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YTHDF1 is the most versatile and powerful reader protein of
N®-methyladenosine (m6A)-modified RNA, and it can recog-
nize both G(m6A)C and A(m6A)C RNAs as ligands without
sequence selectivity. YTHDF1 regulates target gene expression
by different mechanisms, such as promoting translation or
regulating the stability of mRNA. Numerous studies have
shown that YTHDF1 plays an important role in tumor biology
and nontumor lesions by mediating the protein translation of
important genes or by affecting the expression of key factors
involved in many important cell signaling pathways. Therefore,
in this review we focus on some of the roles of YTHDF1 in tu-
mor biology and diseases.

INTRODUCTION

Post-transcriptional modification of RNA, which includes capping,
splicing, and polyadenylation, is regarded as a key factor controlling
mammalian protein production. The N°-methyladenosine (m6A)
modification, which is the most abundant conserved post-transla-
tional modification, is found in a wide range of cellular RNAs. In
recent years, m6A modifications have been shown to have an impor-
tant function in the progression of various metabolic," infectious,”
immune system,3 and cardiovascular diseases® and cancers.” The
RNA base sequence DRACH (D = A/G/U, R = A/G, H = A/C/U) is
the consensus site of m6A. m6A modification on RNA polymerase
II (pol II) transcribed RNAs such as mRNAs, long noncoding
RNAs (IncRNAs), precursors of microRNAs, or circular RNAs can
mediate their gene expression.” m6A is regulated by an evolutionarily
conserved methylase complex known as the “writers” complex
including ZC3H13, RBM15, KIAA1429, METTL3, METTLI14, and
WTAP.”® It can also be reverted to an unmodified form by a deme-
thylase family of “erasers,” including FTO and ALKBH5.’

m6A produces its effects when it interacts with the YTH protein fam-
ily of m6A readers, by either directly accommodating the modified
residue in a hydrophobic pocket of the YTH domain or having their
affinity positively influenced by the presence of m6A. There are five
YTH domain-containing proteins in humans: YTHDC1, YTHDC2,
YTHDF1, YTHDEF2, and YTHDF3.The YTH domains share a
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conserved /B fold, including four or five o helices and six B strands.'’

Six B strands form a B barrel, with the helices packed against the
strands, which stabilize the hydrophobic core.'” Each kind of reader
protein has a different function involved in regulating RNA transcrip-
tion and post-transcription. For example, YTHDF2 promotes RNA
decay when m6A-modified mRNA is recruited to processing bodies
(P-bodies). YTHDFS3 facilitates mRNA translation with the assistance
of YTHDF1 and promotes the decay of m6A-modified transcripts
mediated by YTHDF2."' YTHDCI is an RNA splicing and nuclear
export protein, resulting from its unique localization and enrichment
in the nucleus."”” YTHDC2 plays an important role in RNA transla-
tion and decay due to its multiple RNA-binding domains."' YTHDF1
is the most versatile and powerful reader protein of m6A; it can
mediate target gene expression and participate in disease processes.
In this review, we discuss the mechanisms by which YTHDFI regu-
lates gene expression and its possible roles in tumor biology and
diseases.

THE STRUCTURE AND CHARACTERISTICS OF
YTHDFA

Five o helices, six B strands, and 3, helices following the B5 strand
form the YTH domain of YTHDFI1. The six B strands, in the order
B6-B1-B3-B4-P5-P2, are arranged in an atypical B-barrel fold. B1
and B3 are parallel B strands, whereas the others are antiparallel.
Three helices (a1, a2, 3) pack against the B barrel and form a hydro-
phobic core with a combination of the six B strands. The al helix is
packed against a0 and a4. A long loop linker follows the a0 helix,
whereas o4 is a kink helix with its axis perpendicular to that of o.1."?

The pocket of the YTH domain governs m6A-specific recognition.
The m6A binding pocket of the YTHDF1 YTH domain is composed
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Figure 1. The mechanisms and functions of YTHDF1

of the N terminus of a2, the C termini of B1, a1, and 2, and the loop
between B4 and B5. Specifically, m6A is accommodated in a pocket,
which is made up of Trp4ll, Trp465, and Trp470, with the ring
planes of Trp411 and Trp470 parallel to each other and perpendicular
to the ring plane of Trp465. The N°-methyl moiety and the aromatic
cage form CH-v interactions; similarly, the adenine base and the ar-
omatic residues form 7t-7 interactions. As a result, both interactions
constitute the basis of m6A-specific recognition."

YTHDF1 utilizes the D401 residue to form a hydrogen bond with
N' of m6A. N' of m6A cannot provide hydrogen to make up one
hydrogen bond with an aspartic acid residue if intracellular pH
conditions are neutral or basic; instead, it serves as the hydrogen
acceptor for hydrogen bonding to an asparagine.'* Only under
acidic pH conditions was it possible for N' of m6A to form a
hydrogen bond with D401 of YTHDF1.'* The pH-dependent in-
teractions between YTHDF1 and m6A-modified RNA might
explain the binding of YTHDFI to short m6A-modified RNAs.
YTHDF1, which is similar to other YTH domain proteins except
YTHDC1 with m6A sequence selectivity, specifically recognizes
m6A RNA without sequence selectivity. YTHDF1 can recognize
both G(m6A)C and A(m6A)C RNAs as ligands,13 whereas
YTHDCI can preferably recognize G(m6A)C RNAs.'” The differ-
ences in the domains of YTHDF1 may also be closely related to
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their functions. Amino acids 100-200 of YTHDF1 are responsible
for binding to the translation machinery."’

MECHANISMS BY WHICH YTHDF1 REGULATES GENE
EXPRESSION

Mechanisms by which YTHDF1 promotes translation

YTHDF1 recognizes m6A-edited mRNA and facilitates its transla-
tion, thus promoting its protein expression. However, the corre-
sponding total mRNA levels of target proteins show no changes.'®'”
When predicted m6A sites were mutated, YTHDF1 no longer exerted
this effect on the regulation of translation.'” The present research
shows that the mechanisms by which YTHDF1 promotes protein
translation include triggering translation initiation and elongation,
in a cap-dependent or cap-independent manner, by promoting ribo-
some occupancy or through a cooperative relationship with YTHDF3
(Figure 1).

YTHDF1 promotes translation by triggering translational
initiation and elongation

A study'® found that YTHDF1 promoted target protein translation by
triggering translation initiation through translation initiation factors,
such as eIF3A and eIF3B. The expression of eIF3A and eIF3B was
significantly inhibited after silencing YTHDFI. Interestingly, when
proteins were copurified with YTHDF1, it was found among 13
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subunits, 6 subunits belonged to translation initiation factor complex
3 (eIF3). The mutual effect exerted by YTHDF1 and eIF3 was further
confirmed by western blotting and immunoprecipitation. YTHDF1
cooperates with the translation initiation machinery to enhance the
translation efficiency of target RNAs in mammals.'””’ YTHDFI en-
hances YAP translation by recruiting eIF3b to the translation initia-
tion complex.”’ Knockdown of eIF3b or YTHDF1 significantly re-
strains METTL3-mediated translation. Furthermore, eIF3b can
bind YAP mRNA with the assistance of YTHDFI1; on the other
hand, this phenomenon is inhibited in the absence of YTHDF1.>!
In addition, a similar study indicated that YTHDFI-promoted YAP
mRNA translation was regulated by m6A modification and interac-
tion with elF3a.”> Furthermore, YTHDF1 depletion significantly
downregulated eIF3A and eIF3B.” YTHDF1 also promotes the trans-
lation of EIF3C by binding to m6A-modified EIF3C mRNA and
concomitantly argues for the overall translational output; as a result,
EIF3C, as a subunit of the protein translation initiation factor, further
triggers the translation of other target genes.”* Apart from translation
initiation, YTHDF1 is likely responsible for the m6A-induced trans-
lation elongation of Snail mRNA through interaction with the elon-
gation factor eEF-2 in cancer cells.”” These studies indicate that
YTHDFI can promote translation by triggering translation initiation
and elongation.

YTHDF1 promotes translation in a cap-dependent or cap-
independent manner

The 5 UTR region cap structure of eukaryotes is helpful for
improving translation efficiency. mRNA translation of JAK2 was
mediated by YTHDF1.*® Rapamycin, an inhibitor of cap-dependent
protein translation, can markedly inhibit the increase of JAK2 protein
expression promoted by YTHDF1, which indicates that a cap-depen-
dent mechanism may be involved in YTHDFI1-mediated transla-
tion.”® Maintenance of target protein expression in the presence of ra-
pamycin was not due to an increase in protein stability, as
cotreatment of wild-type cells with the protein synthesis inhibitor
cycloheximide resulted in the rapid disappearance of the target pro-
tein, suggesting that Snail expression was regulated by YTHDF1
through cap-independent translation.”” One study also showed that
overexpression of YTHDF1 promoted the translation of target pro-
teins in a cap-independent manner, but the corresponding mRNAs
for these target proteins showed no alterations, indicating that protein
upregulation resulted from increased translation.'® These studies sug-
gest that YTHDF1 can promote translation mainly in a cap-indepen-
dent manner and only slightly in a cap-dependent manner.

YTHDF1 promotes translation by promoting ribosome
occupancy

Ribosomes are protein-processing plants of cells. Findings regarding
YTHDFI and ribosomal subunits revealed that ribosomal subunits,
translation initiation, and enrichment of YTHDF1 coexist in the
40S portion. YTHDF1 is also present in the 80S portion under mild
formaldehyde fixation. A total of 119 special proteins were copurified
from YTHDFI, 62 of which correlated to translation, including 23 of
47 60S subunits and 27 of 33 40S subunits."® YTHDF1 altered the as-
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sociation of its target mRNA with ribosomes but did not change the
overall methylated mRNA level. The extent of ribosome occupancy
was reduced under YTHDF1 knockdown, which correlated with the
number of YTHDF1-binding sites on the transcripts and the effi-
ciency of YTHDF1 knockdown. YTHDFI not only promoted ribo-
some occupancy of its target mRNA but also promoted ribosome oc-
cupancy at translation initiation sites. Thus, YTHDF1 might depend
on a core mechanism rather than recruiting mRNA to the translation
machinery, which affects the translation initiation rate of ribosome-
bound mRNA.'® Lin et al.*® found that YTHDF1 prefers to bind
with the coding DNA sequence (CDS) of Snail mRNA and then trig-
gers its association with polysomes (>80S) of ribosomes. Moreover,
YTHDFI interacts with EIF3 to promote the rate-limiting step of
translation for m6A-modified mRNAs by increasing their association
with polysomes.'® The above studies showed that YTHDF1 could
promote translation by promoting ribosome occupancy.

YTHDF1 promotes translation through a cooperative
relationship with YTHDF3

YTHDEF]I affects protein translation, which may require a very impor-
tant cooperative relationship with YTHDF3. One report showed that
YTHDF1 shares 58% of YTHDF3 targets.'' YTHDFI shows a
decreased binding specificity when YTHDF3 is repressed, indicating
that YTHDFI binding specificity toward its target mRNAs can be
altered by the presence of YTHDF3."" When m6A in pre-mRNA is
recognized by YTHDFs, either decay or translation of the mRNA is
promoted, depending on the different YTHDFs involved.”” Before
undergoing decay through the YTHDF2-mediated pathway in the
cytoplasm, YTHDF3 and YTHDFI may first take part in promoting
the translation of m6A-modified transcripts.'' YTHDF1/YTHDF3
preferentially recognizes m6A residues in the ITGA6 3”UTR and pro-
motes ITGA6 translation. Furthermore, silencing YTHDF1 or
YTHDEF3, but not YTHDF2, can significantly decrease translation
promotion of the m6A-modified ITGA6.”® In summary, the m6A
modification of target pre-mRNA (precursor messenger RNA) is first
recognized by YTHDF3, followed by competitive binding of YTHDF1
and YTHDEF2 to YTHDEF3 to determine the fate of decay or transla-
tion of target pre-mRNA. Once YTHDFI binds to YTHDEF3,
YTHDFI carries target mRNA to the elF3a-containing translation
initiation complex and then increases target mRNA translation.””

Mechanisms by which YTHDF1 enhances the stability of RNA

Studies have reported that YTHDF1 regulates mRNA stability. An
RNA stability assay showed that YTHDF1 silencing could shorten
the t;;, mRNA of c-Myc, which was extended under YTHDF1 over-
expression, indicating that YTHDFI could directly interact with
mRNA and mediate RNA stability in an m6A-dependent manner.”’
An RNA decay rate assay found that HK2 mRNA half-lives were
significantly decreased under YTHDFI silencing, suggesting that
YTHDF1 enhanced HK2 mRNA stability.”® One study also showed
that YTHDF1 and YTHDF?2 jointly play balancing roles in regulating
the gene stabilization and degradation of the IncRNA THOR.”'
YTHDF1 promoted the translation of methylated transcripts by
increasing both the mRNA and protein levels of MDM2 and YY1,
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resulting in YTHDF1 not only promoting translation but also
affecting the stabilization of mRNA.** Additionally, YTHDF1 could
combine eEF-2 and IGF2BP3 to promote PDK4 translation elonga-
tion and mRNA stability by binding with the m6A-modified 5
UTR of its mRNA.”” One study proved that amino acids 1-100
seemed to be the region of YTHDF1 that caused some RNA stabiliza-
tion, which led to less protein production.'® All of the studies demon-
strated that YTHDF1 could regulate the stability of the target RNAs.

THE ROLES OF YTHDF1 IN TUMORS

YTHDF1 affects growth and metastasis of digestive system
tumors

YTHDEF]I significantly promotes colorectal cancer (CRC) cell tumor-
igenicity in vitro and murine xenograft tumor growth in vivo and
significantly increases the capability of forming colonospheres.”
YTHDFI recognizes m6A modification of ANKLE!L and affects its
expression by altering the ANKLE] transcriptional efficiency, but
not mRNA stability.”> ANKLE, as a potential tumor suppressor, is
critical in inhibiting cell proliferation and facilitating the genomic sta-
bility of CRC carcinogenesis.” Lin et al.”* found that YTHDF1 has a
critical effect in regulating the liver cancer cell cycle and cell meta-
bolism by tagging Snail, a key transcription factor of epithelial-
mesenchymal transition (EMT), which is an important step in the
metastasis of liver cancer cells, whose m6A methylated sites lie in
CDS regions. A similar investigation showed that YTHDF1 might
promote aggressive phenotypes by facilitating EMT and activating
AKT/glycogen synthase kinase-3p/B-catenin signaling.”® Functional
studies indicated that YTHDF1 can selectively recognize the m6A
site in the frizzled5 (FZD5) mRNA CDS and trigger its translation,
subsequently promoting hepatocellular carcinoma cell proliferation
and metastasis both in vitro and in vivo. Inhibition of YTHDF1I atten-
uates hepatocellular carcinoma cell proliferation and tumorigenesis
in vitro and in vivo.”” YTHDF1 promotes the translation of a key
Whnt receptor, FZD7, via an m6A-dependent mechanism, resulting
in hyperactivation of the Wnt/B-catenin pathway and progression
of gastric carcinogenesis.”® Another investigation also proved that
YTHDF]I facilitated tumorigenesis and metastasis of gastric cancer
(GC) by promoting USP14 protein translation in an m6A-dependent
manner.”’

YTHDF1 affects growth and metastasis of respiratory system
tumors

In a study on non-small cell lung cancer (NSCLC), YTHDF1 was
proven to increase YAP mRNA translation, which enhances cellular
growth, invasion, and EMT of NSCLC cells in vitro and in vivo.””
More specifically, YTHDF1-mediated YAP mRNA translation is
controlled by m6A modification and interaction with eIF3a.*”
Another study showed that YTHDFI promotes NSCLC cell prolifer-
ation and xenograft tumor formation by mediating the translational
efficiency of cyclin D1, cyclin-dependent kinase 2 (CDK2), and
CDK4, and that YTHDF1 elimination inhibits de novo lung adeno-
carcinoma (ADC) progression.”” METTL3 promotes YAP mRNA
translation, which significantly induces metastasis of NSCLC by re-
cruiting YTHDF1/3 and eIF3b to the translation initiation complex.”!

In addition to mRNA, YTHDF1 can also read m6A motifs, including
GA(m6A)CA, GG(m6A)CU, and UG(m6A)CU, which are enriched
on IncRNA THOR transcripts and regulate the stability of the
IncRNA THOR, thereby regulating the proliferation of lung cancer
cells.” YTHDFI expresses at a high level in NSCLC cells, and sup-
presses NSCLC cell apoptosis, facilitates proliferation, and encour-
ages cell aggressiveness.”’

YTHDF1 affects growth and metastasis of urogenital system
tumors

Jin et al. demonstrated that m6A was highly enriched in ITGA6 tran-
scripts, YTHDF1/YTHDEF3 preferentially recognized m6A sites of the
ITGA6 3’ UTR and increased ITGAG translation, and the overexpres-
sion of ITGA6 resulted in increased growth and progression of
bladder cancer cells in vitro and in vivo.”® Similarly, YTHDF1 binds
to the m6A-modified CDCP1 3’ UTR and enhances CDCP1 mRNA
modification and translation. CDCP1 upregulation in bladder cancers
can play an important role in the progression of bladder cancer.** In
addition to ovarian cancer, YTHDFI is overexpressed in cancer tis-
sues and is correlated with poor prognosis.”* Mechanistically,
YTHDFI promotes the translation of EIF3C by binding to m6A-
modified EIF3C mRNA and concomitantly determines the overall
translational output, thereby facilitating tumorigenesis and metastasis
of ovarian cancer. EIF3C, as a subunit of the protein translation initi-
ation factor EIF3, also promotes the translation of other proteins in
cells.”*

YTHDF1 affects growth and metastasis of tumors in other
systems

METTL3 accelerates c-Myc stability via YTHDF1-mediated m6A
modification, thereby giving rise to tumorigenesis of oral squamous
cell carcinoma.” p53 signaling-related genes, including CDK2,
CDK1, RRM2, CCNBI1, and CHEKI, are significantly correlated
with  YTHDF1, which may read m6A modifications of p53
signaling-related genes, further upregulate their expression, and facil-
itate their roles in inhibiting p53 to suppress tumorigenesis of mela-
noma.” Likewise, p53 activation regulators affected by m6A are
involved in arsenite-induced transformation of human keratinocytes.
YTHDF]I suppresses p53 activation by stimulating translation of YY1
and MDM2 mRNA, which is consistent with p53 inactivation.*?
YTHDFI promotes the proliferation of cell lines and tumor growth
of glioma in vivo.** YTHDF1 regulates such pro-oncogenic features
of glioblastoma as increased proliferation and mobility.”> A study
on osteosarcoma demonstrated that methylated YAP transcripts
were recognized by YTHDF1 to promote its translation; subse-
quently, upregulation of YAP produced a significant attenuation of
antitumor activities.’® In Merkel cell carcinoma, YTHDFI has high
copy gains and high expression. Importantly, there is a relationship
between YTHDF1 amplification and MCPyV gene expression. Inter-
estingly, knockdown of YTHDF1 in Merkel cell carcinoma cell lines
significantly restrained the translation initiation factor eIF3 and
further reduced proliferation and clonogenic capacity in vitro.””
HINT2 acts as a tumor-suppressor gene in ocular melanoma cells,
and its translation is affected upon recognition by YTHDF1.*
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YTHDF1 affects the formation of tumor stem cells

YTHDF1 silencing decreased CRC stem cell markers, such as
CD133, CD44, ALDH1, OCT4, and Lgr5. Additionally, YTHDF1
silencing significantly downregulated the capabilities of CRC can-
cer stem cells. In terms of mechanics, the authors found that
silencing YTHDF1 significantly inhibited Wnt/B-catenin pathway
activity in CRC cells.>* Similar research indicated that YTHDFI,
as an amplifier of the translation of Wnt signaling effectors
including TCF7L2/TCF4 at the translational level, is critical for
the maintenance of intestinal stem cells during tumorigenesis
and regeneration.”® The levels of cancer stem cell markers,
including CD133, NANOG, OCT4, and REX1, and sphere-forming
capacity were markedly decreased upon YTHDF1 knockdown,
indicating that YI'HDF1 is required to maintain cancer stem cell
properties in glioblastoma.*

YTHDF1 affects the metabolism of tumor cells

YTHDF1 remarkably interacts with the 5’ UTR of pyruvate dehydro-
genase kinase 4 (PDK4) mRNA, and one study revealed that PDK4
promotes glycolysis and ATP generation in an m6A-dependent
manner in cervical and liver cancer.”> YTHDF1 positively regulates
the translation of m6A-modified TFRC mRNA, which is a critical
target gene for increasing iron metabolism. Therefore, YTHDF1 en-
hances the tumorigenesis of hypopharyngeal squamous cell carci-
noma by affecting iron metabolism in vivo and in vitro.** A further
study demonstrated that YTHDF1 enhanced the stability of m6A-
modified HK2, thereby enhancing the Warburg effect of cervical can-
cer, which might provide insight into the treatment of cervical

30
cancer.

YTHDF1 affects sensitivity to chemotherapy

YTHDF]I significantly increases the resistance to the effects of both 5-
fluorouracil and oxaliplatin in HT29 cells. *° Moreover, YTHDF1
contributes to cancer proliferation and sensitization following expo-
sure to fluorouracil and oxaliplatin.”® Depletion of YTHDF1 facili-
tates the resistance of cancerous cells to cisplatin treatment of
NSCLC, and the Keap1-Nrf2-AKR1C1 axis is regarded as the down-
stream mediator of YTHDF1.** The small nuclear ribonucleic protein
PRPF6 is positively related to YTHDF1 in lung adenocarcinoma
(LUAD) tissues, and knockdown of YTHDF1 can partially inhibit
both basal and PRPF6 expression induced by ammonium tetrathio-
molybdate (ATTM), which may theoretically be extended to LUAD
as a strong copper chelator. Consequently, H,S blocks ATTM-
induced anticancer function through YTHDFI1-dependent PRPF6
m6A methylation in LUAD cells.”! Temozolomide (TMZ) is the ma-
jor drug for glioblastoma chemotherapy, and knockdown of YTHDF1
significantly augmented the cytotoxic effect of TMZ on glioblastoma
cells.*” METTL3 promotes YAP mRNA translation, which signifi-
cantly induces drug resistance and metastasis of NSCLC by recruiting
YTHDF1/3 and eIF3b to the translation initiation complex.”!

YTHDF1 affects tumor immunity
The level of immune cell infiltration and the expression of various
immune gene markers in ovarian cancer are closely associated with
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the expression of YTHDFI, indicating that YTHDF1 is correlated
with tumor immune cell infiltration.”> YTHDFI promotes antigen
degradation in the phagosome and restrains cross-presentation of
neoantigens in dendritic cells (DCs) by increasing translation of
m6A-modified cathepsin mRNA.> Loss of YTHDFI in classical
DCs increases the cross-presentation of tumor antigen and the
cross-priming of CD8" T cells in vivo. In terms of mechanism,
YTHDF]1 reads the m6A marked messages of transcripts encoding
lysosomal proteases. After binding to these transcripts, YTHDF1
promotes translation of lysosomal cathepsins in DCs, with the in-
hibition of cathepsins significantly elevating cross-presentation of
wild-type DCs.™

YTHDF1 is a promising cancer biomarker for detection,
progression, and prognosis

Colorectal cancer patients with high YTHDF1 expression had signif-
icantly poorer overall survival, which indicated that YTHDF1 expres-
sion is an independent prognostic factor of patients with colorectal
cancer.””> The expression of YTHDFI is affected by the T, N, and
M (tumor, nodes, and metastasis) of colon adenocarcinoma.”® Addi-
tionally, the expression of YTHDF1 is associated with various malig-
nant tumor behaviors, including depth, lymph node metastasis, and
poorer colorectal cancer stages.”’ Many studies have shown that
YTHDEF]I is also upregulated in hepatocellular carcinoma and is inde-
pendent of poor prognosis.”®**>” The YTHDF1 gene rs6090311 A>G
polymorphism is associated with a decreased risk of hepatoblastoma;
however, the rs6011668 C>T polymorphism has no similar correla-
tion. Further expression quantitative trait loci evidence suggests
that the rs6090311 G allele is significantly associated with decreased
BIRC7, RP5-963E22.4, and NKAIN4 levels, which is why the
YTHDF1 gene rs6090311 A>G mediates hepatoblastoma risk.”®
The expression profile variation of YTHDFI is significantly associ-
ated with the high-risk subtype of GC patients, revealing the potential
oncogene roles of YTHDFI1 in GC tumors.”” There is an approxi-
mately 7% mutation rate in YTHDF1I in GC patients, and high expres-
sion of YTHDF1 is correlated with more aggressive tumor progres-
sion and poor overall survival.”®

YTHDF1 is upregulated in LUAD.®>*' YTHDF1, as one of six genes,
together with HNRNPC, METTL3, YTHDC2, KIAA1429, and
ALKBHS, was screened to build a risk-scoring signature, which is
strongly related to the pathological stages based on clinical features.’
Furthermore, YTHDF1 is relevant to better overall survival and recur-
rence-free survival and can serve as a biomarker for the prognosis of
LUAD®' as well as being a good diagnostic biomarker.®> YTHDF1
was proved to be significantly upregulated in esophageal cancer tis-
sues”” and head and neck squamous cell carcinoma (HNSCC),**
while YTHDF1 was significantly downregulated in thyroid cancer
specimens.”> Moreover, YTHDF1 is correlated with the expression
of YTHDF]I, and patients with HNSCC with high YTHDF1 expres-
sion have poor overall survival.*®

In ovarian cancer, YTHDF1 is overexpressed in cancer tissues and

is correlated with poor prognosis.”” Similarly, YTHDF1 was
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identified as an important index of the six-m6A regulator signa-
ture prognostic model (KIAA1429, HNRNPC, METTL3, YTHDF1,
IGF2BP2, and IGF2BP3) in pancreatic cancer by lasso regression.’’”
YTHDEF]I can act as an independent prognostic indicator in cervi-
cal squamous cell carcinoma,’® and YTHDF1 and other m6A RNA
methylation factors (YTHDC2, YTHDC1, ALKBH5, ZC3H13, and
RBMX) were chosen to construct a risk signature of cervical squa-
mous cell carcinoma.®” YTHDF]1 is dramatically overexpressed in
prostate cancer. Interestingly, YTHDF1 is remarkably higher in
lymph node metastasis than in castration-resistant prostate cancer

with bone metastasis.”’

YTHDEF]I is upregulated in breast cancer tissues, and the expression
level is significantly correlated with intrinsic subclasses, nodal metas-
tasis, and prognosis.”' Overexpression of YTHDFI can predict poor
prognosis in light of the overall survival of breast cancer patients.””
Similarly, overexpression of YI'HDF1 is positively correlated with
advanced stages of glioma.”* MSI1 and YTHDF1 were positively
related to each other in clinical glioma samples, and their concomi-
tant upregulation was correlated with decreased survival of glioma
patients.*

THE ROLES OF YTHDF1 IN OTHER NONTUMOR
DISEASES

YTHDF1 in nervous system diseases

YTHDF1 positively regulates translation of m6A-modified axon
guidance receptor Robo3.1 mRNA, which controls precrossing
axon guidance in the spinal cord.'” Another study showed
that YTHDF1 plays an important role in sciatic nerve lesion-
induced global protein synthesis and robust axon regeneration
of dorsal root ganglion neurons. Consequently, the extension
of regenerating SCG10" axons was substantially decreased in
YTHDF1 knockout mice.”> Genetic deletion of YTHDF1 triggers
learning and memory defects, and impairs hippocampal synaptic
transmission and long-term potentiation. YTHDF1 re-expression
in the hippocampus of adult YTHDF1-KO mice rescues behav-
ioral and synaptic defects, while acute YTHDF1 knockdown in
the hippocampus recapitulates hippocampal deficiency.”* These
studies suggest that YTHDF1 may play an important role in
nervous system diseases, especially in axonal regulation and
learning and memory.

YTHDF1 in infectious diseases

Socsl, Socs3, and Cish m6A mRNAs are recognized by YTHDF1-3
and degraded rapidly in wild-type native T cells, which regulate the
homeostasis, differentiation, and proliferation of native T cells.”®
AIDS is one of the most common infectious diseases and is induced
by HIV. A report showed that m6A-modified HIV-1 RNA is recog-
nized by YTHDF1, which inhibits HIV-1 infection in cell lines and
primary CD4" T cells. In addition, the overexpression of YTHDF1
protein in cells inhibits HIV-1 infection mainly by decreasing HIV-
1 reverse transcription, while knockdown of YTHDF1 produces the
opposite effects.”® Another study showed that YTHDF1 has a sub-
stantially higher affinity for m6A-modified HIV-1 RNA in vitro.

Moreover, compared with YTHDF2 and YTHDE3, the levels of
incoming HIV-1 genomic RNA (gRNA) bound to YTHDF1 appeared
higher. Overexpression of YTHDF1 in HIV-1 target cells decreased
viral gRNA levels and repressed both early and late reverse transcrip-
tion. YTHDF1 promoted HIV-1 Gag expression and altered viral pro-
duction and infectivity in virus-producing cells. In addition, YTHDF1
together with YTHDF2 and HIV-1 Gag form a complex with RNAs in
HIV-1-producing cells.”” Chikungunya virus (CHIKV) genomes are
also modified by N-methyladenosine, and YTHDFI binds and sup-
presses CHIKV replication.”® Research shows that knockout of
METTLI14 depletion blunts Socs] m6A methylation and reduces
YTHDF]I binding to m6A sites, and m6A-mediated SOCSI induction
plays a critical role in maintaining the negative feedback control of
macrophage activation in response to bacterial infection.”” All studies
indicated that YTHDFI could recognize m6A-modified viral RNA
and mediate its expression.

YTHDF1 in cardiovascular diseases

In heart regeneration during postnatal and adult injury, YTHDF1
promotes the translation of YAP, further enhancing the proliferative
capacity of cardiomyocytes in both humans and mice.*” In human
and rodent pulmonary hypertension samples, similar to hypoxic pul-
monary artery smooth muscle cells (PASMCs), the expression of
YTHDF1 was increased and the levels of m6A were elevated, while
deletion of YTHDFI ameliorated PASMC proliferation, phenotypic
switching, and pulmonary hypertension development through pro-
moting the translation of MAGEDI both in vivo and in vitro.*' A
study revealed that loss of YTHDF1 triggered significant impairment
of cardiomyocyte differentiation.”

THE ROLES OF YTHDF1 IN PATHOPHYSIOLOGICAL
PROCESSES RELATED TO OTHER HUMAN DISEASES
YTHDF1 could affect the translation of m6A-modified PNPLA2,
which plays a key role in lipid accumulation.®” Another study
found that YTHDF1 plays an important role in regulating adipo-
genesis through an MTCH2-dependent m6A mechanism.** In
this regard, one study showed that m6A-modified mRNAs were
enriched in stress granules (SGs) and that YTHDFI1 also played
an important role in SG formation and recruitment of mRNAs
to SGs. Both the C-terminal m6A-binding YTH domain and
N-terminal intrinsically disordered region are critical for SG for-
mation. Super-resolution imaging further demonstrated that
YTHDF proteins appear to be in a supersaturated state, forming
clusters that often reside in the periphery of or at the junctions be-
tween SG core clusters, potentially accelerating SG formation by
decreasing the activation energy barrier and critical size for SG
condensate formation.*> A further study showed that YTHDFI-
mediated JAK2 translation could inhibit the STAT3 pathway and
thus the pluripotency of porcine induced pluripotent stem cells.*®
Studies have confirmed that the expression of YITHDFI is signifi-
cantly higher in female germline stem cells, and upregulated
YTHDF1 can regulate female germline stem cell self-renewal,
possibly through an m6A-dependent mechanism.*®
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Table 1. Target genes of YTHDF1 and their roles in tumors

Target RNAs cis-Elements on RNA  Cancers Roles of target RNAs References
inhibits cell proliferati facili i 35
ANKLEL ~ colorectal cancer inl 1P%ts cell proliferation and facilitates genomic Tian et al®®
stability
Snail CDS liver cancer promotes epithelial-mesenchymal transition Orouji et al.*
FZD5 cDS gastric carcinoma pror‘notes‘ hepatocellular carcinoma cells Liu et al¥?
proliferation and metastasis
FZD7 3’ UTR gastric carcinoma regulate§ an[/B—catenin sig{laling.and promotes Pietal™
cell proliferation and tumorigenesis
USP14 3’ UTR gastric carcinoma facilitates tumorigenesis and metastasis Chen et al.”
YAP - non-small cell lung cancer, osteosarcoma  enhances cellular viability, growth, and invasion Jin et al,** Yuan et al.*®
11 proliferati fi
CyclinD1, CDK2, CDK4 - non-small cell lung cancer promo‘tes cell proliferation and xenograft tumor Zhou et al.”’
formation
IncRNA THOR CDS lung cancer regulates proliferation Liu et al.”’
ITGA6 3’ UTR bladder cancer promotes cell growth, adhesion, and prognosis Zhao et al.”®
CDCP1 3’ UTR bladder cancer promotes proliferation, migration, and invasion Yang et al.**
EIF3C - ovarian cancer facilitates tumorigenesis and metastasis Liu et al.**
c-Myc 3’ UTR oral squamous cell carcinoma accelerates proliferation, invasion, and migration ~ Zhao et al.*’
. o h Kerati -
YY1, MDM2 - arsenic carcinogenesis mediates ars'emte induced 'uman ergtlnécyte Zhao et al.””
transformation by suppressing p53 activation
elF3 - Merkel cell carcinoma promotes proliferation and clonogenic capacity Orouji et al.*
HINT2 3 UTR ocular melanoma 1nh{b1ts progression of uveal melanoma and Jia et al
conjunctival melanoma
intains intestinal st lls duri ;
TCF7L2/TCF4, - colorectal cancer main éms mA estinal stem ce(s uring Han et al.*
tumorigenesis and regeneration
PDK4 5" UTR cervical cancer, liver cancer promotes glycolysis and ATP generation Li et al.”
TRFC 3’ UTR, 5 UTR hypopharyngeal squamous cell carcinoma  increases iron metabolism Ye et al.”’
HK2 3’ UTR cervical cancer enhances the Warburg effect Wang et al.*’
i ATTM-i i ffe 5
PRPFS B lung adenocarcinoma fnedlates induced anticancer effects Li et al®"
impeded by H,S
ar diseases, and virus infection through recognizing its target genes
CONCLUSION lar d d fection through recognizing its target g

As an important m6A reader, YTHDFI recognizes m6A-modified
target genes and mediates their expression by promoting translation
or enhancing the stability of RNA. Alterations in target genes are
involved in the progression of many diseases, especially tumors.
Therefore, in the present review, we investigated the mechanisms
and roles of YTHDF1 in human diseases.

Based on the current research, YTHDF1 promotes translation mainly
by triggering translational initiation and elongation, in a cap-depen-
dent or cap-independent manner, by promoting ribosome occu-
pancy, and by cooperating with YTHDEF3. In addition, YTHDF1
can regulate the stability of mRNAs to affect the expression of target
genes. Furthermore, YTHDF1 participates in the progression of many
diseases by mediating target gene expression. In tumors, YTHDF]I af-
fects tumorigenicity, proliferation, invasion and migration, the for-
mation of tumor stem cells, metabolism, and immunity, and inhibits
sensitivity to chemotherapy by affecting target gene expression (Table
1). In addition, YTHDF1 participates in the regulation of nontumor
lesions such as axonal regulation, learning and memory, cardiovascu-

1276 Molecular Therapy: Nucleic Acids Vol. 26 December 2021

(Figure 2). Thus, YTHDF1 may be a promising cancer biomarker
for detection, progression, and prognosis and may also become a ther-
apeutic target for human diseases.
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