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Abstract

N 6-methyladenosine (m6A) is the most prevalent post-transcriptional modification of eukaryotic 

mRNA and long noncoding RNA. m6A mediates its effects primarily by recruiting proteins, 

including the multiprotein eukaryotic initiation factor 3 (eIF3) complex and a set of proteins that 

contain the YTH domain. Here we describe the mechanisms by which YTH domain-containing 

proteins bind m6A and influence the fate of m6A-containing RNA in mammalian cells. We discuss 

the diverse, and occasionally contradictory, functions ascribed to these proteins and the emerging 

concepts that are influencing our understanding of these proteins and their effects on the 

epitranscriptome.
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Main text

m6A and the epitranscriptomic code

N6-methyladenosine (m6A) is the most prevalent post-transcriptional modification in 

eukaryotic RNAs (Box 1). It was first discovered and proposed to be a potential regulator of 

mRNA processing in cells in the 1970s [1, 2]. Subsequent studies in yeast showed that m6A 

levels are dynamic, e.g. induced upon yeast sporulation, and deletion of the m6A-

synthesizing enzyme inhibited sporulation in yeast and arrested seed development [3, 4]. 

Thus, m6A was observed to be dynamic and functionally relevant nucleotide modification. 

However, m6A could only be measured in poly(A) RNA preparations, and not individual 

transcripts, which prevented an understanding of whether m6A was selectively located on 

specific mRNAs or if it was a nonspecific mark in the transcriptome. The development of 

epitranscriptomic mapping methods for m6A [5, 6] provided the critical technologies needed 
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to specifically link m6A to specific mRNAs and to address the hypotheses that m6A is a 

regulator of mRNA biology that was initially put forward more than 40 years ago.

Box 1

m6A writers, readers, and erasers

Adenosines in cellular RNAs can be chemically modified by the addition of a methyl 

group at the N6 position of the adenine base generating N6-methyladenosine (m6A). The 

m6A writer complex is a multi-protein complex composed of METTL3, METTL14, 

WTAP, and RBM15/RBM15B [16, 63, 82, 83]. METTL3 is the catalytic subunit that 

transfers a methyl group from S-adenosylmethionine (SAM) to an adenosine in RNA [84, 

85]. m6A is found in a DRACH consensus sequence where D = A/G/U, R = A/G, and H 

= A/C/U. m6A can be removed by ALKBH5, which is found predominantly in the 

nucleus and is the only known m6A ‘eraser’ [86]. Multiple m6A reader proteins exist in 

both the nucleus and cytoplasm. Of the known m6A reader proteins most contain a YTH 

domain that specifically recognizes m6A versus A. The m6A reader YTHDC1 is 

predominantly found in the nucleus while YTHDF1, YTHDF2, YTHDF3, and YTHDC2 

are primarily cytoplasmic. In addition to YTH proteins, eukaryotic initiation factor 3 

(eIF3) serves as a reader of m6A and promotes cap-independent translation upon 

induction of cellular stress[18].

m6A has many functions in cells, with cell differentiation showing the clearest dependence 

on m6A [7–9]. m6A affects cancer progression [10, 11], circadian rhythm [12], neuronal 

function and sex determination in Drosophila [13–15], and X chromosome inactivation [16]. 

m6A mediates its physiologic effects by influencing the fate of mRNA in cells. One function 

of m6A is to destabilize local RNA structure [17] and thereby increase the accessibility of 

proteins to binding sites adjacent to m6A. A more influential effect of m6A is to recruit 

specific proteins to mRNA. m6A recruits the translation initiation factor eIF3 [18] and 

proteins containing a YTH (“YT521-B homology”) domain [6, 19]. m6A-dependent 

recruitment of eIF3 enables mRNAs to be translated in the absence of eIF4E [18], the 

canonical cap-binding protein. This interaction is limited to mRNAs with m6A in the 

5′UTR, and may be particularly important in stress or disease states in which eIF4E is 

inhibited [20]. It remains unknown exactly how eIF3 recognizes m6A and which protein 

domains are necessary for this interaction to occur. In contrast to eIF3, YTH proteins 

recognize m6A through a specific well-characterized YTH domain. Here we review the 
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diverse functions of YTH domain-containing proteins in mediating the effects of m6A in 

mRNA.

Diversity of YTH domain-containing proteins

The first YTH protein was discovered in a yeast-two hybrid screen for binding partners of 

TRA-2β, a spliceosomal complex component [21, 22]. The recovered protein was 

designated YT521-B. The YTH domain was discovered in a BLAST analysis that revealed a 

~140 amino acid domain that was especially highly conserved among YT521-B homologs 

[23]. BLAST searches using just this domain revealed YT521-B homologs as well as other 

proteins that contained this domain. Proteins containing this YT521-B homology or YTH 

domain were observed across various organisms, including plants and yeast. The YTH 

domain was predicted to be a novel RNA-binding domain based on homology with the 

RNA-binding RRM (RNA recognition motif) domain [23]. Vertebrate YTH domain-

containing proteins can be classified into three categories: YTHDF (YTH domain-containing 

family protein) family, YTHDC1 (YTH domain-containing protein 1, also called DC1), and 

YTHDC2 (YTH domain-containing protein 2, also called DC2) (Figure 1). Aside from their 

conserved YTH domain, DC1 and DC2 are unrelated to other YTH domain-containing 

proteins based on amino acid sequence, size, and overall domain organization. Therefore, 

DC1 and DC2 are not paralogs and do not comprise a family despite their name. In contrast, 

the YTHDF family comprises three paralogs that share high amino acid identity over their 

entire length: YTHDF1, YTHDF2, and YTHDF3 (also called DF1, DF2, and DF3, 

respectively) (Figure 2). DF proteins possess a C-terminal YTH domain and a ~350 amino 

acids low complexity region, which lacks a recognizable modular protein domain and 

contains several P/Q/N-rich (see glossary) patches (Figure 1).

Compared to vertebrates, Drosophila has one homolog of the DF family and one homolog of 

DC1. C. elegans completely lacks YTH proteins, while Arabidopsis has 12 genes that 

encode YTH domain-containing proteins. Outside the YTH domains, these Arabidopsis 
proteins lack homology with human YTH proteins. Due to differences in the types of 

proteins that contain YTH domains in these organisms, the fate of m6A-containing mRNA 

may be different between them.

Recent studies have also examined DC2 homologs across species [24]. Although DC2 

orthologs are readily detected in multicellular organisms, several organisms have DC2 

orthologs in which the YTH domain was lost. In mammals, DC2 proteins contain a YTH 

domain except for the platypus DC2 ortholog. Similarly, some birds, amphibians and reptiles 

do not contain a YTH domain in their DC2 homologs [24]. Drosophila and nematodes also 

lack a YTH domain in their DC2 orthologs. Taken together, these data suggest that DC2 

evolved to function in a YTH-independent manner in some organisms.

YTH domains: Some bind m6A, some do not

In vitro assays [6] and subsequent binding experiments using recombinantly expressed YTH 

domain demonstrated that the YTH domain binds RNA in an m6A-dependent manner, albeit 

with low affinity [25–27]. YTH domains have been reported to bind to m6A with affinities 

between 100 nM and 300 nM [25, 28–30]; however, some studies have also reported 
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affinities between 1–3 μM [26, 27]. Nonmethylated RNAs typically show ~5–10 fold weaker 

binding. Unlike most specific RNA-binding interactions, which have affinities in the low 

nanomolar range [31], the weak binding affinity suggests that the YTH domain does not 

form a stable complex with an mRNA target on its own but requires additional interactions 

by their low complexity region to bind. Below we describe YTH domain interactions with 

m6A in mRNA.

m6A recognition by the YTH domain—YTH domains in DF proteins and DC1 employ 

a conserved mechanism for recognizing m6A. The structure of a YTH domain bound to m6A 

was described in three independent reports [25, 28, 29]. One of the reported structures was 

of MRB1 (methylated RNA-binding protein 1), a Zygosacchomyces rouxii YTH domain-

containing protein [25]. Two other studies reported the structure of human DC1 in complex 

with an m6A-containing RNA [28, 29]. Structures of DC1 [28, 30], DF2 [26, 27] and DF1 

[30] have since been reported.

In MRB1, the methyl moiety of m6A is recognized by an aromatic cage formed from a 

tyrosine and two tryptophans (Figure 3) [25]. The adenine base does not form stacking 

interactions with any of the aromatic amino acids forming the cage. The DF1 and DF2 

crystal structures show an aromatic cage comprising three tryptophans similarly recognizing 

the N6-methyl group (Figure 3). The cage-forming amino acids are highly conserved in 

YTH domains across various organisms (Figure 4). Methyl recognition by the YTH domain 

is different than methyl recognition by methyl-lysine-binding proteins, such as tudor and 

chromodomains [32, 33]. Methyl-lysine recognition involves the methylammonium (i.e., 

positively charged methyl-lysine side chain) forming a cation-pi interactions with an 

aromatic cage [34]. However, m6A is not cationic. Thus, m6A is unlikely to have the same 

binding strength as methyl-lysine to its cognate binding protein. Indeed, HP1 chromo 

domains show >10-fold increased binding selectivity towards the methylated lysine [35], 

while m6A binds with between 5–10-fold selectivity over the nonmethylated base.

The crystal structures show that the YTH domain does not have selective interactions with 

bases besides the 6-methyladenine. Instead, the YTH domain has selective recognition of 

phosphate and sugars in each YTH domain at the −2, −1, +1, and +2 positions (Box 1) [25, 

28] (Figure 4).

Transcriptome-wide binding studies of overexpressed[19, 36] or endogenous YTH proteins 

[16], using crosslinking-immunoprecipitation (CLIP) methods demonstrated that most 

mammalian YTH proteins bind to the m6A motif in RNA. Indeed, analysis of the binding 

properties of endogenous DF proteins showed nearly identical and complete overlap in their 

binding sites throughout the transcriptome. The vast majority of DF-binding sites are located 

in the consensus site for m6A (Box 1) [37], and the distribution of DF protein-binding sites 

in the transcriptome – referred to as a metagene – precisely mimics the distribution of m6A 

on mRNA [16]. Overall, this supports the idea that no m6A site is uniquely bound by one DF 

protein compared to others. In contrast, an earlier study argued that DF1 and DF2 bind to 

distinct sites, with an overlap of only ~60% of their mapped sites [36]. This was unexpected 

since the DF proteins are nearly identical and show identical binding specificity towards 

m6A RNA [30]. The likely explanation for the discrepancy is how the RNA-binding sites 
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were identified from the CLIP data. The earlier studies used a bioinformatics approach in 

which sites were called based on whether the CLIP data showed signals above a specific 

threshold [36]. Subthreshold sites were not called. This approach results in stochastic calling 

efficiencies for sites that are near the threshold. However, the more recent study focused on 

m6A sites rather than DF sites [16]. At each m6A site, read densities for each DF protein was 

compared, revealing that each m6A in the transcriptome has a highly similar ratio of DF1, 

DF2, and DF3 reads [16]. Thus, based on this analysis, it is clear that no m6A site is 

uniquely bound by one of the DF proteins compared to the others.

Unlike the DF proteins, DC1-binding sites show nearly complete overlap with m6A sites in 

nuclear RNAs, such as XIST and MALAT1. Thus, DC1 appears to be the nuclear reader, 

while the DF proteins bind predominantly to m6A in cytoplasmic mRNAs. iCLIP analysis of 

DF1, DF2, DF3, and DC1 shows binding to the 10 putative m6A residues in a C-m6A-G 

motif formed by METTL16 in the MAT2A mRNA [38] (Figure 5a). Notably, previous 

studies of the binding affinity of the YTH domain binding to m6A-containing RNAs did not 

include RNAs in the C-m6A-G motif. However, examination an m6A-containing RNA in 

which the m6A was present in a C-m6A-C motif [29, 30] revealed that the presence of C 

preceding the m6A did not reduce binding affinity. Because of this, the YTH domain likely 

recognizes m6A generated by both METTL3 and METTL16, despite different sequence 

contexts of these m6A residues. In addition, DC2 does not show clear binding to m6A based 

on CLIP studies [16]. Most m6A sites in mRNA sites lack a corresponding DC2 iCLIP 

signal [16]. Thus, DC2 does not exhibit clear m6A-binding properties. It is possible that 

DC2 binds m6A under unique circumstances or in certain cell types.

Do the YTH proteins bind m6A in 18S rRNA and 28S rRNA? These m6A are in an Am6A-C 

sequence [39]. Nevertheless, there is an absence of YTH iCLIP reads at m6A in these RNAs 

indicating that these residues do not bind YTH proteins (Figure 5b). The recently 

determined structure of human ribosomes show that each m6A residue in both 18S and 28S 

rRNA is buried within the subunit [40]. Thus, the lack of YTH binding may reflect the 

inaccessibility of these m6A residues.

Binding to other methylated forms of adenosine?—A highly prevalent modified 

form of adenosine is N6,2′-O-dimethyladenosine (m6Am) [41]. m6Am is found in 30–40% 

of all transcripts in vertebrate mRNA, adjacent to the m7G cap at the first encoded position 

of mRNAs [41]. Notably, m6Am markedly enhances mRNA stability and can be 

demethylated to 2′-O-methyladenosine (Am) by FTO [42]. FTO was initially thought to 

demethylate m6A [43], but recent studies show that FTO has essentially no activity towards 

m6A in vivo [42].

Could YTH domain proteins bind m6Am? DF1, DF2, and DF3 show specific recognition of 

the 2′-OH with a side chain asparagine (N230 in MRB1) through a hydrogen bond (Figure 

4) [25, 27, 30], and in DC1 a distinct asparagine (N363 in human DC1) mediates this 

function. Thus, these YTH domains are unlikely to bind to m6Am.

Besides m6A and m6Am, adenosine can be methylated to N1-methyladenosine (m1A) and 

N6, N6-dimethyladenosine (m6,6A). A global mapping study of m1A proposed that 
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mammalian mRNAs contain at least 7000 m1A residues [44, 45], but more recent analysis 

shows that just 7 cellular mRNAs contain m1A [46]. Nevertheless, the YTH domain is 

unlikely to mediate recognition of m1A because methylation of the N1 atom of the adenine 

ring would block hydrogen-bonding interactions that depend on the nonmethylated nitrogen. 

The YTH domain proteins also do not bind m6,6A, a modification in the 18S rRNA, based 

on CLIP data [16]. YTH proteins form interactions with the N6 hydrogen on m6A, which is 

not present in m6,6A (Figure 3). Taken together, the structural and CLIP studies suggest that 

the YTH domain does not bind other modified adenosines, such as m6Am, m1A or m6,6A.

A YTH domain that does not bind m6A—The YTH domain in the 

Schizosaccharomyces pombe protein Mmi1 does not show m6A-enhanced binding despite 

possessing an aromatic cage. The YTH domain binds a non-methylated RNA motif 

(UUAAAC), also known as the DSR (determinant of selective removal) motif [47]. 

However, DSR sequences with m6A do not show enhanced binding, and in some cases, 

display worse binding compared to the nonmethylated RNA. Structural studies of Mmi1 

bound to the DSR RNA revealed that the RNA binds a different surface than the canonical 

RNA-binding surface seen in the other YTH proteins [47]. Thus, the aromatic cage is 

completely unoccupied when the DSR RNA is bound to the Mmi1 YTH domain. Thus, this 

YTH domain appears to bind nonmethylated RNAs despite the presence of an aromatic 

cage.

DF family: Redundant or different functions?

DF proteins are enriched in the cytoplasm [19, 36, 48–50], suggesting that they affect the 

fates of mRNA in the cytoplasm, such as mRNA stability and translation (Figure 6, Key 

Figure). A major question is whether YTHDF proteins have different or redundant functions. 

Initial studies of DF1 and DF2 showed that these proteins have highly distinct functions in 

promoting translation and mRNA instability, respectively [19, 36]. However, other studies 

have come to the opposite conclusion, and found that DF1, DF2, and DF3 function in a 

similar manner [51, 52]. The finding that these proteins have similar functions is consistent 

based on their sequence: DF1, DF2, and DF3 do not contain different modules that might 

confer unique properties to each protein. Additionally, lower organisms such as Drosophila 
express a single DF-like YTH protein, CG6422, rather than separate homologs for DF1, 

DF2, and DF3 [13], consistent with the idea that there is a single conserved function for 

these proteins.

mRNA stability—DF2 was originally implicated in mediating m6A-associated mRNA 

instability as knockdown of DF2 stabilized mRNAs that contained DF2-binding sites [19]. 

This appears to involve P-bodies as DF2 co-localization with P-bodies through its N-

terminal P/Q/N-rich low complexity region [19]. However, other studies did not find DF2 in 

immunoprecipitates of GW182, a core component of P-bodies [52]. It is likely that the 

association DF2 with P-bodies is transient, which accounts for the difficulty in detecting 

DF2 in these bodies. Others have suggested that DF2 mediates mRNA degradation by first 

triggering mRNA deadenylation, followed by subsequent translocation to P-bodies [52]. 

Indeed, the N-terminus of DF2 was shown to bind to CNOT1, a component of the CCR4-

NOT deadenylation complex, leading to deadenylation[52]. Notably, this study found that all 
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DF proteins recruit CCR4-NOT and promote mRNA deadenylation [52]. This contrasts with 

earlier studies which had argued that DF1 has minimal effects on mRNA stability [36].

Although DF2 appears to contribute to mRNA stability, other m6A readers may also 

contribute to m6A-mediated mRNA instability. To address this, it will be critical to 

determine the extent to which m6A regulates mRNA stability in cells depleted of DF 

proteins.

Translational activation—Until recently, DF1 was the only DF protein expected to 

regulate translation. DF1 enhanced translational efficiency in mRNAs that are normally 

bound by DF1 [36] by direct binding of DF1 to eIF3. Since DF1-binding sites, like m6A, is 

primarily around the stop codon and 3′UTR, this model suggests that eIF3 is recruited near 

mRNA stop codons. Previous studies showed that eIF3-induced translation activation occurs 

by recruitment of eIF3 to 5′ UTRs, for example by viral sequences [53] and other 

translation-promoting elements [18, 54], but it remains unclear how this noncanonical stop 

codon recruitment of eIF3 would promote translation.

Recently, other DF proteins were shown to promote translation [51]. DF proteins that were 

tethered to a reporter RNA resulted in enhanced translation of the reporter [51]. This is 

partially supported in another study that showed that DF3 exhibits both translation 

enhancement and mRNA degradation upon binding its targets [48, 50]. Thus, DF3 was 

proposed to have a combination of the features of DF1 and DF2. As with DF1, a clear 

mechanism by which binding leads to translation is unclear and is needed in order to fully 

understand the role of DF1 and DF3 in translational enhancement.

A common theme in these more recent studies is that all three DF proteins share a similar, 

rather than distinct function. Each of these proteins has been shown to promote translation 

and each can induce RNA degradation. It will be important to definitively determine if this 

more recent model of redundant function explains the DF proteins or if the original concept 

of distinct translation and mRNA destabilization functions for DF1 and DF2 is accurate.

m6A: pro-viral or anti-viral?—m6A was found in Simian virus 40 (SV40), Rous 

sarcoma virus (RSV), Adenovirus-2 (Ad2), Herpes simplex virus type-1 (HSV-1), Avian 

sarcoma virus B77 (ASV), and Influenza virus (IAV) viral RNA since the 1970s [55–60]. 

However, the function of m6A in these viruses has been a mystery. In the case of HIV it 

appears that the virus is actively utilizing the host RNA methylation machinery for its 

replication. Loss of the m6A writing complex inhibits HIV replication [61, 62]. HIV recruits 

DF proteins to methylation sites and this enhances viral replication [51]. How DF proteins 

enhance viral replication remains unknown, but it seems to be inconsistent with the 

destabilizing function of the DF proteins on host cell-encoded mRNAs.

RNA viruses that replicate in the cytosol can also contain m6A. This is unexpected since 

METTL3 is classically thought to be nuclear [63], and methylation is thought to occur 

cotranscriptionally [64]. Nevertheless, various cytoplasmic RNA viruses exhibit m6A in 

their viral genome, including Zika virus, and other flaviviruses including dengue virus, West 

Nile virus, yellow fever virus, and hepatitis C virus [65, 66]. Unlike in HIV where m6A 
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seems to promote viral replication, m6A in these viruses seem to suppress replication. In the 

case of hepatitis C virus (HCV), loss of m6A or the DF proteins enhanced the production of 

viral particles [66]. The mechanism of m6A-mediated suppression of viral replication does 

not appear to involve m6A effects on RNA stability or translation. Instead, HCV may require 

the formation of lipid droplets and that localization of the DF proteins to the droplets impairs 

the formation of viral particles [66].

YTHDC1

Unlike DF proteins, DC1-binding sites show nearly complete overlap with m6A sites in 

nuclear RNAs, such as XIST and MALAT1. Thus, DC1 influences nuclear processing and 

functions of nuclear-localized RNAs.

m6A-directed regulator of splicing—DC1 was originally characterized as a regulator 

of splicing by promoting exon inclusion [67]. The YTH domain was found to be essential 

for this effect [68]. Based on our current understanding that the YTH domain binds m6A, 

this finding indicates that the effect of DC1 on splicing is dependent on m6A [67]. Recent 

studies indicate that DC1 recruits SRSF3 to promote exon inclusion [68]. However, evidence 

for m6A in regulation of splicing is limited. The first in-depth analysis of altered splicing 

discovered that less than 100 exons containing an m6A site are alternatively spliced upon 

knockdown of METTL3 [6]. Further examination of m6A-induced splicing was analyzed in 

Mettl3−/− mouse embryonic stem cells, revealing that less than 0.5% of all exons exhibit 

alternative splicing and of those less than 100 contain an m6A site [7, 69].

While m6A may not globally affect splicing in mammalian cells, m6A regulates sex-specific 

gene expression by regulating splicing of sex-lethal (Sxl) in Drosophila [13–15]. Males 

express a Sxl transcript that includes an additional exon that contains a stop codon, thus 

preventing Sxl protein synthesis. In females, m6A in Sxl recruits YT521-B (the Drosophila 
DC1 ortholog), resulting in skipping of the exon and production of a transcript that encodes 

full-length Sxl protein. Loss of m6A results in impaired exon skipping in Sxl, which leads to 

a male-bias in the progeny. Overexpression of YT521-B is lethal to males [14]. Presumably 

this is because overexpression of YT521-B results in female-like splicing of Sxl, which 

inhibits translation of Male-Specific Lethal 2 (msl-2) leading to improper X-chromosome 

dosage compensation in males. Thus, m6A acts to directly regulate specific splicing events 

through YT521-B in Drosophila.

Regulating the epigenome through modulation of the epitranscriptome—DC1 

mediates the action of the nuclear noncoding RNA XIST. XIST has an essential role in X-

chromosome inactivation (XCI), a process that occurs in female mammalian cells. One X 

chromosome is randomly silenced in a process regulated by XIST, which coats the X 

chromosome and recruits chromatin-modifying factors that silence the chromosome [70]. 

XIST contains at least 76 m6A residues, and depletion of m6A from embryonic stem cells 

prevents XIST from inducing X chromosome gene silencing [16]. Of all the YTH proteins, 

DC1 preferentially binds to m6A sites in XIST, which is consistent with the nuclear 

localization of DC1. Loss of DC1 prevents XIST-mediated X chromosome gene silencing 
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[16]. XCI can be restored in m6A-deficient cells by artificial tethering DC1 to XIST [16]. 

Thus, the primary role of m6A in XCI is to enable DC1 recruitment to XIST.

Concluding Remarks

Although the structure of the YTH domains is well understood, the functions of the YTH 

proteins remain unclear (see Outstanding Questions). In the case of DF proteins, a major 

question is whether these proteins are functionally redundant, or if they have different 

functions. Interpretation of experiments using knockdowns of DF proteins is hampered 

because DF2 is often more highly expressed than DF1 or DF3. Therefore, loss of DF1 or 

DF3 may not produce an effect similar to DF2 loss due to compensation. Deletion of all 

three DF proteins from cells followed by exogenous expression of one DF protein at a time 

may shed light on the ability of these proteins to perform redundant functions.

Outstanding Questions Box

Box 1. Outstanding questions

• Do the DF proteins have distinct or redundant functions? Independent studies 

report conflicting findings. These discrepancies need to be addressed with 

careful experimental design.

• What is the role of post-translational modifications in controlling YTH 

proteins?

• Does DC1 regulate chromatin modification globally through interacting with 

ncRNAs?

• What is the function of DC2?

In addition, a clear m6A-dependent function for DC2 has yet to be described. DC2 is 

localized to the cytoplasm and can be induced by TNF-α [24, 71], raising the possibility 

that its function may be regulated in certain cell types through external stimuli. DC2 

increased the translational efficiency of HIF1-α by unwinding its 5′UTR via the DC2 RNA 

helicase domain [72], but whether this is an m6A-dependent process remains unknown.

Relatively little information is also available on the regulation of YTH proteins. It is possible 

that DF proteins may be regulated differently based on the tissue type or in response to 

particular signals. Phosphoproteomic studies show numerous phosphorylation sites 

throughout the P/Q/N-rich region of the DF proteins and adjacent to the YTH domain [73]. 

Phosphorylation is known to prevent proteins from forming granules [74]. Therefore, it is 

possible that post-translational modifications regulate DF-mediated clustering interactions 

involved in liquid-liquid phase separation or granule formation. In addition to 

phosphorylation, DF proteins were found to be myristoylated in a proteomic study of 

myristoylated proteins [75]. However, it remains to be determined whether there are external 

or internal stimuli that lead to altered post-translational modifications. If so, how do these 

PTMs alter YTH protein interaction with other proteins or mRNA, or affect YTH 

localization? Currently, there are no known signaling pathways that modulate m6A. 
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Therefore, any discovery in altered YTH regulation following such signals would advance 

our understanding of how m6A is regulated and what processes m6A regulates.

An important question is whether there are other mechanisms or readers by which m6A 

mediates its effects in cells, and the degree to which the actions of m6A can be ascribed to 

YTH proteins and eIF3. It will be important to examine whether m6A can still influence 

mRNA in cells deficient in YTH proteins.

An exciting yet unexplored area is the recent evidence that the epitranscriptome can regulate 

the epigenome based on studies of m6A in XIST [16]. The functions of m6A in XIST are 

mediated by its binding to DC1. If DC1 is indeed a general regulator of ncRNAs then m6A 

may have a general role in regulating chromatin marks.

m6A has a demonstrated importance in a number of diseases including viral infections and 

various cancers [51, 61, 62, 65, 66, 76–79]. This has garnered interest in developing small 

molecule inhibitors that target the m6A writer complex. However, another option that can be 

explored is pharmacologic targeting of the YTH proteins. The YTH domain forms a unique 

tryptophan cage necessary for the recognition and binding of m6As. Given the unique m6A 

is recognized by a well-defined binding pocket, this site may be suitable for small molecule 

inhibitors that would compete with m6A RNA and negate the effects YTH proteins. 

Therefore, better understanding of the m6A-binding proteins can reveal novel targets that 

can be used for therapeutic manipulation of the epitranscriptome.
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Trends Box

m6A is the most abundant RNA modification but its role in regulating RNA 

remains largely unknown. The YTH domain specifically recognizes m6A and is 

conserved from yeast to humans.

The first function assigned to a YTH protein was destabilization of mRNAs by 

YTHDF2. Since then YTH proteins have been found to increase translation 

(YTHDF1 and YTHDF3), and regulate splicing and chromatin modification 

(YTHDC1).

The YTHDF proteins have been found in stress granules and protein droplet 

structures implicating m6A in granule formation.

6A has been mapped in multiple viruses and binding of YTH proteins was shown 

to either help or inhibit viral replication. Nuclear replicating viruses are helped by 

YTH proteins while cytoplasmic replicating viruses are inhibited.
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Figure 1. Domain structure and functions of human YTH proteins
Schematic representation of domains and disordered regions of human YTH proteins: DF1, 

DF2, DF3, DC1, and DC2. DF1, DF2, and DF3 together make the YTHDF (DF) family. 

DC2 and the DF family proteins have a C-terminal YTH domain (pink), while DC1 has an 

internal YTH domain. All the proteins have low-complexity disordered regions (green). 

Disordered regions were identified using D2P2 database tools [80]. Additional domains in 

DC2 include R3H, DEXDc, ankyrin repeats (ANK), HELICc, HA2 and OB-fold domains. 

Protein length (in amino acids) is indicated next to each protein schematic. Functions of the 

human YTH proteins along with their alias names and major cellular localization are also 

indicated in a table (bottom panel).
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Figure 2. Human YTHDF proteins are paralogs of each other
Shown is a species-aware phylogenetic gene tree of YTHDF family genes across the 

indicated organisms or group of organisms. This tree was constructed using the Ensembl 

Gene orthology and paralogy prediction pipeline [81]. Gene duplication events ( ) and 

YTHDF1, YTHDF2, and YTHDF3 gene clades are also indicated.
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Figure 3. A hydrophobic aromatic cage in the YTH domain recognizes m6A
Shown here is the organization of m6A (blue) in the WWY-type aromatic cage (pink) of Z. 
rouxii MRB1 YTH domain. A tyrosine (Y260) and tryptophan (W200) residues in the 

protein sandwich the 6-methyladenine group. This positions the methyl group pointing to 

another tryptophan (W254) which forms the base of the cage. Notably, the purine ring of the 

m6A residue is not involved in this hydrophobic interaction. The amino acid positions in the 

domain are highly conserved across species. The YTHDF family proteins of proteins have a 

WWW cage, and YTHDC1 and YTHDC2 have a WWL-type cage.
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Figure 4. YTH domains share a conserved mode of binding m6A RNA
Amino acid sequence alignment of the YTH domains from the indicated organisms is shown 

here. Secondary structural elements in the YTH domain from Z. rouxii MRB1 (PDB: 4U8T) 

are shown above the sequence alignment. Amino acid positions in individual protein are also 

indicated next to the protein names. Amino acids participating in recognition of different 

parts of m6A RNA are indicated with filled shapes below the sequence alignment. Above the 

alignments: TT, strict β-turns; arrows, β-strands; coils, α-helices. In the alignments: red 

shade with white characters, identical amino acids; red characters, similar amino acids; blue 

frame, marks block of sequence with similarity. Below the alignments: ( ) Residues 

making contact with bases other than m6A in Z. rouxii MRB1; (●) Residues making contact 

with the m6A base in Z. rouxii MRB1; (π) π-stacking Y205 in Z. rouxii MRB1 with G 

upstream of the m6A nucleotide; not conserved in human DC2; (π) π-stacking R296 in Z. 
rouxii MRB1 with the C on the 3′ side of the m6A nucleotide; ( ) R1318 and R1322 in 

human DC2 form an increased positive surface charge than in human DC1. Amino acids 

involved in cage formation, RNA binding, hydrogen bond (H bond) formation are also 

indicated.
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Figure 5. Recognition of m6A in human MAT2A mRNA and rRNAs
(a) YTH domain proteins recognize m6A in CAG motif. 3′UTR of MAT2A mRNA contains 

m6A in an evolutionarily conserved CAG motif in U6-like hairpin loops. Shown here is a 

gene model of MAT2A 3′UTR (dark blue), m6A miCLIP tag profile (purple track) and 

iCLIP tag-based binding profiles of human DF1, DF2, DF3, DC1, and DC2 proteins. Dotted 

boxes mark the overlapping DF1, DF2, DF3 and DC1 peaks and the methylated regions on 

MAT2A 3′UTR. The green shaded portion on the hairpin loops marks the N6-

methyladenosine containing CAG motif (zoomed-in view). (b) YTH proteins do not bind 

m6A on rRNAs. The highly prevalent m6A-containing 28S and 18S rRNAs each have one 

m6A modification in a AAC sequence motif. Shown is the location of m6A in 28S rRNA 

(left) and 18S rRNA (right), along with m6A peaks (miCLIP, purple), and the iCLIP binding 

profile of endogenous human YTH proteins. The absence of a peak in the YTH iCLIP reads 

show that none of the five YTH proteins bind at the m6A site on either 28S or 18S rRNA.
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Figure 6, Key Figure. Multiple functions of YTH proteins
(a) Cap-independent translation mediated by m6A and eIF3. A subset of transcripts contain 

m6As in their 5′UTR that can be recognized by eIF3. Binding of eIF3 recruits the 43S 

translation initiation complex leading to cap-independent translation. (b) YTHDF proteins 

regulate translation of transcripts by binding to m6A in the 3′UTR and recruiting eIF3. It is 

proposed that the mRNA circularizes to bring eIF3 in proximity to the cap in order to initiate 

translation. (c) YTHDF proteins promote mRNA decay. The C-terminal YTH domain binds 

m6A on transcripts and the N-terminal disordered region recruits CNOT1, a component of 

the CCR4-NOT complex. Following deadenylation by CCR4-NOT1 transcripts are decapped 

and degraded. (d) YTHDC1 is necessary for X-chromosome inactivation (XCI). XIST is a 

heavily methylated ncRNA bound by DC1. In the absence of m6A or DC1 X-chromosome 

inactivation is impaired. (e) YTHDC1 (YT-521B in Drosophila) binding to m6A is necessary 

for X chromosome dosage compensation and sex determination in flies. In female flies, the 

introns flanking the second exon of the sex-lethal (Sxl) transcript contain m6A and binding 

of DC1 promotes skipping of the second exon and production of full-length Sxl protein. (f) 
Nuclear replicating viruses, such as HIV, have highly conserved m6A sites that actively 

recruit DF proteins to promote translation of viral proteins. (G) Cytoplasmic replicating 

viruses, such as Zika virus, are methylated in the cytoplasm through an unknown METTL3-

dependent mechanism and bound by the DF proteins. Binding of DF proteins to cytoplasmic 

virus transcripts confines the transcripts to lipid droplets in liver cells and inhibits viral 

replication.
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