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Objectives: Our research hopes to develop successful offspring production of ovarian organoids derived
from spermatogonial stem cells (SSCs) by defined factors.

Methods: The offspring production from oocytes transdifferentiated from mouse SSCs with tracking of
transplanted SSCs in vivo, single cell whole exome sequencing, and in 3D cell culture reconstitution of
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the process of oogenesis derived from SSCs. The defined factors were screened with ovarian organoids.
We uncovered extensive chromatin reorganization during SSC conversion into induced germline stem
cells (iGSCs) using high throughput chromosome conformation.

Results: We demonstrate successful production of offspring from oocytes transdifferentiated from mouse
spermatogonial stem cells (SSCs). Furthermore, we demonstrate direct induction of germline stem cells
(iGSCs) differentiated into functional oocytes by transduction of H19, Stella, and Zfp57 and inactivation
of Plzf in SSCs after screening with ovarian organoids. We uncovered extensive chromatin reorganization
during SSC conversion into iGSCs, which was highly similar to female germline stem cells. We observed
that although topologically associating domains were stable during SSC conversion, chromatin interac-
tions changed in a striking manner, altering 35% of inactive and active chromosomal compartments
throughout the genome.

Conclusion: We demonstrate successful offspring production of ovarian organoids derived from SSCs by
defined factors with chromatin reorganization. These findings have important implications in various
areas including mammalian gametogenesis, genetic and epigenetic reprogramming, biotechnology, and
medicine.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cell fate decisions, which require key gene regulation, remain
poorly understood at the chromatin structure level. Chromatin in
eukaryotic cells is a complex of DNA, RNA and protein, and the
structural and functional basis of the genome [1]. The spatial orga-
nization of chromatin can affect the location of DNA and plays
important roles in regulation of gene expression [2-3]. Using high
throughput chromosome conformation (Hi-C), the chromatin
interactions involved in gene regulation can be revealed by dis-
playing the high order chromatin structure [1]. Although three-
dimensional chromatin architectures of mouse gametes were
recently reported, how they affect fate decisions of germline stem
cells remains to be explored [4-6].

The formation and development of sexually dimorphic germ
cells are required for the continuation of mammalian species. Pri-
mordial germ cells (PGCs) are the first germ cell population and
undergo sexually dimorphic development, generating male game-
tes (spermatozoa) or female gametes (oocytes) [7]. During their
development, PGCs also undergo programming of DNA methyla-
tion, including demethylation, paternal (XY) methylation, or
maternal (XX) methylation [8-13]. Furthermore, PGC development
is complex, involving regulation of multiple key genes associated
with male or female fates [12]. Therefore, both spermatogonial
stem cells (SSCs) and female germline stem cells (FGSCs) derived
from PGCs have different DNA methylation statuses or imprinting
patterns [13-16].

Simon et al. demonstrated that stem/progenitor spermatogo-
nia can directly transdifferentiate into prostatic, uterine, and skin
epithelial cells by recombining with the appropriate fetal or
neonatal mesenchyme [17]. Using rainbow trout, Okutsu et al.
demonstrated that transplantation of testicular germ cells into
female gonads leads to the production of oocytes that mature
into eggs that can fertilize and produce normal offspring [18].
However, there has been no evidence to demonstrate that mam-
malian offspring can be generated from oocytes derived from
SSCs.

In the present study, we demonstrate successful production of
progeny from oocytes transdifferentiated from mouse SSCs
in vivo and in vitro (Fig. S1). Furthermore, we demonstrate the
direct induction of germline stem cells (or induced germline stem
cells, iGSCs) differentiated into functional oocytes by transduction
of H19, Stella, and Zfp57 and inactivation of Plzf in SSCs with chro-
matin architecture reorganization. This study provides a new strat-
egy to investigate germ cell biology, epigenetic reprogramming,
mammalian germline gene modification, and regenerative
medicine.
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Materials and methods
Mice

C57BL/6, pou5f1-GFP transgenic mice [CBA-Tg (pou5f1-EGFP)
2Mnn] (The Jackson Laboratory) or pou5f1/GFP transgenic mice
[19] x C57BL/6 F1 hybrid mice were used in this study. Premature
ovarian failure (POF) Pten (phosphatase and tensin homolog
deleted on chromosome 10) '9*P/°%P; Gdf9_Cre (Gdf9 promoter-
mediated Cre recombinase®) mice were produced and genotyped
as described by Reddy et al [20-21]. POF (Pten '9*P/'XP; Gdf9-Cre*)
mice were used as recipients. Pten '*P/°P mice (B6.12954-Pten
tmiHwuy and Gdf9-Cre [Tg (Gdf9-iCre)] mice were purchased from
The Jackson Laboratory.

Isolation and culture of spermatogonial stem cells

Testes from 6-day-old pou5f1-GFP transgenic mice or pou5f1/
GFP transgenic mice x C57BL/6 F1 hybrid mice were collected
and decapsulated. Spermatogonial stem cells (SSCs) were isolated
using methods described by Wu et al [22-23] and Yuan et al
[24]. The SSCs were purified by both magnetic activated cell sort-
ing (MACS) with an anti-Thy-1 antibody and fluorescence activated
cell sorting (FACS), according to the manufacturers’ instructions.
SSCs were cultured on mitotically inactivated SIM mouse embryo
derived thioguanine- and ouabain- resistant(STO) feeder cells
(5 x 10% cells/cm?; ATCC) in culture medium. For mitotic inactiva-
tion, STO cells were treated with 10 pg/ml mitomycin C (Sigma) for
2-3 h. Mitomycin C-treated STO cells were washed with phosphate
buffered saline(PBS) and transferred to 0.2% (w/v) gelatin-coated
tissue culture plates. The SSC culture medium consisted of high
glucose Dulbecco’s modified Eagle’s medium (DMEM; Life Tech-
nologies) supplemented with 10% fetal bovine serum (FBS; GIBCO),
2 mM L-glutamine (Sigma), 0.1 mM B-mercaptoethanol (Sigma),
1 mM nonessential amino acids (Life Technologies), 10 ng/ml glial
cell line-derived neurotrophic factor (GDNF; R&D Systems),
10 ng/ml leukemia inhibitory factor (LIF; Chemicon), and 15 mg/l
penicillin (Sigma). SSCs were cultured on STO feeders in 24-well
plates with 500 pl culture medium per well. The medium was
replaced every 1-2 days, and cells were subcultured at a split ratio
of 1:1-3 by trypsinization every 3 days. All cultures were
maintained at 37 °C with 5% CO,.

Isolation and purification of female germline stem cells

Ovaries were collected from 5-day-old pou5f1/GFP transgenic
mice x C57BL/6 F1 hybrid mice. Female germline stem cells
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(FGSCs) were isolated and purified using a method described else-
where [16]. Briefly, dissected ovarian tissues were incubated in
1 mg/ml collagenase (type IV; Sigma) at 37 °C with gentle agitation
for 15-20 min. After washing, ovarian tissues were incubated in
0.05% trypsin and 1 mM EDTA at 37 °C for 5-7 min. Sheep anti-
mouse IgG magnetic beads (Dynal Biotech) were incubated with
an anti-fragilis antibody (ab15592, Abcam) for 30 min at room
temperature. The magnetic bead/antibody mixture was incubated
with the isolated cell suspension for another 30 min at room tem-
perature. Then, the mixture of cells and magnetic beads was placed
on a magnetic bead separator for 2-3 min, and the supernatant
was removed. The fraction on the inner side of the eppendorf tube
was collected and rinsed twice with PBS, resuspended in PBS, and
further purified by FACS, in accordance with the manufacturers’
instructions. The purified FGSCs were placed in FGSC culture med-
ium and cultured on mitotically inactivated STO feeder cells in 24-
well plates at 37 °C with 5% CO,.

Preparation of ovarian tissue for analysis

Ovaries from recipient and control mice were fixed with 4% (w/
v) paraformaldehyde (4 °C, overnight) and dehydrated via a graded
ethanol series. The tissues were vitrified in xylene, embedded in
paraffin, sectioned (6 pm thickness), and then mounted on slides.
Prior to immunofluorescence staining, the sections were dewaxed
in xylene and rehydrated via a graded ethanol series. Sections were
counterstained with hematoxylin.

Immunofluorescence

After equilibration in PBS, tissue sections were digested with
0.125% trypsin for 10 min at 37 °C and then washed in PBS twice.
The sections were blocked in 10% goat serum at room temperature
for 10 min and then incubated overnight at 4 °C with appropriate
primary antibodies. The primary antibodies used were mouse
monoclonal anti-GFP (1:200 dilution; ab290, Abcam) and rabbit
polyclonal anti-MVH (1:200; ab13840, Abcam). After washing in
PBS, the sections were incubated at 37 °C for 30 min with TRITC-
conjugated goat anti-rabbit IgG (1:200; SA00007-2, Proteintech)
or fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
IgG (1:200; SA0O0003-1, Proteintech) as appropriate. Sections were
stained with 4/,6-diamidino-2-phenylindole (DAPI, 1:1000) at
37 °C for 20 min, covered with mounting medium (glycerol: PBS,
3: 1), and viewed under a Nikon Eclipse E600 microscope equipped
with a Nikon Dxm 1200 digital camera using fluorescein optics for
TRITC and FITC, and ultraviolet optics for DAPI or under a confocal
microscope (FluoView™ FV1000).

Cultured germline stem cells were fixed with 4% paraformalde-
hyde in PBS at room temperature for 20 min. After fixation, the
cells were permeabilized with 0.5% Triton X-100 for 30 min at
room temperature for PLZF staining. The cells were incubated in
blocking solution (10% normal goat or bovine serum in PBS,
10 min, 37 °C), followed by rinsing and overnight incubation at
4 °C with appropriate primary antibodies: rabbit polyclonal anti-
MVH (ab13840, 1: 200; Abcam), mouse monoclonal anti-GFP (1:
200; ab290, Abcam), and anti-PLZF (1:150, sc-28319, Santa Cruz).
After washing in PBS, the cells were incubated with TRITC-
conjugated goat anti-rabbit IgG (1: 200, SAO0007-2, Proteintech)
or fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
IgG (1: 150; SA00003-1, Proteintech) at 37 °C for 30 min, rinsed,
and then incubated with DAPI (1: 1000) at 37 °C for 20 min. Petri
dishes were then covered with mounting medium (glycerol: PBS,
3: 1) and viewed as described above.
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Karyotypic analysis

Karyotypic analysis was performed using standard protocols for
mouse chromosome analysis. After culture for 3 days, SSCs were
treated with culture medium containing colchicine (100 ng/ml;
Sigma) for 3 h, hypotonically treated with 75 mM KCl for 15 min
at 37 °C, immersed twice in methanol: acetic acid (3: 1) for
30 min at —30 °C, dried in air for 3-4 days, digested with 0.025%
trypsin, and then stained with Giemsa. To verify the chromosomal
type of recipient mouse oocytes, karyotypic analysis of mature
oocytes from recipients was performed. To collect mature oocytes,
recipient mice were superovulated with 10 IU pregnant mare
serum gonadotropin (PMSG; ProSpec-Tany) for 48 h, followed by
10 IU human chorionic gonadotropin (hCG; ProSpec-Tany). These
oocytes were hypotonically treated with 75 mM KCl at 37 °C for
15 min and then fixed with two solutions consisting of metha-
nol/acetic acid/water (5:1:2) for 5-10 min and methanol/acetic
acid (3:1) for 15 min at room temperature. Fixed cells were
mounted on slides and immediately exposed to steam from boiling
water (90-100 °C) for 30 secto cause expansion of the cells, fol-
lowed by drying at 37 °C and Giemsa staining (Amresco) [25].

Embryonic stem cell culture

Embryonic stem cells (ESCs) were cultured with mouse embry-
onic fibroblasts in the presence of leukemia inhibitory factor (LIF;
1000 U/ml) in Glasgow modification of Eagle’s medium (GMEM;
Invitrogen) containing 10% fetal calf serum. The medium was
replaced every 1-2 days, and cells subcultured at a split ratio of
1:1-3 by trypsinization every 3 days. All cultures were maintained
at 37 °C with 5% CO,.

Microarrays

Total RNA was extracted from cultured SSCs and ESCs using Tri-
zol reagent (Invitrogen), in accordance with the manufacturer’s
instructions. RNA was labeled using an Illumina labeling kit. An
[llumina sentrix mouse WG-6 Beadchip (45281 transcripts) was
used in this study. Microarray experiments, including RNA label-
ing, hybridization, washing, scanning, image analysis, normaliza-
tion, and data processing, were performed by Shanghai
Biotechnology Corporation using the Illumina manual. Three bio-
logical repeats were included in microarray experiments. Differen-
tially expressed genes were identified by the Illumina system. The
data were analyzed using GeneSpring GX 11 software. Hierarchical
clustering of samples was performed by cluster 3.0 and TreeView
software [26].

Transplantation

For injection into the ovary, SSCs were collected and trans-
planted into the ovaries of POF mice. For the positive control,
FGSCs from pou5f1/GFP transgenic mice were also transplanted
into ovaries of POF mice. Recipient mice were anesthetized by
injection of pentobarbital sodium (45 mg/kg). Approximately 6 pul
of a single cell suspension containing 1 x 10* cells or 6 pl PBS
for the control was microinjected into the ovaries of recipients as
described elsewhere. In detail, after anesthetization of recipient
mice for 20-30 min and disinfection of the abdominal surface
using 75% ethanol, the recipient abdominal cavity was carefully
opened. To expose and find the ovaries, the intestines were care-
fully moved away from the inside of the abdominal cavity. The
Y-shaped uterus was located, and then following the uterus and
oviduct until posterior to the kidneys, the ovaries were located
caudal to the kidneys in the lower abdominal cavity. By gently
holding an ovary with forceps without causing damage, the ovary
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was injected at 1-2 sites using a glass pipette with a 45 um tip and
mouth pipetting to carefully transplant the 6 ul single cell suspen-
sion of ~ 1 x 10* SSCs or FGSCs into each ovary. At 35 days after
transplantation, recipients were mated with 8-week-old male
mice.

Reverse transcription-polymerase chain reaction and Southern
blotting

Reverse transcription-polymerase chain reaction (RT-PCR), PCR,
and Southern blotting were performed as described elsewhere.
Twenty-five cycles of PCR were performed using Taq polymerase
(Takara) with primer sets specific for each gene. The
glyceraldehyde-3-phosphate dehydrogenase gene (Gapdh) was
amplified in each sample as a loading control. PCR products were
isolated, subcloned, and sequenced to confirm the gene sequence.

Bisulfite genomic sequencing

Genomic DNA was extracted from SSCs, transplanted SSCs,
ESCs, induced germline stem cells (iGSCs), and FGSCs. For bisulfite
sequencing analysis of methylation, 500 ng genomic DNA was pro-
cessed using an EZ DNA Methylation-Gold Kit™ (ZYMO Research),
in accordance with the manufacturer’s instructions. The methyla-
tion status of imprinted genes was analyzed using specific primers
(outside, 5'-GTTTTTTTGGTTATTGAAT-TTTAAAATTAGT-3’ and 5'-A
AAAACCATTCCGTAAATACACAAATACCTA-3, inside, 5-TTAGTGTG
GTTTATTATAGGAAGGTATAGAAGT-3' and 5'-TAAACCTAAAATACT
CAAAACTTTATCACAA-3' for H19; 5'-GTG TAG AAT ATG GGG TTG
TTT TAT ATT G-3’' and 5-ATA ATA CAA CAA CAA CAA TAA CAA
TC-3' for Rasgrfl; 5'-GTA AAG TGA TTG GTT TTG TAT TIT TAA
GTG-3' and 5'-TTA ATT ACT CTC CTA CAA CTT TCC AAA TT-3’ for
Peg10; 5'-TTA GTG GGG TAT TTT TAT TTG TAT GG-3’ and 5-AAA
TAT CCT AAA AAT ACA AAC TAC ACA A-3’ for Igf2r;outside, 5'-TATG
TAATATGATATAGTTTAGAAATTAG-3' and 5-AATAAACCCAAATC
TAAAATATTTTAATC-3, inside, 5-AATTTGTGTGATGTTTGTAAT
TATTTGG-3' and 5-ATAAAATACACTTTCACTACTAAAATCC-3' for
Snrpn). PCR products were sequenced and CpG islands were
analyzed.

PCR amplification of lineage-specific microsatellite loci

Genomic DNA was extracted from mouse tail tips or donor SSCs.
DNA samples from donor SSCs, female recipients, mated males, and
their corresponding offspring were analyzed by simple sequence
length polymorphism (SSLP). Sequences for the primer pairs were
designed according to the Mouse Genome Informatics website
(http://www.informatics.jax.org/). Amplification of lineage-
specific microsatellite DNA was performed in accordance with a
previously described procedure [27]. PCR products were separated
and analyzed by 3% agarose gel electrophoresis (Bio-Rad) and visu-
alized by ethidium bromide staining.

Flow cytometry and cell sorting

After MACS, the cells were suspended in PBS and subjected to
flow cytometry to analyze and sort GFP-positive cells using a FAC-
SAria II cell sorter equipped with BD software (Becton Dickinson).

Quantitative reverse transcription-PCR analysis

Total RNA from cells was isolated using Trizol reagent. Comple-
mentary DNA was synthesized from 2 pg total RNA using a High
Capacity cDNA Reverse Transcription Kit (Invitrogen). Primers
were designed using Primer Premier Software (Primer Premier
5.0). Primer details are listed in Table S1. Gapdh was amplified in
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each sample as an internal control. The mRNA level of each gene
was normalized to Gapdh expression. The specificity of all quanti-
tative real-time PCRs (qPCRs) was verified by a single peak in the
melting curve. qPCRs were performed with a 7500 real-time PCR
amplification system using SYBR Green PCR master mix (Applied
Biosystems, UK). The relative levels of transcripts were calculated
using the AACT method within the ABI 7500 System Software
(V2.0.4). All gene expression levels were normalized to the internal
standard gene, Gapdh. The means and standard error were calcu-
lated from triplicate measurements. Significance was determined
using the Student’s t-test. A P-value of<0.05 was considered as sig-
nificant, and a P-value 0f<0.01 was extremely significant.

Single cell whole genome amplification and exome sequencing

Single cell whole genome amplification was performed on lysed
single cells using a recently developed method named multiple
annealing and looping based amplification cycles (MALBAC) [28].
In brief, amplification was initiated by primers, each with a 27
fixed and eight degenerate base hybridizing uniformly throughout
the genome. Fragments with variable length at random starting
positions were generated by polymerase extension for multiple
cycles. All fragments were flanked by the 27 base-fixed sequence
and their complementary sequences, and further amplified by
PCR to about 1 pg for barcoded massively parallel sequencing on
an Illumina HiSeq 2500 sequencing platform.

Sry DNA in situ hybridization

We used a commercially available SRY DNA FISH kit (Mice SRY
DNA biotin labelled POD and fluorescent FISH in situ hybridization
double staining system, TBD Science), according to the manufac-
turer’s instructions. Briefly, sections were dewaxed with a graded
series of ethanol, quenched in 3% H,0, for 10 min at room temper-
ature, and then washed twice with PBS. The sections were covered
with SRY reagent B for 10 min at 37 °C. After washing with PBS, the
sections were incubated in Tris buffered saline (TBS) for 20 min at
95-100 °C (pH 8.9) and then rinsed three times with cold TBS
(5 min per rinse) and once with 0.2 x saline sodium citrate
(5 min per rinse) at 0 °C. The sections were incubated for 8 h at
37 °C with SRY reagent A and then washed three times with
2 x saline sodium citrate at 37 °C (3 min per rinse), three times
with 0.2 x saline sodium citrate (3 min per rinse) at 37 °C, and
three times with TBS (2 min per rinse) at 37 °C. The sections were
covered with SRY reagent C for 45 min at 37 °C. After washing in
PBS, the sections were incubated at 37 °C for 120 min with a fluo-
rescein isothiocyanate (FITC)-conjugated mouse anti-digoxin mon-
oclonal antibody, then incubated at 37 °C for 120 min with DAPIL.
Finally, the sections were mounted in anti-fade mounting medium.
Images were obtained using a Leica DMI3000 B microscope and
Leica DFC550 digital camera.

Hi-C library generation using a low amount of cells

In situ high throughput chromosome conformation capture (Hi-
C) assays were carried out according to the protocol with minor
modifications [4,29-30]. Cells were fixed in a 1% final concentra-
tion of formaldehyde prior to 10 min incubation at room tempera-
ture. The reaction was quenched for 5 min by adding a 2.5 M
glycine solution. Cells were pelleted twice (3000 g, 4 °C for
5 min), resuspended in ice-cold Hi-C lysis buffer for at least
15 min, and then washed once with 100 pl of 1 x NEBuffer 2.
The supernatant was discarded, and 1 pl of 5% sodium dodecy! sul-
fate (SDS) was added to the remaining 9 pul solution. The pellet was
gently mixed and incubated at 62 °C for 10 min. After incubation,
9.5 ul water and 2.5 pl of 10% Triton X-100 were added to quench
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the SDS, and then the solution was incubated at 37 °C for 30 min.
Chromatin digestion was performed with Dpn II restriction
enzyme (NEB, R0543M) at 37 °C overnight and then inactivated
for 20 min at 65 °C. To fill the overhangs generated by the Dpn II
restriction enzyme, a master mix of 3.75 pl biotin-14-dATP (Life
Technologies), 0.45 pl of 10 mM dCTP/dGTP/dTTP mix, and 1 ul
of 5 U/pl large DNA Polymerase [ (NEB, M0210L) were added, fol-
lowed by incubation at 24 °C for 4 h. The above biotin-labelled
products were ligated by adding a master mix of 66.3 pl water,
12 pl of 10 x NEB T4 DNA ligase buffer, 10 pl of 10% Triton
X-100, 5 pl of 10 mg/ml bovine serum albumin, and 2 pl of 400
U/ml T4 DNA ligase, followed by incubation at 16 °C for 20 h and
then inactivation at 75 °C for 20 min. The samples were pelleted
(3000 g, 4°Cfor 5 min) and washed once with 100 pl of 10 mM Tris
buffer. To remove biotin from unligated DNA ends, a master mix of
40 pl water, 5 pl of 10 x NEBuffer 2.1, 0.125 pl of 10 mM dATP/
dGTP, and 5 pl of 3,000 U/ml T4 DNA polymerase (NEB, M0203L)
were added to the tube containing the DNA sample, followed by
incubation at 20 °C for 4 h. The samples were pelleted (3000 g, 4°-
Cfor 5 min) and resuspended in 50 pl of 10 mM Tris buffer. To
digest the proteins, 2 pl of 20 mg/ml proteinase K (NEB, P8107S)
was added, followed by incubation at 62 °C for 18 h and inactiva-
tion at 75 °C for 30 min. The DNA was sheared to an average size of
400 bp (Covaris, M220) to perform the End Repair/dA-Tailing and
Adaptor Ligation (NEB, E7337A) with a KAPA Hyper Prep Kit (KAPA,
kk8502) and then processed by 3 pl of USER™ Enzyme (NEB,
M5505L) at 37 °C for 15 min to open up the loop. Biotin-labeled
ligation products were isolated using MyOne Streptavidin T1 Dyn-
abeads (Life Technologies, 65601) and then resuspended in 20 pl of
10 mM Tris buffer at 98 °C for 10 min, and the supernatant was
transferred to a fresh PCR tube. Hi-C DNA was amplified using
Index Primers set 1 (NEB, E7335S). The Hi-C libraries were purified
with AMPure XP beads (Beckman Coulter, A63881) and sequenced
using an Illumina sequencing platform.

Hi-C data processing, mapping, and ICE normalization

For Hi-C pair-end raw data, we first trimmed the adaptor
sequences and low quality reads with BBmap (version 38.16).
Then, we used HiCPro (version 2.7) [31] to map, process, and per-
form iterative correction for normalization. Briefly, reads were
independently aligned to the mouse reference genome (mm9) by
the bowtie2 algorithm [32]. We discarded the uncut DNA reads,
re-ligation reads, continuous reads, and PCR artifacts. We then
used the unique mapped reads (MAPQ > 10) to build the contact
matrix. Valid read pairs were then binned at a specific resolution
by dividing the genome into sequential bins of equal size. We gen-
erated the raw contact matrices at binning resolutions of 10, 20, 40,
100, and 200 kb. ICE[33] normalization was applied to remove bias
in the raw matrix, such as GC content, mappability, and effective
fragment length in the Hi-C data.

Validation of Hi-C data

The data reproducibility was confirmed by calculating Pearson’s
correlation coefficient (PCC) between the two libraries. Briefly, the
interaction frequency was generated for each pair of 40 kb bins. For
each possible interaction I;; between two replicates, they were cor-
related by comparing each point interaction in the normalized
interaction matrix. Considering that the interaction matrix was
highly skewed toward proximal interactions, we restricted the cor-
relation to a maximum distance of 2 Mb between pointsi and j. We
used R to calculate Pearson’s correlation between two duplicates.
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Contact probability p(s)calculation

P(s) was calculated with normalized interaction matrices at a
40 kb resolution, as described previously [27]. P(s) calculations
only considered intra interactions. Briefly, we divided the genome
into 40 kb bins. For each distance separated by 40, 80, 120, and
160 kb, we counted the number of interactions at corresponding
distances. Then, we divided the number of interactions in each
bin by the total number of possible region reads as P(s). Further-
more, we normalized the sum of P(s) over the range of distances
as 1. We used LOWESS fitting to construct the curve (log-log axis).

Identification of a and B compartments

We used the R package (HiTC) [34] pca.hic function to generate
PC1 eigenvectors using 400 kb normalized matrices with the fol-
lowing options: normPerExpected = TRUE, npc = 1, for which a pos-
itive value indicated the A compartment, while a negative value
indicated the B compartment. To investigate compartment switch-
ing, we defined switched bins only if PC1 eigenvectors changed in
the same direction for two replicates.

Identification of concordant genes with an A/B compartment switch

We used a previously described method with minor modifica-
tions to define genes with concordant changes in expression and
compartment status [35]. Briefly, we calculated the covariance
between the vector of the gene expression values (FPKM) and the
vector of PC1 values for each gene across five cell types. The calcu-
lated covariance as a metric to quantitatively define “concordance”
was used. We compared these observed covariance values with a
random background distribution to calculate a P-value for the
covariance for each gene. Then, we produced the background dis-
tribution by randomly shuffling the vector of FPKM for each gene
and calculating the covariance between the PC1 values and random
gene expression vector. A rank-based P-value could be calculated
for observed covariance values with 1000 repeats for each gene.
Concordant genes were defined as those with a P-value of < 0.01.

Generation of lentivirus particles

Knockdowns of specific genes were accomplished by small
interfering RNAs (siRNAs) targeting Plzf and Eed. The interfering
fragment was inserted downstream of the U6 promoter in a len-
tiviral vector (pLKD-CMV-G&PR-U6-shRNA) by molecular biologi-
cal methods. At least four independent siRNAs were screened for
knockdown efficiency against each target and the best siRNA target
was selected (targetSeq: CCAGGCATCTGATGACAAT for Plzf; GCAA-
CAGAGTAACCTTATA for Eed). For Stella, Zfp57, H19, and Rasgrf1
overexpression, cDNAs of candidate genes were inserted into the
EcoRI and BamHI restriction sites of the overexpression plasmid
(pHBLV-CMVIE-ZsGreen-T2A-puro).

Lentivirus particles were generated by cotransfection of knock-
down or overexpression plasmids and lentivirus packaging plas-
mids into HEK293T cells using transgene reagent. Enhancing
buffer was added to the medium after 12 h of transfection. Virus
particles were harvested at 48 h after transfection, and a standard-
ized virus titer was obtained using HEK293T cells.

Lentiviral infection

For lentivirus infection, 1 x 10* SSCs, which were passaged for
2-3 times, were seeded in the well of a 48-well plate pre-coated
with laminin and incubated with a 1: 1 mixture of culture
medium and lentivirus-concentrated solution (lentivirus titer:
1 x 10° TU/ml) containing 5 pg/ml polybrene. After overnight
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infection, cells were re-plated onto puromycin-resistant STO feeder
layers and cultured in SSC medium. At 12 h after re-plating, the
SSCs were incubated with a 1: 1 mixture of culture medium and
lentivirus-concentrated solution again. After overnight infection,
the mixture was changed to fresh culture medium, and the cells
were cultured for 12 h. SSCs were then infected for a third time.
After overnight infection, the mixture was changed to fresh culture
medium, and the cells were cultured at 37 °C with 5% CO,. At day 6,
the cells were subcultured at a 1: 1-2 split ratio, and 100 ng/ml
puromycin was added to the FGSC culture medium to screen for
puromycin-resistant iGSCs. After 72 h, the surviving iGSCs were
passaged and analyzed by qRT-PCR and western blotting.

Western blotting

Cells were lysed in protein lysis buffer, and protein concentra-
tions were determined with the bicinchoninic acidassay. Then a
total of 15 ng protein was separated in 12% w/v sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane. Subse-
quently, the membranes were blocked with 5% nonfat milk in
PBST (PBS, 0.05% Tween-20) at 37 °C for 2 h. The membranes were
overnight incubation at 4 °C with appropriate primary antibodies:
Rabbit polyclonal to STELLA (1:1000; ab19878, Abcam), Rabbit
polyclonal to ZFP57 (1:1000; ab45341, Abcam), RASGRF1 Antibody
(1:1000; 3322, Cell Signaling), PLZF Antibody (1:1000; MAB8395, R
& D), and Rabbit polyclonal to ZFP42 (1:1000; ab28141, Abcam) in
5% nonfat milk in PBST buffer. After washing three times with PBST
for 10 min, the membranes were incubated with Goat Anti-Rabbit
IgG(H + L), HRP conjugate (1: 2000; SA00001-2, Proteintech) at
37 °C for 2 h, and washing three times with PBST for 10 min.
Finally, the images were scanned with a chemiluminescence imag-
ing system (ProteinSimple, Santa Clara, CA, USA).

RNA-seq

Total RNA was extracted from 1 to 2 x 10° cells using Trizol
Reagent. The RNA quality was assessed using an Agilent Bioana-
lyzer 2100. RNA-Seq libraries were prepared using the KAPA
Stranded mRNA-Seq kit, following the manufacturer’s instructions.
After preparation, libraries were quantified using a Qubitfluorom-
eter and sequenced with the HiSeq Platform (2 x 100 bp). All
RNA-Seq data were trimmed and aligned to the mm9 reference
genome using Hisat2 (version 4.8.2)[36] with the default parame-
ters. Gene expression as FPKM was calculated by Cufflinks (version
2.2.1) [37] using the RefSeq database from the UCSC genome brow-
ser. Sequencing depth was normalized.

MeDIP-seq

The DNA methylome assay was performed as described previ-
ously [14]. Briefly, genomic DNA (gDNA) was extracted and frag-
mented with Bioruptor (Connecticut, USA) into fragment sizes of
200-500 bp. Sonicated gDNA was used for end-repair and adaptor
ligation. The adaptor-ligated gDNA was denatured and incubated
with an antibody (Epigentek, A-1014) conjugated on Protein
A + G Magnetic beads (Millipore, 16-663). Immunoprecipitated
DNA was amplified by PCR and subjected to Illumina sequencing.

MeDIP-seq bioinformatics

MeDIP and input raw sequencing reads were mapped using
Bowtie2 (version 2.2.6) to the UCSC mm10 genome reference.
Duplicate reads were removed by samtools (version: 1.6-1). The
normalized coverage was calculated by binning the unique tags
in 1 kb bins, and the number of reads in each bin was normalized
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using reads per kilobase per million reads (RPKM). We identified
the enriched MeDIP regions over the background with MACS (ver-
sion 2.1.1) and default parameters [38]. Genome-wide pairwise
correlation analysis of read depth in 1 kb bins was performed to
evaluate DNA methylation patterns of SSCs, iGSCs, and FGSCs.

Ovarian organoid generation and culture

Ovarian organoids were formed using a modified method
described elsewhere [39]. Briefly, iGSCs, and SSCs (negative con-
trol) were purified by a FACS Aria Il (BD Bioscience) and co-
cultured with female gonadal(aged: from E12.5 to prenatal)
somatic cells in a 96-well U-bottom, low-binding culture plate
(Thermo Fisher Scientific) for 2 days in GMEM supplemented with
15% Knockout serum replacement (Invitrogen), 1.5 M retinoic
acid, 2 mM L-glutamine (Sigma), 1 mM non-essential amino acids
(Life Technologies), 2 mM L-glutamine (Sigma), 30 mg/ml pyruvate
(Amresco), 100 mM B-mercaptoethanol (Biotech), 30 mg/l peni-
cillin (Amresco), and 75 mg/l streptomycin (Amresco). One thou-
sand iGSCs, FGSCs or SSCs were 3D co-cultured with 3 x 10%
gonadal somatic cells. The co-cultures from 96-well U-bottom,
low-binding culture plates were transferred onto transwell-COL
membranes (Coaster) soaked in o-MEM- -based medium, «-MEM
supplemented with 2% FBS, 2 mM L-glutamine, 200 uM ascorbic
acid (Sigma), 50 mM B-mercaptoethanol, 30 mg/Ipenicillin, and
75 mg/l streptomycin. At 4 days of culture, the culture medium
was changed to StemPro-34-based medium, StemPro-34 SFM (Life
Technologies) supplemented with 10% FBS, 2 mM L-glutamine,
200 uM ascorbic acid, 50 mM B-mercaptoethanol, 30 mg/l peni-
cillin, and 75 mg/l streptomycin. From 7 to 10 days of culture,
800 nM ICI182780 was added to the StemPro-34-based medium.
At 11 days of culture, the culture medium was changed to
StemPro-34-based medium without ICI182780. After 21 days of
culture, individual follicles were manually dissociated using sharp-
ened tungsten needles.

Follicle 3D culture

The single follicles were cultured on transwell-COL membranes
with medium, o-MEM supplemented with 5% FBS, 2%
polyvinylpyrrolidone (Sigma), 2 mM L-glutamine, 200 uM ascorbic
acid, 50 mMp-mercaptoethanol, 30 mg/l penicillin, 20 ng/ml
mouse epidermal growth factor (Pepro Tech), 75 mg/l
streptomycin, 30 mg/ml pyruvate (Amresco), 0.2 IU/ml
follicle-stimulating hormone (FSH; MSD), 20 ng /ml BMP15, and
20 ng/ml GDF9 (R&D Systems). At 2 days of culture, the culture
medium was changed to medium without BMP15 and GDF9, and
then follicles were incubated in 0.1% Type IV Collagenase
(Invitrogen) for 5 min. After washing with «-MEM supplemented
with 5% FBS several times, the follicles were cultured in medium
without BMP15 and GDF9. After 14 days of culture, cumulus-
oocyte complexes grown on the membrane were picked up by a
fine glass capillary.

In vitro maturation, in vitro fertilization, and embryo transfer

The cumulus-oocyte complexes were cultured with o-MEM
containing 5% FBS, 30 mg/ml pyruvate (Amresco), 0.1 IU /ml FSH,
4 ng/ml EGF, 1.2 IU/ml hCG (gonadotropin, ASKA), 4 ng/ml bFGF,
30 mg/1 penicillin, 75 mg/I streptomycin. After 17-20 h of culture,
mature oocytes with expanded cumulus cells were fertilized in
HTF medium (SAGE) by sperm. Embryos developed to the 2-cell
stage were transferred into the oviducts of pseudopregnant
females at 0.5 day post-coitum.
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Results
Characterization of spermatogonial stem cells

SSCs were isolated by magnetic activated cell sorting (MACS)
using an anti-Thy-1 antibody after two step enzymatic digestion
of the testes from 6-day-old pou5f1 (also known as Oct4)/GFP
transgenic x C57BL/6 F1 hybrid mice [19]. Then, the isolated SSCs
were purified for GFP-positive SSCs by fluorescence-activated cell
sorting (FACS) (Fig. S2A). The purified SSCs were maintained on
STO fibroblast feeder layers (see Materials and methods)
(Fig. S2B). After 3-5 days of culture, SSCs expanded into clusters
(Fig. S2C).

To characterize SSCs, we determined the expression patterns of
Oct4, Mvh (mouse vasa homologue, expressed exclusively in germ
cells), c-Ret [40], Plzf [41], Rex-1 [42], Utf1 [43], Esg-1 (also known
as DPPAS) [44], Stra8 [45], Sox2 [46], and Nanog [47]. Reverse
transcription-polymerase chain reaction (RT-PCR) and immunocy-
tochemical analyses showed that SSCs expressed Oct4, Mvh, c-Ret,
Plzf, Rex-1, Utf1, Esg-1, and Stra8. Cytogenetic analysis by treatment
with colchicines followed by G-band staining demonstrated a nor-
mal karyotype (40, XY) in the metaphase spreads of examined SSCs
(Fig. S2D-]). To verify the characterization of SSCs, we compared
the global expression profiles of SSCs and embryonic stem cells
(ESCs) using microarrays. Gene expression profiles by scatter plots
showed a significant difference between SSCs and ESCs (Fig. S2K,
n = 3). More than two thousand genes (2251) were differentially
expressed between SSCs and ESCs, including pluripotency-related
genes Dppa4, Fgf4, Nanog, Sox2, and Klf4 (Fig. S1K and L, fold
change > 2, P < 0.05, t-test) and SSC-related genes Zbtb16 (or Plzf),
Gfral, Tex18, Piwil2, and Dazl (Fig. S2K and L, fold change > 2,
P < 0.05, t-test). Therefore, these results demonstrated that SSCs
had their apparent original property rather than a pluripotent
identity.

To determine the imprinting pattern of SSCs, differentially
methylated regions (DMRs) of two paternal (H19 and Rasgrf1)
and two maternal (Igf2r and Peg 10) imprinted regions were exam-
ined in SSCs and ESCs by bisulfite genomic sequencing. In SSCs,
paternally imprinted regions (Fig. S2M and O) were methylated,
while maternally imprinted regions were not methylated
(Fig. S2N and P); this indicated an androgenetic imprinting pattern
that was different from that of ESCs.

Spermatogonial stem cells can transdifferentiate into oocytes in vivo

To investigate SSC fate determination in the mouse ovary,
pou5f1/GFP transgenic mouse SSCs cultured for 3-5 days were
directly transplanted into the ovaries of premature ovarian failure
(POF) mice (see Materials and methods). PBS was injected into the
ovaries of POF recipients as a control. For the positive control,
FGSCs from pou5f1/GFP transgenic mice were also transplanted
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into the ovaries of POF mice (see Materials and Methods). At
8 weeks post-transplantation, recipient ovaries including positive
control ovaries were collected and evaluated for morphology and
GFP expression. Histological analysis showed that recipient ovaries
injected with cells contained numerous oocytes at all stages of
development, including GFP-positive oocytes (Fig. 1A I, III, IV and
Fig. S3A-E). Furthermore, DNA fluorescence in situ hybridization
(FISH) analysis showed the presence of the Sry gene in oocytes
from recipient ovaries (Fig. 1B). For confirmation, single cell whole
exon sequencing was used. The results demonstrated that the ger-
minal vesicle (GV) oocytes from recipient ovaries were derived
from transplanted SSCs (Fig. 1C). Mature oocytes from recipient
ovaries were then collected for karyotype analysis. The results
showed that some mature oocytes had the karyotype of 20, Y
(Fig. 1D I-V). PCR analysis of DNA fragment Sry confirmed that
some mature oocytes contained a candidate of the Y chromosome
(Fig. 1D VI). However, control ovaries consisted of stromal and
interstitial cells as well as atretic follicles (Fig. 1A II). These results
indicate that XY oocytes were regenerated in POF females by trans-
plantation of SSCs.

Oocytes transdifferentiated from spermatogonial stem cells can
produce offspring

To examine whether XY oocytes derived from SSCs could pro-
duce offspring, POF recipients were mated with wild-type
C57BL/6 adult males at 35 days after cell transplantation or PBS
injection (control) [16,48]. Control recipients were not fertile
(n = 9). All POF recipients produced offspring (n = 8, Fig. 1E I)
with more males than females per litter (male: female,
1.95:1.00). One hundred and sixteen of the 130 offspring were
alive with a normal phenotype as well as fertile. Fourteen of
the 130 offspring died at 1-6 weeks after birth. The offspring
were examined for the presence of GFP transgenes by Southern
blot analyses (Fig. 1E II). Sixty-four of the 130 F1 progeny were
heterozygous for the GFP transgene. Furthermore, simple
sequence length polymorphism (SSLP) analysis was performed
with SSLP markers to confirm that the offspring were derived
from transplanted SSCs. The offspring from eight recipients (see
above) were distinct from POF (see Materials and methods) or
C57BL/6 mice-their parents (POF mice and mated male); how-
ever, they had exactly the same profiles as the SSCs from which
they were derived (Fig. 1F). Moreover, five out of six positive con-
trols (see Materials and methods) with FGSC transplantation were
fertile with approximately equal numbers of males and females
per litter (male: female, 1.02:1.00), and their offspring showed
no abnormal phenotype. Fifty of the 101 offspring were heterozy-
gous for the GFP transgene (Fig. S3F and G). These results suggest
that the XY oocytes derived from SSCs can produce offspring in
previously sterile recipients and generate transgenic progeny.

Fig. 1. SSCs transdifferentiate into oocytes in the ovaries of POF recipients and GFP-expressing offspring are generated from the transplanted SSCs from pou5f1/GFP
transgenic mice. (A) SSCs were transplanted into the ovaries of POF recipient mice. I, I, Representative morphologies of the ovaries from recipients with (I) or without (II) SSC
transplantations. III, Follicles containing GFP-positive (green) oocytes in recipient ovaries at 8 weeks after transplantation of pou5f1/GFP transgenic SSCs. IV, Oocytes in a
wild-type ovary without a GFP signal. (B) DNA fluorescence in situ hybridization for SRY. SRY was only localized in oocytes (green) derived from SSCs in ovary (I). Nuclei were
counterstained with DAPI (blue) (II). (C) Circos plot showing the coverage from the single cell exon sequencing as a histogram. Grey represents FGSCs; Red represents GV
oocytes derived from SSCs in the ovary; Blue represents SSCs. (D) Karyotype analysis of mature oocytes from POF recipient ovaries at 2 months after pou5f1/GFP transgenic
SSC transplantation. I, II, Representative morphologies of mature oocytes derived from pou5f1/GFP transgenic SSCs (I) emitting GFP fluorescence (II) under UV light. I1I-V,
Cytogenetic analysis by G-band staining showing that some mature oocytes from SSCs had a karyotype of 20, Y. Ill: An example of 20, Y in mature oocytes derived from
pou5f1/GFP transgenic SSCs. Arrow indicates the Y chromosome. IV: Example of 20, X in mature oocytes derived from pou5f1/GFP transgenic SSCs. V: Representative
karyotype (20, X) of wild-type mature oocytes. VI, PCR analysis of Sry. M, 100 bp DNA marker; lane 1, SSCs; lane 2, mature oocytes derived from pou5f1/GFP transgenic SSCs;
lane 3, wild-type mature oocytes; lane 4, mock. (E) Example of offspring from POF recipient mice transplanted with pou5f1/GFP transgenic SSCs (I) and an example of a
Southern blot of tail DNA (II). Genomic DNA was digested with EcoRI. Marker sizes are indicated to the right of the blot. Lanes 1, 3, 5, and 7: transgenic mice; lanes 2, 4, 6, and
8: wild-type mice. (F) SSLP analysis of parents and their offspring mice through SSLP markers. M: DNA marker; lane 1: donor SSCs; lane 2: female recipients (POF); lane 3:
mated males (C57BL/6); lanes 4-11: offspring from eight corresponding recipients females. Scale bars, 50 um (A I, II, IV), 100 pm (A II), 25 pm (B I, II), 10 pm (D [, II).
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Fig. 2. Tracking of transplanted SSCs in recipient ovaries. (A) Transplanted SSCs from pou5f1/GFP transgenic mice were monitored by confocal laser scanning microscopy at
2h,and 2, 3,4,5,6,9, 12, and 15 days after transplantation into recipient ovaries. (B) Gene expression dynamics during oogenesis in transplanted cells at 4, 6, 9, and 15 days
after transplantation. (C) Dual immunofluorescence analysis of MVH and GFP expression in transplanted cells at 2, 3, 4, 5, 6, 9, 12, and 15 days after transplantation. Scale
bars, 50 pum.
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Fig. 3. Methylation status and gene expression dynamics of transplanted SSCs in recipient ovaries. (A-D), Methylation status of H19 (A, C) and Peg10 (B, D) DMRs in SSCs at 0
and 2 h,and 2, 3,4, 5, 6,9, 12, and 15 days after transplantation. DNA methylation levels were analyzed by bisulfite sequencing. Black circles represent methylated cytosine-
guanine sites (CpGs), and white circles represent unmethylated CpGs. The percentage of methylated CpG sites is shown in (C) and (D). (E) Gene expression dynamics in
transplanted SSCs at 0 and 2 h, 2, 3, 4, 5, 6, 9, and 15 days after transplantation.
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Control adult mice that received PBS injections into their ovaries
did not produce transgenic offspring.

Tracking of transplanted spermatogonial stem cells in recipient ovaries

To understand how the SSCs transdifferentiated into oocytes in
recipient ovaries, pou5f1/GFP transgenic mouse SSCs cultured for
3 days were directly transplanted into the ovaries of POF mice,
and then monitored by confocal laser scanning microscopy. At
2 h after SSC transplantation, the SSCs were observed in ovaries
of recipient mice, indicating that the SSCs had been successfully
transplanted into the mouse ovary (Fig. 2A). The transplanted cells
were found to migrate toward the edge of the ovarian cortex at
2 days post-transplantation (Fig. 2A). At 3 days after transplanta-
tion, the cells continuously migrated toward the edge of the ovar-
ian cortex and some of them reached the edge (Fig. 2A). When the
transplanted cells had been in the ovary for 4 days, all of them had
migrated into the edge of the ovarian cortex (Fig. 2A). Five days
post-transplantation, transplanted cells settled in the edge of the
ovarian cortex and began to transdifferentiate into early primary
oocytes (Fig. 2A and B). At 6-15 days after transplantation, the
transplanted cells continued to transdifferentiate into oocytes at
various stages of development (Fig. 2A). This was confirmed by
dual immunofluorescence analysis of the expression of MVH and
GFP in transplanted cells (Fig. 2C).

Methylation status and important gene expression dynamics during
the development of transplanted spermatogonial stem cells in
recipient ovaries

To explore the mechanism of SSC fate determination when the
SSCs were transplanted into the recipient ovary, we performed
bisulfite sequencing to analyze the methylation status of these
transplanted cells, mainly the differentially methylated regions
(DMRs) of paternally imprinted gene HI19 and maternally
imprinted gene Peg10. It is noteworthy that no obvious change of
methylation levels, including the maternally or paternally imprint-
ing gene, was observed at 2 h after SSC transplantation (Fig. 3A-D).
At 3-4 days after transplantation, methylation levels of H19 were
reduced gradually to 68.3% and 60.8%, with a further reduction to
37.9% and 23.8% at 5-6 days, suggesting that the bulk of methyla-
tion erasure occurred at 5-6 days. The low levels of methylation
were present at 9 days and persisted to 15 days (Fig. 3A and C).
In contrast, the maternally imprinted gene Peg10 showed evidence
of robust de novo methylation with an increase to 45.7% methyla-
tion at 3 days and further increase to 78% methylation at 6 day,
indicating that the bulk of methylation establishment occurred at
6 days. The high methylation levels were maintained from 9 to
15 days (Fig. 3B and D). These results suggested that the maternal
DNA methylation pattern was directly constructed during SSC
development in recipient ovaries.

By comparing the expression patterns between SSCs and FGSCs
based on the high throughput data from our previous studies
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[49-50], we established combinations of imprinted genes (H19,
Rasgrf1, Snrpn and Peg10) and important transcription factor genes
(Plzf, Stella or Dppa3, Zfp42, and Zfp57). Furthermore, we deter-
mined expression patterns of these genes during induction of the
transplanted cells into oocytes in recipient ovaries. After compar-
ing the expression of imprinted genes in the cultured SSCs (0 h)
and transplanted SSCs at 2 h to 15 days post-transplantation, we
observed that paternally imprinted genes (H19, Rasgrf1) and tran-
scription factor genes (Stella and Zfp57) were gradually upregu-
lated, especially at 3 and 6 days with a further increase from 9 to
15 days (Fig. 3E). In contrast, along with induction into oocytes
of the SSCs in recipient ovaries, the expression levels of these
maternally imprinted genes (Snrpn, and Peg10) and transcription
factor genes (Plzf, and Zfp42) underwent obvious reductions at
5-6 days with a continuous decrease from 9 to 15 days after trans-
plantation (Fig. 3E), suggesting establishment of the maternal
imprinting pattern.

Critical imprinted genes and transcription factor genes required for
conversion of spermatogonial stem cells

Based on the above results, we further screened for the critical
imprinted genes and transcription factor genes required for SSC
conversion using three-dimensional (3D) culture system of ovarian
organoid. After overexpressing Stella, H19, Zfp57, and Rasgrf1 and
knockdown of Plzf, Peg10 and Zfp42 in SSCs, the cells converted
to induced germline stem cells (iGSCs) with a maternal imprinted
pattern (Fig. S4 and S5A) and formed ovarian organoids when
co-cultured with somatic cells from the fetal ovary for 21 days,
modifying the method of Hikabe et al. (Fig. S5B I-1I) [39]. Upon
withdrawal of Peg10 from the seven genes (7Gs), we found that
the co-cultured cells still formed ovarian organoids (Fig. S5B III).
Upon withdrawal of Rasgrf1 from the remaining 6Gs, we found that
the co-cultured cells still formed ovarian organoids (Fig. S5B V).
For the remaining 5Gs, removal of Zfp42 further promoted the for-
mation of ovarian organoids (Fig. S5B V). However, removal of any
factor from the four genes (4Gs, Stella, H19, Zfp57, and Plzf) led to
the failure to form ovarian organoids (Fig. S5B VI-IX).

The morphology of iGSCs induced by the overexpression of
Stella, H19, and Zfp57 and the inactivation of Plzf was similar to that
of FGSCs (Fig. 3A). Furthermore, the iGSCs expressed Stella, Mvh,
Fragilis, Dazl, and Oct4 with a maternal imprinted pattern (Fig. 4A
and B, Fig. S5C). For confirmation, we performed genome-wide
DNA methylation analysis in SSCs, iGSCs, and FGSCs by MeDIP-
seq. A total of 38.7 million reads, yielding 467,163 DNA methyla-
tionsites (peaks) in three kinds of cell populations were generated.
We observed widespread variation in terms of DNA methylation
during SSC transition into iGSCs (Fig. 4C). Subsequently, we per-
formed pair-wide correlation analysis of the MeDIP datasets from
SSCs, iGSCs, and FGSCs. We found that the overall DNA methylation
pattern of iGSCs was similar to that of FGSCs (r = 0.79), but it was
less similar to that of SSCs (r = 0.59). Such a trend was evidenced
more clearly by individual regions of interest. For example, at the

>

Fig. 4. Characterization of induced germline stem cells derived from SSCs in vitro. (A) Morphology and immunofluorescence detection of MVH and GFP in cultured induced
germline stem cells(iGSCs) and FGSCs. I, I, Representative morphology of cultured iGSCs under brightfield (I) and fluorescence (II) microscopies. III, IV, Representative view of
cultured FGSCs under brightfield (III) and fluorescence (IV) microscopies. V-VII, Cultured iGSCs were positive for EGFP (V) and MVH (VI) staining. Cells were counterstained
with DAPI (VII). VIII, Merge of EGFP, MVH, and DAPI staining. IX-XI, Cultured FGSCs were positive for EGFP (IX) and MVH staining (X). Cells were counterstained with DAPI
(XI). XII, Merge of EGFP, MVH, and DAPI staining. (B) RT-PCR analysis of germ cell or germline stem cell markers in SSCs, iGSCs, and FGSCs. Lane M, 250 bp DNA marker; lane 1,
SSCs, lane 2, iGSCs, lane 3, FGSCs, lane 4, STO, lane 5, no template control. (C) Genomic view of the DNA methylation pattern defined by MeDIP-seq in the IGV (Integrative
Genomics Viewer) genome browser and DNA methylation status of imprinting gene Igf2r in SSCs, iGSCs, and FGSCs. (D) Pairwise correlation comparison of genome-wide DNA
methylation among SSCs, iGSCs, and FGSCs. R values (Pearson correlation coefficient) were used to compare the significant correlation both within and between groups and is
represented by a color scale. (E) Heat map showing expression profiles of genes among SSCs, iGSCs, and FGSCs. The maps were based on the expression values of all expressed
genes detected by high-throughput sequencing. The color scale indicates the expression values. The intensity increases from green to red. Each column represents one
sample, and each row represents a transcript. (F) RNA-seq read density over imprinting gene Igf2r in SSCs, iGSCs, and FGSCs. Scale bars, 50 pm (A I-1V), 20 pm (A V-XII).
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maternally imprinted region Igf2r, the DNA methylation signal was at the promoter region of NrOb1, the gene encoding the orphan
relatively low in the Igf2r promoter of SSCs. It increased remark- nuclear receptor and required for development of male character-
ably and appeared to be almost at the same level in iGSCs and istics in mice [14]. Next, we compared global gene expression pro-
FGSCs (Fig. 4C and D). A similar phenomenon was also observed files among SSCs, iGSCs and FGSCs by RNA sequencing. A total of

A

Fragilis

Oct4

C
30] chr17:12,016,710-13,260,236
SSCs ﬂ . .HM“ | R TRRETR | TN ™ ;
30 ] D
G50 o Aul_mmm a.tmu.mumhuu lemmmmm T SSCs iGSCs  FGSCs
FGSCs o:| .LLLJ M1Ldmm.whuﬁ .. .JL .Mm u.ml.“uﬂ.‘h LJMLLI ik o SSCs 0.59 0.61
Park2 Agpat4 Map3k4 F'Ig Slic22a3 SIcZZaZ Slc2231 Ingr Aim  Mas1 Pnldc1 AcatZ SodZ Tcp10b
e ~\\ iGscs| 09 0.79
30 I S
SSCs ] < Y
30 ] lFGSCs 0.61 0.79
NI O YN S I I T
30
e 0]‘.‘. L"‘l "}.‘.‘.tl..‘.‘l"‘.".".“.‘.....*.' A “—I' i‘h wdobls ~"J
T T T T Igfzr!“ T
E F 3000]
SSCs 0 ||\|Hu|(ll""wl-un ol N
200 2 I?_‘ iGSCs O:Iw smrone ik s o b UL b i o e o i N
3000
FGSCso].. e Lok LMD b o e mmw
b o HIH HHIIH—H—HHIIIMH—H
Park2 Agpat4  Map3k4 Plg Slc22a2 —Igf2r Airn Mas1 Acat3 Sod2

3000 & .
pSY
SSCs o]||||||II||] |I||IIII Dot b o e 1 A

3000]
iGSCSO R TN TR A T A NI TR B T PR x
3001
SSCs iGSCs FGSCs FGSCSO A AME e A0 s e B 5 -
mHHHHHHHHH et :

92



H. Luo, X. Li, G.G. Tian et al. Journal of Advanced Research 33 (2021) 81-98

A Chromosome 16 C

SSCs iGSCs FGSCs

PC1 Value

Chr16 49,000,000 60,000,000
L []

S BIRE T
S1ssCs  OMbtutisiat, i e
£ I o B
E iGSCs 01
£
D
o i FGSCs
OIFGSCs ! 4, 1G8Cs  FC
3 r I3
(o)) R - ton
S Hli i T il
g 3 SSCs c m : i
N g Max g S P Pl
1] H S w ! | H H i
iGSCs )
Ex L o] B I I
R 5
Z <|FGsCs? S g |HE® EHEE
oo | e
RefSeq genes (T T T 1 1T TR T T TS Lozl .
LsampZbtb2 Ccdc80 Dppadift57 Chlb  Zpld1 Tfg Dcbld ‘g, ) P Eon
0 2 = o+ o
L AR
E S -
—T —r—
\O\Q' > \e N2 ) \el
118,000,000 123,000,000 122,570,000 SR SR SIS
1000, ,000, 570, 122,585,000 S° v @ ¥ » o
L ] | |
3001 F  iGscs Fascs
3.0 oS
SSCs 0.15)y |, w MI“‘. a A 04 — P oy
3001 ) [ [
c 25 __ | I
iGSCs 015 4 iidla . Aullilfhine )| o | |“ S |7 L
3007 SR P P
R Y il =R
0.15 | | L e : ; : T
FGSCs ) 0 PR 25, |
Dppa3 s 3 :
PP E @10 i 8 P I
w7
(] : s | : L
2 Cos L i
| £ o
0.0- T T 1 ] T 1
g < ¢ D
o N <b"°v6\"© ¥ o®

Fig. 5. Reorganization of the chromosome structure during SSC conversion to iGSCs. (A) Contact matrices from chromosome 16 in SSCs, iGSCs, and FGSCs. (B) First principal
component (PC1) value and normalized Hi-C interaction heat maps at a 40 kb resolution in SSCs, iGSCs, and FGSCs. The PC1 value was used to indicate the A/B compartment
status, where a positive PC1 value represents the A compartment (blue) and a negative value represents the B compartment (yellow). Dashed lines indicate TAD boundaries in
SSCs. (C) Hieratical clustering of PC1 values for the A/B compartment status in SSCs, iGSCs, and FGSCs. (D) Expression of genes that changed compartment status (“A to B” or
“B to A”) or remained the same (“stable”) compared with SSCs (P-value by Wilcoxon’s test). (E) IGV snapshot of Dppa3 (Stella) showing concordance between its expression
and PC1 values. (F) Relative MeDIP-seq signal that changed compartment status (“A to B” or “B to A”) or remained the same (“stable”) compared with SSCs (P-value by
Wilcoxon'’s test). ***p < 0.0001.
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380,702,626 raw reads were generated. We detected expression of
18229, 19755, and 18,978 out of 24,550 genes in SSCs, iGSCs, and
FGSCs, respectively. On average, 77% of the known mouse genes
were expressed in the sampled SSCs, iGSCs, and FGSCs. Hieratical
clustering was performed, and the results indicated that iGSCs
were clustered with FGSCs, but separated from SSCs, suggesting
that the global gene expression profile of iGSCs was similar to that
of FGSCs (Fig. 4E, Fig. S6). Among these genes, Igf2r, a maternal
imprinted gene, showed high expression in SSCs and low level
expression in iGSCs and FGSCs (Fig. 4F), which was consistent with
the results from the analysis of genome-wide DNA methylation in
SSCs, iGSCs, and FGSCs.

Chromatin architecture reorganization during spermatogonial stem
cell conversion to induced germline stem cells

Hi-C interaction maps provide information on multiple hierar-
chical levels of genome organization [1]. To understand how gen-
ome organization is involved in SSCs transition to iGSCs, we
performed Hi-C experiments using two biological replicates of SSCs,
iGSCs and FGSCs, generating a total of 9.24billion unique read pairs
(Table S2). The Hi-C data analysis showed the high order chromatin
organization of the whole genome of iGSCs had a high similarity
with FGSCs, different to SSCs (Fig. 5A-C, Fig. S7). To examine the
characteristics of their chromatin organization, we analyzed the pat-
tern of compartment A/B in SSCs, iGSCs, and FGSCs. We found a large
degree of spatial plasticity in the arrangement of the A/B compart-
ments or redistribution of the spatial organization of their genomes
during SSC transition into iGSCs with 35% of the genome switching
compartments. Furthermore, we found that the regions that chan-
ged their A/B compartment status corresponded to a single or series
of topologically associated domains (TADs), suggesting that TADs
are the units of dynamic alterations in chromosome compartments
(Fig. 5B). Interestingly, we observed that iGSCs and FGSCs were
highly similar in their status of A/B compartments compared with
SSCs (Fig. 5C). For SSC transition into iGSCs, genes that changed from
compartment B to A tended to show higher expression, while genes
that changed from A to B tended to show reduced expression
(Fig. 5D). Moreover, we identified 4353 genes with co-variation
between compartment switching and gene expression. For example,
at the compartment B region, Dppa3 expression was relatively low in
SSCs. It increased remarkably and appeared to be almost at the same
level in iGSCs and FGSCs when changing from compartment B to A
(Fig. 5E). DNA methylation that changed from compartment B to A
also tended to show areduced signal, whereas DNA methylation that
changed from A to B tended to show higher signal (Fig. 5F).

Induced germline stem cells can differentiate into mature oocytes

Developmental feature of ovarian organoids from iGSCs were
explored. At 2 weeks of 3D co-culture with the iGSCs and somatic
cells from the fetal ovary, ovarian organoids were generated. The
organoids were completely filled with follicles which possessed
oocytes. In contrast, ovarian organoids were not formed in the
SSC group. When the ovarian organoids were 3D co-cultured for
3 weeks, the follicles grew obviously (Fig. 6A). On the other hand,
continuous increases in the progesterone and estradiol concentra-
tions in the medium suggested ovarian organoids had hormone
secretion functions (Fig. 6B).

Subsequently, individual follicles were manually separated
from the ovarian organoids. After these follicles were 3D cultured
individually for 2 weeks (Materials and methods), a large number
of immature oocytes were obtained from the cultured follicles.
Moreover, Oct4-EGFP cells were detectable at 3 days of 3D co-
culture. A number of EGFP-positive oocytes were observed in ovar-
ian organoids after 3 weeks of 3D co-culture (Fig. 6A). After 2-
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3 weeks of 3D co-culture, however, the EGFP expression became
weak (Fig. 6A).

Then, 905 immature oocytes were obtained from 27 ovarian
organoids in 8 cultures with 33.52 + 4.27 immature oocytes per
organoid (Fig. 6C). To evaluate oogenesis during the ovarian orga-
noid development, immunofluorescence analysis of SCP3 and
H2AX was performed. The results showed progression of meiotic
prophase I from 7 to 21 days of the germ cell differentiation in
the organoids (Fig. 6D). Furthermore, the gene expression profiles
during iGSC differentiation were analyzed by qRT-PCR, suggesting
the genes involve in oogenesis with dynamic expression (Fig. S8).

After in vitro maturation for 17-20 h, 51.3% of these immature
oocytes reached mature oocytes. In addition, no difference in the
number of mature oocytes was observed between iGSCs group
and the control (Fig. 7A, B).

Offspring production from induced germline stem cells

To determine whether these mature oocytes could develop into
offspring following in vitro fertilization, embryo culture and trans-
fer into pseudopregnant ICR females were performed. The fertiliza-
tion rate of the iGSC group (47.2%) was similar to that of the
control (46.3%) (Fig. 7C). Subsequently, these zygotes developed
to 2-cell embryos (Fig. 7D). After the embryo transfer, 53 (male:
female, 1.65:1.00) out of 342 were delivered as viable offspring
with colored eyes (Fig. 7E, F), indicating that the offspring were
derived from C57BL/6 iGSC-derived oocytes, but not ICR oocytes
among gonadal somatic cells. The offspring were confirmed for
the presence of GFP transgenes by Southern blot analysis, and live
imaging by a Lumazone imaging system (Fig. 7G, H). In contrast to
wide-type mice, the offspring derived from iGSCs displayed no sig-
nificant differences in body weight during postnatal development
(Fig. S9A). With analysis of the methylation status, 10 offspring
per group demonstrated no observably abnormal methylation pat-
terns (Table S3). After mating for 3 months with normal males or
females proven fertility, the mice derived from iGSCs produced
an average of 150 offspring, the same as wild-type mice and the
male to female ratio in offspring was close to 1 (Table S4). The first
to third generation (F1-F3) produced by these offspring were allo-
cated to the same mating cycle, an average of 150 offspring in each
filial generation was produced too (Table S4). Litter sizes from
in vitro offspring production of functional oocytes from iGSCs
and their F1 to F3 generation mice were similar with wild-type
mice (Fig. S9B). These results showed that there was no significant
difference in reproductive capacity between the offspring from
iGSCs and the wild-type mice.

Discussion

Critical transcription factors are required for sex determination.
In mammals, male sex determination relies on upregulation of sex
determining region-box9 (Sox9) expression in somatic cells of XY
gonads by sex-determining region Y chromosome (SRY), while
Wnt family member (WNT)/R-spondin 1 signaling and forkhead
box L2 (Foxl2) drive female sex determination in somatic cells of
XX gonads [51-57]. Furthermore, male and female sex-
determining programs can antagonize one another to drive one dif-
ferentiation pathway. For example, Sox9 is upregulated in sex-
reversed XX Wnt4-/-; Foxl2-/- double-knockout mice [57] and
sex-reversed XY Sox9-/- gonads express both Wnt4 and FoxI2
[54]. Recently, Gonen et al. demonstrated sex reversal following
deletion of an enhancer of Sox9, Enh13 [58].

The somatic cells associated with PGCs initiate their cell fate
determination to promote PGC development into a male or female
germline lineage at the onset of sex determination, demonstrating
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and fluorescence. Up, Ovarian organoids or co-cultures with somatic cells of gonad and iGSCs at 3 days, 2 weeks, and 3 weeks. Down: Images of aggregates formed by somatic
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that somatic cells are essential and provide the microenvironment
to support this process [59-61]. Ultimately, germ cells will differ-
entiate into eggs or sperm according to their environment. The
bidirectional differentiation is controlled by different signaling
pathways. For example, Wnt signaling plays a major inhibitory role
in testis determination [62].

Based on these findings, we determined whether the ovarian
environment can drive SSC development into the female germline
lineage under the action of WNT/R-spondin 1 signaling and FoxI2.
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To this end, we transplanted SSCs into the POF ovary to explore their
fate determination and how it corresponds to their microenviron-
ment. Interestingly, the transplanted SSCs transdifferentiated into
oocytes and produced offspring-as confirmed by tracing trans-
planted cells, single oocyte whole exome sequencing, chromosome
analyses, and offspring Southern blotting. When we tracked the
transplanted SSCs in the recipient mouse ovary, we observed that
the cells migrated into the edge of the ovarian cortex and transdiffer-
entiated into oocytes day-by-day, showing a similar migration pro-
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cess as FGSC transplanted into the ovary [48]. Moreover, the trans-
planted SSCs directly reversed their paternal DNA methylation sta-
tus to a maternal DNA methylation status day-by-day, suggesting
that the cells did not dedifferentiate into PGCs. Unlike most previous
studies that focused on the regulatory mechanism of somatic cells in
gonads, we explored the mechanisms of transplanted SSCs accord-
ing to their environment. Based on our previous studies [49-50],
we selected important genes with differential expression between
SSCs and FGSCs. These genes included paternal imprinting genes
(H19, and Rasgrf1), maternal imprinting genes (Peg10, and Snrpn)
and transcription factor genes (Stella, Plzf, Zfp57, and Zfp42). Further-
more, we found that the expression patterns of these genes were
consistent with the change in pattern of the DNA methylation status
during SSC transdifferentiation into oocytes, suggesting that these
genes play important roles in the induction of SSC conversion into
the female germline lineage.

We successfully screened the critical imprinted genes and tran-
scription factor genes required for SSC conversion by the ovarian
organoids. These critical genes were H19, Stella, Plzf, and Zfp57. The
H19 gene is one of the best-studied imprinted genes and is inacti-
vated by imprinting of the paternal allele and loss of the maternal
allele in the mammals [63]. Stella is a maternal factor essential for
early development [64]. Zfp57 is also paternal imprinted gene, and
has been shown to target and maintain epigenetic states at genomic
imprinting control regions [65]. Plzf is a spermatogonia-specific
transcription factor in the testis that is required to regulate self-
renewal and maintenance of the SSCs [41]. After overexpressing
Stella, H19, and Zfp57, and knockdown of Plzf in SSCs, the cells con-
verted to iGSCs with a maternal imprinted pattern and similar mor-
phology, overall DNA methylation pattern, and global gene
expression profile as FGSCs, suggesting that the four genes could
induce SSC conversion to the female germline in vitro. The iGSCs
could differentiate into MII oocytes in vitro. Furthermore, the MII
oocytes derived from iGSCs were capable of in vitro fertilization
and developing into offspring similarly to those of control. However,
the sexratio (male: female) of offspring derived from the control was
1.1:1.0, whereas the sex ratios of offspring derived from iGSCs and
transplanted SSCs were 1.7:1.0 and 1.9:1.0, respectively, suggesting
that both of the latter two parents had a male chromosome kary-
otype in accordance with Mendel’s law of inheritance.

A higherorder chromatin structure is regarded as an important
regulator of gene expression. To explore the mechanism of SSCs con-
version to iGSCs at the chromatin level, we compared the patterns of
compartment A/Bin SSCs,iGSCs, and FGSCs. We found redistribution
of the spatial organization of their genomes during SSC conversion to
iGSCs with 35% of the genome switching compartments. Further-
more, we found 4353 genes with covariation between compartment
switching and gene expression, suggesting this chromatin reorgani-
zation regulates gene expression for SSC conversion to iGSCs. Inter-
estingly, there was high similarity in the chromatin structure
between iGSCs and FGSCs, indicating that the chromatin structure
is the basis of cell functions [3].We also observed that DNA methyla-
tion that changed from compartment B to A tended to show reduced
signal, whereas DNA methylation that changed from A to B tended to
show a higher signal, suggesting that the chromatin reorganization
regulates the DNA methylation status during SSC conversion to
iGSCs. The mechanism of SSC conversion to iGSCs at the chromatin
level is similar to that of lineage specification in human ESCs [35].

Conclusion

In conclusion, we demonstrated successful production of off-
spring from oocytes transdifferentiated from mouse SSCs by track-
ing the transplanted SSCs and their methylation status in vivo,
single cell whole exome sequencing, and reconstitution in vitro
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of the process of oogenesis derived from SSCs. We also found that
iGSCs differentiated into functional oocytes can be directly con-
verted by transduction of H19, Stella, and Zfp57 and inactivation
of Plzf in SSCs. By mapping genome-wide chromatin interactions
in SSCs, iGSCs, and FGSCs, we uncovered extensive chromatin reor-
ganization during SSC conversion into iGSCs. We observed that,
although TADs were stable during SSC conversion, chromatin inter-
actions changed in a striking manner, altering 35% of inactive and
active chromosomal compartments throughout the genome. By
integrating chromatin interaction maps with transcriptome and
genome-wide DNA methylation datasets, we found a high degree
of plasticity in A and B compartments, corresponding to changes
in DNA methylation and gene expression. Our results provide a
new strategy to investigate germ cell biology, biotechnology, and
medicine.
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