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ABSTRACT

The second cell fate decision in the early stage of
mammalian embryonic development is pivotal; how-
ever, the underlying molecular mechanism is largely
unexplored. Here, we report that Prmt1 acts as an
important regulator in primitive endoderm (PrE) for-
mation. First, Prmt1 depletion promotes PrE gene
expression in mouse embryonic stem cells (ESCs).
Single-cell RNA sequencing and flow cytometry as-
says demonstrated that Prmt1 depletion in mESCs
contributes to an emerging cluster, where PrE genes
are upregulated significantly. Furthermore, the ef-
ficiency of extraembryonic endoderm stem cell in-
duction increased in Prmt1-depleted ESCs. Second,
the pluripotency factor KIf4 methylated at Arg396 by
Prmt1 is required for recruitment of the repressive
mSin3a/HDAC complex to silence PrE genes. Most
importantly, an embryonic chimeric assay showed
that Prmt1 inhibition and mutated Kif4 at Arg 396 in-
duce the integration of mouse ESCs into the PrE lin-
eage. Therefore, we reveal a regulatory mechanism
for cell fate decisions centered on Prmt1-mediated
KIf4 methylation.

INTRODUCTION

Mammalian embryogenesis occurs through an ordered pro-
cess (1,2)). During mouse early embryo development, the
first cell fate decision results in the emergence of two cell
lineages, the inner cell mass (ICM) and trophectoderm

(TE) (3,4), which are specified at the molecular level by
Oct4/Pou5fl and Cdx2, respectively (5-7). Subsequently,
ICM segregates into the epiblast (EPI) and primitive endo-
derm (PrE) at E4.5, which is termed the second cell fate de-
cision (1,8). The process of PrE and EPI specification within
the ICM is beginning to be elucidated. To be more specific,
Gata6 and Nanog, the key factors for ICM segregation,
become heterogeneously expressed at the early blastocyst
stage (9-11). Subsequently, these factors progressively be-
come mutually exclusive in their expression, which marks
the initiation of lineage segregation (11). Embryonic stem
(ES) cells with high Nanog expression and low Gata6 ex-
pression acquire an EPI fate (9,12,13), while PrE lineage
commitment requires the repression of Nanog (14) and se-
quential activation of Gata6 (15-17), Sox17 (18), Gatad
(19) and Sox7 (20). Overall, Gata6 and Nanog, the earliest
markers of the PrE and EPI lineages, respectively, act near
the top of the hierarchy regulating PrE development (14).
However, the molecular mechanisms governing the specifi-
cation of PrE and EPI, or rather regulating the switch of
Gata6 and Nanog expression, are still poorly understood.
Epigenetic modifications have been proven to be essential
for cell fate determination and early embryo development
(21,22). Protein arginine methylation catalyzed by enzymes
in the protein arginine methyltransferase (PRMT) family is
a prevailing posttranslational modification that functions
as an epigenetic regulator of transcription in multiple cel-
lular processes, including cell fate decisions (23-26). In the
PRMTs family, Prmt4/Carml regulates cell fate decisions
early in the four-cell stage by methylating histone H3R26
and activating Sox21 expression in mouse ESCs (27,28).
We previously reported that Sox2 is methylated by Carml
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at R113, leading to its self-association and activation (29).
Prmt5 can methylate histone H2A to repress differentiation
genes in ES cells and is crucial for early mouse development
(30). Prmt6 regulates both pluripotency genes and differen-
tiation markers to participate in the maintenance of ES cell
identity (31). Although Prmtl provides the bulk of the pro-
tein arginine methylation activity within cells (32,33) and
Prmt1-null mice die at E6.5 (34), little is known about the
role of Prmtl in early embryonic development.

In this study, we report that Prmtl depletion in mouse
ESCs leads to the emergence of a cluster with the proper-
ties of PrE progenitor. Prmtl interacts with and arginine-
methylates KIf4, a key pluripotency factor. Methylated
KIf4 is essential for the recruitment of the repressive
mSin3a/HDAC complex to silence the expression of PrE
genes in mouse ESCs. Both K1f4 R396 mutation and the en-
zymatic inactivation of Prmt1 derepress PrE genes, followed
by a tendency toward the development of extraembryonic
endoderm stem (XEN) cells. Moreover, a Prmt] enzymatic
inhibitor and K1f4 R396A mutant promote the formation of
PrE in vivo. Our data reveal a novel molecular mechanism
controlling second cell fate determination in embryogenesis
mediated by the enzymatic function of Prmtl.

MATERIALS AND METHODS
Antibodies

The antibodies used in this study were purchased from the
following sources: Millipore (Billerica, MA): ASYM25 (09-
814), HP1 (MAB3448), histone H3 (06-755), H3ac (06-
599), H3K4me3 (07-473), H3K9me2 (07-441), H3K9me3
(07-442), H3K27me3 (07-449), H4 (05-858), H4ac (06-598),
Prmtl (07-404) and Sox2 (AB5603); Santa Cruz Biotech
(Santa Cruz, CA): actin (sc-47778), c-Myc (sc-40, sc-789),
GAPDH (sc-166574), Gata4 (sc-9053), Gata6 (sc-9055),
GST (sc-138), mSin3a (sc-994), Oct4 (sc-5279) and p300 (sc-
32244); Cell Signaling Technology (Danvers, MA): HDAC1
(2062), HDAC?2 (2545s) and KLF4 (4038); Abcam (Cam-
bridge, UK): H3R17me2 (ab412); Sigma (St. Louis, MO):
FLAG (F3165); MBL (Japan): FLAG (PMO020); Active
Motif (Carlsbad, CA): H4R3me2a (39705); R&D Systems
(Minneapolis, MN): KLF4 (AF3158); and Bethyl Labora-
tories (Montgomery, TX): Nanog (A300-397A).

A specific monoclonal antibody against Klf4-R396me2a
was generated by Absea Biotechnology Ltd (Beijing, China)
using synthesized peptide CGRRSWPRKRTATHT, corre-
sponding to residues aa 387-402 of Klf4, as an antigen.

Plasmids and transfection

Mouse Prmtl ¢cDNA was amplified by PCR from P19
cells and cloned into the pcDNA6-FLAG vector. Full-
length mouse KLF4 in the pCMV-Tag2B vector was a kind
gift from Dr Wen-ji Dong (PUMC). The Prmtl mutant
(E153Q) and point mutants (R to K or R to A) of Klf4
at R 387, 389, 390, 394 and 396 were generated by CR-
based site-directed mutagenesis. KLF4 wild-type and mu-
tants were cloned into the prokaryotic expression vector
pGEX-4T-1 and the eukaryotic expression vector pCM V-
Tag3B with a Myc-tag. All the expression plasmids above

were cloned into the PyYCAG-FLAG-HA vector for trans-
fection into ESCs, and all constructs were verified by DNA
sequencing. Transfection was carried out using Lipo3000
transfection reagent (Invitrogen), according to the manu-
facturer’s instructions.

Generation of Prmt1-KO E14 cell line

The Prmt1-KO E14 cells were generated using CRISPR-
Cas9 as described previously (35). Four pairs of
sgRNAs targeting exon3, exon4, exond, and exon6
separately were designed by http://crispr.mit.edu/.
The sequence of sgRNA is: Exon3-sense: 5'-
CACCGTAGTGAGAAGCCCAACGCTG-3’;  Exon3-
antisense: 5-AAACCAGCGTTGGGCTTCTCACTAC-
3’; Exond-sense: 5-CACCGCGGGGGCCCGCAAGG
TTATT-3’; Exond-antisense: 5-AAACAATAACCTTG
CGGGCCCCCGC-3; Exon5-sense: 5-CACCGCACAG
CATAATCGGAGATAC-3; Exon5S-antisense: 5-AA
ACGTATCTCCGATTATGCTGTGC-3; Exon6-sense:
5-CACCGCAACACCGTGCTGCACGCTC-3; Exon6-
antisense: 5-AAACGAGCGTGCAGCACGGTGTTGC-
3’. Two pairs of control sgRNA, which are not able to
target any position in mouse genome, were: controll-sense:
5-CACCGCTTACAATCGTCGGTCCAAT-3'; controll-
antisense: 5-AAACATTGGACCGACGATTGTAAG-3;
control2-sense: 5-CACCGGCGTGCGTCCCGGGT
TACCC-3’; control2-antisense: 5-AAACGGGTAACC
CGGGACGCACGC-3. The oligos of sgRNA were
synthesized then ligated into pX330. In control group,
controll-px330 and control2-px330 were cotransfected
in E14 cells together with a puromycin-resistant plasmid.
In parallel, exon3-px330 and exon5-px330 were cotrans-
fected in one dish of E14, termed groupl; Exon4-px330
and exon6-px330 were in another dish of El4, termed
group2. After puromycin selection, single colonies from
control group, groupl and 2 were picked. After expansion,
Prmt1-KO cells were identified by genotyping, qPCR and
western blot, named as Prmt1-KO1 and Prmt1-KO2 cell
line individually. In PrmtI1-KO1 cells, the two alleles of
Prmtl are identical. There is 2 bp-deletion in Exon3, which
leads to a frame shift and the appearance of a stop codon.
In Prmt1-KO?2 cells, the sequence of two alleles of Prmtl
after gene editing is not the same. On one allele, there is
23-bp deletion in Exon4. On the other allele, the fragment
between Exon4 and Exon6 is inverted and reinserted into
the genome (Supplementary Figure S1D). Both of the two
alleles are disrupted successfully.

Cell culture and XEN induction

Mouse E14 ES cells (a kind gift from Prof. Guo-hong Li
from the Institute of Biophysics, Chinese Academy of Sci-
ence) were cultured on plates coated with 0.1% gelatin (Mil-
lipore) under feeder-free conditions with 5% CO, at 37°C.
The ESC medium was prepared from Knockout DMEM
(Gibco), with 15% fetal bovine serum (FBS, Gibco), 0.1
mM B-mercaptoethanol (Millipore), 2 mM GlutaMax
(Gibco), 0.1 mM MEM nonessential amino acids (Gibco)
and 1000 U/ml LIF (Millipore). HEK293T cells were cul-
tured in DMEM supplemented with 10% FBS and main-
tained at 37°C with 5% CO..
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The ESCs was induced to develop into XEN cells fol-
lowing a previous protocol (36). In brief, mouse ESCs were
cultured in standard XEN medium: advanced RPMI 1640
(Gibco) with 15% (vol/vol) FBS (Gibco) and 0.1 mM-
mercaptoethanol (Gibco). Then, the fresh ¢cXEN deriva-
tion medium was changed to a solution of standard XEN
medium supplemented with 0.01 wM all-trans retinoic acid
(Sigma) dissolved in DMSO plus 10 ng/ml activin A. Af-
ter induction, the cells were identified by qPCR and im-
munofluorescence assays.

Construction of KIf4 R396A point mutation Ab2.2 ES cell
line

The original 748 bp wild type donor template was amplified
from the mouse genome with the following primers: W1:
forward primer (Fw): CCAGGACTACCCCTACACTGA,;
W2: reverse primer (Rv): TACCGCCACAGTTTTGCATT.
The sequence was cloned into the pMD 18-T vector. The
G to A mutation was generated through PCR with the
primers: M1: G>A Fw: CGTGGCCCCGGAAACGTA
CAGCCACCCACAC; M2: G>A Rv: GTGTGGGTGG
CTGTACGTTTCCGGGGCCACG. The Dpn I enzyme
(NEB, R0176L) was used to clear the original vector. The
mutated donor template was amplified with the W1 and W2
primers and the PCR product was purified using GeneJET
PCR Purification Kit (Thermo, K0702).

For the construction of the cell line, sgRNAs were
designed as followed: sgRNA1l: GATTGAAGTTGACC
CCACTT; sgRNA2: GGAACCAGCACTGTGGAGGA.
sgRNAs were cloned into the pX330-U6-Chimeric BB-
CBh-hSpCas9 vector. For targeting, cells were disassoci-
ated into single cells and 1 x 107 cells were electroporated
with a mixture of 2 pg CRISPR plasmid together with
2 pg donor template and 0.5 pg PGG134 vector (for the
drug selection). Cells were plated after electroporation and
treated with 150 wg/ml hygromycin for 3 days. 2000-3000
cells after treatment were plated onto 10 cm dish, and 96
single colonies were picked up to the wells of a 96-well
plate individually. After expansion, genomic DNA was ex-
tracted and PCR was performed with the final detection
primers: D1: Fw: CCTAGAGGCCCATTTGAGCG; D2:
Rv: TACCGCCACAGTTTTGCATTG. The PCR prod-
ucts were further validated by Sanger sequencing. The cor-
rectly mutated cells were expanded and microinjected into
the mouse blastocysts as described below.

Chimeric assay of mouse ES cells in vivo

In order to detect the in vivo contribution of the ES cells,
ADb2.2 (GFP2AtdT) cell line (37) was used to carry on the
chimeric assay. The cells were injected into blastocysts three
days after passaging, one group of which was also pre-
treated with Prmtl inhibitor at 10 wM for 24 h before injec-
tion. For microinjection, ES cells were trypsinized by 0.05%
trypsin—EDTA, and centrifuged at 1200 rpm for 3 min. The
cell pellets were resuspended and replaced into a six-well
plate for 30 min to subside MEF cells. The tube containing
cells was placed in the ice during the process of microin-
jection. Recipient blastocyst embryos were collected from
super-ovulated female ICR mice at 3.5 days post-coitum
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(dpc). Ten digested ES cells were injected into one blasto-
cyst, then 10-15 injected embryos were transferred to the
uterus of one 2.5 dpc pseudo-pregnant ICR female. The
transplanted embryos were observed at the indicated time
points. The fluorescent signals of 6.5d and 12.5 days em-
bryos were detected using fluorescence stereo microscope
(Leica M205FA). Besides, 6.5 days embryos were fixed in
4% PFA and observed by Zeiss LSM780. The Ab2.2 cells
with or without KIf4R396A mutation was used to perform
the chimeric assay as above described. The transplanted em-
bryos at 6.5 days were fixed in 4% PFA and observed by
Zeiss LSM780.

All mouse experimental protocols were approved by the
Institutional Animal Care and Use Committee of Peking
Union Medical College & Chinese Academy of Medical Sci-
ences. All animal care and experimental methods were car-
ried out in accordance with the ARRIVE guidelines for an-
imal experiments. All the mice used in this study were fed in
Specific Pathogen Free (SPF) facilities.

Immunofluorescence (IF)

The ES cells were seeded on coverslips coated with 0.1%
gelatin in six-well plates for 24 h. The cells were fixed with
4% formaldehyde for 10 min at room temperature, and the
coverslips were washed two times in PBS. Then, the cells
were permeabilized with 0.25% Triton-X-100 in PBS for
10 min and blocked with 1% BSA in PBS for 1 h. The
cells were then incubated at room temperature with primary
antibody for 1 h and with FITC-conjugated or TRITC-
conjugated secondary antibody for an additional 1 h. After
being washed twice in PBS and air-dried, the coverslips were
mounted in anti-fade reagent with DAPI (Invitrogen). Flu-
orescence was detected using a Zeiss (LSM780) microscope
at appropriate wavelengths.

Immunofluorescence of blastocysts for 3.5 dpc were per-
formed as a protocol (38) with some modifications. The
blastocysts of 3.5 dpc were collected and cultured in KSOM
(Millipore, MR-020P-5F) medium in a humidified incuba-
tor under 5% CO2 at 37°C with or without 10 puM Prmtl
inhibitor. After 24h, the blastocysts were rinsed in PBS-
BSA (4 mg/ml BSA) for three times and fixed in 4% PFA
in PBS for 10 min at RT. All the steps were performed in
the 35 mm dish with 10 mm bottom well (In Vitro Science,
D35-10-1.5-N), the bottom well was coated with a layer of
1% agar in 0.9% NaCl. Fixed blastocysts were then rinsed
in PBX (0.1% Triton X-100 in PBS) for 5 min and perme-
abilized in permeabilization solution (0.5% Triton-X, 100
mM glycine in PBS) for 5 min at RT. Blastocysts were then
rinsed in PBX and blocked for 30 min in the blocking so-
lution (20% FBS with Pen-Strep in PBS). The blastocysts
were then incubated in PBX containing the primary anti-
bodies of Nanog (1:200 Invitrogen, 14-5761-80) and Gata6
(1:200 R&D, AF1700) at 4°C overnight. A layer of mineral
oil was used to prevent evaporation. After blocking for 30
min, blastocysts were incubated with secondary antibod-
ies (1:500, Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 488, Life Tech-
nology, A-21206; Donkey anti-Goat IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor 647, Invitro-
gen, A-21447) and Hochest 33342 (Sigma, B2261) at 4°C
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for 1 h. Embryos were then seeded into PBS-BSA drops in
the 35 mm dish and covered by mineral oil before imaging
with Zeiss LSM780.

Co-immunoprecipitation (Co-IP) and western blotting

Co-IP analyses were performed as previously described
(39).

GST pulldown assay

Full-length mouse KLF4 and truncated KLF4 constructs
were expressed in Escherichia coli (BL21 DE3) and purified
using glutathione-sepharose. GST, GST-KLF4 and trun-
cated KLF4 were bound to glutathione-sepharose. FLAG-
tagged Prmt1 was transfected into HEK293T cells, followed
by incubation with bacterially expressed GST-KLF4 fusion
protein sepharose in RIPA lysis buffer for 4 h at 4°C. The
beads were washed 3 times using RIPA and boiled with 2 x
SDS loading buffer for SDS-PAGE.

Peptide pulldown assay

We designed and synthesized two biotinylated peptides
corresponding to Klf4 protein (388-401aa), one of them
has dimethylation modification at R396, another unmod-
ified peptide of the same size served as a negative control
(R396Me2a/R396). Biotinylated peptides were pre-bound
to the immobilized streptavidin-magnetic beads.1 mg pep-
tide were dissolved in 4 ml phosphate buffer saline (PBS).
Aliquots (400 pl) of the beads were washed three times in
1 ml phosphate buffered saline (PBS)/0.1% TritonX-100,
each time centrifuging statically on the magnetic rack. The
400 pl soluble peptide (100 pg) was added to the 400 pl
washed beads and the reactions were incubated overnight
at 4°C with rotation. The streptavidin beads were sepa-
rated from the unbound peptides by washing three times
with PBS/0.1%TritonX-100. The streptavidin-bound pep-
tides were suspended in PBS (400 1) to prepare 50% of the
storage solution, it could be stored at —20°C. 3 pg (20 wl)
HDACI protein (Active Motive, 33120006) was added to 20
wl each streptavidin-bound peptide solution. The reactions
were incubated with rotation overnight at 4°C. The beads
were washed three times. Then, loading buffer was added,
and the beads were boiled at 100°C for 5 min and analyzed
by SDS-PAGE. In addition, 0.03 wg HDACI protein was
taken as the positive control group (1% input).

In vitro methylation assay and MS analysis

FLAG-Prmtl and Prmtlm (E153Q) were expressed in
HEK293T cells and immunoprecipitated with anti-FLAG
M2 agarose beads (Sigma) and then eluted with excess
FLAG peptides. GST-KLF4 and mutants were expressed in
E. coli (BL21 DE3), purified using glutathione-sepharose,
and eluted with glutathione. Purified KIf4 was incubated
with WT Prmtl or Prmtlm in methyltransferase buffer (50
mM Tris [pH 8.0], | mM PMSF, 0.5 mM DTT) along with 1
wCi of [*H] S-adenosylmethionine (SAM) or unlabelled 100
wM SAM at 37°C for 1 h. Reactions were stopped by adding
2x SDS-PAGE sample buffer, followed by heating at 100°C

for 5 min. Samples were resolved by SDS-PAGE and stained
with CBB. The destained gels were soaked in ENHANCE
(PerkinElmer) according to the manufacturer’s instructions
and visualized by fluorography. Methylated substrates with
unlabelled SAM were sent to PTM Biolabs (Hangzhou,
China) for MALDI-TOF MS analysis.

Real-time quantitative RT-PCR (RT-qPCR)

Total RNA was purified with TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Two micro-
grams of total RNA were used for cDNA synthesis with a
reverse transcription kit (Promega). Quantitative real-time
PCR was performed using the SYBR premix kit (Promega),
and the primer sequences used are listed in Supplemental
Table S2. Gene expression was quantified by the compara-
tive CT method and normalized to actin expression. Values
are expressed as the mean 4+ SD. The experiments were re-
peated at least three times, and statistical analysis was per-
formed on the individual experimental sets.

RNA-Seq and analysis

Approximately 5 x 10° E14 cells were used for each RNA-
Seq experiment. The cells were washed with PBS and then
lysed in 1 ml of TRIzol reagent (Invitrogen). Total RNA
was extracted following the manufacturer’s instructions
and dissolved in RNase-free water. A Ribo-Zero Magnetic
Gold Kit (epicenter) was used to deplete ribosomal RNA
within RNA samples according to the manufacturer’s pro-
tocol. The Ion Total RNA-Seq Kit v2 (Thermo Fisher
Scientific) was used to prepare sequencing libraries. A to-
tal of 40-80 million reads were generated for each sam-
ple on an Ion Proton sequencing machine with an average
length of 105 bp. Read quality was examined using FastQC
v0.11.2. The sequencing reads were first aligned with the
mouse mm10 (GRCm38.78) reference genome using RNA-
STAR v2.4.0j (40). Unaligned reads were then aligned again
with Bowtie2 v2.2.4. Cufflinks v2.2.1 was used to calcu-
late RPFMs of different genes and determine expression
differences between groups. The data were visualized with
IGV 2.3.40. All sequencing data were deposited in the GEO
database (GSE124920). Weighted correlation network anal-
ysis (WGCNA) was used of co-expression analysis and the
gene grouping for RNA-Seq analysis (41).

Single-cell RNA-Seq

Mouse ES cells were dissociated with TrypLE. Single ES
cells were washed and diluted in PBS to a final concen-
tration of 600 cells/pl. More than 95% cell viability was
confirmed with trypan blue staining. 17.4 pl cell suspen-
sion was used to prepare single cell RNA-Seq library fol-
lowing ChromiumTM Single Cell 3’ Reagent Kits (Ver2)
user guide. Sequencing was performed on Illumina HiSeq
X ten in Rapid mode for pair end 150 bp (PE150) read
length. The Seurat [https:/satijalab.org/seurat/] package for
cell normalization and cell filtering was applied consider-
ing the MT percentage (MT% < 20%). PCA and tSNE
analysis were used to describe relationship between single
cells. Graphcluster and K-mean were utilized for cell clus-
tering and based on the marker gene achieved some cluster
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was combined. The Wilcox rank sum test was then used for
marker gene analysis. Based on the rds file analyzed by the
Seurat package, including clustering and cell marker identi-
fication, Monocle2 (42) was utilized for pseudotime analy-
sis; the state of each cell was analysed, and single cells were
placed in clusters along a trajectory according to a biolog-
ical process, such as cell differentiation by taking advan-
tage of individual cell’s asynchronous progression of those
processes. RNA velocity analysis was applied based on the
mapped file of the filtered data (43). The locus file was cal-
culated, and the figure was constructed based on the Seurat
clustering result.

ChIP-qPCR assays and ChIP /re-ChIP analysis

The ChIP assays were performed as described previously
(39). The primers used for the qPCR assay of Gata4 and
Gata6 are listed in Supplemental Table S3. The percent-
age of ChIP DNA relative to the input was calculated and
expressed as the mean £+ SD of three independent experi-
ments.

For ChIP/re-ChIP analysis, ESCs were first transiently
transfected with FLAG-KLF4 or the R/K mutant of the
Klf4 expression plasmid. The sonicated cells were immuno-
precipitated using anti-FLAG M2 beads (Sigma). Aliquots
of the first ChIPed chromatin (1st ChIP) were reverse cross-
linked to obtain DNA for qPCR assays or were saved
for re-IP using antibodies specific for mSin3a, HDACI,
HDAC2 or p300 for re-ChIP assays (2nd ChIP). The
primers are listed in Supplemental Table S3.

DNase I sensitivity assay

The DNase I sensitivity assay was carried out as previously
described (39). Briefly, a total of 1 x 107 wild-type or Prmt1
knockout E14 cells were used. Aliquots of 10 wg DNA were
purified for qPCR using the primers listed in Supplemental
Table S3.

Flow cytometry assays

Mouse ES cells were dissociated into single cells by incuba-
tion with TrypLE (Gibco). The ells were washed and diluted
in PBS. Staining was carried out using Foxp3/Transcriptn
Factor Staining Buffer Set Kit (eBioscience) according to
the manufactural protocol. The cells were stained with the
following antibodies: anti-Nanog-APC (Cat#130-104-480,
Miltenyi Biotec), anti-Gata6-PE (Cat#26452, Cell Signal-
ing Technology), Isotype control APC (Cat#130-104-615,
Miltenyi Biotec) and Isotype control PE (Cat#5742, Cell
Signaling Technology). The stained cells were analyzed on
a C6 flow cytometer (BD). Data were analysed with FlowJo
software.

RESULTS
Prmt1 depletion leads to the emergence of progenitors of PrE

To investigate the effects of Prmtl in mouse ESCs, Prmt1
knockout E14 cell lines (KO-1 and KO-2) were generated
by using CRISPR-Cas9 technology. Depletion of Prmtl
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and the possibility of off-target effects were shown in Sup-
plementary Figure S1 and Supplementary Table S1. Alka-
line phosphatase (AP) staining and teratoma formation as-
says indicated that Prmt1 depletion did not significantly af-
fect the pluripotency of mESCs (Supplementary Figures
S2A and B). RT-qPCR and western blot assays showed
that Prmtl depletion did not substantially change the ex-
pression of Oct4, Sox2 and KlIf4 genes, while a reduc-
tion in Nanog was observed in Prmtl KO cells (Supple-
mentary Figure S2C-D). Furthermore, RNA-Seq showed
that 2363 genes were downregulated after Prmt1 depletion,
while 2499 genes were upregulated (Supplementary Figure
S2E). GO analysis according to the differentially expressed
genes (DEGs) revealed significant enrichment of upregu-
lated genes involved in developmental processes (Supple-
mentary Figure S2F). To our surprise, weighted gene co-
expression network analysis (WGCNA) (41) showed that
upregulation of PrE genes, including Gata6, Gata4, Dab2,
Foxa2 and Pdgfra, exhibited the closest relationship with
Prmt1 depletion (Figure 1A). RT-qPCR assays confirmed
that the expression of Gata4 and Gata6 was significantly in-
creased in Prmtl KO cells (Figure 1B). Furthermore, im-
munostaining with antibodies specific for Gata6 (green) and
Nanog (red) in WT and Prmtl KO cells showed that en-
dogenous Gata6 was induced in some Prmtl KO cells, con-
versely, the Nanog level was reduced (Figure 1C). Interest-
ingly, Gata6 was heterogeneously expressed in Prmtl KO
cells, which suggested that Prmt1 might be a regulatory fac-
tor for the heterogeneity of mESCs.

To explore the role of Prmtl on the regulation of het-
erogeneity, single-cell RNA sequencing (scRNA-Seq) was
performed using the Chromium system (10x Genomics)
(44,45). scRNA-Seq data were obtained from 13 824 indi-
vidual cells, including 5955 WT cells and 7869 Prmtl KO
cells. Nonlinear dimensionality reduction was performed
using 7-distributed stochastic neighbor embedding (tSNE)
by Seurat (K-means = 8), a visual analytics tool for inte-
grated analysis, and eight clusters (1-8) were identified in
the integrated data from WT and KO cells (Figure 1D and
Supplementary Figure S3A). Among these clusters, clus-
ters 1 and 2 were composed of only KO cells, while clus-
ters 3-8 contained both WT and KO cells (Supplementary
Figure S3B). Principal component analysis (PCA) based
on pseudotime showed that cluster 1 was distant from the
other clusters (Supplementary Figure S3C). The top 2000
of DEGs were analysed, and the results showed that clus-
ter 1 was marked by upregulated expression of PrE marker
genes, including Gata4, Gata6, Sox17, Dab2, Amn, Foxa2,
Sox7 and Pdgfra, while cluster 2 showing up-regulation of
2-Cell like markers, as Zscan4c, Zscan4d and Zscandf (Fig-
ure 1E and Supplementary Figures S3D-F), while the ex-
pression of pluripotency genes Oct4/Pou5fl, Sox2, Klif4,
Esrrb and Sall4 were maintained in Prmt1 KO cells except
for Nanog. Combined with data from the RNA-Seq and
immunostaining experiments, the gene expression profile
strongly suggested that the emerging cluster 1 from Prmtl
KO cells was the progenitor of PrE cells. To gain insights
into the gene expression dynamics and trajectory of this
cluster, RNA velocity analysis was performed to predict
gene expression changes in single cells (43,46,47). The re-
sults showed a strong directional flow toward progenitors
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of PrE cells (Figure 1F). These results indicated that Prmt1
depletion led to the emergence of a cell population with fea-
tures of progenitors of PrE within mESCs.

Prmt1 reduces the potential of ESCs differentiated toward
XEN cells

XEN cells represent an in vitro variant of stem cells repre-
sentative of the extraembryonic endoderm fate (48,49). A
chemical induction of XEN cells was performed as previ-
ously (36). Fluorescence-activated cell sorting (FACS) assay
showed that Prmtl KO cells had higher efficiency of XEN
induction than WT cells (Figure 2A), which indicated that
Prmtl depletion made the ESCs prone to XEN cells. Inter-
estingly, without induction, approximately one percent of
the Prmtl KO cells showed XEN features, as represented
by high expression of Gata6 and low expression of Nanog
(Gata6* /Nanog™). This ratio is consistent with the number
of cells within cluster 1 in the scRNA-Seq data (Figure 1D).
Furthermore, after XEN induction, >30% of the Prmt1 KO
cells acquired features of XEN cells, while only 1.55% of
WT cells successfully became XEN cells (Figure 2A). These
results suggested that Prmt] acts as a safe-guarder of ESCs
preventing from differentiation to XEN cells.

To ascertain the role of Prmtl in XEN induction, Prmtl
was rescued in Prmtl KO cells by re-expressing Prmt1 and
its catalytically inactive mutant E153Q (PrmtIm) (50). Re-
expression of Prmtl, but not Prmtlm, in Prmtl KO cells
clearly reduced the proportion of Gata6*/Nanog™ cells

(6.54% versus 30.8%) (Figure 2B). The results confirmed
that Prmt1, especially via its enzymatic function, decreased
the differentiation potential of ESCs to XEN fate. Further-
more, the Prmt1-specific inhibitor, furamidine dihydrochlo-
ride (Fur) (51), was employed to treat the E14 cells. By us-
ing novel generated anti-KIf4Rme2a, western blot showed
that Fur treatment could reduce the level of methylation
of KIf4 in ES cells (Figure 2C). FACS assays showed that
Fur treatment obviously increased the Gata6* /Nanog™ cell
proportion both with and without chemical induction in
a dose-dependent manner (Figure 2D). Moreover, IF as-
says showed that Fur treatment increased the number of
Gata6*/Nanog™ cells among XEN-inducing cells (Figure
2E). Taken together, we demonstrate that Prmt1 could pre-
vent spontaneous differentiation of ESCs to XEN cells.

KIf4 is involved in Prmt1-mediated chromatin remodeling on
PrE genes

To gain insight into the mechanism by which Prmtl reg-
ulates PrE genes related to the emergence of XEN cells,
DNase I sensitivity assays were performed as previously de-
scribed (39) to investigate whether Prmtl1 could affect chro-
matin accessibility at the promoters of PrE genes. The re-
sults showed that Prmt1 depletion made the chromatin of
PrE genes, including the Gata4 and Gata6 genes, more ac-
cessible at the promoter regions (Figure 3A). ChIP-qPCR
assays revealed that the enrichments of histone acetyla-
tion of H3 and H4 (H3ac and H4ac) in the promoters
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of the Gata4 and Gata6 genes were dramatically increased
in Prmtl KO cells, while other modifications (repressive
H3K9me2, K3K9me3, H3K27me3 and active H3K4me3)
were not changed (Figure 3B). It must be mentioned that the
levels of H4R3me2 on the Gata4 and Gata6 genes were low
in WT cells and did not change in Prmt1 KO cells, although
the global levels of this modification decreased in Prmtl
KO cells (middle panels, Supplementary Figure S1B), which
implied that the decrease in H4R3me2 might make a little
contribution to the activation of PrE genes. In addition, hy-

peracetylation of H3 and H4 mediated by Prmtl depletion
was observed in the promoters of Sox/7, Sox7, Pdgfra and
Amn (Supplementary Figure S4). These results indicated
that altered histone acetylation rather than histone argi-
nine (or lysine) methylation could be the cause of chro-
matin changes at PrE gene after Prmt! depletion. Further-
more, ChIP-qPCR assays were performed by using antibod-
ies specific for the mSin3a complex (HDAC1, HDAC2, and
mSin3a) and the heterochromatic complex (HP1). The re-
sults showed that HDACI1, HDAC?2 and mSin3a, but not
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HP1, were recruited to the promoters of the Gata4 and
Gata6 genes (open bars, Figure 3C). The recruitment of
the mSin3a complex was significantly reduced in Prmt1 KO
cells (filled bars, Figure 3C) for further activation of the
Gata4 and Gata6 genes.

Interestingly, the promoter regions of PrE genes
described above contain putative Klif4-binding sites
(CACCC), including the —541/-337 bp region for Gata4
(=340 bp) and —-556/-349 bp for Gata6 (496 bp). Klif4

belongs to the Kriippel-like family (KLF) proteins, which
have been reported to be involved in pluripotency main-
tenance and mouse embryonic development (52-55). To
address the mechanistic role of Klf4 in Prmtl-mediated
gene expression, stable E14 cell lines with ectopic expression
of KlIf4 were generated by infection with lentiviral vectors
expressing FLAG-KIf4 (designated Klf4-1 and KIlf4-2),
with a GFP lentiviral vector as a control. ChIP-qPCR
assays showed that ectopic Klf4 occupied the putative



Klf4-binding sites in the promoter of the PrE genes Gata4
(-340 bp) and Gata6 (—496 bp) (Figure 3D). Meanwhile,
RT-qPCR assays showed that the mRNA levels of Gara4
and Gata6 were reduced by ectopic Klif4 (Figure 3E). Co-IP
assays showed that the interaction between Klf4 and the
mSin3a complex was weaker in Prmt1 KO cells (Figure 3F).
Furthermore, the binding of p300 to Klf4 was obviously
increased (Figure 3G). Taken together, our data suggest
that Klf4 occupancy at PrE gene promoters is involved in
the inhibition of PrE genes via the mSin3a complex and
that depletion of Prmt1 could alleviate this repression and
lead to the activation of PrE genes in mESCs.

KI1f4 methylated by Prmt1 at R396 is required for repression
of PrE genes

Considering that both Prmtl and KIf4 are involved in PrE
gene expression, we hypothesized that Prmt1 might methy-
late K1f4 directly and affect its regulatory functions. To con-
firm this hypothesis, we examined the interaction between
Prmtl and KlIf4. Co-IP and GST pulldown assays showed
an interaction between Prmt1 and Klf4 (Figure 4A and B).
To identify the binding region of KlIf4 that was responsible
for the interaction, FLAG-tagged truncations of Kl1f4 were
constructed. Pulldown assays using GST-Prmtl indicated
that the 401-483 aa region of Klf4 is responsible for its as-
sociation with Prmtl1 (Figure 4C). Reverse GST pulldown
assays for FLAG-Prmt] confirmed that the fragment from
401 to 483 aa of KlIf4 bound to Prmtl; moreover, the re-
gion from 386 to 400 aa impeded the interaction between
them (Figure 4D). Next, in vitro methylation assays showed
that full-length K1f4 (1-483 aa) was methylated in the pres-
ence of Prmtl but not Prmtlm (Prmtl E153Q mutation)
(lane 3 versus lane 4, Figure 4E). Notably, *H signals were
also observed on the 386-400 aa and 1-400 aa fragments
but not on other derivatives (lanes 9 and 11, Figure 4E),
which indicated that the arginine methylation site should
be located between 386 and 400 aa in KlIf4. Furthermore,
an in vitro methylation assay followed by mass spectromet-
ric (MS) analysis indicated that arginine residue R396 was
di-methylated by Prmt1 (Figure 4F). No *H signal was de-
tected in the methylation assay when arginine 396 of Klf4
was mutated to lysine (R396K) (Figure 4G), which con-
firmed that R396 of KIf4 was methylated by Prmtl.

To certify the endogenous Klf4 is methylated at R396, a
specific antibody against asymmetric di-methylated R396 of
KIf4 (KIf4Rme2a) was generated, western blot using anti-
KIif4Rme2a showed that KlIf4 was methylated in the ES
cells while the methylated signal was obviously decreased in
Prmt1 KO cells (Figure 4H). Most importantly, when R396
of KlIf4 was mutated in situ to alanine (R396A) in AB2.2
ES cells, the endogenous signal of arginine methylated Kl1f4
was significantly reduced (Figure 41I).

To investigate the role of arginine-methylated K1f4, R396
mutations were used to examine the effect of Kif4 on PrE
genes. RT-qPCR assays showed that the R396A or R396K
mutation of Klf4 was no longer able to suppress the expres-
sion of Gata4 and Gata6, similar with that of WT KIf4 (Fig-
ure 4K). ChIP-qPCR data showed that the mSin3a complex
(mSin3a, HDACI and HDAC?2) was no longer recruited to
the promoters of the Gata4 and Gata6 when R396 of Klf4
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was mutated (R/K or R/A), even though these mutants still
occupied the promoters themselves (Figure 4L). These re-
sults indicated that the R396 mutation of Klf4 could not re-
press the PrE genes due to failed recruitment of the mSin3a
complex. Co-IP assays of ectopic Klf4 or its mutants in
E14 cells showed that R396 mutations of Klf4 (R/K and
R/A)impeded the interaction of K1f4 with the mSin3a com-
plex (Figure 4M). Furthermore, pull down assay using pep-
tide of KIf4 containing R396 showed that arginine methy-
lated peptide could specifically bind to HDACI in vitro,
while unmethylated one could not (Figure 4J). Intriguingly,
ChIP/re-ChIP assays confirmed that KIf4 co-occupied the
promoter of Gata6 with the mSin3a complex, while the
R/K mutant did not (Figure 4N). These results indicated
that R396 of Klf4 is crucial for interaction with and recruit-
ment of the mSin3a complex at the promoter regions of PrE
genes.

To examine whether arginine methylation of Klif4 con-
tributed to the induction of XEN cells, FACS assays showed
that ectopic KlIf4 markedly inhibited the XEN induction,
the R396A mutant, an unmethylated form, reduced the in-
hibitory effects to some extent (Figure 40). The result sug-
gested that KIf4 methylation might be involved in prevent-
ing the emergence of PrE progenitors from mESCs.

Prmt1 regulates the PrE commitment in vivo

To investigate the function of Prmt1 in mouse embryo devel-
opment, Fur was employed to treat mouse AB2.2 ES cells
stably expressed GFP and td-Tomato (37). Then the treated
cells were injected into the mouse E3.5 blastocyst. E6.5
chimeric embryos were dissected and observed with a fluo-
rescence stereomicroscope (FSM) and confocal laser stere-
omicroscope (CLSM) (Figure 5A). We found that without
Fur treatment (Fur-), the injected GFP* /td-Tomato* cells
mainly integrated into Epiblast (EPI) showing in the yel-
low inter-continuous circles, Fur treatment (Fur+) made the
cells integrated into both EPI and PrE (outside of the cir-
cle) (Figure 5B). Further observations of chimeric embryos
at E12.5 and mice after birth showed that the Fur-treated
cells were still capable of integration (Supplementary Fig-
ure S5). The results suggested that Prmtl is likely to par-
ticipate in the second cell fate decision during mouse em-
bryo development, potentially by restricting the PrE com-
mitment. To confirm the function of Prmt1 in early embryo-
genesis, mouse blastocysts were treated with Fur. IF images
showed that Gata6 was induced, while the level of Nanog
was reduced by Fur treatment in mouse blastocysts (Figure
5C). Inhibition of Prmt1 significantly increased the percent-
age of Gatab6-positive cells (Figure 5D). Furthermore, IF
showed that Fur treatment induced Gata6 gene expression
while reducing the expression of Nanog in cultured E14 cells
(Figure 5E). Moreover, RT-qPCR showed that inhibition of
Prmt1 induced the expression of the Gata4 and Gata6 genes
at the mRNA level (Figure 5F). Our data indicate that inhi-
bition of Prmt1 can induce the expression of Gata6 to bias
the fate of pluripotent cells toward the PrE lineage.

To confirm the effect of methylation of Klf4 at R396
on the PrE commitment in vivo, AB2.2 ES cells contain-
ing R396A mutation in situ were employed to be microin-
jected into mouse E3.5 blastocysts. The chimeric embryos
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methylation dependent. E14 cells were transfected with FLAG-KIf4 (WT) or its mutant at R396 (R/K). An anti-FLAG antibody was used for the initial
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Figure 5. The effects of Prmtl inhibition and R396A mutant of Kif4 on the PrE commitment. (A) Scheme of the chimeric assay. (B) Chimeric assay of
ES cells with (Fur+) or without (Fur-) treatment. The ES cell line was AB2.2 cells with GFP and td-Tomato. After Fur treatment for 24 h, cells were
microinjected into blastocysts. Embryos were observed at E6.5. GFP (green) and Td-Tomato (red) signals were detected. Dashed lines mark epiblasts. (C)
IF assays showed the effect of Fur on mouse blastocysts. Blastocysts were cultured with (Fur+) or without (Fur-) for 24 h and then immunostained with
Gatab (red) to indicate PrE and Nanog (green) to indicate EPI. (D) Distribution of two cell types in the ICM. (E) IF assays showed the impact of Fur on
the expression of Gata6 (green) and Nanog (red) in E14 cells with XEN induction. Nuclei were visualized with DAPI staining (blue). Yellow circles indicate
Gata6-positive cells. (F) Fur treatment induced the expression of Gata4 and Gata6 genes using RT-qPCR, and Nestin was used as a negative control. (G)
Chimeric assay of ES cells of wild type K1f4 and mutant K1f4 R396A. The AB2.2 cells were microjnjected into blastocysts. Embryos were observed at E6.5.
Dashed yellow lines marked epiblasts, the arrows indicated chimeric cells outside of epiblasts. (H) IF assays showed the impact of KIf4 R396A mutation in
AB2.2 cells. Nuclei were visualized with DAPI staining (blue). Yellow circles indicate Gata6-positive cells. (I) RT-qPCR assay showed that XEN induction
further increased the expression of Gata4 and gata6 genes in R396A mutation in AB2.2 ES cells. (J) Schematic depiction of K1f4 methylation by Prmt1 to
regulate PrE gene expression via mSin3a/HDAC recruitment in mouse ESCs, which heterogeneously prevents a bias toward PrE commitment.
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at E6.5 were dissected and observed with confocal laser
stereomicroscope (CLSM) and the results were shown that
KIf4R396A mutant could integrate into PrE regions (red
arrows outside of the yellow circles) compared with AB2.2
cells with wild type K1f4 (Figure 5G). Similar with Fur treat-
ment, [F assays showed that Gata6 increased in AB2.2 cells
with R396A mutation of Kl1f4 (Figure SH). RT-qPCR anal-
ysis showed that XEN induction could further enhance the
expression of Gata4 and Gata6 genes in AB2.2 cells with
R396A mutation of KIf4 (Figure 51).

Taken together, the data suggested that the methylation
of KlIf4 at R396 by Prmtl should reduce the expression of
PrE genes in ES cells and might restrain the PrE commit-
ment in mouse blastocysts.

DISCUSSION

Arginine methylation has emerged as a prevalent posttrans-
lational modification involved in diverse biological pro-
cesses (23,24,56). Prmtl can regulate many important pro-
cesses via methylation of its histone and nonhistone sub-
strates. The importance of Prmtl in mouse embryo devel-
opment has long been known, as Prmtl knockout leads to
early embryo lethality. However, the underlying molecular
mechanisms for lethality remain unclear. In this report, we
used mouse ES cells as a tool to illustrate the functions
of Prmtl in ES cell fate control. Prmtl depletion leads to
the emergence of a small population of XEN cells within
ES cells, as determined using immunostaining and scRNA-
Seq. Depletion of Prmtl increases acetylation of histone
H3 and H4 and leads to an open chromatin state at PrE
genes. Based on careful biochemical and molecular mech-
anistic characterization, we suggest that Prmt1 methylates
KIf4, the methylation state of which affects its binding and
recruitment of the HDAC complex at PrE gene promoters
for PrE gene expression. In vivo experiments further indi-
cated that Prmtl could regulate PrE lineage commitment
(Figure 5I).

Posttranslational modification has long been believed to
be a rapid and finely tuned method of gene regulation, es-
pecially for developmental processes (23). Pax7 methylation
mediated by Prmt1 has been reported to regulate the muscle
development (57). The zygotic genome needs time for reac-
tivation after fertilization, and precise activation of genes
may depend on more finely tuned switches. Little is known
regarding posttranslational regulation during early embryo
development. Our results proved that KIf4 methylation me-
diated by Prmtl may act as a regulatory factor as early as
the early blastomere stage.

Regulation of preimplantation embryo development is a
fundamental biological question. Due to the short time win-
dow of preimplantation and rareness of blastomere sam-
ples, mESCs are used as a tool to understand the regulatory
pathways involved in mouse preimplantation development.
It remains challenging to extend conclusions from ESCs
into normal embryo development. The second cell fate de-
cision, in other words, how ICM cells differentiate into PrE
and EPI cells, has been an active research topic for many
years. It is well known that in the ICM, a ‘salt and pepper’
expression pattern arises at E3.5 (8,11). That is, some ICM

cells display increased expression of Gata4 and Gata6, but
decreased expression of Nanog leads to the formation of the
PrE layer, while the EPI fate is acquired in cells with high
Nanog. How these two portions of cells are selected remains
largely unclear. The segregation of the EPI and PrE lineages
in the ICM is regulated by fibroblast growth factor (FGF)
signaling (58). Fgf4, FGF receptor 2 (Fgfr2) and Grb2,
which together mediate activation of the mitogen-activated
protein kinase signalling pathway, are necessary for PrE for-
mation. Our data revealed that arginine methylation of Kl1f4
by Prmt1 regulated the appearance of XEN cells, which pro-
vides a novel epigenetic mechanism for the second cell fate
decision in mouse embryogenesis. Our results indicated that
Prmt1 regulated the expression of PrE genes to bias the cell
fate toward XEN cells, which could result in unbalanced cell
numbers between EPI and PrE cells. These unbalanced pro-
portions of ICM stem cells may explain why Prmt1~/~ mice
died around the implantation of blastocysts with normal
extraembryonic tissues (34). Carml functions in directing
the initial stem cell fate via heterogeneous regulation of the
Oct4 and Sox2 target genes (27). Interestingly, our data in-
dicated that Prmt1 might participate in the second cell fate
decision in early embryo development by regulating the PrE
lineage.

In addition to transcriptional activation via methylation
of histone H4R3 (59,60), Prmtl participates in transcrip-
tional regulation via nonhistone targets, such as Foxol,
Runx! and C/EBP« (61-63). Our data revealed that hetero-
geneity in the expression of PrE genes regulated by Prmtl
depends on Klf4 methylation rather than H4R 3me, reveal-
ing a novel nonhistone target of Prmtl. An increasing num-
ber of studies have revealed crucial roles of the KLF in em-
bryonic development (54). Among the 18 members of the
KLF, only KIf4 and KIf5 are expressed as early as the two-
cell stage, with persistent expression until blastocyst for-
mation (55,64-66), indicating their significance and similar
functions. During the process of Prmt1-mediated regulation
of the expression of PrE genes, Klf4 is a mediator that de-
pends on its R396 methylation status, which gives us new in-
sights into the role of Kl1f4 in ES cells and embryonic devel-
opment. Notably, symmetric arginine methylation of Klf4
by Prmt5 was reported to inhibit KIf4 turnover in breast
carcinogenesis (67), suggesting the function of Kif4 methy-
lation.

Combined with the scRNA-seq data, our experiments
provide a microscopic view of the gene regulation process at
the single-cell level. Approximately 1% of ES cells show ob-
vious XEN features after Prmt1 knockout. This percentage
can be regarded as a link between the result obtained with
traditional large-scale molecular methods and microscopic
single-cell data. Either Prmtl knockout or Prmtl inhibitor
treatment predisposes mouse ES cells to XEN cell develop-
ment, which should contribute to the efficient production
of XEN cell lines from mouse ES cells, which are useful
cell culture models of the PrE lineage (36,48,68). During
chemical reprogramming, the formation of XEN-like cells
marked by Gata4, Gata6 and Sox17 helps to generate iP-
SCs with high efficiency (69,70). Our data might offer new
possibilities for chemical reprogramming by targeting the
Prmt1/KIf4 regulatory pathway.
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