Received: 21 October 2020
DOI: 10.1002/sctm.20-0468

Accepted: 3 January 2021

PLURIPOTENT STEM CELLS

High-throughput screening in postimplantation haploid
epiblast stem cells reveals Hs3st3b1 as a modulator for

reprogramming

Qian Gao' | Wenhao Zhang?
Mengyang Geng! |

Jinxin Zhang! |
Haoyu Wang? |

Luyuan Li?

| Yiding Zhao! | YaruTian® | YunaWang! |
Mei Xu! | Chunmeng Yao! |
| YanLiu? | Ling Shuai'>*

1State Key Laboratory of Medicinal Chemical Biology and College of Pharmacy, Nankai University, Tianjin, People's Republic of China

2Department of Obstetrics, Tianjin First Central Hospital, Nankai University, Tianjin, People's Republic of China

3Nankai Animal Resource Center, Nankai University, Tianjin, People's Republic of China

“Tianjin Central Hospital of Gynecology Obstetrics/Tianjin Key Laboratory of Human Development and Reproductive Regulation, Tianjin, People's Republic of China

Correspondence

Luyuan Li, PhD, State Key Laboratory of
Medicinal Chemical Biology and College of
Pharmacy, Nankai University, Tianjin 300350,
People's Republic of China.

Email: liluyuan@nankai.edu.cn

Yan Liu, PhD, Department of Obstetrics, Tianjin
First Central Hospital, Nankai University, Tianjin
300192, People's Republic of China.

Email: 30819007@nankai.edu.cn

Ling Shuai, PhD, State Key Laboratory of
Medicinal Chemical Biology and College of
Pharmacy, Nankai University, Tianjin 300350,
People's Republic of China.

Email: Ishuai@nankai.edu.cn

Funding information

Open Fund of Tianjin Central Hospital of
Gynecology Obstetrics/Tianjin Key Laboratory of
human development and reproductive regulation,
Grant/Award Number: 2019XHYO08; Strategic
Collaborative Research Program of the Ferring
Institute of Reproductive Medicine, Ferring
Pharmaceuticals and Chinese Academy of
Sciences, Grant/Award Number: FIRMD181102;
National Natural Science Foundation of China,
Grant/Award Numbers: 31872841, 31671538,
32022025; National Key Research and
Development Program of China, Grant/Award
Numbers: 2019YFA0109901, 2018YFC1004101

Abstract

Epiblast stem cells (EpiSCs) derived from postimplantation epiblast are pluripotent
stem cells, epigenetically distinct from embryonic stem cells (ESCs), which are widely
used in reprogramming studies. Recent achieved haploid cell lines in mammalian spe-
cies open a new era for high-throughput genetic screening, due to their homozygous
phenotypes. Here, we report the generation of mouse haploid EpiSCs (haEpiSCs)
from postimplantation chimeric embryos at embryonic day 6.5 (E6.5). These cells
maintain one set of chromosomes, express EpiSC-specific genes, and have potentials
to differentiate into three germ layers. We also develop a massive mutagenesis proto-
col with haEpiSCs, and subsequently perform reprogramming selection using this
genome-wide mutation library. Multiple modules related to various pathways are
implicated. The validation experiments prove that knockout of Hst3st3b1 (one of the
candidates) can promote reprogramming of EpiSCs to the ground state efficiently.
Our results open the feasibility of utilizing haEpiSCs to elucidate fundamental biologi-

cal processes including cell fate alternations.
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1 | INTRODUCTION

Mammalian haploid cell lines have raised extensive concerns over the
past decade for their advantages of generating homozygous geno-
types, which are widely used for forward and reverse genetic screen-
ing.? Haploid embryonic stem cells (haESCs) are pluripotent stem
cells with a single set of chromosomes,® serving as a convenient plat-
form to elucidate targeting genes of important biological processes
including differentiation* and X chromosome inactivation (XCI).
Besides, hakESCs also have advantages in finding out targeting genes of
highly poisonous toxicant®” because of their homozygous phenotype
feature, thus are useful for studying molecular mechanisms behind
these potential bioweapons. To explore the application of haploid cells
in more fields, haploid somatic cells®? and haploid trophoblast stem
cells*®1? have been achieved and proved advanced in lineage specific
genetic screening, either. However, whether there are more other
types of haploid pluripotent stem cells needs further investigations.
Mouse epiblast stem cells (EpiSCs) derived from postimplantation
epiblast resemble to human ESCs in morphology, dependent pathways
for self-renewal and other molecular characteristics.'?% EpiSCs are at
primed pluripotent state that epigenetically distinct from ESCs at
naive pluripotent state (ground state),** which are widely utilized to
study reprogramming mechanisms.?>” These findings of repro-
gramming in mouse EpiSCs definitely facilitate the derivation of
human naive ESCs at ground state.2®2° EpiSCs maintain self-renewal
relying on activin/nodal and FGF/ERK pathways, whose growth and
pluripotency can be favored by inhibition of Wnt signaling pathway.?!
They possess the potentials to differentiate into three germ layers
in vitro and in teratomas, and undergo random XCI coincident with

.24 Therefore, a haploid cell line of EpiSCs

postimplantation epiblas
will provide a powerful platform to study reprogramming, XCl, and
other critical biological processes by genetic screening. However, hap-
loid EpiSCs (haEpiSCs) have not been

postimplantation embryos up to date, mainly because of severe
22,23

established from

diploidization happening during differentiation in vivo.
Given that p53 deletion can stabilize haploidy in mouse cell

cultures, 242>

it might be possible to generate haEpiSCs by p53
knockout (KO). In this study, we derived haEpiSCs from mouse
postimplantation epiblast at embryonic day 6.5 (E6.5), which showed
standard primed state morphology and similar molecular characteris-
tics with wild-type (WT)-diploid EpiSCs. Moreover, we provided the
evidence that haEpiSCs have steady haploidy maintaining ability and
differentiation potentials, which could be utilized in forward genetic
screening. Our study provides an experimental system that sheds light

on functional genomics in mammalian reprogramming.

2 | MATERIALS AND METHODS

21 | Mice and chimeric embryos reconstruction

All the specific pathogen-free (SPF)-grade WT mice were purchased from
Beijing Vital River Laboratory Animal Technology Co, Ltd (Beijing, China),

Significance statement

Haploid epiblast stem cells derived from postimplantation
provide a haploid platform to study nature of epiblast.
Unique mammalian haploid stem cells generate massive
homozygous mutations robustly. The results from this study
showed multiple candidate genes hindering reprogramming

process including Hs3st3b1.

and genetically modified p53-KO mice were purchased from Beijing Bio-
cytogen Co, Ltd (Beijing, China). All the mice were housed at the Nankai
University Animal Center. All the animal experiments were performed in
compliance with the guidelines of the Institutional Animal Care and Use
Committee of Nankai University. All the chimeric embryos were
reconstructed by microinjecting into blastocysts. The reconstructed chi-
meric embryos were transferred to oviducts of pseudopregnant CD-1
mice at 0.5 d.p.c. for subsequent experiments.

2.2 | Cell culture and cytometric sorting

WT-haESCs and p53-KO haESCs were generated according to a well-
developed protocol with slight modification.?® Androgenetic haESCs
(p53 KO-6, sperm: 129Sv/Jae; oocyte: B6D2F1) and parthenogenetic
haESCs (p53 KO-1, oocyte: 129Sv/Jae) were from 129Sv/Jae back-
ground strain. haEpiSCs were derived from E6.5 chimeric embryos (p53
KO-1 or p53 KO-6 haESCs as donor cells). p53-KO diploid EpiSCs were
derived from E6.5 embryos of p53-KO mice. The culture medium and
derivation protocols were referred to the previous report as described.?*
The established haEpiSCs were cultured in EpiSCs medium with 2 pM
IWP-2 (MCE, HY-13912, USA) and passaged with 1 mg/mL collagenase
IV (Thermo Fisher Scientific, 17104-019, USA) every 2 to 3 days. To
obtain WT or p53-KO haploid EpiSC-like cells (haEpiLCs), WT or p53-KO
haESCs were induced according to the previous report as described.?”
All of the cell cultures were tested for mycoplasma free by PCR with spe-
cific primers weekly. For DNA staining sorting, haEpiSCs were incubated
with 10 pg/mL Hoechst 33342 (Invitrogen, H3570, USA) for 20 minutes
at 37°C before sorting. Subsequently, all the samples were performed
cell sorting on a Moflo XDP sorter (Beckman, USA) with logical gating.
For flow cytometry analysis of primordial germ cell (PGC) like cells
(PGCLCs), haEpiSCs and 4-day aggregates were dissociated in 0.25%
trypsin-EDTA (Gibco, 25200072, USA), resuspended in PBS sup-
plemented with 1% BSA and incubated with anti-integrin B3 (CD61) (Bio-
Legend, 104308, USA), and anti-SSEA1 (eBioscience, 51-8813-42, USA)
antibodies for 30 minutes at 4°C before sorting.

2.3 | Vector construction and transfection

Gene trapping piggyBac vectors were constructed according to the

previous report.** haEpiSCs were transfected using the electroporator
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(Invitrogen, NEON, USA) at 1400 V, 10 ms with three pulses or LTX
kit (Invitrogen, 15338100, USA) following the manufacturer's instruc-
tions. A combination of 1 pg PBase plasmid and 3 pg piggyBac
(SA) plasmid were electroporated into 1 x 10° haEpiSCs using the same
conditions as described above. For Oct4 DE-SV40-Luc and PE-SV40-Luc
constructs, distal enhancer and proximal enhancer (PE) of mouse Oct4
were amplified from mouse genomic DNA and inserted into the Nhel
site of pGL3-promoter (Promega, E1761, USA) using DNA Ligation Kit
Ver.2.1 (Takara, 6022, Japan), respectively. For Hs3st3b1 KO, a combi-
nation of 2 ug PX458-sgRNA1 and 2 pg PX458-sgRNA2 plasmid were
electroporated into 1 x 10° haEpiSCs using the same conditions as
described above.

24 | Quantitative real-time PCR

Following the manufacturer's protocol to purify total RNAs from cells
using TRIzol Reagent (Invitrogen, 15596018, USA), cDNA was
obtained by reverse transcription using the Prime Script RT reagent
Kit with a gDNA Eraser (Takara, RRO47A, Japan). All the gPCR experi-
ments were performed on an ABI QuantStudio 6 Flex machine with
FS Universal SYBR Green Master (Roche, 4913914001, Switzerland).
Relative expression levels were normalized to Gapdh. Averages and
SD values were calculated based on three independent experiments.
All primers used are listed in Table S1.

2.5 | Immunostaining, alkaline phosphatase (AP)
staining, and karyotype analysis

Immunostaining, AP staining and karyotype analysis of haEpiSCs were
performed as described previously.2® Primary antibodies including
TFE3 (Sigma, HPA023881, USA), H3K27me3 (AB clonal, A2363,
China), OCT4 (Abcam, ab181557, UK), NANOG (Santa Cruz, sc-
374103, USA), PAX6 (Abcam, ab5790, UK), SOX1 (R&D, AF3369,
USA), TUJ1 (Abcam, ab8207, UK), and SSEA-1 (CST, 4744, USA). The
fluorescent secondary antibodies and DAPI were purchased from the
Abcam company (UK). Immunofluorescence images were captured

with a TCS SP8 confocal laser scanning microscope (Leica, Germany).

2.6 | Differentiation of haEpiSCs

To detect the differentiation potentials of haEpiSCs, cells were floating
cultured with Ndiff medium (Takara, Y40002, Japan) in nontreated dishes
(Falcon, USA) for 6 days. For neural differentiation, haEpiSCs were plated
into culture dishes pre-coating with poly-D-lysine (PDL) (Sigma, P4957,
USA) and Laminin (Sigma, L2020, USA), and cultured in Ndiff medium
supplemented with 0.5 mM retinoic acid (Sigma, R2625, USA).

For induction of PGCLCs from haEpiSCs, the PGCLCs were
induced under a floating condition by plating 2 x 10% haEpiSCs in a
well of a low-cell-binding U-bottom 96-well plate (Costar, 7007, USA)
in a serum-free medium (GK15; GMEM [Gibco, 11710035, USA] with
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15% KSR [Gibco, A3181502, USA], 0.1 mM NEAA [Gibco, 11140050,
USA], 1 mM sodium pyruvate [Sigma, p4562, USA], 0.1 mM 2-
mercaptoethanol [Gibco, 21985023, USA], 100 U/mL Penicillin-Strep-
tomycin [Gibco, 15140122, USA], and 2 mM Glutamax [Gibco,
35050061, USA] in the presence of the cytokines BMP4 [500 ng/mL;
Peprotech, AF-120-O5ET, USA], LIF [1000 U/mL; Sino Biological,
50756-MNAH, China], SCF [100 ng/mL; Peprotech, 250-03, USA]
and human EGF [Peprotech, AF-100-15, USA]). The medium was
changed every day.

For teratoma formation experiment, approximately 1 x 10°
haEpiSCs were injected subcutaneously into the limbs of 8-week-old
male severe combined immunodeficiency (SCID) mice. Three weeks
later, the fully formed teratomas were dissected, fixed with 4% para-
formaldehyde, embedded in paraffin, sectioned, and stained with

hematoxylin and eosin for further analysis.

2.7 | Analysis of RNA-seq and genome
integrity data

All the RNA and genomic DNA samples were sent to a sequencing
company (Novogene, China) for sequencing. Raw reads of fastq for-
mat were firstly processed through in-house perl scripts. In this step,
clean data (clean reads) were obtained by removing reads containing
adapter, reads containing ploy-N, and low-quality reads from raw
data.?? All the downstream analyses were based on the clean data
with high quality. Reference genome (mm10) and gene model annota-
tion files were downloaded from genome website directly. Index of
the reference genome was built using Hisat2 v2.0.5 and paired-end
clean reads were aligned to the reference genome using Hisat2
v2.0.5. Then, the abundance of each transcript was quantified using
feature Counts v1.5.0-p3. Differentially expressed genes (DEGs) anal-
ysis was performed using the DEseqg2 package, and gene expression
was normalized using the relative-log-expression (RLE) in DESeq2.%°
Genes with an adjusted P-value <.05 found by DESeq2 were assigned
as differentially expressed.

For gene ontology (GO) analysis, metascape (http://metascape.org)
was employed to perform gene enrichment and functional annotation
analyses in haEpiSCs, male and female WT-diploid EpiSCs with the fol-
lowing ontology sources: Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway, GO Biological Processes, and Reactome Gene Sets.3!
GO terms with corrected P-value <.05 were considered significantly
enriched by differential expressed genes. KEGG analysis was used cluster
Profiler R package to test the statistical enrichment of differential expres-
sion genes in KEGG pathways. For genomic integrity analysis (copy num-

ber variation [CNV] analysis) was referred to a previous protocol.”
2.8 | Genetic screening and splinkerrette PCR-
based sequence analysis

haEpiSCs were transfected with the trapping vectors (Figure 4A) and
further cultured for 5 days. Mutant haEpiSCs were enriched for GFP
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positive cells through cell sorting, and were reprogrammed in
N2B27/2iL medium (Ndiff medium supplemented with 1500 U/mL
leukemia inhibitory factor [Millipore, ESG1107, USA], 1uM
PD0325901 [MCE, HY-10254, USA], and 3 pM CHIR99021 [MCE,
HY-10182, USA]). Cells positive for SSEA-1 (Thermo Fisher Scientific,
50881342, USA) among the reprogrammed cells were harvested by
antibody staining and sorting according to the manufacturer's instruc-
tions. Nonmutant haEpiSCs in EpiSCs medium and N2B27/2iL were
used as SSEA-1 negative control.

Splinkerrette PCR was used to figure out the insertion sites after
piggyBac transposon transfection. Briefly, the genomic DNA purified
from cells was digested by BstYl (Thermo Fisher Scientific, FD1554,
USA\). Purified products were linked to Splinkerette adaptors using
DNA Ligation Kit Ver.2.1 (Takara, 6022, Japan) for nest PCR. Nest
PCR products were linked into pEASY Blunt simple vectors (TransGen
Biotech, CB111, China) for high-throughput sequencing. All primers
and Splinkerette adaptors used were listed in Table S1. For insertions
analysis, reads were trimmed using fastp®? to remove sequencing
adapters and low-quality bases. HaSAPPy®® was used to map the
trimmed reads to the genome assembly from UCSC (mm10)®* and
estimate the number of insertions for each gene using the annotation
from Gencode® with default parameters. Read distributions across
different regions were summarized using bedtools.3® The coverage
tracks were generated using R package ggbio.3” For enrichment analy-
sis, top 100 significant gene sets were retrieved from the GO®® and
KEGG databases.®® Fisher's exact test followed by the Benjamini-

Hochberg correction*® was used to generate the FDR.

3 | RESULTS
3.1 | Derivation of haEpiSCs from
postimplantation chimeric embryos

Haploid embryos can develop to the blastocyst stage,** however, rare
to postimplantation stage in development in vivo. Many studies
showed that haESCs could contribute to postimplantation E6.5 epi-

blast via chimeric assays, 2223

and thus we tried to derive haEpiSCs
from these chimeric E6.5 embryos (Figure S1A). With microinjecting
p53-KO haESCs into WT-blastocysts and transferring them back to
pseudopregnant mice, standard E6.5 embryos were developed and
utilized to generate haEpiSCs (Figure 1A). Around 5 days after plating
the epiblast of chimeric embryos, EpiSC-like outgrowth formed
(Figure 1B) in presence of bFGF, activin A and IWP-2 (a Wnt inhibitor)
and expanded with collagenase IV. In a preliminary experiment, the
generation of haEpiSCs from chimeric embryos with WT-haESCs con-
tribution was failed, mainly for quick diploidization existing during dif-
ferentiation in vivo. To address this, we adopted p53-KO haESCs
from p53-KO mice instead of WT-haESCs as donor cells in chimeric
assays, which presented stable maintenance of haploidy during differ-
entiation. Hereafter, we totally derived two androgenetic haEpiSC
lines and six parthenogenetic haEpiSC lines from mice at 129Sv/Jae

background (Figure S1B), which showed typical “primed” state flat

colonies, compared to WT-diploid EpiSCs (Figure 1C). According to
the karyotype analysis, haEpiSCs carried a haploid set of 20
chromosomes during daily cell culture (Figure 1D). Individual haEpiSC
lines were expanded and sorted by fluorescence-activated cell sorting
(FACS) with a WT-diploid EpiSC line as control. Stable haploidy
haEpiSCs were generated assisted with period FACS enrichment in
long-term proliferation and maintained haploidy over 30 passages
(Figure 1E).

Next, we characterized the identity of haEpiSCs in cell-cycle pro-
files and dependent pathways for self-renew. According to the DNA
content analysis, haEpiSCs had 27.2%, 39.1%, and 33.7% of cells in
GO/G1 phase, S phase, and G2/M phase, whereas the proportion of
haESCs cells was 17.6%, 58.1%, and 24.3%, respectively (Figure 1F). It
indicated that haEpiSCs and haESCs have different cell cycle charac-
teristics, which could also be observed between WT-diploid EpiSCs
and WT-diploid ESCs (Figure S1C). As previously reported, WT-diploid
EpiSCs maintained self-renewal ability, mainly relying on FGF/ERK
and activin/nodal signaling pathways.'? To test reliable pathways of
our haEpiSCs, we treated them by adding PD0325901 (an inhibitor of
FGF/ERK) and SB431542 (an inhibitor of activin/Nodal) to the cell
cultures independently, with adding DMSO as a control. Obvious dif-
ferentiation of haEpiSCs was observed in either PD0325901 group or
SB431542 group,
undifferentiated state (Figure 1G). Quantitative PCR (qPCR) analysis
of pluripotent (Oct4) and pathway specific (Nodal and FGF5) genes

whereas the control group maintained

further confirmed that (Figure 1H). Taken together, our results dem-
onstrated that haEpiSCs had similar cell-cycle profile and same depen-
dent pathways with WT-diploid EpiSCs. To further assess genomic
integrity of haEpiSCs, we compared their genomes to the genome of a
male mouse kidney from 129Sv/Jae strain using deep sequencing and
performed CNV analysis. The results revealed that our haEpiSCs did
not present obvious copy numbers duplication or deletion in a haploid
state (Figure 1l), indicating that haEpiSCs maintained genomic integ-

rity in cell culture without genomic mutations.

3.2 | Molecular characterization of haEpiSCs

To characterize our newly established haEpiSCs, we examined the
expression files of specific genes by qPCR. Results demonstrated that
haEpiSCs expressed pluripotent genes (Oct4 and Nanog) and EpiSC
specific genes (Nodal, FGF5, and Cldné), that resembled to the WT-
diploid EpiSCs control (Figure 2A). Since the subcellular localization of
TFE3 was a widely used sensitive marker to distinguish the naive state
and primed state of pluripotency,*? we performed immunostaining of
TFE3 in haEpiSCs and haESCs. All TFE3 in haEpiSCs located in cyto-
plasm rather than in the nucleus, which was different from that of
haESCs, indicating that haEpiSCs were at primed pluripotent state in
deed (Figure 2B). According to previous reports, female EpiSCs
exhibited one XCl and showed the accumulation of the repressive his-
tone 3 lysine 27 trimethylation (H3K27me3) chromatin.'>*3 To assess
the X chromosome activity of haEpiSCs, we detected the expression
of H3K27me3 in haEpiSCs and female WT-diploid EpiSCs. It showed
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FIGURE 1 The establishment of haEpiSCs. A, Image of E6.5 chimeric embryo derived from haESCs; scale bar = 100 um. B, Image of

outgrowth derived from E6.5 epiblast; scale bar = 100 pm. C, Colonies

of haEpiSCs and WT-diploid EpiSCs; scale bar = 100 pm. D, Chromosomes

spread analysis of haEpiSCs (19 + X) and WT-diploid EpiSCs (38 + XX/Y); scale bar = 10 pm. E, DNA content analysis after propidium iodide

(PI) staining of WT-diploid EpiSCs (left panel), first sorting of haEpiSCs (middle panel) and established haEpiSCs (right panel). The percentages of
the 1n (GO/G1) peak in first sorting haEpiSCs and established haEpiSCs were 13.7% and 21.9%, respectively. F, Cell-cycle profiles of haEpiSCs
and haESCs. The percentage of GO/G1, S and G2/M phase in haEpiSCs (27.2%, 39.1%, and 33.7%) and haESCs (17.6%, 58.1%, and 24.3%),

respectively. G, Morphology changes of haEpiSC colonies treated with

two inhibitors (PD0325901, ERK-inhibitor, suppressing FGF pathway;

SB431542, TGF-B inhibitor, suppressing activin/Nodal pathway) separately for 3 days. DMSO was used as an empty control. Scale bar = 100 pum.
H, Expression levels of pluripotent (Oct4) and EpiSC marker genes (Nodal and FGF5) in haEpiSCs following inhibitors treatment. t test, ***P < .001.
Data were represented as the mean + SEM. |, CNV analysis of haEpiSCs (haEpi 1-1 and haEpi 5-1) with the male 129Sv/Jae kidney DNA as

control, on a log2 base scale

that H3K27me3 was not enriched in the nuclei of haEpiSCs, which
meant haEpiSCs did not undergo XCI like female WT-diploid EpiSCs
(Figure 2C). Furthermore, gPCR results revealed that Xist was down-
regulated and Tsix was upregulated in haEpiSCs, compared with that
in female diploid EpiSCs (Figure 2D). It also proved that the sole X
chromosome of each haEpiSC was activated.

To further elucidate the properties of haEpiSCs, we performed
RNA-seq analysis to know the transcriptional states of haEpiSCs
(a parthenogenetic line [haEpi 5-1] and an androgenetic line [haEpi
1-1]), WT-diploid EpiSCs (XX and XY), p53 KO-diploid EpiSCs,
WT-Epiblast like cells (EpiLCs), p53 KO-haploid EpiLCs, haESCs,
WT-diploid ESCs, and mouse embryonic fibroblasts (MEFs). For
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FIGURE 2 Molecular and transcriptome identities of haEpiSCs. A, Expression levels of pluripotency (Oct4 and Nanog) and EpiSCs specific
genes (Nodal, FGF5, and Cldné) in haEpiSCs and wild-type WT-diploid EpiSCs determined by qPCR. Data were represented as the mean + SEM. B,
Immunofluorescence of TFE3 in haEpiSCs and haESCs. DNA was stained with DAPI. Scale bar = 50 pm. C, Immunofluorescence of H3K27me3 in
haEpiSCs and WT-diploid EpiSCs (XX). DNA was stained with DAPI. Scale bar = 50 um. D, Expression levels of Xist and Tsix in haEpiSCs, female
ESCs and female EpiSCs determined by gPCR. t test, **P < .001, ***P < .001. Data were represented as the mean + SEM. E, Principal component
analysis (PCA) of RNA-seq data from haEpiSCs, WT-diploid EpiSCs, p53 KO-diploid EpiSCs (diploid EpiSCs derived from p53-KO epiblast), WT-
EpiLCs (EpiLCs derived from differentiated WT-ESCs in culture), p53 KO-haEpiLCs (EpiLCs derived from differentiated p53 KO-haESCs in
culture), WT-ESCs, haESCs, and MEFs. The results showed that haEpiSCs were close to WT-diploid EpiSCs on both PC1 and PC2 axes, and far
away from WT-EpiLCs and p53 KO-diploid haEpiLCs. F, Differentially expressed genes ontologies in haEpiSCs and haESCs

overall expression of genes, MEFs had a wider expression, whereas
haEpiSCs shared the similar expression distribution with WT-diploid
EpiSCs (Figure S2A). Furthermore, there was a high correlation
(R? > 0.9) between haEpiSCs and WT-diploid EpiSCs at the global
transcriptome level, showing a close genetic relationship (Figure S2B).
Principal component analysis based on DEGs showed that haEpiSCs
extremely resembled WT-diploid EpiSCs and p53 KO-diploid EpiSCs
on both PC1 and PC2 axes, but separated from the clusters of WT-
EpiLCs, p53 KO-haploid EpiLCs, haESCs, WT-diploid ESCs, and MEFs
(Figure 2E). Moreover, haEpiSCs located between MEFs and ESCs in

PC1, indicating their limited pluripotency compared to ESCs. To com-
prehensively understand the differences between haESCs and
haEpiSCs, we identified 2141 DEGs between haEpiSCs and haESCs
and performed functional annotation. According to the GO analysis,
2141 DEGs were mostly enriched with term related to the regulation
of neuron projection development, reproductive system development,
reproductive structure development, and extracellular matrix
(Figure 2F). In addition, KEGG pathway analysis revealed that most of
the downregulated genes were correlated with pluripotency, metabo-

lism, and glycosphingolipid biosynthesis (Figure S2C).
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FIGURE 3 Differentiation potentials of haEpiSCs. A, Immunofluorescence of NANOG in haEpiSCs and haESCs. DNA was stained with DAPI. Scale
bar = 50 pm. B, Immunofluorescence of OCT4 in haEpiSCs. DNA was stained with DAPI. Scale bar = 50 pm. C, Quantification of Oct4 distal enhancer
(DE) and proximal enhancer (PE) reporter gene activity in haEpiSCs and haESCs. Relative luciferase activity was normalized to the activity of the empty
vector. Data are represented as the mean + SEM. D, Expression levels of EpiSCs specific (FGF5 and Cldn5), pluripotency (Oct4 and Nanog) and
differentiation genes (Cdx2, Bmp4, and Nestin) in EBs derived from haEpiSCs 1-1 and haEpiSCs 5-1 determined by gPCR. haEpiSCs as control. t test,

***P < .001. Data are represented as the mean + SEM. E, Immunofluorescence of PAX6 in neural differentiation cell cultures

of haEpiSCs. DNA was stained with DAPI. Scale bar = 50 pm. F, Double immunostaining of SOX1 and TUJ1 in neural differentiation cell cultures of
haEpiSCs. DNA was stained with DAPI. Scale bar = 50 um. G, Percentages of SOX1 and TUJ1 positive cells in neural differentiation cell cultures of
haEpiSCs. SOX1, 57.7% and TUJ1, 3%. H, Expression levels of neural lineage specific genes (Nestin, Pax6, and Tuj1) in neural differentiation cell cultures of
haEpiSCs, compared to differentiated cells and WT-NSCs (derived from brain) determined by gPCR. t test, *P < .05. Data were represented as the

mean + SEM. |, Morphology of haEpiSCs-derived aggregates on days 4 of PGCLC induction. Scale bar = 100 pm. J, FACS analysis of integrin f3 (CD61)
and SSEA-1 positive cells in the 4-day aggregates derived from haEpiSCs. K, Teratoma formed from haEpiSCs identified by hematoxylin and eosin staining.
Scale bar = 100 pm. White arrow indicates gut epithelium (endoderm), muscle (mesoderm), and neural tissue (ectoderm). L, Morphology of chimeric
embryos at E6.5 derived from GFP-labeled haEpiSCs and haESCs. Scale bar = 100 pm. White arrow indicates EXE and dotted lines indicates Epiblast
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3.3 | Differentiation potentials of haEpiSCs

To test the differentiation potentials of our haEpiSCs, we first
detected the expression of typical pluripotent markers in haEpiSCs by
immunostaining. NANOG was observed positive in haEpiSCs, but
exhibited lower expression level than that in haESCs (Figure 3A),

which was consistent with previously reported WT-diploid EpiSCs.?*
OCT4 was also positive in haEpiSCs (Figure 3B), whose expression
was driven by an Oct4 PE regulatory site distinct from that in haESCs
(Figure 3C). Both haEpiSCs and WT-diploid EpiSCs showed positivity
of AP activity (Figure S3A). Differentiation was further confirmed
using embryoid body (EB) formation. Approximately 6 days post
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FIGURE 4 Forward genetic screening for reprogramming in haEpiSCs. A, Schematic view of the genetic screen in haEpiSCs by PB-based gene

trap vectors. B, Immunofluorescence of SSEA-1 of haEpiSCs and haESCs. DNA was stained with DAPI. Scale bar = 50 um. C, Bright-field and FITC
images of haEpiSCs after transfection. Scale bar = 100 um. D, Morphology of reprogrammed cells in N2B27/2iL medium. Scale bar = 100 um. E,
Percentage of SSEA-1 positive cells in mutant haEpiSCs (M-haEpiSCs) and WT-haEpiSCs cultured in N2B27/2iL medium. WT-haEpiSCs cultured
in activin A + bFGF medium were used as a negative control. F, Morphology of rESCs derived from mutant haEpiSCs. Scale bar = 100 um. G,
KEGG analysis of the top 100 genes with the most frequent insertions. H, List of the top 10 genes with the most insertion sites
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random differentiation, round and smooth EBs formed from haEpiSCs
(Figure S3B), which expressed differentiated genes representing three
germ layers (Cdx2, Bmp4, and Nestin), rather than EpiSC specific and
pluripotent genes (Figure 3D). In addition, neural differentiation of
haEpiSCs was induced by a chemical defined medium according to a
previous report.** One week later, neural precursors marker-PAX6
was observed in the cell culture by immunostaining indicating
(Figure 3E). For a longer differentiation period, immunostaining results
showed that other neural lineage markers (SOX1 and TUJ1) were also
detected in the cultures (Figure 3F). The percentages of SOX1 and
TUJ1 positive cells in the cultures were 57.7% and 3% (Figure 3G),
respectively. Furthermore, qPCR analysis of neural specific markers
(Nestin, Paxé, and Tuj1) also confirmed the neural lineage identity of
these differentiated cells (Figure 3H). Next, we examined differentia-
tion potential of haEpiSCs to PGCs according to a previous protocol.?”
Typical PGCLC aggregates formed on day 4 when floating cultured in
GMEM with 15% KSR (GK15) and with cytokines including BMP4
(Figure 3l). Flow cytometry analysis of haEpiSCs-derived 4-day aggre-
gates for the PGC specific markers integrin f3 and SSEA1 showed
that around 10.8% cells were double-positive (Figure 3J). It indicated
that haEpiSCs could differentiate into PGC stage somehow. Alto-
gether, these data demonstrated that haEpiSCs held pluripotency
in vitro. To address the differentiation potentials of haEpiSCs in vivo,
we injected 1 x 10° haEpiSCs into limbs of 8-week-old male SCID
mice. Standard teratoma formed 3 weeks post injection (Figure S3C)
and had tissues representing three germ layers according to H&E anal-

ysis (Figure 3K). Next, we performed chimera production to further

assess the differentiation potential of haEpiSCs in vivo. GFP-labeled
haEpiSCs and haESCs (Figure S3D) were microinjected into blastocyst
and transferred to the oviducts of pseudopregnant mice separately.
Only GFP-labeled haESCs could contribute to postimplantation epi-
blast, whereas GFP-labeled haEpiSCs could not (Figure 3L;
Figure S3E). It was consistent with previous reported EpiSCs, which
further confirmed EpiSC nature of haEpiSCs.

3.4 | A genome-wide screen for reprogramming
with haEpiSCs

To explore the feasibility of using haEpiSCs in a genome-wide screen-
ing, we performed reprogramming experiment with high-throughput
mutant haEpiSC library (Figure 4A). Since WT-diploid EpiSCs could
revert to ESCs stage through overexpression of naive specific tran-
scription factors (KIif4 or Nr5a2) and culturing in N2B27/2iL

medium, >4

we adopted this N2B27/2iL medium as a screening
medium either. Although SSEA-1 was an extensively used pluripotent
marker in various experimental procedures,*3 expression of SSEA-1 in
haEpiSCs was obviously lower than that in haESCs (Figure 4B). Hence,
the increase of SSEA-1 by sorting antibody indicating was applied as
the readout system for reprogramming procedure (Figure 4A). To
introduce massive mutations into haEpiSCs, PB-SA-based (carrying a
GFP cassette) gene trap vectors (Figure 4A) were eletroporated into
haEpiSCs. Nearly 5 days post transfection, GFP positive cells were

sorted by FACS for further culture. Mutated haEpiSCs could be

TABLE 1 Summary of insertions mapped to some critical pathways
Insulin PI3K-Akt Hippo MAPK EGFR inhibitor Jak-STAT Wht signaling
pathway pathway pathway pathway resistance pathway Pluripotency  pathway
Prkci Sis Prkci Sis Sis Sis Isl1 Chd8
Ppp1cb Pkn2 Smad7 Traf2 Rpsékb1 Aox2 Paxé
Ppp1r3a Sgk3 Pppicb Rpséka3 Nras 1127ra Nras
Mknk2 Sgkl Dig4 Mknk2 Stat2 Mapk13
Rpsékb1 Chad Bmp8b Nras Csf2rb2
Prkag3 Syk Ywhaq Gngl2
Nras Rpsékb1 Pardé6a Map3k12
Gbpc3 Ywhaq Ctgf Ecsit
Phka2 Nras Actb Mapk13
Sorbs1 Gngl2 Bmp8a Flna
Gys2 Itga3 Angptl
Pygm Gng7 Pla2g4e
Prkab2 Gys2
Rhoq Gb6pc3
Reln
Stk3
Collal
Vwf

Angptl
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FIGURE 5 Validation of Hs3st3b1-knockout (KO) for reprogramming assays. A, Hs3st3b1-deleted genotypes in subclones of KO-3#, KO-5#, and
KO-7#. B, Expression levels of pluripotent (Oct4 and Rex1) and EpiSC marker gene (Cldné) in Hs3st3b1-KO EpiSCs. t test, **P < .01, ***P < .001. Data
were represented as the mean + SEM. C, FACS analysis of SSEA-1 positive cells in Hs3st3b1 KO EpiSCs and wild-type (WT)-EpiSCs. The percentages
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the Hs3st3b1-KO rESCs. t test, *P < .05, **P < .05, ***P < .001. Data were represented as the mean + SEM

indicated by GFP positive (Figure 4C), and then cultured in
N2B27/2iL medium to initiate reprogramming. Approximately 3 to

5 days later, reversed ESCs (rESCs) colonies emerged in the

reprogrammed cell cultures (Figure 4D). SSEA-1 positive cells were

enriched from the reprogrammed cell cultures, with WT-haEpiSCs

without mutation as controls (one in ESCs medium, the other in
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EpiSCs medium). About 20.9% of SSEA-1 positive cells were sorted
for further culture (Figure 4E), which we termed rESCs. Not only stan-
dard “domed” naive colonies were observed in rESCs (Figure 4F), but
also pluripotent and naive markers were positive in rESCs (Figure S4A,
B). Thereafter, we performed Splinkerette PCR (Figure S4C) and deep
sequencing to elucidate these insertions. According to the deep
sequencing, we could unambiguously identify approximately 7 million
insertions totally, 49.3% of which integrated into the sense orienta-
tion, whereas 50.7% in the antisense orientation (Figure S4D). About
49.8% of the insertions were mapped to the intron regions, whereas
3.3% to the exons and 2.0% to the promoters, respectively
(Figure S4E).

To further investigate these insertions, we performed KEGG anal-
ysis. The results revealed that most insertions were related to Tyro-
sine metabolism, Serotonergic synapse, and other biological processes
(Figure 4G). Multiple insertions were mapped to Insulin pathway,
PI3K-Akt pathway, and other essential pathways (Table 1). Top 10 fre-
quency insertions including Hs3st3b1 were listed (Figure 4H).

3.5 | Hs3st3b1-KO promotes reprogramming of
EpiSCs to ground state

Hs3st3b1 gene encodes an enzyme named heparan sulfate glucos-
amine 3-O-sulfotransferase 3B1 (Hs3st3b1), which is a key compo-
nent in generating heparan sulfate fine structures that involved in
diverse biologic activities.*® As Hs3st3b1 was the top 1 inserted gene
along with the screening (Figure 4H; Figure S5A, B), we designed spe-
cific sgRNAs (Figure S5C) to introduce Hs3st3b1 mutations in WT-
diploid EpiSCs. Around 48 hours post transfection, EpiSCs for
Cas9-GFP positive cells (9.9%, Figure S5D) were sorted for further
culturing. We randomly picked eight subclones and identified KO-3#,
KO-5# and KO-7# were Hs3st3b1-KO subclones (Figure 5A). The
three Hs3st3b1-KO subclones did not show obvious morphological
change in EpiSCs medium (Figure S5E). However, they had higher
expression of Rex1 (naive gene) and lower expression of Cldné (primed
gene) than those in WT-diploid EpiSCs (Figure 5B). Thereafter, we
compared percentages of SSEA-1+ cells in Hs3st3b1-KO EpiSCs and
WT-diploid EpiSCs with specific antibody by FACS. The results dem-
onstrated that the percentages of SSEA-1+ cells in Hs3st3b1-KO
EpiSCs were significantly higher than those in WT-diploid EpiSCs
(Figure 5C). These SSEA-1+ EpiSCs were harvested and cultured in
N2B27/2iL medium for reprogramming. After a reprogramming period
of 20 days, AP positive experiment was performed to identify the
well-reprogrammed rESCs (Figure 5D). Interestingly, Hs3st3b1-KO
EpiSCs could be converted to rESCs with standard naive colonies
(Figure 5E) and showed AP positive (Figure 5F; Figure S5F), whereas
WT-diploid EpiSCs could hardly realize this phenotype. Thereafter,
PCR results demonstrated that Hs3st3b1-KO rESCs expressed naive
marker genes, compared to WT-diploid ESCs and WT-diploid EpiSCs
(Figure 5G). Overall, Hs3st3b1-KO facilitated reprogramming of
EpiSCs to ground state rESCs, which proved that Hs3st3b1 was a key

modulator for reprogramming process.
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4 | DISCUSSION

Our data showed that it was feasible to derive haEpiSCs from mouse
implantation embryos at E6.5. Detailed molecular characterization
showed that haEpiSCs maintained haploidy and pluripotency in long-term
cell culture, with an intact genome. haEpiSCs presented a primed pluripo-
tent state in many aspects including cell-cycle dependent pathways and
differentiation potentials, compared to naive haESCs. The addition of
IWP-2 in the culture medium facilitated the derivation and subsequent
culturing of haEpiSCs. As previously described, growth and status of
human ESCs and induced pluripotent stem cells could be favored when
treated with Wnt inhibitor (IWP-2).*” Similar phenomenon was observed
in mouse WT-diploid EpiSCs.?**® Therefore, inhibition of Wnt pathway
was helpful for self-renewal of haEpiSCs, which guaranteed that haEpiSCs
could expand to numerous cell-counts without differentiation. It was nec-
essary for genome-wide high-throughput genetic screening.

Although haEpiLCs were generated via differentiation of haESCs
in vitro®*® they were not authentic EpiSCs originated from
postimplantation epiblast. WT-diploid EpiLCs by differentiation exhibited
significant developmental difference from WT-diploid EpiSCs derived
from postimplantation epiblast, especially in germ cell specification.?”>°
Besides, already reported haploid cell lines had been proved to be pow-
erful tools to generate massive homozygous phenotypes, taking advan-
tages in various forward genetic screening.4”*! Herein, it is important to
establish haEpiSCs, which not only have a set of chromosomes, but also
share major similarities with epiblast. Derivation of haEpiSCs seemed
quite difficult before, because of more severe diploidization during differ-
entiation in vivo. Breakthroughs that inhibiting of diploidization via gene
editing®*°* or supplementing of inhibitors®>? made it possible to derive
haEpiSCs. In our study, the deletion of p53 was a key strategy to obtain
haEpiSCs. As p53 was a critical gene involved in multiple biological
processes,>® whether our p53-null haEpiSCs had limited developmental
potentials that needed further investigation. Nevertheless, our haEpiSCs
did not show any CNV mutations according to genomic integrity analysis
(Figure 11), demonstrating that genome of haEpiSCs was intact.

Reprogramming factors were primarily discovered by testing can-
didate genes that were implicated in the WT-diploid ESCs.>*>> Our
findings focused on key regulators hindering reprogramming through
a high-throughput genetic screening using haEpiSCs. It was a proof-
of-concept experiment to generate tremendous homozygous muta-
tions with haEpiSCs. In such a design, substantial candidate genes
(such as Hs3st3b1) hampering reprogramming were uncovered, which

would be very useful resource for reprogramming studies.

5 | CONCLUSION

In conclusion, we obtained haEpiSCs from mouse implantation
embryos at E6.5, which maintained durable haploidy and pluripotency
with an epiblast nature. Genome-wide genetic screening of haEpiSCs
provided a platform to study net-work of reprogramming or other cru-
cial biological processes. We testified that Hs3st3b1-KO was of bene-
fit for reprogramming of EpiSCs to rESCs at a naive state.
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