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SUMMARY

Embryonic stem cells (ESCs) exhibit high levels of
ribosomal RNA (rRNA) transcription and ribosome
biogenesis. Here, we reveal an unexpected role for
an essential DEAD-box helicase, DDX18, in antago-
nizing the polycomb repressive complex 2 (PRC2) to
prevent deposition of the repressive H3K27me3
mark onto rDNA in pluripotent cells. DDX18 binds
and sequesters PRC2 in the outer layer of the nucle-
olus and counteracts PRC2 complex formation in vivo
and in vitro.DDX18knockdown leads to increasedoc-
cupancyofPRC2andH3K27me3at rDNA loci, accom-
panied by drastically decreased rRNA transcription
and reduced ribosomal protein expression and trans-
lation. Auxin-induced rapid degradation of DDX18 en-
hances PRC2 binding at rDNA. The inhibition of PRC2
partially rescues the effects of DDX18 depletion on
rRNA transcription and ESC self-renewal. These re-
sults demonstrate a critical role for DDX18 in safe-
guarding the chromatin and transcriptional integrity
of rDNA by counteracting the epigenetic silencing
machinery to promote pluripotency.

INTRODUCTION

Embryonic stem cells (ESCs), derived from the inner cell mass

(ICM) of pre-implantation blastocysts, are rapidly proliferating

pluripotent cells that are characterized by their remarkable ability

to self-renew and differentiate into all somatic cells in in vitro cul-

ture. Compared to differentiated cells, ESCs feature a globally

permissive chromatin structure and an enormously large

nucleolus and exhibit hyperactive transcription and high levels

of ribosome biogenesis (Gaspar-Maia et al., 2011; Niwa, 2007;

Percharde et al., 2017). Recently, emerging lines of evidence

have linked ribosomal RNA (rRNA) transcription to ESC self-

renewal and early mammalian development. For example,

HIRA/H3.3-dependent rRNA transcription is required for zygotic

development past the first cleavage (Lin et al., 2014). LINE1 ret-
This is an open access article under the CC BY-N
rotransposons promote rRNA synthesis and play essential roles

in ESCs and pre-implantation embryos (Percharde et al., 2018).

In ESCs, high levels of rRNA transcription, ribosome biogenesis,

and protein translation support the accelerated proliferation

required for ESC self-renewal (Corsini et al., 2018; Percharde

et al., 2017; You et al., 2015). Accordingly, repression of rDNA

transcription and perinucleolar heterochromatin formation are

critical for exit from pluripotency and appropriate differentiation

(Savi�c et al., 2014). However, the requirement for the regulation

of rRNA transcription and ribosome biogenesis, once regarded

as housekeeping processes, has yet to be explored in ESCs.

The nucleolus is best known as the site of rRNA transcription

and ribosome biogenesis, in which >200 proteins coordinate to

synthesize and process rRNAs, and then assemble those rRNAs

with the ribosomal proteins. The nucleolus comprises three prin-

cipal functional components known as the fibrillar center (FC,

innermost), the dense fibrillar component (DFC, intermediate),

and the granular compartment (GC, outermost), in which tran-

scription of the rDNA, rRNA processing, and ribosome assembly

occur, respectively (Cisterna and Biggiogera, 2010). Human and

mouse genomes comprise 200–300 copies of ribosomal DNA

(rDNA) genes that are clustered in tandem repeats on the short

arms of up to 6 acrocentric chromosomes (McStay, 2016). The

rDNA genes are transcribed by RNA polymerase I (Pol I) to

generate an �13-kb (45S/47S) precursor rRNA (pre-rRNA),

which is modified and cleaved to produce 28S, 18S, and 5.8S

rRNAs (Boisvert et al., 2007; McStay, 2016). The epigenetic state

of rDNA is correlated with its transcription activity (Grummt and

Längst, 2013). Euchromatic histone marks are associated with

actively transcribed rDNA genes, whereas heterochromatin

marks, such as trimethylation on histone H3 at lysine 27

(H3K27me3) and H3K9 dimethylation (H3K9me2), are found in

silenced rDNA loci (Cong et al., 2012). Dynamic repression of

rRNA transcription through the formation of heterochromatin at

the rDNA loci has been reported in response to energy depriva-

tion (Grummt and Längst, 2013; Murayama et al., 2008; Zhou

et al., 2009). However, the mechanisms that safeguard the

rDNA loci from epigenetic silencing in undifferentiated ESCs

remain less well understood.

DEAD-boxRNAhelicase family proteins are abundantly present

in all eukaryotic cells and are involved in many steps of RNA
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metabolism, from RNA transcription to degradation (Jankowsky,

2011; Linder and Jankowsky, 2011). DEAD-box RNA helicase 18

(DDX18) is a highly conserved protein, whose ortholog in yeast,

HAS1, is essential for ribosome biogenesis by regulating matura-

tion and processing steps for the assembly of 40S and 60S

ribosomal subunits (Dembowski et al., 2013; Emery et al., 2004;

Woolford and Baserga, 2013). DDX18 has been reported to be

essential for cell-cycle progression in primitive hematopoiesis in

zebrafish, andDDX18genemutations havebeen found in humans

with hematologic malignancies (Payne et al., 2011). A previous

RNA interference (RNAi) screen in ESCs revealed that knockdown

ofDDX18 impairedESCviability (Fazzio et al., 2008). However, the

function and mechanism of action of mammalian DDX18 beyond

its presumed role in ribosomal assembly remain unclear. The

polycomb repressive complex 2 (PRC2), which catalyzes methyl-

ations onH3K27, is highly expressed in ESCs and has been linked

to the execution of ESC pluripotency (Shen et al., 2008, 2009).

Here, we reveal an unforeseen role of DDX18 in the regulation of

ESC pluripotency by antagonizing PRC2 activity to safeguard

the chromatin integrity of actively transcribed rDNA loci, thereby

promoting the hyperactive rRNA transcription and ribosome

biogenesis that are required for ESC self-renewal.

RESULTS

Knockout of DDX18 Leads to Pre-implantation Arrest
and Embryonic Lethality
The level of DDX18 expression appears to be tightly regulated

during development, with the highest expression in pre-implan-

tation embryos from the zygote to the ICM of blastocyst and the

lowest in somatic tissues (Figures 1A and S1A). DDX18 is also

abundantly expressed in ESCs, and shows decreased expres-

sion at both the RNA and protein levels during ESC differentia-

tion, although more dramatic reduction occurs at the protein

level (Figures 1B, 1C, and S1B). The high level of DDX18 expres-

sion in embryonic cells prompted us to explore its physiological

importance in pluripotency regulation.

We knocked out DDX18 in mouse by deleting exon 7, which

resulted in a frameshift and loss-of-function mutation (Figures

S1C–S1G). DDX18+/� heterozygous mice are viable with no
Figure 1. DDX18 Is Essential for Establishing Pluripotency during Emb

(A) Genome browser view of the DDX18 locus. Deep sequencing tracks are dis

homozygous DDX18 knockout (KO, �/�) embryos (E3.5). Expression of DDX18

(Wu et al., 2016). The red box marks the deleted exon 7 of DDX18 in DDX18�/�

(B and C) DDX18 protein and RNA levels are reduced during ESC differentia

time periods (0, 2, 4, and 6 days), as detected by western blot (B) and qRT-PCR (

*p < 0.05, ****p < 0.00001.

(D) Survival analysis of DDX18+/� heterozygous mouse intercrosses at 4 develop

(E and F) Summary of morphological observations (E) and statistical analyses (F

(G and H) DDX18 depletion affects ESC self-renewal. Alkaline phosphatase (AP)

OCT4 protein levels after 60 h of DDX18 knockdown (KD) are downregulated, as

(I)DDX18 depletion impairs ESC pluripotency and expression of genes encoding r

normalized enrichment score (NES) and the nominal p value are shown. ME, me

(J) Correlation plot (p = 8.19 3 10�134) comparing mRNA and protein expression

(K) Ribosomal and translational proteins are enriched in the proteins that are dow

protein products are downregulated in DDX18-depleted ESCs. Selected GO term

(L) Ribosome-associated genes are downregulated at both the RNA and protein

(M) Heatmap of expression changes of proteins and mRNAs following DDX1

translation, and glycolysis functions are shown.
apparent phenotypic abnormalities. However, heterozygote in-

tercrosses failed to produce viable homozygous DDX18�/�

newborn offspring (Figures 1D, S1F, and S1G). Further analysis

showed that DDX18�/� embryos were detected at embryonic

day (E) 3.5 with a frequency of 18.8%, but no viable DDX18�/�

embryos were found at E10.5 (Figure 1D). At E3.5–E4.0,

DDX18�/� embryos were apparently arrested at the morula

stage and failed to form distinct blastocoels, whereas their

wild-type (WT) or heterozygote littermates developed into blas-

tocysts (Figures 1E, 1F, S1H, and S1I). This indicates peri-im-

plantation arrest and lethality.

To characterize the molecular defects caused by the loss of

DDX18, we performed an RNA sequencing (RNA-seq) analysis

of embryos at E3.5. Compared toWT littermates, DDX18�/� em-

bryos exhibit profound transcriptomic changes of 1,171 genes

(fragments per kilobase million [FPKM] >1, absolute fold change

>1.5, p < 0.05), with 952 downregulated and 219 upregulated

(Figure S2A; Table S1). Heatmap and gene set enrichment anal-

ysis (GSEA) showed significant downregulation of a set of genes

that is highly expressed in ESCs (referred to as ESC-high genes)

(Shen et al., 2008, 2009), including NANOG, SALL4, ZFP42,

TET1, and TET2 (Figures S2B and S2C). In addition to this

decrease in pluripotency transcripts, DDX18�/� embryos ex-

hibited the altered expression of genes involved in embryo

development, cell cycle, and ribosome functions (Figure S2B).

These results indicated an essential requirement for DDX18 in

the acquisition of pluripotency in early development.

Depletion of DDX18 Impairs the Self-Renewal and
Expression of Ribosomal and Pluripotency Genes in
ESCs
To study the role of DDX18 in maintaining pluripotency, we suc-

cessfully knocked down DDX18 by two small hairpin RNAs

(shRNAs) in ESCs (Figure S2D). The depletion ofDDX18 reduced

the protein levels of OCT4 and SOX2 and dramatically impaired

ESC proliferation as detected by alkaline phosphatase (AP)

staining (Figures 1G, 1H, and S2D). RNA-seq profiling revealed

profound expression changes of 2,047 genes (FPKM >1, fold

change >2 or <�1.5, p < 0.05) upon knockdown ofDDX18 (Table

S1). The downregulated genes (1,001) are significantly enriched
ryogenesis and for Pluripotency Maintenance in ESCs

played below to show the levels of DDX18 mRNA in wild-type (WT, +/+) and

in zygotes, 2-cell, 4-cell, and 8-cell stage embryos and ICM are also shown

mice.

tion induced by leukemia inhibitory factor (LIF) withdrawal for the indicated

C). Data are presented as means ± SDs of 3 independent biological replicates.

mental stages (E2.5, E3.5, E10.5, and adult).

) of blastocysts (E3.5–E4.0) isolated from DDX18+/� intercrosses.

staining shows that DDX18 depletion affects ESC self-renewal (G). DDX18 and

detected by western blot (H).

ibosomal proteins. Gene set enrichment analysis (GSEA) of RNA-seq data with

sendoderm; NPCs, neural progenitor cells.

changes following DDX18 KD.

nregulated by DDX18 depletion. Gene Ontology (GO) analysis of genes whose

s (fold enrichment [FE] > 5, p < 1 3 10�15) are shown.

levels.

8 depletion. Representative genes associated with ribosome, pluripotency,
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in functions related to the ESC-specific expression program, ri-

bosomes, and translation (Figures 1I and S2E). By contrast, the

upregulated genes (1,046) are mainly associated with p53

signaling and developmental processes (Figure S2E); they

include genes highly expressed in mesendoderm (ME) and

neural progenitor cell (NPC) lineages (Figure 1I). This indicates

precocious differentiation and impaired self-renewal in ESCs

depleted of DDX18.

The observation of decreased transcript levels of genes asso-

ciated with ribosomes led us to examine the effect of DDX18

depletion on protein synthesis. To measure nascent protein syn-

thesis, we treated ESCs with O-propargyl-puromycin (OP-puro),

which can be incorporated into newly translated proteins

(Bi et al., 2019). OP-puro labeling of ESCs indicated a globally

reduced translation rate upon DDX18 knockdown (Figure S2F).

To identify proteins with altered abundance, we performed sta-

ble isotope labeling using amino acids in cell culture (SILAC)

followed by mass spectrometry (MS) sequencing (Figure S2G).

The level of DDX18 protein was decreased �8-fold in DDX18-

knockdown ESCs, validating the effectiveness of DDX18 deple-

tion and SILAC labeling (Figure 1J). Overall, we detected consis-

tent expression changes at the RNA and protein levels with a

correlation coefficient of 0.56 between SILAC and RNA-seq

analyses (Figure 1J; Table S2).

Of the 2,337 proteins detected by SILAC, �423 proteins that

overlapped in 2 independent replicates were downregulated

>1.5-fold, whereas only 25 proteins were upregulated (Fig-

ure S2H; Table S2). This demonstrates a role for DDX18 in

promoting global protein synthesis. Congruently, these downre-

gulated proteins are highly enriched in functions related to

ribosomes, translation, and the nucleolus (Figure 1K). Global

downregulation of ribosome-associated genes was observed

at both the RNA and protein levels (Figures 1I and 1L). Notably,

for some ribosomal components (e.g., RPL18, RPS5) and plurip-

otency regulators (e.g., OCT4, SOX2, DPPA5A, ESRRB), the de-

gree of downregulation was more dramatic at the protein level

than at the RNA level (Figures 1H, 1M, S2D, and S2H). Thus, tran-

scriptomic and proteomic analyses revealed a critical role for

DDX18 in pluripotency maintenance by promoting expression
Figure 2. DDX18 Binds Nascent rRNAs and Promotes rRNA Transcript

(A and B) Distribution of DDX18-CLIP-seq reads (A) and peaks (B).

(C) A genome browser view of the rDNA locus shows that DDX18 binds to pre-rRN

containing an external transcribed spacer (50 ETS); two internal transcribed spac

tracks from DDX18-CLIP-seq, CLIPFB-seq, and ChIP-seq are shown.

(D) GO analysis of DDX18-associated mRNAs identified by CLIP-seq. Selected G

(E and F) Gene browser snapshots of representative mRNAs (E) and snoRNAs

displayed.

(G) DDX18 enrichment at rDNA loci. bioChIP-qPCR shows DDX18 enrichment at

DDX18 KD.

(H) DDX18 enrichment at rDNA loci is dependent on Pol I transcription. bioChIP-qP

Pol I inhibitor (ActD-L, 50 ng/mL, 2 h; ActD-H, 1 mg/mL, 2 h) or the Pol II inhibito

(G and H) Fold enrichment of DDX18 at rDNA regions is normalized to the GAPD

(I) Abundance of steady-state pre-rRNA (45S) decreases with DDX18 depletion.

(J) Transcription of nascent rRNA (pre-rRNA) is dramatically downregulated upon

followed by RT-qPCR normalized to ACTB pre-mRNA.

(K) Pre-rRNA is reduced in E3.5DDX18�/� embryos. RT-qPCRwas performed to d

KO mouse embryos.

Unless otherwise indicated, data are presented asmeans ±SDs of at least 3 indep

the control.
programs involved in pluripotency regulation, ribosome biogen-

esis, and translation at the levels of transcription and/or

translation.

DDX18 Binds Nascent rRNAs and Promotes rDNA
Transcription
To explore the mechanisms underlying DDX18-mediated plurip-

otency regulation, we first sought to define the RNA targets of

DDX18 in ESCs. Using an ESC line that stably expresses ectopic

DDX18 with amino-terminal FLAG and biotin tags (referred to as

DDX18FB) (Figure S3A), we performed FLAG antibody-mediated

CLIP-seq (crosslinking and immunoprecipitation followed by

sequencing), and FLAG- and biotin-mediated tandem affinity pu-

rification followed by CLIP-seq (CLIPFB-seq) (Bi et al., 2019; Liu

et al., 2019). These two independent approaches yielded similar

results (Figures 2A, 2B, and S3B–S3D; Table S3).

More than 90% of reads (or >16% of peaks) in DDX18 CLIP-

seq and CLIPFB-seq mapped to 45S rRNA (Figures 2A, 2B,

S3B, and S3C). While the highest CLIP and CLIPFB signals reside

in the gene body of 18S, 5.8S, and 28S transcripts, DDX18 also

binds strongly to the 50 external transcribed spacer (50 ETS) and
internal transcribed spacer (ITS) regions of nascent rRNA (Fig-

ures 2C and S3E). Approximately 6%–7% of the CLIP and

CLIPFB reads (47%–56% of the peaks) mapped to >177 mRNA

transcripts (Figures 2A, 2B, and S3B–S3D), including those en-

coding the pluripotency regulators OCT4 and SOX2, ribosomal

proteins such as RPS5 and RPS9, and the translation regulators

EEF1A1 and EEF2 (Figures 2D, 2E, and S3F). In addition,

6%–8% of CLIP and CLIPFB peaks mapped to >46 small nucle-

olar RNAs (snoRNAs) (Figures 2B, 2F, S3C, S3D, and S3G),

which make up approximately one-third of the total of 150

snoRNAs annotated in the mouse (Lestrade and Weber, 2006).

These results suggest that DDX18 may be involved in multiple

steps of rRNA synthesis, processing, and assembly through its

direct associations with its target transcripts.

To test whether DDX18 resides in the proximity of rDNA chro-

matin, we performed biotin-mediated chromatin immunoprecip-

itation of DDX18FB followed by quantitative PCR (qPCR) or

sequencing (bioChIP-qPCR or bioChIP-seq). Enriched DDX18
ion

A and rDNA. The rRNA gene promoter; intergenic spacer (IGS); pre-rRNA (45S)

ers (ITS1 and ITS2); and the 28S, 5.8S, and 18S are labeled. Deep-sequencing

O terms (FE > 3, p < 1 3 10�4) are shown.

(F). Deep-sequencing tracks from CLIP-seq, CLIPFB-seq, and RNA-seq are

the rDNA promoter (Pro) and gene body (+2 kb, +8 kb) regions with or without

CR shows DDX18 occupancy at the rDNA loci with or without treatment of the

r (DRB, 25 mM, 2 h) (n = 2).

H (G) or ACTB (H) promoters, as determined by bioChIP-qPCR.

45S was detected by RT-qPCR and is normalized to ACTB.

DDX18 KD. 45S transcription was detected using nuclear run-on (NRO) assays

etect 45S andDDX18 exon 7 in E3.5WT, heterozygous, or homozygousDDX18

endent biological replicates. *p < 0.05, **p < 0.001, ****p < 0.00001 compared to
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Figure 3. DDX18 Depletion Mimics Inhibitors of rRNA Transcription by Inhibiting ESC Pluripotency and the Expression of Genes Encoding

Ribosome Proteins

(A) The synthesis of rRNA is downregulated during ESC differentiation.

(B) DDX18 expression is decreased after rRNA transcription inhibition and translation inhibition. DDX18 expression levels were evaluated by RNA-seq analysis

in ActD-, CX-5461-, and CHX-treated ESCs. Data are presented as means ± SDs of at least 2 independent biological replicates. *p < 0.05, **p < 0.001,

****p < 0.00001.

(C) OCT4 and SOX2 proteins are reduced after rRNA transcription inhibition and translation inhibition.

(D) Gene expression changes afterDDX18 depletion, rRNA transcription inhibition, and translation inhibition. Heatmap of FPKM values of all of the downregulated

(1,001 genes, fold change <�1.5, p < 0.05) and upregulated (1,046 genes, fold change >2, p < 0.05) transcripts in DDX18-depleted ESCs are shown and

compared with the corresponding gene expression patterns resulting from ActD or CHX treatment.

(legend continued on next page)
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signals in the rDNA promoter and transcribed regions were de-

tected only under a stringent crosslinking condition using 3%

formaldehyde (Figure 2C). This enrichment was detected in WT

but not DDX18-depleted ESCs, confirming the specificity of

DDX18 bioChIP (Figure 2G). No significant bioChIP-seq signals

were detected in other genomic regions beyond rDNA se-

quences (Figure 2C; Table S3). Targeting of DDX18 to the

rDNA neighborhood was abolished by treatment with actino-

mycin D (ActD), which specifically inhibits Pol I-mediated

transcription at low concentrations, but not by DRB (5,6-di-

chloro-1-b-D-ribofuranosylbenzimidizole), which specifically in-

hibits Pol II (Figure 2H). Knock down of DDX18 significantly

downregulated the steady-state abundance and transcription

of 45S pre-rRNA as shown by RT-qPCR and nuclear run-on

(NRO) (Figures 2I and 2J). Similarly, the level of 45S rRNA was

also significantly reduced in DDX18�/� embryos at E3.5 (Fig-

ure 2K). These results indicate that the chromatin binding of

DDX18 is dependent on rRNA transcription. Nascent transcripts

and/or transcription of rRNAmay recruit DDX18 to the chromatin

neighborhood of rDNA, where DDX18 positively feeds back on

rRNA transcription to promote ribosome biogenesis.

Inhibition of rRNA Transcription Mimics the Effect of
Depleting DDX18

ESC differentiation is accompanied by progressively decreased

expression of rRNA transcripts (Figure 3A). To investigate

whether DDX18 maintains ESC self-renewal through its regula-

tion of rRNA transcription and/or mRNA translation, we treated

ESCs for 24 h with drugs that inhibit Pol I, including low doses

of ActD (5 or 10 ng/mL) and CX-5461, or with the translation in-

hibitor cycloheximide (CHX) (Drygin et al., 2011; Zhang and Lu,

2009). We then compared the transcriptional changes induced

by these treatments with changes in ESCs depleted of DDX18.

Chronic inhibition of rRNA transcription or translation led to the

decreased expression of DDX18 by 30%–40% and pluripotency

master regulators and also resulted in the global downregulation

of ESC-high genes and upregulation of developmental genes

(Figures 3B, 3C, S4A, and S4B), indicating that both treatments

impaired ESC self-renewal.

A significant overlap of differentially expressed genes was

observed between cells with depletion of DDX18 and cells

with inhibition of rRNA transcription or translation (Figures 3D

and S4C; Table S1). However, the inhibition of Pol I but not of

global translation led to the decreased expression of genes

involved in functions related to ribosomes, translation, and

the nucleolus, partially recapitulating the transcriptional effect

of depleting DDX18 in ESCs (Figures 3E and 3F). These results,

together with our earlier results, are consistent with a role for

DDX18 in promoting rRNA transcription and demonstrate that

the effect of DDX18 depletion on pluripotency maintenance

mainly results from the inhibition of rRNA transcription and ribo-

some biogenesis, which consequently lead to decreased

translation.
(E) Expression of ribosome-associated genes is specifically coordinated with rR

(F) Functional annotation of the genes down- or upregulated by inhibition of rRN

FPKM >1, FC <�1.5, p < 0.05) and upregulated (right panel, FPKM >1, FC >2, p <

ESCs are shown.
DDX18 Binds PRC2 and Modulates PRC2 Complex
Formation
Next, to investigate how DDX18 promotes rRNA transcription,

we purified DDX18-interacting proteins using FLAG- and

biotin-mediated tandem affinity purification followed by MS in

ESCs expressing DDX18FB (Figure S5A). With a stringent cutoff

(MS score >10 and number of unique peptidesR2), we identified

379 interacting proteins. Gene Ontology (GO) analysis linked

these proteins to functions related to the nucleolus and ribosome

biogenesis, as well as chromatin modification and transcription

(Figures 4A and S5B; Table S4). Many ribosomal assembly fac-

tors, including nucleolin (NCL) and fibrillarin (FBL), were identi-

fied as interacting with DDX18 (Figure 4A), consistent with nucle-

olar localization (Figures S5C and S5D) and the proposed role of

DDX18 in promoting ribosome biogenesis.

We found that the entire PRC2 complex, including the four

core components EZH2, SUZ12, EED, and RBBP4, as well as

the regulatory components JARID2 and MTF2, are present in

the DDX18 interactome (Figure 4A). Co-immunoprecipitation

(coIP) analysis showed that both endogenous and exogenous

DDX18 captured EZH2, SUZ12, and JARID2 (Figures 4B, 4C,

and S5E). These interactions were detected in both the nucleolus

and nucleoplasm (Figures S5D and S5E). Reciprocal coIP of

SUZ12, EED, and JARID2 captured endogenous DDX18 (Figures

4D, 4E, and S5F). In addition, coIP of SUZ12 pulled down DDX18

in bothWT and knockout (KO) ESC lines lacking either JARID2 or

EZH2 (Figure 4F), suggesting that the DDX18-PRC2 interaction

does not require an intact protein complex. coIP with the

antibody against endogenous EZH2 failed to capture DDX18,

despite the successful pulldown of JARID2 (Figure S5G).

In ESCs with a FLAG-tag knocked into the endogenous

EZH2 gene locus (EZH2FLAG KI) (data not shown), anti-FLAG

EZH2FLAG KI coIP also failed to capture DDX18 but pulled

down SUZ12 and JARID2 (Figure 4G). These results suggest

that DDX18 binding to EZH2may bemore dynamically regulated

than interactions with other components of PRC2. We then

asked whether RNA and transcription may affect the DDX18-

PRC2 interaction. Treatments of ESCs with RNase A or inhibitors

of Pol I or II transcription significantly increased the amounts of

EZH2, but not SUZ12 and JARID2, that were captured by both

endogenously and exogenously tagged DDX18 (Figures 4H–4J

and S5H–S5K). These results indicate that physical associations

of DDX18 with PRC2 core components are not mediated by

RNA. Rather, RNA and/or transcription inhibit DDX18 associa-

tions with EZH2 in PRC2.

Next, we sought to test the effect of DDX18 knockdown on

the association of EZH2 with other PRC2 components. By

comparing shRNAs against DDX18 to scramble controls, we

found that FLAG-IP of EZH2FLAG KI appeared to capture signifi-

cantly more amounts of SUZ12 and JARID2 without altering their

expression (Figures 4G and 4K). This result suggests that the

depletion of DDX18 enhances the binding of EZH2 with other

PRC2 components.
NA transcription. GSEA of RNA-seq data is shown.

A transcription or translation. GO analyses of the downregulated (left panel,

0.05) genes in ActD- (5 ng/mL), CX-5461- (1 mM), and CHX- (10 mg/mL) treated
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Furthermore, we purified recombinant DDX18 in 293T cells

and the PRC2 complex with EZH2 (FLAG tagged), EED (hemag-

glutinin [HA] tagged), and SUZ12 components in a baculoviral

expression system (Figures S5L and S5M) (Shen et al., 2008,

2009). We performed anti-HA-EED pull-down of the PRC2 com-

plex and found that the addition of increasing amounts of DDX18

and/or RNA decreased the amount of EZH2 proteins that were

captured by EED. These treatments had modest effects on the

binding of SUZ12 to EED (Figures 4L, 4M, S5N, and S5O).

Together, these in vivo and in vitro experiments demonstrate

direct, physical interactions between DDX18 and PRC2 and

further suggest that DDX18, along with RNA, modulate PRC2

complex formation by inhibiting EZH2 binding to other PRC2

components such as EED and SUZ12 (Figure 4N).

DDX18 Prevents PRC2 from Accessing rDNA in the
Nucleolus
To visualize the DDX18-PRC2 interaction, we performed immu-

nofluorescence staining and super-resolution structured illumi-

nation microscopy (SIM). Consistent with DDX18 ChIP under

strong crosslinking conditions, we found that most DDX18 sig-

nals appeared to surround FBL-stained DFCs, in which rRNA

transcription and processing occur in the nucleolus (Figures 5A

and S6A). This observation supports the notion that DDX18 re-

sides in the neighborhood of rDNA transcription units, rather

than in direct contact with rDNA sequences. Despite the pre-

dominant localization of SUZ12 in the nucleoplasm, sparse yet

robust SUZ12 signals were detected in the nucleolus, partially

overlapping with or embedded in the DDX18-stained areas (Fig-

ure 5B). This confirms the physical DDX18-SUZ12 interaction

shown by coIP.

Immunostaining of EZH2 also showed infrequent signals in-

side the nucleolus (Figure 5C). The knock down of DDX18 did

not alter PRC2 expression (Figure S6B), but it did dramatically in-

crease nucleolar EZH2 signals by �3-fold, particularly in the

nucleolar peripheral region co-stained by NCL (Figures 5C and

5D). Consistently, transmission electron microscopy (TEM) de-

tected many densely stained dark spots in the nucleolar periph-

ery of DDX18-depleted ESCs (Figure 5E). These dark spots,

known as nucleolar caps, are characteristic of heterochromatin
Figure 4. DDX18 Binds PRC2 and Modulates PRC2 Complex Formatio

(A) The DDX18 interactome is enriched in assembly factors for the 40S and 60S

transcription.

(B and C) Validation of the physical association of DDX18with PRC2 components.

to confirm the physical interaction of DDX18 with the subunits of PRC2.

(D and E) Confirmation of the interaction between PRC2 and DDX18. Detection of

coIP using SUZ12 (D) antibody in ESCs or by biotin-EED-IP (E) in ESC-EEDFB.

(F) DDX18 interacts with PRC2 independent of EZH2 and JARID2. SUZ12 coIP wa

(G) DDX18 inhibits EZH2 binding to the other components of PRC2.

(H) The effect of transcription inhibitors on the interaction between DDX18 and

(50 ng/mL, 2 h) or triptolide-treated (Pol II inhibitor TPL, 1 mg/mL, 2 h) ESC-DDX1

(I) The effect of RNase A on the interaction betweenDDX18 and the components of

using biotin (DDX18) IP with or without RNase A treatment (25 mg/mL) in ESC-DD

(J) Quantitative analysis of the FLAG and biotin (DDX18) IP data shown in Figure

(K) Quantitative analysis of the FLAG (EZH2) IP data in Figure 4G using ImageJ.

(L) DDX18 interacts with PRC2 in vitro and attenuates EZH2 interaction with EED-

insect cells with or without the addition of 1, 2, and 6 mg DDX18 protein purified

(M) DDX18 or/and RNA attenuate the interaction of EZH2 with EED-SUZ12. HA (

(N) A proposed model showing that DDX18 or RNA likely compromises EZH2 bin
(Iwamoto et al., 2008) and were observed in differentiated

ESCs and other lineage-committed cells (Figure S6C). In addi-

tion, the knock down of DDX18 dramatically altered the internal

organization of the nucleolus, which became more densely

stained and lost the characteristic FC, DFC, and GC structural

components (Figure 5E).

ChIP-qPCR showed that the knock down of DDX18 signifi-

cantly increased the chromatin binding of EZH2 and SUZ12, as

well as the repressive H3K27me2 and H3K27me3 marks, by

4- to 9-fold at the promoter and transcribed regions of rDNA,

but not at developmental gene loci (Figures 6A–6D). In compar-

ison, the removal of RNA or the inhibition of rRNA transcription

failed to increase EZH2 binding at rDNA loci (Figures S6D).

Thus, the observed increases in EZH2 and H3K27me3 at rDNA

loci inDDX18-depleted cells indicate a role for the DDX18 protein

in preventing PRC2 from accessing rDNA, rather than an indirect

consequence of reduced transcription or RNA levels at these

loci. Notably, ESC differentiation upon leukemia inhibitory factor

(LIF) withdrawal for 6 days led to a �2-fold increase in the

H3K27me3 mark at rDNA loci, which is consistent with

decreased rRNA transcription andDDX18 expression in differen-

tiated ESCs (Figures 1B, 1C, 3A, and S6C). In addition, constitu-

tive expression of exogenous DDX18 partially rescued the

reduction of pre-rRNA levels during ESC differentiation (Fig-

ure S6E), supporting an active role for DDX18 in promoting

rRNA transcription.

EZH2 KO Partially Rescues the Effects of DDX18
Depletion
To investigate whether DDX18 acts through PRC2 to protect the

chromatin openness of rDNA loci in themaintenance of ESC self-

renewal, we compared the effects of DDX18 depletion in WT

ESCs and mutant ESCs depleted of PRC2 activity (Figure 6E).

KO of EZH2 completely blocked the increase in H3K27me3 at

rDNA loci induced by DDX18 depletion (Figure 6F). Accordingly,

KO of EZH2 also partially rescued the decreased rRNA transcrip-

tion and the steady-state level of 45S rRNA in ESCs depleted of

DDX18 alone (Figures 6G and 6H). Moreover, TEM analysis

showed a grossly normal nucleolar morphology upon the simul-

taneous depletion of DDX18 and EZH2, as evidenced by the
n

ribosomal subunits as well as proteins involved in chromatin organization and

IP of exogenously expressed DDX18FB (B) or endogenous DDX18 (C) was used

the interaction between the PRC2 components and DDX18 was performed by

s used to detect the DDX18-PRC2 interaction in EZH2 KO or JARID2 KO ESCs.

the components of PRC2. Biotin (DDX18) IP was performed in ActD-treated

8FB.

PRC2. Detection of the interaction betweenDDX18 and the PRC2 components

X18FB.

s 4H, S5H, and S5J using ImageJ.

*p < 0.05.

SUZ12. An HA (EED) pull-down assay was performed using PRC2 purified from

from 293T cells.

EED) pull-down with addition of DDX18 or/and RNA.

ding to EED and SUZ12.
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disappearance of nucleolar caps and the reappearance of

organized FC, DFC, and GC structures (Figures 6I and 6J).

Furthermore, the depletion of DDX18 severely blocked ESC pro-

liferation, which was rescued by knocking out EZH2 (Figures 6K

and 6L). ESCs depleted of both DDX18 and EZH2 showed better

colony morphology, as indicated by distinct dome-shaped

clones with smooth edges. In comparison, ESCs depleted of

DDX18 alone were flattened and spread out, which is indicative

of differentiation (Figure 6K). Thus, the inhibition of PRC2 partially

rescued the molecular and morphological defects caused by the

depletion of DDX18. These results demonstrate that DDX18

safeguards ESC identity in part by antagonizing PRC2 binding

to rDNA sequences to protect high-level rRNA transcription

and ribosome biogenesis.

Acute Degradation of DDX18 Increases PRC2
Occupancy at rDNA
Lastly, to examine the immediate effects of DDX18 depletion on

PRC2, we used the auxin-inducible degron (AID) system (Nishi-

mura et al., 2009; Nora et al., 2017). We knocked in a 33

FLAG-fused AID tag immediately downstream of the start codon

of the endogenous DDX18 gene (designated DDX18AID/F) and

established homozygous knockin ESCs (Figures S7A–S7C).

We subsequently infected these cells with lentivirus expressing

the rice F-box protein TIR1, which recognizes the AID tag and

mediates ubiquitination and proteasome-dependent degrada-

tion of DDX18AID/F protein in the presence of the auxin analog

indole-3-acetic acid (IAA) (Figure 7A). Treatment with IAA led to

an �90% reduction at 6 h and complete degradation of the

DDX18AID/F protein at 24 h (Figures 7B and S7D). The removal

of IAA from the initial treatment for an additional 24 h allowed

the recovery of DDX18AID/F expression (Figure 7B). We

confirmed that endogenously expressed DDX18AID/F protein

also binds nascent pre-rRNA and rDNA (Figures S7E and S7F),

consistent with the analysis of ectopically tagged DDX18 (Fig-

ures 2C and 2G).

Time course analysis of nucleolar fractions upon the addition

of IAA revealed that the degradation of DDX18AID/F led to specific

increases in the amount of EZH2 protein in the nucleolus, without

affecting the total levels of EZH2 in cells (Figure S7G). In subse-

quent analyses, we focused on the time point of 6-h treatment

with IAA, presenting an early stage of DDX18AID/F degradation,

at which no adverse effects on colony morphology and prolifer-

ation were observed (data not shown). At this time point, DDX18

binding to rDNA loci reduced by 50% (Figure S7F), whereas the

binding of EZH2 and SUZ12 was significantly induced 1.5- to

7-fold at rDNA loci (Figures 7C and 7D). H3K27me3 deposition
Figure 5. DDX18 Prevents PRC2 from Accessing rDNA Loci and Prote

(A) DDX18 surrounds DFC ring structures in the nucleolus. Representative SIM

DDX18AID/F (green) and FBL (red) in ESC-DDX18AID/F.

(B) SUZ12 partially overlaps with and is also embedded in DDX18-stained areas in

co-staining of DDX18AID/F (green) and SUZ12 (red) in ESC-DDX18AID/F.

(C) Super-resolution SIM imaging of EZH2 and NCL immunostaining in DDX18-d

(green) and NCL (red) antibodies and 3D reconstructions of the co-localization o

(D) Statistical comparison of the ratio of the volume of EZH2 localized to the NCL-

16 fields for controls (Ctrls) and 119 cells from 25 fields for DDX18 KD.

(E) The nucleolar structure alters followingDDX18 depletion. Transmission electro

KD (left panel). Bar graphs show the percentage of nucleoli with or without nucle
was elevated 3- to 4-fold at rDNA loci (Figure S7H). Consistently,

NRO showed attenuated rRNA transcription (Figure S7I).

Accompanying the recovery of DDX18 expression and binding

to rDNA loci at 24 h after the removal of IAA (Figures 7B and

S7F), the enrichment of EZH2, SUZ12, and H3K27me3 at rDNA

loci was brought down to the normal level (Figures 7C, 7D,

S7F, and S7H). Re-expression of DDX18 reversed the effect of

the abnormal targeting of PRC2 at rDNA and suggests that the

increased occupancy of PRC2 at rDNA is a consequence of

the depletion of DDX18. Together with the knockdown results,

the data from the AID-mediated rapid degradation approach

led us to conclude that DDX18 inhibits the access of PRC2 to

actively transcribed rDNA, independently of its effects on ESC

proliferation.

DISCUSSION

Despite extensive studies of epigenetic and transcription fac-

tors, the function and regulation of ribonucleoproteins in estab-

lishing stem cell-specific programs have been underexplored.

During ESC differentiation, rRNA transcription, ribosome

biogenesis, and the nucleolar structure are dynamically regu-

lated (Bi et al., 2019; Meshorer and Misteli, 2006; Niwa, 2007;

Savi�c et al., 2014). rRNA and proteins are highly expressed in un-

differentiated ESCs but are downregulated upon differentiation

and in lineage-committed cells (Figure 3A) (Bi et al., 2019).

However, it remains unknown whether and how these pro-

cesses, once regarded as housekeeping activities, are regulated

and directly contribute to stem cell pluripotency. DDX18 was

initially identified to be required for ESC viability in an RNAi

screen, but its function and regulation in ESCs have not yet

been studied before the present work. Here, we report an essen-

tial role for DDX18 in setting up and maintaining pluripotency

during blastocyst development and in ESCs. DDX18 unexpect-

edly counteracts PRC2 to safeguard the chromatin openness

of rDNA sequences from epigenetic silencing and consequently

promotes the high levels of rRNA transcription, ribosome

biogenesis, and translation that are required for ESC self-

renewal. This work reveals an interplay between an essential

RNA-binding protein (RBP) and a critical epigenetic regulator in

governing the active euchromatic state of rDNA in transcription

and stem cell regulation (Figure 7E).

The high level of DDX18 expression in pre-implantation em-

bryos and in ESCs is consistent with hyperactive rRNA transcrip-

tion and ribosome biogenesis in these embryonic cells. ESC dif-

ferentiation leads to decreases in the level of DDX18 protein and

in the expression of rRNA and ribosomal genes. The constitutive
cts the Active Chromatin Status in Nucleolus

and 3-dimensional (3D) reconstruction images demonstrate co-staining of

the nucleolus. Representative SIM and 3D reconstruction images demonstrate

epleted and control ESCs. Representative images show co-staining of EZH2

f EZH2 and NCL.

labeled nucleolus to the volume of the NCL+ area. Data represent 90 cells from

nmicrographs (TEMs) show the changes in nucleolar structure followingDDX18

olar caps (right panel).
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expression of DDX18 maintains rRNA transcription during differ-

entiation. Knockdown of DDX18 resulted in reductions in rRNA

transcription, ribosome biogenesis, and pluripotency gene

expression, and it also led to abnormal nucleolar morphology

and loss of ESC self-renewal. In comparison, the prolonged inhi-

bition of Pol I or translation caused downregulated DDX18

expression and impaired ESC self-renewal. The observation of

accompanied decreases in rRNA transcription and ribosomal

gene expression upon DDX18 knockdown and during ESC

differentiation supports the coupling of the synthesis of the

RNA and protein moieties of the eukaryotic ribosome (Laferté

et al., 2006). Together, these lines of evidence demonstrate

that DDX18 expression is intrinsically coupled with and controls

rRNA transcription and ribosome biogenesis during the mainte-

nance of stem cell pluripotency. Downregulation of rRNA

transcription not only is a consequence of reduced DDX18

expression but it also triggers ESC differentiation.

PRC2 is a well-known key executor of cell-fate transition that

acts by mediating the silencing of genes that are essential for

development (Faust et al., 1995; Margueron and Reinberg,

2011; O’Carroll et al., 2001; Pasini et al., 2004b). Although it is

dispensable for self-renewal, PRC2 is critically required for

proper ESC differentiation (Pasini et al., 2007; Shen et al.,

2008, 2009). DDX18 physically interacts with PRC2 in ESCs.

This association involves direct protein-protein interactions

that are not mediated by RNA. Knockdown or acute degradation

of DDX18 dramatically increased the nucleolar localization and

binding of PRC2 to the rDNA, which was accompanied by

increasedH3K27me3 signals and decreased rRNA transcription.

The molecular and morphological defects, particularly those

related to rRNA transcription and nucleolar structure, were

partially ameliorated upon the simultaneous inhibition of EZH2

and DDX18. We posit that the aberrant epigenetic repression

of rDNA loci together with ribogenesis deficits contribute to the

phenotypes observed upon the depletion of DDX18 in ESCs

and in early embryos.

DDX18 antagonizes PRC2 to promote an open chromatin

and hyperactive transcription state at rDNA loci that perpet-

uate the self-renewal of ESCs. However, the decreased

expression of DDX18 upon ESC differentiation may allow the

access of PRC2 to rDNA loci, leading to the trimethylation of

H3K27 by PRC2 and reduced rRNA transcription, which

consequently promotes the exit of pluripotency. We propose
Figure 6. DDX18 Inhibits De Novo H3K27 Methylation Mediated by PRC

Depletion
(A–D) DDX18 inhibits EZH2 occupancy and H3K27 methylation at rDNA loci. ChI

H3K27me3 (D) at the rDNA loci, as well as at the promoters of developmental ge

(E) DDX18 is efficiently depleted in WT and EZH2 KO ESCs.

(F) EZH2 KO rescues the epigenetic change mediated by DDX18 depletion. Histo

satellites following DDX18 depletion in WT and EZH2 KO ESCs (n = 2). Data are n

calculated by comparing KD to Ctrl.

(G and H) Inhibition of pre-rRNA (45S) transcription mediated byDDX18 KD is part

RT-qPCR (H). Unless otherwise indicated, data are presented as means ± S

****p < 0.00001.

(I and J) The nucleolar structural alteration mediated byDDX18 depletion is partiall

or without nucleolar caps (I). TEMsshow the changes in nucleolar structure follow

(K and L) Morphological changes and proliferation deficits occurring upon KD of

and MTT cell viability assays (L) were performed following DDX18 KD in WT and
that the direct associations and antagonizing functions of

DDX18 and PRC2 safeguard ESC self-renewal and may also

allow ESCs to quickly respond to differentiation signals by

reducing rRNA transcription and ribosome biogenesis,

thereby facilitating the maintenance and execution of ESC

pluripotency.

The nucleolus has been regarded as a phase-separated

nuclear body, whose formation is driven by Pol I-mediated

transcription and multivalent interactions among rRNA and

ribonucleoproteins through molecular crowding (Feric et al.,

2016). We speculate that distinct RNA-enriched microenviron-

ments in the nucleolus may inhibit the entrance of PRC2,

which would explain the apparent scarcity of PRC2, despite

the abundance of DDX18 in the nucleolus. This hypothesis is

consistent with the reported observations that the removal

of RNA or the inhibition of Pol II transcription led to the

increased recruitment and activity of PRC2 at Pol II target

genes on the chromatin (Beltran et al., 2016; Riising et al.,

2014). RNA repels PRC2 from the nucleosome and inhibits

PRC2 activity (Beltran et al., 2016; Kaneko et al., 2013,

2014; Riising et al., 2014; Wang et al., 2017). Based on our re-

sults, we envision that ESCs may use two levels of regulation

to prevent PRC2 from accessing the rDNA loci. First, rRNA

and its transcription exclude PRC2 from the nucleolus. Sec-

ond, a residual amount of PRC2 that leaks into the nucleolus

is bound and sequestered by DDX18 in the outer layer of the

DFC, and therefore prevented from binding to rDNA. The inhi-

bition of Pol I or RNase treatment enhanced the binding of

DDX18 to EZH2 (but not other PRC2 components) and failed

to recruit PRC2 to the rDNA loci (Figures 4H–4J, S5H–S5K,

and S6D). These results indicate that once PRC2 is inside

the nucleolus, DDX18, rather than rRNA transcripts or tran-

scription, plays a major role in restricting PRC2 from access-

ing the rDNA.

EZH2 has been reported to be an unstable component and

the critical RNA-binding subunit of the PRC2 (Kaneko et al.,

2013; Long et al., 2017; Pasini et al., 2004a, 2004b, 2007;

Schoeftner et al., 2006). We suspect that the association of

EZH2 with other components of PRC2 may be more likely to

be dynamically regulated by RBPs such as DDX18 or RNA

transcripts or transcription. This notion is supported by the

in vivo and in vitro observations of enhanced EZH2 binding

to other PRC2 components upon the depletion of DDX18
2 at rDNA Loci, and EZH2 KO Partially Rescues the Effects of DDX18

P-qPCR data showing the FE of EZH2 (A), SUZ12 (B), H3K27me2me3 (C), and

nes, following DDX18 depletion. Data are normalized to the ACTB promoter.

ne H3K27 trimethylation was detected by ChIP-qPCR at rDNA loci and major

ormalized to the ACTB promoter, then the enrichment fold changes (FCs) are

ially rescued in EZH2 KO ESCs, as determined by nucelar run-on (NRO) (G) and

Ds of at least 3 independent biological replicates. *p < 0.05, **p < 0.001,

y rescued by the loss of EZH2. Bar graphs show the percentage of nucleoli with

ing DDX18 KD in EZH2 KO ESCs (J).

DDX18 are partially rescued by EZH2 deletion. Morphological observations (K)

EZH2 KO ESCs.
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Figure 7. Acute Degradation of DDX18 In-

creases PRC2 Occupancy at rDNA

(A) Construction of the ESC-DDX18AID/F cell line.

(B) The reversible loss of DDX18 in ESC-

DDX18AID/F cells. Western blotting demonstrates

efficient depletion of DDX18 after IAA addition for

6 h, and DDX18 expression is recovered after

24 h of IAA wash off.

(C and D) DDX18 depletion immediately results in

increased PRC2 occupancy at rDNA. ChIP-qPCR

experiments were used to determine the FE of

EZH2 (C) and SUZ12 (D) at the rDNA loci, devel-

opmental gene promoters, and negative Ctrl

(g-Cs). Data are normalized to the ACTB pro-

moter. Data are presented as means ± SDs of at

least 3 independent biological replicates. *p <

0.05, **p < 0.001, ***p < 0.0001, ****p < 0.00001.

(E) A working model for DDX18 function in safe-

guarding rRNA transcription and ESC identity by

preventing the interaction of PRC2 with rDNA

loci.
and the decreased EZH2 association within PRC2 upon the

addition of recombinant DDX18 or RNA (Figures 4G, 4L, and

4M). DDX18 may inhibit PRC2 complex formation in the nucle-

olus, consequently attenuating nucleolar PRC2 activity. It has

been reported that RNA-binding proteins MOV10 and DDX5

interact with and modulate the function of PRC1 (El Mes-

saoudi-Aubert et al., 2010; Li et al., 2017). Our results support

the idea that RBPs, together with RNA and transcription,

antagonize PRC2 in its chromatin-targeting and enzymatic ac-

tivities (Beltran et al., 2016; Laugesen et al., 2019; Riising

et al., 2014; Wiles and Selker, 2017). How exactly DDX18 af-
94 Cell Reports 30, 81–97, January 7, 2020
fects the formation and activity of the PRC2 complex should

be investigated in future studies.

In summary, our study uncovers an RBP-mediated protective

mechanism to safeguard the epigenetic landscape and hyperac-

tive transcription of rDNA in ESCs. It was reported that the

nucleolus acts as an inter-chromosomal hub in global genome

organization and nuclear architecture (Quinodoz et al., 2018).

The abnormal activation of rRNA genes or rDNA deletions alters

proper heterochromatin formation (Paredes and Maggert,

2009). Together with previous reports, our work highlights

the importance of balanced rRNA transcription and ribosome



biogenesis in maintaining nucleolar integrity and ESC

pluripotency.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-DDX18 Bethyl Laboratories Cat#A300-635A; RRID:AB_513611

Rabbit polyclonal anti-DDX18 Bethyl Laboratories Cat# A300-636A, RRID:AB_2092378

Rabbit polyclonal anti-DDX18 Abcam Cat# ab128197, RRID:AB_11143943

Rabbit polyclonal anti-DDX18 Abcam Cat# ab70527, RRID:AB_1209631

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F1804, RRID:AB_262044

Rabbit monoclonal anti-FLAG Sigma-Aldrich Cat# F7425, RRID:AB_439687

Mouse monoclonal anti-HA tag Abmart Cat# 20003,

Mouse monoclonal anti-c-Myc tag Easybio Cat# BE2073

Rabbit polyclonal anti-NCL Abcam Cat# ab22758, RRID:AB_776878

Rabbit polyclonal anti-NCL Santa Cruz Biotech Cat# sc-13057, RRID:AB_2229696

Rabbit polyclonal anti-FBL Abclonal Cat# WH079598

Rabbit polyclonal anti-JARID2 Abcam Cat# ab102571, RRID:AB_10711410

Rabbit polyclonal anti-SUZ12 Abcam Cat# ab77605, RRID:AB_1566775

Rabbit monoclonal anti-SUZ12 Cell Signaling Tech. Cat# 3737, RRID:AB_2196850

Rabbit monoclonal anti-JARID2 Cell Signaling Tech. Cat# 13594

Rabbit anti-EZH2 Cell Signaling Tech. Cat# 5246, RRID:AB_10694683

Mouse monoclonal anti-EZH2 Cell Signaling Tech. Cat# 3147, RRID:AB_10694383

Mouse monoclonal anti-H3K27me2me3 Active Motif Cat# 339535

Rabbit polyclonal anti-H3K27me3 Active Motif Cat# 39155, RRID:AB_2561020

Mouse monoclonal anti-H3K9me3 Active Motif Cat# 61013, RRID:AB_2687870

Rabbit monoclonal anti-H3K9me2 Cell Signaling Tech. Cat# 4658, RRID:AB_10544405

Rabbit monoclonal anti-H3K27me3 Cell Signaling Tech. Cat# 9733, RRID:AB_2616029

Rabbit polyclonal anti-H3K4me3 Abcam Cat# ab8580, RRID:AB_306649)

Goat polyclonal anti-Lamin B Santa Cruz Biotech. Cat# sc-6217, RRID:AB_648158

Mouse monoclonal anti-ACTIN CWBiotech Cat# CW0264M

Mouse monoclonal anti-TUBULIN CWBiotech Cat# CW0098M

Rabbit polyclonal anti-SOX2 Abclonal Cat# A0561, RRID:AB_2716820

Rabbit polyclonal anti-POU5F1 Abclonal Cat# A7920

Rabbit polyclonal anti-H3 Abclonal Cat# A2348, RRID:AB_2631273

Goat anti-Mouse 2nd Antibody, Alexa Fluor 488 Thermo Fisher Cat# A-11001, RRID:AB_2534069

Goat anti-Rabbit 2nd Antibody, Alexa Fluor 594 Thermo Fisher Cat# A-11012, RRID:AB_2534079

Reagents, Chemicals and Peptides

Actinomycin D (ActD) Sigma Aldrich Cat# A4262

Triptolid (TPL) Abcam Cat# Ab120720

Cycloheximide (CHX) Sigma Aldrich Cat# C7698

CX-5461 Selleck Cat# A2684

RNase A Takara Cat# 740505

8% Paraformaldehyde EMS Cat# 157-8

Normal goat serum Jackson Cat# 005-000-121

Proteinase K Merck Millipore Cat# 539480

Protease inhibitor cocktail Selleck Cat# K4000

b-mercaptoethanol Sigma Aldrich Cat# M7522

Non-essential amino acids Life Technologies Cat#11140050

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

L-Glutamine Life Technologies Cat# 25030081

Penicillin-streptomycin Life Technologies Cat#15140122

Polybrene Sigma Cat# 107689

Puromycin Life Technologies Cat#A1113802

Trizol Thermo Fisher Cat#15596018

3 3 FLAG peptide SciLight Peptide Cat# C233108

Lipofectamine 3000 Thermo Fisher Cat# L3000015

Agencourt AMPure XP Beckman Coulter Cat# A63881

L-Arginine-HCl Thermo Fisher Cat# 88427

L-Lysine-2HCl Thermo Fisher Cat# 88429

L-Arginine-HCl, 13C6,15N4 Cambridge Isotope Lab. Cat# CNLM-539-H

L-Lysine-2HCl, 13C6,15N2 Cambridge Isotope Lab. Cat# CNLM-291-H

NuPAGE Novex 4-12% Bis-Tris Gel Thermo Fisher Cat# NP0321BOX

Dynabeads M-280 Steptavidin Thermo Fisher Cat# 60210

Protein A/G UltraLink Resin Pierce Cat# 53133

Anti-FLAG M2 Affinity Gel Sigma Aldrich Cat# A2220

Pierce anti-HA agarose Thermo Fisher Cat# 26181

Dynabeads M-280 Steptavidin Thermo Fisher Cat# 60210

Dynabeads Protein A Thermo Fisher Cat# 10001D

iTaq Universal SYBR Green Supermix BioRad Cat#1725120

Critical Commercial Assays

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Cat# K1622

Dynabeads mRNA purification kit Thermo Fisher Cat# 61006

MinElute PCR Purification Kit QIAGEN Cat# 28004

NBT/BCIP stock solution Roche Cat# 11681451001

NEBNext Ultra II First Strand Synthesis Module NEB Cat# E7771L

NEBNext Ultra II Second Strand Synthesis Module NEB Cat# E7550L

NEBNext Ultra II DNA Library Prep Kit NEB Cat# E7645

Strep-Tactin XT purification system IBA Lifesciences Cat# 2-1201/2-1000

Colloidal Blue Staining Kit Thermo Fisher Cat# LC6025

Experimental Models: Cell Lines

Human: HEK293T ATCC CRL-3216

Mouse: 46C ES Austin Smith Lab Ying et al., 2003

Mouse: CJ9 ES Shen X lab Luo et al., 2016

Mouse: ESC-BirA This study N/A

Mouse: ESC-DDX18AID/F This study N/A

Mouse: FLAG-Biotin-DDX18 This study N/A

Mouse: ESC-EZH2 This study N/A

Mouse: ESC-EEDFB This study N/A

Mouse: ESC-EZH2 KO Shen X lab Shen et al., 2008

Recombinant DNA

pLKO.1 puro Luo et al., 2016 Addgene, # 8453

PiggyBac-FLAG-Biotin-DDX18 This study N/A

Pst1374-N-NLS-flag-linker-Cas9 Luo et al., 2016 Addgene, # 44758

pGL3-U6-sgRNA This study N/A

pEF-1alpha-AID-3 3 FLAG-DDX18-puro This study N/A

Lenti-Tir1-Blast This study N/A

PM-link-strep-Myc-DDX18 This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pFastbac-FLAG-EZH2 Shen X lab Shen et al., 2008

pFastbac-SUZ12 Shen X lab Shen et al., 2008

pFastbac-HA-EED Shen X lab Shen et al., 2008

Deposited Data

Deposited CLIP-seq, CLIPFB-seq, ChIP-seq,

RNA-seq datasets

Table S6 GSE124580

Oligonucleotides

A full list of oligos N/A Table S5

Software and Algorithms

ImageJ (1.51h) NIH, Univ. of Wisc. Madison https://imagej.nih.gov/ij/

IGV (2.4.14) Robinson et al., 2011 https://software.broadinstitute.org/software/igv/

Graphpad Prism (7.0) Graphpad https://www.graphpad.com/scientific-software/prism/

Bowtie Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/index.shtml

Tophat Trapnell et al., 2009 http://ccb.jhu.edu/software/tophat/index.shtml

Cufflinks Trapnell et al., 2012 http://cole-trapnell-lab.github.io/cufflinks/

Gene set enrichment analysis (GSEA) Broad Institute RRID:SCR_003199
LEAD CONTACT AND MATERIALS AVAILABLITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Xiao-

hua Shen (xshen@tsinghua.edu.cn).

All unique/stable reagents generated in this study are available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Mutant mice were generated by CRISPR/Cas9-mediated conditional genetic deletion. EIIa-Cre mice carry a Cre transgene under the

control of the adenovirus EIIa promoter directing expression of Cre recombinase in preimplantation embryos. All animal experiments

were conducted in accordance with institutional guidelines for animal welfare and approved by the Institutional Animal Care and Use

Committee (IACUC) at Tsinghua University. Embryos were isolated from 6-week-old female mice at the indicated day after

fertilization.

Cell lines
WT (CJ9, 46C) and EZH2 KO ESCs were stored in the Shen laboratory and have been described previously (Luo et al., 2016; Shen

et al., 2008, 2009). ESC-DDX18AID/F was established by co-transfection of plasmids expressing Cas9 and sgRNA (50-GTGCAGA

CGGCTGGGCGGCCTGG-30), and a plasmid containing a 50 homology arm (HA) and a 30 HA flanking the start codon of genomic

DDX18. Cas9-expressing ESCs were selected by puromycin treatment for 2 days following transfection. After confirming deletion

or knock-in in the cell population, ESCs were plated at a low density in 10-cm plates, and clones were picked after selection for

one week. Individual ESC clones were picked, expanded, and validated by PCR genotyping and immunoblotting.

METHOD DETAILS

CRISPR/Cas9-mediated conditional genetic deletion
Homologous recombination-mediated DDX18 conditional knockout mice were created by Casgene Biotech (Beijing, China). Mouse

zygotes obtained by mating males with superovulated C57BL/6J females were injected with a mixture of Cas9 mRNA (80 ng/ml),

sgRNA (50-CCCATCACTCGGGTTTAATGTGC-30, 40 ng/ml), and donor vector (8 ng/ml). Microinjections were performed into the

male pronucleus of fertilized oocytes. Injected zygotes were transferred into pseudopregnant female CD1 mice, and viable adult

mice were obtained. Correct targeting in the resulting animals was assessed by PCR and sequencing. Mice with the floxed allele

were then crossed with EIIa-Cre+ mice to generate the DDX18 exon 7 deletion.

Genotyping
Tails from experimental mice were digested in cell lysis solution (QIAGEN, 158908) with proteinase K (Roche, 3115879001) at 55�C
overnight. Following centrifugation, supernatants were transferred to a new tube containing protein precipitation solution (QIAGEN,
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158912). Samples were mixed using a vortex and were centrifuged. The supernatants were then transferred to a new tube, and the

DNA was precipitated using isopropanol. Samples were centrifuged, and the resulting pellet was washed twice with 70% ethanol.

The pellet was dried and resuspended in ddH2O. Genotyping was performed using a PCR-based assay that distinguishes wild-

type (WT) frommutant DDX18 alleles. PCR reactions contained a combination of 2 or 3 primers for amplification of KO- andWT-spe-

cific bands from DDX18 exon 7. Sequencing was used to confirm deletion of DDX18 exon 7.

Plasmids
The oligonucleotides for shRNAs targeting DDX18were cloned into pLKO.1-Puro vectors. A non-target shRNA plasmid was used as

a negative control. Two shRNAs (50-TTGGGTTTGAAGAAGAATTAA-30 and 50-ATGACGGAGATCCAGCATAAA-30) produced the best

knockdown efficiency. For overexpression of full-length DDX18, full-length DDX18was amplified from cDNA from CJ9 cells and was

inserted into PB-CAG-3fb expression vectors encoding N-terminal FLAG and biotin tags.

Cell culture, transfection, and lentiviral infection
Mouse embryonic stem cells (CJ9, 46C) were grown in DMEM supplemented with 15% heat-inactivated fetal bovine serum, 1%

GlutaMAX, 1% penicillin/streptomycin, 1% nucleosides, 0.1 mM 2-mercaptoethanol, 1% MEM nonessential amino acids, and

1000 U/ml recombinant leukemia inhibitory factor (LIF) at 37�C. Transfection of ESCs was performed using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s protocol. Lentiviral particles were produced in HEK293T cells by transient co-transfec-

tion of transfer vector constructs (pLKO.1-Puro vectors), VsVg, and Delta 8.9.

For the differentiation time course (LIF withdrawal), cells were collected by trypsin digestion, washed twice with PBS to remove

residual LIF, and plated with ESC culture medium without LIF in a 100-mm culture dish. Cells were harvested for analysis of RNA

or protein expression or were lysed for ChIP-qPCR experiments on days 2, 4, or 6 of differentiation.

Quantitative real-time qPCR
Tissues or cultured cells were washed with PBS and harvested in TRIzol (Life Technologies, 15596018), and total RNA was extracted

as indicated. Total RNA (0.5 to 2 mg) was reverse-transcribed using the RevertAid First Strand cDNASynthesis Kit (Fermentas, K1622)

with random primers. Quantitative real-time PCR (qRT-PCR) reactions were performed using iTaq Universal SYBR Green Supermix

(Bio-Rad, 1725121) on a Bio-RadCFX384 Real Time System. To detectmRNA, pairs of primers spanning two exonswere used. Gene

expression was normalized to that ofGAPDH orACTB. Error bars in qRT-PCR analysis represent standard deviations of average fold

changes compared to the indicated control.

Nuclear run-on assays
Nuclear run-on qPCR was performed as previously described, with some modifications (Roberts et al., 2015). For one run-on exper-

iment, approximately 5 3 106 ESCs were harvested using trypsin and were washed with cold PBS. Cell pellets were resuspended

with 1 mL of NP-40 lysis buffer (10 mM Tris-HCl, pH 7.4; 3 mM MgCl2; 10 mM NaCl; and 0.5% NP-40) and incubated on ice for

5 min. After centrifugation at 300 3 g for 4 min, the resulting pellet was washed with 1 mL of lysis buffer without NP-40 and resus-

pended in nuclei storage buffer (50 mM Tris-HCl, pH 8.3; 5 mM MgCl2; 0.1 mM EDTA; and 40% glycerol). An equal volume of 2X

transcription buffer (300 mM KCl; 20 mM Tris-HCl, pH 8.3; 5 mM MgCl2; and 4 mM DTT, supplemented with 2 mM each of ATP,

GTP, and CTP; 1 mM UTP; and 1 mM biotin-UTP) was added to the nuclei. After incubation at 30�C for 30 min, RNA was extracted

using TRIzol. Approximately 50 ml of pre-equilibrated and blocked streptavidin M-280 Dynabeads (Invitrogen) were washed with

PBST buffer, resuspended in 100 ml of PBSTR buffer (PBST supplemented with RNase inhibitor), and then mixed with an equal vol-

ume of purified RNA. After incubation at room temperature (RT) for 1 hour, the beads were washed three times with PBSTR buffer.

The RNA was extracted using TRIzol and reverse transcribed. The resulting cDNA was quantified by RT-qPCR.

Immunofluorescence staining and immunoblotting
Cells were seeded on 22 3 22mm glass coverslips. Cultured cells were fixed using 4% paraformaldehyde. Samples were blocked

with 5% normal goat serum (Jackson Immuno) with 0.3% Triton X-100 (Sigma-Aldrich) in PBS for 60 min at RT and were then incu-

bated with primary antibodies for 1 hr at 37�C, followed by the appropriate secondary fluorescently labeled antibodies (Invitrogen,

1:1000) for 1 hour at 37�C. Nuclei were counterstained with DAPI. Images were acquired using FV1200 confocal microscopy

(Olympus IX83) and N-SIM microscopy (Nikon). 3D rendering was performed using Imaris 9.0.2 software.

Immunoblotting was performed as previously described. Briefly, cells were lysed in RIPA buffer supplemented with protease and

phosphatase inhibitors (Roche). Protein samples were resolved by SDS-PAGE and transferred onto PVDF membranes. Blots were

incubated with primary antibodies overnight at 4�C followed by incubation with HRP-conjugated species-specific antibodies

(CWBiotech, 1:5000).

The following antibodies were used for immunofluorescence (IF) and western blotting (WB): DDX18 (Bethyl Laboratories A300-

635A, 300-636A, IF: 1:200; Abcam, ab128197, ab7052, WB: 1: 1000), EZH2 (Cell Signaling 3147, 5246, WB: 1:1000, IF: 1:200),

NCL (Santa Cruz Biotechnology, sc13057, IF: 1:100; Abcam, ab22758, WB: 1:10000), FBL (Abclonal, WH079598, IF: 1:200),
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FLAG (Sigma-Aldrich, F1804, F7425, WB: 1: 1000, IF: 1:250), JARID2 (Abcam, ab102571, WB: 1:2000), SUZ12 (Cell Signaling, 3737,

WB: 1:1000), LAMIN B (Santa Cruz Biotechnology, sc6217, WB: 1:5000), TUBULIN (CWBiotech CW0098M, WB: 1:5000), ACTB

(CWBiotech, CW0264M, WB: 1: 5000).

Isolation of nucleoli
ES cell pellets were collected from 8 3 15 cm dishes and suspended by gentle pipetting in 4 mL Buffer A (10 mM HEPES, pH 7.9;

10 mM KCl; 1.5 mM MgCl2; 0.5 mM DTT), followed by incubation on ice for 5 min. The cell suspension was homogenized approx-

imately 10 times using a tight pestle in a pre-cooled 7 mL Dounce tissue homogenizer while the homogenizer was kept on ice.

The homogenized cells were centrifuged at 1000 rpm for 5 min at 4�C. The resulting pellets were resuspended in 2.5 mL S1 solution

(0.25 M sucrose, 10 mMMgCl2). Then, the resuspended pellet was layered over 2.5 mL S2 solution (0.35 M sucrose, 0.5 mMMgCl2)

and centrifuged at 2500 rpm for 5 min at 4�C. The clean nuclear pellet was resuspended in 2.5 mL S2 solution and sonicated in 63

10 s bursts (with 20 s intervals between each burst). The sonicated nuclei were viewed under a phase contrast microscope to check

that there were virtually no intact cells and that the nucleoli could be readily observed as dense, refractile bodies. The sonicated sam-

ple was layered over 2.5 mL of S3 solution and centrifuged at 3500 rpm for 10 min at 4�C. The resulting pellet contained the nucleoli,

while the supernatant contained the nucleoplasm. The pellet was resuspended in 0.5 mL S2 solution and centrifuged at 2500 rpm for

5 min at 4�C. The final pellet contained highly purified nucleoli.

Immunoprecipitation, affinity capture and mass spectrometry analysis
For co-immunoprecipitation experiments, ESC lysates were collected by douncing cells in lysis buffer (50 mM Tris-HCl, pH 7.5;

200 mM NaCl; 1% NP-40; 1 mM EDTA; 10% glycerol; 1 mM PMSF; and proteinase inhibitor cocktail). Protein lysates were immu-

noprecipitated with 1 mg antibody overnight at 4�C and incubated with 50 ml protein G Dynabeads for 1-3 h. The precipitants

were washed extensively with wash buffer (50 mM Tris-Hcl, pH 7.5; 200 mM NaCl; 0.01% NP-40; 1 mM EDTA; and 10% glycerol),

boiled with SDS loading buffer, and subjected to SDS-PAGE and immunoblotting. At least two independent immunoprecipitations

were performed for each cell line.

ESCs stably expressing FLAG- and biotin-tagged DDX18 were used for mass spectrometry experiments. Cells containing empty

vector were used as the control. ESC nuclei were collected by lysing cells in hypotonic buffer (20 mM HEPES KOH, pH 8.0; 10 mM

KCl; 1.5 mM MgCl2; 1 mM PMSF; and proteinase inhibitor cocktail), and the nuclear extract was dounced in high-salt lysis buffer

(20 mMTris-HCl, pH 7.5; 10mMKCl; 2 mMMgCl2; 400mMNaCl; 1 mMEDTA; 20%glycerol; 1 mMPMSF; proteinase inhibitor cock-

tail; and benzonase) followed by centrifugation at 14,0003 g at 4�C for 10min. After dilution in 2X NP-200 buffer (20mM Tris-HCl, pH

7.5; 200 mM NaCl; 1 mM EDTA; 0.5% NP-40; 10% glycerol; 1 mM PMSF; and proteinase inhibitor cocktail), the protein lysate was

subjected to immunoprecipitation using M2 beads (Sigma-Aldrich) overnight at 4�C. The precipitates were washed extensively and

eluted using FLAG peptides in NP-200 buffer. The eluates were then incubated with M-280 Dynabeads (Thermo Fisher) overnight at

4�C. The precipitates were washed extensively with NP-200 buffer, boiled with SDS loading buffer, and subjected to SDS-PAGE fol-

lowed by colloidal blue staining (Thermo Fisher LC6025). Gel fragments were excised, washed, and sent for LC-MS/MS.

SILAC and mass spectrometry
To differentially label ESCs with light and heavy amino acids, we replaced the following components in the ES-FBS culture medium:

DMEM formulated without lysine and arginine instead of DMEM, dialyzed serum instead of regular FBS, and lysine and arginine

added separately to light (regular L-lysine and L-arginine) and heavy (13C6,
15N2 L-lysine and 13C6,

15N4 L-arginine) media. All SILAC

reagents were purchased from Cambridge Isotope Laboratories. Complete labeling (> 95%) was confirmed by MS before initiating

the experiment. To quantitatively identify changes in protein levels upon DDX18 depletion, cells were infected with shRNA-express-

ing viruses and selected with puromycin for 60 h. After washing with ice-cold PBS, the control and DDX18-knockdown cells were

harvested and counted. An equivalent number of SILAC-labeled cells (5 3 106) were lysed and sonicated in RIPA buffer (20 mM

Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1% NP-40; 1% sodium deoxycholate; and protease inhibitor cocktail)

on ice. After centrifugation at 14000 rpm for 10 min at 4�C, proteins of equal number of cells were combined and the concentrations

were estimated using BCA. The proteins were boiled with SDS loading buffer and subjected to SDS-PAGE followed by colloidal blue

staining. Gel fragments were excised, washed, and sent for LC-MS/MS.

Baculoviral expression and protein purification
DNA encoding FLAG tagged EZH2, HA tagged EED and SUZ12 were inserted into pFASTBac vector (Invitrogen), and were ex-

pressed in the Bac-to-Bac system (Invitrogen) and purified as previously described (Shen et al., 2008). Anti-FLAG agarose beads

were used for purification. DDX18 was purified using Strep-Tactin system (IBA-lifesciences) from 293T. Benzonase was used during

purification of PRC2 and DDX18 to remove DNA and RNA.

Transmission electron microscopy (TEM)
For morphological analysis of cultured cells, samples were grown on 35-mm dishes and fixed with 2.5% glutaraldehyde. Samples

were then dehydrated in a graded series of ethanol solutions (50%, 70%, 90%, 95%, and 100%) for 8 min each. Samples were in-

filtrated with and embedded in SPON12 resin. After polymerizing for 48 h at 60�C, 70-nm ultrathin sections were cut using a diamond
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knife and mounted on Formvar-coated copper grids (100 mesh). The sections were double-stained with uranyl acetate and lead cit-

rate. After air-drying, samples were examined with a transmission electron microscope (Hitachi H-7650) at an acceleration voltage of

80 kV.

ChIP-qPCR and ChIP-seq
ChIP assays were performed as previously described (Luo et al., 2016; Shen et al., 2008, 2009). In brief, ESCs were cross-linked with

1% formaldehyde for 10 min at RT and quenched with glycine (final concentration of 0.125 M) for an additional 5 min. Chromatin was

sonicated (microtip sonicator, 10 s/pulse, 3.5 pulses, on ice, power set at 25%) in cell lysis buffer (50 mM Tris HCl, pH 8.1; 10 mM

EDTA; 1% SDS; 1 mM PMSF; and protease inhibitor cocktail) and cleared by centrifugation at 14000 rpm for 10 min at 4�C. The ly-

sates were diluted in dilution buffer (16.7 mM Tris HCl, pH 8.1; 167 mM NaCl; 1.2 mM EDTA; 1.1% Triton X-100; 1 mM PMSF; and

protease inhibitor cocktail) and incubated overnight at 4�C with the desired antibodies: anti-EZH2 (Cell Signaling 3147), anti-SUZ12

(Cell Signaling 3737), anti-histone H3K27me2me3 (Active Motif 39535), anti-histone H3K27me3 (Active Motif 39155, Cell Signaling

9733), and anti-histone H3K9me3 (Active Motif 61013). Immuno-complexes were immobilized with 20-30 ml of protein G magnetic

Dynabeads (Thermo Fisher, 10001D) for 3 h at 4�C, followed by stringent washes using low-salt IP wash buffer (20 mM Tris HCl,

pH 8.1; 150 mM NaCl; 1 mM EDTA; 1% Triton X-100; 0.1% SDS; and 0.1% Na-deoxycholate), high-salt IP wash buffer (20 mM

Tris HCl, pH 8.1; 500 mM NaCl; 1 mM EDTA; 1% Triton X-100; 0.1% SDS; and 0.1% Na-deoxycholate), LiCl IP wash buffer

(10 mM Tris HCl, pH 8.1; 250 mM LiCl; 1 mM EDTA; 0.5% NP-40; and 0.5% Na-deoxycholate), and TE buffer (10 mM Tris HCl,

pH 8.1 and 1 mM EDTA). The precipitated DNA was eluted with elution buffer (9 volumes of IP elution buffer (1% SDS; 50 mM

Tris HCl, pH 8.1; and 1mMEDTA), 1 volume of 1MNaHCO3, 1/20 volume of 5MNaCl, and 1/250 volume of proteinase K) and reverse

cross-linked overnight at 65�C. DNA was purified using a DNA purification kit (QIAGEN). For biotin-DDX18-ChIP, the formaldehyde

concentration was increased to 3%. Biotin-ChIP assays were performed using a similar procedure, except that the lysates were

diluted in dilution buffer (16.7 mM Tris HCl, pH 8.1; 167 mM NaCl; 1.2 mM EDTA; 1.1% Triton X-100; 0.2% SDS; 1 mM PMSF;

and proteinase inhibitor cocktail) and incubated overnight at 4�C with Dynabeads M-280 streptavidin (Thermo Fisher, 60210). The

biotin precipitates were washed using BioChIP wash buffer 1 (2% SDS) and BioChIP wash buffer 2 (0.1 M Tris HCl, pH 8.1; 0.5 M

LiCl; 1% NP-40; and 1% Na-deoxycholate). ChIP-seq libraries were prepared according to the NEBNext protocol and sequenced

on an Illumina HiSeq 2500. ChIP-qPCR analyses were performed using a CFX96 or 384 Touch Real-time PCR Detection System

(Bio-Rad). ChIP-qPCR signals were calculated as the percentage of input. Fold induction was calculated over ACTB. All primers

used in qPCR analyses are shown in Table S5.

Analysis of RNA-seq and ChIP-seq data
RNA and DNA libraries were constructed by following Illumina library preparation protocols. Alignments of RNA-Seq data were per-

formed using Tophat v2.0.10 (Trapnell et al., 2012). Only those reads uniquely mapped to the reference genome were kept for further

analysis (Tophat parameter ‘‘–g 1’’). Fragments Per Kilobase of exon model per Million mapped reads (FPKM) were calculated by

Cufflinks 2.1.1 (Trapnell et al., 2012) to represent the expression levels of transcripts. Sets of genes that were highly expressed in

ESCs (95 genes), mesendoderm (marked by brachyury (T)-driven GFP, ME high genes, 174), neural precursor cells (marked by

SOX1-driven GFP, NPC-high genes, 198) and associated with ribosome function (ribosomal genes, 242) were selected as previously

described (Shen et al., 2008, 2009; Zhou et al., 2016). Gene set enrichment analysis (GSEA) was performed as described previously

by comparing knockdown cells to the NT shRNA control cells (Shen et al., 2008, 2009). ChIP-seq reads were aligned to the mouse

genome assembly (mm9) with no gaps using Bowtie2 v2.1.0 (Langmead et al., 2010). Aligned files were further converted to bed-

graph files with BEDTools (Quinlan and Hall, 2010).

CLIP-seq and CLIPFB-seq
TheCLIPmethodwas performed as described previously with the specificmodifications outlined below. The TAPmethodwas devel-

oped by our lab and shares most of its protocol steps with CLIP, but includes tandem purification and excludes SDS-PAGE sepa-

ration. Approximately 107 DDX18FB ESCs grown on one 15-cm plate were harvested and resuspended with 5 mL cold PBS. The cells

were re-plated and crosslinked with 600mJ/cm2 of 254-nmUV light. Nuclei were prepared by incubating the cells in hypotonic buffer

(20 mMHEPES, pH 7.5; 10 mMKCl; 1.5 mMMgCl2; 1 mM EDTA; 0.2%NP-40; 10% glycerol; 1 mMDTT; 1 mM PMSF; 1/500 volume

protease inhibitor cocktail, and 400 U/ml RNase inhibitor) for 4 minutes. Cells were lysed using a 26-gauge 5/8-inch needle and were

briefly sonicated. The cells were incubated for 30 min on a rotator at 4�C. The lysate was treated with 30 ml RQ1 DNase at 37�C for

10 min. The insoluble pellet was centrifuged, and the supernatant was harvested. Approximately 40 ml of pre-equilibrated FLAG M2

resin (Sigma) was used for each purification. The FLAG resin was incubated with lysate overnight at 4�C,washed twice with cold CLIP

lysis buffer, and washed two more times with high salt wash buffer (5 3 PBS, 0.5% NP-40, 0.5% sodium deoxycholate, and 0.1%

SDS). For TAP experiments, the proteins were eluted three times with 200 ng/ml 3xFLAG peptide dissolved in CLIP lysis buffer

(Sigma). The eluents were pooled and incubated with 60 ml pre-equilibrated streptavidin beads (M-280, Invitrogen) for three hours.

The sampleswerewashed twicewith SDS-ureawash buffer (50mMTris, pH 7.4; 2%SDS; and 1Murea) and twicewith SDS-high salt

wash buffer (5 3 PBS, 0.5% NP-40, 0.5% SDS) at room temperature. The protein-RNA complex-bound beads were washed four

times with PNK buffer (50 mM Tris, pH 7.4; 10 mM MgCl2; and 0.5% NP-40). RNAs were then partially digested with MNase

(NEB, diluted 1:105) at 37�C for 10 min (mixed in an Eppendorf Thermomixer at 1200 rpm for 5 s per 30 s). The reaction was stopped
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by the addition of PNK-EGTA buffer (PNK buffer with 2 mM EGTA). The beads were then washed twice with SDS-urea wash

buffer and twice with PNK buffer. To dephosphorylate the RNA, the beads were treated with CIP (NEB) for 10 min at 37�C (mixed

in an Eppendorf Thermomixer at 1200 rpm for 5 s per 30 s). After two more washes with PNK buffer, the pre-adenylated 30 linker
(rAppAGATCGGAAGAGCACACGTCT-NH2, Takara) was ligatedwith truncated T4RNA ligase 2 (NEB) at 16�Covernight. Non-ligated

30 linker was washed away with two washes with CLIP lysis buffer and two washes with PNK buffer. The RNAs were then phosphor-

ylated by T4 PNK (NEB) for 10 min at 37�C. For CLIP experiments, the RNA was subjected to SDS–PAGE separation and transfer,

autoradiography, ribonucleoprotein isolation, proteinase K treatment, and overnight RNA precipitation. For TAP experiments,

the samples were treated with proteinase K (50 mM Tris, pH 7.4; 150 mM NaCl; 0.5% SDS; and 20 mg proteinase K) for 30 min at

37�C to elute the protein-RNA complexes. RNAswere purified and ligated with 50 RNA adaptor (GUUCAGAGUUCUACAGUCCGACG

AUC, Takara) by T4 RNA ligase (Ambion). RNAswere reverse transcribed by Superscript III with RT primer (AGACGTGTGCTCTTCCG

ATCT, Takara) and amplified for 20 cycles with Q5DNA polymerase (NEB) (Primer_Forward: GTTCAGAGTTCTACAGTCCGACGATC;

Primer_Reverse: AGACGTGTGCTCTTCCGATCT, Takara). The library index sequences were introduced by PCR with index primers

(Forward [SR primer]:

AATGATACGGCGACCACCGAGATCTACACGTTCAGAGT-TCTACAGTCCGAC,

Reverse: CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT [the underlined hex-

amer indicates the Illumina index sequence, Takara]) for 8 additional cycles. Libraries underwent high-throughput sequencing on

an Illumina X10 or Hiseq2500 sequencing platform.

To identify RBP binding sites fromCLIP and CLIPFB data, raw reads were aligned to themouse genome assembly (mm10) by Bow-

tie2 v2.1.0 (Langmead et al., 2010). Piranha (v1.2.1) (Uren et al., 2012) was used to call peaks in all samples using the following pa-

rameters: �b 100 -d Zero Truncated Negative Binomial -p 0.001. Piranha is a statistically robust and flexible computational method

for identifying binding sites from CLIP-seq data, and is applicable to all variations of CLIP-seq technology. Bedgraphs were gener-

ated with BEDTools for visualization in a genome browser. CLIP and CLIPFB binding sites were annotated as TSS-associated tran-

scripts (1 kb upstream of transcription start site), 50 UTRs, exons, introns, 30UTRs, small noncoding RNAs (snRNA, snoRNA, and

miRNA), antisense transcripts, and TTS regions (1 kb downstream of transcription terminal site). When a binding site was assigned

to more than one of these regions, a priority ranking was used to determine an annotation (small noncoding RNA > 50 UTR > 30UTR >

exon > intron > TSS-associated transcripts > TTS > antisense transcripts). Homer software was used for annotation of repeat ele-

ments (Heinz et al., 2010).

MTT assay
Cell growth rates were measured using a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) proliferation assay.

Briefly, 3000 cells were seeded in 96-well plates. Cell growth was examined at the indicated time points. Before testing, 20 mL of

MTT reagent (2.5 mg/ml MTT in PBS, Amresco, Inc.) was added, and the cells were incubated for an additional 4 h at 37�C. Then,
200 mL of dissolving reagent DMSO (Amresco) was added to dissolve the formazan crystals. The absorbance was measured at a

wavelength of 490 nm on a microplate reader. Pilot experiments were conducted to determine the optimal cell concentration for

the experiments.

Alkaline phosphatase staining
ESCs were fixed using 2% paraformaldehyde. Buffer was prepared by adding 200 mL of the NBT/BCIP stock solution (Roche

11681451001) to 10 mL dilution buffer (0.1 M Tris-HCl, pH 9.5; 0.1 M NaCl; and 0.05 M MgCl2). Diluted substrate (1 ml) was added

to one well of a 6-well plate and was incubated at RT in the dark. The plate was checked every 5 minutes, and when a dark blue color

appeared, the samples were washed twice with PBS to remove the substrate and then imaged.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out using Excel or R (version 3.3.0). Data are presented as mean + SD. The statistical tests are

analyzed by Student’s t test if not stated in the relevant figure legends. All of the statistical details can be found in the figure legends

or Results.

DATA AND CODE AVAILABILITY

All high-throughput CLIP-seq, CLIPFB-seq, ChIP-seq and RNA-seq data generated in this study are available at the Gene Expression

Omnibus under accession code GSE124580.
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