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ABSTRACT

N6-methyladenosine (m6A) is an abundant post-transcriptional modification that can impact RNA fate via interactions with
m6A-specific RNA binding proteins. Despite accumulating evidence that m6A plays an important role in modulating pluri-
potency, the influence of m6A reader proteins in pluripotency is less clear. Here, we report that YTHDF2, an m6A reader
associated with mRNA degradation, is highly expressed in induced pluripotent stem cells (iPSCs) and down-regulated dur-
ing neural differentiation. Through RNA sequencing, we identified a group of m6A-modified transcripts associated with
neural development that are directly regulated by YTDHF2. Depletion of YTHDF2 in iPSCs leads to stabilization of these
transcripts, loss of pluripotency, and induction of neural-specific gene expression. Collectively, our results suggest YTHDF2
functions to restrain expression of neural-specific mRNAs in iPSCs and facilitate their rapid and coordinated up-regulation
during neural induction. These effects are both achieved by destabilization of the targeted transcripts.
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INTRODUCTION

The ability of stem cells to maintain a state of self-renewal,
yet also rapidly differentiate in response to external signals
requires complex and coordinated control of global gene
expression. Although transcriptional changes are integral
to this control, stem cells also utilize post-transcriptional
regulation to achieve rapid remodeling of the transcrip-
tome during differentiation (Ivanova et al. 2017; Zhao
et al. 2017; Kami et al. 2018; Lloret-Llinares et al. 2018;
Oh et al. 2018). The RNA modification N6-methyladeno-
sine (m6A) is one post-transcriptional mechanism used by
stem cells to regulate gene expression (Batista et al.
2014; Chen et al. 2015b; Geula et al. 2015; Li et al.
2015; Zhang et al. 2017; Heck and Wilusz 2019). m6A is
by far the most prevalent internal modification RNA spe-
cies can experience with ∼10,000 m6A sites documented
in over a quarter of human transcripts (Dominissini et al.
2012; Meyer et al. 2012; Chen et al. 2015a). m6Amodifica-
tions are deposited, or written, onto RNAs by the methyl-
writer complex which can be divided into two sub-com-

plexes; the m6A-METTL complex (MAC), consisting of
METTL3, the catalytically active subunit of the complex,
and METTL14 (Liu et al. 2014), and the m6A-METTL-asso-
ciated complex (MACOM), comprising WTAP, ZC3H13,
RBM15/15B, VIRMA and HAKAI (Ping et al. 2014;
Růžička et al. 2017; Guo et al. 2018; Knuckles et al.
2018; Yue et al. 2018). Conversely, m6A can also be erased
by one of two demethylases, ALKBH5 or ALKBH9/FTO (Jia
et al. 2011; Zheng et al. 2013), although the overall impact
of demethylation remains open for debate (Ke et al. 2017;
Mauer et al. 2017; Darnell et al. 2018; Zhao et al. 2018).
Importantly, the ultimate impact of m6A methylation is de-
pendent on which m6A-binding proteins (readers) interact
with the modified RNA. The best-characterized m6A
readers are the YTH (YT521-B homology) family of proteins
which consists of YTHDF1-3 as well as YTHDC1 and 2 (Patil
et al. 2018). Readers influence the fate of m6A-modified
RNAs at the level of cleavage/polyadenylation (Kasowitz
et al. 2018), splicing (Xiao et al. 2016), subcellular
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localization (Roundtree et al. 2017), translation (Wang et al.
2015) and decay (Wang et al. 2014a).

METTL3 knockout in mice is lethal by embryonic day 8.5
(E8.5) (Geula et al. 2015) demonstrating that methylation is
essential for early development. In fact, m6Amethylation is
important at the very earliest steps, as it is needed for plu-
ripotency in both human and mouse embryonic stem cells
(ESCs) (Batista et al. 2014; Wang et al. 2014b; Aguilo et al.
2015; Chen et al. 2015b; Geula et al. 2015; Bertero et al.
2018; Wen et al. 2018). Moreover, a reduction in global
m6A levels alters the self-renewal and differentiation capa-
bilities of ESCs (Batista et al. 2014; Wang et al. 2014b;
Geula et al. 2015; Wen et al. 2018). This is likely in part
because mRNAs encoding core pluripotency factors such
as SOX2, KLF4, NANOG and MYC (but not OCT4) are
m6A-modified (Batista et al. 2014; Wang et al. 2014b;
Aguilo et al. 2015; Bertero et al. 2018) leading to altered
mRNA stability, translation, export and/or splicing when
m6A modification is reduced. The studies described
above largely focused on the influence of m6A and meth-
yltransferase activities and did not address which m6A
readers execute the coordinated, global changes in
gene expression that are necessary to facilitate rapid re-
modeling of the transcriptome in response to external
cues. Characterizing the impact of reader activity is critical
to our understanding of how m6A influences pluripotency
and development.

Relatively little is known regarding which m6A readers
are active in the early embryo and specifically in embryonic
stem cells. Of the YTH domain family of proteins, only
YTHDF2 and YTHDC1 are embryonic lethal when knocked
out, suggesting they play a prominent role in early devel-
opment (Kasowitz et al. 2018; Li et al. 2018a). However,
it is not clear whether these factors mediate the effects
of m6A on pluripotency, as their role in stem cells has not
been characterized. In differentiated cells, YTHDC1 mod-
ulates splicing and export from the nucleus (Xiao et al.
2016; Roundtree et al. 2017; Kasowitz et al. 2018), whereas
YTHDF2 facilitates the degradation of m6A-modified tran-
scripts by recruiting deadenylases and endonucleases
(Wang et al. 2014a; Du et al. 2016; Park et al. 2019).
Previous studies have suggested YTHDF2 plays an impor-
tant role in developmental transitions such as the mater-
nal-to-zygotic transition (Ivanova et al. 2017; Zhao et al.
2017), epithelial–mesenchymal transition (Chen et al.
2017) and differentiation of neural progenitor cells
(NPCs) (Li et al. 2018a), where it facilitates the clearance
of “old” RNAs to allow establishment of a new gene ex-
pression pattern. Based on the evidence outlined above,
we hypothesized that YTHDF2 mediates the influence of
m6A methylation on pluripotency and differentiation in
pluripotent stem cells.

Here, we report that YTHDF2 helps to maintain a plurip-
otent state by targeting a group of key m6A-modified tran-
scripts encoding neural-specific factors for degradation.

When neural differentiation is induced, expression of
YTHDF2 decreases. This leads to stabilization and in-
creased abundance of neural transcripts which helps to
drive differentiation. Depletion of YTHDF2 in self-re-
newing iPSCs leads to inappropriate expression of neural
markers and loss of pluripotency. However, depletion of
YTHDF2 during neural induction disrupts expression of
both pluripotency and neural-specific factors. Taken to-
gether, our findings reveal pluripotent stem cells rely on
YTHDF2 to restrain expression of neural-specific factors
in order to maintain a pluripotent state until a signal to dif-
ferentiate is received.

RESULTS

YTHDF2 is required for pluripotency in
human iPSCs

YTHDF2 protein expression is approximately sevenfold
higher in induced pluripotent stem cells (iPSCs) than in ge-
netically matched human foreskin fibroblasts (HFFs) (Fig.
1A,B). This dramatic difference in expression between
somatic and pluripotent cell types coupled with previous
evidence indicating m6A plays an important role in pluri-
potency (Batista et al. 2014; Wang et al. 2014b; Aguilo
et al. 2015; Chen et al. 2015b; Geula et al. 2015; Bertero
et al. 2018; Wen et al. 2018) invited further investigation.
Therefore, we depleted YTHDF2 in iPSCs using a previous-
ly validated siRNA (Wang et al. 2014a). We treated cells
with siRNA over a period of 5 d and evaluated the effects
on pluripotency. Efficient knockdown was verified at both
protein and mRNA levels (Fig. 2A,B). Intriguingly, we ob-
served cell and colony morphological changes. As seen
in Figure 2C, YTHDF2 depletion resulted in a loss of the
structural integrity of the colony, as the edges of the colony
became poorly defined. Moreover, cells were no longer
tightly packed within the colony, and individual cells and
cell borders could be more easily visualized. These chang-
es are all consistent with differentiation (Wakao et al. 2012;
Nagasaka et al. 2017). Other cellular changes linked to dif-
ferentiation, like enlargement of the nuclei (Rozwadowska
et al. 2013) and reduced expression of pluripotency mark-
ers TRA1-60 (Grigor’eva et al. 2019; Vilà-González et al.
2019) and SSEA4 (Zhang et al. 2018a) were also observed
(Fig. 2D,E; Supplemental Fig. S1). In summary, iPSCs de-
pleted of YTHDF2 exhibit phenotypes consistent with
loss of pluripotency.

YTHDF2 depletion affects transcripts required
for neural development

To gain insights into the specific transcripts affected by
YTHDF2 and the phenotype adopted following extended
YTHDF2 knockdown, we performed RNA-sequencing on
control and YTHDF2-depleted cells. We observed 1689
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and 1066 transcripts were up- or down-regulated, respec-
tively (Fig. 3A; Supplemental Table S1). As expected,
YTHDF2 itself exhibited a large decrease in expression.
To better understand the structure of the data set, we
performed hierarchical clustering of the differentially ex-
pressed genes. Our analysis revealed up-regulated
transcripts displayed more consistent levels of expression

between biological replicates and
more robust differences between
treatment and control samples when
compared to the down-regulated
group of transcripts (Supplemental
Fig. S2D). This is consistent with
YTHDF2 functioning as a destabilizing
RNA-binding protein, in that deple-
tion is expected to result in increased
abundance of target RNAs. To identi-
fy mRNAs that are likely to be direct
targets of YTHDF2, we compared
our sets of differentially expressed
transcripts with transcripts that are
m6A methylated in human embryonic
stem cells (Batista et al. 2014). Impor-

tantly, almost 70% of the transcripts that were up-regulat-
ed following YTHDF2 knockdown were m6A methylated,
far more than expected by chance (Fig. 3B).
This, and the fact that only 31%of down-regulated RNAs

showed evidence of m6A methylation (Fig. 3C) are consis-
tent with previous observations that YTHDF2 recognizes
m6A and recruits RNA decay enzymes (Wang et al.

A B

FIGURE 1. YTHDF2 protein is highly expressed in iPSCs. (A) Western blot to detect YTHDF2 in
three independent iPSC and HFF extracts. GAPDH was used as a loading control. (B)
Quantification of A. Asterisks indicate significant difference in the relative mean protein ex-
pression between iPSC and HFF samples ([∗∗] P-value <0.005).
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FIGURE 2. Depletion of YTHDF2 in iPSCs results in morphological changes. (A) Representative western blot using iPSC extracts to demonstrate
effective depletion of YTHDF2 following 2 d of siRNA treatment. GAPDH was used as a loading control. Percent protein remaining calculated
from three independent biological replicates is indicated below the lanes. (B) RT-dPCR analysis of YTHDF2 mRNA abundance in siRNA negative
control and YTHDF2 depleted samples normalized to GAPDHmRNA. Asterisks indicate significant difference in mean abundance between con-
trol and YTHDF2 KD samples ([∗∗∗] P-value <0.0005). (C ) Bright field images of siRNA negative control and YTHDF2-depleted iPSC colonies fol-
lowing 5 d of treatment. Scale bars indicate 100 µm. (D,E) iPSCs were subjected to 5 d of treatment with negative control or YTHDF2 siRNAs.
The nucleus was stained with DAPI. (D) Nucleus size of siRNA negative control or YTHDF2 depleted cells (cells = 50) was quantified via
ImageJ. (∗) P-value <0.05. (E) The indicated protein was detected by immunofluorescence (IF) staining. Scale bars indicate 10 µm. n=2.
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FIGURE 3. YTHDF2 depletion affects transcripts required for neural development. (A) Volcano plot generated from sequencing data showing the
adjustedP-value (y-axis) plottedagainst the fold change (x-axis) for individual genes.Differentially expressedgenes are shown ingreen (differential
expression: read counts >5, Benjamini-Hochberg adjusted P-value <0.05, and log2-fold change >1.0, represented by gray dotted lines). Neural-
specific transcripts evaluated in subsequent figures are labeled. (B–E) Venn diagrams showing the overlap between transcripts up-regulated (B,D)
or down-regulated (C,E) following YTHDF2depletion and transcripts previously shown to bem6Amethylated in hESCs (B,D) (Batista et al. 2014) or
bound by YTHDF2 (C,E) (Wang et al. 2014a). P-valueswere determined using a hypergeometric test. (F ) Boxplot of the log2 fold change in expres-
sion (YTHDF2KD/Control), taken from results generatedbyDESeq2, vs. numberofm6Asites. Transcriptswerebinnedbasedon thenumberofm6A
sites identified in Batista et al. (2014). The central line of the box plot represents themedian log2 fold change expression value. ndenotes the num-
ber of genes in each bin. Binned groups were compared using an unpaired two-sided Student’s t-test ([∗∗∗∗] P-value <0.0001). (G–I ) Functional
annotation clustering of biological process (G), cellular component (H), and tissue expression (I ) performed by DAVID on genes up-regulated fol-
lowing YTHDF2depletion. Annotation clusters with the highest enrichment according to FDR P-value are listed. The number of genes in each clus-
ter is shown next to the respective bar and fold enrichment over background is given in parentheses. (J) RT-dPCR analysis of mRNA abundances in
control and YTHDF2 depleted samples normalized to GAPDH. Data are reported as fold change (YTHDF2 KD/Control). Asterisks indicate signifi-
cant difference in mean abundance between control and YTHDF2 KD samples ([∗] P-value <0.05, [∗∗] P-value <0.005).
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2014a; Du et al. 2016; Park et al. 2019). Notably, transcripts
with more than 1 m6A site show a significantly greater
change in abundance following YTHDF2 knockdown
than those with 0 or 1 sites (Fig. 3F). This is consistent
with recent evidence that recruitment of multiple
YTHDF2 proteins may be required for maximal effect
(Ries et al. 2019). Overall, these data suggest that a signifi-
cant proportion of m6A methylated transcripts in iPSCs are
targeted by YTHDF2 and that the primary outcome of
YTHDF2 binding is reduced RNA abundance, likely
through destabilization.
We also compared our set of differentially expressed

transcripts to those previously shown to be bound by
YTHDF2 in HeLa cells (Wang et al. 2014a). Consistent
with the results above, RNAs up-regulated following
depletion of YTHDF2 in iPSCs were enriched among the
set of transcripts bound by YTHDF2 (Fig. 3D). Moreover,
there was no significant overlap between the list of
down-regulated transcripts and YTHDF2 association (Fig.
3E). This is again expected given that YTHDF2 association
results in destabilization of mRNAs.
To learn more about the pathways and processes that

might be affected by depletion of YTHDF2, we performed
Gene Ontology (GO) analyses via DAVID v8 (Huang et al.
2009a,b). Among the down-regulated genes, which are
unlikely to be directly targeted by YTHDF2, we observed
some enrichment of transcripts encoding proteins located
in the nucleus and/or associated with mitosis but there was
no overt connection to pluripotency or development
(Supplmental Fig. S4). In contrast, analysis of GO-terms as-
sociated with up-regulated transcripts revealed an intrigu-
ing link with neural differentiation/development in several
categories. Several of the top hits for biological processes
(Fig. 3G) and cellular component (Fig. 3H) have strong as-
sociations with neural development. Furthermore, over
half of the up-regulated transcripts (857 out of 1689) are
commonly expressed in the brain (Fig. 3I). These results co-
incide with previous reports that m6A methylation (Yoon
et al. 2017; Ma et al. 2018; Wang et al. 2018c; Chen
et al. 2019; Zhuang et al. 2019), and YTHDF2 (Li et al.
2018a), play a role in modulating neural development in
mammals. Based on these observations and the fact that
up-regulated transcripts are more likely to be directly tar-
geted by YTHDF2, we further characterized several of
the most dramatically increased transcripts that encode
factors with a role in neural development (Fig. 3A). We val-
idated the observed changes in mRNA abundance via re-
verse transcription digital PCR (RT-dPCR). As can be seen
in Figure 3J, we were able to independently reproduce
our sequencing results, with statistical significance, for a
majority of the identified transcripts (10 out of 13). In sum-
mary, our results are consistent with the idea that YTHDF2
plays a role in neural differentiation by modulating expres-
sion of mRNAs encoding factors associated with neural
development.

YTHDF2 interacts with neural-associated transcripts

As an m6A reader, YTHDF2 interacts with target transcripts
by binding to m6A via its YTH domain (Li et al. 2014; Zhu
et al. 2014; Xu et al. 2015). Upon closer examination, all
of the neural-associated transcripts we identified possess
one or more m6A site(s) as defined via m6A-seq experi-
ments performed on human and/or mouse samples
(Zheng et al. 2018). We performed RNA immunoprecipita-
tions (RIPs) in iPSCs to assess whether the neural-associat-
ed transcripts we identified were selectively bound to
YTHDF2. Briefly, YTHDF2-specific and IgG control anti-
bodies were used to retrieve YTHDF2 and associated
mRNAs from iPSC extracts following formaldehyde
crosslinking.
Western blot analysis of Input, IgG immunoprecipitation

(IP) and YTHDF2 IP samples revealed YTHDF2 protein was
detectable in Input and YTHDF2 IP samples, but not in the
IgG IP sample (Fig. 4A), demonstrating effective isolation
of YTHDF2. RNA was isolated from input, IgG IP and
YTHDF2 IP samples and mRNA abundance assessed via
RT-dPCR. GAPDH mRNA which has been previously es-
tablished as a nonmethylated transcript that does not
bind YTHDF2 (Batista et al. 2014; Wang et al. 2014a)
showed no enrichment over IgG, while CREBBP mRNA,
which is known to bind YTHDF2, was significantly enriched
and served as a positive control (Fig. 4B; Wang et al.
2014a). Interestingly, all of the neural-associated tran-
scripts were highly enriched (greater than sixfold over
IgG) and were significantly enriched when compared to
GAPDH (Fig. 4B). Overall, these results further validate
the findings from our RNA-seq experiment and indicate
that YTHDF2 directly binds to several neural-associated
transcripts in pluripotent stem cells.

YTHDF2 modulates the half-lives of neural-
associated transcripts in m6A dependent manner

As previously stated, YTHDF2 facilitates the degradation
of target transcripts upon binding (Wang et al. 2014a;
Du et al. 2016). Therefore, we predicted the set of neu-
ral-associated transcripts we identified should be stabi-
lized following YTHDF2 depletion. We assessed changes
in half-life using 4-thiouridine (4sU) to label and eventually
isolate nascent RNAs (Russo et al. 2017). Half-lives were in-
ferred based on the ratio of total to nascent RNA for each
transcript (see Materials and Methods for details). As pre-
dicted, depletion of YTHDF2 resulted in stabilization for al-
most all of the neural-associated transcripts tested (Fig.
4C). This indicates that YTHDF2 targets neural-specific
m6A-modified transcripts in order to facilitate their
degradation.
If YTHDF2 is specifically targeting these transcripts

through m6A, then loss of m6A should mimic the effect of
YTHDF2 depletion. To investigate this, we simultaneously
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depleted the catalytically active subunit of themethyltrans-
ferase complex METTL3 and the major scaffolding subunit
WTAP (Supplemental Fig. S5A,B). Previous studies have
shown that depletion of either protein reduces global lev-
els of m6A (Batista et al. 2014; Ping et al. 2014; Schwartz
et al. 2014; Yoonet al. 2017;Wanget al. 2018a). As predict-
ed, knockdownofMETTL3 andWTAP increased themRNA
half-life for the vast majority (eight out of ten) of the tran-
scripts (Supplemental Fig. S5C). Moreover, simultaneous
depletion of all three factors (YTHDF2/METTL3/WTAP)
did not notably further stabilize mRNAs (Fig. 4D;
Supplemental Fig. S5D). Based on these observations,
we conclude that when a cell is in a pluripotent state,
YTHDF2 targets neural-associated transcripts for decay in
an m6A-dependent manner.

YTHDF2 expression decreases during neural
differentiation

If stem cells are utilizing YTHDF2 to suppress neural-asso-
ciated transcripts, as suggested by our results above (Figs.

3 and 4) then YTHDF2 expression or activity may decrease
to favor differentiation down the neural pathway intomulti-
potent NPCs. To investigate this idea, we induced differ-
entiation of iPSCs into NPCs and measured the levels of
YTHDF2 protein over time. OCT4, a major pluripotency
factor, and PAX6, a marker for neural differentiation
(Zhang et al. 2010), were used as controls to demonstrate
that differentiation was occurring. As shown in Figure 5A,
by day 6 expression of OCT4 protein was almost abolished
(Fig. 5B) while PAX6protein expression increased>50-fold
(Fig. 5C). Notably, YTHDF2 protein expression exhibited a
steady decline throughout the time course with a >60% re-
duction in protein expression by day 6 (Fig. 5A,D). In sum-
mary, YTHDF2 protein expression decreases as iPSCs
differentiate into NPCs.

Stability of YTHDF2 target transcripts increases
during neural differentiation

Based on the changes in mRNA half-life and abundance
we observed following YTHDF2 depletion in iPSCs (Figs.

A

C D

B

FIGURE 4. YTHDF2 binds to neural-associated transcripts and modulates their half-lives in an m6A-dependent manner. (A) Representative
western blot showing YTHDF2protein abundance in Input, IgG IP, and YTHDF2 IP samples fromRIP experiment. (B) RT-dPCR analysis of transcript
abundance in IgG and YTHDF2 IP samples. Data are represented in a violin plot as fold enrichment over IgG (YTHDF2 IP/IgG IP). Blue dots in-
dicate individual replicate values (n=3 or 4). Asterisks indicate significant difference in mean fold enrichment between GAPDH and specified
transcripts ([∗] P-value <0.05). (C,D) Half-lives from cells treated for 2 d with siRNA negative control and YTHDF2 KD (C ) or siRNA negative control
and YTHDF2-METTL3-WTAP KD (D) were generated by RT-dPCR analysis of Total andNascent samples using the formula from Rädle et al. (2013)
and normalized to a 4sU-labeled synthetic RNA to account for experimental variation. Data are reported as fold change (KD/Control). Asterisks
indicate significant difference in mean half-life between control and KD samples ([∗] P-value <0.05, [∗∗] P-value <0.005). Nonsignificant P-values
are given above bars.
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3 and 4) and the decrease in YTHDF2 expression over the
course of neural induction (Fig. 5A,D), we predicted the
group of neural-associated transcripts we identified as tar-
gets of YTHDF2 would exhibit increases in half-life and
abundance during neural differentiation. To investigate,
we induced neural differentiation for 6 d and then labeled
with 4sU for 4 h before isolating and processing RNA as be-
fore. Neural differentiated samples were compared to
noninduced (pluripotent) controls. We observed stabiliza-
tion for nine out of ten neural-associated transcripts (Fig.
5E). Interestingly, stabilization did not uniformly result in
elevated mRNA abundance reflecting that other types of
regulation are likely also at play (Fig. 5F). Overall, these re-
sults show that differentiation of iPSCs into NPCs results in
stabilization of several neural-associated transcripts, and a

decrease in YTHDF2 expression during neural differentia-
tion may facilitate this (Fig. 4).

The level of m6A deposition is not globally altered
during neural differentiation

Previous studies have shown global m6A abundance and
expression of the catalytically active subunit of the m6A
writer complex, METTL3, decreases during differentiation
(Aguilo et al. 2015; Geula et al. 2015; Wang et al. 2018a).
To explore whether this might also influence expression of
YTHDF2 substrates, we evaluated methylation during dif-
ferentiation by modifying a recently published protocol
which utilizes the MazF endoribonuclease to quantify
m6A abundance at a specific site (MazF-RT-dPCR)

A

E
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D

FIGURE 5. Changes in YTHDF2 expression and m6A abundance after neural differentiation increase mRNA half-life and abundance of neural-
associated transcripts. (A) Representative western blot of YTHDF2, OCT4, and PAX6 protein expression at 0, 2, 4, and 6 d after neural induction.
GAPDHwas used as a loading control. (B–D) Expression of OCT4 (B), PAX6 (C ), and YTHDF2 (D) over the time course was normalized to GAPDH,
and the 0 d time point was set to 100% relative protein expression for each replicate. Normalized protein expression from 2, 4, and 6 d after in-
duction was reported as percent protein expression compared to 0 d time point. Asterisks indicate significant difference between the given time
point and 0 d induction ([∗] P-value <0.05, [∗∗] P-value <0.005, [∗∗∗] P-value <0.0005). (E) Half-lives from noninduced (control) and 6 d neural in-
duced samples were generated by RT-dPCR analysis of Total and Nascent samples using the formula from Rädle et al. (2013) and normalized to a
4sU-labeled synthetic RNA to account for experimental variation. Data are reported as fold change (Neural Induced/Control). Asterisks indicate
significant difference in mean half-life between control and neural induced samples ([∗] P-value <0.05, [∗∗] P-value <0.005). Nonsignificant P-val-
ues are given above bars. (F ) RT-dPCR analysis of mRNA abundances, normalized to GAPDH, from samples that underwent no induction (control)
and 6 d of neural induction. Data are reported as fold change (Neural Induced/Control). Asterisks indicate significant difference in mean abun-
dance between control and neural induction samples ([∗] P-value <0.05, [∗∗] P-value <0.005). (G) Themethylation ratio at four m6A positions quan-
tified byMazF-dPCR using samples that underwent no induction (WT) and 6 d of neural induction. Asterisks indicate significant difference inmean
methylation ratio between WT and neural induced samples ([∗] P-value <0.05).
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(Garcia-Campos et al. 2019). Briefly, MazF cleaves RNA at
ACA motifs and is blocked by N6-adenosine methylation.
Thus, following treatment with MazF, RNA regions con-
taining m6A remain intact while unmethylated regions
are cleaved and no longer detected by RT-dPCR. The frac-
tion of methylated RNA can be determined by comparing
the abundance of a region containing an m6A site with the
abundance of a different region lacking ACA (Supplemen-
tal Fig. S5E). Unfortunately, many of the neural transcripts
associated with YTHDF2 did not contain m6A sites that
were amenable to this analysis (i.e., did not have the
ACA sequence or had multiple ACA sequences in close
proximity) but we identified two m6A sites in the WDR62
transcript, and one each in NANOG and SON which
were suitable. Interestingly, although we observed an ap-
proximately twofold drop in m6A deposition at one
WDR62 m6A site after 5 d of neural induction the other
three sites we examined, including a second site in
WDR62, showed no significant difference in methylation
ratio (Fig. 5G). This suggests that the primary reason for in-
creased stabilization of mRNAs during differentiation is re-
duced YTHDF2 expression rather than reduced m6A
deposition.

YTHDF2 depletion disrupts neural differentiation
of iPSCs

We observed above that extended YTHDF2 depletion in
iPSCs increased the size of the nucleus (Fig. 2D;
Supplemental Fig. S1) and abrogated expression of two
pluripotency markers, TRA-1-60 and SSEA4 (Fig. 2E).
Both of these observations suggest depletion of YTHDF2
results in loss of pluripotency. Moreover, YTHDF2 binds
to and regulates transcripts associated with neural devel-
opment (Fig. 3). We therefore wondered if YTHDF2 deple-
tion influences differentiation down the neural lineage. As
an initial test, we again depleted YTHDF2 in iPSCs for 5 d
and used immunofluorescence (IF) to examine the protein
expression of three neural-specific markers, PAX6, CXCR4,
NES (Nestin) and SOX1 (Feng et al. 2014; Malchenko et al.
2014). Intriguingly, the intensity of staining for the mem-
brane-bound protein NES and the transcription factor
SOX1 both exhibit increasing trends in expression in
YTHDF2 depleted cells compared to controls (Fig. 6A,B).
However, we were unable to detect expression of PAX6
or CXCR4 protein in control or YTHDF2 depleted samples
although mRNA was present, and expression was detect-
ed in neural induced cells (Supplemental Fig. S6). These
results suggest YTHDF2 depletion in iPSCs may prime
cells for the neural gene expression program, but does
not induce neural differentiation on its own.

If YTHDF2 depletion primes iPSCs for neural differentia-
tion, we hypothesized this influence might be potentiated
upon neural induction when compared to non-YTHDF2
depleted controls. To evaluate this, we depleted

YTHDF2 prior to inducing differentiation and treated
with siRNAs again the day neural induction began. We
measured the abundances of several pluripotency factor
mRNAs (OCT4 and NANOG), and neural-specific factors
(PAX6 and NES). Prior to neural induction, OCT4 and
NANOG were unaffected by YTHDF2 depletion, whereas
PAX6 and NES exhibited modest decreases in mRNA
abundance (Fig. 6C). In contrast, we observed a substantial
increase in mRNA abundance for PAX6 at both 2 and 5 d
after neural induction in the YTHDF2 depleted samples
when compared to controls (Fig. 6D). Moreover, expres-
sion of both OCT4 and NANOG were significantly re-
duced after 5 d of neural induction in YTHDF2 depleted
cells compared to controls, with NANOG also being signif-
icantly reduced after only 2 d of induction (Fig. 6E,F). There
was no clear effect on NES expression during neural induc-
tion (Fig. 6G). Thus, it appears depletion of YTHDF2 in
iPSCs primes them for neural differentiation. However, im-
proper changes in YTHDF2 expression can disrupt the co-
ordination necessary to achieve precise cell state
transitions resulting in aberrant expression of pluripotency
and neural-specific factors.

DISCUSSION

In the experiments described above, we have shown that
YTHDF2 is important for pluripotency. Through RNA se-
quencing, we discovered that mRNAs encoding factors as-
sociated with neural development are up-regulated
following YTHDF2 knockdown. YTHDF2 directly interacts
with many of these neural-associated mRNAs, presumably
targeting them for degradation in an m6A-dependent
manner. Over the course of neural differentiation,
YTHDF2 expression is decreased and neural-associated
mRNAs are simultaneously stabilized. Reducing expres-
sion of YTHDF2 before neural induction disrupts the differ-
entiation process resulting in aberrant expression of both
neural and pluripotency factors. Overall, our data support
the notion that YTHDF2 is a key m6A reader in pluripotent
cells that specifically restrains neural differentiation.

Previous studies have reported YTHDF2 influences
maintenance and differentiation of multipotent stem cells
from various lineages (Zhang et al. 2017; Li et al. 2018a,b;
Wang et al. 2018b; Paris et al. 2019; Yao et al. 2019). Here,
we show that YTHDF2 plays a role at the earliest stages of
development; in pluripotent stem cells. Although mRNAs
encoding both pluripotency factors and neural-specific
factors can be m6A-modified (Batista et al. 2014), we find
little evidence that YTHDF2 directly influences expression
of pluripotency factors, as only neural-specific mRNAs are
enriched in the set of transcripts up-regulated by YTHDF2
knockdown. This is consistent with YTHDF2 being re-
quired primarily to clear neural-specific transcripts as
they are produced, thereby allowing the pluripotency
gene expression program to dominate. Indeed, a similar
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observation was reported during the endothelial-to-hema-
topoietic transition in zebrafish where YTHDF2 facilitates
the clearance of endothelial-specific mRNAs notch1a
and rhoca to promote hematopoietic stem cell reprogram-
ming (Zhang et al. 2017). Maintaining neural-specific
mRNAs in an unstable state also facilitates their rapid
and coordinated up-regulation following induction of the
neural differentiation program, as unstable mRNAs reach
a new steady state more rapidly when transcription chang-
es (Bertero et al. 2018). When YTHDF2 is artificially deplet-
ed, iPSCs appear to inappropriately acquire some features
of the neural cell gene expression program, but are unable
to achieve effective differentiation down the neural
pathway upon induction. These outcomes can both be ex-

plained by increased stability of neural-specific transcripts
seen when either YTHDF2 or m6A itself are reduced.
Importantly, once the neural gene expression program
has been successfully engaged, long-term stabilization of
neural transcripts may occur naturally through down-regu-
lation of YTHDF2.
Interestingly, other studies also indicate that YTHDF2

and m6A are particularly important for neural gene expres-
sion programs. Specifically, Ythdf2 depletion in mice com-
promises neural development, and generates NPCs with
reduced abilities to proliferate and differentiate (Li et al.
2018a). These effects correlate with stabilization of neu-
ral-specific mRNA targets. Furthermore, knockout of
Mettl14 or depletion ofMettl3 in embryonic mouse brains

A

B D F

E GC

FIGURE 6. Depletion of YTHDF2 in iPSCs favors the neural-lineage and promotes a more robust differentiation response. (A) iPSCs were treated
with negative control or YTHDF2 targeting siRNA for 5 d. The indicated protein was detected by immunofluorescence staining. The nucleus was
stained with DAPI. White scale bar indicates 10 µm. n=2. (B) Quantification of IF staining shown in A. (C ) RT-dPCR analysis of mRNA abundances
in control and YTHDF2depleted samples prior to neural induction (0 d). Data are reported as fold change (YTHDF2KD/Control). Asterisks indicate
significant difference in mean abundance between control and YTHDF2 KD samples ([∗] P-value <0.05). (D–G) mRNA expression of pluripotency
(OCT4 and NANOG) and neural-lineage (PAX6 and NES) factors over the course of neural differentiation was quantified via RT-dPCR and nor-
malized toGAPDH. Abundance at the 0 d time point was set to 100%. Asterisks indicate significant difference in themean percent RNA remaining
between control and YTHDF2 KD replicates at that time point ([∗] P-value <0.05, [∗∗] P-value <0.005).
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alters expression of m6A-modified mRNAs encoding fac-
tors important for neurogenesis and neural differentiation
(Yoon et al. 2017). Finally, deletion of Mettl14 in mouse
NPCs reduced proliferation and induced premature differ-
entiation (Wang et al. 2018c). It is unclear how methylated
neural-specific transcripts might be selected by YTHDF2
given that a broad spectrum of transcripts is m6A-modified
(Batista et al. 2014). A similar situation exists when m6A-
modified maternal mRNAs are cleared from oocytes, while
leaving zygotic m6A-modified transcripts intact (Ivanova
et al. 2017; Zhao et al. 2017). It is possible that neural
RNAs are somehow marked during transcription or other
steps of RNA processing, perhaps by modification of the
YTH protein or by recruitment of additional factors.
Alternatively, it may be that the sequence context and/or
distribution of m6A sites in neural-specific and other affect-
ed RNAs is more favorable for YTHDF2 binding.

Among the neural-specific targets of YTHDF2 we identi-
fied, WDR62, CHAC1 and NGFR stand out as encoding
key factors for neural development. WDR62 regulates neu-
rogenesis via the JNK1 signaling pathway (Xu et al. 2014)
and its depletion disrupts mitotic progression and induces
death of NPCs, which ultimately results in primary micro-
cephaly (Bilgüvar et al. 2010; Nicholas et al. 2010; Chen
et al. 2014). Moreover, WDR62 has been implicated in
the specification of neural and glial progenitor cells during
human pluripotent stem cell differentiation (Alshawaf et al.
2017). CHAC1 facilitates neurogenesis by antagonizing
the Notch signaling pathway (Chi et al. 2012, 2014), which
plays an important role in early neurodevelopment (Zhang
et al. 2018b). Finally, the nerve growth factor receptor,
NGFR has multiple roles throughout neural development
and is a marker for in vitro differentiation of hESCs into
NPCs (Lee et al. 2007; Pruszak et al. 2007). NGFR targets
have been implicated in embryonic stem cell survival
(Pyle et al. 2006) and neural lineage definition (Bibel
et al. 2004). By targeting these key neural-specific tran-
scripts, YTHDF2 can play a major role in coordinating
gene expression changes during neural development.

In conclusion, the ability of m6A modification to influ-
ence self-renewal and neural differentiation of iPSCs is
achieved through recruitment of YTHDF2 to neural-specif-
ic transcripts. Destabilization of neural-specific mRNAs is
important for preventing inappropriate activation of neural
gene expression and to permit rapid and coordinated dif-
ferentiation upon neural induction.

MATERIALS AND METHODS

Cell culture and neural induction

A matched set of male human foreskin fibroblasts (HFF) and re-
programmed induced pluripotent stem cells (iPSC) were pur-
chased from System Biosciences. iPSCs were grown on Matrigel
(Corning). Plates were coated with MatriGel in accordance with

manufacturer protocols, MatriGel was diluted in DMEM/F12 (+
L-glutamine, + 15 mM HEPES, - phenol red; Gibco, Dublin,
Ireland). iPSCs were cultured in either exclusively mTesR1 media
(STEMCELL Technologies) or a combination of mTesR1 and
StemFlex (Thermo Fisher Scientific) media at 37°C in 5% CO2.
Briefly, the combination culture consisted of passaging iPSCs in
StemFlex for the first 1–2 d, to increase yield, then switch back
to mTesR1 for the remainder of the culturing period. HFFs
were cultured in DMEM (4.5 g/L glucose) supplemented with
2 mM L-glutamine, 0.1 mM nonessential amino acids and 10%
NBCS (Peak Serum) at 37°C in 5% CO2.

Neural induced differentiation of iPSCs was performed using
STEMdiff Neural Induction Medium (STEMCELL Technologies)
in accordance with manufacturer’s recommendations. Briefly,
iPSCs were passaged onto new MatriGel coated plates in
StemFlex and left to attach overnight. Approximately 24 h after
passaging, media was removed and replaced with STEMdiff
Neural Induction Medium. Cells were cultured in STEMdiff
Neural Induction Medium for up to 7 d with media changed daily.

Transfection

Transient knockdown was achieved by transfecting iPSCs with
siRNAs supplied by MilliporeSigma (see Supplemental Table S3
for detailed information about the siRNAs used). Transfections
were carried out using Stemfect transfection reagent (Stemgent)
in accordance with manufacturer’s recommendations. Cells
were transfected at a 50 µM concentration daily for 2–6 d, de-
pending on the experiment, and harvested approximately 24 h af-
ter the final transfection.

RNA isolation and RT-dPCR

RNA isolation was performed using TRIzol Reagent (Thermo
Fisher Scientific) in accordance with manufacturer’s protocols.
Total RNA was treated with DNase I (Thermo Fisher Scientific).
Removal of DNase I was achieved by phenol/chloroform/isoamyl
alcohol (25:24:1) extraction and ethanol precipitation.

Reverse transcription (RT) was performed in 20 μL reactions us-
ing Improm-II Reverse Transcriptase (Promega) with slight modifi-
cations to the manufacturer’s protocol. Specifically, the reaction
was primed with 0.5 μg of a 3:1 mixture of random hexamers:oli-
god(T) and RiboLock (Thermo Fisher Scientific) was included as an
RNase inhibitor. The resulting cDNA was diluted such that the
template copy number was between 10 and 100,000 and used
in dPCR reactions with QX200 ddPCR EvaGreen Supermix
(Bio-Rad) and transcript-specific primers. Detailed information
about the primers used for each transcript can be found in
Supplemental Table S3. Droplet generation was performed using
a QX200 Droplet Generator (Bio-Rad) in accordance with manu-
facturer’s protocols. Droplets were transferred to a 96-well plate
and heat sealed with pierceable foil using the PX1 PCR Plate
Sealer (Bio-Rad). A two-step amplification was performed in a
C1000 Touch Thermal Cycler with 96-Deep Well Reaction
Module (Bio-Rad) with annealing/extension at 60°C for 60 sec
and denaturation at 95°C for 30 sec and a 2.5°C/sec ramp rate.
Fluorescence of each droplet was interrogated using the
QX200 Droplet Reader (Bio-Rad) and transcript copy numbers
were determined using the QuantaSoft Software (Bio-Rad).
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Transcript copy numbers were normalized to GAPDH across com-
pared samples and expression changes were reported as relative
mRNA abundance or fold-change.

Protein preparation and western blotting

Colonies were detached using ReLeSR (STEM CELL Technolo-
gies), pelleted by centrifugation at 1000g and 4°C for 5 min
and washed twice in 10 mL of cold PBS. After the second wash,
cells were re-suspended in 100–500 μL of RIPA buffer (50 mM
Tris-Cl pH 7.5, 1% NP40, 0.5% Sodium Deoxycholate, 0.05%
SDS, 1 mM EDTA, 150 mM NaCl, 1 mM PMSF and 1 mM DTT),
with Protease Inhibitor Cocktail (MilliporeSigma, # P8340),
and incubated for 10 min at 4°C with gentle rotation. Cells were
then lysed via sonication with 5×10 sec pulses at 6–7 W output
with 1min of rest on ice in between. After lysis, samples were cen-
trifuged at 14,000 rpm for 10 min at 4°C. Whole cell lysates (su-
pernatant) were quantified via Pierce Rapid Gold BCA kit
(Thermo Fisher Scientific) in accordance with manufacturer’s
protocols.

20–40 μg of whole cell lysate was run on a 8% SDS polyacryl-
amide gel, transferred to an Immobilon PVDF membrane (EMD
Millipore) and probed with primary antibodies at room tempera-
ture for 2 h (see Supplemental Table S3 for details). Membranes
were washed, then incubated for 1 h at room temperature with
HRP-conjugated anti-rabbit (1/5000; Bio-Rad) or anti-mouse (1/
5000; Santa Cruz) antibodies. After washing, membranes were
treated with SuperSignal West Dura Extended ECL reagent
(Thermo Fisher Scientific) and luminescence was assessed on
the ChemiDoc XRS+ system (Bio-Rad) or the Azure Sapphire
Biomolecular Imager (Azure Biosystems). Band intensities were
assessed using ImageLab software (Bio-Rad) and normalized to
GAPDH.

4-Thiouridine (4sU) labeling and half-life analysis

4sU labeling and subsequent half-life analysis was performed as
described previously (Russo et al. 2017). Briefly, cells treated
with siRNAs for 2 d were labeled with 4sU at concentration of
400 μM for 4 h. RNA was collected and isolated using TRIzol re-
agent. Prior to fractionation, a 4sU-labeled synthetic transcript
(Dharmacon) with the following sequence: 5′-AUUUAGGUGA
CACUAUAGGAUCCUCUAGAGUCGACCUUCUCCCUAUAGUG
AGUCGUAUUAGCA[4-S-U]CAG-3′, was spiked into samples to
assess fractionation efficiency. A total of 20–40 μg of total RNA
and was labeled with MTSEA-biotin-XX (Biotium) and fractionat-
ed using μMACS streptavidin magnetic beads (Miltenyi Biotec).
Transcript abundances were measured using RT-dPCR, and
half-lives were calculated based on the ratio of labeled to unla-
beled RNA (Rädle et al. 2013).

RNA immunoprecipitation (RIP)

Cells were detached from 10-cm plates using ReLeSR (STEM
CELL Technologies), pelleted by centrifugation at 1000g and
4°C for 5 min and washed twice in 10 mL of cold PBS. After the
second wash, cells were re-suspended in 10 mL of cold PBS
and RNA-protein crosslinking was performed by adding 0.3%

formaldehyde. Cells were incubated in the crosslinking solution
for 10 min at room temperature with gentle rocking. 1.4 mL of
2M glycine (pH 7.0) was added to quench the crosslinking reac-
tion. Cells were then pelleted again at 1000g and 4°C for 5 min
and washed twice in 10 mL of cold PBS. Cell pellets were stored
at −80°C until further processing.
Cells were thawed and re-suspended in 1 mL of low stringency

(LS) RIPA buffer (50 mM Tris-Cl pH 7.5, 1% NP40, 0.5% Sodium
Deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM NaCl, 1 mM
PMSF and 1 mM DTT) with Complete Mini EDTA-free Protease
Inhibitor Cocktail tablets (MilliporeSigma) and RiboLock RNase
inhibitor (Thermo Fisher Scientific). Cells were incubated in LS
RIPA buffer for 10 min at 4°C with gentle rotation and then lysed
by passing through a 25 gauge needle 10–12 times. Samples
were spun down at 14,000 rpm for 10min at 4°C. Cell extracts (su-
pernatant) were transferred to new tubes and were precleared by
incubation with 20 µL of magnetic protein G beads (NEB) for 60
min at 4°C with gentle rotation. Beads were removed from the ex-
tracts using a magnetic stand. After preclearing, a 100 µL aliquot
was set aside to serve as the input. Then, 450 µL samples were in-
cubated with 20 µL of either YTHDF2 or IgG antibodies with rota-
tion at 4°C for 60 min. After incubation, 20 µL of magnetic protein
G beads was added and samples were again incubated with rota-
tion at 4°C for 60 min. Beads were then retrieved and resuspend-
ed in 500 µL of high stringency (HS) RIPA buffer (50mMTris-Cl pH
7.5, 1%NP40, 1% SodiumDeoxycholate, 0.1% SDS, 1 mMEDTA,
1 M NaCl, 1 M Urea, 1 mM PMSF and 1 mMDTT), with Complete
Mini EDTA-free Protease Inhibitor Cocktail tablets and RiboLock
RNase inhibitor included, and incubated with rotation at 4°C for
5 min. This was repeated for a total of five washes. To reverse
the crosslinking, beads were re-suspended in 100 µL of TEDS
buffer (50 mM Tris-Cl pH 7.0, 5 mM EDTA, 1% SDS, 10 mM
DTT) and 50 µL of TEDS buffer was added to Input samples. IP
and Input samples were then incubated at 70°C for 45 min. 300
and 450 µL of TRIzol was added to IP and Input samples, respec-
tively. Samples were stored at −80°C until RNA could be extract-
ed see RNA Isolation). Upon completion of RNA isolation, RNA
samples were suspended in 4 µL of water and the full volume
was taken into the reverse transcription reaction. RT-dPCR was
used to measure RNA abundances in YTHDF2 IP, IgG IP and
Input samples. Percent of Input (PoI) was determined and fold en-
richments were calculated as YTHDF2 PoI/IgG PoI for a specific
gene. Protein samples were obtained from independent RIPs
and protein abundance was assessed via western blot to measure
RIP efficiency.

Immunofluorescence staining

Circular coverslips were placed on 6- or 10-cm dishes and coated
with MatriGel prior to seeding. Cells were seeded, cultured and
treated in accordance with previously described protocols (see
Cell Culture, Neural Induction and Transfection). After treatment,
coverslips were collected and washed twice in 1 mL of PBS. Cells
were fixed in a 3.7% formaldehyde PBS solution for 10 min at
room temperature with slight agitation. After fixing, cells were
washed twice in 1 mL of PBS and permeabilized in 70% EtOH
overnight at 4°C. Cells were blocked by incubating in 1 mL of
blocking buffer (20 mg/mL Fraction 5 BSA and 0.02% Triton X-
100) overnight at 4°C. Following blocking, cells were probed
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with a 1:100 dilution of primary antibody in blocking buffer and
placed in a humidity chamber at 37°C for 2 h (see
Supplemental Table S3 for details). Cells were washed five times
with PBS-T (0.02%) for 1 min with slight agitation. Cells were then
probed with Alexa Fluor568-conjugated anti-rabbit (Abcam) or
anti-mouse (Abcam) at a 1:500 dilution in blocking buffer and
placed in a humidity chamber at 37°C for 2 h. After incubation,
cells were again washed five times with PBS-T for 1 min with slight
agitation. Slides were then mounted using one drop (∼100 μL) of
ProLong Diamond Antifade Mountant with DAPI (Life
Technologies, Carlsbad, CA) and left to cure in the dark at room
temperature overnight. Slides were visualized using an Olympus
IX71 inverted fluorescent microscope at 100× magnification us-
ing the 31000 DAPI/Hoechst filter (EX360, EM460) to visualize
DAPI and the 41002 TRITC (Rhodamine)/Cy3 filter (EX535,
EM610) to visualize Alexa568. Images were captured using Q
Imaging Retiga 2000R camera. Background fluorescence was de-
termined by measuring slides probed with secondary antibody
only and the minimum threshold of images was adjusted accord-
ingly. Nucleus size was analyzed via ImageJ (Schneider et al.
2012).

MazF digestion and analysis

MazF digestion and analysis was performed according to a pub-
lished protocol (Garcia-Campos et al. 2019) with some modifica-
tion. Briefly, 100 ng of total RNAwas digested by 20 units of MazF
enzyme (Takara Bio, Kusatsu, Japan) supplemented with 4 µL 5×
buffer, 0.8 µL DMSO and 0.5 µL RNase inhibitor (Thermo Fisher
Scientific) in a 20 µL reaction. Samples were denatured at 70°C
for 5 min then incubated at 37°C for 30 min. Digested RNA was
purified by phenol/chloroform/isoamyl alcohol (25:24:1) extrac-
tion and ethanol precipitation, then subjected to RT-dPCR as pre-
viously described (see RNA Isolation and RT-dPCR) with one
exception. 100% random hexamer was used to prime the reaction
instead of 3:1 mixture of random hexamers:oligod(T). Three prim-
er sets were designed to create different products from the same
transcript. The ACAproduct contained two unprotected ACAmo-
tifs, the control product contained no ACA motifs and the m6A
product contained the methylated ACA motif of interest
(Supplemental Fig. S5E). Methylation ratios were generated using
the formula: m6A product abundance/Control product abun-
dance. To compensate for enzymatic efficiency between samples
and RT efficiency across different areas of the transcript, a normal-
ization ratio was generated using the same formula, but with sam-
ples lacking MazF. The same analysis protocol was used with the
ACAproduct to generate a background ratio. This background ra-
tio was subtracted from the methylation ratio in order to get a
more accurate quantification of methylation status.

Library preparation and RNA sequencing

Sequencing libraries were prepared from Control or YTHDF2
siRNA-treated iPSC total RNA samples (see RNA Isolation section,
above). First strand cDNA was generated from 500 ng of total
RNA using the SMARTer PCR cDNA Synthesis Kit (Takara Bio) in
a 10 µL reaction per manual instructions. Reactions were incubat-
ed at 42°C for 90 min to achieve full-length cDNA synthesis.
Second strand synthesis was performed using the Advantage 2

PCR kit (Takara Bio) in a 50 µL reaction with the following thermo-
cycler conditions: 95°C for 15 sec, 65°C for 30 sec, 68°C for 6 min.
Extension time was set at 6 min to accommodate the full-length
cDNA synthesis performed during first strand synthesis.
Amplification of cDNA was performed for four to six cycles. PCR
products were isolated using 90 µL of Agencourt AMPure XP
Beads (Beckman Coulter, Brea, CA) and eluted in 40 µL of TE buff-
er. DNA concentrations were quantified via the Qubit 3.0 fluo-
rometer (Thermo Fisher Scientific) using the dsDNA HS kit
(Thermo Fisher Scientific). DNA was tagmented using Tn5 trans-
posase generously provided by Dr. Mark Stenglein. Preparation
of the enzyme and reactions conditions were performed in accor-
dance with a previously published protocol (Picelli et al. 2014).
Five nanograms of dsDNA, 2 µL of Tn5 Tagmentation Enzyme
at a 12.5 µM concentration and a 5× TAPS-DMF buffer (see
Picelli et al. 2014 for recipe) were combined in a final volume of
20 µL. Reactions were incubated at 55°C for 10 min to achieve
dsDNA fragments of approximately 200–300 base pairs in length.
Reactions were terminated by adding 2.5 µL of 0.2% SDS and in-
cubating at room temperature for 5min. TagmentedDNA (5.8 µL)
was used as a template for addition of full-length adapters in a
4-primer PCR reaction. This reaction was performed using the
KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington,
MA). For details on the tagmentation primers and index oligos
used see Supplemental Table S3. PCR products were isolated us-
ing AMPure XP beads and eluted in 40 µL of TE buffer. A portion
of each library was visualized on the Agilent TapeStation 2200 us-
ing D1000 ScreenTape (Agilent, Santa Clara, CA) and reagents to
verify a median product size of 200–300 base pairs, and concen-
trations were measured fluorometrically via Qubit. Equal masses
of DNA, 10 ng, from each sample were pooled, concentrated
with AMPure XP beads and eluted in 40 µL of TE buffer. A portion
of the pooled library was run on the Agilent TapeStation 2200 us-
ing D1000 ScreenTape and to ensure a median product size of
200–300 base pairs. Final library quantification was performed
by the Colorado State University NGS Core using the Illumina li-
brary quantification kit (KAPABiosystems) permanufacturer’s pro-
tocols. Libraries were sequenced on an Illumina NextSeq 500
instrument using single-end 1×75 sequencing from a NextSeq
500/550 High Output Kit v2 (75 cycles) (Illumina) on two separate
runs. The mean number of reads per sample was 25–50 million.
Basecalling was done via RTA v2.0, and files were converted to
fastq using bcl2fastq v2.20.0.422, consistent with standard
Illumina protocols.

RNA-seq alignment

Quality of sequence reads was assessed via FastQC v0.11.5.
Reads were trimmed of adapter sequences and filtered for low-
complexity or low-quality reads via Trimmomatic v0.32 (Bolger
et al. 2014). rRNA reads were filtered out using Bowtie2
v2.3.4.3 (Langmead and Salzberg 2012) and a reference fasta
file of mature 5S, 18S and 28S rRNA sequence obtained from
NCBI RefSeq (mature_rRNA.fasta.gz). Filtered reads were
mapped to the hg19 genome using TopHat2 v2.0.12 (Kim et al.
2013) under default parameters. Read counts from aligned reads
were calculated using HTSeq v0.11.1 (Anders et al. 2015) with the
parameters ‐‐mode=union ‐‐stranded=no ‐‐minaqual=20,
Samtools v1.9 (Li et al. 2009) and the hg19 genome feature file
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obtained from GENCODE (hg19, Ensembl 74, hg19_gene_anno-
tations.gtf.gz). Raw and processed RNA-seq data generated in
this study, as well as the genome feature file and rRNA fasta file
used, were uploaded to the NCBI Gene Expression Omnibus
(GEO) database under the accession number GSE133898 (https
://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE133898).

Differential expression analysis

Principle component analysis (PCA) of the raw RNA-seq count
data indicated the presence of unwanted variation in the se-
quencing data (Supplemental Fig. S2A). To remove the unwanted
variation, raw RNA-seq count data was filtered for detectable
genes (>5 counts across all samples) and normalized via the
RUVSeq package using the RUVr option in accordance with the
published protocol (Risso et al. 2014). PCA was performed on
the normalized data to evaluate the removal of unwanted varia-
tion (Supplemental Fig. S2B). Normalized count data was ana-
lyzed using DESeq2 v1.22.1 (Love et al. 2014) under default
parameters. To assess the correlations between samples, sam-
ple-to-sample Euclidian distances were calculated on normalized,
variance-stabilized, log-transformed count data (Supplemental
Fig. S2C). Thresholds were set at Benjamin-Hochberg corrected
P-value <0.05 and log2-fold change >1.0 for up-regulated genes
and log2-fold change <1.0 for down-regulated genes. Transcripts
that met both thresholds were classified as differentially ex-
pressed (Supplemental Table S1). Gene symbol, Entrez Gene ID
and gene biotype were retrieved using the biomaRt package
v2.38.0 (Durinck et al. 2009) and the hsapiens_gene_ensembl
data set. Hierarchical clustering of differentially expressed genes
was performed and plotted on Z-scored intensity values using the
heatmap.2 function of the gplots package v3.0.1 (Warnes et al.
2016). Distances were calculated based on the Pearson correla-
tion coefficient and clustering was performed using the unweight-
ed pair group method with arithmetic mean.

Functional annotation analysis

Gene enrichment analysis was performed using the online func-
tional annotation tool DAVID v6.8 (Huang et al. 2009a,b).
Separate lists of Ensembl Gene IDs corresponding to differentially
expressed transcripts, either up- or down-regulated, were up-
loaded and mapped to DAVID gene IDs. Functional annotation
cluster was performed to determine overrepresented Gene
Ontology biological processes, cellular components and molecu-
lar functions. Analysis of overrepresented tissue expression pro-
files was also performed for the up-regulated list. The top four
to five nonredundant terms from each analysis, defined by the
lowest FDR corrected P-values were reported along with the num-
ber of genes associated with each term and the fold enrichment
over background (Fig. 2).

Overlap analysis

Data for transcripts previously reported to be m6A-modified via
m6A RIP-seq in hESCs (Batista et al. 2014) or bound by YTHDF2
via PAR-CLIP seq in HeLa cells (Wang et al. 2014a) were obtained
through publically available data sets. Lists of gene names for

transcripts up-regulated, down-regulated, m6A-modified and
YTHDF2-bound alongwith all genes detected in each experiment
were imported into R v3.5.1 (R Core Team 2018). Overlap analysis
was performed using the packages plyr v1.8.4 (Wickham 2011),
VennDiagram v1.6.20 (Chen 2018) and futile.logger v1.4.3
(Rowe 2016). Background filtering was performed to ensure
only genes that were detected in both experiments were included
in the overlap analysis (Supplemental Fig. S3A). Lists of the genes
that were identified in each section of the Venn diagrams from
Figure 2 and Supplemental Figure S3 can be found in
Supplmental Table S2. P-values were calculated via hypergeo-
metric test using the phyper function of the stats package.

Quantification and statistical analysis

Three independent biological replicates were performed for each
sample/treatment in an experiment and data are reported with
center values as mean and error bars as s.e.m. unless noted oth-
erwise. Statistical analyses were performed using GraphPad Prism
8 software (GraphPad Software, Inc.). For RIP analyses, a one-
tailed t-test was used. For all other comparisons, a two-tailed t-
test was used and a false discovery rate (FDR) or q-value was cal-
culated using the two-stage step-up method of Benjamini,
Krieger and Yekutieli (Benjamini et al. 2006) to correct for multiple
comparisons, when applicable. P-values from t-tests and q-values
from FDR tests of less than 0.05 were considered significant.

DATA DEPOSITION

The accession number for the RNA-seq data reported in this study
is GEO: GSE133898. All scripts/codes used for computational
analysis are available upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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