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SUMMARY

Biological sex is a fundamental trait influencing development, reproduction, pathogenesis, and medical treatment outcomes. Modeling
sex differences is challenging because of the masking effect of genetic variability and the hurdle of differentiating chromosomal versus
hormonal effects. In this work we developed a cellular model to study sex differences in humans. Somatic cells from a mosaic Klinefelter
syndrome patient were reprogrammed to generate isogenic induced pluripotent stem cell (iPSC) lines with different sex chromosome
complements: 47,XXY/46,XX/46,XY/45,X0. Transcriptional analysis of the hiPSCs revealed novel and known genes and pathways
that are sexually dimorphic in the pluripotent state and during early neural development. Female hiPSCs more closely resembled the
naive pluripotent state than their male counterparts. Moreover, the system enabled differentiation between the contributions of X versus
Y chromosome to these differences. Taken together, isogenic hiPSCs present a novel platform for studying sex differences in humans and

bear potential to promote gender-specific medicine in the future.

INTRODUCTION

In recent years, the awareness of gender medicine is rising.
It is now well established that disease incidence, clinical
presentation, and outcome are sex dependent (Hao et al.,
2019; Lichtman et al., 2018; Whitacre, 2001). In addition,
adverse drug reactions are sex dependent (Yu et al., 2016),
and several drugs were withdrawn from the market by
the US Food and Drug Administration (FDA) because
of their gender-specific hazardous effects, usually on
women (Pollitzer, 2013). Genome-wide association studies
(GWAS) (Khramtsova et al., 2019) have revealed complex
human traits such as metabolism (Charchar et al., 2012;
Ge et al., 2017; Heid et al., 2010; Winkler et al., 2015), im-
munity (Case et al., 2013; Kamitaki et al., 2020; Krement-
sov etal., 2017; Kukurba et al., 2016), and anthropometrics
(Tragliaetal., 2017) to be sex dependent. Although some of
the sex differences arise from hormonal effects (Gurvich
et al., 2018), it is now acknowledged that many differences
are due to sex chromosome complement (Arnold, 2012).
Studying the effects of sex chromosome complement on
gene expression and biological phenotypes is impeded by
variation in genetic background. Therefore a large sample
size is needed to identify sex-related differences (Ronen
and Benvenisty, 2014). To date, there is no human model
to study sex differences that can overcome the variation
in genetic background.

In this work we sought to develop a novel cellular model
that is based on a unique sex chromosome complement of
a subgroup of Klinefelter syndrome patients. Klinefelter

syndrome is characterized by an additional X chromosome
in males (47,XXY). Approximately 15% of these patients
have a mosaic karyotype of 47,XXY/46,XY because of
trisomic rescue in early development (Frithmesser and Kot-
zot, 2011). In rare cases, patients harbor a karyotype of
47,XXY/46,XY/46,XX (Al-Awadi et al.,, 1986; Bergman
et al., 1969; Ekwall et al., 1971; Hersmus et al., 2012;
Mark et al.,, 1999; Zamora et al., 2002). In this study,
47,XXY/46,XY/46,XX EBV-immortalized B cells from a sin-
gle Klinefelter syndrome patient were exploited to generate
isogenic human induced pluripotent stem cells (hiPSCs)
with different sex chromosome complements. This model
was used to study sex differences in gene expression of un-
differentiated and early neural differentiated hiPSCs, and
to distinguish between the effects of X and Y chromosomes
on autosomal gene expression.

RESULTS

Generation of isogenic hiPSC lines with different sex
chromosome complements

With the goal of generating isogenic hiPSC lines with
different sex chromosome complements, an EBV-immortal-
ized B cell line derived from a mosaic Klinefelter syndrome
patient was subjected to fluorescence in situ hybridization
(FISH) analysis, which showed that the cell line was
composed of 47,XXY (71.5%), 46,XY (25%), and 46,XX
(3.5%) cells (Figure S1A). Single B cells were reprogrammed
to iPSCs, as single cells via nucleofection with four plasmids

2732 Stem Cell Reports | Vol. 17 | 2732-2744 | December 13,2022 | © 2022 The Authors. )
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). sty

ISSCR

OPEN ACCESS


mailto:benr@hadassah.org.il
https://doi.org/10.1016/j.stemcr.2022.10.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2022.10.017&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

overexpressing SOX2, POUSF1 (OCT4), KLF4, LIN28A,
MYCL, SV40LT, and shTP53 (Barrett et al., 2014). Following
reprogramming, hiPSC colonies were screened for sex chro-
mosome complement number, determined by the presence
of SRY and XIST genes encoded by the X and Y chromo-
somes, respectively (Figure S1B). Of 100 colonies, 52 were
47,XXY, 45 were 46,XY, and one was 46,XX. Surprisingly,
one 45,X0 colony representing an elimination of the X chro-
mosome and one 93,XXXXY colony that was probably
generated by fusion of 46,XX and 47,XXY cells were identi-
fied. To generate additional 46,XX cell lines, another 250
colonies were screened for the absence of the Y chromo-
some; two 46,XX colonies were identified. The screening re-
sults for the selected clones were confirmed by G banding,
which showed normal karyotype (Figure S1C). Altogether,
nineisogenic hiPSC lines were generated: three 46,XX, three
46,XY, two 47,XXY, and one 45,X0 cell lines.

Characterization of isogenic hiPSC lines

When cultured on human foreskin fibroblast feeders, the
isogenic hiPSCs (passages 20-25) showed typical mor-
phology and alkaline phosphatase activity (Figures S1D).
The majority of the cells expressed the key pluripotency
transcription factor OCT4, as well as the pluripotency-asso-
ciated cell surface markers TRA-1-61 and TRA-1-80 (Fig-
ure 1A). All cell lines were pluripotent, as demonstrated
by their potential to differentiate in vitro and in vivo into
cells representing the three embryonic germ layers
(Figures 1B and 1C). XX and XXY isogenic hiPSCs were X
inactivated, as demonstrated by perinuclear single-focus
staining of H3K27me3 (Figure 1D). PCR for viral DNA
showed absence of EBV-related genes, indicating that the
viral elements were eliminated during reprogramming
(Figure S1E). Short tandem repeat (STR) fingerprinting
and human leukocyte antigen (HLA) typing of the hiPSCs
demonstrated autosomally identical samples, confirming
that the hiPSC lines were isogenic (profiles are not
shown to maintain donor confidentiality). In addition,
SNP analysis showed matched identity between all samples
(Table S1A). Taken together, the protocol used yielded
isogenic hiPSCs with different sex chromosome comple-
ments. The hiPSCs were EBV free, pluripotent, undifferen-
tiated, and X inactivated when cultured on human feeders.

Gene expression analysis of XX and XY isogenic
hiPSCs

Because of the early onset of sex differences during devel-
opment (Petropoulos et al., 2016), gene expression in the
undifferentiated isogenic hiPSCs was compared. To this
end, RNA from the isogenic hiPSC lines cultured on human
feeders was extracted after verifying using fluorescence-
activated cell sorting (FACS) that >93% of the cells were
TRA-1-81" (Figure S2A), and RNA sequencing (RNA-seq)

was performed. The RNA-seq analysis detected 63,899 tran-
scripts (95.3% autosomal, 3.7% X linked, and 1% Y linked).
Principal-component analysis (PCA) of XX and XY hiPSCs
showed that the hiPSC lines clustered by sex chromosome
complement for autosomal and sex-linked genes (Fig-
ure S2B). Differential gene expression analysis (adjusted p
value < 0.10) detected 313 genes differentially expressed
in XY versus XX samples, with 247 DEGs (79%) signifi-
cantly upregulated in XX compared with XY (Figures 2A
and 2B; Table S1B). Most of the differentially expressed
genes (DEGs) were autosomal genes (n = 286), while only
10 were X-linked genes and 15 were Y-linked genes, of
which 10 had X-linked paralogs. As expected, XIST, a major
effector of X inactivation, showed the highest XX/XY
expression ratio, while Y-linked genes such as SRY were ex-
pressed in cell lines containing the Y chromosome. MMP3,
an autosomal gene that was shown to be the most differen-
tially expressed autosomal gene between the sexes in
multiple tissues (Melé et al., 2015), was also differentially
expressed in the isogenic hiPSCs (Table S1B). The differen-
tial expression of a subset of autosomal and sex-linked
DEGs, selected according to their adjusted p value and
fold change was validated using qQRT-PCR (Figure S2C).

Comparison of the RNA-seq data with published auto-
somal DEGs identified using microarray data of multiple
conventional XX and XY human embryonic stem cell
(hESC) lines (Ronen and Benvenisty, 2014) (see supple-
mental experimental procedures) found 73% agreement
in expression directionality between the published
autosomal DEGs and our gene expression data (p = 2.1e-
10; Figure 1C). Next, we tested our own set of autosomal
DEGs using transcriptome data of the conventional
hESC lines. We found that 72% of the autosomal DEGs
had the same expression directionality as in our analysis
(p = 3.2e-20; Figure 1D; Table S1C).

A gene set enrichment analysis (GSEA) (Subramanian
et al., 2005) was carried out through the Broad Institute
GenePattern interface to identify sexually dimorphic gene
networks. GSEA identified an enrichment for early estrogen
response, adipogenesis, and glycolysis in XX hiPSC, in line
with published data (Chen et al., 2012; Kimura et al.,
2005; Ronen and Benvenisty, 2014) (Figure 2E). Autosomal
genes related to spermatogenesis were enriched in XY
hiPSCs, as were cell cycle control gene sets, in line with
the higher growth rate observed in early-developing XY em-
bryos compared with XX embryos (Bernardi and Delouis,
1996; Pergament et al., 1994; Valdivia et al., 1993). Other
gene sets that were sex biased included inflammatory
response, interferon gamma response, and TNF-a signaling
(Figure S3A). Further analysis of sex differences using Inge-
nuity Pathway Analysis (IPA) of DEGs, found a sex bias for
pathways related to diseases that are more prevalent in
women, such as osteoarthritis and rheumatoid arthritis
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Figure 1. Characterization of isogenic human induced pluripotent stem cell (hiPSC) lines

(A) Immunofluorescence staining for the pluripotency markers OCT4 (scale bar, 100 um), TRA-1-60, and TRA-1-81 in XY hiPSCs (scale bar,
200 pm).

(B) Immunofluorescence staining following in vitro differentiation of XY hiPSCs, showing cells expressing B-tubulin III (neuronal marker,
ectoderm), muscle actin (mesoderm), and SOX17 (endoderm). Scale bar, 100 um.

(C) H&E staining images of teratoma tumors developed following in vivo differentiation of XY hiPSCs, showing mesoderm (cartilage; scale
bar, 200 um), ectoderm (neural rosettes; black arrows), and endoderm (columnar glandular epithelium) differentiation (scale bar,
100 pm).

(D) Immunofluorescence staining for H3K27me3, a repressive histone marker of the inactive X chromosome, in XX and XXY hiPSCs. XY
fibroblasts and primed XX hPSCs served as controls (scale bar, 50 pum).

(Table S1D). Interestingly, the pathways that were most en-  dial tissues (Figure 2F) (Inanloorahatloo et al., 2017). Anal-
riched with sex-biased genes were also reported as the most  ysis by chromosomal location found only Y chromosome
enriched in an analysis of sex differences in human myocar-  to be enriched with DEGs (fold enrichment = 3.91, adjusted
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p = 0.003). Taken together, the gene expression profiling of
the isogenic hiPSC lines recapitulated known sex differences
and suggested novel differences between the sexes.

Pluripotency state analysis of the isogenic hiPSCs

Two main states/phases of pluripotency have been defined:
“naive” cells that more closely resemble the pre-implanta-
tion epiblast and conventional “primed” cells that repre-
sent the post-implantation developmental stage. These
cells are classified on the basis of differences in gene expres-
sion signatures, chromatin states, differentiation capacity,
and other properties.

GSEA of the pluripotency state in isogenic male and fe-
male hiPSCs cultured on human feeders was tested by
gene sets that represent naive and primed states in XX and
XY human pluripotent stem cells (hPSCs). The gene sets
were generated by selecting the top 500 genes differentially
expressed between naive and primed human pluripotent
stem cells, on the basis of Stirparo et al. (2018): 316 naive
state markers and 184 primed state markers (Table S1E).
GSEA revealed that naive state markers were enriched in
XX hiPSCs (normalized enrichment score [NES] = —2.1),
while primed state markers were enriched in XY hiPSCs
(NES = 2.6; Figure 2G). An additional naive gene set,
compiled on the basis of published naive markers (Collier
et al., 2017; Gafni et al., 2013; Giulitti et al., 2019; Guo et
al., 2016; Kilens et al., 2018; Messmer et al., 2019; Nakamura
et al., 2016; Pastor et al., 2018; Sperber et al., 2015; Theunis-
sen et al., 2014; Zimmerlin et al.,, 2016), demonstrated
enrichment in XX hiPSCs as well (NES = —3.3; Figure S3B).
To validate these findings, the naive gene set was tested us-

ing a published transcriptome dataset from conventional
hESCs (Ronen and Benvenisty, 2014) and was found to be
enriched in XX hESCs compared with XY hESCs (NES =
—2.2; Figure S3B). In addition, signaling pathways that are
important for induction and maintenance of naive pluripo-
tency in human (Duggal et al., 2015; Yang et al., 2010; Xu
etal., 2016) such as JAK-STAT, PI3K/AKT, and WNT signaling
pathways were enriched in female compared with male
hiPSCs, while the MAPK signaling pathway was enriched
in XX hiPSCs (Figure S3C). Taken together, gene expression
in female isogenic hiPSCs is slightly closer to naive pluripo-
tency than male hiPSCs.

The effect of sex chromosomes on autosomal genes

The differences between XX and XY can arise from the pres-
ence of the Y chromosome, the dose of the X chromosome,
or both. To facilitate analysis of the determining factors,
two 47,XXY and one 45,X0 hiPSC lines were included in
subsequent analyses. The nine cell lines were classified ac-
cording to X dose (X0 and XY compared with XX and
XXY) and chromosome Y presence (X0 and XX compared
with XY and XXY; Figure 3A), and their gene expression
was analyzed to detect X and Y chromosome effects (see
supplemental experimental procedures). As expected,
XIST was related to the X dose, while genes located on Y
chromosome were attributed to the presence of Y. Of the
313 identified DEGs, 92 genes were related to the presence
of Y, while 46 genes were related to the dose of X (Figure 3B;
Table S2). Significant effects of both X dose and Y presence
were demonstrated for 53 DEGs, such as MMP3. Interacting
effects of X and Y chromosomes were noted for 122 DEGs,

Figure 2. Gene expression analysis of XX and XY isogenic hiPSCs

(A) MA plot presenting gene expression differences between XY and XX samples. The mean expression (A) is shown on the x axis, and log,
fold change (M) is plotted on the y axis. Each gene is represented by a dot. Genes with adjusted p values < 0.10 are shown in red. Three cell
lines were tested for each sex.

(B) Volcano plot displaying differentially expressed genes (DEGs) between XX and XY hiPSCs. The y axis reflects the mean expression value
of log10(q), and the x axis displays the log, fold change value. Red dots represent significant DEGs.

(C) Correlation between published autosomal DEGs between the sexes, as determined in a conventional hESC study (n = 192) (y axis)
(Ronen and Benvenisty, 2014), and our gene expression data (x axis), depicted as a scatterplot of all pairwise log, fold changes between
the sexes. Dark blue dots represent genes that share the same expression directionality in both studies. Fold change levels were also
correlated (rho = 0.38, p = 4E-8).

(D) Correlation between autosomal DEGs (p < 0.10) found in our analysis (n = 448) (x axis) and published transcriptome data from
conventional hESCs (y axis) (Ronen and Benvenisty, 2014). Dark blue dots represent genes that share the same expression directionality in
both studies.

(E) Gene set enrichment analysis (GSEA) for selected gene sets in XX and XY hiPSCs. The x axis represents the normalized enrichment score
(significance was defined as FDR < 0.01 and FWER < 0.1).

(F) Top five differentially expressed pathways for female- and male-biased genes, as determined using Ingenuity Pathway Analysis (IPA).
Pathways were selected according to their log of adjusted p value.

(G) GSEA results presented in an enrichment plot for naive and primed state markers in XY compared with XX hiPSCs (NES, normalized
enrichment score; FDR < 0.01, FWER < 0.1). The green line represents the enrichment score (ES) of the gene set as a running-sum statistic
working down the ranked list of genes. The black vertical bars illustrate the position of genes belonging to the gene set in the ranked list of
genes included in the analysis. The colored band represents the degree of correlation of the expression in the gene set (red for a high gene
expression and blue for a low gene expression).
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Figure 3. The effect of X and Y chromo-
somes on autosomal gene expression

(A) hiPSC samples were categorized accord-
ing to the number of X chromosomes
(X dose) and the presence of Y chromosome
(Y presence), as determined using RNA-seq
of nine isogenic hiPSC lines.

(B) The effect of X dose and Y presence on
differentially expressed genes (DEGs). A
pie chart representing the number of DEGs
that are significantly affected by Y presence
(blue), X dose (red), or both (yellow). An
additional 122 genes had interacting effects
of X and Y chromosomes (green). Represen-
tative genes from each group are marked by a
black box.

(C) Heatmap of log, fold change of 122 DEGs

EGR1
NR2F2
REX1

X dosage
effect
n=46

effects
n=122

Z1C3
IGF2BP3
ZNF677

Estrogen response
- early

Adipogenesis

that had interactive inverse effects of X and
Y chromosomes. Each row represents a single
gene and the opposite effect of X dose (left
column) and Y presence (right column) on
its expression.

(D) GSEA for significant effects of X dose and
Y presence on specific gene sets. Red bars
represent an upregulation effect, while blue
bars represent downregulation (FDR < 0.01

4 2 0

Normalized Enrichment Score

2 4 and FWER < 0.1).

(E) GSEA for X dose and Y presence effects on
primed and naive state markers. Red bars

represent an upregulation effect, while blue
bars represent downregulation (FDR < 0.01
and FWER < 0.1).

E
X dosage Y presence

Primed

state
-: it
state

Log Fold Change
5 0

-4 -2 0 2

£

Normalized Enrichment Score

which showed inverse correlations to X dose and Y pres-
ence, yielding an additive effect that was significant when
comparing XX and XY (Figure 3C). For example, FGF8
was upregulated in the presence of two X chromosomes
and downregulated by the Y chromosome (both insignifi-
cantly); additively, FGF8 was significantly upregulated in
XX compared with XY hiPSCs.

Assessment of the effect of X dose and Y presence on gene
networks associated an enrichment of an early estrogen
response gene set with lack of a Y chromosome and not
with X chromosome dose, in line with a previously pub-
lished work on hESCs (Ronen and Benvenisty, 2014). Adipo-
genesis gene enrichment was related to X dose, as was shown
in mice (Chen et al., 2012) (Figure 3D). The differences in

naive and primed gene sets were found to be attributed to
both Y presence and X dose (Figure 3E). The effects of X
dose and Y presence on other gene sets are shown in Table S2.

Sex differences during neural differentiation

To detect sex differences in human early neural develop-
ment when sex chromosome complement is the only deter-
minant of sex differences (Turano et al., 2018), the XX and
XY hiPSC lines were directed to differentiate towards the
neural lineage and subsequently compared. After 14 days
of differentiation, the majority of cells acquired neural
progenitor phenotype, as demonstrated by the expression
of PSA-NCAM (92% =+ 3.5%; FACS analysis) and NESTIN
(>90%; immunostaining) (Figures 4A and 4B). RNA
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Figure 4. Sex differences during early neural differentiation

(A) FACS analysis for PSA-NCAM expression after 14 days of neural differentiation.

(B) Immunostaining for the neural marker NESTIN (red). Nuclei were counterstained with DAPI (blue) (scale bar, 50 mm).

(C) Principal-component analysis (PCA) plot of XX (red) and XY (blue) isogenic hiPSCs following neural differentiation. Three isogenic
hiPSC lines of each sex were analyzed.

(D) RT-PCR analysis of X- and Y-linked genes in XX and XY NPCs. Data represent normalized expression + SEM of three biological replicates
(p < 0.05).

(E) Biological function enrichment analysis for genes differentially expressed in female versus male hiPSCs following neural
differentiation.
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extracted from the neural progenitor cells (NPCs) derived
from the isogenic hiPSC lines, showed that the NPCs clus-
tered according to sex chromosome complement (Fig-
ure 4C). Differential gene expression analysis (adjusted
p < 0.10) identified 69 DEGs, of which 71% were upregu-
lated, and 29% were downregulated in XY compared with
XX NPCs (Table S3). These results are in line with previous
reports showing that during prenatal brain development,
most of the DEGs were upregulated in males (O’Brien
et al., 2019; Shi et al., 2016). As expected, DEGs included
Y-linked genes and XIST (Figure 4D). HSD17B7, one of the
top 5 autosomal DEGs was upregulated in XY NPCs. This
enzyme regulates the biologic potency of estrogen, proges-
terone, and testosterone. GRIN3A and SF3B1, another two
top-five DEGs and associated with schizophrenia, were upre-
gulated in XY NPSCs. GRIN3A is also associated with cere-
bral palsy disease. Interestingly, these conditions have a
male-biased prevalence (Chounti et al., 2013; Costantine
et al., 2012; Greenwood et al., 2016; Ingason et al., 2015;
McGrath et al., 2004; Takata et al., 2013).

A functional annotation analysis using WebGestalt
and EnrichR (Kuleshov et al., 2016; Liao et al., 2019) of
genes differentially expressed in NPCs derived from the
male versus female isogenic hiPSCs ranked neurogenesis,
cell-cell signaling, synaptic transmission, transsynaptic
signaling, response to redox state, and neuronal differentia-
tion as the top most significant differentiating biological
processes (Figure 4E). Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis revealed apelin signaling
pathway as the top enriched pathway. It was previously re-
ported that APLNR, a fundamental gene in the apelin
signaling pathway, is one of three genes that are sex biased
through neural development in humans (Shi et al., 2016).
Axon guidance, and pathways related to synaptic signaling,
such as calcium signaling, dopaminergic, GABAergic and
glutamatergic synapses were also enriched, in line with dif-
ferences found in fetal human brains and during the early
childhood period (O’Brien et al., 2019; Shi et al., 2016). In
addition, during early neural development sex-biased genes
were enriched for amyotrophic lateral sclerosis (ALS), autism
spectrum disorder (ASD), and Rett syndrome gene sets, con-
ditions known to have sex-bias phenotypes (Figure 4E).
Taken together, these findings suggest that sex differences
during human neural development are related to sex chro-
mosome complement and are independent of hormonal dif-
ferences that occur later in development.

DISCUSSION

Biological sex is one of the most fundamental and evolu-
tionarily well-conserved phenomenon. Nevertheless, lack
of a biological model in humans has impeded the study

of sex biology. Development of a platform to study sex dif-
ferences in humans will be valuable for understanding the
impact of sex on development, disease pathogenesis and
medical treatments. This study established an in vitro
model for studying sex differences by generating human
isogenic iPSC lines with different sex chromosome comple-
ments. Using this model, sex differences were studied in
pluripotent stem cells and early-stage differentiated neural
cells. Known and novel differences between the sexes were
detected in the expression of both autosomal and sex chro-
mosomes genes. In addition, female hiPSCs were shown to
be more closely related to an earlier naive pluripotency
state than their male counterparts. Taken together, the
cellular model developed here enabled discovery of sex dif-
ferences and their linkage to X versus Y chromosomes.

Genetic background can easily mask sex differences, sub-
sequently requiring large sample sizes to establish such dif-
ferences (Melé et al., 2015; Ronen and Benvenisty, 2014).
The isogenic hiPSCs developed here eliminated the genetic
background variability, and consequently enabled the
detection of sex differences using only a few cell lines for
each sex. The gene expression analysis in the pluripotent
state and the main finding reported here regarding the dif-
ference in pluripotent states between the two sexes were
validated using microarray data from multiple conven-
tional hESC lines. In addition, the data demonstrating
that estrogen response is sexually dimorphic and attributed
to a Y chromosome effect aligned with the observations
following a similar analysis of conventional hESCs (Ronen
and Benvenisty, 2014).

Functional analysis of the DEGs revealed enrichment for
biological functions such as estrogen response, glycolysis,
and adipogenesis, all of which are known to be sexually
dimorphic (Chen et al., 2012; Kimura et al., 2005; Ronen
and Benvenisty, 2014). Immune response pathways were
also differentially expressed, consistent with the suggested
role of sex chromosome complement on immune system
functions and the higher risk for autoimmune diseases in
cases of sex chromosome aneuploidy (Harris et al., 2016;
Jaillon et al., 2019; Sawalha et al., 2009; Schurz et al.,
2019). Sex differences can arise from the presence of Y
chromosome or X dose. Isogenic hiPSCs enabled differenti-
ation between the effects of X and Y chromosomes on
DEGs and biological processes. In line with previous re-
ports (Chen et al., 2012; Ronen and Benvenisty, 2014),
the present analysis attributed differences in the estrogen
response pathway to the presence of Y, while adipogenesis
was affected by X dose.

It was previously shown that female mouse ESCs cultured
under serum/LIF conditions are more similar to the naive
pluripotent state than their male counterparts due to two
active Xs (Schulz et al., 2014; Zvetkova et al., 2005). In
the human feeder-dependent culture conditions applied
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here, female hiPSCs were X inactivated. Nevertheless, XX
hiPSCs were enriched for the expression of naive markers,
while primed pluripotency markers were enriched in XY
hiPSCs. This effect was attributed to X dose as well as to Y
presence. The enrichment of naive state markers in XX
samples was validated using conventional hESC samples.
The signaling pathways that differed between the sexes—
JAK/STAT3, PI3K/AKT, and WNT—were upregulated in
the naive state and might be responsible for the resem-
blance of XX hiPSCs to the naive pluripotency state.
MAPK was also enriched in female hiPSCs, as opposed to
its inhibition in the naive state, which might be due to
the X inactivation of the cell lines (Schulz et al., 2014).
These gene expression profiles suggest that although fe-
male and male hiPSCs are in the primed state, human fe-
male iPSCs are in an earlier pluripotency stage than
their male counterparts. In line with these findings, it
was previously reported that Y-linked genes downregulate
naive state genes in human pluripotent stem cells (Taleah-
mad et al., 2019). In addition, regulation of the pluripo-
tency network may be distinct for each sex, as demon-
strated for SRY, which upregulates OCT4 in males, while
ZFX, an X-linked gene that escapes X inactivation, has
a role in self-renewal and pluripotency maintenance
(Galan-Caridad et al., 2007).

The hiPSC model was effectively applied to analyze sex
differences in differentiated cells. During early neuraliza-
tion, most of the DEGs were upregulated in XY NPCs, as
was shown in the prenatal human brain (Shi et al.,
2016). Functional annotation analysis found enrichment
for the synaptic compartment and specific neurotransmit-
ters, differences that were also found during second
trimester fetal development (O’Brien et al., 2019). Gene
sets representing neurological diseases that are more prev-
alent in one sex, such as ALS, autism, and Rett syndrome,
were found to be enriched within the sex-biased genes.
Defects in oxidation-related genes are known to be related
to ALS; for example, a mutation in the SODI gene has
been linked with familial ALS (Rosen et al., 1993). In
addition, male rat NPCs harboring this mutation exhibit
sex-specific effects on proliferation and sensitivity to
oxidative stress (Li et al., 2012). In line with these find-
ings, female and male NPCs in the present analysis ex-
hibited differential expression of redox state response
genes. Investigating the sex-biased effect of SOD1 muta-
tion in human NPCs using gene editing in our isogenic
hiPSCs might contribute to the understanding of the
sex-related pathogenesis of ALS. In conclusion, our system
enables the detection of sex differences during develop-
ment and within somatic cells. Moreover, it allowed the
identification of sex differences during neural develop-
ment earlier than previously reported. These differences
can be attributed solely to sex chromosome complement,
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as no hormonal effects are involved during this early
developmental stage.

The studied isogenic hiPSCs with different sex chromo-
some complements all harbored a single genetic back-
ground. Nevertheless, variability in gene expression existed
because of subtle differences in culture conditions, batch
effects, and possibly in the extent of X chromosome inacti-
vation between the cell lines. In future studies, multiple
technical replicates, and simultaneous RNA extraction
from all cell lines might reduce this variability. Additional
isogenic cell lines with different genetic backgrounds may
be derived by reprogramming somatic cells of additional
mosaic Klinefelter syndrome patients. Indeed, isogenic
hiPSC lines with different sex chromosome complements
(46,XY and 47,XXY) were previously derived from a mosaic
Klinefelter syndrome patient. However, since these lines
lacked a 46,XX hiPSC clone, they were not suitable to study
sex differences (Fiacco et al., 2020). Sex chromosomes jetti-
soning during reprogramming of 47,XXY cells (Hirota
et al., 2017) can facilitate the generation of additional
isogenic hiPSC lines as well. Although the hiPSC system
in the current work was based on a single genetic back-
ground, sex differences in undifferentiated and differenti-
ated states that were previously reported using numerous
samples, were recapitulated, which strengthened the valid-
ity of our system.

Although it is now broadly recognized that gender-spe-
cific medicine is needed, no suitable biological platform
to pursue research in this direction exists. The unique
isogenic hiPSC-based system with different sex chromo-
some complements developed here serves as the first hu-
man model for sex differences. This system may enable
the study of sex differences in various medical conditions
such as autism (Mitra et al., 2016), cardiovascular disease
(Arnold et al., 2017) and autoimmune diseases (Whitacre,
2001). It will also serve as a platform for studying the role
and molecular mechanism of sex-specific genetic variants
and adverse drug effects (Pollitzer, 2013). In addition, it
differentiates between the roles of X and Y chromosomes
in sex differences and facilitate the understanding of hor-
monal versus chromosomal effects. Taken together,
isogenic hiPSCs may serve as a novel means to study hu-
man sex differences, shedding light on the role of sex in
health and disease, and will enrich gender medicine.

EXPERIMENTAL PROCEDURES

Additional methods and more detailed descriptions can be found
in supplemental experimental procedures.
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Materials availability

The isogenic iPSCs generated in this study will be made
available for research upon completed Materials Transfer Agree-
ment with Coriell Institute and the corresponding author’s
institution.

Data and code availability

RNA-seq datasets were deposited at Gene Expression Omnibus
(GEO) with accession numbers GSE145079 and GSE145118.

Cell culture

EBV-immortalized B cells were obtained from Coriell cell reposi-
tories and cultured according to Coriell’s recommended protocol.
iPSCs were plated on growth factor-reduced Matrigel (Corning)
in mTesrl medium (STEMCELL Technologies) and expanded me-
chanically. Later, the cells were passaged to KO medium (Thermo
Fisher Scientific) on human foreskin fibroblasts, as described
previously (Ben-Dor et al., 2006).

Reprogramming EBV-immortalized B cells to iPSCs

B cells were reprogrammed as described by Barrett et al. (2014).
Briefly, 1 x 10° B cells were nucleofected using B-Cell Nucleofector
Kit (VPA-1001; Lonza) with 4 plasmids containing the following
genes: SOX2, OCT4, KLF4, LIN28A, MYCL, SV40LT, and shTPS53
(Addgene).

Neural differentiation

For differentiation, 10* cells per well were plated in non-treated
96-well plates with NPC differentiation medium composed of
NutriStem(—) medium supplemented with HSA (20 pM/mL),
bFGF (20 ng/mL), LDN (100 nM), and SB431542 (5 pM) (all
from PeproTech). Rock inhibitor (10 uM; PeproTech) was added
on day O only. Medium was changed on day 2 and then twice a
week. After day 5, cells were cultured in differentiation medium
without SB431542. NutriStem(—) was replaced by phenol red-
free DMEM/F12 medium to eliminate hormonal effects at this
time.

Copy number variation assay

TagMan Copy Number Assays (Thermo Fisher Scientific) were
used with probes for SRY on the Y chromosome and XIST and
ARSH on the X chromosomes (Hs01026408_cn, Hs04111313_
cn, and Hs00622494_cn, respectively). Each sample was sub-
jected to duplex TagMan gRT-PCR according to Applied Bio-
systems protocol. All reactions were run in triplicates. Data
were analyzed wusing CopyCaller version 2.1 software
(Applied Biosystems). XX and XY blood cells were used as control
samples.

Short tandem repeat fingerprinting and human
leukocyte antigen testing

STR profiles of 16 sites (D13S317, D78820, D16S539, vWA, THO1,
TPOX, CSF1PO, D8S1179, D21811, D19S433, D18851, D3S1358,
D2S1338, D5S818, FGA, and amelogenin) were obtained using
the IdentiFiler kit (Applied Biosystems). For HLA profiling,
HLA-A, HLA-B, and DRB1 loci at low resolution were typed using
Lifecodes HLA SSO Typing Kit (Immucor).

cDNA library preparation, deep sequencing, and
bioinformatics analysis

One sample of total RNA was extracted from three hiPSC cell lines
of 46,XX and 46,XY, two cell lines of 47,XXY and one 45,X0 line
(passages 16-25). Total RNA was extracted from NPCs derived
from three cell lines of 46,XX and 46,XY; each tested sample was
a pooled sample of two differentiation experiments (passages
18-30). RNA was extracted using the miRNeasy Micro Kit (Qiagen).
mRNA libraries were prepared from 1 mg RNA using the KAPA
Stranded mRNA-Seq Kit, with mRNA Capture Beads (KK8421;
Kapa Biosystems). The pooled multiplex samples were loaded on
a NextSeq 500/550 High Output version 2 kit (75 cycles) cartridge
and loaded on a NextSeq 500 System (Illumina). Normalization
and differential expression were done with the DESeq2 package
(Loveetal., 2014) (version 1.6.3) of the Bioconductor project, sepa-
rately for each sample. Testing was done with default parameters,
using the Wald test with a significance threshold of adjusted
p <0.10. Correction for multiple comparisons was performed using
the Benjamini-Hochberg procedure. Pathway and molecular func-
tion enrichment analysis of the significant DEGs (false discovery
rate [FDR] < 0.1) was carried out using Qiagen'’s Ingenuity Pathway
Analysis. Chromosome enrichment was tested using DAVID
(Huang et al., 2009). Whole differential expression data were sub-
jected to gene set enrichment analysis using GSEA (Subramanian
et al., 2005). Gene sets from the hallmark collection of the molec-
ular signatures database (MSigDB version 6.2; http://www.
gsea-msigdb.org/gsea/msigdb/collections.jsp) as well as additional
gene sets, related to pluripotency were used for GSEA. Threshold
used were FDR < 0.01 and FWER < 0.1, with >80% of core enrich-
ment genes in the correct direction. The isogenicity of hiPSC lines
was tested using NGSCheckMate (Lee et al., 2017).

For NPC bioinformatic analysis, gene set over-representation
analysis was performed with the WebGestaltR R-based package
for gene set analysis (Liao et al., 2019), and with EnrichR web
tool (Kuleshov et al., 2016). A set of DEGs was submitted after
pre-filtering reduced fold change of at least 25% and p < 0.01.
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