, we found that the role of HuR
in IVDD is complicated; although its overexpression may not
alleviate IVDD pathology, its knockdown may exacerbate IVDD
process in TNF-a-treated NP cells.

Inflammatory factors play a crucial role in the development
of IVDD. However, the regulation of HuR in inflammation
is controversial. Mubaid et al. (2019) found that HuR
overexpression promotes the inflammation by promoting the
translation of STAT3 in muscular dystrophy, and Krishnamurthy
et al. (2010) found that HuR knockdown can attenuate the
inflammatory response after myocardial infarction in IL-10-
deficient mice, by reducing the mRNA expression of TNF-a
and TGF-B; however, Yiakouvaki et al. (2012) found that high
expression of HuR can protect mice from inflammation in
pathological enteritis; Ceolotto et al. (2014) found that HuR
suppresses chronic inflammation, associated with endothelial
injury, by stabilizing the mRNA of SIRT1. In the current study, we
found that HuR is negatively related to inflammation in IVDD,
because the expression of IL-6, IL-1f, TNF-a, and iNOS was
higher in HuR knockdown and the TNF-a-treated group than
in the TNF-a-alone group. At the same time, we found that
knockdown of HuR inhibits ECM anabolism (Aggrecan, COL2)
and promotes ECM catabolism (MMP3, MMP13).

The NF-«kB signaling pathway plays a significant role in
inflammation (Liu T. et al., 2017; Ke et al, 2019). Studies
have reported that abnormal activation of the NF-kB signaling
pathway is closely related to the occurrence and development of
IVDD (Wuertz et al., 2012), and inhibition of the NF-«B signaling
pathway can delay the progression of IVDD (Liu T. et al., 2017;
Taniguchi and Karin, 2018). At the same time, the KEGG pathway
analysis of the HuR-regulated gene chip suggests that the NF-«kB
signaling pathway plays a role under HuR regulation. However,
the regulatory role of HuR on the NF-kB signaling pathway is
controversial. Some studies have shown that HuR activates the
NEF-kB signaling pathway. Liu and Yu (2014) found that HuR
overexpression in 3T3 cells promotes the expression of IkBa
protein and activates the NF-«kB signaling pathway under heat
shock treatment, and Rhee et al. (2010) found that knockdown
of HuR with siRNA can inhibit the phosphorylation of NEF-
kB in endothelial cells to inhibit the NF-kB signaling pathway.
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However, some studies have also shown that HuR may suppress
the NF-kB pathway. Ceolotto et al. (2014) found that in chronic
inflammation, HuR inhibits the NF-kB signaling pathway by
stabilizing SIRT1 mRNA, while Hashimoto et al. (2014) found
in fibroblasts that the lack of HuR activates the NF-kB signaling
pathway. In our study, the results showed that under TNF-a
stimulation conditions, HuR knockdown may promote NF-«kB
signaling pathway activation, while NF-«kB pathway inhibitor may
alleviate the inflammation induced by HuR knockdown.

Next, we explored the target molecule through which HuR
exerts its suppressive effects on NF-kB signaling pathway. We
tested known proteins that inhibit NF-kB activation and found
that the expression of NKRF has the most significant difference.
The data in NCBI also showed that the expression of NKRF
decreased in both blood and NP tissues of IVDD patients, and
the WB results of this study also showed that the expression of
NKRF was regulated by the HuR. Furthermore, we found that
there are obvious HuR binding sites at the 3'UTRs of NKRF
mRNA, and RIP experiments showed that NKRF mRNA can
indeed bind to HuR, and the expression of NKRF mRNA is
positively correlated to HuR protein expression. In short, NKRF
is likely to be the target of HuR.

NKREF, which is abundant in many cells and tissues, is
mainly located in the nucleolus and also in the cytoplasm and
nucleoplasm (Niedick et al., 2004). NKRF interacts with specific
negative regulatory elements to regulate the transcriptional
activity of NF-kB complexes, which inhibits the expression of
certain NF-kB response genes (Feng et al., 2002; Akool El et al,,
2003; Gealy et al, 2005). In this research, upregulating the
expression of NKRF can inhibit the inflammation and ECM
degradation induced by HuR knockdown; meanwhile, we found
that the NKRF upregulation can directly inhibit the inflammation
induced by TNF-aq, reflecting the ability and potential of NKRF to
regulate inflammation and ECM degradation directly. However,
there are also studies that reported a different role of NKRF
in inflammation. Froese et al. (2006) demonstrated that when
attacked by pathogens, the survival of NKRF gene-deficient mice
showed no difference from wild-type mice; it was proposed that
NKRF may be a redundant gene. The contradiction suggests that
the role of NKRF in inflammation may be stimulation dependent
and cell type dependent.

Based on the function of HuR in NP cells, we tried to
upregulate HuR to rescue the TNF-a-induced inflammation and
ECM degradation. To our surprise, although the downregulation
of HuR caused an increase in inflammation and degradation of
ECM in the TNF-a-treated NP cells, upregulation of HuR could
not inhibit the inflammation and ECM degradation.

One possible reason is that HuR may have a pleiotropic
effect by interacting with different mRNAs (Supplementary
Figure S4). Gealy et al. (2005) found that HuR promotes the
stability of IL-6 mRNA in human fibroblasts when they were
infected with human cytomegalovirus; Suzuki et al. (2006) found
in rheumatoid arthritis synovium that HuR may promote the
stability of TNF-o mRNA; Linker et al. (2005) reported that
HuR could promote the expression of iNOS mRNA in human
epithelial colon cancer cells. Therefore, although it was shown
in our research that HuR may promote NKRE, which, in turn,

inhibits the NF-kB signaling pathway and helps NP cells to
combat inflammation and ECM degradation, the overexpression
of HuR may also directly upregulate mRNA that may promote
inflammation and ECM degradation. Thus, we propose that HuR
may not serve as a therapeutic target for IVDD. Instead, we
verified that NKRF overexpression may suppress inflammation
and ECM degradation in TNF-a-treated NP cells and ameliorate
the process of IVDD in vivo. In short, NKRE, but not HuR, may
serve as therapeutic target for IVDD (Figure 6F).

CONCLUSION

In the current study, we demonstrate that the expression of
HuR is decreased in NP cells during the process of IVDD, and
downregulation of HuR promotes IVDD via activating NF-kB
signaling pathway; a mechanism study reveals that HuR prompts
NKRF mRNA stability via binding to the AU-rich element. HuR
upregulation could not ameliorate the process of IVDD, while
upregulation of NKRF inhibits NF-«kB signaling pathway and
inflammatory response and maintains ECM homeostasis in HuR-
deficient NP cells. Thus, overexpression of NKRE not HuR,
ameliorates the process of IVDD (Figure 6F).
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Purpose: N6-methyladenosine (mPA) is the most prevalent modification in mRNA
methylation which has a wide effect on biological functions. This study aims to figure
out the efficacy of m8A RNA methylation regulator-based biomarkers with prognostic
significance in breast cancer.

Patients and Methods: The 23 RNA methylation regulators were firstly analyzed
through ONCOMINE, then relative RNA-seq transcriptome and clinical data of 1,096
breast cancer samples and 112 normal tissue samples were acquired from The Cancer
Gene Atlas (TCGA) database. The expressive distinction was also showed by the
Gene Expression Omnibus (GEO) database. The gene expression data of m6A RNA
regulators in human tissues were acquired from the Genotype-Tissue Expression (GTEX)
database. The R v3.5.1 and other online tools such as STRING, bc-GeneExminer v4.5,
Kaplan-Meier Plotter were applied for biocinformatics analysis.

Results: Results from ONCOMINE, TCGA, and GEO databases showed distinctive
expression and clinical correlations of m8A RNA methylation regulators in breast cancer
patients. The high expression of YTHDF3, ZC3H13, LRPPRC, and METTL16 indicated
poor survival rate in patients with breast cancer, while high expression of RBM15B
pointed to a better survival rate. Both univariate and multivariate Cox regression analyses
revealed that age and risk scores were related to overall survival (OS). Univariate analysis
also delineated that stage, tumor (T) status, lymph node (N) status, and metastasis
(M) status were associated with OS. From another perspective, Kaplan-Meier Plotter
platform showed that the relatively high expression of YTHDF3 and LRPPRC and the
relatively low expression of RBM15B, ZC3H13, and METTL16 in breast cancer patients
had worse Relapse-Free Survival (RFS). Breast Cancer Gene-Expression Miner v4.5
showed that LRPPRC level was negatively associated with ER and PR expression, while
METTL16, RBM15B, ZC3H13 level was positively linked with ER and PR expression. In
HER-2 (+) breast cancer patients, the expression of LRPPRC, METTL16, RBM15B, and
ZC3H13 were all lower than the HER-2 (—) group.
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Conclusion: The significant difference in expression levels and prognostic value of
mS8A RNA methylation regulators were analyzed and validated in this study. This
signature revealed the potential therapeutic value of m8A RNA methylation regulators

in breast cancer.

Keywords: N6-methyladenosine (m®A) RNA methylation, breast carcinoma, post-transcriptional modification,

bioinformatics analysis, prognosis

INTRODUCTION

According to the data GLOBALCAN 2018, breast cancer is the
leading cause of cancer-related deaths and the most frequently
diagnosed cancer in females with different phenotypes due to
genetic and epigenetic diversity (Bray et al,, 2018). Benefiting
from the early stage diagnosis and treatment, the 5-year relative
survival rate of breast cancer patients primarily diagnosed at
stage I reaches to nearly 100%, whereas the survival rate of
patients first diagnosed at stage IV is only 26% (Miller et al.,
2019). Accurate diagnosis, detection and treatment are always
effective approaches to improve the prognosis of breast cancer
patients. In breast cancer research, epitranscriptome has been
focused for its important role in biological functions. The post-
transcriptional modifications are widely located in messenger
RNA (mRNA) and non-coding RNA (Shi et al., 2019). Until
now, over 170 kinds of RNA modifications have been identified
(Boccaletto et al, 2018). The RNA methylated modifications
occurring on adenosine present in different forms, such as N6-
methyladenosine (m°A), N6-2’-O-dimethyladenosine (m®Am),
N1-methyladenosine (m'A). In the 1970s, N6-methyladenosine
(m®A) was first identified as the most prevalent modification
in mRNA. It has been proved to be a reversible and
widespread internal adenosine modification particularly enriched
in 3 UTRs codon of mammalian mRNA (Meyer et al,
2012). m°A also has a cooperative effect on RNA functions,
such as stability, metabolism, transcriptional regulation and
intracellular signaling (Roundtree et al., 2017). The biological
importance of m®A can be embodied in embryonic self-renewal
capability (Wang et al., 2014), hematopoietic stem/progenitor
cells (HSPCs) emergence (Zhang et al., 2017), circadian control
(Fustin et al., 2018), heat shock response (Zhou et al., 2015),
neuronal functions (Lence et al, 2016), and tumorigenesis
(Lan et al., 2019).

RNA modification is mediated by a series of interplays
including “writers” (methyltransferases), “readers” (binding
proteins), and “erasers” (demethylases) which regulate a
complicated biological regulation process. The “writers”
include methyltransferase-like 3 (METTL3), methyltransferase-
like 14 (METTLI14), methyltransferase-like 16 (METTLI16),
William tumor 1 associated protein (WTAP), vir like mlA
methyltransferase associated (VIRMA, also named KIAA1429),
zinc finger CCCH domain-containing protein 13 (ZC3H13),
RNA binding motif protein 15 (RBM15), and RNA binding
motif protein 15B (RBM15B). The “readers” are composed of
the YTH family: YTH domain containing 1 (YTHDC1), YTH
domain containing 2 (YTHDC2), YTH domain-containing
family protein 1 (YTHDF1), YTH domain-containing family

protein 2 (YTHDEF2), YTH domain-containing family protein
3 (YTHDEF3), heterogeneous nuclear ribonucleoprotein
C (HNRNPC), FMRP translational regulator 1 (FMR1),
leucine-rich pentatricopeptide-repeat containing (LRPPRC),
heterogeneous nuclear ribonucleoprotein A2/B1 (HNRNPA2B1),
insulin like growth factor binding proteins (IGFBPs): IGFBPI,
IGFBP2, IGFBP3 and heterogeneous nuclear ribonucleoprotein
G (HNRNPG, also named RBMX). The “erasers” are fat mass and
obesity-associated protein (FTO) and a-ketoglutarate-dependent
dioxygenase alkB homolog 5 (ALKBH5) (Warda et al., 2017;
Yang et al., 2018). Each m®A RNA methylation regulator serves
a critical role in the RNA methylation process. Although in
the past few years, researches have been done to decipher the
interactions coupled with m®A RNA methylation regulators, the
nature of RNA modifications and their biological functions in
breast cancer remain unclear.

To further clarify the expression of various RNA regulators
and their impacts on the prognosis of breast cancer, we obtained
the expression of 23 m® A RNA regulators from ONCOMINE. We
downloaded breast cancer datasets from TCGA, which included
1096 breast cancer samples and 112 normal tissue samples
to analyze the distinct expressions of 23 RNA methylation
regulators and their clinical characteristics in breast cancer. The
expressive results were also confirmed by the GEO database.
Through the COX regression analysis and the least absolute
shrinkage and selection operator (LASSO) regression, we found
five m®A methylation regulators which were significant to
clinical prognosis. Kaplan-Meier Plotter and bc-GenExMiner
v4.5 were used to further explore the clinicopathological and
prognostic value of the five m®A methylation regulators. The
Gene Ontology (GO) analysis of 23 regulators and the Gene Set
Enrichment Analysis (GSEA) may help to shed light on their
biological research value.

MATERIALS AND METHODS

Datasets and Study Cohort

ONCOMINE Database

ONCOMINE database’ is a systematic and comprehensive
aggregation of microarray datasets. The 23 m°A RNA
methylation regulators were initially analyzed through
ONCOMINE by evaluating their expression in various cancer
types compared with the normal. We searched each regulator for
the Cancer vs. Normal Analysis and typed with the threshold of
p < 0.05 and with the gene ranking at the top 10%.

'https://www.oncomine.org/
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TCGA Database

The RNA-seq transcriptome data of 1,096 breast cancer samples
and 112 normal tissue samples were downloaded from the
TCGA database’. Clinical data of breast cancer patients was
also downloaded from TCGA. All data were normalized by the
expectation-maximization method and converted into Sample
IDs by Perl. Patients without survival information were excluded.

GEO Database

The differential expression of m®A RNA methylation regulators
between breast cancer tissues and adjacent normal tissues was
verified by GSE70905. The data was downloaded from the GEO
database’. The GSE70905 included 47 breast adenocarcinoma
and 47 paired adjacent normal breast tissues.

Kaplan-Meier Plotter

The Kaplan-Meier curves were displayed via Kaplan-Meier
Plotter* with the log-rank test. It was performed to provide
survival information of m®A RNA methylation regulators in
breast cancer patients.

Breast Cancer Gene-Expression Miner v4.5

A public statistical mining tool, the Breast Cancer Gene-
Expression Miner v4.5°, was used to evaluate the correlations
between ~ mRNA  expression and  clinicopathological
characteristics, such as ER, PR, and HER-2 status, as
well as the Nottingham Prognostic Index (NPI) and the
Scarft-Bloom-Richardson (SBR) grading.

Other Online Databases

The Protein-Protein Interaction (PPI) network was used to
exhibit the comprehensive functional annotation of related
proteins (version11.0)°. Besides, the gene expression of m® A RNA
methylation regulators in human tissues was acquired from the
GTEx database’. The data was acquired in a way where strict
ethical guidelines were followed.

Selection of m®A Methylation Regulators

A total of 23 regulators were selected according to the previous
study, including ALKBHS5, FTO, HNRNPC, HNRNPA2BI,
KIAA1429, METTL14, METTL3, METTL16, RBMI5,
RBMX, RBM15B, WTAP, YTHDC1, YTHDC2, YTHDFI,
YTHDE2, YTHDF3, ZC3H13, IGF2BP1, IGF2BP2, IGF2BP3,
FMR1, and LRPPRC. Then their expressive correlations and
clinicopathological characteristics were analyzed.

Bioinformatic Analysis

The expressive distinction and correlation of 23 regulators were
analyzed through “Limma” package by using R v3.5.1° with the
cut-off criteria of p < 0.05. A heatmap diagram was drawn to

Zhttp://www.cancergenome.nih.gov/
3https://www.ncbi.nlm.nih.gov/geo/
“http://kmplot.com/analysis/
Shttp://begenex.centregauducheau.fr/
Shttp://string-db.org
"https://www.gtexportal.org/
Shttp://www.r-project.org/

compare the expression of mA RNA methylation regulators
between tumors and normal tissues. Vioplot diagrams were
constructed to visualize the expression of 23 regulators of breast
cancer and normal tissues. Besides, GO analysis of 17 regulators
was performed through “GO PLOT” and “Digest” package.
Univariate Cox regression analysis and LASSO Cox regression
model were used to correlate prognostic m®A regulators, and
the corresponding results showed that five regulators significantly
correlated with the prognosis of breast cancer according to the
statistical analysis of log-rank p-value (p < 0.05) and the hazard
ratio (HR) with 95% confidence intervals. If the HR > 1, the
gene expression shows a positive correlation with OS, while
HR < 1 indicates a negative correlation with OS. Additionally,
the receiver operating characteristic (ROC) curves were used to
evaluate sensitivity and specificity. Next, all the samples selected
by LASSO analysis were divided into two groups judged by the
risk score (RS). Patients with RS above the mean were assigned
to the high-risk group while the rest patients with RS below
the mean were assigned to the low-risk groups. The GSEA
was performed to study the functions m®A RNA methylation
regulators by using “kegg.v7.1 symbol.gmt” package.

Statistical Analysis

The expression of m®A RNA methylation regulators between
breast cancer and normal tissues were compared through the
Wilcoxon test. The high-risk group and the low-risk group
were classified according to the median risk score. The chi-
square test was used to compare the relationship between the
clinicopathological variables and risk score. Cox univariate and
multivariate analyses were performed to compare the relationship
between clinicopathological variables and risk score. The ¢-test
was used to compare the difference between the two groups
classified by risk scores. The value p < 0.05 was considered to
be statistically significant.

RESULTS

Expression of m®A RNA Methylation

Regulators in Breast Cancer

The ONCOMINE analysis revealed the gene expression of the
23 RNA methylation regulators in different types of cancer
compared with normal tissues (Figure 1). From the ONCOMINE
database, we had a brief view of the expression of the
genes. METTL3, METTL16, ZC3H13, YTHDC1 and FTO were
expressed at a low level in breast cancer, while KIAA1429,
RBM15, and YTHDF1 were expressed at a high level. Then the
m®A RNA methylation regulators were analyzed to compare
the expression level through the data from the TCGA database.
The expression levels in each regulator were compared by
the average level of all tissue samples. YTHDF1 (p < 0.001),
HNRNPA2B1 (p < 0.001), HNRNPC (p < 0.001), LRPPRC
(p < 0.001), KIAAI429 (p < 0.001), RBMI15 (p < 0.001),
FMRI1 (p < 0.01), IGF2BP1 (p < 0.01), YTHDF2 (p < 0.05),
and IGF2BP3 (p < 0.05) were over-expressed at the mean
level in breast cancer tissues compared with normal tissues,
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FIGURE 1 | The overall mRNA expression of 23 RNA methylation regulators in various cancer types. The number in the small check signifies the number of datasets
which meet the criteria. The red means high expression while the blue means low expression of relative genes in different analyses. And the shade in the box
indicates the gene ranks. Statistically significant values are demarcated with the threshold p < 0.05.

while ZC3H13 (p < 0.001), METTL14 (p < 0.001), YTHDC1 RNA methylation regulators participated in the regulation of
(p < 0.001), WTAP (p < 0.001), IGF2BP2 (p < 0.001), FTO mRNA metabolic process, the RNA catabolic process and the
(p < 0.001), and METTL16 (p < 0.001) were found to be under-  regulation of mRNA stability (Figures 3B,C).

expressed in breast cancer tissues in comparison with normal

tissues (Figures 2A,B). In GSE70905, YTHDCI1 (p < 0.05), Prognostic Value and Risk Signature of

IGFBPI (p < 0.001), ALKBH5 (p < 0.001), WTAP (p < 0.001), m6A RNA Methylation Regulators

YTHDEFS3 (p < 0.001) and HNRNPA2BI (p < 0.001) were down- oy ynjvariate analysis was performed to select the m®A RNA

regulated in breast cancer to the adjacent. While YTHDC2  pethylation regulators that were associated with prognosis. The
(p < 0.05), HNRNPC (p < 0.001), METTL16 (p < 0.001), reqults showed that 5 out of 23 regulators had a close correlation
RBMX (p < 0.05), FMRI (p < 0.05), RBMI5B (p < 0.05), yith overall survival (OS). High expression of YTHDF3 (HR:
KIAA1429 (p < 0.001), IGFBP3 (p < 0.05), LRPPRC (p < 0.05) 1 025, 959 CI: 1.009-1.042), ZC3H13 (HR: 1.039, 95% CI:
and ZC3H13 (p = 0.001) were up-regulated (Figure 2C). The 1 006-1.074), LRPPRC (HR: 1.016, 95% CI: 1.001-1.031) and
correlations between m°®A RNA methylation regulators and METTL16 (HR: 1.101, 95% CI: 1.003-1.207) indicated poor
clinicopathological features, such as N status, M status, T status,  gyrvival in patients with breast cancer, while high expression
pathological stage, age, and survival state were investigated. The ¢ RpM15B (HR: 0.931, 95% CI: 0.888-0.977) corresponds with
T status (p < 0.001), stage (p < 0.01), and age (p < 0.01)  petter survival (Figure 4A). To figure out the most significant
were found to be relevant to the expression level of mSA prognostic regulators, RBM15B, YTHDF3, ZC3H13, LRPPRC,
RNA methylation regulators (Figure 2D). Spearman correlation 14" METTL16 were selected with the criteria of p < 0.05
analysis was performed to compare the relat1onsh1p. be.tween to perform LASSO Cox regression algorithm. Results showed
each other. YTHDC1 and METTL14 showed the most significant  p,5¢ these five regulators were all strong prognostic factors.
positive correlation (Figure 2E). The PPI network showed from  Tpen RBM15B, YTHDF3, ZC3H13, LRPPRC, and METTLI6
a novel perspective that the regulators were strongly linked with  (yere selected to evaluate risk characteristics (Figures 4B,C). We
each other and the line sickness intuitively disclosed the strength  jivided patients into the low-risk group and the high-risk group
of interactions (Figure 2F). according to the median risk score based on the coefficients

from LASSO analysis. The survival analysis of the five-gene
Expression and Biological Function risk signature demonstrated that the high-risk group patients

Annotation of méA RNA M ethylation had a signiﬁca}ntly poorer prognosis than the low-risk patients
Regulators (p < 0.001) (Figure 4D).

In order to figure out the expression of RNA methylation Relationship Between Five m°A RNA
regulators in normal human tissues, the GTEx database was used .

as a supplementary data to verify their research value. On a broad M_ethylatlon Reg_ulators and
range of tissue types, HNRNPA2B1, HNRNPC, LRPPRC, and  Clinicopathological Features of Breast
YTHDF2 had correspondingly high expression in breast tissues. Cancer

The regulators such as IGFBP1, IGFBP3 were relatively low by ~The five regulators of m®A RNA methylation regulators
contrast (Figure 3A). The GO analysis showed that these m®A  vary differently among clinicopathological ~characteristics

Frontiers in Genetics | www.frontiersin.org 50 December 2020 | Volume 11 | Article 604597


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

Zhang et al. Expression and Prognosis of meA Regulators in BC

w
(g}

P00t

00
" p0001

pe0a32
peo002

i
bl =

m

nnw

P01t
0t

e FnRey s ,LIJL ,.

PRI LT R E FEIEE LIS L s“t ¢

353333
LERL L L E
$38%
Gene expression
¢ &8 & 8§ 8
Gene expression
3
H <
3
—
—— —v— H
3
"ot
H
3 3
-
H
1
H

FIGURE 2 | Expression and correlation of m8A RNA methylation regulation factors in breast cancer. (A) Expression heatmap of 23 mfA RNA regulators in breast
cancer tissues and normal tissues. Vioplot demonstrates the expression of the regulation factors with the comparison between breast cancer tissues and normal
tissues through the data from The Cancer Gene Atlas (TCGA) (B) and Gene Expression Omnibus (GEO) (C). The white spot in every “violin” presents the median
expression level. (D) The correlations between m®A RNA methylation regulators and clinicopathological features. (E) Spearman correlation analysis of m®A RNA
methylation regulators. (F) The PPI network of mBA RNA methylation regulators. *p < 0.05, “p < 0.01, **p < 0.001.
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FIGURE 4 | Selection of clinical-pathological mPA RNA regulators with prognostic value. (A) Univariate Cox regression analysis showed the p-value, hazard ratio
(HR), and 95% confidence interval (Cl) of 23 m8A RNA methylation regulators. (B,C) Five regulators were selected for risk coefficient calculation through the least
absolute shrinkage and selection operator (LASSO) Cox regression. (D) Kaplan-Meier Curve showed the overall survival of high and low-risk groups according to the
risk score.

(Figure 5A). When the data was divided into high-risk and
low-risk groups, it can be observed that RBM15B was in low
expression, while YTHDF3, LRPPRC, ZC3H13, and METTL16
were in high expression in the high-risk group. We further
performed the receiver operating characteristic (ROC) curve to
evaluate the predictive specificity and sensitivity, and the area
under the curve (AUC) was determined to be 0.643 (Figure 5B).
Both univariate and multivariate Cox regression analyses
indicated that age and risk scores were related to OS. Univariate
analyses also revealed that stage, T status, N status, and M status
were associated with OS (Figures 5C,D). After retrieving the
RNA-seq data including the TCGA and SCAN-B databases, we
got the comparison outcomes with ER, PR, HER-2 and PAM50
subtypes (Figure 6). LRPPRC was negatively associated with ER
and PR expression, while METTL16, RBM15B, and ZC3H13
were positively associated with ER and PR expression. In HER-2
(+) breast cancer patients, LRPPRC, METTL16, RBM15B, and
ZC3H13 expressed lower than the HER-2 (—). LRPPRC showed

the highest expression in basal-like breast cancer subtype.
METTLI16 expressed at a lower level in HER-E and basal-like
subtypes. RBM15B expressed higher in Luminal A and normal
breast-like subtypes of breast cancer. ZC3H13 expressed lower
in basal-like, HER-E and Luminal B subtypes than in Luminal
A and basal-like. However, no obvious difference among these
five subtypes was observed with regards to YTHDF3 expression.
These results were also verified by METABRIC database in
bc-GenExMiner v4.5 (Supplementary Figure 1). LRPPRC and
YTHDE3 were negatively associated with ER and PR expression,
while METTL16 and RBM15B were positively associated with
ER and PR expression. In HER-2 (+) breast cancer patients,
METTL16 expressed lower than the HER-2 (—), but YTHDEF3
expressed higher than the HER-2 (—). And we got similar results
of PAM50 subtypes from METABRIC database. As a prognostic
factor in breast cancer, the NPI and SBR histological grade is
widely applied to predict tumor prognosis. Patients with high
NPI and SBR grade tend to have a poor prognosis. Results from
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FIGURE 5 | Clinicopathological features of the two risk subgroups based on five selected regulators. (A) The heatmap shows the expression levels of five mPA RNA
regulators in high and low-risk groups. (B) The receiver operating characteristic (ROC) curves were used to validate the predictive specificity and sensitivity. The
association between clinicopathological factors and overall survival of breast cancer patients through univariate (C) and multivariate (D) Cox regression analyses.
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bc-GenExMiner v4.5 showed that patients with higher NPI
and SBR grade tended to have higher expression of LRPPRC
and lower expression of METTL16, RBMI15B, and ZC3H13
(Figure 7). These results were also confirmed by METABRIC
database in bc-GenExMiner v4.5 (Supplementary Figure 2).
Patients with higher NPI and SBR grade tend to have higher
expression of LRPPRC and YTHDF3 and lower expression of
METTL16 and RBM15B. The prognostic value of m®A RNA
methylation regulators on RFS in breast cancer patients was
analyzed via the Kaplan-Meier Plotter platform. The results in
breast cancer patients showed that the relatively high expression
of YTHDF3 and LRPPRC were remarkably associated with worse
RFS, whereas relatively high expression of RBM15B, ZC3H13,
and METTLI16 had better RFS (Figure 8).

Associated Biological Pathways of Five

m®A RNA Methylation Regulators

The GSEA analysis was performed to identify associated
pathways. We selected significantly enriched signaling pathways
based on their normalized enrichment score (NES) and
normalized p-value (Figure 9). YTHDF3 was enriched in mTOR
signaling pathway (NES = 1.98, p = 0.021), neurotrophin
signaling pathway (NES = 1.98, p = 0.023), Notch signaling
pathway (NES = 2.10, p = 0.012), pathways in cancer
(NES =<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>