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Abstract: Evolutionarily conserved YT521-B homology (YTH) domain-containing proteins, including YTHDF1-3 and
YTHDC1-2, are known to confer m®A-dependent RNA-binding activity. The YTH domain-containing proteins partici-
pate in numerous RNA processes, such as mRNA splicing, nuclear export, translation and decay in post-transcrip-
tional regulation. Most recently, it has been found that YTH domain-containing proteins play important roles in
post-transcriptional modification process hence modulate the expression of genes involved in cancer and other
processes including cell cycle progression, cell proliferation, migration and invasion, inflammatory, immunity and
autophagy. In this review, we summarize the roles and molecular mechanisms of YTH domain-containing proteins in
cancer development and progression. In addition, we discuss the prospect of using YTH domain-containing proteins
as a new diagnostic biomarkers and therapeutic targets for cancers.
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Introduction

The Né-methyladenosine (m®A) modification is
the most abundant conserved post-translation-
al modification found in a wide range of cellular
RNAs [1]. The dynamic and reversible modifica-
tion of m®A is facilitated by methyltransferases
(‘writers’), demethylases (‘erasers’) and mPA-
binding proteins (‘readers’) [2]. Methyltrans-
ferases promotes methylation of m®A in RNA,
including methyltransferase-like protein 3
(METTLS3), METTL5 [3], METTL14, METTL16 [4],
RBM15 [5], Wilms’ tumor 1-associating prote-
in (WTAP), KIAA1429, Hakai, VIRMA [5], and
ZCCHC4 [6]. Demethylases, which mainly in-
clude fat mass and obesity-associated protein
(FTO), as well as AIlkB homolog 5 (ALKBH5),
removes the mPA methylation group of RNA.
The final m®A-binding protein is an enzyme that
binds to the m®A methylation site and plays a
specific role on gene expression, including
YT521-B homology (YTH) domain family pro-

teins (YTHDFs), YTH domain-containing protein
(YTHDCs), IGF2BPs, and elF3 [7-9].

The YTH domain-containing proteins were iden-
tified using the RNA affinity chromatography
approach and mass spectrometry [10]. The
domain is found in 174 different proteins of
eukaryotes and is characterized by 14 invari-
ant residues within an o-helix/B-sheet struc-
ture. Also, the YTH domain bind to a short
degenerated single-stranded RNA sequence
motif [11]. In eukaryotes, the YTH domain-con-
taining proteins comprise five functional gen-
es: YTHDF1, YTHDF2, YTHDF3, YTHDC1, and
YTHDC?2, distributed in the nucleus and cyto-
plasm. YTH domain-containing proteins first
recognize the m®A modification of target RNAs,
then direct different complexes to regulate RNA
signaling pathways, including RNA folding, RNA
splicing, protein translation, and RNA metabo-
lism [8]. YTHDF2 was the first read protein to be
identified and has been mostly studied for its
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bio-function of influencing mRNA stability [12,
13]. YTHDF2 binds to m®A of target mRNA th-
rough its C-terminal YTD domain and acceler-
ates the degradation of the targeted mRNA
through its N-terminal domain [12]. YTHDF1
facilitates the translation of m®A-modified
MRNAs in the cytoplasm, whereas YTHDF3
facilitates mRNA translation in synergy with
YTHDF1 and accelerates the decay of m6A-
modified transcripts mediated through YTHDF2
[14].

Recent studies have revealed the bio-functions
of m®A modification and its molecular machin-
ery in human cancers. Independent of its cata-
lytic activity and mPA readers, methyltransfer-
ase METTL3 promotes lung cancer cell growth,
survival, and invasion by increasing the transla-
tion process of a set of target oncogenes, such
as EGFR and the Hippo pathway effector TAZ
[15]. The first identified m°A demethylase FTO
is highly expressed and plays a critical onco-
genic role in acute myeloid leukemia (AML) by
targeting a cohort of critical transcripts, such
as ASB2 and RARA [16]. Yang et al. reported
that the crosstalk between YTHDF2 and miR-
145 is closely correlated with the malignancy of
hepatocellular carcinoma (HCC) [17]. In pancre-
atic cancer, YTHDF2 promotes cell proliferation
but inhibits cell migration and invasion by re-
gulating EMT possibly via YAP signaling [18].
Overexpression of YTHDF1 is associated with
poor prognosis in patients with HCC [19].
YTHDF3 is downregulated in colorectal cancer
(CRC), whereas YTHDC1 is abundantly express-
ed in colon adenocarcinoma [20]. Many studies
have shown that the YTH domain protein plays
a significant role in human cancer progression.
However, review articles regarding the regula-
tory role of YTH domain-containing proteins are
limited. Besides, the function of YTHDC1 in
alternative splicing and other RNA metabolic
processes [21], as well as the mechanism of
YTH proteins in m®A recognition, has not been
reviewed [8, 22]. Herein, we summarized the
most recent important progress of YTH domain-
containing proteins in cancer development and
progression, including cell cycle progression,
cell proliferation, migration and invasion, infla-
mmatory, immunity, and autophagy. Also, we
covered the mechanisms of the YTH domain-
containing proteins in cancer-associated RNA
splicing, nuclear export, translation, and de-
cay.
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The YTH domain-containing proteins (i.e., YT-
HDFs and YTHDCs) belong to a protein family
that is highly conserved in eukaryotes. They
bind single-stranded RNA with the conserved
YTH domain (>60% identity) located at the C
terminus and influence the fate of their tran-
script target [11, 12]. The YTH family proteins
participate in various biological processes,
including RNA splicing, nuclear export, transla-
tion, and decay. Also, they may play different
biological functions because of their different
cellular localization. YTHDF2 promotes the m°®A
dependent RNA decay by recruiting méA modi-
fied mRNA to processing bodies (P-bodies).
Also, YTHDF1 and YTHDF3 promote the transla-
tion efficiency of méA-modified mRNAs by inter-
acting with translation initiation factors [14,
23]. Among the YTH domain-containing pro-
teins, YTHDCL1 is the only one constitutively
enriched in the nucleus. It regulates mRNA
splicing by bridging the interactions between
the trans- and cis-regulatory elements to bind
targeted mRNAs [24]. YTHDC2 also plays mul-
tiple roles in mMRNA translation and decay due
to its multiple RNA-binding domains [25].

Recent findings show that YTH domain-con-
taining proteins play important roles in carcino-
genesis and development. The roles and regu-
latory mechanisms of the YTH domain-contain-
ing proteins on cancer-associated RNA splic-
ing, nuclear export, translation, and decay are
summarized in Table 1.

YTH domain-containing proteins regulate RNA
splicing and nuclear export

Alternative splicing is the process by which
identical pre-mRNAs are variably spliced into
unique mature transcripts. And the process
contributes to proteomic diversity in normal
development [26]. Among the YTH domain-con-
taining proteins, YTHDC1 was identified as a
splicing factor that promotes exon inclusion
[24] (Figure 1). The protein interacts with com-
ponents of the splicing machinery by modu-
lating alternative splicing in a concentration-
dependent manner [27]. It is noteworthy that
many aberrant alternative splicing events have
been recently reported to occur in cancer cells.
The unbalanced alternative splicing has been
implicated in several cancers. And may pro-
mote the proliferation and invasion of tumor
cells by the formation of certain pro-tumorigen-
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Table 1. Roles and target RNAs of YTH domain-containing proteins regulating RNA splicing, nuclear export, translation and decay

:aTnTily Target RNAs C|i—§|;r’111:nt Regulation The roles of target RNAs Ref
YTHDF1 C-MYC 5-UTR Stabilizing the transcript Promoting tumor cell proliferation [63]
YTHDF1 B-catenin NA Upregulating the Wnt/B-catenin pathway Promoting tumorigenicity and stem cell-like activity of CRC cells  [64]
YTHDF1 HINT2 3-UTR Promoting mRNA translation Restraining cell growth and migration in ocular melanoma [42]
YTHDF1 EIF3C 3-UTR Promoting mRNA translation Facilitating tumorigenesis and metastasis [41]
YTHDF2 ORF50 NA Potentiating the KSHYV lytic cycle Anti-viral effects [86]
YTHDF2 EGFR 3-UTR Promoting the degradation of mRNA Inhibiting tumor growth [52]
YTHDF2 CircFOREIGN CDS Inducing RNA decay or translation Dampening innate immunity [79]
YTHDF2 MiR-493-3p 3-UTR Suppressing the translation of mMRNA Suppressing PCa cell proliferation and migration [55]
YTHDF2 YAP NA Decreasing the stability of mRNA Promoting cell migration and invsion [18]
YTHDF2 ATG5 NA Inducing mRNA decay Promoting autophagy and adipogenesis [87]
ATG7
YTHDF2 PETN NA Promoting mRNA degradation Promoting GC cell proliferation and metastasis [53]
YTHDF2 Smad7 NA Stabilizing the mRNA transcripts Inhibiting osteoblast differentiation [88]
Smurfl
YTHDF2 PRDM2 NA Promoting mRNA decay The positive p53 regulator [54]
YTHDF3 FOX03 NA Promoting its translation Regulation of antiviral innate immunity [43]
YTHDC1 SRSF3 3-UTR Export of methylated mRNA from the nucleus to the cytoplasm  Selective processing and metabolism of mammalian mRNAs [30]
YTHDC1 CPSF6 3-UTR Mediating nuclear export Development of both embryo and germline [89]
SRSF3
SRSF7
YTHDC2 HIF-1a 5-UTR Promoting translation Promoting cell metastasis [47]
Twistl
YTHDC2 c-Jun 5-UTR Promoting translation Promoting cell proliferation [48]
ATF-2
1070 Am J Cancer Res 2020;10(4):1068-1084
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Figure 1. Summary of YTH domain-containing proteins regulating RNA splicing, nuclear export, translation and
decay. YTH domain-containing proteins determine the fate of target m®A-modified RNA transcripts in cytoplasm and

nucleus.

ic isoforms and the reduction of anti-tumori-
genic isoforms [28, 29].

One of the most dramatic effects of YTHDC1 is
RNA nuclear export because of its unique YTH
family protein constitutively enriched in the
nucleus [24]. In eukaryotes, the export of
mature mRNA is regulated by the dynamics of
protein-RNA interactions (Figure 1). YTHDC1
mediates the export of m®A modified mMRNA
from the nucleus to the cytoplasm in HelLa cells
by interacting with the splicing factor and nu-
clear export adaptor protein SRSF3 (Table 1)
[30]. YTHDC1 might promote exon inclusion,
splicing, and mRNA export from the nucleus to
the cytoplasm by recruiting splicing factor and
nuclear export adaptor protein SRSF3, while
blocking SRSF10 binding to m®A-modified pre-
MmRNAs to nuclear speckles [24] (Figure 1).
SRSF3 is an essential factor which drives the
tumorigenic process in various types of can-
cers, including breast cancer, colon cancer,
ovarian cancer, osteosarcoma, and glioblasto-
ma [31]. Moreover, evidence indicates that
YTHDC1 is associated with prostate cancer
[32]. Likewise, low mRNA levels of YTHDC1
were directly linked to poor prognosis in endo-
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metrial cancer [33]. All these findings reveal
the close correlation between cancers and
YTHDC1, owing to its alternative pre-mRNA
splicing ability. And suggest that YTH domain-
containing proteins might play vital roles in
various cancers through their alternative splic-
ing. However, there is still a need to conduct
further studies to explore their bio-function
and corresponding molecular mechanism in
various types of cancer.

YTH domain-containing proteins regulate
mRNA translation

The control of mRNA translation in eukaryotic
cells is critical for gene regulation during vari-
ous biological processes [34]. In the cytoplas-
mic compartment, YTHDF1 [23, 35], YTHDF3
[14, 36], and YTHDC2 [25, 37] have all been
identified as translation regulators, but are
recruited to different regions and interact wi-
th different mRNA targets (Table 1). YTHDF1
enhances the translation of its target tran-
scripts to ensure effective protein production
from dynamic transcripts by interacting with ini-
tiation factors and facilitating ribosome loading
in an m®A-dependent manner [23]. YTHDF3 as
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a partner of YTHDF1 significantly promotes the
translation of its target mRNAs by interacting
with YTHDF1. While YTHDF1 functions in trans-
lation regulation, YTHDF3 serves as a hub for
fine-tuning the RNA accessibility of YTHDF1
and modulating the turnover rate of m®A-modi-
fied transcripts [14] (Figure 1).

For most cellular mRNAs, initiation of mRNA
translation involves the recognition of 7-methyl-
guanylic (m7G) cap structure at the 5’ terminus
by cap-binding complex, eukaryotic initiation
factor 4F (elF4F). The elF4F combines with 50
caps and recruits the 40S ribosomal subunit to
the mRNA by interacting with the cap structure
and associating with the translation initiation
factor elF3 [38] (Figure 1). However, contrary
to the mechanism of cap-dependent transla-
tion, there is a cap-independent/m°®A-depen-
dent translation that directly recruits elF3 and
assembles translation initiation complexes by
engaging the 40S ribosomal subunit without
cap-binding proteins [39]. Interestingly, YTHDF3
has been shown to play a role in cap-indepen-
dent translation to facilitate mRNA translation,
including m®A-mediated circular RNA transla-
tion through a YTHDF1-independent mecha-
nism [39, 40] (Figure 1). Because of their role
in regulating translation of target mRNA, YTH
translation regulators play a critical role in
tumorigenesis and development. For instan-
ce, YTHDF1 facilitates the tumorigenesis and
metastasis of ovarian cancer by promoting the
translation of EIF3C mRNA in an m®A-depen-
dent manner [41]. Also, YTHDF1 promotes the
translation of HINT2 mRNA, a tumor suppres-
sor in ocular melanoma [42]. Under homeostat-
ic condition, YTHDF3 acts as a negative regula-
tor of antiviral immunity by promoting the
translation of FOXO3 [43] which promotes chol-
angiocarcinoma migration and invasion through
the Akt-FOXO3-NF-kp signaling pathway [44].

YTHDC2 is essential for maintaining a tran-
scriptome in the male germline [45]. Also, it
directly recognizes mPA-containing transcripts
to facilitate the translation efficiency of its tar-
gets, which are involved in the progression of
meiotic prophase | by destabilizing the tran-
scripts after translation is completed [25].
Recent studies have shown that YTHDC2 might
facilitate translation associated with the ribo-
some by remodeling of the head and region of
the 40S subunit and promoting disassembly of
the ribosome-mRNA complex [37]. Likewise,
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dysregulation of the mRNA translation in the
regulation of gene expression can be used as
a biomarker for cancer development and pro-
gression [46]. For instance, YTHDC2 knock-
down inhibits metastasis of colon tumor cells
by attenuating the expression of metastasis-
related genes, such as hypoxia-inducible factor-
lalpha (HIF-1a) and twistl [47]. Conversely,
YTHDC2 can also be upregulated by drug tre-
atment or its upstream regulators. Besides,
YTHDC2 can be induced in tumor cell lines and
hepatocytes after the administration of tumor
necrosis factor (TNF)-a. And this reveals that
activation/recruitment of c-Jun and ATF-2 to the
cAMP response element of the YTHDC2 pro-
moter is necessary for the transcription of
YTHDC2, which plays an essential role in HCC
progression [48].

YTH domain-containing proteins regulate
mRNA decay

Given that the accuracy of genetic information
encoded by DNA is important for the survival of
cells and organisms, various surveillance path-
ways exist to control the quality of proteins
involved in critical functions [49]. Ribonucleic
acid (RNA) decay is a crucial step in the regula-
tion of the RNA life cycle. YTHDF2 is compos-
ed of a C-terminal RNA-binding domain
(C-YTHDF2) and a P/Q/N-rich N terminus
(N-YTHDF2). YTHDF2 enhances its ability to
mediate RNA deadenylation and RNA degrada-
tions through the recruitment of CCR4-NOT
complex and by interacting with the SH doma-
in of CNOT1 via its N-terminal region [50]
(Figure 1). Interestingly, both N-YTHDF2 [50]
and C-YTHDF2 could lead to a significantly
reduced the total mRNA level, suggesting
YTHDF2 is the primary RNA binding protein to
facilitate RNA decay among the YTH domain-
containing family of proteins [12]. Notably, the
latest study indicates YTHDF2 can also interact
with HRSP12 RBP and recruit RNase P/MRP
endonuclease to promote mRNA decay [51]. In
HCC cells, YTHDF2 promotes degradation of its
target mRNA EGFR, which consequently inhib-
its cell proliferation and growth [52]. Also,
YTHDF2 is involved in LINCO0470-induced
PTEN mRNA degradation in gastric cancer
cells. PTEN has been characterized as a classi-
cal tumor suppressor [53]. YTHDF2 can down-
regulate the expression of the positive p53
regulator PRDM2 by promoting the decay of
PRDM2 mRNAs in arsenite -transformed kerati-

Am J Cancer Res 2020;10(4):1068-1084



The roles and mechanisms of YTH domain-containing proteins

nocyte model cells, suggesting that arsenite
could alter p53 expression in cell transforma-
tion and carcinogenesis through YTHDF2 [54].
In contrast, YTHDF2 is also regulated by none
coding RNAs. As such, YTHDF2 translation can
be suppressed by the overexpression of miR-
493-3p. And this has been shown to inhibit the
progression of prostate cancer (PCa) [55].

Other than YTHDF2, recent findings indicate
that other YTH domain-containing proteins are
also involved in the mRNA decay machinery
[14, 50]. Both YTHDF1 and YTHDF3 jointly pro-
mote deadenylation that affects the partition-
ing of methylated transcripts to YTHDF2 for
accelerated decay [14] (Figure 1). In addition to
YTHDF1-3, YTHDC2 may interact with the RNA
transcript Cyclin A2 action in wild-type sper-
matocytes through the regulation of RNA stabil-
ity [56]. Besides, YTHDC2 is a putative ATP-
dependent RNA helicase that regulates RNA
levels during meiosis by interacting with the
meiosis-specific protein MEIOC in an RNA-
independent manner to destabilize the stability
of target transcripts during meiosis prophase
| [25] (Figure 1). These findings suggest that
YTH domain-containing proteins might regulate
many aspects of mRNA decay via multiple
mechanisms.

In summary, YTH domain-containing proteins
play various roles in mPA-mediated gene ex-
pression through various mechanisms. In the
cytoplasm, YTHDF1, YTHDF2 and, YTHDC2 reg-
ulates the translation of target mRNA in cap-
independent/mPfA-dependent translation man-
ner. Also, YTHDF2 and YTHDC2 play crucial
roles in RNA stability by regulating the RNA
decay process. In the nucleus, YTHDC1 medi-
ates the RNA splicing and export by interacting
with the splicing factor and nuclear export
adaptor protein. Given that YTH domain-con-
taining proteins influence the expression of
several genes, they are widely involved in can-
cer development and progression via various
molecular mechanisms.

The role of YTH domain-containing protein
sighaling pathway in cancer development

Many studies have shown that YTH domain-
containing protein expression is significantly
correlated with cancer pathogenesis (Table 2).
They are frequently upregulated and recognized
as oncogenes in various cancers. Specifically,
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YTHDF1 is significantly up-regulated in the high
grade of HCC [19] and has also been identified
as a key mediator of tumor immune evasion
[57]. YTHDF2 has been closely associated with
pancreatic cancer, in which it promotes prolif-
eration while inhibiting the migration and inva-
sion of tumor cells [18]. On the other hand,
YTHDF3 plays a role in seminoma phenotype
maintenance [58]. Meanwhile, altered YTHDC1
alternative splicing is functionally coupled with
RNA decay and transcription with consecutive
impact on the processing of specific cancer-
associated genes, including BRCA2 and PGR
[59]. Studies have also reported that YTHDC2
contributes to the metastatic ability of colon
tumor cells in vivo [48]. Numerous studies have
demonstrated that the YTH domain-containing
proteins are associated with an increased risk
of various types of cancers, including HCC [19,
48, 52], prostate cancer [32, 55], pancreatic
cancers [18, 60], gastric cancer [61], lung can-
cer [62], testicular germ cancer [58] and colon
cancer [47] (Table 1).

Role of YTHDF1 in cancer development

Recent evidence suggests that YTHDF1 acts as
an oncogene by regulating different signaling
pathways in various cancers, such as CRC [63,
64], HCC [19], breast cancer [65], merkel cell
carcinoma [9], and non-small cell lung cancer
[66]. Bai et al. reported that YTHDF1 mediated
the Wnt/B-catenin pathway to affect tumorige-
nicity and stem cell-like activity of CRC cells by
interacting with its downstream targets WNT6
and FZD9 mRNA [64] (Figure 2). Wnt/[-catenin
signaling pathway plays a critical role in the
regulation of cellular development and stem-
ness and is strongly associated with the pro-
gression of various cancers, including CRC,
HCC, and pancreatic ductal adenocarcinoma
[67].

The JAK2-STAT3 pathway plays vital functions
in oncogenesis and progression and is report-
ed to contribute to tumor invasion in glioblas-
toma cancer [68]. It has been reported that the
downregulation of METTL3 reduces the m°®A
level of JAK2, thus leading to the inhibition of
YTHDF1-mediated JAK2 translation [69]. The
non-receptor tyrosine kinase JAK2 phosphory-
lates STAT3 and activate the JAK2-STAT3 path-
way [70]. In addition, YTHDF1, which also plays
an essential role in regulating cell cycle pro-
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Table 2. Emerging YTH domain-containing proteins acting as potential diagnostic biomarkers or therapeutic targets in patients with cancer

Genes Cancers Detectedmethods Tissue expression Roles in clinic Ref
YTHDF1 Colorectal cancer IHC/TCGA Overexpression Poor prognosis [63, 64]
YTHDF1 Hepatocellular carcinoma TCGA Overexpression Poor prognosis [19]
YTHDF1 Breast cancer IHC Upregulated Poor prognosis [65]
YTHDF1 Merkel cell carcinoma IHC/WB Highly amplified and expressed Worse prognosis [9]
YTHDF1 Non-small cell lung cancer IHC/TCGA Significantly higher Good prognosis [66]
YTHDF1 Ovarian cancer GEO/qRT-PCR Overexpression Poor prognosis [41]
YTHDF2 Hepatocellular carcinoma IHC Downregulated Tumor suppressor [52]
YTHDF2 Prostate cancer IHC Upregulated Potential therapeutic target [55]
YTHDF2 Gastric cancer TCGA/WB/qRT-PCR Upregulated Oncogene [61]
YTHDF2 Pancreatic cancer IHC/TCGA Upregulated Predictive biomarker and therapeutic target [18]
YTHDF2 Lung cancer IHC Significantly higher Oncogene [62]
YTHDF2 Acute myeloid leukemia WB Overexpressed Therapeutic target [72]
YTHDF3 Testicular germ cancer TCGA/IHC/RT-qPCR Significantly higher Novel biomarkers [58]
YTHDF3 Breast cancer IHC Upregulated Poor prognosis [65]
YTHDC1 Prostate cancer WB Upregulated Oncogene [32]
YTHDC2 Colon cancer qRT-PCR Upregulated Diagnostic marker and therapeutic target [47]
YTHDC2 Hepatocellular carcinoma IHC/WB/qRT-PCR Significantly higher Oncogene [48]
YTHDC2 Pancreatic adenocarcinoma MLPA assay Upregulated Potential biomarker and therapeutic target [60]
YTHDC2 Head and neck squamous cell carcinoma TCGA Downdregulated Prognosis marker [90]
1074 Am J Cancer Res 2020;10(4):1068-1084
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gression and metabolism, is significantly up-
regulated and positively correlated with the pa-
thology stage of HCC patients [19]. Moreover,
YTHDF1 expression is significantly associated
with various CRC characteristics, such as dep-
th, lymph node metastasis, advanced cancer
stages, and poor prognosis, indicating that its
expression might act as a useful independent
prognostic factor for CRC. Mechanistically,
YTHDF1 can be directly upregulated by onco-
genic transcription factor c-Myc [63].

Cell-mediated immunity plays a vital role in the
pathogenesis of various cancers. Han et al.
reported that YTHDF1 mediates tumor immu-
ne evasion. In detail, YTHDF1 recognizes and
binds the transcripts encoding lysosomal pro-
teases marked by mPA, thus promoting the
translation of lysosomal cathepsins, which
then reduces the cross-presentation of tumor
antigens and the antigen-specific CD8* T cell
antitumor response [57] (Figure 2).

Role of YTHDF2 in cancer development and
progression

At present, YTHDF2 is the most extensively
studied YTH domain-containing protein in can-
cer among the YTHDFs and YTHDCs. Signifi-
cant sequence homology among YTHDF1 and
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YTHDF2 indicates that they may play a similar
role in oncogenesis and progression. Generally,
YTHDF2 plays a pro-tumorigenic role in various
cancers. As one of the RUNXZ translocation
partner genes, it regulates the expression of
proteins with unique leukemogenic potential
[71]. YTHDF2 is overexpressed in a broad spec-
trum of human AML and is required for disease
initiation and propagation of mouse and human
AML [72]. In prostate cancer, downregulation of
YTHDF2, which is usually upregulated in both
cancer cells and tissues, significantly inhibits
the cell proliferation and migration by raising
mOA levels of target RNAs [55]. A study found
that both the mRNA and protein levels of
YTHDF2 were higher in pancreatic cancer tis-
sues than normal tissues of patients, indicating
that it might play an oncogene role in pancre-
atic cancer [18]. Also, it has been reported that
METTL3 depletion downregulates the m°A le-
vel of SOCS3, thereby inhibiting the YTHDF2-
dependent mRNA decay of SOCS3 [69]. Mo-
reover, SOCS3 is a key negative regulator of
the JAK2-STAT3 signaling pathway (Figure 3)
and contributes to tumor invasion of glioblas-
toma cancer [73].

Hippo pathway is an emerging signaling path-
way that regulates cell proliferation, apoptosis,

Am J Cancer Res 2020;10(4):1068-1084
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and stem cell function. As such, it promotes cell
metastasis by regulating the cell polarity and
cell adhesion proteins. Chen et al. observed a
higher mRNA and protein levels of YTHDF2 in
the pancreatic cancer tissues than normal
tissues. Furthermore, the YTHDF2 levels were
higher in patients with later stages of the dis-
ease, suggesting that it might act as a marker
for clinical diagnosis and prognosis of pancre-
atic cancers (Table 2). Besides, it promotes cell
proliferation and inhibits the epithelial-mesen-
chymal transition (EMT) in pancreatic cancer
cells. Mechanistically, YTHDF2 inhibits EMT by
suppressing upstream YAP molecules, thereby
inhibiting E-cadherin, which is a negative EMT
regulator. Thus, resulting in the suppression of
the invasion and adhesion ability pancreatic
cancer cells [18] (Figure 3). Yes-associated pro-
tein (YAP) as the core components of the Hippo
pathway promotes the proliferation and sur-
vival of epithelial cells. Also, activated YAP is
involved in the EMT, which contributes to tu-
mor growth and metastasis in response to the
TGFB/BMP (transforming growth factor-beta/
bone morphogenetic protein) signaling [73, 74].

The generic mitogen-activated protein kinases
(MAPK) signaling pathway consists of four dis-
tinct cascades, including the extracellular sig-
nal-related kinases (ERK1/2), Jun amino-termi-
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nal kinases (JNK1/2/3), p38-MAPK, and ERK5.
These signaling pathways play a critical role in
linking extracellular transcription factor stimu-
lation to cell proliferation, differentiation, mi-
gration, senescence, and apoptosis [75]. In
HCC cells, YTHDF2 promotes the degradation
of EGFR mRNA by directly binding the m°A mo-
dification site of its 3’-UTR, which in turn sup-
presses ERK/MAPK signaling, thus inhibiting
cell proliferation and growth [52] (Figure 3).

In addition to the above listed anti-tumorigenic
roles of YTHDF2 ascribed to the MAPK/ERK
pathway, YTHDF2 has been shown to play the
opposite role in different tumor cells. For exam-
ple, YTHDF2 knockdown increases the propor-
tion of G1/GO-phase cells with a correspond-
ing decrease in the fraction of S-phase cells.
Mechanistically, YTHDF2 knockdown down-reg-
ulates the expression of p-GSK3B, Cyclin D1,
and p-Akt, indicating that YTHDF2 enhances
the ability of cell proliferation possibly via Akt/
GSK3hb/Cyclin D1 pathway in pancreatic cancer
cells [18]. The activation of Cyclin D1 through
the Akt/GSK3[ pathway leads to aberrant cell
cycle re-entry via the activation of the Cyclin
D1-Rb-E2F1 axis [76] (Figure 3). Studies have
demonstrated the potential role of Akt/GSK3b/
Cyclin D1 signaling in tumor initiation and pro-
gression. The AKT-mediated phosphorylation of
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GSK3pB is a key signaling cascade involved in
the regulation of the nuclear export and the
cytoplasmic proteasomal degradation of cyclin
D1 and is strongly associated with the growth,
hypoxia, and metabolism of tumor cells. Fur-
thermore, as the most important AKT target
and the downstream of the AKT pathway, cyclin
D1/Cdk4 regulates radio and chemo-sensitivity
of tumor cells [77].

Recently, a similar causal link between YTHDF2
and inflammatory response was established,
which shows that YTHDF2 might play a nega-
tive regulatory role in LPS-induced inflammato-
ry responses of macrophages. It stabilizes the
MRNA transcripts, thus increasing the mRNA
expression levels of MAP2K4 and MAP4KA4.
Therefore, YTHDF2 knockdown activates MAPK
and NF-kB signaling pathways, thereby promot-
ing proinflammatory cytokine expression and
thus aggravates the inflammatory response. In
detail, YTHDF2 knockdown increases the ex-
pression of the LPS-induced IL-6, TNF-«, IL-10,
and IL-12 and the phosphorylation of NF-kB
and MAPK signaling proteins, such as p65,
p38, and ERK1/2 [78] (Figure 3). Grace et al.
demonstrated that YTHDF2 is essential for sup-
pression of innate immunity by sequestering
m©®A modified circRNAs which are potent adju-
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vants to induce antigen-specific T cell activa-
tion, antibody production, and anti-tumor im-
munity [79] (Figure 3). It is widely accepted th-
at inflammation, innate immunity, and cancer
have a causal tumor-associated relationship
[80]. Another study indicates that the reduction
of YTHDF2 leads to inflammation and vascular
abnormalization by processing inflammatory
cytokines IL11 and SERPINE2 mRNAs to de-
cay in HCC [81].

Role of YTHDF3 in the development and pro-
gression of various cancers

The expression of YTHDF1 has been studied
using different methods, including immunohis-
tochemistry (IHC), RT-PCR, and TCGA [19, 63,
64], whereas YTHDF3 expression has been
analyzed mainly by IHC [58]. This shows that
several approaches can be employed to deter-
mine the expression of YTH family proteins in
cancer cells or tissues. However, further stud-
ies are needed to explore the potential molecu-
lar mechanism of YTHDF3 in cancer develop-
ment and progression.

Recent reports show that YTHDF3 is correlated
with various types of cancers, although the
roles and molecular mechanisms of YTHDF3 in
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tumorigenesis have not been fully elucidated.
Similar to YTHDF1, YTHDF3 is upregulated in
acute myeloid leukemia clinical samples [82,
83]. In addition, sporadic data indicate signifi-
cantly higher levels of YTHDF3 mRNA in semi-
nomas (SEs) than in non-seminomatous tumors
(NSTs) [58].

Activation of the Hippo/YAP signaling pathway
is crucial for cancer progression, such as CRC
by promoting cell proliferation, invasion, and
metastasis. In hormal cells, by directly binding
the WW domain of YAP, long none coding RNA
(Inc RNA) GAS5 can promote the translocation
of endogenous YAP from the nucleus to the
cytoplasm, and then phosphorylation and sub-
sequently ubiquitination, resulting in ubiquitin-
mediated degradation of YAP to inhibit CRC
development (Figure 4). Whist in CRC cells,
translocation of YAP from the cytoplasm to the
nucleus can activate YTHDF3 expression, the-
reby facilitating m®A-modified GAS5 degrada-
tion, and eventually increasing the expression
of YAP to promote CRC progression (Figure 4).
All these results indicate a negative functional
loop of the GAS5-YAP-YTHDF3 axis. And identi-
fies the molecular mechanism for YTHDF3
mediated m®A-induced decay of GAS5 on YAP
signaling during the CRC progression (Figure
4). Also, these findings provide new insight into
the development of a promising approach for
CRC treatment [84].

Forkhead box protein 03 (FOXO3) plays a cru-
cial role in various cancers and promotes chol-
angiocarcinoma migration and invasion through
the Akt-FOXO3-NF-kB signal pathway [44].
Under the homeostatic condition, YTHDF3 acts
as a negative regulator of antiviral immunity by
promoting the translation of FOXO03. In detail,
YTHDF3, which cooperates with PABP1 and
elF4G2, promotes FOXO3 translation by direct-
ly binding its translation initiation region, thus
suppress IFN-stimulated genes, which are es-
sential effectors of the IFN-dependent antiviral
immune response under basal conditions [43].

Role of YTHDCs in cancer development and
progression

The role of YTHDCs in tumorigenesis is exem-
plified by the function of YTHDC1 as an mRNA
splicing protein. Recent studies have revealed
the different expression patterns of YTHDC1
in human cancers. The expression of YTHDC1,
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particularly the alternative splicing component
has been detected in a panel of prostate cell
lines and not in the benign prostate cell lines,
indicating that YTHDC1 may act as an onco-
gene in prostate cancer [32]. Besides, YTHDC1
is abundantly expressed in colon adenocarci-
noma but not in rectal adenocarcinoma [20],
suggesting that YTHDC1 might be differentially
expressed in various cancers during to tumor
heterogeneity. YTHDC1 can also mediate the
expresison of target mRNAs by interacting with
methyltransferases. For instance, downregula-
tion of METTL3 inhibits the m6A modification
levels of SRSFs, which leads to YTHDC1-de-
pendent nonsense-mediated mRNA decay of
SRSF transcripts and decreases SRSF protein
expression. Downregulated expression of SR-
SFs leads to larger changes in alternative splic-
ing isoform switches, which affects glioblasto-
ma tumor growth and progression [85] (Figure
4). However, further studies should be condu-
cted to understand how YTHDC1 drives tu-
morigenesis.

Concerning YTHDC2, growing evidence shows
that YTHDC2 also induces tumorigenic effects.
Besides, it plays an essential role in the growth
and proliferation of HCC cells and its expres-
sion in hepatocytes could be induced by tu-
mor necrosis factor (TNF)-a [48] (Figure 4).
Moreover, YTHDC2 is frequently involved in
pancreatic adenocarcinoma susceptibility [60].
Also, YTHDC?2 is associated with colon cancer
progression and contributes to colon tumor
metastasis by promoting the translation of HIF-
1 [47] (Figure 4).

Emerging YTH domain-containing proteins
acts as a diagnostic biomarker/therapeutic
target for cancer patients

Almost all the reported YTH family members,
which are closely associated with the progres-
sion of various types of cancer, regulates some
specific downstream RNA targets to mediate
various RNA processes, such as RNA splicing,
nuclear export, translation, and decay. For
instance, C-MYC, B-catenin, HINT2 [42], EIF3C
[41], PETN [53], EGFR, YAP, c-Jun, and ATF-2 are
the targets of YTH domain-containing proteins
and play important roles in tumorigenesis [18,
52, 63, 64]. Photoactivatable-ribonucleoside-
enhanced crosslinking and immunoprecipita-
tion (PAR-CLIP) and RNA binding protein immu-
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noprecipitation (RIP) studies have shown that
more than 2000 target mRNAs are targets for
YTHDF2 [51].

Nearly all the YTH proteins, including YTHDF1-3
and YTHDC1-2, are upregulated in most types
of cancer (Table 2). A higher level of YTHDF1
expression predicts poor disease outcome in
CRC [63, 64], HCC [19], and breast cancer [65].
Also, YTHDF2 acts as prognostic marker and
therapeutic target or oncogene in prostate can-
cer [55], gastric cancer [61], pancreatic cancer
[18], Lung cancer [62], acute myeloid leukemia
[72]. However, YTHDF2 is reported to be down-
regulated and acts as a tumor suppressor in
HCC [52] (Table 2). Similarly, the upregulation
of YTHDC1 acts as a diagnostic marker, thera-
peutic target or oncogene in colon cancer [47],
HCC [48], pancreatic adenocarcinoma [60].
However, its downregulation indicates a good
prognosis in head and neck squamous cell car-
cinoma [89] (Table 2). The difference in expres-
sions and roles played by a particular YTH pro-
tein in the development and progression of
different cancers can be attributed to tumor
heterogeneity. Notably, there are limited reports
on YTHDF3 and YTHDC1 relative to other YTH
proteins. The former is upregulated and acts as
a diagnostic and prognostic marker for testicu-
lar germ cancer [58] and breast cancer [65],
whereas the latter is overexpressed and acts
as an oncogene in prostate cancer [32] (Table
2).

Conclusions and perspective

Several studies have investigated the roles and
molecular mechanisms of YTH domain-contain-
ing proteins in various cancers, especially in
last the three years. YTH domain-containing
proteins are known to regulate the process of
target RNAs in RNA splicing, nuclear export,
translation, and decay (Table 1). Also, it has
been shown that the regulatory mechanisms of
YTH domain-containing proteins are not uni-
form, many signaling pathways are involved in
its regulation. For instance, the main binding
regions of YTHDF2 and its targets are predomi-
nantly the stop codon region, the 3’ untranslat-
ed region (3'-UTR), and the coding region (CDS),
which indicates that YTHDF2 may play a role in
MRNA stability and/or translation [12]. Indeed,
the main functions of YTHDF2-mediated RNA
processing are mRNA stability and translation,
as well as cell growth and proliferation. At the
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same time, increasing number of evidence
shows the upstream regulation mechanism of
YTH domain-containing proteins and their roles
in cancer. For example, circFOREIGN, HIFic,
and miR-493-3p dysregulate the expression of
the YTHDF2-downstream signal pathway by
modulating the expression of YTHDF2 [52, 55,
79]. MiRNAs target the 3'-UTR, 5-UTR, and CDS
of YTH domain-containing proteins to regulate
the expression of YTH domain-containing pro-
tein downstream targets and affect tumor cell
proliferation, migration, and invasion. In addi-
tion, the role of YTH family proteins in driving
expression and production of downstream pro-
tumorigenic cytokines appears to play a key
role in cancer development.

Interestingly, METTL3 enhances YAP transla-
tion by recruiting YTHDF1/3 and elF3b to the
translation initiation factors and this has been
shown to promote EMT in lung cancer [91]. On
the other hand, YTHDF2 directly binds to YAP
MRNA to decrease its stability, thereby inhibit-
ing EMT in pancreatic cancer cells [18]. This
phenomenon suggests that different YTH do-
main-containing proteins on the same mRNA
transcript (e.g., YAP) may result in distinct fates
probably because of multiple mechanisms.

Almost all the YTH family proteins act as onco-
genes in various types of cancer, except that
YTHDF2 is downregulated in HCC and YTHDC2
is downregulated in head and neck squamous
cell carcinoma (Table 2). For example, YTHDF2
not only promotes cancer cell proliferation [18,
55], metastasis [55] but also acts as a tu-
mor suppressor to inhibit cell proliferation [52].
Furthermore, YTHDF2 represses tumor cell pro-
liferation and growth by directly binding with
the m®A modification site of EGFR 3’-UTR to
promote EGFR mRNA decay in HCC cells [52]
(Figure 3).

Moreover, YTH domain-containing proteins play
an important role in autophagy, adipogenesis,
inflammatory response, and immunity, which
are crucial processes in cancer development
and progression. Studies have shown that Atgh
and Atg7 transcripts with higher m®A levels
caused by FTO silencing are captured by
YTHDF2, thereby leading to their degradation
and translation, thus alleviating autophagy and
adipogenesis (Table 1) [86]. Concerning the
role of YTHDF2 in inflammatory response, it
has been established that YTHDF2 inhibits
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LPS-induced inflammatory responses by down-
regulating inflammatory cytokines [78] (Figure
3). Moreover, it has been demonstrated that
YTHDF2 suppresses innate immunity by se-
questering m°A modified circRNAs [79].

In conclusion, YTH domain-containing proteins
are closely associated with various types of
cancer. However, much more investigation is
still required to explore the comprehensive and
profound features of YTH domain-containing
proteins or other new m®A readers in tumori-
genesis and development. Based on these
findings, some of the YTH domain-containing
proteins and their critical targets could offer
new insights into the identification of early can-
cer diagnosis and therapeutic targets for the
treatment of human cancers.
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