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ABSTRACT

Sex is an increasingly important feature of mouse naive pluripotent stem cells (PSCs), but the
regulatory processes involved remain enigmatic. Here, we addressed how sex modulates
pluripotency by characterizing the transcriptional state, differentiation dynamics, growth and
DNA methylation in female ESCs with heterozygous deletions of Dusp9. Our results show that
sex-specific regulation of DNA methylation by Dusp9 can be molecularly uncoupled from the
regulation of sex-specific differences in growth, transcription and pluripotency exit. We also
addressed how sex modulates pluripotency by characterizing, in male and female cells, the
transcriptional state and differentiation dynamics of iPSCs. We found that iPSCs adopt distinct
sex-specific transcriptional states, pluripotency exit kinetics and growth properties, which
correlate with the presence of two active X chromosomes. Differences in growth and
pluripotency exit are not explained by X-linked pluripotency genes. We also examined the open
chromatin landscape of embryonic stem cells (ESCs). Epigenomic profiling revealed sex-
specific open chromatin landscapes associated with pluripotency and development that underlie
key pluripotency and signaling transcription factor binding sites. The differential enrichment of
binding sites in sex-specific open chromatin regions provides a molecular link between
transcriptional regulators, maintenance of and exit from pluripotency. Our results uncover that
different pathways regulate distinct sex-specific differences in PSCs and reveal new molecular
insights on sex-specific cellular states.
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INTRODUCTION

Pluripotent stem cells (PSCs) are important for modeling development and diseases and for the
design of future regenerative medicine approaches [1]. A key question in the field is what
mechanisms underlie the establishment and maintenance of pluripotency. Somatic cells can be
reprogrammed into induced PSCs (iPSCs) by transcription factor overexpression [2] and mouse
embryonic stem cells (ESCs) can be derived directly from early embryos [3]. Both cell types
have the capacity to self-renew and maintain embryonic lineage differentiation potential in
culture [4]. It is of outstanding interest to understand what epigenetic and genetic mechanisms
influence the molecular and functional properties of PSCs.

Increasing evidence suggests that X-chromosome dosage can modulate the molecular and
functional properties of mammalian PSCs [5-16]. Female cells undergo X-chromosome
reactivation in the mouse inner cell mass resulting in two active X-chromosomes (XaXa), a state
maintained in female ESCs and induced by reprogramming to iPSCs [17-19], reviewed in [20].
XaXa is a hallmark of mouse naive pluripotency, the latter is characterized by unbiased
embryonic lineage differentiation potential. Consequently, XX mouse naive PSCs have a double
dose of X-linked genes and an increased X-to-autosome gene expression ratio compared with
XY cells. Work over the past decade showed that female ESCs exhibit global DNA
hypomethylation affecting most genomic features including imprint control regions [9-16,21].
Recent work showed that female iPSCs also display global hypomethylation [22]. Differences in
global DNA methylation have been attributed to X-chromosome dosage since female XO cells
display male-like DNA methylation levels [9,11,13]. Female ESCs and iPSCs have genetically
unstable X-chromosomes, deleting part or whole X-chromosomes [9,11,13-15,23,24]. Thus,
mouse ESCs and iPSCs show DNA methylation and genetic loss of one X chromosome
associated with XaXa.

It was also discovered by the Heard group that female XX ESCs show increased expression of
several pluripotency-associated mRNAs, and display delayed pluripotency exit, indicating that
features of naive pluripotency are promoted in female XX ESCs [11,25]. Differences in
transcription have also been attributed to X-chromosome dosage since female XO ESCs, or
Xist-induced X-chromosome inactivation, are associated with male-like pluripotency-associated
gene expression and pluripotency exit [11]. Therefore, it is important to determine the potential
influence of X-chromosome dosage on the molecular and functional properties of iPSCs and
also for mechanistic studies of reprogramming. Despite its importance, a systematic comparison
of transcriptional states and pluripotency exit in male and female mouse iPSCs has not yet been
performed.

While several advances have been made, the molecular pathways by which XaXa modulate
pluripotency remain incompletely understood [6]. At the mechanistic level, two active X-
chromosomes inhibit MAPK and GSK3 signaling [8,11], and global DNA hypomethylation has
been attributed to reduced expression of DNMT3A and DNMT3B [9], or DNMT3L [10], or
UHRF1 [13,15,22] in female ESCs/iPSCs. More recently, it was discovered that increased
dosage of the X-linked MAPK inhibitor Dusp9 (dual-specificity phosphatase 9) is in part
responsible for inhibiting DNMT3A/B/L and global DNA hypomethylation in female ESCs [13].
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The expression level of Dusp9 is higher in XX ESCs than in XY ESCs and overexpression of
Dusp9 in male ESCs induced female-like global DNA hypomethylation. Conversely,
heterozygous deletion of Dusp9 in female ESCs restored male-like global DNA methylation,
suggesting that Dusp9 is responsible for MAPK-mediated DNMT3A/B repression in female
ESCs. However, whether Dusp9 heterozygous deletion in female ESCs has effects on the
transcriptional regulatory network and pluripotency exit has not yet been explored. Furthermore,
how and which X-linked genes modulate the pluripotency regulatory network of naive PSCs
remains unclear [6]. In addition, novel insights may be gained by identification of cis-regulatory
elements that drive sex-specific pluripotent stem cell states.

Here, in order to investigate the influence of X-chromosome dosage on iPSCs, we
systematically compared male and female mouse iPSCs at different passage and at the
transcriptional, pluripotency exit, cell growth and X-chromosome dosage level. We found that
sex-specific differences in cell growth, transcription and pluripotency exit are established late
during iIPSC reprogramming and subsequently resolved as a result of X-chromosome loss in
female iIPSCs upon passage. We further investigated the regulatory landscape of male and
female ESCs using genome-wide chromatin accessibility analyses. We found that thousands of
chromatin regions differ in accessibility in male and in female ESCs. Motif discovery analysis
identified that more accessible chromatin in female ESCs is enriched for binding sites of key
pluripotency regulators including KLF/ESRRB/OCT4/SOX2, suggesting stabilization of the naive
pluripotency regulatory network via these regulators. By contrast, chromatin sites more
accessible in male ESCs are most enriched for AP-1/TEAD motifs, downstream effectors of
singaling pathways including MAPK and Hippo. We show that XY ESCs grow faster than XX
ESCs, irrespective of culture conditions, mimicking growth differences between male and
female mammalian post-implantation embryos. We further demonstrate that delayed exit from
pluripotency and female-like transcription is maintained in the presence of male-like global DNA
methylation in Dusp9 heterozygous female ESCs. Altogether, we provide a previously
unrecognized view of sex-specific epigenetic and transcriptional states and regulation in female
naive PSCs, as well as chromatin accessibility landscapes and their associated transcriptional
regulators, setting the stage for studying gene regulatory networks that are modulated by X-
chromosome dosage in PSC.

RESULTS

Characterization of Cell Growth, Transcriptional States, and Pluripotency Exit in Male and
Female iPSCs

In order to explore the importance of sex on cell growth, transcriptional states and pluripotency
exit of mouse iPSCs, we derived male and female iPSC lines from isogenic mouse embryonic
fibroblasts (MEFs) carrying a tetO inducible transgene encoding the reprogramming factors
Oct4, Sox2, KlIf4 and c-Myc in the CollA locus and the reverse tetracycline transactivator
(M2rtTA) in the Rosa26 locus (Figure 1A) [26]. After two weeks of doxycycline (dox) treatment
to induce reprogramming, 10 female and 11 male iPSC lines were expanded on feeders in the
presence of serum and LIF (S/L) in the absence of dox (Figure 1A), or adapted to dual
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ERK/GSK3 inhibition and LIF conditions (2i/L) (Figures S1A-E). This scheme allowed us to
directly compare female and male iPSCs without the influence of differences in genetic
background, reprogramming system or derivation method. Both female and male iPSCs could
be propagated over multiple passages while maintaining their morphology, indicative of self-
renewal, and expressed pluripotency-associated factors NANOG and DPPA4 (Figures 1B, S1A-
B). Female iPSCs reactivated the inactive X-chromosome (Figures S1C/D), a marker of naive
pluripotency [27]. Thus, we derived isogenic male and female iPSCs.

We asked whether sex affects iPSCs growth. We counted the number of male and female
iPSCs over two days starting from the same amount of cells. We found that all our early
passage female iPSC lines grew slower than male iPSCs, with a doubling time (Td) extended by
"3.4 hours compared with male iPSCs grown in S/L (Td female=18.4.+1.5hr vs Td
male=15.0+0.9hr) (Figure 1C). Similarly, we found that female ESCs grew slower than male
ESCs (Figure 1C). The sex-specific difference in iPSCs and ESCs growth did not depend on
culture conditions because female ESCs and iPSCs still grew slower than male cells in 2i/LIF
(Figure S1F). We conclude that early passage female mouse PSCs are characterized by lower
growth compared with their male counterparts. These results are in agreement with the
documented growth delay of female mammalian post-implantation embryos compared to male
embryos [28].

Using reverse transcription (RT) quantitative real-time PCR (QPCR) we found that in S/L, all our
early passage female iPSC lines consistently expressed higher levels of pluripotency-
associated genes Prdml14, Nanog and Tcll compared with male iPSCs (Figure 1D). Western
blot analysis showed that female iPSCs had increased NANOG protein levels compared with
male iPSCs (Figure 1E). These differences closely resemble those of mouse ESCs [11,13], in
agreement with the notion that iPSCs are molecularly equivalent to ESCs. Thus, reprogramming
to iPSCs results in sex-specific differences in pluripotency-associated gene expression.

Next, prompted by the differences in pluripotency gene expression, we investigated the extent
to which sex affects exit from pluripotency in iPSCs. We subjected female and male iPSCs to
LIF withdrawal-mediated differentiation and measured the downregulation of pluripotency-
associated genes by RT-gPCR. Exit from pluripotency was delayed in female iPSCs for
Prdml14, Nanog and Tcll (Figure 1F). We confirmed these results using an alternative
differentiation protocol that mimics epiblast differentiation (Figures S1E, S1G-I) [11,29]). Thus,
female iPSCs exit pluripotency with delayed kinetics compared with male iPSCs, consistent with
previous studies in ESCs [11,25]. Altogether, these findings show that our newly derived early
passage iPSCs display sex-specific behavior in growth, pluripotency gene expression and in
pluripotency exit kinetics, recapitulating sex-specific differences in mouse embryos and ESCs
[11,28].
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Differences in Cell Growth, Transcription and Pluripotency Exit Correlate with the
Presence of Two Active X-chromosomes

Female XX ESCs are prone to lose one of the two active X-chromosomes upon extended in
vitro cell culture [9,10,13,23], and we recently showed that early passage female iPSCs are
XaXa and become XO iPSCs upon passage (Pasque et al. unpublished). To test for X-
chromosome loss in our IPSC lines, we designed a simple qPCR assay in which the
X/autosome genomic DNA ratio is determined by measuring four X-linked genes (Tfe3, Bcor,
Pdhal and Mid1, located on either distal region on the X-chromosome, Figure 1G, bottom) and
one autosomal gene (Gapdh). We found that female iPSCs at late passage were consistently
losing one of the two X-chromosomes, and termed these cells XO iPSCs (Figure 1G). These
results were in agreement with an independent assay using RNA in situ-hybridization for X-
linked gene Tsix (Figure S1C/D and [30]). Notably, the sex-specific differences in growth (Figure
1H), in pluripotency-associated gene expression (Figures 1D/E) and pluripotency exit (Figure
1F) all correlated with the presence of two active X-chromosomes. Collectively, these results
indicate that sex-specific differences in growth rates, transcription and pluripotency exit are
induced in iIPSCs as a result of X-chromosome reactivation in female iPSCs, but are lost upon
passage concomitant with X-chromosome loss in female iPSCs.

What might be the functional relevance of sex-specific differences in cell growth? Female
mouse and human embryos show a delay in post-implantation development that has been
attributed to the presence of two X-chromosomes in female cells [28]. It has been suggested
that the presence of two X-chromosomes slows down development to ensure that cells progress
through X-chromosome inactivation [11]. We sought to test, in vitro, the hypothesis that reduced
X-chromosome dosage provides a competitive growth advantage to cells that have undergone
X-chromosome inactivation. We mixed XX ESCs and GFP-labelled XY ESCs in different ratios
and followed the proportion of labeled cells over time. We found that the increased cell growth
of male ESCs can provide a small advantage over a 8 day period (Figure S1K). We conclude
that female mouse PSCs with two active X-chromosome recapitulate the growth delay of the
early postimplantation female mammalian embryo.

Eras, Dkcl, Otud6a, Fhll, Zfpl185 and Scml2 Dosage Do Not Explain Sex-Specific
Differences in Pluripotency Exit

We sought to find the X-linked regulators that drive stabilization of pluripotency in female PSCs.
We analyzed RNA sequencing (RNA-seq) and published proteomics data of male and female
ESCs [13]. We selected X-linked candidate factors based on increased expression in female
ESCs, and evidence that the genes are subject to X-chromosome inactivation (Tables S1/S2).
We selected the candidate genes Eras, Dkcl, Otud6a, Fhll, Zfp185 and Scml2 and
overexpressed their cONAs in male iPSCs (Figures S2A/B). To test the effect of overexpression
on pluripotency exit, we induced differentiation by LIF withdrawal and measured pluripotency
gene expression at 24h and 48h. We found that overexpression of Eras, Dkcl, Otud6a, Fhi1,
Zfp185 or Scml2 was not sufficient to induce a delay in pluripotency exit (Figures S2C-J).
Collectively, these findings do not support a significant role for these X-linked pluripotency
genes in stabilizing pluripotency in female ESCs.
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The Open Chromatin Landscape of ESCs Exhibits Sex-Specific Differences

To identify additional candidate regulators and to assess how X-chromosome dosage
differentially primes mouse PSCs for rapid exit from pluripotency, we set out to globally define
the chromatin accessibility landscape of male and female PSCs. We employed Assay for
Transposase-Accessible Chromatin sequencing (ATAC-seq), a method that allows genome-
wide mapping of open chromatin with high resolution [31]. We analyzed ATAC-seq datasets
previously generated from male and female ESCs [32], allowing to define the open chromatin
regions and the enrichment for transcription factor (TF) binding motifs associated with male and
female open chromatin landscapes (Figure 2, Table S3). We first assessed differential
accessibility between female and male ESCs, and found that most open chromatin regions were
shared between male and female ESCs, indicating that the open chromatin landscapes of male
and female ESCs are globally similar. However, we detected thousands of chromatin regions
more accessible in female or in male ESCs (>2-fold, false discovery rate (FDR)<0.05), revealing
that sex influences the open chromatin landscape of ESCs. We identified 5549 chromatin
regions that are more open in female ESCs and 2921 chromatin regions that are more open in
male ESCs, most of which were located on autosomes (Figure 2A, Table S3), which represents
differences in global chromatin accessibility landscapes driven by sex. Most of the ATAC-seq
peaks identified localized to distal genomic regions, suggesting enrichment in cis-regulatory
sequences (Figure S3A). These results indicate that the chromatin landscape of female and
male ESCs is globally similar, and also contains differentially accessible chromatin at thousands
of specific genomic regions.

For chromatin regions more open in XX ESCs (defined as “XXgain”), gene ontology (GO)
analysis of associated genes identified 'stem cell maintenance' as the top term (Figure 2B), and
associated with multiple pluripotency-related genes (Prdml14, Nanog, Tcll, Esrrb, Dppa4,
Dppaba, and Pou5fl) (Figure 2C). We identified, in our RNA-seq data, 222 differentially
expressed genes (DEGs) between male and female ESCs associated with XXgain chromatin
regions, most of which (174/222, 78%) were upregulated in female ESCs (including
pluripotency-associated genes Prdml14 and Nanog) (Figures 2C/D, Table S4/S5), likely
corresponding to the stabilization of pluripotency in female ESCs [11]. Confirming these
findings, increased chromatin accessibility also associated with 129 proteins that are
upregulated in female ESCs, including PRDM14, NANOG, TCL1 and DPPA5SA (Figure S2B,
Table S5) [13]. These results indicate that the open chromatin landscape of ESCs reflects
specific cellular states, where female-specific open chromatin could dictate stabilization of
pluripotency in female ESCs.

In contrast to chromatin more open in female ESCs, GO analysis identified ‘chordate embryonic
development' as the top biological process term associated with chromatin that is more
accessible in male ESCs (defined as “XYgain”) (Figure 2B). XYgain chromatin regions were
associated with multiple genes involved in embryonic development, regionalization and
morphogenesis (several Hoxb genes, Pax3, Pax6, Fgf8, T, Krt8, Krtl8, Meox1, Sox11), several
of which are not yet highly expressed in male ESCs but poised for latter activation during
lineage specification (Figures 2E/F, Table S4) [33,34]. These results suggest that open
chromatin associated with these lineage specification genes could poise chromatin for more
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rapid transcriptional activation during differentiation of male ESCs compared with females
ESCs. In further support of this, the primary ectodermal gene Pax6 was upregulated more
rapidly during differentiation of male ESCs (Figure S2D). Chromatin more accessible in male
ESCs than in female ESCs also associated with 136 DEGs, 47% of which (64/136) were
upregulated in male ESCs (Krt8, Krt18, Sox11) (Figures 2E/F, Table S4), and 53% of which
were downregulated in male ESCs (Figure 2D, Table S4). In summary, these findings indicate
chromatin more open in male or in female ESCs are associated with several lineage
specification/differentiation related genes and multiple pluripotency genes, respectively. The
chromatin accessibility landscape of male ESCs appears to prime these cells to initiate exit from
pluripotency more rapidly than in female ESCs.

Motif Analysis Reveals Regulators of Sex-Specific Cell States

To gain insights in the regulatory networks that drive sex differences in ESCs, we searched for
TF motifs enriched in the chromatin regions that are more open in female or in male ESCs. Motif
enrichment analysis of the chromatin regions more open in female ESCs revealed a strong
enrichment for the binding motif of TFs such as KLF5 (61.52%), KLF4 (27.49%), ESRRB
(35.33%), SOX3 (58.44%), OCT4-SOX2-TCF-NANOG (13.18%), SOX2 (37.59%) and ZIC3
(24%) (Figures 3A/B). KLF5, KLF4, KLF2, ESRRB and SOX2 have been functionally implicated
in ESC self-renewal, reviewed in [35]. OCT4 is the paramount pluripotency factor[36,37] and its
co-binding with SOX2 to Oct/Sox elements [38—-40] stabilizes pluripotency [41]. ZIC3 is required
to maintain pluripotency [42]. Interestingly, the pluripotency-associated factor Zic3 is located on
the X-chromosome (Figure 3A), raising the possibility that ZIC3 dosage could drive X-linked
driven stabilization of pluripotency in female ESCs. In summary, all top TF motifs enriched in
chromatin with increased accessibility in female ESCs belong to pluripotency-associated
factors, suggesting that the identified pluripotency-associated TFs participate in stabilizing the
pluripotency transcriptional regulatory network of female ESCs.

By contrast, pluripotency-associated TF motifs were absent from the top motifs enriched in
chromatin with increased accessibility in male ESCs (Figure 3C). Instead, within chromatin more
open in male ESCs, motif enrichment analysis revealed binding sites of TFs such as JUN/AP-1
(18.99%), TEAD (32.78%), FRA2 (26.18%) and BACH2 (12.38%) (Figures 3B/C). JUN/AP-1 is
a transcriptional activator complex involved in regulating many processes [43,44] including cell
growth and differentiation in response to a variety of stimuli including the MAPK pathway
[45,46]. TEAD is a transcriptional cofactor family involved in cell growth and proliferation via the
Hippo signaling pathway, and TEAD2 has been shown to be required for ESC self-renewal
[47,48]. FRA2 is a member of the AP-1 complex [43]. BACH2 is a hematopoietic-, neuron-
specific transcriptional repressor with the potential to regulate the lineage commitment [49-52].
Additionally, male ESCs had significantly higher transcript level of Bach2 than female ESCs
(Table S1). As expected, open chromatin regions that are common between male and female
ESCs still both showed enrichment of pluripotency-related TFs (not shown). We conclude that
the differential enrichment of TF binding sites in sex-specific open chromatin regions provides a
molecular link between transcriptional regulators, stabilization of pluripotency in female ESCs
and rapid exit from pluripotency in male ESCs.
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In order to identify the putative target genes, we searched for genes associated with open
chromatin regions enriched for specific motifs, then determined the target genes shared for
open chromatin containing more than one motif. We found that 574 genes were associated with
binding motifs for all three motifs KLF, ESRRB and SOX2 (Figure 3D). These genes contained
Prdm14. Thus, upregulation of Prdm14 mRNA in female ESCs is associated with increased
chromatin accessibility at genomic regions that contain multiple pluripotency-associated TF
motifs. We sought to carry out a similar analysis for chromatin more open in male ESCs and
identified 213 genes associated with both JUN/AP-1 and TEAD motifs. These genes included
the early ectodermal gene Krtl8 and essential neurogenesis related gene Sox11, which were
more expressed in male ESCs than in female ESCs. Taken together, these analyses allowed
the identification of TFs that regulate a large number of cis-regulatory regions, thereby
improving our understanding on how sex can drive two distinct pluripotent stem cell states.

Zic3 Dosage Does Not Modulate Sex-Specific Differences in Transcription and
Pluripotency Exit

We sought to test if X-linked pluripotency-associated genes with enriched motifs identified in the
open chromatin landscape of female ESCs stabilize pluripotency in female PSCs. Our motif
discovery analysis identified the X-linked gene Zic3 within the top motifs enriched in chromatin
more open in XX ESCs (Figure 3A). Western blot analysis showed that female iPSCs and ESCs
express higher ZIC3 protein than male iPSCs and ESCs (Figure 4A). Moreover, Zic3 was
reported to prevent endodermal lineage specification and to act as a transcriptional activator of
Nanog expression [42,53], further suggesting that it could have a role in stabilization of naive
pluripotency in female ESCs. To test the hypothesis that increased Zic3 dosage stabilizes
pluripotency in female ESCs, we generated Zic3 heterozygous deletions to reduce Zic3 dosage
in female ESCs (Figures 4B/C, S4A/B). However, Zic3+/- female ESCs maintained female-like
expression of Prdm14, Nanog and Tcll and also displayed delayed exit from pluripotency
(Figure 4D). Overexpression of Zic3 in male iPSCs also maintained male-like pluripotency gene
expression and differentiation kinetics (Figures S4C/D). Since reducing or increasing Zic3
dosage in ESCs does not modulate pluripotency-associated gene expression or pluripotency
exit, Zic3 dosage does not explain the sex-specific differences in pluripotency-associated gene
expression and pluripotency stabilization.

Heterozygous Dusp9 Deletion in Female ESCs Induces Male-like DNA Methylation and
Maintains Female-like Pluripotency Exit

X-chromosome dosage has been shown to modulate the DNA methylation landscape of ESCs
through the X-linked MAPK phosphatase Dusp9 [13]. Reducing DUSP9 dosage in female ESCs
rescues global DNA hypomethylation by inducing male-like global DNA methylation levels[13].
However, whether Dusp9 heterozygous deletion induces a male-like transcriptome, pluripotency
exit and growth required additional experiments. We set out to investigate whether Dusp9
heterozygous deletion and its associated DNA methylation level affect the sex-specific
transcriptional state and pluripotency exit of female ESCs. We generated Dusp9 heterozygous
deletions in female XX ESCs using CRISPR-Cas9 genome editing, resulting in two independent
Dusp9+/- XX ESC clones (Figures 5A/B, Figures S5A/B). Dusp9+/- ESCs maintained two active
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X-chromosomes (Figures S5C/D) since we used polymorphic ESCs less susceptible to X-
chromosome loss [13,54]. To determine if Dusp9+/- ESCs acquire male-like transcription, we
analyzed the transcriptome of Dusp9+/- ESCs, Dusp9+/+ ESCs and Dusp9+ (XY) ESCs using
RNA-seq. Principal component analysis (PCA) placed Dusp9+/- ESCs closer to Dusp9+/+ ESCs
but further away from XY ESCs (Figure 5C). We corroborated this finding using unsupervised
clustering of the most variable genes between all 4 cell types, where Dusp9+/- ESCs clustered
together with Dusp9+/+ ESCs, and away from XY ESCs (Figure 5D). These results demonstrate
that, surprisingly, reducing Dusp9 dosage in female ESCs is not sufficient to induce a male-like
transcriptome, unlike DNA methylation.

DEG analysis identified 948 DEGs between Dusp9+/- ESCs and control Dusp9+/+ ESCs (DEGs
between Dusp9+/- ESCs and Dusp9+/+ ESCs shared between two independent Dusp9+/- ESC
clones, Figures 5E, S5E, Table S6). GO analysis revealed the PI3K-Akt and MAPK pathways
among the top pathways enriched in DEGs (Figure 5E). Unsupervised clustering analysis
showed the activation of most MAPK target genes, in agreement with the function of Dusp9 as a
MAPK inhibitor (Figure 5F) [55]. Although the upregulation of MAPK target genes was expected,
the striking difference of Dusp9+/- ESCs with XY ESCs was surprising because XY ESCs, like
Dusp9+/- ESCs, also have a single active copy of Dusp9. These results suggest that there may
be other X-linked genes participating in the regulation of MAPK signaling and that reducing
Dups9 dosage in female ESCs also modulates Akt target genes.

Surprisingly, in Dusp9+/- ESCs, we detected a clear upregulation of Xist and Jpx and a
downregulation of Tsix, suggesting that Dusp9 dosage may, at least partially, influence the X-
chromosome inactivation center in female ESCs (Figure S5F). X-chromosome inactivation is
controlled by the X-chromosome inactivation center containing key regulatory elements and
long non-coding RNAs such as the X-chromosome inactivation initiator Xist and the Xist
antagonist Tsix as well as other long noncoding RNAs such as Jpx (reviewed in [56]). The
upregulation of Xist in Dusp9+/- ESCs did not lead to Xist cloud formation (Figure S5C).

To study the effects of Dusp9 heterozygous deletion in female ESCs on pluripotency exit, we
subjected Dusp9+/- ESCs, Dusp9+/+ ESCs and XY ESCs to LIF withdrawal differentiation for
24h followed by RNA-seq analysis. Both PCA and unsupervised hierarchical clustering based
on the top 500 or 200 most variable genes, grouped Dusp9+/- ESCs together with the parental
Dusp9+/+ ESCs, separately from XY ESCs (Figures 5C, 5G, S5G), therefore reducing Dusp9
dosage is not sufficient to induce male-like pluripotency exit. In agreement with this finding,
most delayed pluripotency-associated genes in Dusp9+/+ ESCs still showed a delay in
pluripotency exit in Dusp9+/- ESCs (29/42 genes, 70%), including genes such as Prdm14 and
Nanog which maintained a female-like pattern in Dusp9+/- ESCs during pluripotency exit
(Figure 5H, Table S7). We validated the expression of Prdm14 and Nanog using RT-gPCR
analyses (Figure 5I). Hence, we conclude that reducing the dosage of Dusp9 in female ESCs is
not sufficient to induce a male-like transcriptome or accelerate pluripotency exit to a male-like
state, despite changes in the expression level of multiple genes in MAPK and Akt signaling
pathways. However, our Dusp9+/- ESCs did show male-like global DNA methylation (Figure
S5H), corroborating recent findings [13]. In addition, we show that Dusp9 overexpression in
male ESCs was not sufficient to induce a female-like delay in differentiation (Figures S5I-L)
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despite inducing female-like global DNA hypomethylation [13], consistent with a previous report
[11]. Interestingly, we found that Dusp9+/- ESCs grew as slow as the parental Dusp9+/+ ESCs,
both slower than XY ESCs (Figure 5J), therefore reducing Dusp9 dosage is not sufficient to
induce male-like cell growth. This result suggests that there maybe other X-linked genes
regulating sex-specific growth in PSCs. Altogether, these results indicate that reducing Dusp9
dosage in female ESCs does not appear to be sufficient to induce male-like transcription and
pluripotency exit, in contrast to the acquisition of male-like DNA methylation. Hence,
heterozygous Dusp9 deletion molecularly uncouples global DNA methylation from the
pluripotency exit delay of female ESCs.

DISCUSSION

Induction of naive pluripotency during reprogramming to iPSCs and during in vivo development
in inner cell mass (ICM) leads to X-chromosome reactivation in murine female cells [17-19,57].
The consequences of X-chromosome dosage imbalance between female (XX) and male (XY)
cells on mouse iPSCs remained unclear until now. In addition, the regulatory mechanisms at the
basis of distinct sex-specific features in mouse PSCs were incompletely understood. In this
study, we addressed these questions by analyzing the growth properties, transcriptional states
and pluripotency exit of isogenic male and female iPSCs. We identified sex and X-chromosome
dosage as important factors influencing the molecular and functional properties of iPSCs. By
employing epigenomic analyses we found that sex modulates the open chromatin landscape of
ESCs. Moreover, using genome editing we found that sex-specific differences in pluripotency
exit and cell growth can be molecularly uncoupled from DNA methylation.

Impact of Sex and X-chromosome Dosage on Growth, Transcription and Pluripotency
Exit

One outcome of our study is that the number of active X-chromosomes correlates with sex-
specific differences in growth, transcription and pluripotency exit in iPS cells (Figure 1), in
addition to differences in DNA methylation [22]. Reprogramming somatic cells to iPSCs is an
important system to study erasure of epigenetic memory and pluripotency. Sex does not appear
to influence the efficiency of iPSCs generation, since we previously showed that male and
female cells reprogram with similar efficiencies in this system [30]. However, we have now
established that the presence of two active X-chromosomes as a result of reprogramming to
pluripotency in female cells is associated with slower growth in iPSCs, increased pluripotency-
associated gene expression, and delayed pluripotency exit. These differences are likely caused
by changes in X-chromosome dosage, consistent with previous discoveries in mouse ESCs
[6,9,11,14], in human ESCs [7,8,58] and in postimplantation mammalian embryos [6,28,59]. The
notion that X-chromosome dosage influences the molecular and functional properties of iPSCs
[6,11,22] is further supported by the loss of sex-specific differences concomitant with loss of one
X-chromosome in female iPSCs, in agreement with previous observations in ESCs [9,11,13,14]
and in iPSCs. The important point is that studies of reprogramming to iPSCs should consider
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the number of active X-chromosomes as a modulator of the transcriptional and growth states of
iPSCs and cells of different sex should always be studied separately, but also often both
considered.

The presence of two X-chromosomes has been associated with delayed embryo post-
implantation growth in several mammalian species [28,59]. Here we show for the first time that
this property is recapitulated in mouse ESCs and iPSCs, where XX ESCs grow slightly, and
significantly slower than XY and XO ESCs (Figure 1). Since the growth differences are
maintained after dual GSK3B and ERK inhibition, additional pathways are likely involved. One
hypothesis is that there could be a competitive growth advantage of cells that have undergone
X-chromosome inactivation in the post-implantation mammalian embryo to select against
remaining cells with two active X-chromosomes that fail to undergo X-chromosome inactivation.
Our in vitro experiment suggests that X-chromosome inactivation could indeed provide a small
growth advantage. However, this hypothesis remains to be tested in vivo.

Impact of Dusp9 Dosage on Pluripotent States

A previous study showed that Dusp9 modulates DNA hypomethylation in female mouse ESCs
[13]. However, the effects of reducing Dusp9 dosage in XX ESCs on growth, transcription and
pluripotency exit were unknown. An important outcome of our analyses is that female Dusp9
heterozygous XX ESCs display male-like global DNA methylation levels and maintain female-
like growth and delayed pluripotency exit (Figure 5). Thus, we propose that global DNA
hypomethylation can be molecularly uncoupled from stabilization of pluripotency in XX ESCs.
This result was unexpected because reducing the expression of DNMTs in male ESCs is
associated, at least in part, with delayed pluripotency exit [11]. However, it was reported that the
ICM of male and female embryos show comparable DNA methylation [13], despite delayed
female development, suggesting that DNA hypomethylation and stabilization of pluripotency can
be uncoupled both in vivo and in vitro. Our results therefore suggest that sex-specific DNA
methylation levels and stabilization of pluripotency in PSCs are regulated, at least in part, by
distinct X-linked genes (Dusp9 for DNA methylation levels, other gene(s) for delayed
pluripotency exit and growth). Our results do not support a major role of several X-linked genes,
including Zic3, Dkcl, Otud6a, Fhll, Zfp185, Scml2 and Eras in stabilizing pluripotency.
Therefore, identifying the X-linked gene(s) responsible for delayed pluripotency exit and slower
growth of female mouse PSCs warrant future studies [6]. An interesting candidate is the
recently-identified X-linked transient octamer binding factor 1 (TOBF1) [60], since it was shown
to sustain pluripotency. It is also possible that other regulators of the Erk pathway are involved.
A previous study in human ESCs reported that human primed PSCs with eroded X-
chromosome inactivation and increased expression of the MAPK/ERK downstream effector
ELK-1 have decreased expression of TRA-1-60, a marker of the differentiated state [8].
However, human primed PSCs studies are likely not compatible with mouse naive PSCs studies
because they reside in distinct pluripotent states. In addition, there has been conflicting reports
on the effects of Dusp9 overexpression on ERK phosphorylation in mouse ESCs, despite the
expected transcriptional inhibition of ERK targets genes [6]. One study found that Dusp9
promotes phosphorylated ERK (pERK) [13], while another found reduced pERK after Dusp9
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overexpression [55]. Our results are more in agreement with the latter study [13] since,
unexpectedly, Dusp9 heterozygous deletion appeared to decreased pERK levels, concomitant
with a high increase in expression of many ERK target gene. ldentifying additional X-linked
regulators of sex-specific differences, including ERK regulators, deserves future investigations.

Differences in the Chromatin Landscape Underlie Sex-Specific Pluripotency States

To better understand what drives sex-specific features of the pluripotent regulatory network in
ESCs, we explored the open chromatin landscapes of male and female ESCs. While both male
and female ESCs possessed similar open chromatin landscapes, thousands of chromatin
regions were differentially accessible in male and female ESCs (Figure 2). These differentially
accessible regions could underlie the distinct transcriptional regulatory networks of male and
female ESCs. Decoding differentially accessible chromatin regions, we identified several
pluripotency genes such as Prdml14, Tcll and Nanog with increased accessibility in female
ESCs. These genes have been associated with naive pluripotency hence they could act as
targets to stabilize naive pluripotency in female ESCs [11]. We went further by identifying a
catalogue of cis-regulatory regions including promoters that are modulated by sex in ESCs.
These observations indicate that X-chromosome dosage modulates the chromatin accessibility
landscapes of ESCs.

Unexpectedly, chromatin regions more open in female ESCs associated with several terms
related to trophectoderm and placenta development (Figure 2B). Male mouse ESCs do not
readily differentiate into trophectoderm [61]. However, male Dnmtl knockout ESCs, which show
reduced global DNA methylation like female ESCs [9-11,62], have been shown to reacquire
trophectoderm differentiation potential in addition to embryonic lineage differentiation capacity
[9-11,62]. Collectively, these observations raise the possibility that female ESCs may reacquire
trophectoderm differentiation potential due to global DNA hypomethylation. Therefore, female
ESCs may not only be stabilized in naive pluripotency, but they may also unlock an extra-
embryonic differentiation program as a result of global DNA hypomethylation, highlighted here
by the acquisition of chromatin accessibility related to trophectoderm differentiation.
Nevertheless, global DNA hypomethylation in female ESCs also leads to imprint erasure, which
was suggested to compromise development [14,15,63]. Our results suggest that female ESCs
grown in S/L may acquire extended pluripotent stem cell properties characterized by both
trophectoderm and embryonic lineage differentiation capacity, in addition to loss of imprints.
This hypothesis can be tested by subjecting female ESCs to trophectoderm differentiation
assays.

Transcriptional Regulators of Sex-Specific Pluripotent Stem Cell States

Decoding differentially accessible chromatin allowed us to distinguish distinct sets of enriched
TF binding motifs in male and female ESCs. Specifically, we identified motifs for KLF5, ESRRB,
SOX3, OCT4-SOX2-TCL-NANOG, SOX2 and ZIC3 enriched in chromatin more open in female
ESCs, all of which have been implicated in pluripotency [35-37,41,42]. These results suggest
that the stabilization of pluripotency in female ESCs is mediated by these core master
regulators. However, Zic3 heterozygous deletion had no effect on stabilization of pluripotency.
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Although no TF ChiP-seq data is available for female ESCs to date, our in silico analyses
identified a high confidence set of direct putative KLF5, ESRRB, SOX2 and OCT4 targets in
female ESCs, including known pluripotency genes. Moreover, the specific enhancer associated
with Prdm14 which becomes more accessible in female ESCs overlaps with ChlP-seq binding
sites of OCT4, SOX2 and NANOG in male ESCs (not shown), further suggesting that the
binding of master pluripotency regulators takes place at these more accessible regions in
female ESCs. Our results raise the possibility that pluripotency is stabilized in female ESCs by
binding of core pluripotency factors to a subset of sex-specific regulatory elements that include
Prdm14, Tcll and Nanog. Dual promotion of Prdml14 and Nanog expression represents a
possible naive pluripotency stabilization mechanism consistent with their established functions
in ESCs [64,65].

In contrast to the female state, differentially accessible chromatin more open in male ESCs
identified AP-1 and TEAD as candidate regulators, which have not been implicated in sex-
specific regulation of pluripotency before. JUN/AP-1 control many cellular processes including
proliferation, apoptosis and differentiation in response to a variety of stimuli including the MAPK
pathway (reviewed in [43]). TEAD is a TF family involved in cell growth and differentiation via
the Hippo singaling pathway (reviewed in [66] and [47]). The role of AP-1/TEAD TFs in the
context of sex-specific transcription in ESCs warrants future studies.

To conclude, this is the first report which reveals that DNA hypomethylation and delayed
pluripotency exit can be uncoupled in female mouse ESCs. Furthermore, our study shows for
the first time that sex-specific differences in cell growth, transcription, and pluripotency exit in
iPSCs correlate with the number of active X-chromosomes. Using information from the genome,
the epigenome and the transcriptome we gained insights into modulation of the open chromatin
landscape and the transcriptional regulatory network of ESCs by sex. Furthermore, better
understanding how sex modulates pluripotency of iPSCs will have important implications for
disease modeling and regenerative medicine. Our results raise the possibility that the
pluripotent state can be harnessed for sex-specific regenerative medicine.

EXPERIMENTAL PROCEDURES

Mice and reprogramming

MEFs were isolated from individual E14.5 mouse embryos obtained from a cross between wild
type (WT) C57BL/6 and homozygous Ro0sa26:M2rtTA, TetO-OSKM mice [26]. Individual
embryos were genotyped for sex using Ubel as previously described (See Table S8 for primer
sequence) [30] using homemade Tag DNA Polymerase and grown in MEF medium [DMEM
(Gibco, 41966-052) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, 10270-106),
1% (v/v) penicillin/streptomycin (P/S, Gibco, 15140-122), 1% (v/v) GlutaMAX (Gibco, 35050-
061), 1% (v/v) non-essential amino acids (NEAA, Gibco, 11140-050), and 0.8% (v/v) beta-
mercaptoethanol (Sigma, M7522)]. Reprogramming was induced by doxycycline (final 2 ug/ml)
in mouse ESC medium [KnockOut DMEM (Gibco, 10829-018) supplemented with 15% FBS, 1%
(vIv) PIS, 1% (viv) GlutaMAX, 1% (v/v) NEAA, 0.8% (v/v) beta-mercaptoethanol, and mouse
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LIF] in the presence of ascorbic acid (final 50 pg/ml). Individual colonies were picked at day 16
onto irradiated male feeders in ESC medium without doxycycline or ascorbic acid and expanded
for three passages, eventually obtaining 10 female iPSC lines (lines 1, 4, 5, 6, 8, 12, 13, 14, 16,
17, 18) and 11 male iPSC lines (lines 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29) at passage (P) 4
(Figure S1B). iPSC lines 1, 4, 8, 12, 14, 16, 20, 21, 22, 24, 26 and 28 were also used in another
study (Pasque et al. unpublished). All animal work carried out in this study is covered by a
project license approved by the KU Leuven Animal Ethics Committee.

Cell lines and culture

XY ESCs (V6.5) and XX ESCs (F1-2-1) were obtained from the Plath laboratory. Independently-
derived XY ESCs and XX Mus/Cas ESCs were also used here and obtained from the Deng
laboratory [25]. GFP-labelled (Oct4-GiP) XY ESCs were previously described [67]. ESCs and
iPSCs (male iPSC line 4, 8, 16; female iPSC line 20, 21, 22) were expanded on top of male WT
feeders in mouse ESC medium (S/L condition), eventually early passage cells (iPSCs: P6-P8)
and late passage cells (iPSCs: P13-P14) were used for further experiments. ESCs and iPSCs
(male iPSC lines 1, 4, 8, 12, 16; female iPSC lines 19, 20, 21, 22, 23, 26) were adapted to
2i/LIF, where cells grown on feeders in S/L condition (iPSCs: P4) were switched to new tissue
culture dishes precoated with gelatin (from porcine skin, 0.1% g/v final, Sigma, G2500) without
feeders in 2i/LIF medium [N2B27 basal medium (Neurobasal medium (50% v/v final, Gibco,
21103-049) and DMEM/F-12 medium (50% final, Gibco, 11320-074) supplemented with L-
Glutamine (1.25 mM final, Gibco, 25030081), NDiff Neuro2 supplement (1x final, Millipore,
SCMO012), B27 supplement (1x final, Gibco, 17504-044), 0.8% (v/v) beta mercapto ethanol, and
1% (viv) P/S) supplemented with 0.35% (g/v) Bovine Serum Albumin (BSA, Sigma, A7979),
homemade mouse LIF, GSKS3 inhibitor CHIR-99021 (3 uM final, Axon Medchem, Axon 1386)
and MEK inhibitor PD0325901 (1 uM final, Axon Medchem, Axon 1408)] for four passages.

Plasmids Constructs

The full-length mouse cDNAs of Dusp9, Zic3, Eras, Dkcl, Otud6a, Fhl1, Zfp185, and Luciferase
(from pGL2-Basic Promage, E1641), NLS-cherry was cloned into pENTR vectors (Invitrogen,
K240020) with either a C-terminal or a N-terminal HA tag, or no tag, and recombined into pPB-
CAG-Dest-pA-pgk-bsd (PB-DEST-BSD) destination vectors. The PB-ScmlI2-BSD plasmid was
obtained by recombining the pDONR221-Scml2 plasmid [68] into PB-DEST-BSD. Guide RNAs
(gRNAs) were cloned into Sapl digested pZB-sg3 [69]. All gRNAs sequences are included in
Table S8, Figures S4A, S5A. All constructs were verified by DNA Sanger sequencing.

Generation of stable male iPSCs overexpressing X-linked candidate genes

Male iPSCs (line 4, P5, grown on feeders in S/L conditions) were feeder-depleted before
seeding in six-well plates precoated with 0.1% gelatin in S/L medium at a density of 650,000
cells per well, which were co-transfected with 1 ug of PB expression constructs encoding
candidate genes and 3 ug of pCAGP Base [70] using 10 pl Lipofectamine 2000 (Invitrogen,
11668027). Transfected cells were selected with 20 pg/mL blasticidin (Fisher BioReagents,
BP2647100) supplemented to the medium for two days starting from 24h after transfection and
maintained with 5 pg/mL blasticidin thereafter.
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Generation of female XX ESC lines with Dusp9 or Zic3 heterozygous deletions

2000,000 female F1-2-1 ESCs (P19, grown on feeders in S/L condition) were resuspended in 1
ml of S/L medium and co-transfected with 2 ug of a plasmid expressing Cas9 under a CAG
promoter and 1 ug of 2 plasmids (pZB-sg3 [69]) containing gRNAs (Table S8) using 10 pl
Lipofectamine 2000 (Invitrogen, 11668027) (Figures S4A, S5A) for one hour before plating on 4-
drug resistant (DR4) feeders. Transfected cells were selected with 2 pg/mL puromycin (Fisher
BioReagents, BP2647100) on DR4 feeders in ESC medium for two days starting from 24h after
transfection, and expanded at low density on WT feeders in 10cm dishes. Individual colonies
were picked onto WT feeders, expanded for another two passages and genotyped for both WT
and mutant alleles (primers in Table S8). WT and mutant alleles were further verified by DNA
Sanger sequencing.

Differentiation

To induce differentiation towards epiblast-like cells (EpiLCs), ESCs and iPSCs (male lines: 1, 4,
8, 12, 16; female lines: 19, 20, 21, 22, 23, 26), which had been adapted to 2i/LIF conditions,
were plated in N2B27 basal medium supplemented with 10 ng/ml Fibroblast Growth Factor-
basic (Fgf2, Peprotech, 100-18C) and 20 ng/ml Activin A (ActA, Peprotech, 120-14E) on
Fibronectin (5 ug/10 cm?, Millipore, FC010-5MG)-coated tissue culture plates at a cell density of
8+*10* cells/cm? for four days, during which medium was refreshed daily and cells were
harvested at different time points (Oh, 12h, 1 day, 2 days, 3 days and 4 days), as previously
described [11]. ESCs (WT female and male ESCs, Dusp9+/- ESCs, and Zic3+/- ESCs) and
iPSCs (male iPSC lines 4, 8, 16; female iPSC lines 20, 21, 22; both early and late passages)
grown in S/L condition were differentiated in the absence of feeders by LIF withdrawal (similar
as mouse ESC medium but with 10% FBS and without LIF) at a cell density of 4*10* cells/cm?
for two days, during which medium was refreshed daily and cells were harvested at different
time points (Oh, 24h and 48h), as previously described [11]. Likewise, male iPSC lines
overexpressing X-linked genes were differentiated by LIF withdrawal with 5 pg/mL blasticidin in
the absence of feeders.

Cell growth assay

ESCs and iPSCs were plated in 24-well plates at a cell density of 4*10* cells/cm? for two days,
during which medium was refreshed daily and cells were counted at different time points (Oh,
12h, 24h, 36h and 48h). The cell numbers are presented as fold changes relative to cell
numbers at Oh.

Immunofluorescence

Immunofluorescence analyses were carried out largely as described previously [30], using the
following primary antibodies: NANOG (eBioscience, 14-5761 clone eBioMLC-51, 1/200; and
Abcam, ab80892, 1/ 200), DPPA4 (R&D, AF3730, 1/200), HA (Cell Signaling Technology,
2367S, 1/100), DUSP9 (Abcam, ab167080, 1/100). Images were acquired using an ApoTome
Zeiss Microscope equipped with an AxioCam MRc5 camera. ESC and iPSC lines were defined
as NANOG+ or DPPA4+ when >50% cells showed NANOG or DPPA4 staining signal.
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RNA FISH

RNA Fluorescence In Situ Hybridization (RNA FISH) analyses were carried out mostly as
described previously using double stranded directly labelled DNA probe for Tsix/Xist [30].
Images were acquired using an ApoTome Zeiss Microscope equipped with an AxioCam MRc5
camera. Single-cell resolution analysis of Tsix biallelic expression in iPSCs and ESCs was
determined by calculating the ratio of cells with biallelic Tsix expression to the cells with
monoallelic or biallelic Tsix expression.

Genomic DNA extraction and qPCR

Genomic DNA (gDNA) was extracted from feeder-depleted ESCs and iPSCs using the PureLink
Genomic DNA Kit (Invitrogen, K1820) and gPCR was performed using the Platinium SYBR
Green gPCR SuperMix-UDG kit (Invitrogen, 11733046) on a ABI ViiA7 real-time PCR system
(Applied Biosystems), following the manufacturer's protocol. Primers against four X-linked
genes (Tfe3, Bcor, Pdhal, and Mid1) covering the two distal parts of the mouse X-chromosome
are listed in Table S8 (Figure 1G). The standard curve was derived from serial dilutions of gDNA
from XY ESCs (V6.5). All gPCR assays used had an efficiency above 95%. Relative quantities
of each gene were measured as arbitrary units from comparison to the standard curve. The ratio
of X-chromosome to autosome (X/Autosome Ratio) in DNA level was presented as the average
ratio of the X-linked gene quantity (Tfe3, Bcor, Pdhal and Midl) to the autosomal gene quantity
(Gapdh), in other words X/Autosome Ratio = (Tfe3/Gapdh + Bcor/Gapdh + Pdhal/Gapdh +
Mid1/Gapdh)/4 .

RT-qPCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, 74106) or TRIzol (Invitrogen,
15596026). cDNA synthesis was performed using the SuperScript Il First-Strand Synthesis
SuperMix kit (Invitrogen, 11752-050) and RT-gPCR was performed using the Platinium SYBR
Green gPCR SuperMix-UDG kit (Invitrogen, 11733046) and on the ABI ViiA7 real-time PCR
system, following the manufacturer's protocol. Primers used are listed in Table S8. The
standard curve was derived from serial dilutions of cDNA. All assays used had an efficiency
above 95%. Relative quantities of each transcript were calculated as arbitrary units from
comparison to the standard curve. Relative expression level of the target transcript was
presented as the ratio of the target transcript quantity to the housekeeping transcript (Gapdh)
guantity. Logarithm values (base 2) of relative expression levels were used for assessment of
the gene expression kinetics during differentiation. The relative gene expression levels of five
pluripotency-associated genes (Prdm14, Nanog, Tcll, Rex1 and Esrrb) from iPSCs (male lines:
1, 4, 8, 12, 16; female lines: 19, 20, 21, 22, 23, 26) and ESCs (V6.5 male ESCs and F1-2-1
female ESCs) at Oh and 24h of EpiLC differentiation were used for unsupervised clustering
comparison, which was performed in R with heatmap.2 function in package “gplots”.

RNA sequencing

Total RNA was isolated from two independent female Dusp9+/- ESC lines, Dusp9+/+ XX and
XY ESCs in both the undifferentiated state and the differentiated state after 24 hours of LIF
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withdrawal using TRIzol following the manufacturer’'s protocol. 4 pg of total RNA was used for
construction of stranded poly(A) mMRNA-Seq library with the KAPA stranded mRNA Library prep
kit (KAPA Biosystems, KK8421). Library concentrations were quantified with the Qubit dsDNA
HS (High Sensitivity) Assay Kit (Invitrogen, Q32854), and equimolar amounts were pooled for
single-end sequencing on an lIllumina HiSeq 4000 instrument (lllumina) to yield ~20 million
(range 16-23 million) 36bp long reads per sample.

Differential gene expression analysis

Reads from all datasets (Dusp9+/- ESCs, Dusp9+/+ ESCs and XY ESCs) were aligned to
mouse reference genome GRCm38/mm10 using STAR (v2.5.3a) with default parameters
followed with conversion to BAM format sorted by coordinate. The mapping efficiencies of the
datasets were >69% of uniquely mapped reads. Subsequently, the featureCounts function from
the R Bioconductor package “Rsubread” was used to assign mapped reads to genomic
features. For downstream analyses, only the genes with CPM value (count-per-million) higher
than 0.5 in at least two libraries were retained. The resulting read count matrix (Table S5) was
used as the input for PCA with the top 500 most variable genes. Differential gene expression
analysis was performed using the edgeR quasi-likelihood pipeline in R [71]. Obtained p-values
were corrected for multiple testing with the Benjamini-Hochberg method to control the FDR.
DEGs were defined on the basis of both FDR < 0.05 and fold difference = 1.5. Venn diagrams
were generated using an online tool as previously described [72]. Heatmaps were created using
unsupervised hierarchical clustering of both 200 most variable genes and the different samples
and generated in R using the heatmap.2 function of the package “gplots”.

Definition of pluripotency exit delay

In order to quantitatively measure the pluripotency exit delay in Dusp9+/+ ESCs, XY ESCs and
Dusp9+/- ESCs, an expression matrix containing genes related to stem cell maintenance
(GO0019827) and stem cell development (GO0048864) with normalized counts was created.
The ratio of expression level at 24h to Oh of differentiation (24h/0h ratio) was calculated for both
WT XY and Dusp9+/+ ESCs. Only the genes that were downregulated in XY ESCs and had
24h/0h ratios < 0.75 passed the filtering. Subsequently, 24h/0h ratios were compared between
WT XX and XY ESCs, if the resulting value was >1, the gene was qualified as a “delayed” gene
during the pluripotency exit in Dusp9+/+ ESCs. For these genes, the same algorithm was
applied to evaluate the delay in Dusp9+/- ESCs.

Differential chromatin accessibility analysis

ATAC-seq data for mouse XX ESCs and XY ESCs were retrieved from a previous collection
(accession numbers are GSM2247118 and GSM2247119 in XX and XY ESCs, respectively)
[32]. Single-end-reads raw data were analyzed using the ATAC-seq pipeline from the Kundaje
lab (Version 0.3.3)[73]. Briefly, the raw reads were first trimmed using cutadapt (version 1.9.1)
to remove adaptor sequence at the 3' end. The trimmed reads were aligned to reference
genome (mm10) using Bowtie2 (v2.2.6) using the ‘--local’ parameter. Single-end reads that
aligned to the genome with mapping quality 230 were kept as usable reads (reads aligned to the
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mitochondrial genome were removed) using SAMtools (v1.2). PCR duplicates were removed
using Picard’s MarkDuplicates (Picard v1.126). Open chromatin regions (peak regions) were
called using MACS2 (v2.1.0) using the ‘-g 1.87€9 -p 0.01 --nomodel --shift -75 --extsize 150 -B -
-SPMR --keep-dup all --call-summits’ parameter [74]. The differential chromatin accessibility
analysis and related plots were performed using the DiffBind package using the ‘summits=250,
default DESeq2, log2fold=1, FDR<=0.05" parameter [75]. GO analysis for Biological Process
terms was performed using GREAT (v3.0.0) analysis [76] with the mm10 reference genome,
where each region was assigned to the single nearest gene within 1000kb maximum distance to
the gene’s TSS.

Motif Discovery Analysis

Known motif search was performed using program of findMotifsGenome.pl in the HOMER
package (v4.9.1) with ‘mml10 -size -250,250 -S 15 -len 6,8,10,12,16" parameters [77].
Incidences of specific motif was examined by the program of annotate-Peaks.pl in the HOMER
package with size parameter “-size 500".

Western blots

Cells were detached from plates with 0.25% Trypsin-EDTA (Gibco, 25200056), pelleted before
addition of RIPA lysis buffer (Sigma, R0278-50ML) supplemented with 1% (v/v) Protease
inhibitor cocktail (Sigma, P8340-1ml) and 1% (v/v) Phosphatase inhibitor Cocktail 3 (Sigma,
P0044-1ML), and lysed on ice for 30 min. The lysates were spun for 10 min at 13000 rpm. The
protein concentration was determined with BCA protein assay kit (Pierce, 23225). Each sample
with 15 pg of total protein was denatured in 1x LDS Sample buffer (Life Technologies, NP0O007)
with 200 mM DTT for 5 min at 98°C. The cell lysates were loaded onto a 4%—-15% mini-Protean
TGX gel (Bio-Rad #456-1083), electrophoresed, and transferred to nitrocellulose membranes
(VWR,10600002). Membranes were blocked in PBS 0.1% (v/v) Tween-20 and 5% (g/v) blotting
reagent (Bio-Rad, 1706404) and incubated with the following primary antibodies overnight at
4°C: rabbit anti-NANOG (Abcam, ab80892, 1/1000), rabbit anti-DUSP9 (Abcam, ab167080,
1/500), mouse anti-DKC1 (Santa Cruz, sc-365731, 1/250), mouse anti-HA (Cell Signaling
Technology (CST), #2367S, 1/1000), rabbit anti-Phospho-ERK1/2 (Thr202/Tyr204) (CST,
#4370, 1/2000), mouse anti-ERK1/2 (CST, #4696, 1/2000), and mouse anti-ACTIN (Abcam,
ab3280, 1/5000). After extensive PBS 0.1% Tween-20 (PBS-T) washes, membranes were
incubated with a secondary HRP-conjugated goat anti-mouse IgG antibody (Bio-Rad, 1706516,
1/5000 ) or goat anti-rabbit IgG antibody (Bio-Rad, 1706515 1/5000) for 30 minutes at room
temperature. After another round of extensive PBS-T washes, protein expression was visualized
using the ECL chemiluminescence reagent (Perkin-Elmer, NEL103001EA) and LAS-3000
imaging system (Fuji). Data were analyzed with ImageJ.

Statistical analysis

Statistical tests were performed using the Graphpad Prism 5 software (GraphPad Software).
Unpaired two-tailed t-test, one-way ANOVA with Dunnett's multiple comparisons test or two-way
repeated-measures ANOVA were used as indicated. All data are presented as the meantSEM.
p-values <0.05 were considered statistically significant.
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Data Availability

The ATAC-seq data discussed in this publication have been deposited in NCBI's Gene
Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession
number GSM2247118 and GSM2247119. The GEO accession number for the RNA-seq data
reported in this paper is GSE110215.
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FIGURE LEGENDS

Figure 1. Sex-specific differences in transcriptional, pluripotency exit and cell growth in
mouse iPSCs.

(A) Scheme of female and male iPSCs derivation, characterization and differentiation.

(B) Representative images of female and male iPSCs and ESCs grown on feeders in S/L
condition.

(C) Growth curves and doubling times of female and male iPSCs (i) and ESCs (ii) in S/L
condition. Cell were counted at the indicated time points and presented as fold changes relative
to averages (+SEM) of male and female iPSC lines at Oh (three lines each, n=1, left panel) in
early passage (P6) and of male and female ESCs (one line each, n=3, right panel), respectively.
Growth curve: *p<0.05, ***p<0.001, Male iPSCs vs Female iPSCs, Male ESCs vs Female
ESCs, two-way repeated-measures ANOVA with Bonferroni posttests. Doubling time (Td):
*p<0.05, **p<0.01, Male iPSCs vs Female iPSCs, Male ESCs vs Female ESCs, unpaired two-
tailed t-test.
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(D) RT-gPCR analysis for pluripotency-associated gene expression in iPSCs grown in S/L in
both early and late passages. The expression values are represented as averages (tSEM) of
male and female iPSC lines (three different lines each) in early passage (P8) and late passage
(P14), respectively. Statistical significance was analysed using the unpaired, two-tailed t-test
(**p<0.01).

(E) Western blot analysis for NANOG, DNMT3B and DUSP9 protein in iPSCs grown in S/L in
both early and late passages. Lower panel: quantification using ACTIN as a loading control. The
protein values are represented as averages (xSEM) of male and female iPSC lines (n=3 lines
each) in early passage (P6) and late passage (P13), respectively. Statistical significance was
analysed using the unpaired, two-tailed t-test (*p<0.05, **p<0.01).

(F) RT-gPCR analysis for pluripotency-associated gene expression during LIF withdrawal
differentiation of both early passage and late passage IPSCs. Results are presented as
averages (xSEM) of three male and three female iPSC lines in early passage (P8) and the
same lines in late passage (P14), respectively. **p<0.01, ***p<0.001, P8 Female iPSCs vs P8
Male iPSCs. #p<0.05, ##p<0.01, P14 Female iPSCs vs P14 Male iPSCs. Two-way repeated-
measures ANOVA with Bonferroni posttests.

(G) gPCR analysis for X-chromosome DNA copy number in both early passage and late
passage iPSCs grown in S/L. X copy nhumber are presented as the average ratios of gDNA
guantities for four X-linked genes (Tfe3, Bcor, Pdhal, and Midl, locations in X-chromosome
shown in lower panel) to gDNA quantities for autosomal gene Gapdh.

(H) As in (C) but for male and female iPSC lines in early (P6) and late passage (P13). Growth
curve: *p<0.05, **p<0.001, P6 Female iPSCs vs P6 Male iPSCs; ##p<0.01, ###p<0.001, P13
Female iPSCs vs P13 Male iPSCs; two-way repeated-measures ANOVA with Bonferroni
posttests. Td: ***p<0.01, P6 Female iPSCs vs P6 Male iPSCs; ###p<0.001, P13 Female iPSCs
vs P13 Male iPSCs; unpaired two-tailed t-test.

Figure 2. Sex-specific chromatin regulatory landscapes in mouse ESCs.

(A) Differential chromatin accessibility analysis between female and male ESCs. Log2 fold
change (XX/XY) in reads per accessible region are plotted against the mean reads per ATAC-
seq peak. Open chromatin regions that more open in female ESCs or in male ESCs
(log2fold|>=1, false discovery rate (FDR)<=0.05) were defined as “XXgain” and “XYgain”,
respectively.

(B) GO analysis of biological processes associated with chromatin more open in female
(XXgain) or in male (XYgain) mouse ESCs.

(C) Venn diagrams showing the overlap between genes nearest to the “XXgain” regions and the
DEGs between mouse XX and XY ESCs (DEGs= |log,fold|>=log,1.5, FDR<=0.05).

(D) Integrated Genome Viewer (IGV) track images of ATAC-seq and RNA-seq signal for
“XXgain” example regions. Differentially open regions are shaded.

(E) As in C for “XYgain” regions.

(F) As in D for “XYgain” regions.
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Figure 3. Identification of candidate regulators for sex-specific open chromatins.

(A-C) Enriched motifs found in chromatin regions more open in XX ESCs (A), in XY ESCs (C),
or both (B).

(D) Venn diagram showing the overlap between the ATAC-seq regions more open in XX ESCs
with a motif KLF5, ESRRB and SOX2. The number of genes associated with all three motifs that
show increased or decreased expression in XX ESCs is incidtated.

(E) As in D for ATAC-seq regions more open in XY ESCs.

Figure 4. Effects of Zic3 heterozygous deletion on pluripotency exit.

(A) Western blot analysis for ZIC3 (left) in iPSCs and ESCs grown in S/L. Right: quantification
using ACTIN as loading control. ZIC3 protein values are represented as averages (+tSEM) of
male and female IPSC lines (three lines each), and male and female ESC lines (one line each).
**p<0.01, Male iPSCs vs Female iPSCs, unpaired two-tailed t-test.

(B) Scheme of heterozygous Zic3 deletion strategy in female XX ESCs followed by LIF
withdrawal.

(C) RT-gPCR analysis for Zic3 gene expression in two independent Zic3+/- ESC lines, Zic3+/+
ESCs and XY ESCs all grown in S/L. The expression values are represented as averages
(SEM) of technical duplicates (n=1).

(D) RT-gPCR analysis for pluripotency-associated gene expression during LIF withdrawal in the
two independent Zic3+/- XX ESC lines, the Zic3+/+ XX parental ESC line and a XY ESC line.
Results are presented as averages (SEM) of technical duplicates (n=1).

Figure 5. Transcriptional landscape of female ESCs differentiation in the absence of
global DNA hypomethylation.

(A) Scheme of Dusp9 heterozygous deletion in female XX ESCs followed by LIF withdrawal
differentiation.

(B) (i) Western blot analysis for DUSP9, ERK and pERK proteins in Dusp9+/- ESCs, Dusp9+/+
ESCs and XY ESCs grown in S/L. (i) Quantification of DUSP9 levels using ACTIN as a loading
control and (iii) pERK levels using ERK as a loading control. DUSP9 expression values are
represented as averages (+SEM) of the same lines in two independent western blot
experiments.

(C) PCA of RNA-seq data for Dusp9+/- ESCs, Dusp9+/+ ESCs and XY ESCs grown in S/L
conditions or 24h after LIF withdrawal. The top 500 most variable genes were used in this
analysis.

(D) Unsupervised hierarchical clustering of top 200 most variable genes in Dusp9+/- ESCs,
Dusp9+/+ ESCs and XY ESCs in the undifferentiated state.

(E) Venn diagram showing the overlap between the DEGs of Dusp9+/- ESCs with Dusp9+/+
ESCs (|log.fold|>=log,1.5, FDR<=0.05). The top enriched GO terms for biological processes for
common DEGs are shown.

(F) Unsupervised hierarchical clustering of MAPK pathway related genes (defined in [11]) for
Dusp9+/- ESCs, Dusp9+/+ ESCs and XY ESCs in the undifferentiated state.

(G) Unsupervised hierarchical clustering of top 200 most variable genes for Dusp9+/- ESCs,
Dusp9+/+ ESCs and XY ESCs in the differentiated state after 24h of LIF withdrawal.
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(H) Expression of Prdm14 and Nanog. RNA-seq data (CPM) for Dusp9+/- ESCs, Dusp9+/+
ESCs and XY ESCs at Oh and 24h after LIF withdrawal.

() RT-gPCR validation of Prdml14 and Nanog expression before and after LIF withdrawal.
Results are presented as averages (xSEM) of two independent experiments.

(J) Growth curves and doubling times of Dusp9+/- ESCs, Dusp9+/+ ESCs and XY ESCs in S/L
condition. Cell were counted at the indicated time points and presented as fold changes relative
to averages (+tSEM) at Oh (n=1).
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