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ABSTRACT

N6-methyladenosine (m6A) modifications in RNAs play important roles in regulating many different aspects of gene ex-
pression. While m6As can have direct effects on the structure, maturation, or translation of mRNAs, such modifications
can also influence the fate of RNAs via proteins termed “readers” that specifically recognize and bind modified nucleo-
tides. Several YTH domain-containing proteins have been identified as m6A readers that regulate the splicing, translation,
or stability of specific mRNAs. In contrast to the other YTH domain-containing proteins, YTHDC2 has several defined
domains and here, we have analyzed the contribution of these domains to the RNA and protein interactions of
YTHDC2. The YTH domain of YTHDC2 preferentially binds m6A-containing RNAs via a conserved hydrophobic pocket,
whereas the ankyrin repeats mediate an RNA-independent interaction with the 5′′′′′

–3′′′′′ exoribonuclease XRN1. We show
that the YTH and R3H domains contribute to the binding of YTHDC2 to cellular RNAs, and using crosslinking and analysis
of cDNA (CRAC), we reveal that YTHDC2 interacts with the small ribosomal subunit in close proximity to the mRNA entry/
exit sites. YTHDC2 was recently found to promote a “fast-track” expression program for specific mRNAs, and our data
suggest that YTHDC2 accomplishes this by recruitment of the RNA degradation machinery to regulate the stability of
m6A-containing mRNAs and by utilizing its distinct RNA-binding domains to bridge interactions between m6A-containing
mRNAs and the ribosomes to facilitate their efficient translation.
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INTRODUCTION

RNA modifications in diverse cellular RNAs, often collec-
tively termed the “epitranscriptome,” have emerged as
important regulators of most aspects of gene expression
(Roundtree et al. 2017a). The presence of N6-methylade-
nosine (m6A) in mRNAs was first detected several decades
ago (see for example, Desrosiers et al. 1974; Adams and
Cory 1975; Dubin and Taylor 1975). However, the recent
development of approaches for the transcriptome-wide
mapping of m6A sites has enabled the functional impor-
tance of these modifications to be explored as they have
provided inventories of m6A-modified transcripts and
defined the positions of m6A modifications within these
RNAs (Dominissini et al. 2012; Meyer et al. 2012; Chen
et al. 2015; Linder et al. 2015). So far, in excess of
10,000 m6A sites have been reported and approximately

one in four mRNAs are suggested to carry such modifica-
tions (Xuan et al. 2017). While m6A modifications have
been detected in both 5′ and 3′ untranslated regions
(UTRs) as well as introns and exons, they are typically en-
riched in 3′ UTRs in close proximity to stop codons and
have often been observed to form clusters (Meyer et al.
2012). The majority of m6A modifications lie within a
DRACH motif (D = A, G or U; R = A or G; H = A, C or U)
and are thought to be introduced cotranscriptionally by
a methyltransferase complex composed of METTL3,
METTL14, WTAP, RBM15/RBM15B, and KIAA1429 (Liu
et al. 2014; Ping et al. 2014; Schwartz et al. 2014; Patil
et al. 2016; Ke et al. 2017). Structural and functional
studies have shown that METTL3 is an active, S-ade-
nosylmethionine-dependent m6A methyltransferase while
METTL14 acts as an RNA-binding platform that, together
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with RBM15/RBM15B, plays an important role in substrate
recognition and binding (Patil et al. 2016; Wang et al.
2016a,b). WTAP is suggested to serve as a structural scaf-
fold that regulates the localization and catalytic activity of
the complex (Ping et al. 2014). Recently, METTL16 was
identified as a second active m6A methyltransferase in
human cells that is responsible for N6-methylation of the
U6 snRNA and the MAT2A mRNA, which both contain
m6A modifications in non-DRACH sequence contexts
(Pendleton et al. 2017; Warda et al. 2017).

Interestingly, many m6A modifications have been re-
ported to be sub-stoichiometric, suggesting that they
are installed dynamically (Dominissini et al. 2012; Meyer
et al. 2012; Meyer and Jaffrey 2017). The concept of dy-
namic m6A modification was expanded by the discovery
that ALKBH5 and FTO can act as demethylases (Jia et al.
2011; Zheng et al. 2013), implying that m6A modifications
are reversible. More recently however, FTOwas suggested
to preferentially demethylate m6Am modifications pres-
ent at the cap+1 and cap+2 positions of many mRNAs
(Mauer et al. 2017), and upon release of nascent RNA tran-
scripts from chromatin, m6As were found to be relatively
stable (Ke et al. 2017). Such regulation of m6A modifica-
tions in mRNAs has been suggested to play important
roles in regulating alternative splicing and 3′ end mRNA
processing (Bartosovic et al. 2017) as well as in stress
responses (Schwartz et al. 2013; Zhou et al. 2015). Further-
more, alterations in the levels and sites of m6A modifi-
cation are implicated in modulating gene expression
during development (Lence et al. 2016; Zhao et al.
2017a; Yu et al. 2018), differentiation (Xu et al. 2017),
and tumorigenesis (Cui et al. 2017).

The presence of m6A modifications can directly influ-
ence cellular RNAs by altering their secondary structure
and/or interactions with RNA-binding proteins (Liu et al.
2015; Roost et al. 2015). Similarly, m6A modifications can
determine the translational dynamics of mRNAs by affect-
ing codon–anticodon base-pairing with tRNAs in the ribo-
some (Choi et al. 2016) and have been shown to influence
the utilization of alternative polyadenylation sites (Ke et al.
2015;Molinie et al. 2016). Alternatively,m6Amodifications
can influence the fate of RNAs via proteins (termed “read-
ers”) that specifically recognize and bind modified nucleo-
tides. Several such m6A reader proteins have been
identified, many of which contain a YTH domain (Zhang
et al. 2010; Wang and He 2014). The core of the YTH
domain is composed of a six-stranded β-sheet surrounded
by three α-helices, which form a positively charged surface
and a deep hydrophobic pocket thatmediates interactions
with the m6A (Theler et al. 2014). Interestingly, it was re-
cently suggested that the YTH domains of YTHDF1-3 can
also specifically recognize N1-methyladenosine (m1A)
modifications in cellular RNAs via their hydrophobic pock-
et (Dai et al. 2018). In the nucleus, YTHDC1 binds specific
m6A-containing pre-mRNAs and regulates their splicing by

promoting recruitment of the splicing factor SRSF3 and im-
peding their interactions with SRSF10 (Xiao et al. 2016).
Similarly, a non-YTH domain-containing reader protein
HNRNPA2B1 binds m6A-containing pre-mRNAs and regu-
lates their alternative splicing (Alarcón et al. 2015). In addi-
tion to their functions in splicing regulation, HNRNPA2B1
associates with m6A-methylated primary microRNAs to
promote their processing (Alarcón et al. 2015), and
YTHDC1 binds m6A residues in the long noncoding RNA
XIST regulating its function in transcriptional silencing of
X-chromosome genes (Patil et al. 2016) as well as influenc-
ing use of alternative polyadenylation sites (Kasowitz et al.
2018) and mediating the nuclear export of selected m6A-
containing pre-mRNAs (Roundtree et al. 2017b). In the cy-
toplasm, YTHDF1 enhances the translation of m6A-modi-
fied mRNAs by bridging interactions with translation
initiation factors, thereby facilitating highly efficient cap-
dependent translation (Wang et al. 2015). Interestingly,
METTL3 was shown to have a methyltransferase-indepen-
dent function as an m6A reader that associates with
ribosomes and promotes translation of a subset of m6A-
containing mRNAs by facilitating recruitment of eIF3
during translation initiation (Lin et al. 2016). Similarly, insu-
lin-like growth factor 2 mRNA-binding proteins (IGF2BP1/
2/3) were recently identified as non-YTH m6A reader pro-
teins that promote mRNA stability and translation (Huang
et al. 2018). In contrast, the binding of YTHDF2 to m6A-
containing mRNAs causes their relocalization to process-
ing bodies and accelerates their degradation by recruiting
the CCR4-NOT deadenylation complex (Wang et al. 2014;
Du et al. 2016). Finally, YTHDF3 was found to share many
common target mRNAs with YTHDF1 and YTHDF2, and
has been suggested to function cooperatively with these
proteins to enhance translation and decay of these
mRNAs (Shi et al. 2017). Taken together, these findings
have led to the proposal that m6A modifications in
mRNAs act as markers that direct particular transcripts for
accelerated processing, translation, and decay, enabling
rapid and short-lived alterations in the expression of spe-
cific genes under certain conditions or during particular
growth phases (e.g., development or cell differentiation).
It is suggested that m6A methylation represents a means
by which the expression of amyriad of mRNAs that encode
proteins required for a given cellular process, but that have
diverse properties (stabilities, translation efficiencies, etc.),
can be efficiently coordinated (Zhao et al. 2017b).

The fifth YTH domain-containing protein in human cells,
YTHDC2, differs from the other family members as, in
addition to its YTH domain, it contains other putative
RNA-binding domains. Here, we analyze the contribution
of different domains of YTHDC2 to its functions and
show that the YTH domain preferentially binds m6A-con-
taining RNAs and that both the YTH and R3H domains con-
tribute the binding of YTHDC2 to cellular RNAs. We
further demonstrate that the ankyrin repeats within the
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helicase core of YTHDC2 mediate an interaction with the
5′–3′ exoribonuclease XRN1, suggesting that YTHDC2
may play a role in regulating mRNA stability. Our data re-
veal an interaction of YTHDC2 with ribosomes and using in
vivo crosslinking, we identify a YTHDC2 binding site on the
small ribosomal subunit in close proximity to the mRNA
entry site, suggesting that YTHDC2 may facilitate the effi-
cient translation of specific m6A-containing mRNAs by
bridging interactions with the ribosome.

RESULTS

The YTH domain of YTHDC2 preferentially associates
with m6A-containing RNAs via a conserved
hydrophobic m6A-binding pocket

Among the five human YTH domain-containing proteins,
YTHDC2 is uniqueas it contains several annotateddomains
in addition to the common YTH domain, namely, an R3H
domain and aDEAH-box helicase core domain punctuated
by two ankyrin repeats (Fig. 1A). We therefore first set out
to determine the key interactions formed by each of these
regions of the protein. YTH domains have been shown to
specifically bind RNAs that contain m6A modifications en-
abling YTH domain-containing proteins to act as modifica-
tion readers and regulate the fate of m6A-containing
RNAs. To demonstrate that the YTH domain of YTHDC2
also specifically recognizes m6A-modified RNAs, we per-
formed in vitro anisotropy experiments to determine the
affinity of the YTH domain of YTHDC2 (amino acids
1277–1430) for unmodified and m6A-containing RNAs.
Transcriptome-wide identification of m6A sites has re-
vealed that the majority of these modifications lie within a
DRACHmotif, with GGACU being themost commonly ob-
served sequence context. Therefore, fluorescently labeled,
9-nucleotide RNAs containing a GGACU sequence in
which the adenosine was either unmodified or substituted
for an N6-methyladenosine were synthesized (Fig. 1B).
Furthermore, the YTH domain of YTHDC2 was recombi-
nantly expressed in E. coli with an N-terminal His6-ZZ tag
and purified (Fig. 1C), then increasing amounts of protein
were incubated with the fluorescein-labeled RNAs. While
almost no binding of the YTH domain of YTHDC2 (YTH)
to the RNA containing an unmodified GGACU sequence
was observed, YTH bound to the GGm6ACU-containing
RNA with a Kd of 3.2 ± 0.3 µM (Fig. 1D), demonstrating
that the YTHdomain of YTHDC2 has significantly higher af-
finity for m6A-containing than unmodified RNAs.
Structural analysis of the YTH domain of YTHDC1 bound

to an m6A nucleoside demonstrated that the modified res-
idue is encased in a hydrophobic pocket formed by aro-
matic tryptophan residues (W377 and W428; Xu et al.
2014). Alignment of the amino acid sequences of the five
human YTH domains using MAFFT (Robert and Gouet
2014) revealed that these residues are conserved in

YTHDC2 (Fig. 1E). Therefore, to determine if these
residues also contribute to m6A-recognition by the YTH
domain of YTHDC2, we expressed the YTH domain of
YTHDC2 in which W1310 or W1360 were converted to
alanine (Fig. 1C). In contrast to the wild-type YTH domain
of YTHDC2, these mutants did not stably associate
with GGm6ACU-containing RNAs (Fig. 1F), demonstrating
that the mechanism of m6A-binding by YTHDC2 is similar
to that of other YTH domain-containing proteins.

The R3H and YTH domains contribute to the binding
of YTHDC2 to cellular RNAs

The binding of the YTH domain of YTHDC2 to m6A-con-
taining RNAs in vitro implies that it likely participates
in the association of YTHDC2 with cellular RNAs, but
YTHDC2 also contains another putative RNA-binding
domain, the R3H domain (Fig. 1A). Therefore, to analyze
the contribution of these two domains to the binding of
YTHDC2 to cellular RNAs, HEK293 cell lines for the ex-
pression of His6-PreScission protease cleavage site-2x
Flag (Flag)-tagged full-length YTHDC2 (YTHDC2-Flag)
or Flag-tagged forms of YTHDC2 lacking either the
R3H domain (ΔR3H-Flag) or the YTH domain (ΔYTH-Flag)
were generated. Cells expressing the full-length or trun-
cated proteins to equal levels (Fig. 2A, lower panel) were
grown in the presence of 4-thiouridine before crosslinking
using light of 365 nm. Covalently linked protein–RNA com-
plexes were retrieved by tandem affinity purification under
native and denaturing conditions. RNAs copurified with
YTHDC2 were radiolabeled at the 5′ end using [32P], com-
plexes were separated by denaturing polyacrylamide gel
electrophoresis, transferred to a nitrocellulose membrane,
and RNAswere visualized by autoradiography (Fig. 2A, up-
per panel). While full-length YTHDC2 was efficiently cross-
linked to cellular RNAs, the amounts of RNA retrieved
when either the YTH domain or the R3H domain were lack-
ing were notably reduced. These data demonstrate that
both the YTH and R3H domains contribute to the in vivo
RNA binding and cellular function of YTHDC2.

YTHDC2 associates with the 5′′′′′
–3′′′′′ exoribonuclease

XRN1 via its ankyrin repeat domains

In contrast to the RNA-binding YTH and R3H domains,
ankyrin repeats are typically involved in mediating pro-
tein–protein interactions. Therefore, to gain insight into
the protein interaction network of YTHDC2 and the poten-
tial role of its ankyrin repeats, protein interaction partners
of YTHDC2were identified by immunoprecipitation exper-
iments (IP) fromHEK293 cells expressing either N- or C-ter-
minally Flag-tagged YTHDC2, or the Flag tag, and analysis
of the eluates by mass spectrometry. Proteins that were
more than 2.5 log2 fold enriched in the eluates of both
YTHDC2 IPs compared to the control sample were
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FIGURE 1. The YTH domain of YTHDC2 preferentially binds m6A-containing RNAs. (A) Schematic view of the defined domains of YTHDC2 (top)
and truncations used (middle, bottom). (FL) Full-length YTHDC2, (YTH) YT521-B homology domain, (R3H) RNA binding domain characterized by
an R-(X3)-H motif, (ANK) ankyrin repeat. (B) Nine-nucleotide RNAs labeled with 5′-fluorescein were prepared by solid-phase synthesis followed by
labeling via click chemistry. Purified RNAs were analyzed by anion exchange HPLC monitored by UV absorbance. (C ) The wild-type YTH domain
of YTHDC2 (YTH) and the YTH domain of YTHDC2 carrying W1310A or W1360A substitutions were expressed in E. coli and purified. Purified
proteins were separated by SDS-PAGE and visualized by Coomassie staining. (D) Anisotropy measurements of a fluorescein-labeled RNA con-
taining either a N6-methyladenosine (m6A) or an unmodified adenosine in the presence of different amounts of the YTH domain of YTHDC2.
Data from three independent experiments are shown as mean ± standard deviation. (E) A sequence alignment of YTH domains of the five human
YTH domain-containing proteins is shown. Secondary structural features of the YTH domain of YTHDC1 (PBD 4R3I) are shown above the corre-
sponding amino acids. (α) alpha helix, (β) beta sheet, (TT) turn, (η) 310-helix. Amino acids conserved in all YTH domain proteins are highlightedwith
a red background, and letters denoting amino acids with similar properties are shown in red. The tryptophan residues proposed to contribute to
formation of a hydrophobic m6A-binding pocket are indicated. (F ) Anisotropy measurements of a fluorescein-labeled RNA containing an N6-
methyladenosine (m6A) with different amounts of the wild-type YTH domain of YTHDC2 (YTH) or the YTH domain in which tryptophan 1310
or tryptophan 1360 were substituted for alanine (W1310A and W1360A, respectively). Data from three independent experiments are shown
as mean ± standard deviation.
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considered significant (Supplemental Table 1). Interesting-
ly, aside from the bait, the protein found to be most highly
enriched (∼7 log2 fold) with YTHDC2 in both experiments,
was the cytoplasmic 5′–3′ exoribonuclease XRN1, suggest-
ing a robust interaction between these proteins and a po-
tential role for YTHDC2 in regulating RNA stability.
Notably, a number of ribosomal proteins were also clearly
enriched with YTHDC2 implying that YTHDC2may also as-
sociate with ribosomes.
To determine if the interaction observed between

YTHDC2 and XRN1 is bridged by RNA and if it is specif-
ic for YTHDC2, IP experiments were performed using
extracts prepared from cells expressing Flag-tagged
YTHDC2, YTHDC1, YTHDF1, YTHDF2, or YTHDF3 or the
Flag tag that had either been treated with RNase or left un-
treated. Analysis of the IP eluates by western blotting using
an antibody against XRN1 confirmed the interaction be-
tween YTHDC2 and XRN1 and demonstrated that this in-
teraction is still detected after RNase treatment (Fig. 2B),
suggesting that it is mediated by protein–protein contacts.
Notably, XRN1 was not coprecipitated with the Flag tag or
with any of the other YTH domain-containing proteins, im-
plying that its interaction with YTHDC2 is specific (Fig. 2B).

To establish which region(s) of YTHDC2 are required for
the interaction of YTHDC2 with XRN1, IP experiments
were performed using extracts prepared from cells ex-
pressing either the Flag tag or Flag-tagged versions of
full-length YTHDC2, ΔR3H, ΔYTH, or YTHDC2 lacking ei-
ther or both of the ankyrin repeats (ΔANK1, ΔANK2, or
ΔANK1+2). Deletion of neither the N-terminal region of
YTHDC2 containing the R3H domain nor the C-terminal
YTH domain affected the interaction with XRN1 (Fig. 2C).
XRN1 was, however, not coprecipitated by YTHDC2 lack-
ing either of the ankyrin repeats (Fig. 2C), demonstrating
that the ankyrin repeats of YTHDC2 are essential for this
interaction.

YTHDC2 is enriched in perinuclear regions
and can associate with ribosomes

To gain insight into the cellular function of YTHDC2, we
first analyzed its subcellular localization by performing im-
munofluorescence using an antibody against endogenous
YTHDC2. In addition, the localization of YTHDC2 was an-
alyzed in HEK293 cells expressing YTHDC2-Flag using
an anti-Flag antibody. Interestingly, this revealed that in

A

C

B

FIGURE 2. Both the YTH and R3H domains contribute to RNA binding by YTHDC2 and YTHDC2 interacts specifically with the 5′–3′ exoribonu-
clease XRN1 via its ANK repeats. (A) Cells expressing equal amounts of Flag-tagged versions of full-length YTHDC2, YTHDC2 lacking the R3H
domain (ΔR3H), and YTHDC2 lacking the YTH domain (ΔYTH) were treated with 4-thiouridine and crosslinked in vivo. After tandem affinity pu-
rification of crosslinked protein–RNA complexes, RNA trimming and 5′ labeling with [32P], complexes were separated by denaturing PAGE, trans-
ferred to a nitrocellulose membrane, and radioactively labeled RNAs were detected using autoradiography. Protein eluates were analyzed by
western blotting using an anti-Flag antibody. (B) Extracts from HEK293 cells expressing Flag-tagged YTHDC2, YTHDC1, YTHDF1, YTHDF2,
YTHDF3, or the Flag tag were used in immunoprecipitation experiments in the presence (+) or absence (−) of RNase A and T1 (RNase). Inputs
(1%) and eluates (IP) were analyzed by western blotting using antibodies against XRN1, GAPDH, and the Flag tag. (C ) Immunoprecipitation ex-
periments were performed and analyzed as inB in the absence of RNase treatment using extracts prepared from cells expressing Flag-tagged full-
length YTHDC2 (YTHDC2), YTHDC2 lacking the R3H domain (ΔR3H), the YTH domain (ΔYTH), or one or both ankyrin repeats (ΔANK1, ΔANK2,
ΔANK1+2). All experiments presented in this figure were performed in duplicate or triplicate and representative data are shown.
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both cell lines, the localization of YTHDC2 differs from that
of the other YTH domain-containing proteins as although
the majority of YTHDC2 is present in the cytoplasm, it is
not excluded from nuclei and appears to be enriched in
perinuclear regions (Fig. 3A). This finding is consistent
with a previous report suggesting that YTHDC2 associates
with the endoplasmic reticulum (ER) in HUH-7 and MH-14
cells (Morohashi et al. 2011), but suggests that the protein
is also present in other cellular compartments.

The predominantly cytoplasmic localization and perinu-
clear enrichment of YTHDC2, together with the detection
of ribosomal proteins coprecipitated with YTHDC2 (Sup-
plemental Table 1), suggests that a portion of the protein
may associate with ribosomes. To determine if YTHDC2
does indeed associate with ribosomes, we performed
sucrose density gradient centrifugation of whole cell ex-
tracts to separate the small (SSU; 40S) and large (LSU;
60S) ribosomal subunits and 80S monosomes, and then
analyzed the distribution of YTHDC2 between fractions
containing ribosomal and nonribosomal complexes by
western blotting. As a control, this analysis was also per-
formed using an extract prepared from cells expressing
Flag-tagged YTHDF2 because this protein has been
shown to have ribosome-independent functions in the
cytoplasm (Wang et al. 2014). The absorbance of the
obtained gradient fractions at 260 nm was used to gener-
ate a profile from which the fractions containing the ribo-
somal subunits and monosomes were identified (Fig. 3B;
upper panel). As anticipated, YTHDF2 was exclusively de-
tected in the upper fractions containing free proteins and
small, nonribosomal complexes (Fig. 3B; lower panel). Al-
though YTHDC2 was also detected in these fractions, a

significant proportion of YTHDC2 co-migrated with 40S
complexes and with 80Smonosomes (Fig. 3B; middle pan-
el) indicating that YTHDC2 can indeed associate with
ribosomes. The finding that only a fraction of YTHDC2 is
associated with the ribosome suggests that the interaction
of YTHDC2 with the ribosome is likely to be dynamic.

YTHDC2 contacts the head region of the small
ribosomal subunit

In humans, the 40S ribosomal subunit contains the 18S
rRNA and 33 ribosomal proteins (RPs) and together with
multiple translation initiation factors, it mediates scanning
of the mRNA to determine the start codon in translation
initiation. During translation elongation, the 40S subunit
is responsible for decoding of mRNA codons whereas
the 60S subunit, which is assembled from the 28S, 5.8S,
and 5S rRNAs as well as 47 RPs, contains the peptidyl trans-
ferase center that mediates formation of peptide bonds
during protein synthesis (Anger et al. 2013). To determine
where YTHDC2 contacts the ribosome, we used the cross-
linking and analysis of cDNA method (CRAC) (Bohnsack et
al. 2012; Sloan et al. 2015; Memet et al. 2017). HEK293
cells expressing YTHDC2-Flag or the Flag tag were grown
in the presence of 4-thiouridine and crosslinked using light
of 365 nm. Covalently crosslinked protein–RNA complexes
were tandem affinity purified and RNAs were subjected to
a partial RNase digest to obtain a footprint of YTHDC2 on
its associated RNAs. After radiolabeling of RNAs, com-
plexes were separated by polyacrylamide gel electropho-
resis, transferred to a nitrocellulose membrane and
visualized by autoradiography. Only a single band of

A B

FIGURE 3. YTHDC2 is enriched in perinuclear regions and associates with ribosomes. (A) HeLa cells or HEK293 cells expressing Flag-tagged
YTHDC2 were fixed, and the localization of YTHDC2 was determined by immunofluorescence using an anti-YTHDC2 antibody (upper panels;
HeLa cells) or an anti-Flag antibody (lower panels; HEK cells). Nuclear material was visualized by DAPI staining and an overlay (merge;
YTHDC2, green; DAPI, blue) is shown. Scale bar represents 10 µm. (B) Extracts prepared from HeLa cells and a HEK293 cell line expressing
FLAG-tagged YTHDF2 were separated by sucrose density gradient centrifugation. The distributions of YTHDC2 and YTHDF2 were deter-
mined by western blotting using an anti-YTHDC2 antibody (upper panel) or an anti-Flag antibody (lower panel; YTHDF2-Flag). The absor-
bance of the fractions at 260 nm was used to generate a profile on which the peaks corresponding to the 40S and 60S ribosomal
subunits and 80S monosomes are indicated. All experiments presented in this figure were performed at least in triplicate and representative
data are shown.
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radiolabeled RNAs that migrated at the molecular weight
of YTHDC2-Flag was detected and excised (Fig. 4A).
RNA fragments bound to YTHDC2 were isolated, ligated
to adaptors and used to generate a cDNA library that
was subjected to Illumina deep sequencing. The obtained
sequence reads were mapped to the human genome and
reads containing a specific T–C mutation, arising from nu-
cleotide misincorporation during the reverse transcription

step due to the presence of 4-thiouridine in the cellular
RNAs, were selected. To identify the ribosome binding
site of YTHDC2, the distribution of reads mapping to the
rDNA sequence encoding the 47S pre-rRNA transcript
consisting of the sequences of three of the mature rRNAs
(18S, 5.8S, and 28S rRNAs) flanked by internal and external
transcribed spacers, was first examined in several indepen-
dent experiments. This revealed that, compared to the

A

C D

B

FIGURE 4. YTHDC2 contacts the head region of the small ribosomal subunit. (A) HEK293 cells expressing YTHDC2-Flag or the Flag tag were UV
crosslinked in vivo. Protein–RNA complexes were tandem affinity purified, and RNAs were trimmed, ligated to adaptors, and labeled at the 5′ end
using [32P]. Complexes were separated by PAGE, transferred to a nitrocellulose membrane, and labeled RNAs were visualized by autoradiogra-
phy. The area excised from the membrane is indicated by red boxes. (B) RNA fragments isolated from the membrane shown in A were used to
prepare a cDNA library that was subjected to Illumina sequencing. The obtained sequence reads were mapped to the human genome, and the
number of reads per nucleotide mapped to the rDNA sequence is shown above a schematic view of the 47S pre-rRNA transcript containing the
sequences of the mature 18S, 5.8S, and 28S rRNAs. (ETS) external transcribed spacer, (ITS) internal transcribed spacer. Asterisks indicate peaks
that are present in both YTHDC2-Flag and Flag samples. Three independent CRAC experiments were performed and two representative data
sets are presented. (C ) Magnified views of the YTHDC2-Flag and Flag CRAC reads mapping close to the 3′ end of the 18S rRNA are shown.
Lower panel indicates the number and position of T–C mutations that are introduced as a result of nucleotide mis-incorporation during reverse
transcription at sites where a 4-thiouridine is crosslinked to an amino acid. (D) The number of reads in the YTHDC2-Flag A data set mapping to
each nucleotide of the 18S rRNA are shown on the 3D structure of themature 18S rRNA (PDB 4V6X) using a color scale in which the nucleotides to
which the maximum number of reads map are shown in red (100%) and nucleotides with lesser numbers of mapped reads are indicated in yellow
(above a threshold of 30%). The ribosomal proteins are indicated in pale cyan, the 18S rRNA in gray, and key structural features of the small ri-
bosomal subunit are labeled.
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control samples derived from cells expressing the Flag tag,
the samples derived from cells expressing YTHDC2-Flag
contained a large number of reads that mapped toward
the 3′ end of the 18S rRNA (Fig. 4B). Closer inspection of
the distribution of readsmapping to the 18S rRNA showed
that the majority of reads mapped between nucleotides
∼1630 and 1690 (Fig. 4C), suggesting that this sequence
is bound by YTHDC2 in vivo. Having established the
rRNA sequence contacted by YTHDC2, we next deter-
mined the position of this crosslinking site on the mature
ribosome by mapping the CRAC data to the available
structure of the human 80S ribosome (Anger et al. 2013).
The YTHDC2 crosslinking site was found to be in the
“head” region of the 40S subunit. While A1832 of the hu-
man 18S rRNA is N6-methylated (Piekna-Przybylska et al.
2008), this site does not lie within the identified YTHDC2
crosslinking site, implying that the crosslinking site
does not reflect a contact between the YTH domain of
YTHDC2 and this m6A. The YTHDC2 crosslinking site is,
however, in close proximity to the mRNA entry tunnel
and exit site (Fig. 4D), suggesting that YTHDC2 may regu-
late the association of m6A-containing mRNAs with the ri-
bosome for translation.

DISCUSSION

Proteins of the YTHdomain family have emerged as impor-
tant regulators of different aspects of gene expression
through their ability to recognize and specifically bind to
RNAs containing m6As. While YTHDC1 functions in the
regulation of pre-mRNA splicing in the nucleus (Xiao
et al. 2016), YTHDF1, YTHDF2, and YTHDF3 have been
suggested to function cooperatively in the cytoplasm to
promote the efficient translation and degradation of spe-
cific m6A-containing mRNAs (Wang et al. 2014, 2015; Shi
et al. 2017), thereby eliciting rapid alterations in the
gene expression profile of cells. The fifth YTH domain-con-
taining protein in human cells, YTHDC2, is unique among
the YTH domain proteins as it is present in both the cyto-
plasm and nucleus, and in addition to its YTH domain, it
contains additional RNA binding and protein–protein in-
teraction domains. Our data, together with that of several
parallel studies (Bailey et al. 2017; Hsu et al. 2017; Wojtas
et al. 2017), suggest that in different cell types YTHDC2 di-
rects specific subsets of mRNAs for rapid expression and
degradation. YTHDC2 is highly expressed in testes cells
where it was recently shown to bind and regulate the ex-
pression and stability of m6A-containing germline tran-
scripts that encode proteins involved in spermatogenesis
and that YTHDC2 is therefore important for progression
through meiosis (Hsu et al. 2017; Wojtas et al. 2017).

Although YTHDC2 appears to perform similar functions
to the YTHDF1-3 proteins in the cytoplasm by promoting
interactions between specific mRNAs and the ribosome
aswell as affecting the stabilityof itsmRNA interactionpart-

ners, the mechanisms by which these m6A readers elicit
such regulation ofmRNAs seem to differ. The common fea-
ture of these proteins, namely their binding to m6A-con-
taining mRNAs, is coupled to diverse protein–protein
and/or protein–RNA interactions that regulate the fate of
the substrate RNAs. YTHDF1 and YTHDF3 have been re-
ported to increase the translation efficiency of their sub-
strate mRNAs by recruitment of translation initiation
factors, whereas the binding of YTHDC2 to the 18S rRNA
of the small ribosomal subunit in close proximity to the
mRNA entry tunnel and exit site suggests that YTHDC2
directly bridges interactions between m6A-containing
mRNAs and the ribosome to promote translation. Similarly,
both YTHDF2 and YTHDC2 have been suggested to trig-
ger the degradation of their associated transcripts (Wang
et al. 2014; Bailey et al. 2017; Hsu et al. 2017; Wojtas
et al. 2017). In the case of YTHDF2, its recruitment to
m6A-containing mRNAs leads to their relocalization to P-
bodies, which are distinct cytoplasmic foci that contain
many RNA decay factors. Moreover, YTHDF2 was found
to associate with the CCR4-NOT deadenylation complex
through an interaction with CNOT1, suggesting that this
reader protein promotes rapid mRNA turnover by enhanc-
ing the rate of the deadenylation step, thereby making
mRNAs more susceptible to RNA decay. Via its ankyrin
repeats, YTHDC2 interacts specifically, and in an RNA-in-
dependent manner, with the major cytoplasmic 5′–3′

exoribonuclease XRN1. This suggests that, in contrast to
YTHDF2, YTHDC2 regulates RNA stability by increasing
the local concentration of the RNA degradation machinery
at specific mRNA substrates. Why these two m6A reader
proteins utilize different mechanisms to promote the deg-
radation of their associated RNAs remains unclear, espe-
cially as deadenylation and exonucleolytic processing are
closely coupled processes during RNA decay.

It has previously been suggested that the YTH domain of
YTHDC2 has weaker affinity for m6A-containing RNAs than
the other human YTH domains (Xu et al. 2015). While the
YTH domain is required for the interaction of YTHDC2
with cellular RNAs (Fig. 2A) and likely provides the speci-
ficity to substrate selection, the observation that the R3H
domain also contributes to RNA binding by YTHDC2 in
vivo implies that the R3H domain may help stabilize the in-
teractions between YTHDC2 and its m6A-containing sub-
strates. It has recently been reported that YTHDC2 is an
active RNA-dependent ATPase (Wojtas et al. 2017), imply-
ing that the helicase activity also contributes to its cellular
function. It is possible that the remodeling activity of
YTHDC2 facilitates access of the YTH domain to m6As on
structured mRNA substrates. Alternatively, the helicase
domainmay regulate the association of YTHDC2 or its sub-
strate mRNAs with the ribosome; remodeling of the head
region of the 40S subunit by YTHDC2 may either facilitate
access of YTHDC2 substrates to the mRNA entry tunnel
or it is possible that the helicase activity of YTHDC2
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promotes disassembly of the ribosome–mRNA complex
during translation termination to accelerate mRNA decay.
The findings that the YTHDF1-3 proteins and YTHDC2

fast-track both the translation and turnover of specific sub-
sets of mRNAs, raises the question of how these different
activities are coordinated. While all five YTH domain pro-
teins preferentially bind m6A-containing RNAs over non-
modified RNAs using a similar binding mechanism (Fig. 1
and see for example, Xu et al. 2015), in vivo the YTH
domain-containing proteins only bind subsets of m6A-con-
taining mRNAs. This suggests that either elements of the
YTH domain outside the m6A-pocket endow specificity
for m6A modifications that lie within particular sequence
motifs (e.g., Am6AC or Gm6AC) or that other regions of
the YTH domain-containing proteins contribute to the rec-
ognition of target RNAs. Due to the identification of many
common target mRNAs for the YTHDF1-3 proteins, it has
been suggested that particular mRNAs can be sequentially
bound by different YTH domain-containing proteins such
that initial binding by YTHDF1 or YTHDF3 facilitates rapid
translation and that subsequent association with YTHDF2
ultimately leads to mRNA turnover. In contrast, the protein
and RNA interactions of YTHDC2 suggest that it likely
serves to both increase the local concentration of 40S in
proximity of specific m6A-containing mRNAs to enhance
their translation, as well as enriching XRN1 in the vicinity
of translating ribosomes to subsequently promote efficient
mRNA turnover. These alternative functions of YTHDC2
must therefore be precisely regulated to enable a single
protein to contribute to both aspects of the rapid, but
short-lived, mRNA expression response.

MATERIALS AND METHODS

Molecular cloning

The coding sequences of YTHDC2 (NM_022828.4), YTHDC1
(NM_001031732.3), YTHDF1 (NM_017798.3), YTHDF2 (NM_
016258.2), or YTHDF3 (NM_152758.5) were cloned into a
pcDNA5 vector for expression of the proteins with a C-terminal
His6-Prc (PreScission protease site)-2xFlag (Flag) tag from a tetra-
cycline regulatable promoter in human cells. Similar constructs for
the expression of truncated forms of YTHDC2 lacking the R3H
domain (ΔR3H; amino acids 192–1430), the YTH domain (ΔYTH;
amino acids 1–1287), the ankyrin repeat 1 (ΔANK1; amino acids
1–505 + 539–1430), the ankyrin repeat 2 (ΔANK2; amino acids
1–538 + 572–1430), or both ankyrin repeats (ΔANK1+2; amino
acids 1–505 + 572–1430) were also generated. The sequence en-
coding the YTH domain of YTHDC2 (amino acids 1277–1430)
was cloned into a pQE80-derivative vector for the expression of
this peptide with an N-terminal His10-ZZ tag from an IPTG-regu-
latable promoter in E. coli. Site-directed mutagenesis was used
to generate constructs for the expression of YTHDC21277–1430
in which tryptophan 1310 or 1360 were converted to ala-
nine (W1310A and W1360A) and constructs were verified by
sequencing.

Recombinant protein expression, RNA synthesis,
and anisotropy measurements

Expression of His10-ZZ-tagged YTHDC21277–1430, or YTHD
C21277–1430 carrying W1310A or W1360A substitutions was in-
duced in BL21-Codon Plus cells by addition of 0.3 mM IPTG over-
night at 18°C. The cells were then harvested and lysed by
sonication in a buffer containing 30 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1mMMgCl2, 10% glycerol, and 1mMPMSF. After centrifu-
gationat25,000g for30minat4°C,His-taggedproteins in thesolu-
ble extract were retrieved on cOmplete His-Tag purification resin
(Roche). After washing steps with a buffer containing 30 mM Tris-
HCl pH 7.4, 300 mM NaCl, 1 mM MgCl2, 15 mM imidazole, 10%
glycerol, proteins were eluted in 30 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1mMMgCl2, 500mM imidazole, 10%glycerol. Elution frac-
tions containing proteinswere pooled anddialyzed against a buff-
er containing 30mMTris-HCl pH 7.4, 120mMNaCl, 2mMMgCl2,
20% glycerol. The concentration of the purified proteins was
determined using Bradford reagent (Thermo Fisher) and proteins
were visualized by SDS-PAGE followed by Coomassie staining.
RNA oligonucleotides (5′-Hex-CCGGACUGU-3′ and 5′-Hex-

CCGGm6ACUGU-3′) were prepared by solid-phase synthesis on
controlled-pore-glass (CPG) using 5′-O-(4,4′-dimethoxytrityl)-2′-
O-(triisopropylsilyloxymethyl)-protected ribonucleoside phos-
phoramidites and 5′-hexynyl phosphoramidite. The N6-methyla-
denosine building block was prepared as previously described
(Höbartner et al. 2003). After deprotection and purification by
denaturing PAGE (20% acrylamide, 7 M urea), the oligonucleo-
tides were labeled with 6-FAM-azide (3 mM) in the presence of
CuBr and TBTA (6 mM each) in water/dimethyl sulfoxide/tert-
butanol (4/3/1) at 37°C for 2 h, followed by precipitation and
PAGE purification. The concentration of labeled RNA was deter-
mined by UV absorbance at 260 nm, and the identity and homo-
geneity of fluorescent RNAs was confirmed by ESI-MS (mol. wt.
found for m6A-RNA: 3463.3, unmodified RNA: 3449.1) and ana-
lytical anion exchange HPLC.
For anisotropy measurements, proteins were re-dialysed

against a buffer containing 30 mM Tris-HCl pH 7.5, 120 mM
NaCl) overnight. Reactions containing 0–10 µM protein and 20 nM
fluorescein-labeled RNAs (5′-Fl-CCGGACUGU-3′ or 5′-Fl-CCG
Gm6ACUGU-3′) in 30mMTris-HCl pH 7.5, 120mMNaCl were in-
cubated at room temperature (RT) for 5 min. Anisotropy measure-
ments were then performed at 25°C using a FluoroMax-4
spectrofluorometer (Horiba Scientific). The datawere analyzed us-
ing the following equation:

r = r0 +
Drmax

[RNA]tot
·

(

[protein]tot +[RNA]tot +Kd

2

−

��������������������������������������������������������������

[protein]tot +[RNA]tot +Kd

2

( )2

−[protein]tot[RNA]tot

√
⎞

⎠,

where r0 is the anisotropy of free RNA, Δrmax is the amplitude, and
[protein]totand [RNA]totare the totalproteinand totalRNAconcen-
trations, respectively.

Human cell culture and generation of stable cell lines

HEK293 and HeLa CCL2 cells were cultured according to stan-
dard protocols in 1× Dulbecco’s modified Eagle’s medium
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(DMEM) supplemented with 10% fetal calf serum (FCS) at 37°C
with 5% CO2. Cell lines for the expression of Flag-tagged YTH
domain-containing proteins were generated by transfection of
the pcDNA5-based constructs into HEK293 Flp-In T-Rex cell
(Thermo Fisher Scientific) according to themanufacturer’s instruc-
tions. Stably transfected cells were selected using hygromycin
and blasticidin and expression of the transgene was induced by
addition of tetracycline for 24 h before use.

Microscopy

Immunofluorescence was essentially performed as previously de-
scribed (Warda et al. 2016). In brief, HeLa cells or HEK293 cells ex-
pressing YTHDC2-Flag were grown on coverslips and fixed using
4% paraformaldehyde in PBS for 10min at RT. Cells were permea-
bilized using 0.1% triton-X-100 in PBS for 15 min before blocking
with 10% FCS and 0.1% triton-100 in PBS for 1 h at room temper-
ature. Cells were then incubated with an anti-YTHDC2 antibody
(Sigma HPA037364) or an anti-Flag antibody (Sigma F3165) in
10% FCS and PBS for 2 h at room temperature, washed thorough-
ly and then incubatedwith a secondary antibody (Alexa Fluor 488-
conjugated donkey anti-rabbit; Jackson ImmunoResearch) for a
further 2 h. After further washing steps coverslips were mounted
using medium containing DAPI (Vectashield; Vector Laborato-
ries). Finally, cells were analyzed by confocal microscopy using
a ConfoCor2 microscope (Carl Zeiss).

Immunoprecipitation of complexes and sucrose
density gradient analysis

Immunoprecipitation experiments were essentially performed as
previously described in Sloan et al. (2015) and Memet et al.
(2017). HEK293 stable cell lines were treated with 1 µg/mL tet-
racycline for 24 h to induce expression of Flag-tagged YTH
domain-containing proteins or the Flag tag. Cells were lysed
by sonication in a buffer containing 150 mM KCl, 20 mM
HEPES pH 8.0, and 0.1 mM DTT, and extracts were supplement-
ed with 0.2 % triton X-100, 10% glycerol, and 1.5 mM MgCl2.
After centrifugation to precipitate cell debris, complexes con-
taining Flag-tagged proteins were retrieved on anti-Flag M2
magnetic beads (Sigma Aldrich) either directly or after treatment
with 4.5 U/mL RNase A and 1 U/mL RNase T1 for 15 min at
room temperature. Bound proteins were eluted by addition of
250 µg/mL FLAG peptide (Sigma Aldrich) at 12°C for 30 min.
Proteins were precipitated using 20% trichloroacetic acid
(TCA), separated by denaturing polyacrylamide gel electropho-
resis and analyzed by mass spectrometry as described in
Atanassov and Urlaub (2013). In brief, relevant lanes were ex-
cised, fragmented, and proteins were digested with trypsin be-
fore nanoLC-MS/MS analysis. Peak lists were extracted from
the raw data using Raw2MSMS software, and proteins were iden-
tified using MASCOT 2.4 software (Matrixscience) and com-
pared to the UniProtKB human proteome version 2016.01.
The log2 fold enrichment of proteins with YTHDC2 was deter-
mined by calculating a ratio between the number of spectral
counts (unique peptides) identified in the YTHDC2-Flag or
Flag-YTHDC2 samples and the control (Flag) sample. To enable
such a ratio to be generated for proteins for which no unique

peptides were detected in the Flag sample, the number of spec-
tral counts was increased by 1. Alternatively, eluates were ana-
lyzed by western blotting using anti-XRN1 (Bethyl A300-443A),
anti-Flag (Sigma F3165), and anti-GAPDH (GeneTex
GTX627408) antibodies.

For sucrose density gradient centrifugation, HeLa cells or
HEK293 cells expressing YTHDF2-Flag were lysed by sonication
in a buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 5 mM
MgCl2, and 1 mMDTT. The cleared, whole cell extracts were sep-
arated on 10-45% sucrose gradients in an SW-40Ti rotor for 16 h
at 23,500 rpm as previously described (Memet et al. 2017).
Following centrifugation, gradients were fractionated and the ab-
sorbance of each fraction at 260 nm was determined using a
NanoDrop (ThermoFisher). Proteins in each fraction were then
precipitated using TCA as described above and analyzed by west-
ern blotting using antibodies against YTHDC2 (Bethyl A303-
026A) or the Flag tag.

Crosslinking and analysis of cDNA (CRAC)

CRAC experiments were essentially performed as previously de-
scribed (Bohnsack et al. 2012; Haag et al. 2015; Sloan et al.
2015; Memet et al. 2017). In brief, HEK293 cells expressing
Flag-tagged YTHDC2, truncated versions of YTHDC2 or the
Flag tag were grown in the presence of 100 µM 4-thiouridine
for 6 h prior to crosslinking at 365 nm in a Stratalinker
(Agilent). Cells were harvested and protein–RNA complexes
were isolated by tandem affinity purification on anti-Flag mag-
netic beads (native conditions) and on NiNTA resin (denaturing
conditions). Partial RNase digestion was performed, and copre-
cipitated RNAs were 5′-end labeled with 32P and ligated to se-
quencing adaptors. Protein–RNA complexes were separated
by polyacrylamide gel electrophoresis, transferred to a nitrocel-
lulose membrane and visualized by autoradiography. Areas of
the membrane containing specific signals were excised and
RNAs were isolated. After reverse transcription and PCR amplifi-
cation, the cDNA library was subjected to Illumina sequencing.
The obtained sequence reads were mapped to the human ge-
nome (GRCh37.p13) as previously described (Haag et al.
2017). The number of reads mapping to each nucleotide of
the rDNA sequence coding for the 47S pre-rRNA were modeled
onto the cryo-electron microscopy structure of the human
80S ribosome (PBD 4V6X) (Anger et al. 2013) using python
scripts.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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