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Among the over 150 RNA modifications, N6-methyladenosine (m6A) is the most
abundant internal modification in eukaryotic RNAs, not only in messenger RNAs, but
also in microRNAs and long non-coding RNAs. It is a dynamic and reversible process in
mammalian cells, which is installed by “writers,” consisting of METTL3, METTL14, WTAP,
RBM15/15B, and KIAA1429 and removed by “erasers,” including FTO and ALKBH5.
Moreover, m6A modification is recognized by “readers,” which play the key role in
executing m6A functions. IYT521-B homology (YTH) family proteins are the first
identified m6A reader proteins. They were reported to participate in cancer
tumorigenesis and development through regulating the metabolism of targeted RNAs,
including RNA splicing, RNA export, translation, and degradation. There are many reviews
about function of m6A and its role in various diseases. However, reviews only focusing on
m6A readers, especially YTH family proteins are few. In this review, we systematically
summarize the recent advances in structure and biological function of YTH family proteins,
and their roles in human cancer and potential application in cancer therapy.
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INTRODUCTION

In recent years, post-transcriptional modification, which plays an important role in physiological and
disease progression, has attracted more and more attention in molecular biology research. RNA
modification is an emerging area of post-transcriptional modification. Among the over 150 RNA
modifications, N6-methyladenosine (m6A) is identified as the most abundant and evolutionarily
conserved internal RNAmodification in eukaryotic RNAs, not only inmessenger RNAs (mRNAs) (1),
but also in microRNAs (2) and long non-coding RNAs (lncRNAs) (3). Although m6A was first
discovered in the 1970s (1), the precise functionofm6Aresidues in the regulationof gene expressionhas
been identified until recent years with the advance of high-throughput sequencing technology, which
mapped of m6A residues in the whole transcriptome (4, 5). Since then, numerous studies have carried
out to verify the significance ofm6Amodification,which largely broadens the study inRNAfields (6, 7).

The m6A modification is mainly located in a consensus RNAmotif of RRACH (R=A or G, H=A,
U, or C) and particularly enriched in 3′ untranslated regions (3′ UTRs) and near stop codons (8).
Similar to other epigenetic modifications like DNA and histone modification, m6A modification is
dynamic and reversible. It is installed by “writers”, which refer to m6A methylase complex
consisting of methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14),
Wilms tumor 1 associated protein (WTAP), RNA binding motif 15/15B (RBM15/15B), and
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KIAA1429 (9–12). “Erasers” are m6A demethylases, including
fat mass and obesity-associated protein (FTO) and AlkB
homologue 5 (ALKBH5), which could remove m6A
modification from RNAs and make m6A modification in a
dynamic balance (13, 14). “Readers” refer to proteins that are
capable to recognize and bind m6A modification, which mainly
mediate the regulation of m6A modification in gene expression
by affecting the fate of targeted RNAs (15). Reader proteins play
the key role in executing m6A functions.

YT521-B homology (YTH) family proteins were the first
identified m6A reader proteins. YTH family proteins can
recognize m6A modification in a methylation-dependent manner
through a specific YTH domain (16), which is recognized as a
structured RNA binding domain and highly conserved among
eukaryotes (17). By searching the human genome, there are five
proteins in human genome carrying the YTH domain, which are
divided into three categories: YTHm6A-binding protein (YTHDF)
including YTHDF1-3, YTH domain-containing 1 (YTHDC1) and
YTH domain-containing 2 (YTHDC2) (18). YTH family proteins
are recruited by m6A and able to affect mRNA metabolism
including mRNA splicing, nuclear export, translation, and mRNA
degradation (6, 19). Accordingly, YTH family proteins are involved
in many physiological processes, infection diseases and cancers.
There are many reviews about the function of m6A and its role in
various diseases (20, 21). However, reviews only focusing on m6A
readers are few. In this review, we systematically introduce themain
m6A readers YTH family proteins, summarize the structure
features, the function of YTH family proteins in post-
transcriptional gene regulation and their roles in tumorigenesis,
cancer progression and potential application in cancer therapy. It
may provide clues for the study of molecular mechanism of m6A
readers in human cancers and exploring their clinical application in
cancer treatment.
STRUCTURE FEATURES OF YTH DOMAIN

YTH domain was previously regarded was a structured RNA
binding domain and highly conserved among eukaryotes (22).
Subsequent studies proved that the ~150 amino acid YTH
domain recognizes and binds RNAs in an m6A-dependent
manner (16, 23). The structure of YTH family proteins have
been understood until the crystal structures of the YTHDC1
YTH domain and YTHDC1–GG(m6A)CU complex were first
studied, unveiling the molecular mechanism of m6A-YTH
binding and sequence selectivity (16). The YTH domain adopts
a conserved a/b fold containing 3a helices and 6b strands. 6b
strands form a barrel fold and 3a helices are packed against the b
strands to organize a hydrophobic core (16, 18). In the
YTHDC1-GG(m6A)CU complex, the m6A is recognized by an
aromatic cage consisting of 3 hydrophobic residues W377,
W428, and L439. The aromatic cage of YTH domain forms a
hydrophobic binding pocket that can recognize buried methyl
groups with a cavity insertion mode. This complex structure
provides the basis for specific m6A recognition by YTH domain.
Compared to YTHDC1 YTH domain, other YTH family
Frontiers in Oncology | www.frontiersin.org 2
proteins have the similar cage structure. In YTHDC2, aromatic
cage is composed of W1310, W1360 and L1365 (24); W411,
W465 and W470 in YTHDF1 (25) and W432, W486 and W491
in YTHDF2 (26).

Despite conserved aromatic cages, YTH domain displays
different sequence selectivity. The YTH domain of YTHDC1
favors a guanine nucleotide and disfavors an adenosine at the −1
position relative to them6A. YTHDC1 shows preference to bind to
the GG(m6A)C sequence. However, different from YTHDC1,
YTHDF1, YTHDF2, and YTHDC2 YTH domains do not display
sequence selectivity at the −1 position (25). The difference in
sequence selectivity between YTHDC1 and other YTH family
proteins may reflect the different m6A-binding requirement in
the nucleus and cytoplasm (18). These structural data strongly
support the proposal that YTH family proteins function as the
reader for m6A.

Like most RNA binding domains which are surrounded by
structured domains or low complexity regions with various
functions (27), YTH domain is also flanked by several disordered
regions.YTHDC1 is surroundedby regions rich in charged residues
such as Glu-rich, Arg-rich segments, or in proline-rich (28).
YTHDF family proteins are surrounded by Pro, Gln, and Asn-
rich segments (26). Different from other YTH family proteins
surrounded by low complexity regions, YTHDC2 is a multi-
domain protein containing multiple helicase domains and two
Ankyrin repeats. Consistent with its domain composition,
YTHDC2 has ATPase and 3′!5′RNA helicase activities (29, 30).
These unique features endow YTHDC2 with various functions,
including recruiting and interacting with other protein complex
members and exerting regulatory effects on RNA binding and
RNA structure. These flanking regions are essential for YTH
family proteins to exert functions in regulating fates of m6A-
modified RNA by affecting the subcellular localization of YTH
family proteins and their partners.
FUNCTIONS OF YTH FAMILY PROTEINS
IN mRNA METABOLISM

mRNA metabolism refers to the entire mRNA life from birth to
death that includes transcription, mRNA processing, mRNA
nuclear exportation, mRNA translation and mRNA
degradation. YTH family proteins play an essential role in
regulating cellular fates of m6A-modified mRNAs. In 5 human
YTH family proteins, YTHDC1 is the only nuclear protein
involved in transcription (31), mRNA splicing (32) and
nuclear export (33), whereas YTHDF1 (34, 35), YTHDF2 (36,
37), YTHDF3 (34, 38) and YTHDC2 (39) are cytoplasmic m6A
readers mainly involved in mRNA translation and degradation.
As shown in Figure 1, YTH family proteins are almost involved
in every step of mRNA metabolism.

Regulation in mRNA Splicing and
Nuclear Export
YTHDC1 is located in the nucleus and forms a novel
compartment called YT bodies, which are adjacent to RNA
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processing speckles enriching mRNA splicing factors (28). This
nuclear localization is consistent with that YTHDC1 interacts
with several splicing regulators including SRSF3 (40), SAM68
(41) and SC35 (42). Role of YTHDC1 in regulating mRNA
splicing was established in Drosophila sex determination and
mouse embryogenesis. In Drosophila, YTHDC1 decoded m6A in
the spliced intron of sex determination factor Sex lethal (Sxl) and
facilitated the alternative splicing of Sxl pre-mRNA, which
determines female physiognomy (43). In mouse oocytes, loss of
YTHDC1 led to extensive alternative polyadenylation and
massive defects in alternative splicing, which hindered oocyte
maturation (33). Mechanically, YTHDC1 regulated mRNA
splicing by recruiting pre-mRNA splicing factor SRSF3 to
promote exon inclusion whiles blocking binding of SRSF10,
which facilitated exon skipping (44).

Despite the essential role in alternative splicing, YTHDC1 was
also reported to promote the export of methylated mRNA from
nucleus to cytoplasm in HeLa cells. This process relied on the
interaction with the splicing factor SRSF3 which functions as a
key adaptor in nuclear RNA export factor 1 (NXF1) -dependent
nuclear export pathway (33).

Regulation in mRNA Translation
Knockdown of YTHDF1 in HeLa cells led to reduced translation
efficiency of its targeted transcripts and YTHDF1 was found to
promote ribosome loading of targeted mRNAs, indicating the role
of YTHDF1 in enhancing mRNA translation. With METTL3
Frontiers in Oncology | www.frontiersin.org 3
depleted, the translation efficiency of YTHDF1 targeted
transcripts was decreased completely. It confirmed that YTHDF1
promoted translation efficiency in an m6A-dependent manner.
However, the underlying mechanism of YTHDF1 promoting
translation efficiency is still unclear currently. It may rely on the
interaction with eukaryotic initiation factor 3 (eIF3) and eIF4G-
mediated loop formation (35). YTHDF3 shares numerous similar
targets with YTHDF1 and YTHDF2: 58% of YTHDF3 targets are
also recognized byYTHDF1 and 60%byYTHDF2, which indicates
a potential coordination on common targets among YTHDF
proteins. YTHDF3 was found to promote the translation of
targeted mRNAs through interacting with YTHDF1 (34).

InYTHDC2–/–mouse testes, translation efficiency of YTHDC2
targets structural maintenance of chromosomes 3 (Smc3) and
centrosomal protein 76 (Cep76) showed a significant decrease,
whereas mRNA abundance showed an increase. Furthermore,
YTHDC2 was observed in the 40–80S ribosome fraction,
indicating that YTHDC2 may enhance translation efficiency by
interacting with cellular machinery involved in translation
initiation (39).

Regulation in mRNA Degradation
mRNA degradation plays key roles in gene expression regulation
and mRNA quality control. YTHDF2 is the main m6A reader
protein to promote the decay of m6A-containing mRNA
(2, 36, 45). YTHDF2 selectively recognized m6A-containing
mRNA through C-terminal of YTH domain, whereas its N-
FIGURE 1 | Functions of YTH family proteins in mRNA metabolism. In nucleus, YTHDC1 participates in mRNA splicing and nuclear export. In cytoplasm,
YTHDF1/2/3, YTHDC2 are involved in mRNAs translation and degradation.
April 2021 | Volume 11 | Article 635329
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terminal region localized the YTHDF2-m6A-mRNA complex
from the translatable pool to mRNA decay sites such as
processing bodies (P-bodies) for mRNA degradation (43).
Furthermore, YTHDF2 triggered deadenylation and
degradation of m6A-containing mRNAs by recruiting the
carbon catabolite repression 4–negative on TATA-less (CCR4–
NOT) deadenylase complex, with N-YTHDF2 interacting with
the superfamily homology (SH) domain of CCR4–NOT
transcription complex subunit 1 (CNOT1) (36). Despite
CCR4-NOT complex-mediated deadenylation pathway, m6A
RNAs bound by YTHDF2 can be degraded through another
RNase P/MRP-mediated endoribonucleolytic pathway. An
adaptor protein heat-responsive protein 12 (HRSP12) bridged
YTHDF2 and RNase P/MRP, which aroused endoribonucleolytic
cleavage of YTHDF2-binding m6A RNAs (45). Moreover,
YTHDF3 was identified to accelerate the degradation of
mRNAs through interacting with YTHDF2 (34).

In addition to YTHDF proteins, YTHDC2 also plays a role in
affecting mRNA stability and promoting mRNA degradation. In
a study on regulation of m6A on hepatic drug-metabolizing
enzyme, YTHDC2 was identified to promote cytochrome P450
family 2 subfamily C member 8 (CYP2C8) mRNA degradation
by recognizing the m6A-modified CYP2C8 mRNA and
negatively regulated CYP2C8 expression (46). YTHDC2 is
highly expressed in mouse testes and YTHDC2 plays an
important role in facilitating proper spermatocyte development
(39). YTHDC2 has ATPase and a 3′-5′ RNA helicase activity. It
interacted with the meiosis-specific MEIOC protein as well as
with 5′-3′ exoribonuclease XRN1 via the Ankyrin repeat
insertion that is located within the helicase domain of
YTHDC2 and then degraded m6A-containing transcripts (29).
In contrast to YTHDF2, YTHDC2 regulates RNA stability in an
RNA-independent manner through increasing the local
concentration of the RNA decay machineries.

Regulation in RNA Phase Separation
The main mechanism by which YTHDF proteins target m6A-
containing mRNAs to exact functions in various biological
processes is through liquid-liquid phase separation (LLPS).
Structurally, besides YTH domain at C-termini, all three
YTHDF proteins have a low complexity domain at their N-
termini, which seems to be Prion-like domain and has the
potential to undergo phase separation. YTHDF proteins bound
m6A-containing mRNA to undergo phase separation and
formed RNA-protein droplets. These RNA-protein droplets
partitioned into different endogenous phase-separated
compartments, such as P-bodies, stress granules and other
RNA-protein assemblies, where mRNAs could be stored or
degraded (47–49). In addition, YTHDF proteins play an
important role in promoting stress granule (SG) formation.
They functioned as SG shell proteins and promoted SG
formation by bringing together multiple SG core clusters to
form large granules under oxidative stress (50).

Regulation in Transcription
Knockout of METTL3 or YTHDC1 in mouse embryonic stem
cells was found to increase chromatin accessibility and activate
Frontiers in Oncology | www.frontiersin.org 4
transcription in an m6A-dependent manner. Mechanistically,
nuclear reader YTHDC1 recognized m6A-modified
chromosome-associated regulatory RNAs (carRNAs) deposited
by METTL3 and promoted the decay of these RNAs through the
NEXT-mediated nuclear degradation (31). Nuclear exosome
targeting (NEXT) complex contains hMTR4, the Zn-knuckle
protein ZCCHC8 and the putative RNA binding protein RBM7
(51). YTHDC1 was involved in nuclear degradation by
interacting with the NEXT components RBM7 and ZCCHC8.
However, whether these carRNAs play a role in various types of
cancers warrants further studies. Currently, studies on m6A
function mainly focus on post-transcription regulation, more
precise mechanisms of m6A in regulating transcription are
needed to be further investigated.

Dispute on Regulation of YTHDF Proteins
in mRNA Metabolism
According to the prevailing mode for functions of YTHDF
proteins in regulating mRNA metabolism, YTHDF1 enhances
translation efficiency; YTHDF2 facilitates mRNA degradation;
and YTHDF3 promotes translation and degradation by
interacting with YTHDF1 and YTHDF2 (35, 43). Each
YTHDF paralog controls various physiologic processes and
diseases by targeting specific cohorts of m6A-containing
mRNAs. However, other studies suggested that these three
YTHDF proteins may have similar roles in mRNA degradation
by recruiting the main mRNA deadenylation complex CCR4–
NOT on m6A-containing mRNA (36, 52). In a recent study,
Zaccara et al. proposed a novel unified model that all YTHDF
paralogs bound to all m6A sites in a similar manner. The main
effect of three YTHDF proteins was to facilitate the degradation
of the same subset of mRNAs in a redundant manner, rather
than enhance translation as previous studies suggested (53).
Whether these three YTHDF proteins are functionally
redundant and whether YTHDF proteins enhance mRNA
translation are still disputed. Zaccara et al. thought that links
between YTHDF proteins and mRNA translation presented by
previous studies were affected by bioinformatic and technical
issues, which may lead to the incorrect view that a major function
of YTHDF proteins was to promote translation. So more
independent studies with careful experimental design are
needed to answer these questions in the future. In addition,
interplay between these YTHDF proteins in impacting mRNA
translation or degradation, and their interacting proteins
involved in different cellular processes still warrant
further research.
ROLES OF YTH FAMILY PROTEINS
IN CANCERS

YTH family proteins play important roles in physiological
processes through mediating metabolic process of targeted
RNAs (54), such as sex determination (32, 55, 56), oocyte
development (57), spermatogenesis (39), stem cell maintenance
and differentiation (55, 56), and stress response (55, 56, 58).
April 2021 | Volume 11 | Article 635329
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Recently, the increasing evidences have shown that YTH family
proteins exert effects on multiple human diseases. In this part, we
focus on the roles of these YTH family proteins in various
cancers (Figure 2, Table 1).

Hepatocellular Carcinoma (HCC)
Hepatocellular carcinoma is one of the most aggressive
malignancies, which ranks as the fourth leading cause of
cancer-related deaths worldwide. In 188 clinical HCC tissues,
immunohistochemistry staining (IHC) results showed that the
positive rate of YTHDF2 was 35.6% and nearly 83.9% in grade III
HCC tissues, which revealed that YTHDF2 was closely associated
with HCC (80). YTHDF2 was found to promote the liver cancer
stem cell phenotype and cancer metastasis by enhancing OCT4
mRNA translation in a m6A-dependent manner (67). On the
contrary, YTHDF2 was reported to function as a tumor
suppressor in other studies, YTHDF2 inhibited the
proliferation and growth of HCC cells via promoting the
degradation of epidermal growth factor receptor (EGFR)
mRNA, which is the upstream of the ERK/MAPK pathway
(68). Moreover, silence of YTHDF2 escalated inflammation,
vascular remodeling and metastasis of HCC. Mechanistically,
YTHDF2 plays a suppressive role in HCC through promoting
Frontiers in Oncology | www.frontiersin.org 5
the degradation of inflammatory cytokines interleukin 11 (IL11)
and serpin family E member 2 (SERPINE2) mRNAs (69).

YTHDF1 acts as an oncogene in HCC. YTHDF1 was
overexpressed and positively correlated with pathology stage in
HCC patients by analyzing TCGA data. Up-regulation of
YTHDF1 was associated with poor prognosis in HCC patients
(81, 82). Mechanistically, YTHDF1 promotes the epithelial
mesenchymal transition (EMT) of HCC cells via promoting
the translation of snail family transcriptional repressor 1
(Snail) mRNA (59). Similarly, YTHDF1 was also observed to
promote HCC cell proliferation and metastasis by promoting the
translational output of frizzled5 (FZD5) mRNA in an m6A-
dependent manner and acts as an oncogene through activating
the WNT/b-catenin pathway (60). Accordingly, YTHDF1 can be
a potential biomarker for HCC diagnosis and prognosis.
Pancreatic Cancer
Pancreatic cancer is associated with extremely poor prognosis
and remains a highly lethal disease due to difficulties in early
diagnosis and metastasis. Interestingly, YTHDF2 plays the dual
role in pancreatic cancer progression. It promoted the
proliferation but suppressed migration and invasion of
FIGURE 2 | The role of YTH family proteins in human cancers. YTH family proteins are associated with various kinds of cancers including lung cancer, hepatocellular
carcinoma, pancreatic cancer, colorectal cancer, acute myeloid leukemia, gastric cancer, skin cancer, prostate cancer, bladder cancer, and ovarian cancer.
April 2021 | Volume 11 | Article 635329
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pancreatic cancer cells, which is so called “migration-
proliferation dichotomy”. Mechanistically, silence of YTHDF2
inhibited proliferation through Akt/GSK3b/CyclinD1 pathway
and promoted EMT via up-regulation of yes-associated protein
(YAP), YAP serves as the core components of the Hippo
pathway, which can promote the proliferation and survival of
epithelial cells (70).

Gastric Cancer
Gastric cancer is the fifth most common cancer and ranks third
in cancer-related death worldwide. YTHDF1 acts as an oncogene
in gastric cancer. High expression of YTHDF1 was associated
with poor overall survival in gastric cancer patients. Suppression
of YTHDF1 inhibited the proliferation and tumorigenesis of
gastric cancer cells. Mechanistically, YTHDF1 recognizes m6A-
modified frizzled7 (FZD7) mRNA and accelerates its translation.
FZD7 is a key Wnt receptor and increased expression of FZD7
leads to hyper-activation of the Wnt/b-catenin pathway and
promotion of gastric carcinogenesis (61). In addition, YTHDF2
is down-regulated in gastric cancer tissues and cells.
Overexpression of YTHDF2 significantly inhibited the
proliferation, invasion and migration of gastric cancer cells by
negatively regulating forkhead box C2 (FOXC2), which acts as an
oncogene in various cancers such as nasopharyngeal cancer,
colorectal cancer and triple negative breast cancer (71, 83–85).

Colorectal Cancer
YTHDF1 acts as an oncogene in colorectal cancer (CRC) and is
associated with poor prognosis in overall survival. Down-
regulation of YTHDF1 inhibited CRC proliferation and
increased sensitivity to the exposure of fluorouracil and
oxaliplatin. Moreover, YTHDF1 is transcriptionally regulated
Frontiers in Oncology | www.frontiersin.org 6
by a well-known oncogenic transcription factor c-Myc in CRC
(86). Mechanistically, knockdown of YTHDF1 significantly
suppressed Wnt/b-catenin pathway activity in CRC. Wnt/b-
catenin pathway is one of the best-characterized cancer drivers
that can promote cancer progression and chemoresistance in
various cancers (87). YTHDF1 plays an essential oncogenic role
in CRC and is expected to be a therapeutic target for CRC.

YTHDC2 promotes the metastasis of colon cancer cells by
facilitating the translation of hypoxia inducible factor 1 subunit
alpha (HIF-1a) and twist family BHLH transcription factor 1
(Twist1) mRNA during hypoxia (79). In addition, METTL14
inhibits the malignancy of CRC by suppressing oncogenic long
non-coding RNA XIST. YTHDF2 recognizes m6A-modified
XIST and accelerated the decay of XIST (72). LncRNA GAS5
inhibits CRC progression via triggering phosphorylation and
ubiquitin-mediated degradation of YAP. YTHDF3 is a target of
YAP and furthermore plays a key role in YAP signaling by
promoting m6A-modified lncRNA GAS5 decay (77).

Lung Cancer
Lung cancer is the leading cause of cancer-related death
worldwide. YTHDF proteins play different roles in lung cancer
progression by controlling the metabolism of different targets in
a m6A-dependent manner. YTHDF2 is up-regulated in lung
cancer tissues and functions as an oncogene in lung cancer.
YTHDF2 promotes the proliferation of lung cancer cells and
facilitates the pentose phosphate pathway (PPP) flux, which is
critical in regulating cancer cell growth by supplying cells with
ribose-5-phosphate and NADPH. Mechanistically, YTHDF2
directly binds to m6A-modified 6-phosphogluconate
dehydrogenase (6PGD) mRNA and promotes 6PGD mRNA
translation. 6PGD is upregulated in lung cancer and elevated
TABLE 1 | Multiple functions exerted by YTH family proteins in various cancers.

Molecule Cancer type Target Effect on target Role in cancer Reference

YTHDF1 HCC Snail Translation Promote EMT of HCC cells (59)
HCC FZD5 Translation Promote cell proliferation and metastasis (60)
Gastric cancer FZD7 Translation Promote cell proliferation (61)
Lung cancer CDK2, CDK4, cyclin D1 Translation Promote cell proliferation (62)
Ovarian cancer EIF3C Translation Promote cell proliferation and metastasis (63)
Ovarian cancer TRIM29 Translation Enhance CSC-like characteristics (64)
Ocular melanoma HINT2 Translation Inhibit cell proliferation and migration (65)
MCC eIF3 Translation Promote cell proliferation (66)

YTHDF2 HCC OCT4 Translation Promote CSC phenotype and metastasis (67)
HCC EGFR Degradation Inhibit cell proliferation (68)
HCC IL11, SERPINE2 Degradation Inhibit inflammation, vascular remodeling and metastasis (69)
Pancreatic cancer YAP Expression Promote cell proliferation but inhibit migration and invasion (70)
Gastric cancer FOXC2 Expression Inhibit cell proliferation, invasion and migration (71)
CRC XIST Degradation Inhibit cell proliferation and metastasis (72)
Lung cancer 6PGD Translation Promote cell proliferation (22)
AML Tnfrsf2 Stability Promote LSC development and AML initiation (73)
Bladder cancer SETD7, KLF4 Degradation Promotes cell migration (74)
Prostate cancer LHPP, NKX3–1 Degradation Promote cell proliferation and migration (75)
Melanoma PD-1, CXCR4, SOX10 Degradation Inhibit cell proliferation and migration (76)

YTHDF3 CRC LncRNA GAS5 Degradation Promote CRC progression (77)
YTHDF1/3 Bladder cancer ITGA6 Translation Promote cell proliferation and migration (78)
YTHDC2 CRC HIF-1a,Twist1 Translation Promote cell metastasis (79)
April 2021 | Volume 11 | Art
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expression of 6PGD can promote lung cancer cel l
proliferation (22).

YTHDF1 promotes the proliferation of non-small cell lung
cancer (NSCLC) cells by enhancing the translational efficiency of
cell cycle regulators CDK2, CDK4 and cyclinD1. However, the
clinical correlation analysis showed the adverse result. YTHDF1
high expression correlated with better clinical outcome in
NSCLC and depletion of YTHDF1 rendered NSCLC cells
resistant to cisplatin (DDP) treatment. Mechanistically,
depletion of YTHDF1 can inhibit the translational efficiency of
m6A-modified Keap1 mRNA in an oxidative stress state induced
by DDP, and activated the antioxidant ROS clearance system
(Nrf2-AKR1C1) in turn, leading to DDP resistance and a worse
clinical outcome for NSCLC patients (62). According to above
findings, it may provide a potential strategy to improve the
clinical outcome of YTHDF1 low expressing NSCLC patients by
using AKR1C1 specific inhibitors together with platinum
based chemotherapy.
Acute Myeloid Leukemia (AML)
AML is a disorder characterized by a clonal proliferation derived
from primitive hematopoietic stem cells (HSCs) or progenitor
cells, resulting in blockade of myeloid differentiation and
generation of self-renewing leukemic stem cells (LSCs). It is
still a challenge to eliminate cancer stem cells while preserving
hematopoiesis in leukemia treatment. YTHDF2 is up-regulated
in AML and plays an essential role in leukemic stem cell (LSC)
development and AML initiation by decreasing the half-life of
tumor necrosis factor receptor TNF receptor superfamily
member 2 (Tnfrsf2), which contributes to the overall integrity
of LSC function. More importantly, YTHDF2 deficiency cannot
derail hematopoiesis and can enhance HSC activity. So YTHDF2
is a unique therapeutic target in AML whose depletion selectively
inhibits LSCs while accelerating HSC expansion (73).

Ovarian Cancer
Ovarian cancer ranks as the fifth leading cause of cancer-related
death in women worldwide and has the highest mortality rate
among gynecological cancers due to poor prognosis and high
relapse rate. YTHDF1 is frequently overexpressed in ovarian
cancer and up-regulation of YTHDF1 is associated with the
adverse prognosis of ovarian cancer patients. Silence of YTHDF1
inhibited the growth and metastasis of ovarian cancer in vitro
and in vivo. Mechanistically, YTHDF1 facilitates the malignancy
by binding to m6A-modified eukaryotic translation initiation
factor 3 subunit C (EIF3C) mRNA, which is a subunit of the
protein translation initiation factor EIF3, and promotes the
translation of EIF3C mRNA (63). In addition, cancer stem
cells (CSCs) are a population of cells with stem-like
characteristics that are able to cause chemoresistance and
recurrence. YTHDF1 was found to enhance the CSC-like
characteristics of the cisplatin-resistant ovarian cancer cells by
binding to m6A-modified TRIM29 mRNA and promoting its
translation (64). Thus, targeting YTHDF1 is expected to be a
promising candidate for ovarian cancer therapy.
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Bladder Cancer
In bladder cancer, three YTHDF proteins all act as oncogenes.
YTHDF1/YTHDF3 promotes the tumor growth and progression
by recognizing m6A-modified integrin subunit alpha 6 (ITGA6)
mRNA and promoting its translation (78). YTHDF2 facilitates
tumorigenesis through accelerating the degradation of tumor
suppressors set domain containing 7 (SETD7) mRNA and
Kruppel like actor 4 (KLF4) mRNA in bladder cancer (74).

Prostate Cancer
YTHDF2 was found frequently up-regulated in prostate cancer
through immuno-histochemical (IHC) staining and
chromogenic in situ hybridization (CISH). Knockdown of
YTHDF2 inhibited the proliferation and migration of prostate
cancer cells. MiR-493-3p was identified to be an upstream factor
of YTHDF2, which suppressed prostate cancer by targeting
YTHDF2 (88). Another study had the similar results, YTHDF2
mediated the degradation of tumor suppressors LHPP and
NKX3–1 mRNA and indirectly induced AKT phosphorylation
to promote prostate cancer progression in an m6A-dependent
manner (75). Above results suggest that YTHDF2 acts as an
oncogene in prostate cancer and YTHDF2 is expected to be a
potential biomarker for diagnosis or targeted therapy of
prostate cancer.

Skin Cancer
Melanoma is one of the most aggressive malignant skin tumors
and its incidence has been increasing worldwide in recent
decades. In melanoma, YTHDF2 suppresses the proliferation
and migration of melanoma cells by promoting the decay of
protumorigenic melanoma cell-intrinsic genes such as PD-1
(PDCD1), CXCR4 and SOX10 (76). In addition, YTHDF1
inhibits the growth and migration of ocular melanoma cells via
facilitating the translation of histidine triad nucleotide binding
protein 2 (HINT2) (65). Merkel cell carcinoma (MCC) is a kind
of highly malignant skin cancer, of which 80% cases are mainly
caused by the Merkel cell polyomavirus (MCPyV) (89). YTHDF1
is highly expressed in MCC, silence of YTHDF1 down-regulated
the translational initiation factor eIF3, leading to the reduction of
proliferative and clonogenic capacity in MCC cells (66).
POTENTIAL APPLICATION OF YTH
FAMILY PROTEINS IN CANCER THERAPY

YTH family proteins serve as the potential therapeutic and
prognostic targets in various cancers. For example, YTHDF2 is
a critical regulator for acute myeloid leukemia (AML) initiation
and propagation. Deficiency of YTHDF2 can limit leukemic stem
cells activity while enhancing hematopoietic stem cells expansion
and myeloid reconstitution. Thus, inhibition of YTHDF2 is
expected to be a potential therapeutic strategy for AML
treatment (73). In ovarian cancer, YTHDF1 acts as an
oncogene. Up-regulation of YTHDF1 is associated with the
poor prognosis of ovarian cancer patients and knockdown of
YTHDF1 can inhibit the stem cell-like features of cisplatin-
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resistant ovarian cancer cells. YTHDF1 may have strong
potential as a therapeutic target for ovarian cancer (63, 64).

Nowadays, despite surgery, chemotherapy and radiotherapy,
immunotherapy has become a promising method in cancer
treatment. Immune check-point therapy based on cytotoxic T
lymphocyte-associated antigen 4 (CTLA4), programmed death-1
(PD-1), and programmed death ligand-1 (PD-L1) inhibitors has
a good effect in non–small-cell lung carcinoma and melanoma
(90, 91). YTHDF1 deficiency was found to exert antitumor
function by enhancing immunosurveillance. Loss of YTHDF1
facilitated the cross-presentation of tumor antigens on dendritic
cells (DCs) and increased cross-priming of CD8+ T cells.
Mechanistically, YTHDF1 recognizes m6A-modified
transcripts encoding lysosomal cathepsins in DCs and
promotes their translation, which inhibits the cross-
presentation of tumor neoantigens to achieve immune escape.
In addition, YTHDF1 deficiency improves the therapeutic
outcome of immune checkpoint inhibitor, which blocks the T
cell inhibitor receptor PD1. Combined with immune checkpoint
blockade, YTHDF1 can be a potential new target in cancer
immunotherapy (92).
CONCLUSION AND PERSPECTIVES

YTH family proteins, as the main m6A reader proteins, participate
in tumorigenesis, proliferation, invasion and metastasis of various
cancers through regulating almost the entire process of targeted
RNAs metabolism. According to the prevailing mode, the nuclear
reader YTHDC1 is involved in mRNA splicing and nuclear export.
YTHDF2 promotes mRNA degradation; YTHDF1 enhances
translation; and YTHDF3 both accelerates translation and
degradation through interacting with YTHDF1 and YTHDF2.
However, whether three YTHDF proteins have distinct or
redundant cellular functions has been disputed in recent studies.
Considering that the expression of YTHDF2 is more highly than
YTHDF1 and YTHDF3, effects of YTHDF1 or YTHDF3
deficiency may not be similar to YTHDF2 deficiency due to
compensation. So silencing all three YTHDF proteins and then
expressing one YTHDF protein exogenously may be a good way to
detect their redundant functions. These disputes need to be settled
through more careful experimental design in further studies.

YTH family proteins mainly act as oncogenes in different types
of cancer with few exceptions. For example, YTHDF2 inhibits the
progression of gastric cancer and melanoma. And YTHDF1 plays
a suppressive role in ocular melanoma. The different roles of YTH
family proteins act in various cancers may depend on their specific
recognition of different m6A-mdified transcripts, which act as
oncogenes or tumor suppressors. It is essential to identify more
m6A-modified transcripts recognized by YTH family proteins,
verify roles of these targets acted in cancer progression, and clarify
the mechanism by which YTH family proteins achieve selectivity
toward certain m6A-modified transcripts. In addition, different
researchers presented the opposite role of the same YTH family
protein acted even in the same cancer. Therefore, more large-scale
and multi-center researches are needed to explore the functions
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and underlying mechanisms of YTH family proteins in various
cancers, which provides basis for precise cancer treatment.

Studies on regulation of YTH family proteins in cancer
progression are few. Recently, an additional function of non-
coding RNAs in the control of YTH family proteins has been
reported. In hepatocellular carcinoma (HCC), miR-145
modulates m6A levels by targeting the 3′-UTR of YTHDF2
mRNA and inhibits the progression of HCC cells (93). In
prostate cancer, miR-493-3p is an upstream factor of YTHDF2
and exerts anti-tumor effects by targeting YTHDF2 (88). The
profound mechanism by which interplay between YTH family
proteins and non-coding RNA impacts cancer development
needs to be further studied. In addition, post-translational
modification plays an important role in regulating YTHDF
family proteins. The SUMOylation of YTHDF2 at the major
site of K571 significantly increases its binding affinity of m6A-
modified mRNAs and results in deregulated gene expressions
which accounts for cancer progression (94). Is there any other
post-translational modification to regulate YTH family proteins
and impact cancer progression? Whether there are external or
internal stimuli leading to alteration of post-translational
modification? These questions are worthy of further exploration.

The essential roles of m6A observed in various types of cancers
suggest that they are potential therapeutic targets for cancer
therapy. It has aroused great interest to develop small-molecule
inhibitors targeting m6A writers or erasers. For example,
meclofenamic acid (MA) and R-2-hydroxyglutarate (R-2HG),
which can inhibit the activity of FTO, are applied to treat
leukemia and glioma (95, 96). However, another approach that
can be explored is to target YTH family proteins pharmacologically.
Considering that YTH domain has a unique aromatic cage
structure, the aromatic cage forms a hydrophobic binding pocket
that is crucial for the specific recognition and binding of m6A. This
site may be suitable for developing small molecule inhibitors that
can compete with m6A-modified transcripts and counteract the
effects of YTH family proteins. Besides small molecule inhibitors
that target YTH family proteins directly, PROTAC (proteolysis
targeting chimera)-based inhibitors which can selectively decay
dysregulated m6A reader proteins may be a feasible method for
cancer therapy. Development of small molecule inhibitors for
targeting YTH family proteins could lead to a new way of cancer
therapy in the future.
AUTHOR CONTRIBUTIONS

QD and J-FW designed the study. X-YD, LS, and ZL wrote the
manuscript. H-YY revised the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was supported by the National Natural Science
Foundation of China (81972486, 81802748, 81802644), the Key
Medical Talents of Jiangsu Province (ZDRCA2016029) and ‘333’
April 2021 | Volume 11 | Article 635329

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


Dai et al. YTH Family Proteins in Cancers
High-level Talents Training Project of Jiangsu Province
(BRA2016505). Besides, the work was also funded by the
International Cooperation Project of Jiangsu Provincial Science
Frontiers in Oncology | www.frontiersin.org 9
and Technology Department (BZ2018054) and the Priority
Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).
REFERENCES
1. Desrosiers R, Friderici K, Rottman F. Identification of methylated nucleosides

in messenger RNA from Novikoff hepatoma cells. Proc Natl Acad Sci USA
(1974) 71(10):3971–5. doi: 10.1073/pnas.71.10.3971

2. Alarcón CR, Lee H, Goodarzi H, Halberg N, Tavazoie SF. N6-
methyladenosine marks primary microRNAs for processing. Nature (2015)
519(7544):482–5. doi: 10.1038/nature14281

3. Patil DP, Chen CK, Pickering BF, Chow A, Jackson C, Guttman M, et al. m(6)
A RNA methylation promotes XIST-mediated transcriptional repression.
Nature (2016) 537(7620):369–73. doi: 10.1038/nature19342

4. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M,
Ungar L, Osenberg S, et al. Topology of the human and mouse m6A RNA
methylomes revealed by m6A-seq. Nature (2012) 485(7397):201–6.
doi: 10.1038/nature11112

5. Linder B, Grozhik AV, Olarerin-George AO, Meydan C, Mason CE, Jaffrey
SR. Single-nucleotide-resolution mapping of m6A and m6Am throughout the
transcriptome. Nat Methods (2015) 12(8):767–72. doi: 10.1038/nmeth.3453

6. Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by mRNA
modifications. Nat Rev Mol Cell Biol (2017) 18(1):31–42. doi: 10.1038/
nrm.2016.132

7. Dai D, Wang H, Zhu L, Jin H, Wang X. N6-methyladenosine links RNA
metabolism to cancer progression. Cell Death Dis (2018) 9(2):124.
doi: 10.1038/s41419-017-0129-x

8. Meyer KD, Saletore Y, Zumbo P, Elemento O, Mason CE, Jaffrey SR.
Comprehensive analysis of mRNA methylation reveals enrichment in 3′
UTRs and near stop codons. Cell (2012) 149(7):1635–46. doi: 10.1016/
j.cell.2012.05.003

9. Liu J, Yue Y, Han D, Wang X, Fu Y, Zhang L, et al. A METTL3-METTL14
complex mediates mammalian nuclear RNA N6-adenosine methylation. Nat
Chem Biol (2014) 10(2):93–5. doi: 10.1038/nchembio.1432

10. Pan Y, Ma P, Liu Y, Li W, Shu Y. Multiple functions of m(6)A RNA
methylation in cancer. J Hematol Oncol (2018) 11(1):48. doi: 10.1186/
s13045-018-0590-8

11. Ping XL, Sun BF, Wang L, Xiao W, Yang X, Wang WJ, et al. Mammalian
WTAP is a regulatory subunit of the RNA N6-methyladenosine
methyltransferase. Cell Res (2014) 24(2):177–89. doi: 10.1038/cr.2014.3

12. Schumann U, Shafik A, Preiss T. METTL3 Gains R/W Access to the
Epitranscriptome. Mol Cell (2016) 62(3):323–4. doi : 10.1016/
j.molcel.2016.04.024

13. Jia G, Fu Y, Zhao X, Dai Q, Zheng G, Yang Y, et al. N6-methyladenosine in
nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem
Biol (2011) 7(12):885–7. doi: 10.1038/nchembio.687

14. Zheng G, Dahl JA, Niu Y, Fedorcsak P, Huang CM, Li CJ, et al. ALKBH5 is a
mammalian RNA demethylase that impacts RNA metabolism and mouse
fertility. Mol Cell (2013) 49(1):18–29. doi: 10.1016/j.molcel.2012.10.015

15. Patil DP, Pickering BF, Jaffrey SR. Reading m(6)A in the Transcriptome: m(6)
A-Binding Proteins. Trends Cell Biol (2018) 28(2):113–27. doi: 10.1016/
j.tcb.2017.10.001

16. Xu C, Wang X, Liu K, Roundtree IA, Tempel W, Li Y, et al. Structural basis for
selective binding of m6A RNA by the YTHDC1 YTH domain. Nat Chem Biol
(2014) 10(11):927–9. doi: 10.1038/nchembio.1654

17. Zhang Z, Theler D, Kaminska KH, Hiller M, de la Grange P, Pudimat R, et al.
The YTH domain is a novel RNA binding domain. J Biol Chem (2010) 285
(19):14701–10. doi: 10.1074/jbc.M110.104711

18. Liao S, Sun H, Xu C. YTH Domain: A Family of N(6)-methyladenosine (m(6)
A) Readers. Genomics Proteomics Bioinformatics (2018) 16(2):99–107.
doi: 10.1016/j.gpb.2018.04.002

19. Nachtergaele S, He C. The emerging biology of RNA post-transcriptional
modifications. RNA Biol (2017) 14(2):156–63. doi: 10.1080/15476286.
2016.1267096
20. Deng X, Su R, Weng H, Huang H, Li Z, Chen J. RNA N-methyladenosine
modification in cancers: current status and perspectives. Cell Res (2018) 28
(5):507–17. doi: 10.1038/s41422-018-0034-6

21. Chen M, Wong C-M. The emerging roles of N6-methyladenosine (m6A)
deregulation in liver carcinogenesis.Mol Cancer (2020) 19(1):44. doi: 10.1186/
s12943-020-01172-y

22. Sheng H, Li Z, Su S, Sun W, Zhang X, Li L, et al. YTH domain family 2
promotes lung cancer cell growth by facilitating 6-phosphogluconate
dehydrogenase mRNA translation. Carcinogenesis (2020) 41(5):541–50..
doi: 10.1093/carcin/bgz152

23. Zhu T, Roundtree IA, Wang P, Wang X, Wang L, Sun C, et al. Crystal
structure of the YTH domain of YTHDF2 reveals mechanism for recognition
of N6-methyladenosine. Cell Res (2014) 24(12):1493–6. doi: 10.1038/
cr.2014.152

24. Ma C, Liao S, Zhu Z. Crystal structure of human YTHDC2 YTH domain.
Biochem Biophys Res Commun (2019) 518(4):678–84. doi: 10.1016/
j.bbrc.2019.08.107

25. Xu C, Liu K, Ahmed H, Loppnau P, Schapira M, Min J. Structural Basis for the
Discriminative Recognition of N6-Methyladenosine RNA by the Human
YT521-B Homology Domain Family of Proteins. J Biol Chem (2015) 290
(41):24902–13. doi: 10.1074/jbc.M115.680389

26. Li F, Zhao D, Wu J, Shi Y. Structure of the YTH domain of human YTHDF2
in complex with an m(6)A mononucleotide reveals an aromatic cage for m(6)
A recognition. Cell Res (2014) 24(12):1490–2. doi: 10.1038/cr.2014.153

27. Achsel T, Bagni C. Cooperativity in RNA-protein interactions: the complex is
more than the sum of its partners. Curr Opin Neurobiol (2016) 39:146–51.
doi: 10.1016/j.conb.2016.06.007

28. Nayler O, Hartmann AM, Stamm S. The ER repeat protein YT521-B localizes
to a novel subnuclear compartment. J Cell Biol (2000) 150(5):949–62.
doi: 10.1083/jcb.150.5.949

29. Wojtas MN, Pandey RR, Mendel M, Homolka D, Sachidanandam R, Pillai RS.
Regulation of mA Transcripts by the 3′!5′ RNA Helicase YTHDC2 Is
Essential for a Successful Meiotic Program in the Mammalian Germline.
Mol Cell (2017) 68(2):374–87. doi: 10.1016/j.molcel.2017.09.021

30. Kretschmer J, Rao H, Hackert P, Sloan KE, Höbartner C, Bohnsack MT. The
mA reader protein YTHDC2 interacts with the small ribosomal subunit and
the 5′-3′ exoribonuclease XRN1. RNA (New York NY) (2018) 24(10):1339–50.
doi: 10.1261/rna.064238.117

31. Liu J, Dou X, Chen C, Chen C, Liu C, Xu MM, et al. N6-methyladenosine of
chromosome-associated regulatory RNA regulates chromatin state and
transcription. Science (New York NY) (2020) 367(6477):580–6. doi: 10.1126/
science.aay6018

32. Kasowitz SD, Ma J, Anderson SJ, Leu NA, Xu Y, Gregory BD, et al. Nuclear
m6A reader YTHDC1 regulates alternative polyadenylation and splicing
during mouse oocyte development. PloS Genet (2018) 14(5):e1007412.
doi: 10.1371/journal.pgen.1007412

33. Roundtree IA, Luo GZ, Zhang Z, Wang X, Zhou T, Cui Y, et al. YTHDC1
mediates nuclear export of N(6)-methyladenosine methylated mRNAs. eLife
(2017) 6. doi: 10.7554/eLife.31311

34. Shi H, Wang X, Lu Z, Zhao BS, Ma H, Hsu PJ, et al. YTHDF3 facilitates
translation and decay of N(6)-methyladenosine-modified RNA. Cell Res
(2017) 27(3):315–28. doi: 10.1038/cr.2017.15

35. Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, Ma H, et al. N(6)-
methyladenosine Modulates Messenger RNA Translation Efficiency. Cell
(2015) 161(6):1388–99. doi: 10.1016/j.cell.2015.05.014

36. Du H, Zhao Y, He J, Zhang Y, Xi H, Liu M, et al. YTHDF2 destabilizes m(6)A-
containing RNA through direct recruitment of the CCR4-NOT deadenylase
complex. Nat Commun (2016) 7:12626. doi: 10.1038/ncomms12626

37. Lee Y, Choe J, Park OH, Kim YK. Molecular Mechanisms Driving mRNA
Degradation by m(6)A Modification. Trends Genet (2020) 36(3):177–88.
doi: 10.1016/j.tig.2019.12.007
April 2021 | Volume 11 | Article 635329

https://doi.org/10.1073/pnas.71.10.3971
https://doi.org/10.1038/nature14281
https://doi.org/10.1038/nature19342
https://doi.org/10.1038/nature11112
https://doi.org/10.1038/nmeth.3453
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1038/s41419-017-0129-x
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1038/nchembio.1432
https://doi.org/10.1186/s13045-018-0590-8
https://doi.org/10.1186/s13045-018-0590-8
https://doi.org/10.1038/cr.2014.3
https://doi.org/10.1016/j.molcel.2016.04.024
https://doi.org/10.1016/j.molcel.2016.04.024
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1016/j.tcb.2017.10.001
https://doi.org/10.1016/j.tcb.2017.10.001
https://doi.org/10.1038/nchembio.1654
https://doi.org/10.1074/jbc.M110.104711
https://doi.org/10.1016/j.gpb.2018.04.002
https://doi.org/10.1080/15476286.2016.1267096
https://doi.org/10.1080/15476286.2016.1267096
https://doi.org/10.1038/s41422-018-0034-6
https://doi.org/10.1186/s12943-020-01172-y
https://doi.org/10.1186/s12943-020-01172-y
https://doi.org/10.1093/carcin/bgz152
https://doi.org/10.1038/cr.2014.152
https://doi.org/10.1038/cr.2014.152
https://doi.org/10.1016/j.bbrc.2019.08.107
https://doi.org/10.1016/j.bbrc.2019.08.107
https://doi.org/10.1074/jbc.M115.680389
https://doi.org/10.1038/cr.2014.153
https://doi.org/10.1016/j.conb.2016.06.007
https://doi.org/10.1083/jcb.150.5.949
https://doi.org/10.1016/j.molcel.2017.09.021
https://doi.org/10.1261/rna.064238.117
https://doi.org/10.1126/science.aay6018
https://doi.org/10.1126/science.aay6018
https://doi.org/10.1371/journal.pgen.1007412
https://doi.org/10.7554/eLife.31311
https://doi.org/10.1038/cr.2017.15
https://doi.org/10.1016/j.cell.2015.05.014
https://doi.org/10.1038/ncomms12626
https://doi.org/10.1016/j.tig.2019.12.007
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Dai et al. YTH Family Proteins in Cancers
38. Li A, Chen YS, Ping XL, Yang X, Xiao W, Yang Y, et al. Cytoplasmic m(6)A
reader YTHDF3 promotes mRNA translation. Cell Res (2017) 27(3):444–7.
doi: 10.1038/cr.2017.10

39. Hsu PJ, Zhu Y, Ma H, Guo Y, Shi X, Liu Y, et al. Ythdc2 is an N(6)-
methyladenosine binding protein that regulates mammalian spermatogenesis.
Cell Res (2017) 27(9):1115–27. doi: 10.1038/cr.2017.99

40. Liu N, Dai Q, Zheng G, He C, Parisien M, Pan T. N(6)-methyladenosine-
dependent RNA structural switches regulate RNA-protein interactions.
Nature (2015) 518(7540):560–4. doi: 10.1038/nature14234

41. Hartmann AM, Nayler O, Schwaiger FW, Obermeier A, Stamm S. The
interaction and colocalization of Sam68 with the splicing-associated factor
YT521-B in nuclear dots is regulated by the Src family kinase p59(fyn). Mol
Biol Cell (1999) 10(11):3909–26. doi: 10.1091/mbc.10.11.3909

42. Imai Y, Matsuo N, Ogawa S, TohyamaM, Takagi T. Cloning of a gene, YT521,
for a novel RNA splicing-related protein induced by hypoxia/reoxygenation.
Brain Res Mol Brain Res (1998) 53(1-2):33–40. doi: 10.1016/S0169-328X(97)
00262-3

43. Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, et al. N6-methyladenosine-
dependent regulation of messenger RNA stability. Nature (2014) 505
(7481):117–20. doi: 10.1038/nature12730

44. Xiao W, Adhikari S, Dahal U, Chen YS, Hao YJ, Sun BF, et al. Nuclear m(6)A
Reader YTHDC1 Regulates mRNA Splicing. Mol Cell (2016) 61(4):507–19.
doi: 10.1016/j.molcel.2016.01.012

45. Park OH, Ha H, Lee Y, Boo SH, Kwon DH, Song HK, et al.
Endoribonucleolytic Cleavage of m(6)A-Containing RNAs by RNase P/
MRP Complex. Mol Cell (2019) 74(3):494–507.e8. doi: 10.1016/
j.molcel.2019.02.034

46. Nakano M, Ondo K, Takemoto S, Fukami T, Nakajima M. Methylation of
adenosine at the N(6) position post-transcriptionally regulates hepatic P450s
expression. Biochem Pharmacol (2020) 171:113697. doi: 10.1016/
j.bcp.2019.113697

47. Wang J, Wang L, Diao J, Shi YG, Shi Y, Ma H, et al. Binding to mA RNA
promotes YTHDF2-mediated phase separation. Protein Cell (2020) 11
(4):304–7. doi: 10.1007/s13238-019-00660-2

48. Gao Y, Pei G, Li D, Li R, Shao Y, Zhang QC, et al. Multivalent mA motifs
promote phase separation of YTHDF proteins. Cell Res (2019) 29(9):767–9.
doi: 10.1038/s41422-019-0210-3

49. Ries RJ, Zaccara S, Klein P, Olarerin-George A, Namkoong S, Pickering BF,
et al. mA enhances the phase separation potential of mRNA. Nature (2019)
571(7765):424–8. doi: 10.1038/s41586-019-1374-1

50. Fu Y, Zhuang X. mA-binding YTHDF proteins promote stress granule
formation. Nat Chem Biol (2020) 16(9):955–63. doi: 10.1038/s41589-020-
0524-y

51. Lubas M, Christensen MS, Kristiansen MS, Domanski M, Falkenby LG,
Lykke-Andersen S, et al. Interaction profiling identifies the human nuclear
exosome targeting complex. Mol Cell (2011) 43(4):624–37. doi: 10.1016/
j.molcel.2011.06.028

52. Kennedy EM, Bogerd HP, Kornepati AVR, Kang D, Ghoshal D, Marshall JB,
et al. Posttranscriptional m(6)A Editing of HIV-1 mRNAs Enhances Viral
Gene Expression. Cell Host Microbe (2016) 19(5):675–85. doi: 10.1016/
j.chom.2016.04.002

53. Zaccara S, Jaffrey SR. A Unified Model for the Function of YTHDF Proteins in
Regulating mA-Modified mRNA. Cell (2020) 181(7):1582–95. doi: 10.1016/
j.cell.2020.05.012

54. Berlivet S, Scutenaire J, Deragon JM, Bousquet-Antonelli C. Readers of the m
(6)A epitranscriptomic code. Biochim Biophys Acta Gene Regul Mech (2019)
1862(3):329–42. doi: 10.1016/j.bbagrm.2018.12.008

55. Geula S, Moshitch-Moshkovitz S, Dominissini D, Mansour AA, Kol N,
Salmon-Divon M, et al. Stem cells. m6A mRNA methylation facilitates
resolution of naïve pluripotency toward differentiation. Science (New York
NY) (2015) 347(6225):1002–6. doi: 10.1126/science.1261417

56. Zhang C, Chen Y, Sun B, Wang L, Yang Y, Ma D, et al. m(6)A modulates
haematopoietic stem and progenitor cell specification. Nature (2017) 549
(7671):273–6. doi: 10.1038/nature23883

57. Haussmann IU, Bodi Z, Sanchez-Moran E, Mongan NP, Archer N, Fray RG,
et al. m(6)A potentiates Sxl alternative pre-mRNA splicing for robust
Drosophila sex determination. Nature (2016) 540(7632):301–4.
doi: 10.1038/nature20577
Frontiers in Oncology | www.frontiersin.org 10
58. Zhou J, Wan J, Gao X, Zhang X, Jaffrey SR, Qian SB. Dynamic m(6)A mRNA
methylation directs translational control of heat shock response. Nature
(2015) 526(7574):591–4. doi: 10.1038/nature15377

59. Lin X, Chai G, Wu Y, Li J, Chen F, Liu J, et al. RNA m(6)A methylation
regulates the epithelial mesenchymal transition of cancer cells and translation
of Snail. Nat Commun (2019) 10(1):2065. doi: 10.1038/s41467-019-09865-9

60. Liu X, Qin J, Gao T, Li C, He B, Pan B, et al. YTHDF1 Facilitates the
Progression of Hepatocellular Carcinoma by Promoting FZD5 mRNA
Translation in an m6A-Dependent Manner. Mol Ther Nucleic Acids (2020)
22:750–65. doi: 10.1016/j.omtn.2020.09.036

61. Pi J, Wang W, Ji M, Wang X, Wei X, Jin J, et al. YTHDF1 promotes gastric
carcinogenesis by controlling translation of FZD7. Cancer Res (2020).
doi: 10.1158/0008-5472.CAN-20-0066

62. Shi Y, Fan S, Wu M, Zuo Z, Li X, Jiang L, et al. YTHDF1 links hypoxia
adaptation and non-small cell lung cancer progression. Nat Commun (2019)
10(1):4892. doi: 10.1038/s41467-019-12801-6

63. Liu T, Wei Q, Jin J, Luo Q, Liu Y, Yang Y, et al. The m6A reader YTHDF1
promotes ovarian cancer progression via augmenting EIF3C translation.
Nucleic Acids Res (2020) 48(7):3816–31. doi: 10.1093/nar/gkaa048

64. Hao L, Wang J-M, Liu B-Q, Yan J, Li C, Jiang J-Y, et al. m6A-YTHDF1-
mediated TRIM29 upregulation facilitates the stem cell-like phenotype of
cisplatin-resistant ovarian cancer cells. Biochim Biophys Acta Mol Cell Res
(2021) 1868(1):118878. doi: 10.1016/j.bbamcr.2020.118878

65. Jia R, Chai P, Wang S, Sun B, Xu Y, Yang Y, et al. m(6)A modification
suppresses ocular melanoma through modulating HINT2 mRNA translation.
Mol Cancer (2019) 18(1):161. doi: 10.1186/s12943-019-1088-x

66. Orouji E, Peitsch WK, Orouji A, Houben R, Utikal J. Oncogenic Role of an
Epigenetic Reader of m(6)A RNA Modification: YTHDF1 in Merkel Cell
Carcinoma. Cancers (2020) 12(1):202. doi: 10.3390/cancers12010202

67. Zhang C, Huang S, Zhuang H, Ruan S, Zhou Z, Huang K, et al. YTHDF2
promotes the liver cancer stem cell phenotype and cancer metastasis by
regulating OCT4 expression via m6A RNA methylation. Oncogene (2020) 39
(23):4507–18. doi: 10.1038/s41388-020-1303-7

68. Zhong L, Liao D, Zhang M, Zeng C, Li X, Zhang R, et al. YTHDF2 suppresses
cell proliferation and growth via destabilizing the EGFR mRNA in
hepatocellular carcinoma. Cancer Lett (2019) 442:252–61. doi: 10.1016/
j.canlet.2018.11.006

69. Hou J, Zhang H, Liu J, Zhao Z, Wang J, Lu Z, et al. YTHDF2 reduction fuels
inflammation and vascular abnormalization in hepatocellular carcinoma.Mol
Cancer (2019) 18(1):163. doi: 10.1186/s12943-019-1082-3

70. Chen J, Sun Y, Xu X, Wang D, He J, Zhou H, et al. YTH domain family 2
orchestrates epithelial-mesenchymal transition/proliferation dichotomy in
pancreatic cancer cells. Cell Cycle (Georgetown Tex) (2017) 16(23):2259–71.
doi: 10.1080/15384101.2017.1380125

71. Shen X, Zhao K, Xu L, Cheng G, Zhu J, Gan L, et al. YTHDF2 Inhibits Gastric
Cancer Cell Growth by Regulating FOXC2 Signaling Pathway. Front Genet
(2020) 11:592042. doi: 10.3389/fgene.2020.592042

72. Yang X, Zhang S, He C, Xue P, Zhang L, He Z, et al. METTL14 suppresses
proliferation and metastasis of colorectal cancer by down-regulating
oncogenic long non-coding RNA XIST. Mol Cancer (2020) 19(1):46.
doi: 10.1186/s12943-020-1146-4

73. Paris J, Morgan M, Campos J, Spencer GJ, Shmakova A, Ivanova I, et al.
Targeting the RNA m(6)A Reader YTHDF2 Selectively Compromises Cancer
Stem Cells in Acute Myeloid Leukemia. Cell Stem Cell (2019) 25(1):137–48.e6.
doi: 10.1016/j.stem.2019.03.021

74. Xie H, Li J, Ying Y, Yan H, Jin K, Ma X, et al. METTL3/YTHDF2 m(6) A axis
promotes tumorigenesis by degrading SETD7 and KLF4 mRNAs in bladder
cancer. J Cell Mol Med (2020) 24(7):4092–104. doi: 10.1111/jcmm.15063

75. Li J, Xie H, Ying Y, Chen H, Yan H, He L, et al. YTHDF2 mediates the mRNA
degradation of the tumor suppressors to induce AKT phosphorylation in N6-
methyladenosine-dependent way in prostate cancer. Mol Cancer (2020) 19
(1):152. doi: 10.1186/s12943-020-01267-6

76. Yang S, Wei J, Cui YH, Park G, Shah P, Deng Y, et al. m(6)A mRNA
demethylase FTO regulates melanoma tumorigenicity and response to anti-
PD-1 blockade. Nat Commun (2019) 10(1):2782. doi: 10.1038/s41467-019-
10669-0

77. Ni W, Yao S, Zhou Y, Liu Y, Huang P, Zhou A, et al. Long noncoding RNA
GAS5 inhibits progression of colorectal cancer by interacting with and
April 2021 | Volume 11 | Article 635329

https://doi.org/10.1038/cr.2017.10
https://doi.org/10.1038/cr.2017.99
https://doi.org/10.1038/nature14234
https://doi.org/10.1091/mbc.10.11.3909
https://doi.org/10.1016/S0169-328X(97)00262-3
https://doi.org/10.1016/S0169-328X(97)00262-3
https://doi.org/10.1038/nature12730
https://doi.org/10.1016/j.molcel.2016.01.012
https://doi.org/10.1016/j.molcel.2019.02.034
https://doi.org/10.1016/j.molcel.2019.02.034
https://doi.org/10.1016/j.bcp.2019.113697
https://doi.org/10.1016/j.bcp.2019.113697
https://doi.org/10.1007/s13238-019-00660-2
https://doi.org/10.1038/s41422-019-0210-3
https://doi.org/10.1038/s41586-019-1374-1
https://doi.org/10.1038/s41589-020-0524-y
https://doi.org/10.1038/s41589-020-0524-y
https://doi.org/10.1016/j.molcel.2011.06.028
https://doi.org/10.1016/j.molcel.2011.06.028
https://doi.org/10.1016/j.chom.2016.04.002
https://doi.org/10.1016/j.chom.2016.04.002
https://doi.org/10.1016/j.cell.2020.05.012
https://doi.org/10.1016/j.cell.2020.05.012
https://doi.org/10.1016/j.bbagrm.2018.12.008
https://doi.org/10.1126/science.1261417
https://doi.org/10.1038/nature23883
https://doi.org/10.1038/nature20577
https://doi.org/10.1038/nature15377
https://doi.org/10.1038/s41467-019-09865-9
https://doi.org/10.1016/j.omtn.2020.09.036
https://doi.org/10.1158/0008-5472.CAN-20-0066
https://doi.org/10.1038/s41467-019-12801-6
https://doi.org/10.1093/nar/gkaa048
https://doi.org/10.1016/j.bbamcr.2020.118878
https://doi.org/10.1186/s12943-019-1088-x
https://doi.org/10.3390/cancers12010202
https://doi.org/10.1038/s41388-020-1303-7
https://doi.org/10.1016/j.canlet.2018.11.006
https://doi.org/10.1016/j.canlet.2018.11.006
https://doi.org/10.1186/s12943-019-1082-3
https://doi.org/10.1080/15384101.2017.1380125
https://doi.org/10.3389/fgene.2020.592042
https://doi.org/10.1186/s12943-020-1146-4
https://doi.org/10.1016/j.stem.2019.03.021
https://doi.org/10.1111/jcmm.15063
https://doi.org/10.1186/s12943-020-01267-6
https://doi.org/10.1038/s41467-019-10669-0
https://doi.org/10.1038/s41467-019-10669-0
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Dai et al. YTH Family Proteins in Cancers
triggering YAP phosphorylation and degradation and is negatively regulated
by the m(6)A reader YTHDF3. Mol Cancer (2019) 18(1):143. doi: 10.1186/
s12943-019-1079-y

78. Jin H, Ying X, Que B, Wang X, Chao Y, Zhang H, et al. N(6)-methyladenosine
modification of ITGA6 mRNA promotes the development and progression of
bladder cancer. EBioMedicine (2019) 47:195–207. doi: 10.1016/
j.ebiom.2019.07.068

79. Tanabe A, Tanikawa K, Tsunetomi M, Takai K, Ikeda H, Konno J, et al. RNA
helicase YTHDC2 promotes cancer metastasis via the enhancement of the
efficiency by which HIF-1a mRNA is translated. Cancer Lett (2016) 376
(1):34–42. doi: 10.1016/j.canlet.2016.02.022

80. Yang Z, Li J, Feng G, Gao S, Wang Y, Zhang S, et al. MicroRNA-145
Modulates N(6)-Methyladenosine Levels by Targeting the 3′-Untranslated
mRNA Region of the N(6)-Methyladenosine Binding YTH Domain Family 2
Protein. J Biol Chem (2017) 292(9):3614–23. doi: 10.1074/jbc.M116.749689

81. Zhao X, Chen Y, Mao Q, Jiang X, Jiang W, Chen J, et al. Overexpression of
YTHDF1 is associated with poor prognosis in patients with hepatocellular
carcinoma. Cancer Biomark (2018) 21(4):859–68. doi: 10.3233/cbm-170791

82. Zhou Y, Yin Z, Hou B, Yu M, Chen R, Jin H, et al. Expression profiles and
prognostic significance of RNA N6-methyladenosine-related genes in patients
with hepatocellular carcinoma: evidence from independent datasets. Cancer
Manage Res (2019) 11:3921–31. doi: 10.2147/cmar.S191565

83. Chen Y, Deng G, Fu Y, Han Y, Guo C, Yin L, et al. FOXC2 Promotes
Oxaliplatin Resistance by Inducing Epithelial-Mesenchymal Transition via
MAPK/ERK Signaling in Colorectal Cancer. Onco Targets Ther (2020)
13:1625–35. doi: 10.2147/OTT.S241367

84. Song L, Tang H, Liao W, Luo X, Li Y, Chen T, et al. FOXC2 positively
regulates YAP signaling and promotes the glycolysis of nasopharyngeal
carcinoma. Exp Cell Res (2017) 357(1):17–24. doi: 10.1016/j.yexcr.2017.04.019

85. Cai J, Tian A-X, Wang Q-S, Kong P-Z, Du X, Li X-Q, et al. FOXF2 suppresses
the FOXC2-mediated epithelial-mesenchymal transition and multidrug
resistance of basal-like breast cancer. Cancer Lett (2015) 367(2):129–37.
doi: 10.1016/j.canlet.2015.07.001

86. Nishizawa Y, Konno M, Asai A, Koseki J, Kawamoto K, Miyoshi N, et al.
Oncogene c-Myc promotes epitranscriptome m(6)A reader YTHDF1
expression in colorectal cancer. Oncotarget (2018) 9(7):7476–86.
doi: 10.18632/oncotarget.23554

87. Bai Y, Yang C, Wu R, Huang L, Song S, Li W, et al. YTHDF1 Regulates
Tumorigenicity and Cancer Stem Cell-Like Activity in Human Colorectal
Carcinoma. Front Oncol (2019) 9:332. doi: 10.3389/fonc.2019.00332

88. Li J, Meng S, Xu M, Wang S, He L, Xu X, et al. Downregulation of N(6)-
methyladenosine binding YTHDF2 protein mediated by miR-493-3p
Frontiers in Oncology | www.frontiersin.org 11
suppresses prostate cancer by elevating N(6)-methyladenosine levels.
Oncotarget (2018) 9(3):3752–64. doi: 10.18632/oncotarget.23365

89. Feng H, Shuda M, Chang Y, Moore PS. Clonal integration of a polyomavirus
in human Merkel cell carcinoma. Science (New York NY) (2008) 319
(5866):1096–100. doi: 10.1126/science.1152586

90. Brahmer JR, Govindan R, Anders RA, Antonia SJ, Sagorsky S, Davies MJ, et al.
The Society for Immunotherapy of Cancer consensus statement on
immunotherapy for the treatment of non-small cell lung cancer (NSCLC).
J Immunother Cancer (2018) 6(1):75. doi: 10.1186/s40425-018-0382-2

91. Werner J-M, Schweinsberg V, Schroeter M, von Reutern B, Malter MP,
Schlaak M, et al. Successful Treatment of Myasthenia Gravis Following PD-1/
CTLA-4 Combination Checkpoint Blockade in a Patient With Metastatic
Melanoma. Front Oncol (2019) 9:84. doi: 10.3389/fonc.2019.00084

92. Han D, Liu J, Chen C, Dong L, Liu Y, Chang R, et al. Anti-tumour immunity
controlled through mRNA m(6)A methylation and YTHDF1 in dendritic
cells. Nature (2019) 566(7743):270–4. doi: 10.1038/s41586-019-0916-x

93. Yang Z, Li J, Feng G, Gao S, Wang Y, Zhang S, et al. MicroRNA-145
Modulates -Methyladenosine Levels by Targeting the 3′-Untranslated
mRNA Region of the -Methyladenosine Binding YTH Domain Family 2
Protein. J Biol Chem (2017) 292(9):3614–23. doi: 10.1074/jbc.M116.749689

94. Hou G, Zhao X, Li L, Yang Q, Liu X, Huang C, et al. SUMOylation of
YTHDF2 promotes mRNA degradation and cancer progression by increasing
its binding affinity with m6A-modified mRNAs. Nucleic Acids Res (2021) 49
(5):2859–77. doi: 10.1093/nar/gkab065

95. Chen B, Ye F, Yu L, Jia G, Huang X, Zhang X, et al. Development of cell-active
N6-methyladenosine RNA demethylase FTO inhibitor. J Am Chem Soc (2012)
134(43):17963–71. doi: 10.1021/ja3064149

96. Huang Y, Yan J, Li Q, Li J, Gong S, Zhou H, et al. Meclofenamic acid
selectively inhibits FTO demethylation of m6A over ALKBH5. Nucleic Acids
Res (2015) 43(1):373–84. doi: 10.1093/nar/gku1276

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Dai, Shi, Li, Yang, Wei and Ding. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.
April 2021 | Volume 11 | Article 635329

https://doi.org/10.1186/s12943-019-1079-y
https://doi.org/10.1186/s12943-019-1079-y
https://doi.org/10.1016/j.ebiom.2019.07.068
https://doi.org/10.1016/j.ebiom.2019.07.068
https://doi.org/10.1016/j.canlet.2016.02.022
https://doi.org/10.1074/jbc.M116.749689
https://doi.org/10.3233/cbm-170791
https://doi.org/10.2147/cmar.S191565
https://doi.org/10.2147/OTT.S241367
https://doi.org/10.1016/j.yexcr.2017.04.019
https://doi.org/10.1016/j.canlet.2015.07.001
https://doi.org/10.18632/oncotarget.23554
https://doi.org/10.3389/fonc.2019.00332
https://doi.org/10.18632/oncotarget.23365
https://doi.org/10.1126/science.1152586
https://doi.org/10.1186/s40425-018-0382-2
https://doi.org/10.3389/fonc.2019.00084
https://doi.org/10.1038/s41586-019-0916-x
https://doi.org/10.1074/jbc.M116.749689
https://doi.org/10.1093/nar/gkab065
https://doi.org/10.1021/ja3064149
https://doi.org/10.1093/nar/gku1276
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Main N6-Methyladenosine Readers: YTH Family Proteins in Cancers
	Introduction
	Structure Features of YTH Domain
	Functions of YTH Family Proteins in mRNA Metabolism
	Regulation in mRNA Splicing and Nuclear Export
	Regulation in mRNA Translation
	Regulation in mRNA Degradation
	Regulation in RNA Phase Separation
	Regulation in Transcription
	Dispute on Regulation of YTHDF Proteins in mRNA Metabolism

	Roles of YTH Family Proteins in Cancers
	Hepatocellular Carcinoma (HCC)
	Pancreatic Cancer
	Gastric Cancer
	Colorectal Cancer
	Lung Cancer
	Acute Myeloid Leukemia (AML)
	Ovarian Cancer
	Bladder Cancer
	Prostate Cancer
	Skin Cancer

	Potential Application of YTH Family Proteins in Cancer Therapy
	Conclusion and Perspectives
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


