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SUMMARY

The capacity of embryonic stem cells (ESCs) to differentiate into all lineages of mature organism is precisely regulated by cellular signaling
factors. STAT3 is a crucial transcription factor that plays a central role in maintaining ESC identity. However, the underlying mechanism
by which STAT3 directs differentiation is still not completely understood. Here, we show that STAT3 positively regulates gene expression
of methyltransferase-like protein 8 (Mettl8) in mouse ESCs. We found that METTLS is dispensable for pluripotency but affects ESC differ-
entiation. Subsequently, we discovered that METTLS interacts with Mapkbp1’s mRNA, which is an intermediate factor in ¢-Jun N-terminal
kinase (JNK) signaling, and inhibits the translation of the mRNA. Thereby, METTLS8 prohibits the activation of JNK signaling and
enhances the differentiation of mouse ESCs. Collectively, our study uncovers a STAT3 target, Mettl8, which regulates mouse ESC differ-

entiation via JNK signaling.
INTRODUCTION

Embryonic stem cells (ESCs) are derived from the inner cell
mass of the blastocyst, which comprises pluripotent cells
with the potential to differentiate into all cell types of the
body (Williams et al., 1988b). This capacity enables ESCs
a wide utilization in regenerative medicine and cell-based
therapies. Therefore, a better understanding of the underly-
ing mechanisms that modulate the differentiation of ESCs
is essential for their clinical application in the future (Chen
et al., 2008).

Leukemia inhibitory factor (LIF) was found to be the key
growth factor for the culture and maintenance of mouse
ESCs (mESCs) in vitro (Smith et al., 1988; Williams et al.,
1988a). LIF, a member of the interleukin-6 (IL-6) family of
cytokines, binds to gp130/LIFR and results in the phos-
phorylation on tyrosine 705 residues of STAT3, a member
of the STAT gene family identified in the interferon-
induced regulatory pathways (Darnell et al.,, 1994; Fu
etal.,, 1990, 1992; Schindler et al., 1992). STAT3, first iden-
tified as a transcription factor (TF) for the IL-6 family of
cytokines (Akira et al., 1994; Zhong et al., 1994), was subse-
quently found to be crucial for ESC pluripotency (Boeuf
et al., 1997; Boyer et al.,, 2005; Niwa et al., 1998; Raz
et al., 1999; Ying et al., 2003). Conventional knockout of
Stat3 in mice results in embryonic lethality at embryonic
day 6.5 (E6.5) (Takeda et al., 1997). By eliminating Stat3
in the mouse oocytes and embryos we found that STAT3
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has an essential role in inner cell mass lineage specification
and maintenance, and in pluripotent stem cell identity
through the OCT4-NANOG circuit (Do et al., 2013).

The c-Jun NH,-teminal kinase (JNK) belongs to the
mitogen-activated protein (MAP) kinase family, which
were initially identified as ultraviolet-responsive protein
kinases that activated c-Jun by phosphorylating its NH,-
terminal serine/threonine residues (Dérijard et al., 1994;
Hibi et al., 1993). In response to growth factors, cytokines,
and a number of environmental stresses, JNK is activated
through a well-orchestrated cascade of MAP kinase activa-
tion (Jaeschke et al., 2006; Sabapathy et al., 2004). In partic-
ular, mitogen-activated kinase kinase 4 and 7, isoforms of
MAP2K, directly phosphorylate and activate JNK, which
in turn leads to the phosphorylation of (TF) c-Jun and
switching on of transcriptional regulation exclusively
through formation of complex with other TFs, such as
c-fos, in the activator protein-1 complex (Davis, 2000;
Weston and Davis, 2007). JNK is encoded by two ubiqui-
tously expressed genes (JNKI and JNK2) and by a third
gene (JNK3) that is selectively expressed in neurons.
MAPKBP1 is a JNK binding protein and enhances the
activation of JNK (Koyano et al., 1999; Lecat et al., 2012).
Recent studies indicated that JNK signaling is required for
lineage-specific differentiation but not stem cell self-
renewal. ESCs lacking JNK1 show transcriptional deregula-
tion of several lineage-commitment genes and fail to
undergo neuronal differentiation, as do ESCs lacking JNK
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Figure 1. Mettl8 Is Transcriptionally Regulated by STAT3

(A) Real-time PCR was performed to screen for changes when ESCs were treated with STA-21 and STATTIC for 1 hr.

(B and C) E14 cells were treated with STA-21 and STATTIC for 6 hr and harvested. (B) Total RNAs were extracted and followed by real-time
PCR analysis. Data are shown as the mean + SD from three independent experiments. *p < 0.05. (C) Cell lysates were analyzed by western
blot. The value of each band was calculated from three independent replicates and indicates the relative expression level after normalizing
to the loading control actin.

(D) Knockdown Stat3 in E14 cells resulted in downregulation of Mettl8 mRNA. Data are shown as the mean = SD from three independent
experiments.

(E) Knockdown Stat3 in E14 cells resulted in downregulation of METTL8 protein. The value of each band was calculated from three
independent replicates and indicates the relative expression level after normalizing to the loading control actin.

(F and G) E14 cells were transfected with Flag-vector or Flag-tagged STAT3 at increasing concentrations. (F) Total RNAs were extracted

followed by real-time PCR analysis. Data are shown as the mean + SD from three independent experiments. *p < 0.05. (G) Cell lysates were
analyzed by western blot.

(legend continued on next page)
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pathway scaffold proteins (Xu and Davis, 2010). Studies
also found that JNK binds to a large set of active promoters
during the differentiation of stem cells and results in
histone 3 phosphorylation on chromatin (Tiwari et al.,
2011). It is also reported that JNK regulates STAT3 activity
via its Ser-727 phosphorylation, showing the crosstalk
between STAT3 and JNK pathways (Lim and Cao, 1999).

In this study, we further investigate how STAT3 integrate
to the core regulatory circuit in ESC pluripotency and dif-
ferentiation, and identify Mettl8 as a downstream target
of STAT3 in mESCs. We discover the role of METTLS8 as
a negative regulator of JNK signaling in stem cells. Our
results provide insights into the crosstalk between STAT3
and JNK signaling during stem cell differentiation.

RESULTS

Mettl8 Is a Direct Target of STAT3 in mESCs

In this study, we further investigated how STAT3 crosstalk
with other potential pathways in ESC pluripotency. There-
fore, we screened for unknown factors that were regulated
by STAT3 using ESCs treated with STAT3 inhibitors STA-21
and STATTIC (Schust et al.,, 2006; Song et al., 2005).
Real-time PCR results obtained from screening for a library
of 200 epigenetic candidates led us to identify Metti8
(Figure 1A). We found that the mRNA levels of Mettl8
were downregulated after the two-inhibitor treatment
(Figure 1B). Meanwhile, we checked Mettl8’s protein level,
which was also inhibited by STA-21 and STATTIC (Figures
1C and S1).

To further confirm that Mettl8 is a target of STAT3, we
reduced Stat3 transcript levels by employing Stat3 small
hairpin RNAs (shRNAs), and found that both Mettl8
mRNA and protein levels in ESCs were reduced (Figures
1D and 1E). Next we validated this result with STAT3 over-
expression in mESCs. When STAT3 was overexpressed,
both Mettl8 mRNA and protein levels were upregulated
(Figures 1F and 1G). To examine whether STAT3 regulates
Mettl8 directly or indirectly, we used bioinformatics,
and identified three possible STAT3 binding sites on Metti8
gene at —2,672, —83, and 1,020 bp (PROMO software). We
then performed chromatin immunoprecipitation (ChIP)
assay using the pY705-STAT3-specific antibody. We found
the highest enrichment in a promoter region at —83 bp
and a proximal enhancer at 1,020 bp of Mettl8 gene (Fig-
ure 1H). These results show that STAT3 directly interacts
with the regulatory regions of the Mettl8. Taken together,

our evidence demonstrate STAT3 directly and positively
regulates Mettl8 expression in pluripotent cells.

To further figure out whether METTLS exerts a key func-
tion downstream of STAT3 in ESCs, we created inducible
METTL8 overexpression mESCs. After LIF withdrawal
ESCs became differentiated, but METTL8 overexpression
rescued this phenomenon and showed more ESC colonies
stained positive for alkaline phosphatase (AP) (Figure 1I),
suggesting that METTL8 mediates the role of STAT3 in
pluripotent cells.

METTLS Is Dispensable for the Maintenance of
Pluripotency in mESCs

To examine the function of METTL8 in mESCs, we first
induced mESCs to differentiation by retinoic acid (RA)
treatment and found both mRNA and protein levels of
Mettl8 were reduced (Figures 2A and 2B). Similarly, during
embryoid body (EB) formation, Mettl8 was also signifi-
cantly downregulated from day 6 onward and barely detec-
tible at days 9-15 (Figures 2C and 2D). These data imply
that expression of Mettl8 is correlated with the pluripotent
state of ESCs, thus we next evaluated the direct effect of
METTLS8 on ESC pluripotency. However, when Mettl8 was
knocked out, the morphology of ESCs showed no differ-
ence from the wild-type cells, which were positive in AP
staining (Figure 2E). Moreover, mRNA and protein expres-
sions of key pluripotent genes were not changed in Mettl8
deficient or overexpressed mESCs (Figures 2F, 2G, 2H,
and S2A), and Mettl8 overexpression or knockout had little
impact on the clonogenicity of mESCs (Figures 2I and 2J).
However, when cultured in sub-optimal conditions, self-
renewal of Mettl8-null ESCs is weakened (Figure 2J). These
results suggested METTLS is dispensable for ESC pluripo-
tency when Mettl8-null ESCs are cultivated in normal con-
ditions but might play a role in ESC differentiation.

METTLS Inhibits mESC Differentiation

We next examined the function of METTLS in differentia-
tion assay of ESCs. Interestingly, after 10 days of EB forma-
tion, the numbers of AP-positive ESCs decreased in the
Mettl8 knockout (KO) group (Figures 2K and S2B). Consis-
tently, more ectopic expression of METTLS led to higher
AP-positive numbers from EBs (Figure 2L), which suggests
that METTLS8 impedes mESC differentiation. Then global
gene transcriptome profiling was performed with whole-
genome cDNA microarray to find out the genes with signif-
icant changes between Mettl8 or scramble small interfering

(H) Bioinformatic analysis identifies three possible STAT3 binding sites on Mett/8 gene labeled as P1, P2, and P3. Data are shown as the

mean + SD from three independent experiments.

(I) Inducible Flag-METTL8 overexpression E14 cells were treated with or without doxycycline and culture in mediums with or without LIF
for 6 days. Then colonies were stained for AP activity and cell lysates were analyzed by western blot. Scale bars, 0.5 cm.
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Figure 2. METTL8 Affects ESCs Differentiation Rather Than Pluripotency

(A) Total RNAs were extracted from E14 cells treated with RA for 0 or 4 days, followed by real-time PCR analysis. Data are shown as the
mean = SD from three independent experiments. ***p < 0.001.

(B) E14 cells were treated with RA for the indicated times and cell lysates were analyzed by western blot.

(Cand D) E14 cells were subjected to EB formation and cells were harvested at the indicated times. (C) Total RNAs were extracted followed
by real-time PCR analysis. Data are shown as the mean + SD from three independent experiments.*p < 0.05, ***p < 0.001. (D) Cell lysates
were analyzed by western blot.

(E) Mettl8 KO and control E14 cells were stained for AP activity and pictures were taken. Scale bars, 100 um.

(F) Total RNAs were extracted from Mett/8 KO and control E14 cells followed by real-time PCR analysis. Data are shown as the mean + SD
from three independent experiments.

(G) Cell lysates of Mettl8 KO and control E14 cells were analyzed by western blot.

(H and I) E14 cells were transfected with Flag-vector or Flag-tagged METTL8 and (H) 48 hr later cell lysates were analyzed by western blot.
(I) Colony-forming assays were performed and the number of AP-positive colonies was counted.

(J) Mettl8 KO and control cells were cultured under normal condition or LIF deprivation for 4 days. Then colony-forming assays were
performed and the number of AP-positive colonies was counted. **p < 0.01.

(K) Mettl8 KO and control E14 cells were subjected to EB formation for 7 days. EBs were trypsinized and re-plated into gelatin-coated
dished. After 3 days culture in ESC medium, colonies were stained for AP activity and AP-positive colonies were counted. Data are shown as
the mean + SD from three independent experiments. *p < 0.05.

(legend continued on next page)
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RNA (siRNA) mESCs (Table S1). We found that 353 genes
were upregulated (>2-fold) and 89 transcripts were downre-
gulated (>2-fold) after Mettl8 depletion. To define discreet
functional clusters of common gene regulation, we per-
formed a hierarchical clustering of our microarray data.
This analysis yielded four discernable clusters of commonly
regulated genes with two each associated with up- and
downregulation (Figure S2C). Overall upregulated gene
clusters were associated with developmental capacity.
When we performed gene ontology we found that these
upregulated genes are enriched for gene ontology terms
such as developmental process and cellular differentiation.
Particularly, we found some key upregulated lineage genes
such as Pax6, Gata6, T, and Handl, which have been re-
ported to be upregulated during mESC differentiation (Fig-
ure S2C). We also examined the global gene expression
changes using RNA sequencing (RNA-seq) comparing the
transcriptome from ESCs with either Meftl8 or scramble
siRNA. We found that 198 genes were downregulated
(>2-fold) and 1,353 transcripts were upregulated (>2-fold)
after Mettl8 depletion (Figure S2D). Consistent with micro-
array data, we also found key upregulated developmental
genes such as Pax6, Gata6, T, and Handl, and then used
real-time PCR to validate the increase in mRNA expression
of these genes (Figure S2E). Taken together, these results
suggested that METTL8 indeed inhibits ESC differentia-
tion, possibly by suppressing expression of some key devel-
opmental genes.

METTLS8 Functions in Somatic Reprogramming

Given the role of METTLS in the regulation of ESC differ-
entiation, we sought to further explore its functions in
induced pluripotent stem cells (iPSCs) and determine
whether METTLS also regulates somatic reprogramming.
Firstly, using the well-established iPSC mouse model (Carey
et al., 2010), we found both mRNA and protein levels of
Mettl8 were increased during cellular reprogramming after
inducing OSKM (OCT4, SOX2, KLF4, and MYC) in MEF
cells (Figures 3A and 3B), indicating that METTL8 may
facilitate reprogramming. To test this hypothesis, we
crossed Mettl8 KO with inducible OSKM strain to introduce
Mettl8 KO MEF cells along with OSKM induction. Mettl8
deficiency indeed resulted in a decreased iPSC colony for-
mation (Figure 3C). These Mettl8 KO iPSC colonies shared
a similar morphology with the wild-type ones (Figure 3D).
In addition, RT-PCR analysis revealed that all of the
randomly picked Mettl8 KO MEF-derived colonies ex-

pressed endogenous ESC marker genes, including Oct4,
Sox2, Nanog, Rex1, Fbx15, and Esg1 (Figure 3E). Immunoflu-
orescence analysis also showed that these colonies were
positive for pluripotent markers OCT4 and SOX2 (Fig-
ure 3F). Together our results suggest that METTLS play its
role in somatic reprogramming.

METTLS Interacts with Mapkbpl mRNA

As we discovered simultaneously that METTLS interacts
with mRNAs (Xu et al., 2017), to further understand the
mechanism of METTLS in pluripotent cells, we sought to
identifty METTL8-interacting RNAs by photoactivatable
ribonucleoside-enhanced crosslinking and immunoprecip-
itation (PAR-CLIP) assay (Hafner et al., 2010) (Figure 4A).
The subsequent analysis indeed revealed that mRNAs are
potential METTL8 protein interacting partners, which
account for a large proportion of the binding peaks
(Table S2). This result was matched with the subcellular
distribution of METTLS protein that it is mainly located
at the cytoplasm where most mature mRNA resides (Fig-
ure 4B). To elucidate the mechanism by which METTL8
works through its mRNA partners, we chose Mapkbpl
mRNA from the candidates for detailed investigation,
and RNA immunoprecipitation (RIP) assay was performed.
We discovered that Mapkbpl mRNAs were enriched in
Flag-tagged METTLS8 expression sample, which confirmed
METTLS8 protein’s ability to bind Mapkbpl mRNA (Fig-
ure 4C). The endogenous complex between METTLS8
protein and Mapkapl mRNA was also detected by RIP assay
using METTLS8 antibody (Figure 4D). In addition, the inter-
action of METTLS with Mapkbpl mRNA was further veri-
fied by affinity pull-down of endogenous Mapkbpl mRNA
using a biotinylated RNA antisense probe to Mapkbpl
mRNA (Figure 4E).

METTLS Inhibits Mapkbp1 mRNA Translation

To clarify the influence of METTLS8 protein on its interact-
ing partner, we next tested the expression level of Mapkbp1
mRNA after knocking out Mettl8 in ESCs. The results
showed no significant change between Metti8 KO and con-
trol cells (Figure 5A). Similar results were obtained when
METTL8 was overexpressed in HEK293T cells (Figure 5B),
demonstrating that METTLS8 does not affect mRNA levels
of Mapkbpl. Thus, we then checked the protein level of
Mapkbp1, and found a higher expression of MAPKBP1 pro-
tein in Mettl8 KO cells (Figures SC and S3A). Based on this
data, we speculated that METTL8 decreases the protein

(L) Inducible METTL8 overexpression E14 cells were treated with or without doxycycline and subjected to EB formation for 7 days, or
treated with doxycycline for the first 3 days of EB formation. Then EBs were trypsinized and re-plated into gelatin-coated dishes.
After 3 days culture in ESC medium, colonies were stained for AP activity and AP-positive colonies were counted. Data are shown as the
mean + SD from three independent experiments. *p < 0.05, **p < 0.01.
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Figure 3. METTL8 Functions in Somatic Reprogramming

(A) Total RNA was extracted from OSKM-inducible MEF cells treated with doxycycline on days 0, 5, and 10, and iPSCs followed by real-time
PCR analysis. Data are shown as the mean + SD from three independent experiments. *p < 0.05.

(B) Cell lysis from 0SKM-inducible MEF cells treated with doxycycline on days 0, 5, and 10, and iPSCs and analyzed by western blot. The
value of each band was calculated from three independent replicates and indicates the relative expression level after normalizing to the
loading control actin.

(C) Wild-type and Mett(8 KO 0SKM-inducible MEF cells were treated with doxycycline and induced for iPSCs. After 20 days, numbers of iPSC
colonies were counted. Data are shown as the mean + SD from three independent experiments. *p < 0.05.

(D) Wild-type and Mettl8 KO iPSCs were stained for AP activity and pictures were taken. Scale bars, 100 pum.

(E) Total RNA from MEF cells, E14 cells, and the indicated Mettl8 KO iPSC colonies were subjected to RT-PCR analysis for detection of
expression of endogenous Oct4, Sox2, Nanog, Rex1, Fbx15, and Esgl. Actin was used as an internal control.

(F) Mettl8 KO iPSC colonies were subjected to immunofluorescence for analysis of endogenous 0CT4 and SOX2 expression. Scale bars,

50 um.

stability of MAPKBP1. However, when ESCs treated with
cycloheximide (CHX) and protein synthesis was blocked,
the degradation rate of MAPKBP1 protein showed no sig-
nificant change between Mettl8 KO and control cells (Fig-
ure 5D), indicating that protein stability of MAPKBP1 was
not affected. Then we hypothesized that METTL8 may in-
fluence translation, and to directly test the possibility,
Mettl8 KO and control ESC lysates were subjected to poly-
some profiling by fractionation through sucrose gradients.
The lightest components sedimented at the top (fractions 1
and 2), small (40S) and large (60S) ribosomal subunits and
monosomes (80S) located in fractions 3 to 8, and larger
polysomes in fractions 9 to 15 (Figure 5E). Mettl8 KO did
not change global polysome distribution profiles, indi-
cating that it did not affect global translation (Figure SE).
After isolating RNA from each fraction, real-time PCR anal-
ysis indicated that Mapkbpl mRNA in Mettl8 KO cells was
abundant in fractions 12 to 15, while in control cells it

1812 Stem Cell Reports | Vol. 10 | 1807—1820 | June 5, 2018

was abundant in fractions 4 to 6 and 11 to 13 (Figure 5F).
The result indicates that silencing Mettl8 leads to Mapkbp1
mRNA distribution shifting toward larger polysomes and
thus promotes translation. As a negative control, actin
mRNA did not show that shift (Figure 5F). Taken together
METTLS affects Mapkbpl expression through binding to
Mapkapl mRNA and inhibiting its translation.

METTLS Inhibits JNK Signaling in mESCs

To further understand the consequences of the interaction
between METTL8 and Mapkbpl mRNA, we next investi-
gated the role of MAPKBP1 in ESCs. We induced differenti-
ation of ESCs by RA treatment and found mRNA levels of
Mapkbp1 were not changed during the process (Figure 6A).
This result was expected as we postulate that mRNA
expression of Mapkbp1 is not affected by METTL8. How-
ever, an increase of MAPKBP1 protein level was observed
after RA treatment, accompanying the emergence of
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(D) E14 cells were harvested and subjected to RIP with METTL8 antibody or isotype-matched immunoglobulin G (IgG). Total RNAs were
extracted and relative level of Mapkbp1 mRNA was analyzed by quantitative real-time PCR. Actin was used as an internal control. Data are
shown as the mean + SD from three independent experiments. *p < 0.05.

(E) E14 cells were harvested and cell lysates were then incubated with in-vitro-synthesized biotin-labeled sense or antisense Mapkbp1
mRNA probes for biotin pull-down assay, followed by western blot analysis.

phosphorylated JNK, which was not detectable in that
pluripotent state (Figures 6B and S3B). Moreover, the
expression levels of both MAPKBP1 and phosphorylated
JNK were higher in Mettl8 KO cells than control cells (Fig-
ures 6B and S3B). These results suggest that Mettl8 KO en-
hances JNK signaling during differentiation. To further
confirm the hypothesis, we employed another model of
ESC differentiation, EB formation, and also found an
enhanced JNK signal in Mettl8 KO EBs (Figure 6C). By
contrast, although level of phosphorylated JNK protein
was quite low in MEFs, during somatic reprogramming
MAPKBP1 and phosphorylation of JNK showed a
decreasing tendency and still appeared at higher levels in
Mettl8 KO cells (Figure 6D). Finally we performed the JNK
assay and confirmed that the enzyme activity of JNK was

indeed enhanced in Mettl8-deficient cells (Figure OE).
Taken together, METTLS8 inhibits JNK signaling through
MAPKBP1 in mESCs.

The METTL8-MAPKBP1-JNK Pathway Suppresses ESC
Differentiation

To further validate that METTLS regulates the JNK pathway
during differentiation, we next performed in vitro differen-
tiation assays in ESCs. According to a previous study, JNK
proteins are mostly enriched for regulating genes involved
in nervous and cardiovascular system development (Tiwari
et al., 2011). Therefore we next subjected mESCs to neural
and cardiac differentiation in vitro. When Mettl8 was
silenced, neuronal differentiation was enhanced, which,
however, showed no significant change in Mettl8 and
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experiments.

(B) HEK293T cells were transfected by
indicated plasmids. After 48 hr total RNAs
were extracted followed by real-time PCR
analysis. Data are shown as the mean + SD
from three independent experiments.
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Mapkbp1 double KO (DKO) cells (Figures 7A and S4A). Simi-
larly, cardiac differentiation of Mettl8 KO cells followed the
same pattern in Mettl8 and Mapkbp1 DKO cells (Figures 7B
and S4B). Moreover, we also examined markers of other
germline layers, some of which were also upregulated
in Mettl8 KO cells and rescued in Mettl8 and Mapkbpl
DKO cells (Figures S4C and S4D). These results indicate
that MAPKBP1 mediates the function of METTLS8 during
differentiation. Meanwhile we performed the same assays
in Mettl8 KO cells treated with JNK inhibitor SP600125,
and the number of cells with Nestin and Gata4 expression
was consistently reduced compared with those without
treatment (Figures 7C, 7D, S4E, and S4F). The expression
of other lineage markers was also lower in SP600125-
treated Mettl8 KO cells (Figures S4G and S4H), indicating
that METTL8-MAPKBP1 regulates ESC differentiation by
the JNK pathway.

Taken together, as depicted in Figure S5A, our results
unravel a pathway whereby STAT3 regulates mESC differen-
tiation by transcriptionally activating Mettl8, which, in
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cell lysates were analyzed by western blot.
The value of each band was calculated from
three independent replicates and indicates
the relative expression level after normal-
izing to the loading control actin.

(E) Global polysome profiles of Mettl8 KO
and control E14 cells were analyzed by
sucrose gradient sedimentation.

(F) Each fraction from sucrose gradient
sedimentation was collected and total
RNA was extracted. Levels of Mapkbp1
mRNA were analyzed by quantitative real-
time PCR.

Actin

turn, inhibits JNK signaling through interaction with a
key JNK modulator, Mapkbpl mRNA and attenuating its
translation.

DISCUSSION

In this study, we identified MettI8 as a transcriptional target
of STAT3 that mediates STAT3’s functions in mESCs.
According to previous studies, STAT3 responds to external
cytokine LIF and then transcribes critical pluripotent fac-
tors in the nucleus, such as Oct4 and Nanog. Nevertheless,
it remains undefined if STAT 3 is able to regulate stem cell
pluripotency or differentiation by other mechanisms. We
report here that METTL8 mediates a role of STAT3 during
ESC differentiation. Our results indicate that STAT3, be-
sides modulating Oct4 and Nanog expression, plays diverse
roles in maintenance of ESC identity.

We found that METTL8 impedes differentiation of
mESCs rather than pluripotency. Through RNA-seq and
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Figure 6. METTL8 Inhibits JNK Signaling in ESCs

(A) Total RNAs were extracted from E14 cells treated with RA for 0 or 4 days, followed by real-time PCR analysis. Data are shown as the mean
+ SD from three independent experiments.

(B) Mett(8 KO and control E14 cells were treated with RA for the indicated times and cell lysates were analyzed by western blot. The value of
each band was calculated from three independent replicates and indicates the relative expression level after normalizing to the loading
control actin.

(C) Mettl8 KO and control E14 cells were subjected to EB formation and 21 days later cell lysates were analyzed by western blot. The value of
each band was calculated from three independent replicates and indicates the relative expression level after normalizing to the loading
control actin.

(D) Mettl8 KO and control MEF cells were induced to iPSCs and collected at indicated times. Cell lysates were analyzed by western blot.
(E) Mettl8 KO and control E14 cells were treated with RA for 0 or 4 days were harvested and cell lysates were subjected to JNK assay,
followed by western blot analysis.

microarray analysis, it is discovered that lineage markers family genes, Mettl3, is also reported to bind mRNA tran-
increased in Metti8-deficient ESCs, while pluripotency scripts, and inhibits mRNA stability (Geula et al., 2015).

markers showed no change. However, we think those We also used an affinity purification approach and sub-
elevated lineage genes are not a strong enough driving sequent mass spectrometry analysis to explore the inter-
force for ESC differentiation. As a result, Mettl8 KO cells acting proteins with METTLS8, and found a number of
maintain a pluripotent state. Nevertheless, once those RNA binding proteins in the candidates list (Table S3).
Mettl8-deficient cells were deprived of pluripotent condi- This result suggests that the binding between METTLS8
tions they would be more vulnerable to differentiate. and Mapkbpl mRNA may be not direct, and that some
However, different to embryo lethality caused by Stat3 defi- RNA binding proteins may mediate the interaction,
ciency, no abnormal phenotype was observed in Mettl8 KO  which needs further investigation. In addition, mRNA
mice. So it needs further investigation if there is redun- of Gata6, which is a lineage marker, was also proved to
dancy between METTL family members. One of the METTL  bind to METTL8 by subsequent experiments (data not
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Figure 7. The METTL8-JNK Pathway in ESC
Differentiation

(A) Mettl8 KO, Mapkbp1 KO, Mettl8, and
Mapkbp1 DKO, and control E14 cells, were
subjected to neuron progenitor cells differ-
entiation. Cells were stained for expression
of Nestin and positive cells were counted
by cytometer. Data are shown as the mean +
SD from three independent experiments.
***p < 0.001. Scale bars, 100 pum.

(B) Mettl8 KO, Mapkbpl KO, Mettl8, and
Mapkbp1 DKO, and control E14 cells, were
subjected to cardiac differentiation. Cells
were stained for expression of Gata4 and
positive cells were counted under fluores-
cence microscopy. Data are shown as the
mean + SD from three independent experi-
ments. *p < 0.05. Scale bars, 100 pum.

(C) Mettl8 KO and control E14 cells were
treated with or without SP600125 and sub-
jected to neuron progenitor cells differen-
tiation. Cells were stained for expression of
Nestin and positive cells were counted
by cytometer. Data are shown as the mean +
SD from three independent experiments.
*p < 0.05. Scale bars, 100 pum.

(D) Mettl8 KO and control E14 cells were
treated with or without SP600125 and sub-
jected to cardiac differentiation. Cells were
stained for expression of Gata4 and posi-
tive cells were counted under fluorescence
microscopy. Data are shown as the mean +
SD from three independent experiments.
*p < 0.05. Scale bars, 100 pum.

shown). Coincidently Gata6 mRNA also showed an upre- It is reported that METTL8 causes 3-methylcytidine
gulation in Mettl8 knockdown cells in both microarray (m3C) modification on human mRNAs (Xu et al., 2017).
and RNA-seq analysis, which suggests that METTL8 METTL8 contains a conserved methytransferase domain
may affect differentiation through alternative factors and is predicted to have methytransferase activity. Consis-
and mechanisms. tently, from the PAR-CLIP data in our study, most candidate
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METTLS binding partners are mRNAs. We should further
investigate if METTL8 modifies m3C on Mapkbpl mRNA
and then causes translation inhibition. In addition, other
METTL family proteins also reported to modify mRNAs.
For example, METTL3 and METTL14 catalyze m(6)A RNA
methylation (Liu et al., 2014), which is critical for glioblas-
toma stem cell self-renewal (Cui et al., 2017).

MAPKBP1 enhances JNK signaling activated by mitogen-
activated protein kinase kinase 1 (MEK1) and transforming
growth factor B-activated kinase 1 (Koyano et al., 1999).
Given that extracellular signal-regulated kinase (ERK)
signaling is a major driving force for mESC differentiation
and that MEK 1 also activates ERK signaling, the crosstalk
between JNK and ERK signaling is worth being further stud-
ied. Moreover, studies showed that JNK signaling is required
for lineage-specific differentiation but not stem cell self-
renewal (Xu and Davis, 2010), which is consistent with
our finding that METTLS8 affects differentiation but not
the pluripotent state. It is reported that JNK signaling can
induce STAT3-Ser727 phosphorylation, which is important
for the transactivation potency of STAT3 (Lim and Cao,
1999). Here, we also found that, when the STAT3 pathway
was inhibited, JNK phosphorylation showed a higher level.
However, this phenotype became subtle in Mettl8 KO cells,
indicating that STAT3 has a feedback on JNK signaling in
mESCs mediated by METTLS (Figure S5B).

Taken together, our results identified a signaling
axis STAT3-METTL8-MAPKBP1-JNK that is important for
mESC differentiation and further broadens the landscape
of regulatory networks in mESCs.

EXPERIMENTAL PROCEDURES

Cell Culture and RNA Interference
mESCs were maintained in Glasgow minimum essential medium
supplemented with 15% fetal bovine serum (FBS), 2 mM L-gluta-
mine, 100 mM non-essential amino acids, 0.1 mM B-mercaptoe-
thanol, 1 mM sodium pyruvate (Invitrogen) and 1,000 U/mL LIF
(Millipore) on gelatin-coated plates. MEF and HEK293T cells were
cultured in DMEM supplemented with 10% FBS (Invitrogen).
Stat3 shRNA was cloned into pLVX vector with target sequence
of GATCCCCGGGCCATCCTAAGCACAAAttcaagagaTTTGTGCTT
AGGATGGCCCTTTTTA and co-transfected into HEK293T cells
with pVSVG and gag/pol plasmids. Twelve hours after transfec-
tion, cells were cultured with DMEM medium containing 20%
FBS for an additional 24 hr. The culture medium containing lenti-
virus particles was filtered through a 0.45-um filter (Millipore) and
incubated with mESCs supplemented with 4 mg/mL polybrene
(Sigma) for 12 hr, followed by selection with 5 mg/mL puromycin
for another 24 hr.

AP Staining
AP staining was detected using the Alkaline Phosphatase Detection
Kit (Millipore) according to the manufacturer’s recommendations.

RNA Extraction, Reverse Transcription, and
Quantitative Real-Time PCR

RNA was extracted using TRIzol reagent (Invitrogen) and treated
with DNasel (Amicon). cDNA synthesis was performed with 1 pg
of total RNA and the Superscript III kit (Invitrogen) according to
the manufacturer’s instructions. Endogenous mRNA levels were
measured by real-time PCR analysis based on SYBR Green detec-
tion with an ABI real-time PCR machine. The sequence of real-
time PCR primers is provided in Table S4. Samples were assayed
in duplicate and normalized to endogenous actin.

Microarray Analysis

mESCs were transfected with siRNA targeted against either Mettl8
or a scrambled siRNA control. After 72 hr growth in selection
media, total RNA was isolated by an RNAeasy purification kit
(QIAGEN). Microarray analysis was performed using an Agilent
whole-mouse gene expression microarray according to the manu-
facturer’s instructions. Duplicate samples were used to compare
transcript expression differences between Mett8-siRNA and scram-
bled-siRNA ESCs.

Protein Extraction and Western Blot

Protein extracts were obtained using cell lysis buffer (20 mM
HEPES, 400 nM NacCl, 0.5% NP-40, 10% glycerol, 1 mM DTT)
with protease inhibitor (Roche) and phosphatase inhibitor. Pro-
teins were separated by SDS-PAGE, transferred to polyvinylidene
fluoride membrane (Bio-Rad), and probed with specific primary
antibody and appropriate HRP-conjugated secondary antibody.
Signals were detected using SuperSignal West Pico Chemilumines-
cent Substrate (Pierce). The following antibodies were used for
western blot: a-STAT3 (1:1,000, Santa Cruz, sc-482), p-STAT3Y705
(1:1,000, Cell Signaling Technology, no. 9131), METTL8 poly-
clonal (1:2,000, produced by our lab), METTL8 monoclonal
(1:1,000, produced by our lab), o-tubulin (1:2,500, Santa
Cruz, sc-53646), B-actin (1:2,500, Santa Cruz, sc-8432), SOCS3
(1:1,000, Cell Signaling, no. 2923), OCT4 (1:1,000, Cell Signaling,
no. 2840), SOX2 (1:200, Santa Cruz, sc-365964), MAPKBP1 (1:200,
Santa Cruz, sc-514754), and Flag (1:1,000, Sigma, F1804).

ChIP

ChIP assays with mESCs were carried out as described previously
(Loh et al., 2006). In brief, cells were crosslinked with 1% formalde-
hyde for 10 min at room temperature and formaldehyde was
neutralized by addition of 0.2 M glycine. Chromatin extracts
containing DNA fragments with an average size of 500 bp were
immunoprecipitated using a-pY705-STAT3 antibody. For all ChIP
experiments, quantitative real-time PCR analyses were performed
using SYBR-Green Master Mix.

RIP

RIP was performed as described previously (McHugh et al., 2015).
In brief, 1-3 x 107 cells were lysed in hypotonic buffer supple-
mented with RNase A inhibitor and DNase I before centrifugation.
Cell lysates were precleared with protein A/G beads (Pierce) before
they were incubated with protein A/G beads coated with the
indicated antibodies at 4°C for 3 hr. After extensive washing, the
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bead-bound immunocomplexes were eluted using elution buffer
(50 mM Tris [pH 8.0], 1% SDS, and 10 mM EDTA) at 65°C for
10 min. To isolate protein-associated RNAs from the eluted immu-
nocomplexes, samples were treated with proteinase K, and RNAs
were extracted by phenol/chloroform. Purified RNAs were then
subjected to real-time PCR analysis.

Biotin Pull-Down Assay

All processes were performed in the RNase-free conditions. For anti-
sense oligomer affinity pull-down assay, sense or antisense biotin-
labeled DNA oligomers corresponding to Mapkbpl mRNA (3 mg)
were incubated with lysates from 2 to 3 x 107 x 10'* cells. One
hour after incubation, streptavidin-coupled Dynabeads (Invitrogen)
were added to isolate the RNA-protein complex. For in vitro RNA
pull-down assay, 3 mg in-vitro-synthesized biotin-labeled Mapkbp1
mRNA was incubated with purified flag or flag-METTLS protein for
3 hr. Streptavidin-coupled Dynabeads (Invitrogen) were then added
to the reaction mix to isolate the RNA-protein complex.

Polysome Analysis

E14 cells were preincubated with CHX (100 pg/mL, Sigma) for
15 min, and cytoplasmic lysates were prepared and fractionated
by ultracentrifugation through 15%-50% linear sucrose gradients;
15 fractions were collected, and RNA extracted from each fraction
was used for quantitative real-time PCR analysis.

CRISPR KO in E14 Cells

E14 cells were transfected with pX459 plasmids containing gRNAs
for Mettl8 or Mapkbp1. Forty-eight hours later cells were treated with
puromycin (5 pg/mL) for 48 hr. Then the live cells were collected,
and each single cell was re-plated into 96-well plates and cultured.
The knockout efficiency was confirmed by western blot.

Colony-Forming Assay

Colony-forming assay was performed as described previously (Gu
et al., 2015). In brief, ESCs were trypsinized to obtain a single-
cell suspension, and 600 cells were plated per 10-cm? well. After
6 days, colonies were stained for AP activity and divided into two
categories: differentiated and undifferentiated.

JNK Assay

Cell lysates were incubated with c-Jun-conjugated beads and JNK
activity was analyzed using a JNK activity assay kit (New England
Bio Labs) according to manufacturer’s instructions.

Neuron Progenitor Cell Differentiation

Neuron progenitor cell differentiation assay was performed
as described previously (Lau et al.,, 2006). To produce EBs,
200 x 10'* cells were cultured in hanging drops for 3 days. Ten
EBs were plated on gelatin-coated dishes in knockout DMEM
containing epidermal growth factor, basic fibroblast growth factor,
and L-ascorbic acid. Eight to 24 hr later, the medium was replaced
by proliferation medium: DMEM/F12 supplemented with 10%
FBS, 2 mM L-glutamine, 20 nM progesterone, 100 mM putrescine,
25 mg/mL insulin, 50 mg/mL transferrin, and 30 nM sodium
selenite.
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Cardiac Differentiation

Cardiac differentiation assay was performed as described
previously (Boheler, 2002). E14 cells were culture in hanging
drops with differentiation media (DMEM supplemented with
10% FBS, L-glutamine, non-essential amino acids, sodium pyru-
vate, penicillin-streptomycin, B-mercaptoethanol, and ascorbic
acid) (50 mg/mL), and diluted to 1,000 cells per 25 pL for
3 days. At day 4, EBs were transferred into gelatin-coated dishes,
and the beating cardiomyocytes could be observed as early as
day 8.

Induced Pluripotent Stem Cells

Animals were maintained in a certified facility, and all protocols
were approved by IACUC of National University of Singapore. All
procedures related to animals were performed in accordance with
guidelines of AAALAC. iPSCs were induced as described previously
(Carey et al., 2010). MEF cells were isolated from E13.5 embryos
of Gt(ROSA)26SOIfm](rtTA *M2)jae Collal tm3(tetO-PuuSﬂ,-SuxZ,-KIf4,—Myc)Iae/
J mice. Cells were treated with doxycycline and 20 days later iPSC
colonies were counted.
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Figure S1. Mettl8 is transcriptionally regulated by STAT3. Related to Figure 1.

V6.4 cells were treated with STA-21 and STATTIC for 6 hours and harvested. Then
cell lysates were analysed by western blot.
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Figure S2. METTLS8 affects ESCs differentiation rather than pluripotency.

Related to Figure 2.

(A)

(B)

(©)

(D)

(E)

Quantitative RT-PCR analysis showed no significant change in expression
of the key pluripotent genes.

Mettl8 KO and control V6.4 cells were subjected to EB formation for 7 days.
EBs were trypsinized and re-plated into gelatin-coated dished. After 3 days
culture in ES medium, colonies were stained for AP activity and AP positive
colonies were counted. Data are shown as the meanz*s.d. from 3
independent experiments.* means P<0.05.

Microarray profiling of gene expression changes in ES cells after knocking
down Mettl8 and Log, transformed fold gene expression differences. siRNA-
rep 1 and siRNA-rep 2 represents two independent comparisons of
transcriptomes of mES cells treated with Mettl8 siRNA compared to those

treated with scramble siRNA control in two independent experiments.

RNA-seq analysis of gene expression changes in ES cells after knocking
down Mettl8. Log, transformed fold gene expression differences were

subject to hierarchical clustering.

Five upregulated developmental genes from microarray and RNA-seq
results are selected for validation by realtime-PCR. The transcript levels of

all genes were normalized to Gapdh expression level.



B ctrl RA

V6.4 o O
g © o
o T 8T B
= % Kba o = o =
Kba § =S 55 2 a. p-JNK
B8 ocTs ——
= o IR TS
5o [ METTLS s SN ocT
SSE Actin 35_l~ﬁ‘4 Actin

Figure S3. METTLS8 inhibits JNK signaling in V6.4 mESCs. Related to Figure
6.

(A) Cell lysates of Mettl8 KO and control V6.4 cells were analysed by western
blot.

(B) Mettl8 KO and control V6.4 cells were treated with RA for 6 days and cell

lysates were analysed by western blot.
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Figure S4. The METTL8-JNK pathway in ESCs differentiation. Related to
Figure 7.

(A) Re-confirm the number of Nestin positive cells by FACS. Mettl8 KO,
Mapkbpl KO, Mettl8 and Mapkbpl DKO and control E14 cells were
subjected to neuron progenitor cells differentiation. Cells were stained for
expression of Nestin and half of cells from one 12-well plate were analysed
by FACS.

(B) Re-confirm the number of Gata4 positive cells by FACS. Mettl8 KO,
Mapkbpl KO, Mettl8 and Mapkbpl DKO and control E14 cells were
subjected to cardiac differentiation. Cells were stained for expression of

Gata4 and 10% cells from one 12-well plate were analysed by FACS.

(C-D) Mettl8 KO, Mapkbpl KO, Mettl8 and Mapkbpl DKO and control E14 cells
were subjected to EB formation. Fourteen days later, (C) total RNAs were
extracted and RNA levels of lineage markers were analysed by RT-PCR.
Data are shown as the mean=*s.d. from 3 independent experiments. (D)

Cell lysates were analysed by western blot.

(E) Re-confirm the number of Nestin positive cells by FACS. Mettl8 KO and
control E14 cells were treated with or without SP600125 and subjected to
neuron progenitor cells differentiation. Cells were stained for expression

of Nestin and half of cells from one 12-well plate were analysed by FACS.

(F) Re-confirm the number of Gata4 positive cells by FACS. Mettl8 KO and
control E14 cells were treated with or without SP600125 and subjected to
cardiac differentiation. Cells were stained for expression of Gata4 and

10% cells from one 12-well plate were analysed by FACS.

(G-H) Mettl8 KO and control E14 cells were treated with or without SP600125
and subjected to EB formation. Fourteen days later, (G) total RNAs were
extracted and RNA levels of lineage markers were analysed by RT-PCR.
Data are shown as the mean=*s.d. from 3 independent experiments. (H)

Cell lysates were analysed by western blot.
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Figure S5. The STAT3-METTL8-JNK pathway in mouse ESCs

(A) A proposed model illustrating the role of the STAT3-METTL8-MAPKBP1-
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(B) Control and Mettl8 KO E14 cells were treated RA for 4 days. Then cells
were treated with or without STA21 for 12 hours and cell lysates were

analysed by western blot.



¢}
LN ,(\\
NS
KDa 0‘5 %«%«?’

METTLS8
SOCS3

35—
25—

i

100

@

100

#% g M STAT3

Actin

5

35

Day: 0 5 10 R\

v
Day: 0 5 10 ®

\g Wl
KDa 4"’0\\)’06‘”\ kpa WP

100 e | STATS 100~

KDa -
K3Dsa . . o ‘METTLS 35_1,’ - 'Q‘ METTLS 35_|Z| METTLS8
35_‘.---‘Actm 35 @ == e @ | Actin 35- | Actin
E ctrl Mettl8 KO ctrl Mettl8 KO
CHX(hr: 0 1 2 0 1 2 chxtr: 0 1 2 0 1 2
D2 - we \| MAPKBP1 o 0 | MAPKBP1
e @ veTe e P e
35 o 1l o 35 -
a5— -m Actin 35_““““” Actin
ctrl Mettl8 KO
F
ctrl Mettl8 KO RADay): 0 1 2 4 01 2 4
RA(Day): 0 1 2 4 0 1 2 4 KDa 5577 g J
Kbass| = = Nk o5

MAPKBP1

| METTLS8

| OCT4

B ———l
35 N

Actin

G ctrl EB ctrl EB
o @) ) o
™~ i~ A4 X
@ @ e 2
KDa 6 = o = KDa 8 = 6 =
: rme 55— = &S p-INK
INK 55 N Nk
METTL8 .| = | METTL8




Figure S6. Replicates of western blot quantifications
(A) Replicates of Fig.1C
(B) Replicates of Fig.1E
(C) Replicates of Fig.3B
(D) Replicates of Fig.5C
(E) Replicates of Fig.5D
(F) Replicates of Fig.6B

(G) Replicates of Fig.6C
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Figure S7. Uncropped images of Western blot



Table S4. List of primers sequences

Primers for qRT-PCR

Gene Sequence (5°-3’)
Actin Fw: CTGTCCCTGTATGCCTCTG
Rev: ATGTCACGCACGATTTCC
Oct4 Fw: TCTTTCCACCAGGCCCCCGGCTC
Rev: TGCGGGCGGACATGGGGAGATCC
Sox2 Fw: TAGAGCTAGACTCCGGGCGATGA
Rev: TTGCCTTAAACAAGACCACGAAA
Nanog Fw: CTCATCAATGCCTGCAGTTTTTCA
Rev: CTCCTCAGGGCCCTTGTCAGC
Rex1 Fw: ACGAGGTGAGTTTTCCGAAC
Rev: CCTCTGTCTTCTCTTGCTTC
Esgl Fw: ATATCCCGCCGTGGGTGAAAGTTC
Rev:ACTCAGCCATGGACTGGAGCATCC
Fbx15 Fw: GTTGGAATCTGCTTCTACAG
Rev: CTTCACCAAGATTTCCGATG
Cdx2 Fw: CGAGCCCTTGAGTCCTGTGA
Rev: AACCCCAGGGACAGAACCA
Hand1 Fw: GCCAAGGATGCACAAGCA
Rev: GGGCTGCTGAGGCAACTC
Gata6 Fw: CTTGCGGGCTCTATATGAAACTCCAT
Rev: TAGAAGAAGAGGAAGTAGGAGTCATAGGGACA
Ihh Fw: ACGTGCATTGCTCTGTCAAGT
Rev: CTGGAAAGCTCTCAGCCGGTT
Laminin B1 Fw: CCCCAATCTCTGTGAACCATG
Rev: GCAATTTGCACCGACACTGA
Fgf5 Fw: TGCGTCCGCGATCCA
Rev: TCAGGGCCACGTACCACTCT
Nestin Fw: TGAGGGTCAGGTGGTTCTG
Rev: AGAGCAGGGAGGGACATTC
Pax6 Fw: GCATGCAGAACAGTCACAGCGGA
Rev: ACTCCCGTTTATACTGGGCTATTT
T Fw: ATCACCAGCCACTGCTTTC
Rev: CCATTACATCTTTGTGGTCGTTTC
MixI1 Fw: ACTTTCCAGCTCTTTCAAGAGCC
Rev: ATTGTGTACTCCCCAACTTTCCC
Mapkbpl FW: TCCTGACCGTCCTACTCTGA
REV: TTTCCTAGGCTCACCAAGGG
Mettl8 FW: CCACCCAGGAAGAGTCTCAG

REV: GGTTACACCCATGGTCAGGA

Primers for CRISPR

Name

Sequence (5°-3’)

Mapkbpl 1 FW: caccgCGTTGACAATCATGTCATGC
REV: aaacGCATGACATGATTGTCAACGc
Mapkbpl 2 FW: caccgCTTGCTTGTGACCCCCGATC
REV: aaacGATCGGGGGTCACAAGCAAGc
Mettl8 1 FW: caccgGAAGTTGCATTTGCCGACTG
REV: aaacCAGTCGGCAAATGCAACTTCc
Mettl8 2 FW: caccgTTGCATTTGCCGACTGAGGC

REV: aaacGCCTCAGTCGGCAAATGCAAcC




Biotin labelled probes for Mapkbpl mRNA pull down

Name Sequence (5°-3’)

Probel Sense: TTCTGTATCACGTCGTCGGG
Antisense: CCCGACGTGATACAGAA

Probe2 Sense: TGCAAGAGAGCCCTAGTGTT

Antisense;: AACACTAGGGCTCTCTTGCA
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