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Summary

N6-methyladenosine (m6A) is an abundant modification in eukaryotic mRNA, regulating mRNA 

dynamics by influencing mRNA stability, splicing, export and translation. However, the precise 

m6A regulating machinery still remains incompletely understood. Here we demonstrate that 

ZC3H13, a zinc finger protein, plays an important role in modulating RNA m6A methylation in 

the nucleus. We show that knockdown of Zc3h13 in mouse embryonic stem cell significantly 

decreases global m6A level on mRNA. Upon Zc3h13 knockdown a great majority of WTAP, 

Virilizer and Hakai translocate to the cytoplasm, suggesting that Zc3h13 is required for nuclear 

localization of the Zc3h13-WTAP-Virilizer-Hakai complex, which is important for RNA m6A 

methylation. Finally, Zc3h13 depletion, as does WTAP, Virilizer or Hakai, impairs self-renewal 

and triggers mESC differentiation. Taken together, our findings demonstrate that Zc3h13 plays a 

critical role in anchoring WTAP, Virilizer and Hakai in the nucleus to facilitate m6A methylation 

and to regulate mESC self-renewal.

eTOC blurb

Wen et al. show that Zc3h13 is a critical RNA m6A regulator that is part of an evolutionarily 

conserved complex containing WTAP, Virilizer, and Hakai. Zc3h13 anchors this complex in the 

nucleus to facilitate m6A methylation and mESC pluripotency.
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Introduction

Identified in 1970s, N6-Adenosine methylation (m6A) is the most abundant chemical 

modification occurring on mRNA and long noncoding RNA, and is present broadly among 

eukaryotic species from yeast, plants, insects to mammals (Desrosiers et al., 1974; Rottman 
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et al., 1974). Recent studies in a variety of species have revealed a role for RNA m6A 

modification in yeast sporulation (Bodi et al., 2010), plant development (Zhong et al., 2008), 

Drosophila neuronal function and sex determination (Haussmann et al., 2016; Lence et al., 

2016), mouse embryonic stem cell (mESC) stemness and differentiation (Batista et al., 2014; 

Geula et al., 2015; Wang et al., 2014b), zebrafish embryogenesis (Zhao et al., 2017) and the 

DNA damage response (Xiang et al., 2017). At the molecular level, m6A has been 

demonstrated to regulate RNA stability, translation, splicing and export (Meyer et al., 2015; 

Sommer et al., 1978; Wang et al., 2014a; Wang et al., 2015; Xiao et al., 2016).

RNA m6A methylation is mediated by a core complex of three components, METTL3, 

METTL14 and WTAP (Liu et al., 2014). The crystal structure of the METTL3 and 

METTL14 complex suggests that METTL3 is the catalytic component while METTL14, 

which forms a heterodimer with METTL3, contributes to substrate RNA binding (Wang et 

al., 2016a; Wang et al., 2016b). WTAP, on the other hand, recruits METTL3 and METTL14 

to nuclear speckles (Ping et al., 2014). This core complex is believed to be responsible for 

methylation of about 0.1–0.5% of total adenosine (A) in polyadenylated RNA (Wei et al., 

1975), installing methylation on a conserved sequence motif of “RRACH” (R represents A 

or G, and H represents A, C or U), mainly near stop codons and 3′ UTR (Dominissini et al., 

2012; Meyer et al., 2012).

In addition to the core complex, a number of other proteins have been implicated in 

regulating RNA m6A. For instance, Virilizer and Hakai were identified as the components 

associated with WTAP in mammalian cells (Horiuchi et al., 2013). The depletion of Virilizer 

or Hakai decreases RNA m6A level and affects Drosophila sex determination and 

Arabidopsis development, respectively (Haussmann et al., 2016; Lence et al., 2016; Ruzicka 

et al., 2017; Schwartz et al., 2014;). Indeed, purification of WTAP using different antibodies 

identified 26 core interacting factors among hundreds of potential WTAP binding proteins 

(Horiuchi et al., 2013). In addition, a separate study suggested that more than 100 proteins 

may bind METTL3 or METTL14 (Malovannaya et al., 2011). These findings suggest 

interacting proteins outside the core complex are likely to contribute to the regulation of 

RNA m6A methylation. Recently, Wan et al. studied endogenous protein complexes from 

different species in metazoan using quantitative mass spectrometry and identified Zc3h13-

WTAP-Virilizer-Hakai as an evolutionarily conserved complex (Wan et al., 2015). Although 

WTAP, Virilizer and Hakai have been linked to m6A manipulation, the role of Zc3h13 and 

how the Zc3h13-WTAP-Virilizer-Hakai complex components work together to facilitate 

mRNA m6A processing remain unknown.

In this study, we provide evidence for the physical interaction among Zc3h13 and WTAP, 

Virilizer, Hakai, and identified the C-terminal region of Zc3h13 to be necessary and 

sufficient for its interaction with the other members of the complex. LC-MS/MS shows that 

Zc3h13 is critical for m6A methylation, and Zc3h13 depletion mainly affects m6A 

methylation at 3′ UTR of mRNA. Importantly, Zc3h13 knockdown also leads to a 

significant decrease of the nuclear presence of WTAP, Virilizer and Hakai, indicating that 

Zc3h13 is critical for nuclear localization of the other components of its associated complex, 

but not vice versa. Correlating with a robust decrease in m6A level, Zc3h13 depletion 

significantly impairs self-renewal and triggers differentiation in mESCs. Similar phenotypes 
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were observed upon inhibition of WTAP, Virilizer or Hakai in mESCs. Our findings suggest 

that Zc3h13 is critical for mESC self-renewal by anchoring the other components of the 

complex in the nucleus for mRNA m6A methylation.

Results

Zc3h13 interacts with WTAP, Virilizer and Hakai

As discussed above, Zc3h13 was identified in a WTAP pull-down experiment but whether it 

plays a role in m6A methylation was unknown. To investigate Zc3h13 function, we first 

carried out co-immunoprecipitation (co-IP) using a Flag-HA-tagged Zc3h13 in mESCs. As 

shown in Figure 1A, we identified interactions of Zc3h13 with Virilizer, WTAP, and Hakai 

(Figure 1A). In the reciprocal IP, Zc3h13 was also pulled down by antibodies of Virilizer, 

WTAP or Hakai, respectively (Figure 1B). Moreover, treating cell lysates with RNase did 

not interfere with their interactions in the co-IP experiments (Figure S1A) suggesting that 

the interaction of Zc3h13 with WTAP-Virilizer-Hakai is likely to be independent of RNA. 

Our findings are consistent with the previous mass spectrometry studies of native 

macromolecular complex, which suggested that Zc3h13, WTAP, Virilizer and Hakai are in 

the same biochemical complex (Wan et al., 2015). We next aimed to identify the 

corresponding region of Zc3h13 for interaction. Zc3h13 was divided into four different 

segments (Figure 1C; Figure S1B). While the N-terminal regions of Zc3h13 (aa 1-900 or aa 

1-1460) did not bind WTAP, Virilizer and Hakai, the C-terminal regions of Zc3h13 (aa 

901-1729 or aa 1461-1729) interacted with WTAP, Virilizer and Hakai (Figure 1D; Figure 

S1C). Based on these data, we conclude that Zc3h13 physically associates with WTAP, 

Virilizer and Hakai, and the C-terminal domain (aa 1461-1729) is necessary and sufficient 

for the interactions.

Zc3h13 depletion decreases global polyadenylated RNA m6A level

Given that Zc3h13 interacts with the other known RNA m6A regulatory proteins, WTAP and 

Virilizer (Wan et al., 2015) (Figure 1), we speculated that Zc3h13 might also regulate RNA 

m6A dynamics in vivo. To test this hypothesis, we determined the m6A/A ratio on 

polyadenylated RNA in mESCs treated with control or Zc3h13 shRNAs, respectively. 

Efficient knockdown of Zc3h13 in mESCs was shown by Western blot (Figure S2A). Using 

LC-MS/MS, we determined the relative level of m6A/A in control mESCs to be ~0.39%, 

which is comparable to the published m6A/A data in other cells including HeLa and 293T 

(Liu et al., 2014; Ping et al., 2014) (Figure 2A). In two different Zc3h13 knockdown cell 

lines, we found the global m6A/A level in mRNA reduced to about 0.13% and 0.15%, 

respectively (approximately 30%–40% of that of the control cells) (Figure 2A). To rule out 

potential shRNA off-target effects, we re-introduced Zc3h13 into the Zc3h13 knockdown 

cells and found the global mRNA m6A/A level restored to 0.33% (about 85% of the control 

cells) (Figure 2A; Figure S2A), indicating that Zc3h13 indeed modulates mRNA m6A 

dynamics in cells.

m6A decrease mainly occurs at 3′ UTR on mRNA upon Zc3h13 loss

To gain insight into the mechanism by which Zc3h13 manipulates m6A level, we performed 

methylated RNA immunoprecipitation sequencing (MeRIP-seq) in control and Zc3h13 
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knockdown mESCs. We detected 12,368 putative m6A sites in wild-type cells (treated with 

control shRNA) (Figure S2B). De novo motif analysis using program MEME identified the 

consensus sequence “GGACU” (Figure 2B), consistent with previous findings (Dominissini 

et al., 2012; Meyer et al., 2012). Upon Zc3h13 knockdown, we observed a complete loss and 

gain of 836 and 318 m6A events, respectively, and many more m6A events (4,901) showing 

varying degrees of m6A signal reduction, which were confirmed by MeRIP-qPCR (Figure 

2C; Figure S2B). We also performed MeRIP-seq and observed more than 80% overlap of the 

decreased m6A peaks between two biological repeats (84.6% for m6A-seq1, 92.2% for m6A-

seq2), indicating good reproducibility (Figure S2C). An example of loss of the m6A peak 

signal in response to Zc3h13 knockdown is shown in Figure 2D and Figure S2D. Global 

m6A peak analysis also shows that normalized m6A reads density decreases significantly in 

Zc3h13 depleted cells (Figure S2E). Furthermore, we found that the m6A reduction in the 

Zc3h13 kd cells mainly occurred at 3′ UTR but not 5′ UTR or coding regions (CDS) in 

mRNA (Figure 2E). These findings suggest that Zc3h13 is essential for a large number of 

m6A methylation events in mESCs. To further investigate whether those m6A peaks are 

indeed controlled by Zc3h13, we generated a β-globin minigene reporter (Du et al., 2016) 

harboring wild type or mutant m6A sites in a Zc3h13 targeted 3′ UTR, and the reconstituted 

minigenes were introduced into Zc3h13 kd and control mES cells (Figure 2F; Figure S2F). 

We found that Zc3h13 mediated m6A is completely dependent on the existence of the 

methylatable A residue in the minigene (Figure 2G). This finding provides further support 

that Zc3h13 directly regulates RNA m6A in vivo.

Previous MeRIP-seq identified Mettl3-dependent m6A peaks in mESC (Batista et al., 2014). 

We compared our Zc3h13-dependent sites with those Mettl3-dependent ones and found a 

significant overlap of the reduced m6A peaks between these two datasets (about 50% 

Zc3h13-dependent peaks and 70% Mettl3-dependent peaks, respectively, Figure 2H). 

Heatmap analysis also shows similar patterns of m6A peak reduction in Zc3h13 kd mESCs 

and Mettl3 KO mESCs (Figure 2I). These results indicate that Zc3h13-dependent m6A 

methylation is likely to be mediated by the known RNA m6A methyltransferase Mettl3.

Zc3h13 knockdown alters subcellular localization of WTAP, Virilizer and Hakai

Previous studies suggest that m6A methylation takes place within the nucleus, probably in 

the nuclear speckles (Ping et al., 2014). Indeed, the m6A methyltransferases Mettl3, Mettl14 

and demethylases FTO and ALKBH5 have all been found to co-localize with markers of 

nuclear speckles (Jia et al., 2011; Zheng et al., 2013). Likewise, the components of the 

Zc3h13 complex are also found to localize to nuclear speckles, co-localizing with the pre-

mRNA splicing factor SC35 (Horiuchi et al., 2013). We therefore wished to determine 

whether Zc3h13 regulates m6A methylation by controlling the subcellular distribution of 

other members of the complex. In fractionation assays, we found that while WTAP, Virilizer 

and Hakai are mainly located in nucleus in the control mESCs, a significant fraction of these 

proteins are found in the cytoplasm in the Zc3h13 kd cells (Figure 3A; Figure S3A). 

Furthermore, the nuclear presence of Mettl3 and Mettl14 was also decreased in the Zc3h13 

kd cells (Figure 3A; Figure S3B). As a control, we also determined the cellular localizations 

of several RNA processing factors including ASF/SF2, hnRNPA1, HuR and TDP-43, which 

showed altered cellular localization in response to different cell stress stimuli (Biamonti and 
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Caceres, 2009; Zhang et al., 2014). We find, unlike WTAP and other components of the m6A 

regulatory complex, their cellular localizations are not altered in the Zc3h13 depleted 

mESCs (Figure S3C). Importantly, re-introducing Zc3h13 protein back into the knockdown 

mES cells restored cellular localizations of Zc3h13 complex components and Mettl3/

Mettl14 (Figure S3D). The above results suggest that Zc3h13 is required for nuclear 

localization of WTAP, Virilizer and Hakai, as well as Mettl3 and Mettl14. However, WTAP, 

Virilizer, Hakai, Mettl3 and Mettl14 did not appear to be required for Zc3h13 nuclear 

localization (Figure 3B; Figures S3E and S3F).

We further conducted co-immunoprecipitation in the cytoplasmic fraction of Zc3h13 kd 

mESCs using a WTAP antibody, and found a significant fraction of Virilizer, Hakai, Mettl3 

and Mettl14 proteins were pulled down (Figure 3C). These results showed that the WTAP-

Mettl3-Mettl14 complex and WTAP-Hakai-Virilizer interactions were intact in the absence 

of Zc3h13, suggesting that Zc3h13 affects their subcellular localization but not complex 

formation. We next compared cytoplasmic m6A and nuclear m6A of Zc3h13 kd mES cells 

and control cells. m6A LC-MS/MS and MeRIP-seq analysis show that m6A level is reduced 

in a similar pattern both globally and gene-specifically in both subcellular locations (Figures 

3D–3F; Figures S3G and S3H). Most of the decreased m6A peaks (more than 75%) are 

conserved between cytoplasmic and nuclear fractions (Figure 3G). These results indicate 

that, despite the fact that the translocated WTAP/Virilizer/Hakai in the cytoplasm still form 

complex with Mettl3 and Mettl14, they could not effectively mediate m6A methylation in 

the absence of Zc3h13. These data suggest that Zc3h13 and nuclear localization of the m6A 

processing machinery are essential for proper m6A methylation. Consistent with the 

fractionation assay results, immunofluorescence assays showed that upon Zc3h13 

knockdown, the other complex components showed a significant decrease in their nuclear 

speckles localization (Figure 3H; Figure S3I). Our finding is consistent with a recent report 

demonstrating that m6A methylation occurs in the nucleus on chromatin-associated nascent 

RNAs (Ke et al., 2017).

We next investigated the subcellular localization of the various Zc3h13 truncations using 

immunofluorescence assay (Figure 3I). The N-terminal domain of Zc3h13 (aa 1-1460) is 

found at nuclear speckles, suggesting that this domain is sufficient to direct Zc3h13 to 

nuclear speckles. In contrast, the C-terminal domain (aa 1461-1729), which mediates 

interactions with other components of the complex, exhibited a diffused expression pattern 

across the whole cell (Figure 3I). This suggests that Zc3h13’s localization to nuclear 

speckles is likely to be independent of its interactions with WTAP, Virilizer and Hakai. 

Based on above observations, we conclude that distinct domains of Zc3h13 direct its 

interactions with the other components and their nuclear speckles localization.

Zc3h13 KD impairs mESC self-renewal

Previous explorations of m6A function suggest that Mettl3 and Mettl14 are crucial for 

mESC self-renewal and differentiation (Batista et al., 2014; Geula et al., 2015; Wang et al., 

2014b). To determine whether Zc3h13 impacts mESC self-renewal and differentiation, we 

analyzed the phenotype of Zc3h13 kd mESCs. While the control cells showed typical nested 

and dome shape under phase contrast microscope, Zc3h13 kd cells were flatter and less 
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compact (Figure 4A). Colony formation assays showed that the Zc3h13 kd cells displayed a 

significantly reduced number of AP-positive colonies (less than 20% of the control mESCs) 

(Figures 4B and 4C), indicating that Zc3h13 is important for mESC self-renewal. The 

altered cell morphology and the reduced self-renewal ability of the Zc3h13 kd mESCs are 

indeed due to Zc3h13 depletion because putting back a wild type copy of Zc3h13 restored 

the classical mESC morphology and the colony formation ability (Figures 4D and 4E).

To explore the mechanism by which Zc3h13 regulates mESC self-renewal, we conducted 

colony formation assays and m6A LC-MS/MS in Zc3h13 kd mESCs rescued with different 

Zc3h13 fragments (Figures S4A and S4B). We found, while cells reintroduced with the N-

terminal domain (aa 1-900) still exhibited dampened self-renewal phenotype with reduced 

AP positive colony numbers, similar to kd cells; the C-terminal domain (aa 901-1729) 

restored colony numbers, showing a significant rescue of self-renewal capability (Figures 4D 

and 4E; Figures S4C and S4D). Meanwhile, LC-MS/MS shows that overexpression of the C-

terminal (aa 901-1729) but not N-terminal domain (aa 1-900) in Zc3h13 kd cells also 

significantly recovered m6A/A level (Figure 4F). Moreover, immunofluorescence assays 

showed that the C-terminal (aa 901-1729), but not the N-terminal domain (aa 1-900), 

robustly recovered the nuclear presence of WTAP-Virilizer-Hakai and Mettl3/Mettl14 in the 

Zc3h13 kd cells (Figures S4E–S4J). As discussed before, our study also showed that Zc3h13 

C-terminal domain (aa 901-1729) is responsible for interaction with its complex members. 

Based on these data, we conclude that the interactions between Zc3h13 and WTAP, Virilizer, 

Hakai are essential for mRNA m6A and mESC pluripotency regulation.

To gain molecular insights into the role of Zc3h13 in mESC self-renewal, we wished to 

identify genes whose expression is regulated by Zc3h13. We carried out RNA-seq in control 

and Zc3h13 kd mESCs, and found a total of 577 genes, which displayed changes in their 

levels of expression upon Zc3h13 knockdown (Table S1). Among them, 330 and 247 genes 

showed increased or decreased expression, respectively. GO analysis shows that most of the 

affected genes belong to the category of genes implicated in cell development and 

morphogenesis change (Figure S4K). Interestingly, a group of mESC pluripotency and 

differentiation genes showed significant alterations in their expression in response to Zc3h13 

kd (Figure 4G). Indeed, the stemness markers such as Nanog, Sox2 and Klf4 all showed 

decreased mRNA levels in the Zc3h13 kd cells, which were restored in the rescued cells 

(Figure 4H; Figure S4C). In contrast, the differentiation makers such as Fgf5, Cdx2 and 

Gata4 showed increased expression in the Zc3h13 kd cells (Figure 4I; Figure S4D).

In order to investigate whether Zc3h13 is directly involved in the regulation of the above 

gene expression, we conducted RIP-seq with a Zc3h13 antibody in mESCs. Among 577 

differentially expressed genes upon Zc3h13 knockdown, we found 65 genes were likely to 

be directly bound by Zc3h13 based on the RIP results (Table S1). This finding was further 

validated by RIP-qPCR on a number of selected genes (Figures S4L and S4M). In addition, 

MeRIP-qPCR assays also found significant m6A reduction on these genes after Zc3h13 

depletion (Figures S4L and S4N). These results suggest that Zc3h13 may directly participate 

in mESC gene expression regulation, possibly via regulating m6A. We next determined 

whether the other components of Zc3h13 complex might also play a role in mESC self-

renewal and differentiation. Similar to Zc3h13 kd, knockdown of WTAP, Virilizer or Hakai 
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in mESCs also resulted in flatter cell shape, a reduction of AP-positive colonies and altered 

gene expression of pluripotency and developmental regulators (Figures 4J–4M). Taken 

together, our findings suggest that the Zc3h13 complex plays an important role in regulating 

mESC self-renewal by impacting the expression of both pluripotency and differentiation 

genes.

Discussion

The evolutionarily conserved Zc3h13-WTAP-Virilizer-Hakai complex was initially 

identified by a biochemical/proteomics approach. Within the complex, WTAP and Virilizer 

were reported to control mRNA m6A level, but the role of Zc3h13 was completely unknown. 

Our findings identify Zc3h13 as a new RNA m6A regulator, which facilitates mESC self-

renewal.

In Zc3h13 kd mESCs, the m6A/A level decreased by about 60%–70% compared with wild 

type cells, similar to the level of reduction when WTAP or Virilizer was knocked down in 

human A549 cells (Schwartz et al., 2014). A previous study identified two different types of 

m6A peaks: WTAP-dependent and WTAP-independent peaks (Schwartz et al., 2014). 

WTAP-dependent m6A peaks distribute broadly in exons, especially at the 3′ UTR of 

mRNA. In contrast, WTAP-independent m6A peaks are located around the first transcribed 

base, representing most of the m6A peaks at 5′ UTR of mRNA (Schwartz et al., 2014). 

Genome-wide m6A sequencing analysis shows that the m6A reduction mainly occurs at 3′ 
UTR, but not 5′ UTR of mRNA upon Zc3h13 knockdown. Since Zc3h13 is present in the 

same complex as WTAP, it’s perhaps not surprising that loss of Zc3h13 preferentially 

affected WTAP-dependent, 3′ UTR m6A events.

What is the role of Zc3h13 in the Zc3h13-WTAP-Hakai-Virilizer complex? We found upon 

Zc3h13 knockdown, the other components of the complex translocate significantly to the 

cytoplasm, accompanied by a decreased nuclear presence of Mettl3 and Mettl14. Similarly, 

WTAP, Virilizer or Hakai knockdown also decreases the nuclear accumulation of Mettl3 and 

Mettl14 (Figures S3J–S3L). In contrast, inhibition of WTAP, Virilizer or Hakai did not affect 

the nuclear localization of Zc3h13. These results suggest that Zc3h13 mainly functions to 

retain the Zc3h13-WTAP-Virilizer-Hakai complex in the nucleus to regulate m6A 

methylation. Supporting this model, the C-terminal region of Zc3h13 that mediates 

interactions with other members of the complex significantly restores the nuclear 

localization of WTAP-Virilizer-Hakai as well as Mettl3/Mettl14 and m6A methylation in the 

Zc3h13 kd mESCs. In contrast, the N-terminal region, which does not interact with other 

complex members, is not able to restore the nuclear localization of above proteins and m6A 

level and mESC biology. Thus, it appears that the assembly of the Zc3h13 complex in the 

nucleus is important for conferring m6A and mESC pluripotency.

How is Zc3h13 targeted to nuclear speckles? We noticed that 80% of Zc3h13 protein 

sequence is classified as low complexity (LC) regions, which are known to have the 

propensity to cluster together and target protein to sub-cellular “organelles” (Kato et al., 

2012). Since nuclear speckles are such a sub-cellular “organelle” enriched for RNA 

processing enzymes and pre-mRNA splicing factors (Spector, 2001), we speculate Zc3h13 
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may be localized to nuclear speckles via the LC domains. Finally, we note that WTAP exists 

in two different complexes: Mettl3-Mettl14-WTAP m6A catalyzing complex and Zc3h13-

WTAP-Virilizer-Hakai m6A regulatory complex. WTAP is likely a bridging molecule that 

connects Zc3h13-Virilizer-Hakai with Mettl3-Mettl14 and recruits the enzyme to nuclear 

speckles for m6A methylation.

Previous studies of Mettl3 or Mettl14 in mESCs indicate that regulation of mRNA m6A is 

crucial for mESC self-renewal and differentiation (Batista et al., 2014; Geula et al., 2015; 

Wang et al., 2014b). Batista et al. reported that Mettl3 knockout promotes mESC self-

renewal (Batista et al., 2014). Geula et al. demonstrated that mESC pluoripotency change 

actually depends on the mESC state when Mettl3 was removed. Specifically, when Mettl3 

was depleted under the ground state naïve condition (mESCs were cultured in N2B27 

medium with 2i/LIF), mESCs were kept in a so-called hyper-naïve state. On the other hand, 

when Mettl3 knockout was performed in the primed state (mESCs were cultured in N2B27 

medium with FGF2/Activin), the mESCs displayed minimal self-renewal and accelerated 

differentiation (Geula et al., 2015). In the same study, they also inhibited Mettl3 under 

metastable naïve condition where mESCs were cultured in the conventional FBS/LIF 

medium, and observed that mES C57B6 cells displayed a slight decrease in pluripotency 

maintenance upon Mettl3 depletion. In our study, we conducted Zc3h13 knockdown in 

mESCs cultured in FBS/LIF medium (metastable naïve condition) and found that Zc3h13 

knockdown impaired mESC self-renewal, similar to what has been reported for Mettl3 

inhibition in mESCs cultured in FBS/LIF condition (Geula et al., 2015). Consistently, our 

RNA-seq analysis suggests that Zc3h13 promotes pluripotency genes expression and 

suppresses differentiation genes in mESCs. How mRNA m6A regulates the balance between 

self-renewal and differentiation is not completely understood at the molecular level. 

Previous studies of Mettl3 suggest that mRNA m6A alters pluripotency or development gene 

expression by influencing their RNA stability, and the same mechanism may be operative in 

Zc3h13 knockdown mESCs. In addition, we also noticed changes of m6A modification and 

expression of key regulators in signal transduction pathways involved in ESC maintenance 

(such as WNT pathway, Notch pathway, unpublished data), suggesting additional regulators 

may also be affected by Zc3h13-mediated m6A methylation.

STAR Methods text

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Yang Shi (yshi@hms.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell cultures—E14Tg2a murine embryonic stem cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% 

MEM non-essential amino acid, 55μM β-Mercaptoethanol, 100 U/mL Penicillin/

Streptomycin and 1000 units/mL LIF (Millipore) at 37°Cwith 5% CO2. 293T cells were 

cultured in DMEM supplemented with 10% FBS and 100 U/mL Penicillin/Streptomycin at 

37°C with 5% CO2.
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METHOD DETAILS

Stable cell lines construction—cDNA of full-length murine Zc3h13 (Zc3h13-FL, 

NCBI RefSeq Accession No. NM_026083.2) and several truncated fragments were cloned 

into the pPB-CAG-IRES-Pac plasmid with N-terminal Flag and HA tags (primer sequences 

were listed in Table S2). These plasmids were individually co-transfected into mESCs with 

pCMV-PBase plasmid in a 1:1 ratio using Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s instruction. Medium was replaced by fresh media with 10 μg/mL Blasticidin 

S at 24 hr post-infection. After continuous Blasticidin S selection for 5 days, the survived 

mESCs were pooled as stable overexpression cell lines.

Lentiviral shRNAs—shRNA targeting sequences against Zc3h13, WTAP, Virilizer, Hakai, 

Mettl3 and Mettl14 were designed, synthesized and subloned into the PLKO.1-puro vector 

(Addgene). shRNA targeting sequences were listed in Table S2. Lentivirus was made by co-

transfection of each pLKO.1 shRNA vector with VSV-G and psPAX2 in a 3:1:1 ratio into 

293T cells. Supernatant at 48 hr post-transfection was collected and passed through a 0.45 

μm filter. mESCs were seeded in a 6-well plate and infected with each lentivirus supernatant 

in the presence of 5 μg/mL polybrene (Sigma). Medium was replaced by fresh media with 2 

μg/mL puromycin at 24 hr post-infection. After continuous puromycin selection for 5 days, 

the survived mESCs were pooled as stable infected mESCs.

RNA m6A quantification by LC-MS/MS—RNA m6A quantification by LC-MS/MS was 

performed as described previously (Liu et al., 2014). In brief, total RNAs from control, 

Zc3h13 knockdown and rescue mES cells were isolated using TRIzol reagent (Invitrogen) 

according to the manufacturer’s instruction. Polyadenylated RNAs were extracted by oligo 

d(T)25 magnetic beads (NEB), followed by removal of rRNA with RiboMinus Eukaryote Kit 

(Ambion). mRNA concentration was measured by NanoDrop. 200 ng mRNA was digested 

by nuclease P1 (1 U, Sigma) in 20 μl buffer containing 25 mM NaCl, 2.5 mM ZnCl2 at 37°C 

for 2 hr, followed by the addition of NH4HCO3 (1 M, 2.2 μl) and alkaline phophatase (1 U, 

Sigma). After an additional incubation at 37°C for 2 hr, the solution was centrifuged at 

13000 rpm for 10 min at 4°C, and 10 μl of the solution was injected into LC-MS/MS. 

Quantification was performed by comparison with the standard curve obtained from pure 

nucleoside standards. The ratio of m6A to A was calculated based on the calculated 

concentrations.

Quantification of cytoplasmic and nuclear RNA m6A of Zc3h13 kd and control cells was 

performed using RNAs extracted from cytoplasmic or nuclear fractions of cells according to 

the same procedure described above.

MeRIP-seq—Polyadenylated RNAs from Zc3h13 knockdown and control mESCs were 

prepared as described above, and sonicated to 100–200 nt fragments by Bioruptor Plus 

sonicator device (Diagenode). A small portion (10%) of the RNA fragments was left aside to 

be used as input sample. MeRIP was performed as previously described with minor 

modifications (Dominissini et al., 2012). Briefly, 4 μg fragmented polyadenylated RNA was 

incubated with 2 μg anti-m6A antibody (Synaptic Systems) in 1 x IP buffer (10 mM Tris-

HCl, pH 7.4, 150 mM NaCl, 0.1% NP-40) for 2 hr at 4°C. The m6A-IP mixture was then 
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incubated with Dynabeads protein A (Life Technologies) for an additional 2 hr at 4°C on a 

rotating wheel. After washing 3 times with 1 x IP buffer, the bound RNA was eluted by 

competition with N6-methyladenosine (Santa Cruz Biotechnology) and then purified using 

an RNA cleanup kit (Zymo Research). The purified RNA fragments from MeRIP were used 

for library construction using NEBNext Ultra Directional RNA Library Prep Kit for Illumina 

(NEB, Cat#E7420) following manufacturer’s instructions and sequenced with Illumina 

HiSeq 2000 or Illumina HiSeq X10.

For MeRIP-seq of cytoplasmic and nuclear fraction samples, RNAs were extracted from 

cytoplasmic or nuclear fractions of Zc3h13 kd mESCs and control cells. MeRIP was then 

performed according to the same procedure above.

MeRIP-qPCR—MeRIP was performed according to the procedure described above. 

Immunoprecipitated m6A RNAs were reverse transcribed into cDNA using PrimeScript RT 

reagent kit (Takara Bio) following manufacturer’s instruction. The primers for MeRIP-qPCR 

were listed in Table S2.

RNA-seq—Total RNAs were extracted from control, Zc3h13 knockdown and rescue 

mESCs using TRIzol reagent (Invitrogen), respectively. RNA-seq libraries were prepared 

and sequenced by WuXi NextCODE on an Illumina HiSeq X10 platform to produce 40–

50M non-strand-specific pair-end reads of 151bp uniform length per sample.

RT-qPCR—Total RNA was isolated using TRIzol Reagent (Invitrogen) according to 

manufacturer’s protocol. cDNA was synthesized with PrimeScript RT reagent kit (Takara 

Bio) containing random primers using 1 μg of extracted RNA per sample. RT-qPCR was 

performed using SYBR Green Master Mix (Roche) with the Roche LightCycler 480 

Instrument II system. Gapdh was used as an internal control for normalization. All primers 

for RT-qPCR were listed in Table S2.

RIP-seq—Zc3h13 overexpressed mESCs were washed twice by PBS and lysed in lysis 

buffer of 50 mM Tris, pH7.4, 150 mM NaCl, 5 mM MgCl2, 0.5% NP40, 1 mM DTT with 1x 

Protease Inhibitor Cocktail (Roche) and Murine RNase Inhibitor (New England Biolabs) for 

30min at 4°C. Zc3h13 antibody or rabbit IgG (as control, Santa Cruz Biotechnology) was 

incubated with Dynabeads Protein A magnetic beads (Life Technologies) in lysis buffer for 

2 hr at 4°C and washed twice by lysis buffer. The cell lysates were centrifuged and the 

supernatant was transferred to antibody-conjugated magnetic beads. The mixtures were 

rotated for another 2 hr at 4°C, and then washed 3 times with lysis buffer and twice with 

wash buffer (50 mM Tris, 150 mM NaCl, 1 mM MgCl2, 0.5% NP40). Then the beads were 

suspended in wash buffer containing 0.1% SDS and 10 μl proteinase K, and incubated at 

55°C for 30 min. The elution was collected and purified by an RNA cleanup kit (Zymo 

Research). The purified RNA samples were used for library preparation (NEBNext Ultra 

Directional RNA Library Prep Kit for Illumina) and sequencing.

RIP-qPCR—RNA-IP was performed with Zc3h13 antibody or Rabbit control IgG as above. 

Immunoprecipitated RNAs were reverse transcribed into cDNA using PrimeScript RT 
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reagent kit (Takara Bio) according to manufacturer’s instruction. The primers for RIP-qPCR 

were listed in Table S2.

Cell fractionation and immunoblotting—mES cells were lysed in hypotonic buffer (10 

mM HEPES, pH7.5, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 1x Protease Inhibitor 

Cocktail (Roche) and 1 mM PMSF) on ice for 15 min, and then NP-40 was added to a final 

concentration of 0.25% for another 5 min. Samples were centrifuged for 3 min at 2000 rpm 

at 4°C, and the supernatant was saved as cytoplasmic fraction. The nuclear pellet obtained 

from the low speed centrifugation was washed with hypotonic buffer once and re-suspended 

in RIPA buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, 1x Protease Inhibitor Cocktail and 1 mM PMSF) and incubated on ice for 20 

min. This sample was saved as nuclear fraction. SDS loading buffer was added in the 

samples and boiled for 10 min. The samples were loaded on 7.5% SDS-PAGE gels and 

subjected to immunoblotting with different antibodies. The intensity of the band was 

measured by Bio-Rad Image Lab software (Bio-rad).

Primary antibodies concentrations used in immunoblotting are as below: anti-Zc3h13 

(1:3000, Bethyl); anti-WTAP (1:3000, Proteintech); anti-Virilizer (1:3000, Bethyl); anti-

Hakai (1:3000, Bethyl); anti Mettl3 (1:3000, Abcam); anti Mettl14 (1:2000, Sigma); anti-

Lamin B1 (1:5000, Proteintech); anti-α-Tubulin (1:5000, Proteintech).

Co-immunoprecipitation—mES cells overexpressing Zc3h13 with Flag and HA tag 

were washed once with PBS and lysed in buffer A (10 mM HEPES pH7.5, 1.5 mM MgCl2, 

10 mM KCl, 0.5 mM DTT, 1x Protease Inhibitor Cocktail and 1 mM PMSF) on ice for 15 

min, then NP-40 was added to a final concentration of 0.25% for another 5 min. Nuclei were 

collected by centrifugation (2000 rpm, 3min, 4°C) and re-suspended in buffer C (20 mM 

HEPES, pH 7.5, 10% Glycerol, 0.42 M KCl, 4 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 1 

mM PMSF and 1x Protease Inhibitor Cocktail). After 30 min incubation on ice, insoluble 

chromatin fraction was removed from the nuclear extract by high-speed centrifugation 

(13000 rpm, 15 min, 4°C). The soluble nuclear fraction was then incubated with anti-Flag 

affinity gel for 4 hours at 4°C. The beads were washed for 4 times. SDS buffer was directly 

added in the beads and boiled for 10 min. The samples were loaded on 7.5% SDS-PAGE 

gels and subjected to immunoblotting using indicated antibodies.

Co-immunoprecipitation with RNase treatment was done as follows: Zc3h13 overexpressing 

mES cells and mock cells were lysed in buffer of 50 mM Tris, pH7.4, 150 mM NaCl, 1% 

NP-40, 1 x Protease Inhibitor on ice for 20 min following by sonication using Bioruptor 

(Diagenode). The lysates were treated with RNase I (Ambion) at 37°C for 7 min. The lysates 

were centrifuged and the soluble fractions were used for immunoprecipitation with anti-Flag 

affinity gel.

Immunofluorescence—Cultured mESCs were rinsed briefly in PBS and then fixed and 

permeabilized with pre-chilled methanol:acetone (1:1, v/v) for 10 min at −20°C, or cells 

were fixed with PBS containing 4% paraformaldehyde for 10 min at room temperature and 

then permeabilized with PBS containing 0.1% Triton X-100 for 10 min. Cells were 

subsequently washed with PBS for three times. Cells were blocked for 30 min with 1% BSA 
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in PBS at room temperature. Primary antibodies were diluted in blocking buffer at different 

concentrations (see blow) and incubated overnight at 4°C. Washed twice with PBS, cells 

were incubated with DAPI (dilution 1:2000, Solarbio) and fluorescent dye-conjugated 

secondary antibodies diluted in blocking buffer for one hour at room temperature and then 

visualized.

Primary antibodies concentrations: anti-Zc3h13 (1:200, Bethyl); anti-WTAP (1:200, 

Proteintech); anti-Virilizer (1:200, Bethyl); anti-Hakai (1:200, Bethyl); anti Mettl3 (1:200, 

Abcam); anti Mettl14 (1:200, Sigma-Aldrich); anti SC35 (1:500, Abcam); anti HA (1:1200, 

Cell Signaling, Cat#3724); anti HA (1:100, Cell Signaling, Cat#2367).

Minigene reporter assay—A 99-nt fragment from Atg13 gene, which contains a 

Zc3h13-dependent m6A peak, was inserted into the 3′ UTR of the minigene reporter pTBG 

between NheI and XbaI sites (pTBG is a kind gift from Dr. Ligang Wu’ lab) (Du et al., 

2016). The reporter genes were then subcloned into pPB-CAG-IRES-Pac plasmid (pPB-BG-

Atg13) using AgeI and XhoI sites. The construction of minigene reporter pPB-BG-Atg13-

mut is identical to pPB-BG-Atg13, except that the adenosines within the fragment were 

mutated to thymidines. The reconstituted pPB-BG-ATG13 and pPB-BG-Atg13-mut were 

transfected into Zc3h13 kd and control mES cells respectively. After 24 hr, total RNAs were 

extracted and MeRIP-qPCR was performed as described above. Targeted Atg13 m6A 

sequence and its mutant sequence inserted into the minigene were listed in Table S2, 

together with the MeRIP-qPCR primers.

Colony formation assay—After trypsinization and cell counting, 500 mES cells were 

seeded per well in 6-well plates and cultured in DMEM supplemented with 10% fetal bovine 

serum (FBS), 1% MEM non-essential amino acid, 55μM β-Mercaptoethanol, 100 U/mL 

Penicillin/Streptomycin and 1000 units/mL LIF for 7 days. Cells were rinsed with PBS once 

and stained using Alkaline Phosphatase Detection Kit (Sigma-Aldrich), according to 

manufacturer’s instruction.

QUANTIFICATION AND STATISTICAL ANALYSIS

MeRIP-seq data processing—MeRIP and Input sequencing data were sent to trim-

galore to remove low quality reads and adapter sequence contaminants under default 

parameters except for “--length 35”, remaining reads were then aligned to the mouse 

Ensemble genes (version NCBIM37.65) transcriptome annotation using TopHat2 aligner 

(v2.0.12b) (Trapnell et al., 2009) under parameters: “--max-multihits 1 --prefilter-multihits” 

and “--transcriptome-index”. m6A peaks were identified using exomePeak R/Bioconductor 

package with default parameters (Meng et al., 2014).

Differential m6A peak calling—Overall regions with differential m6A methylation 

values were identified using bedtools and a home-made script as follows: we firstly merged 

all the m6A peaks identified from MeRIP-seq datas in Zc3h13 kd and control mESCs using 

mergeBed in bedtools toolset, then we calculated the respective m6A enriched scores in 

Zc3h13 kd and control mESCs on every merged m6A peaks with a home-made script, using 

which m6A enrichment score on every merged m6A peaks was calculated by adding up all 
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the value column within the merged m6A peaks in bedgraph files, bedgraph files were firstly 

transferred from bam files, and then normalized based on the gene expression change in 

Zc3h13 kd and control mESCs. m6A peaks were identified as differential m6A peaks as m6A 

enrichment score fold change (FC) ≥2 and an m6A score larger than 60. Mettl3 KO 

dependent differential m6A peaks were identified with the same methods used in MeRIP-seq 

data analysis in Zc3h13 kd and control mESCs. The m6A differential peaks in Zc3h13 kd 

and Mettl3KO mESCs were regarded as Zc3h13-dependant m6A peaks and Mettl3 

dependant m6A peaks respectively. m6A enrichment score distribution on 5′UTR, CDS and 

3′UTR regions in Zc3h13 kd and control mESCs were also generated by a home-made 

script, all the 5′UTR, CDS and 3′UTR elements were normalized to the same length unit. 

Heatmap analysis on Zc3h13 kd dependent increased and decreased m6A peaks was 

performed by cluster and Treeview. MeRIP-seq datas analysis in cytoplasmic or nuclear 

fractions of Zc3h13 kd and control mESCs were done using the same methods above.

MeRIP-seq data overlap analysis—Overlap between Zc3h13 dependant m6A peaks 

and Mettl3 dependant m6A peaks was identified by intersectBed in bedtools toolset. The 

same analysis method was also applied to m6A peaks in cytoplasmic and nuclear fractions of 

Zc3h13 kd and control mESCs.

Motif search—Identified m6A peaks were sorted according to the p-value from the lowest 

to the highest, then the top 1000 m6A peaks were chosen for the de novo motif analysis. 

101-nucleotide-long sequences derived from the sense strand and centered on the peak 

summit were used as input for MEME-ChIP (Bailey et al., 2009).

RNA-Seq data processing—Polyadenylated RNAs were sequenced for a control and 

two Zc3h13 knockdown mouse embryonic stem cell lines. Firstly, we trimmed the low 

quality sequences and retain paired reads using Trim-galore under --length 100 --paired 

parameters. The paired-end reads were aligned to mouse genome version mm9 with 

TopHat2 aligner (v2.0.12b) (Trapnell et al., 2009), using TopHat2 default parameters and the 

Ensemble genes (version NCBIM37.65) transcriptome annotation. Then the expression of 

gene transcripts were assembled and quantified using cufflinks, and differentially expressed 

genes were identified by cuffdiff. Genes were considered as differentially expressed if gene 

expression is FC≥2 and with a p-value≤0.05. Heatmap analysis for up and down regulated 

expressed genes in Zc3h13 kd and Mettl3 kd mESCs was performed by pheatmap package 

in R.

RIP-seq data processing—RIP-seq data were analyzed as follows: Firstly, adapter 

sequence contaminants and poor-quality sequence from RIP-seq data were filtered with 

trim-galore software. Then RIP-Seq reads were align to the mouse reference genome (mm9, 

NCBI Build 37) using TopHat v2.0.12 software (Trapnell et al., 2009). The genes were 

annotated with Gene Transfer Format (GTF) of Ensembl (Ensembl.NCBIM37.65). The 

Cufflinks/Cuffdiff suite (Trapnell et al., 2009) was used to compute the fragments per kilo 

base of coding exon per million fragments mapped (FPKM) values as means of normalizing 

for gene length and depth of sequencing, and the fold-change difference of gene expression 

in terms of FPKM between the RIP and control (input) libraries. Gene transcripts were 
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considered to be bound by Zc3h13 protein if their FPKM expression is > 1.0 and the ratio of 

FPKM (Zc3h13 RIP)/FPKM (Input) is ≥1.5.

Gene Ontology (GO) Analysis—Gene ontology analysis was performed using the web 

tool:The Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://

david.abcc.ncifcrf.gov/).

Image quantification—All immunofluorescence images were analyzed using Image-Pro 

Plus software (Media Cybernetics).

For quantification of proteins’ nuclear speckles localization in Figure 3H and Figure S3I, 

mES cells were immunostained with SC35 to label nuclear speckles. Images were 

thresholded, and a mask was then generated to define the nuclear speckles region. 

Fluorescence intensity of indicated proteins (WTAP/Virilizer/Hakai/Mettl3) in the defined 

nuclear speckles region in corresponding channel was measured and ratio-ed over SC35 

area. For proteins’ nuclear localization quantification in Figures S4E–S4J, images taken in 

the DAPI channel were first thresholded and a mask was then generated to define the nuclear 

region. Fluorescence intensity of indicated proteins (WTAP/Virilizer/Hakai/Mettl3) in the 

defined nuclear region in corresponding channel was measured and ratio-ed over DAPI area.

The statistical data are presented as mean ± SD or mean ± SEM, as described in the 

corresponding figure legends. The statistical significance of differences was determined 

using Student’s t test with GraphPad Prism 6 (Graphpad Software). p < 0.05 was considered 

to be statistically significant.

DATA AND SOFRWARE AVAILABILITY

All softwares used in this study are listed in the Key Resources Table. The MeRIP-seq, 

RNA-seq and RIP-seq data generated by this study have been deposited to GEO database 

under accession number GSE94148. MeRIP-seq data of Mettl3 KO and WT mES cells were 

obtained from GEO database under accession number GSE52662 (Batista et al., 2014).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

1. Zc3h13 is a critical regulator of RNA m6A methylation

2. Zc3h13-WTAP-Virilizer-Hakai complex is an important regulatory complex 

of RNA m6A

3. Zc3h13 plays a role in anchoring the m6A regulatory complex in the nucleus

4. Zc3h13 controls mESC pluripotency by regulating m6A methylation
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Figure 1. Zc3h13 interacts with WTAP, Virilizer and Hakai
(A) Co-immunoprecipitation analysis showing Zc3h13 interacts with WTAP, Virilizer and 

Hakai in mESC. Mock, mES cells transfected with empty vector; IP, immunoprecipitation; 

IB, immunoblotting.

(B) Reciprocal-IP assay indicating Zc3h13 was immunoprecipitated by anti-WTAP, anti-

Virilizer and anti-Hakai antibodies. IgG was used as a control.

(C) Schematic representation of Zc3h13 full-length (FL) protein and various truncated 

fragments. Amino acid positions are indicated.

(D) Interactions between Zc3h13 fragments (Zc3h131-1460 and Zc3h131461-1729) and 

Virilizer, Hakai, WTAP were determined by co-immunoprecipitation. FH-Zc3h13, Flag-HA-

Zc3h13; Mock, mES cells transfected with empty vector. See also Figure S1.
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Figure 2. Zc3h13 regulates mRNA m6A in mESCs
(A) LC-MS/MS quantification of the m6A/A ratio in polyadenylated RNA isolated from the 

indicated mES cell lines. shCtrl, control.

(B) Sequence motif identified from top 1000 m6A peaks.

(C) MeRIP-qPCR analysis of m6A level in the select mRNAs in control and Zc3h13 kd 

mESCs. shCtrl, control.

(D) UCSC snapshots of MeRIP-seq reads along indicated mRNAs. Normalized reads 

density levels are shown as blue (control), green (shZc3h13) and gray (input) shades 

respectively. Ranges of reads are shown to the left of each track. Two replicates are shown. 

Transcription directions are indicated by arrows.
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(E) The normalized distribution of m6A peaks across the 5′ UTR, CDS, and 3′ UTR of 

mRNA in control and Zc3h13 kd mESCs. shCtrl, control. (F) The reporter constructs of 

pPB-BG-Atg13 and pPB-BG-Atg13-mut.

(G) MeRIP-qPCR analysis of m6A modification in indicated RNAs of pPB-BG-Atg13 and 

pPB-BG-Atg13-mut reporters in Zc3h13 kd mESCs and control cells.

(H) Venn diagram showing overlap between Zc3h13-dependent and Mettl3-dependent m6A 

peaks. MeRIP-seq data of Mettl3 KO and WT mES cells were obtained from GEO database 

(GSE52662).

(I) Heatmap analysis of MeRIP-seq reads density in m6A modified regions with statistically 

significant difference in Zc3h13 kd mES cells versus control cells, and Mettl3 KO mES cells 

versus control cells. m6A modified regions were sorted according to m6A reads density 

level. MeRIP-seq data of Mettl3 KO and WT mES cells were obtained from GEO database 

(GSE52662).

All data are represented as mean ± SD from three biological replicates (A, C and G).

*p < 0.05; **p < 0.01; ***p < 0.001; t test. See also Figure S2.
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Figure 3. Zc3h13 controls nuclear localization of WTAP, Virilizer and Hakai
(A) Western blot analysis of Zc3h13, Virilizer, WTAP, Hakai, Mettl3 and Mettl14 in the 

whole cell lysate (WCL), cytoplasmic (C) and nuclear (N) fractions from Zc3h13 and 

control knockdown mESCs. Lamin B1 and α-Tubulin were used as nuclear and cytoplasmic 

markers, respectively.

(B) Western blot analysis of cytoplasmic and nuclear fractions of Zc3h13 in WTAP-

depleted, Virilizer-depleted, Hakai-depleted and control mESCs.

(C) Interactions between WTAP and Virilizer, Hakai, Mettl3, Mettl14 were determined by 

co-immunoprecipitation using cytoplasmic fractions from control and Zc3h13 kd mESCs. 

IgG was used as a control. shCtrl, control.
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(D) LC-MS/MS quantification of the m6A/A ratio in polyadenylated RNA isolated from 

cytoplasmic and nuclear fractions of Zc3h13 kd and control mESCs. Data are represented as 

mean ± SD from three biological replicates. *p < 0.05; **p < 0.01; t test.

(E) The normalized distribution of m6A peaks across the 5′ UTR, CDS, and 3′ UTR of 

mRNA in cytoplasmic and nuclear fractions of control and Zc3h13 kd mESCs. shCtrl, 

control.

(F) Heatmap analysis of MeRIP-seq reads density in m6A modified regions with statistically 

significant difference in cytoplasmic or nuclear fractions of Zc3h13 kd and control mESCs. 

m6A modified regions were sorted according to m6A reads density level.

(G) Venn diagram showing overlap between cytoplasmic and nuclear Zc3h13- dependent 

m6A peaks.

(H) Immunofluorescence analysis of Zc3h13 (red), WTAP (red), Virilizer (red), Hakai (red), 

Mettl3 (red), SC35 (green), and DAPI (blue, cell nuclei) in Zc3h13 knockdown and control 

mESCs. Scale bar, 10 μm.

(I) Immunofluorescence analysis of mES cells overexpressing Flag-HA-Zc3h13-full length 

(FL), Flag-HA-Zc3h131-1460, or Flag-HA-Zc3h131461-1729, detected with the HA antibody 

(red), SC35 antibody (green) and DAPI (blue, cell nuclei). Scale bar, 10 μm. Mock, mES 

cells transfected with empty vector.

See also Figure S3.
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Figure 4. Loss of Zc3h13 impairs mESC self-renewal
(A) Phase-contrast microscopy analysis of colony morphologies of the indicated cell lines.

(B and C) Alkaline phosphatase staining (B) and quantification of AP-positive colonies (C) 

of control and Zc3h13 knockdown mESCs. shCtrl, control.

(D and E) Alkaline phosphatase staining (D) and quantification of AP-positive colonies (E) 

of control, Zc3h13 kd and indicated rescuing mES cell lines.

(F) Relative m6A/A level in polyadenylated RNAs isolated from the indicated mES cell 

lines. Each sample was compared with control cells transfected with empty vector.
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(G) Scatter plot of up-regulated and down-regulated genes in Zc3h13-depleted mESCs 

compared with control cells. Pluripotency genes are highlighted by red dots and circle; 

developmental genes are highlighted by blue dots and circle. shCtrl, control.

(H and I) RT-qPCR analysis of pluripotency genes (H) and differentiation genes (I) in 

Zc3h13 kd versus control cells. Data are represented as mean ± SD from four biological 

replicates. *p < 0.05; **p < 0.01; ***p < 0.001; t test.

(J and K) Alkaline phosphatase staining (J) and quantification of AP-positive colonies (K) of 

control and the indicated knockdown mES cells. shCtrl, control.

(L and M) RT-qPCR analysis of pluripotency genes (L) and differentiation genes (M) in the 

indicated knockdown cells versus control cells.

Data are represented as mean ± SD from three biological replicates (C, E, F, K, L and M). *p 

< 0.05; **p < 0.01; ***p < 0.001; ns, no significance; t test.

See also Figures S4 and Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Zc3h13 Bethyl Cat#A300-748A; RRID: AB_2273126

Rabbit polyclonal anti-WTAP Proteintech Cat#10200-1-AP; RRID: AB_2216349

Rabbit polyclonal anti-Virilizer Bethyl Cat#A302-124A; RRID: AB_1720422

Rabbit polyclonal anti-Hakai Bethyl Cat#A302-969A; RRID: AB_10752587

Rabbit monoclonal anti-Mettl3 Abcam Cat#ab195352; RRID: AB_2721254

Rabbit polyclonal anti-Mettl14 Sigma-Aldrich Cat#HPA038002; RRID: AB_10672401

Mouse monoclonal anti-HA Cell Signaling Technology Cat#2367; RRID: AB_331789

Rabbit monoclonal anti-HA Cell Signaling Technology Cat#3724; RRID: AB_1549585

Rabbit polyclonal anti-ASF/SF2 Proteintech Cat#12929-2-AP; RRID: AB_2187211

Rabbit polyclonal anti-HuR Proteintech Cat#11910-1-AP; RRID: AB_11182183

Rabbit polyclonal anti hnRNP A1 Proteintech Cat#11176-1-AP; RRID: AB_2117177

Rabbit polyclonal anti-TDP-43 Proteintech Cat#10782-2-AP; RRID: AB_615042

Mouse monoclonal anti-Lamin B1 Proteintech Cat#66095-1-lg; RRID: AB_2721256

Mouse monoclonal anti-α-Tubulin Proteintech Cat#66031-1-Ig; RRID: AB_11042766

Mouse monoclonal anti-Gapdh Proteintech Cat#60004-1-Ig; RRID: AB_2107436

Mouse monoclonal anti-β-Actin Proteintech Cat#60008-1-Ig; RRID: AB_2289225

Mouse monoclonal anti-SC35 Abcam Cat#ab11826; RRID: AB_298608

Rabbit polyclonal anti-m6A Synaptic Systems Cat#202003; RRID: AB_2279214

Mouse monoclonal anti-Flag Abmart Cat#M20008; RRID: AB_2713960

Normal rabbit IgG Santa Cruz Biotechnology Cat#sc-2027

Dynabeads protein A Life Technologies Cat#10002D

Anti-FLAG M2 affinity gel Sigma-Aldrich Cat#A2220

Chemicals, Peptides, and Recombinant Proteins

Protease Inhibitor Cocktail Roche Cat#4693159001

RNase I Ambion Cat#AM2294

DAPI Solarbio Cat#C0060

Lipofectamine 2000 Invitrogen Cat#11668019

TRIzol reagent Invitrogen Cat#15596018

Nuclease P1 from Penicillium citrinum Sigma-Aldrich Cat#N8630-

Phosphatase, Alkaline from Escherichia coli Sigma-Aldrich Cat#P5931

N6-methyladenosine Santa Cruz Biotechnology Cat#SC215524

RNase Inhibitor, Murine New England Biolabs Cat#M1304L

Proteinase K New England Biolabs Cat# P8107S

Recombinant Mouse LIF Protein Merck Millipore Cat#ESG1107

Critical Commercial Assays

PrimeScript RT reagent kit Takara Bio Cat#RR047A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Alkaline Phosphatase Detection Kit Sigma-Aldrich Cat#85L3R-1

oligo d(T)25 magnetic beads New England Biolabs Cat#S1419S

RiboMinus Eukaryote Kit v2 Ambion Cat#A15026

RNA clean and concentrator kit Zymo Research Cat#R1015

NEBNext Ultra Directional RNA Library 
Prep Kit for Illumina

New England Biolabs Cat#E7420

FastStart Universal SYBR Green Master 
(Rox)

Roche Cat#4913914001

Deposited Data

RNA-seq data This paper GSE94148

MeRIP-seq data This paper GSE94148

RIP-seq data This paper GSE94148

Experimental Models: Cell Lines

E14Tg2a murine embryonic stem cells Laboratory of Qi-Long 
Ying

N/A

293T cells Laboratory of Charlie 
Degui Chen

N/A

Oligonucleotides

Primers for Zc3h13 cloning This paper See Table S2

shRNA targeting sequences This paper See Table S2

Primers for MeRIP-qPCR, RT-qPCR and 
RIP-qPCR

This paper See Table S2

Zc3h13 target m6A sequence for minigene 
reporters

This paper See Table S2

Recombinant DNA

plasmid: pPB-Flag/HA-Zc3h13-FL This paper N/A

plasmid: pPB-Flag/HA-Zc3h13-(1-900) This paper N/A

plasmid: pPB-Flag/HA-Zc3h13-(901-1729) This paper N/A

plasmid: pPB-Flag/HA-Zc3h13-(1-1460) This paper N/A

plasmid: pPB-Flag/HA-Zc3h13-(1461-1729) This paper N/A

plasmid: pTBG Laboratory of Li-Gang 
Wu (Du et al., 2016)

N/A

pPB-BG-Atg13 This paper N/A

pPB-BG-Atg13-mut This paper N/A

Software and Algorithms

Tophat2 (Trapnell et al., 2009) https://ccb.jhu.edu/software/tophat/index.shtml

Bowtie (Langmead et al., 2009) http://bowtie-bio.sourceforge.net/index.shtml

Samtools (Li et al., 2009) http://www.htslib.org/doc/samtools.html

Cufflinks (Trapnell et al., 2010) http://cole-trapnell-lab.github.io/cufflinks

Signalplot This paper N/A

Rseqc (Wang et al., 2012) http://rseqc.sourceforge.net/

exomePeak (Meng et al., 2014) http://www.bioconductor.org/packages/release/bioc/html/exomePeak.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

bedtools (Quinlan and Hall, 2010) http://bedtools.readthedocs.io/en/latest/

MEME-ChIP (Machanick and Bailey, 
2011)

http://meme-suite.org/tools/meme-chip

DAVID (Huang da et al., 2009) https://david.ncifcrf.gov/

pheatmap Raivo Kolde https://github.com/raivokolde/pheatmap

Bio-Rad Image Lab Bio-Rad http://www.bio-rad.com/zh-cn/product/image-lab-software

GraphPad Prism 6.0 GraphPad Software https://www.graphpad.com/scientific-software/prism/

Image-Pro Plus 6.0 Media Cybernetics N/A

Other

Bioruptor Plus sonicator Diagenode CAT#B01020001
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