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Figure 5. Depletion of PSPC1 or TET1 accelerates PRC2 eviction from bivalent promoters 

(A) Schematic depiction of the Tet1-degron knock-in (KI) strategy using CRISPR/Cas9 genome editing 

(the Scissor symbol). The HA-tagged FKBP12F36V donor sequence is inserted right after the start codon 

(ATG) of TET1 CDS to create the in-frame fusion protein.  

(B) Western blot analysis of TET1 protein in Tet1-degron ESCs (two independent clones) upon dTAG-13 

treatment for 24 hrs. Degradation of TET1 was indicated by both endogenous antibody and HA fusion 

protein tag. 

(C) Schematic depiction of the PRC2 subunit SUZ12 ChIP-seq analysis in D2 EpiLCs of different 

genotypes (Pspc1 WT/KO, Neat1 WT/KO) or treatment (Tet1-degron with control/dTAG13).  

(D-E) Heatmap (D) and mean intensity plot (E) by reads per million (RPM) of SUZ12 ChIP-seq intensity 

at SUZ12 peak regions (within ± 5K bp around SUZ12 peak center, identified in ESCs) in WT ESCs and 

EpiLCs.  

(F) Mean intensity plot by RPM of SUZ12 ChIP-seq intensity at PSPC1/TET1/SUZ12 common peak 

regions (within ± 5K bp around SUZ12 peak center, identified in ESCs) in D2 EpiLCs.  

(G) SUZ12 ChIP-seq tracks at the promoters of bivalent genes (Fgf5, Nefl, Sall2, and Ror2) in D2 EpiLCs. 

The numbers above each track indicate the maximum reads per million (RPM) value. 
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Figure 6. PSPC1, TET1, and Neat1 modulate PRC2 affinity to nascent bivalent gene transcripts 
during bivalent gene activation  
(A) Co-IP of PSPC1 and SUZ12 in ESCs using a nucleosome-containing protocol (see Methods in detail).  

(B) EZH2 and PSPC1 CLIP-qPCR analysis of Neat1 in WT, Pspc1KO, and Ezh2KO ESCs. Gapdh serves 

as a negative control. P-value is from two-tailed T-test, and “n.s.” denotes statistically non-significant. 

Error bars represent the standard deviation of triplicates. 

(C) EZH2 CLIP-qPCR analysis of bivalent gene mRNAs (Fgf5, Nefl, Sall2) in D2 EpiLCs of different 

genotypes (WT vs. KO). P-value is from the two-tailed T-test. Error bars represent the standard deviation 

of triplicates. 

(D) The working model. In ESCs (WT), Neat1 (short isoform, Neat1_1) tethers the chromatin-bound 

proteins TET1, PSPC1, and PRC2 at bivalent gene promoters (Panel a). Bivalent genes are not activated 

in either Tet1KO/Pspc1KO (Panel b) or Neat1KO (Panel c) ESCs. When bivalent genes are activated 

during pluripotent state transition (accompanied by downregulation of Neat1_1, with no expression of 

Neat1_2 yet), nascent mRNA acts as a decoy to evict PRC2 from chromatin. In EpiLCs (WT), a dynamic 

balance is maintained between PRC2 chromatin occupancy and RNA binding (shown in up/down arrows) 

finetuning the expression of bivalent genes (Panel d). In Tet1KO or Pspc1KO EpiLCs, more PRC2 

proteins bind to mRNAs and are displaced or evicted from chromatin, inducing enhanced bivalent gene 

transcription (Panel e). Without Neat1 (during the pluripotent state transition in WT cells or upon genetic 

KO), PRC2 binding affinity to mRNAs (and possibly mRNA-processing-associated proteins) is 

compromised, which causes reduced bivalent gene activation (Panel f).  
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STAR METHODS 
 
KEY RESOURCES TABLE 
 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies   
TET1  Millipore Cat. 09-872 
TET1 GeneTex Cat. GTX125888 
PSPC1 Santa Cruz Cat. sc-84577 
PSPC1 Bethyl Cat. A303-206A 
SUZ12 Abcam Cat. ab12073 
EZH2 Cell Signaling Cat. 5246S 
SUZ12 Abcam Cat. ab12073 
V5 Invitrogen Cat. R960-25 
Mouse IgG Millipore Cat. 12-371 
Rabbit IgG Millipore Cat. PP64 
SIN3A Abcam Cat. ab3479 
PELP1 Bethyl Cat. A300-180A 
TET2 Abcam Cat. ab124297 
NONO Bethyl Cat. A300-587A 
SFPQ Abcam Cat. ab38148 
HA Abcam Cat. ab9110 
OCT4 Santa Cruz Cat. sc-5279 
NANOG Bethyl Cat. A300-397A 
ACTIN Sigma Cat. A5441 
GAPDH ProteinTech Cat. 10494-1-AP 
Histone3 Abcam Cat. ab1791 
VCL Abcam Cat. ab129002 
Mouse IgG HRP Cell Signaling Cat. 7076S 
Rabbit IgG HRP Jackson ImmunoRes Cat. 715-175-151 
Trueblot Mouse IgG HRP Rockland Cat. RK-18-8817-31 
Trueblot Rabbit IgG HRP Rockland Cat. RK-18-8816-31 
DNA 5mC Cell Signaling Cat. 28692 
DNA 5hmC Active Motif Cat. 39769 
Anti-dsDNA Abcam Cat. ab27156 
Cell lines   
Mouse ESC CCE This study N/A 
Pspc1 KO ESC  This study N/A 
Tet1-degron ESC  This study N/A 
Mouse ESC 46C This study N/A 
Neat1 KO ESC  This study N/A 
Ezh2 KO ESC This study N/A 
Mouse ESC V6.5  Laboratory of R. Jaenisch N/A 
Tet1 KO ESCs  Laboratory of R. Jaenisch N/A 
Tet1/2/3 KO ESCs  Laboratory of R. Jaenisch N/A 
Dnmt1/3a/3b KO ESC Laboratory of T. Chen N/A 
Nono KO ESC Laboratory of F. Lan N/A 
Chemicals, Peptides, and Recombinant proteins 
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DMEM GIBCO Cat. 11965-092 
Heat inactivated FBS GIBCO Cat. 35-011-CV 
Penicillin-Streptomycin GIBCO Cat. 15140-122 
L-Glutamine GIBCO Cat. 25030-081 
MEM NEAA GIBCO Cat. 11140-050 
2-Mercaptoethanol Sigma Cat. M6250 
Puromycin Sigma Cat. P9620-10ML 
Hygromycin Omega Cat. HG-80 
N2 GIBCO Cat. 17502-048 
B27 GIBCO Cat. 17504-044 
DMEM/F-12 GIBCO Cat. 11-330-032 
Neurobasal GIBCO Cat. 21-103-049 
LIF Lab prep N/A 
GSK3i (CHIR99021) Sigma Cat. SML1046-25MG 
MEKi (PD0325901) Selleckchem Cat. S1036 
Recombinant Fgf2 R&D System Cat. 233-FB 
Recombinant Activin A R&D System Cat. 338-AC 
13C615N4 L-arginine Cambridge Isotope Cat. CNLM-539-H 
13C615N2 L-lysine Cambridge Isotope Cat. CNLM-291-H 
dTAG-13 Tocris Cat. 6605 
Oligonucleotides 

See Table S4 N/A N/A 
Deposited data 
PSPC1 ChIP-seq in ESC This study NCBI GEO: GSE182443 
SUZ12 ChIP-seq in ESC This study NCBI GEO: GSE182443 
SUZ12 ChIP-seq in EpiLC upon 
Pspc1 KO, Neat1 KO, and Tet1-
degron treatments 

This study NCBI GEO: GSE182443 

Pspc1 WT/KO RNA-seq in ESC and 
EpiLC This study NCBI GEO: GSE182443 

Neat1 WT/KO RNA-seq in ESC and 
EpiLC This study NCBI GEO: GSE182443 

Other data 
TET1 ChIP-seq in ESC Wu et al., 2011 NCBI GEO: GSE48519 
H3K27me3 ChIP-seq in ESC Cruz-Molina et al., 2017 NCBI GEO: GSE89211 
H3K4me3 and H3K27ac in ESC Hon et al., 2014 NCBI GEO: GSE48519 
5mC and 5hmC meDIP-seq in ESC Xiong et al., 2016 NCBI GEO: GSE57700 
Software and Algorithms 
STAR 2.7.6a https://github.com/alexdobin/STAR 
Cufflinks 2.2.1 http://cole-trapnell-lab.github.io/cufflinks/ 
Bowtie2 2.3.5 http://bowtie-bio.sourceforge.net/bowtie2/ 
IGV 2.10.2 https://software.broadinstitute.org/software/igv 
samtools 1.10 http://www.htslib.org/ 
PICARD 2.18.5 https://broadinstitute.github.io/picard/ 
HOMER 4.11.1 http://homer.ucsd.edu/homer/ 
MACS2 2.2.7 https://github.com/macs3-project/MACS 
NGSplot 2.61 https://github.com/shenlab-sinai/ngsplot 
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LEAD CONTACT AND MATERIALS AVAILABILITY 

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

the Lead Contact, Jianlong Wang (jw3925@cumc.columbia.edu).  

DATA AND CODE AVAILABILITY 

ChIP-seq and RNA-seq data have been deposited in the Gene Expression Omnibus (GEO) with 

accession code: GSE182443. 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Cell culture and in vitro differentiation 
If not specified, mouse embryonic stem cells (ESCs) were cultured on 0.1% gelatin-coated plates and in 

ES medium: DMEM medium supplemented with 15% fetal bovine serum (FBS), 1000 units/mL 

recombinant leukemia inhibitory factor (LIF), 0.1 mM 2-mercaptoethanol, 2 mM L-glutamine, 0.1 mM 

MEM non-essential amino acids (NEAA), 1% nucleoside mix (100X stock), and 50 U/mL 

Penicillin/Streptomycin. The Ezh2 KO ESCs (Shen et al., 2008) were cultured on 0.1% gelatin-coated 

plates and in naïve culture condition (2iL) using serum-free N2B27 medium (DMEM/F12 and Neurobasal 

medium mixed at a ratio of 1:1, 1x B27 supplement, 1x N2 supplement, 2 mM L-glutamine, 0.1 mM 2-

mercaptoethanol, and 50 U/mL Penicillin/Streptomycin) supplemented with Gsk3β inhibitor (CHIR99021, 

3 μM), Mek inhibitor (PD0325901, 1 μM), and LIF (1000 units/mL). 

For SILAC labeling, ESCs were cultured in either SILAC heavy or light medium: ES medium with 

complete supplements but deficient in both L-lysine and L-arginine, and then supplemented with L-lysine 

and L-arginine (SILAC light) or 13C6
15N4 L-arginine and 13C6

15N2 L-lysine (SILAC heavy) amino acids 

(Cambridge Isotope Laboratories). 

For in vitro ESC-to-EpiLC differentiation, ESCs were seeded on fibronectin-coated (10 μg/mL/cm2) 

plates and in ES medium. On the next day, the medium was switch to formative culture condition using 

serum-free N2B27 medium supplemented with Fgf2 (12 ng/mL) and Activin A (20 ng/mL) (FA).  

Affinity purification followed by mass spectrometry (AP-MS) analysis 
We employed a previously validated ESC clone with the ectopic expression of the 3xFLAG tagged mouse 

Tet1 (FL-Tet1) gene (Ding et al., 2015). Before the AP-MS experiment, the empty vector (EV)- and FL-

Tet1-transfected ESCs were cultured in both SILAC heavy and light medium for 2 weeks with reciprocal 
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labeling: Replicate#1, light of FL-Tet1 versus heavy of EV; Replicate#2, light of EV versus heavy of FL-

Tet1. AP-MS was performed using our well-established protocols (Ding et al., 2015; Guallar et al., 2018; 

Huang et al., 2021). Briefly, the cell pellets were resuspended in ice-cold hypotonic buffer A (10 mM 

HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF, and protease inhibitor cocktail 

(PIC, Sigma, P8340)) and incubated for 10 min on ice. The sample was centrifuged at 3,000 ×g for 5 min 

at 4°C, and the pellet containing nuclei was washed by resuspending with ice-cold buffer A and 

centrifuging at 10,000 x g for 20 min at 4°C. Then, nuclei were resuspended with ice-cold nuclear extract 

buffer C (20 mM HEPES, pH 7.9, 20% glycerol (v/v), 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 

mM DTT, 0.2 mM PMSF, and PIC) and incubated at 4°C for 30 min with continuous mixing. Insoluble 

materials were pelleted by centrifugation at 25,000 x g for 20 min at 4°C. The supernatant was collected 

as nuclear extract (NE) and dialyzed against buffer D (20 mM HEPES, pH 7.9, 20% glycerol (v/v), 100 

mM KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF) for 3 h at 4°C. Then, 0.1 ml of Protein G agarose 

(Roche Diagnostic) equilibrated in buffer D containing 0.02% NP40 (buffer D-NP) was added to nuclear 

extracts in 15 ml tubes, in the presence of Benzonase (25 U/mL, Millipore 70664), and incubated/pre-

cleared for 1 h at 4°C with continuous mixing. Precleared NE samples were incubated with pre-

equilibrated anti-FLAG M2 affinity gel (Sigma, F2426) for 4 h at 4°C with continuous mixing. Five washes 

were performed with buffer D-NP. Bound material was eluted by incubation with buffer D-NP 

supplemented with 0.5 mg/mL 3xFLAG peptides (Sigma, F4799) for 2 h at 4°C with continuous mixing. 

The eluted proteins were concentrated with Amicon Ultra Centrifugal Filters (Millipore, UFC500396), 

boiled 5 min in Laemmli buffer, and fractionated on a 10% SDS-PAGE gel. The gel lanes were cut 

horizontally into pieces, and each was subjected to LC-MS/MS analysis (Huang et al., 2021). MS data 

were processed using MaxQuant software (Tyanova et al., 2016) with Andromeda search engine (Cox 

et al., 2011) against the International Protein Index (IPI) mouse protein sequence database (v.3.68). 

Carbamidomethylation (CAM) was set as the fixed modification, and methionine oxidation was set as the 

variable modification. Other parameters followed the default settings of MaxQuant. Then the protein 

quantification heavy/light ratio was calculated and exported by MaxQuant. Quantification results of MS 

spectra were exported from the MaxQuant Viewer software.  

 

Co-immunoprecipitation (co-IP)  
Co-IP in regular (nucleosome-free) conditions was performed as previously described (Ding et al., 2015). 

The nuclei were purified with buffer A followed the AP-MS protocol. Then nuclei were resuspended with 

ice-cold lysis buffer (50 mM HEPES, pH 7.9, 250 mM NaCl, 0.1% NP-40, 0.2 mM EDTA, 0.2 mM PMSF, 

and PIC) and incubated at 4°C for 30 min with continuous mixing. About 2% of input was saved, then NE 

was diluted with 40% volume (v/v = 5:2) of dilution buffer (20 mM HEPES, pH 7.9, 20% glycerol (v/v), 
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0.05% NP-40, 0.2 mM EDTA, 0.2 mM PMSF, and PIC) as the co-IP buffer with the NaCl concentration 

of 180 mM. For antibody IP, the antibody and the same amount of mouse or rabbit IgG as control were 

added to the co-IP buffer, incubated with protein lysates overnight at 4°C with continuous mixing. Then, 

protein lysates were incubated with protein G-Agarose beads (#11243233001, Roche) for 2 h at 4°C with 

continuous mixing. For FLAG-IP, NE was incubated with anti-FLAG M2 affinity gel (Sigma, F2426) 

overnight at 4 °C with continuous mixing. The immunoprecipitates were washed four times with co-IP 

buffer (lysis buffer/dilution buffer = 5:2, v/v). Proteins were eluted from the beads by boiling in 1X SDS 

Laemmli loading buffer, followed by SDS-PAGE and western blot analysis.  

Co-IP in nucleosome-containing conditions was performed following a published protocol (Neri et 

al., 2013). Briefly, cell pellets were resuspended in isotonic buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 

250 mM Sucrose, 5 mM MgCl2, 5 μM ZnCl2, and PIC), incubated on ice for 5 min, and spun down 500 g 

for 5 min at 4°C. Then pellets were resuspended in isotonic buffer (no PIC) supplemented with 1% NP-

40), vortexed for 10 seconds at the highest setting, incubated on ice for 5 min, and spun down 1000g for 

5 min at 4°C. The pellets (nuclei) were resuspended in 200 μL digestion buffer (50 mM Tris-HCl, pH 8.0, 

100 mM NaCl, 250 mM Sucrose, 0.5 mM MgCl2, 5 mM CaCl2, 5 μM ZnCl2, no PIC) and 1 uL of 

micrococcal nuclease (MNase, NEB, M0247S), incubated at 37°C water bath for 10 min. Then the MNase 

digestion was immediately stopped by adding 20 μL 0.5 M EDTA, and nuclei were spun down 13,000 g 

for 1 min at 4°C. The digested nuclei were resuspended in digestion buffer (with PIC), subjected to 

sonication with Bioruptor®, set 30 sec ON, 30 sec OFF, 5 cycles to break nuclei, and spun down 13,000 

g for 5 min at 4°C. Protein supernatants were subjected to antibody incubation, washing with digestion 

buffer, protein elution, and SDS-PAGE, like the regular co-IP protocol.  

The primary antibodies used for co-IP were: TET1 (Millipore, 09-872 and GeneTex, GTX125888), 

PSPC1 (Santa Cruz, sc-84577 and Bethyl, A303-206A), SUZ12 (Abcam, ab12073), EZH2 (Cell Signaling, 

5246S), V5 (Invitrogen, R960-25), mouse IgG (Millipore, 12-371), and rabbit IgG (Millipore, PP64).  

 
Subcellular fractionation assay 
The subcellular fractions of ESCs were extracted using the Subcellular Protein Fractionation Kit for 

Cultured Cells (Thermo, #78840). Briefly, about 5 x 106 cells were used, and each subcellular fraction 

was collected following the standard protocol. Protein loadings were balanced according to the protein 

concentrations in the cytoplasmic fraction before western blot analysis.  

   

Gel filtration assay 
Size exclusion chromatography (gel filtration assay) was performed as previously described (Ding et al., 

2015). Briefly, nuclear extracts (10~20 mg) of ESCs were applied to a gel filtration column (S400 HiPrep 
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16/60 Sephacryl, Amersham Biosciences), samples were eluted at 1 mL/min and continuously monitored 

with an online detector at a wavelength of 280 nm. Fractions were collected, concentrated, and subjected 

to western blot analysis with indicated antibodies.  

 
Domain mapping 
The FLAG-tagged Tet1 full-length (FL) sequence and truncated variants in the PiggyBac expression 

vectors were obtained from previous studies (Costa et al., 2013; Zhang et al., 2016). The Pspc1 full-

length sequence and truncated variants were PCR amplified and subcloned into the V5-tagged PiggyBac 

expression vectors. The TET1 and PSPC1 PiggyBac expression vectors and control empty vectors (EV) 

were transfected into ESCs with Lipofectamine 2000 Transfection Reagent (Invitrogen, 11668019) 

following the standard protocol. After drug selection, ESCs were expanded for co-IP. FLAG-IP (for TET1 

FL and truncated variants) and V5-IP (for PSPC1 FL and truncated variants) were performed, followed 

by western blot analysis of PSPC1 and TET1, respectively.   

 

Western blot analysis 
Western blot analysis was performed as previously described (Huang et al., 2017). Total proteins were 

extracted by RIPA buffer. Protein concentrations were measured by Bradford assay (Pierce, 23236), 

balanced, and subjected to SDS-PAGE analysis. The following primary antibodies were used: PSPC1 

(Bethyl, A303-206A and Sigma, SAB4200503), TET1 (Millipore, 09-872 and GeneTex, GTX125888), 

SIN3A (Abcam, ab3479), PELP1 (Bethyl, A300-180A), TET2 (Abcam, ab124297), V5 (Invitrogen, R960-

25), NONO (Bethyl, A300-587A), SFPQ (Abcam, ab38148), HA (Abcam, ab9110), OCT4 (Santa Cruz, 

sc-5279), NANOG (Bethyl, A300-397A), SUZ12 (Abcam, ab12073), EZH2 (Cell Signaling, 5246S), 

ACTIN (1:5000, Sigma, A5441), GAPDH (ProteinTech, 10494-1-AP), Histone 3 (H3) (Abcam, ab1791), 

and Vinculin (Abcam, ab129002).  

  

Immunofluorescence  
Mouse embryonic fibroblasts (MEFs) and ESCs were grown on 24-well plates coated with 0.1% gelatin 

(w/v). After fixation with 4% paraformaldehyde (w/v) for 15 min, cells were permeabilized with 0.25% 

Triton X-100 (v/v) in PBS for 5 min and incubated with 10% BSA for 30 min at 37°C. For immunostaining, 

cells were incubated overnight at 4°C with PSPC1 antibody (Santa Cruz, sc-84577) in PBS with 3% BSA 

(w/v). The following day cells were incubated with fluorophore-labeled secondary antibodies for 1 h at 

RT. Cells were imaged with a Leica DMI 6000 inverted microscope. 

 

Neat1 knockout (KO) ESCs 
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CRISPR/Cas9-mediated Neat1KO was performed as described in (Yin et al., 2015). Briefly, two vectors 

(with the same pGL3-U6-sgRNA-PGK-puromycin backbone, Addgene #51133) containing two sgRNA 

sequences (Table S4) targeting a 6K bp region containing the short isoform of Neat1 (Neat1_1) were 

cotransfected with a Cas9-expressing vector (pST1374-N-NLS-flag-linker-Cas9, Addgene #44758) into 

WT 46C ESCs by lipofectamine 2000 (Invitrogen). Transfected cells were selected with puromycin and 

blasticidin for 8 days before clones were picked. Then, individual ESC clones were expanded and 

subjected to genomic DNA extraction and PCR for genotyping screening. The KO clones were further 

confirmed by RT-qPCR analysis of Neat1 expression.  

 

Tet1-degron knock-in (KI) and protein degradation 
The CRISPR/Cas9 system was used to engineer ESCs for protein degradation of TET1 genetically. The 

5’- and 3’-homology arms of Tet1 were PCR amplified from genomic DNA. The P2A-2xHA-FKBP(F36V) 

fragment for N-terminal insertion and the mCherry and BFP sequences were PCR amplified from 

Addgene plasmids #91792, #104370, #104371, respectively. Tet1 5’- and 3’-homology arms, FKBP, and 

mCherry or BFP sequences were assembled by Gibson Assembly 2x Master Mix (NEB, E2611S) to 

obtain 5’arm-FKBP-BPF-3’arm and 5’arm-FKBP-mCherry-3’arm doner vectors in pJET1.2 vector 

(Thermo Scientific). CRISPR gRNA was subcloned into the pSpCas9(BB)-2A-Puro (PX459) vector 

(gRNA sequence in Table S4). ESCs were transfected with the two donor vectors and CRISPR vectors 

using Lipofectamine 2000 (Invitrogen). After two days of puromycin selection, double-positive cells were 

sorted out for mCherry and BFP and seeded on a 96-well plate with single-cell per well using the BD 

Influx Cell Sorter. Cells were expanded and genotyped by PCR, and protein degradation was confirmed 

by western blot analysis. Clones with a homozygous knock-in tag were further expanded and used for 

experiments. 

 The Tet1-degron ESCs were treated with either DMSO control or dTAG13 (500 nM in DMSO, 

Tocris, 6605) for rapid degradation of TET1 protein. ESCs were treated with dTAG13 for 2 days before 

differentiation, and then cells were treated with dTAG13 during the ESC-to-EpiLC differentiation. In the 

control group, cells were treated with DMSO in ESCs and during the ESC-to-EpiLC differentiation. 

 

Dot blot analysis 
The genomic DNA dot-blot analysis of 5mC and 5hmC was performed following the DNA Dot Blot 

Protocol (Cell Signaling, #28692) with modifications. Briefly, genomic DNA of ESCs was extracted using 

Quick-DNA Miniprep Plus Kit (Zymo, D4068), and DNA concentration was measured by NanoDrop. Next, 

the same amount of DNA was denatured with 10X DNA denaturing buffer (1 M NaOH and 0.1 M EDTA) 

and incubated at 95°C for 10 min, which was then immediately mixed with an equal volume of 20X SSC 
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buffer, pH 7.0 (Invitrogen, 15557044) and chilled on ice. The DNA samples were diluted with a pre-

determined amount and loaded on the positive-charged Nelyon membrane (GE Amersham, RPN2020B) 

using a vacuum chamber (Minifold, SRC-96). The membrane was dried, auto-crosslinked with 1200 x100 

μJ/cm2, and blocked with 5% milk/TBST for 1 h. Next, the membrane was incubated with 5mC (Cell 

Signaling, 28692) or 5hmC (Active Motif, 39769) antibodies, the same as the western blot analysis. Then, 

the membrane was stripped with the stripping buffer (Thermo Scientific, 21059) and reblotted with the 

dsDNA (Abcam, ab27156) antibody as the loading control.  

 
Chromatin immunoprecipitation (ChIP) and sequencing 
ChIP assays were performed as previously described (Huang et al., 2017). Briefly, cell pellets were cross-

linked with 1% (w/v) formaldehyde for 10 min at RT, followed by the addition of 125 mM glycine to stop 

the reaction. Next, chromatin extracts were sonicated into 200–500 bp with Bioruptor®, set 30 sec ON, 

30 sec OFF, 30 cycles, and immunoprecipitated with the following primary antibodies: PSPC1 (Santa 

Cruz, sc-84577), SUZ12 (Active Motif, 39357), and rabbit IgG (Millipore, PP64) overnight at 4°C with 

continuous mixing. The immunoprecipitated DNA was purified with ChIP DNA Clean & Concentrator 

columns (Zymo Research) and analyzed by qPCR with Roche SYBR Green reagents and a 

LightCycler480 machine. Percentages of input recovery were calculated. ChIP-qPCR primer sequences 

are listed in Table S4. 

For ChIP-seq, 10% of sonicated genomic DNA was used as ChIP input. Libraries were prepared 

using the NEBNext Ultra II DNA library prep kit and index primers sets (NEB, 7645S, E7335S) following 

the standard protocol. Sequencing was performed with the Illumina HiSeq 4000 Sequencer according to 

the manufacturer’s protocol. Libraries were sequenced as 150-bp paired-end reads. 

 

ChIP-seq data processing 
ChIP-seq data of histone marks H3K4me3 and H3K27ac in ESCs were downloaded from GSE48519 

(Hon et al., 2014), data of H3K27me3 in ESCs were downloaded from GSE89211 (Cruz-Molina et al., 

2017), and data of TET1 in ESCs were download from GSE26832 (Wu et al., 2011). ChIP-seq reads of 

biological replicates were combined. Briefly, reads were pre-processed by trim_galore (v0.6.3) and 

aligned to the mm9 mouse genome using the bowtie2 (v2.3.4) program, and the parameters were “-X 

1000 --no-mixed --no-discordant”. The aligned reads were exported (-F 0x04 -f 0x02) and sorted with 

samtools. Duplicates were removed with MarkDuplicates function in the PICARD (v2.14.0) package. All 

Bam files were converted to a binary tiled file (tdf) and visualized using IGV (v2.7.2) software.   

All ChIP-seq peaks were determined by the MACS2 program (v.2.0.10). PSPC1 ChIP peaks in 

WT cells were called using the Pspc1 KO ChIP-seq as the control data, and SUZ12 ChIP peaks were 
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called using the input ChIP-seq as the control data and all other parameters were the default settings. All 

peaks were annotated using the annotatePeaks module in the HOMER program (v4.11) against the mm9 

genome. A target gene of a called peak was defined as the nearest gene’s transcription start site (TSS) 

with a distance to TSS less than 50 kb. Heatmaps and mean intensity curves of ChIP-seq data at specific 

genomic regions were plotted by the NGSplot program (v2.61) centered by the middle point “(start+end)/2” 

of each region. 

ChIP-seq correlation analysis of PSPC1 and other factors was performed with an in-house Python 

program as previously described (Ding et al., 2015). A phi correlation coefficient was used to calculate 

the correlation between the ChIP peaks of every two ChIP-seq data. Heatmap of correlations was shown 

with the Java TreeView (v1.1.6) program. 

 

5mC and 5hmC DNA immunoprecipitation (DIP) data analysis 
5mC and 5hmC DIP-seq data in ESCs were downloaded from GSE57700 (Xiong et al., 2016). Reads 

were aligned to the mouse genome mm9 using the bowtie (v1.0.0) program, with parameters -m 1 -v 2 -

-best --strata. The duplicated reads of the aligned data were removed, then filtered reads were sorted 

with samtools (v0.1.19). The reads per million (RPM) values of 5mC and 5hmC DIP-seq at each TET1 

ChIP-seq peak region were calculated with the NGSplot program (v2.61) and shown in Boxplots using R. 

P-value was calculated from two-sided Mann-Whitney test. 

 

RT-qPCR 
Total RNA was extracted using the GeneJet RNA Purification Kit (Thermo Scientific, K0732). Reverse 

transcription was performed, and cDNA was generated using the qScript kit (Quanta, 95048). Relative 

expression levels were determined using a QuantStudio 5 Real-Time PCR System (Applied Biosystems). 

Gene expression levels were normalized to Gapdh. Error bars indicate standard deviation for the average 

expression of three technical replicates. Primers for RT-qPCR are listed in Table S4.  

 

Cross-linking immunoprecipitation (CLIP) qPCR 
UV cross-linking and immunoprecipitation (CLIP) were performed according to the eCLIP-seq protocol  

(Van Nostrand et al., 2016) with modifications. Briefly, cells in culture were washed with ice-cold PBS 

and cross-linked in PBS with UV type C (254 nm) at 400 mJ/cm2 on ice. Next, cells were scraped, pelleted, 

and lysed in CLIP lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% 

sodium deoxycholate) supplemented with proteinase and RNase inhibitors, and incubated on ice for 1 h. 

The lysate was briefly sonicated with Bioruptor®, set 30 sec ON, 30 sec OFF, 5 cycles to break DNA. 

Next, Turbo DNase (2U/μL, 1:500, Invitrogen, AM2238) was added, and the lysate was incubated in a 
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37°C water bath for 15 min, followed by centrifuge 15,000 g for 15 min at 4°C. Primary antibodies PSPC1 

(Bethyl, A303-206A) and EZH2 (Cell Signaling, 5246S) or rabbit IgG (Millipore, PP64) were incubated 

with Protein-G dynabeads (Invitrogen) for 1 h at room temperature. Then the lysate and the beads were 

mixed overnight at 4°C with rotation. The next day, the beads were washed with wash buffer (low salt, 

20 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 0.2% Tween-20) and high salt wash buffer (50 mM Tris-HCl, pH 

7.4, 1 M NaCl), and digested with Proteins K to elute RNA. The input and CLIP RNAs were purified with 

the RNA Clean & Concentrator-5 kit (Zymo, R1015) followed by RT-qPCR analysis. Percentages of input 

recovery were calculated. CLIP-qPCR primer sequences are listed in Table S4.  

 

RNA-seq and data analysis 
100 ng total RNA was processed for RNA-seq library construction using the Ovation Mouse RNA-seq kit 

(NuGEN, #0348–32) following the manufacturer’s protocol. Massively parallel sequencing was performed 

on an Illumina HiSeq 4000 Sequencing System. Libraries were sequenced as 150-bp paired-end reads. 

For RNA-seq data processing, reads were aligned to the mouse genome mm9 using STAR (v2.7.6a) with 

the default settings. Transcript assembly and differential expression analyses were performed using 

Cufflinks (v2.2.1). Assembly of novel transcripts was not allowed (-G). Other parameters of Cufflinks were 

the default setting. The summed FPKM (fragments per kilobase per million mapped reads) of transcripts 

sharing each gene_id was calculated and exported by the Cuffdiff program. In the gene expression matrix, 

a value of FPKM+1 was applied to minimize the effect of low-expression genes. P-values were calculated 

using a T-test. Differentially expressed genes (DEGs) were determined by two-sided T-test P-value<0.05 

and fold-change>1.5. Boxplots for expression were generated using R. P-value was calculated from the 

two-sided Mann-Whitney test. 

PCA-analysis was performed for RNA-seq data from different batches. Batch effects were 

adjusted by ComBat function implemented in the sva Bioconductor package (v.3.18.0). The expression 

data matrix was imported by Cluster 3.0 software for PCA analysis. PC values were visualized with the 

plot3d function in the rgl package from CRAN. All R scripts were processed on the R-Studio platform 

(v3.6.1).  

 
Gene ontology (GO) analysis 
Gene ontology (GO) analyses were performed using the DAVID gene ontology functional annotation tool 

(https://david.ncifcrf.gov/tools.jsp) with all NCBI Mus musculus genes as a reference list. 
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