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A B S T R A C T   

Nuclear receptor subfamily 5 group A member 1 (NR5A1) encodes steroidogenic factor 1 (SF1), a key regulatory 
factor that determines gonadal development and coordinates endocrine functions. Here, we have established a 
stem cell-based model of human gonadal development and applied it to evaluate the effects of NR5A1 during the 
transition from bipotential gonad to testicular cells. We combined directed differentiation of human induced 
pluripotent stem cells (46,XY) with activation of endogenous NR5A1 expression by conditionally-inducible 
CRISPR activation. The resulting male gonadal-like cells expressed several Sertoli cell transcripts, secreted 
anti-Müllerian hormone and responded to follicle-stimulating hormone by producing sex steroid intermediates. 
These characteristics were not induced without NR5A1 activation. A total of 2691 differentially expressed ge
netic elements, including both coding and non-coding RNAs, were detected immediately following activation of 
NR5A1 expression. Of those, we identified novel gonad-related putative NR5A1 targets, such as SCARA5, which 
we validated also by immunocytochemistry. In addition, NR5A1 activation was associated with dynamic 
expression of multiple gonad- and infertility-related differentially expressed genes. In conclusion, by combining 
targeted differentiation and endogenous activation of NR5A1 we have for the first time, been able to examine in 
detail the effects of NR5A1 in early human gonadal cells. The model and results obtained provide a useful 
resource for future investigations exploring the causative reasons for gonadal dysgenesis and infertility in 
humans.  
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1. Introduction 

Gonads arise as a pair of thickenings of the coelomic epithelium on 
the ventromedial surface of the mesonephros between the fifth and the 
sixth week of development in humans (Satoh, 1991). Gonads are 
initially bipotential, i.e. capable of developing into testes or ovaries 
(DeFalco and Capel, 2009). The anatomical sex of the gonads is deter
mined by the presence or absence of a sex-determining gene SRY. In 
males, SRY initiates testicular development by activating SRY-box 
transcription factor 9 (SOX9, Chaboissier et al., 2004). In females, 
absence of SRY leads to maintenance of WNT4 expression, thus facili
tating ovarian differentiation (Vainio et al., 1999; Tang et al., 2020). 

The bipotential gonads and the different gonadal cell lineages that 
arise from them are characterized by expression of multiple transcrip
tion factors (Rotgers et al., 2018; Sasaki et al., 2021) including ste
roidogenic factor 1 (SF1, also known as AD4BP and FTZF1), which is 
crucial for early gonadal development (Luo et al., 1994; Sadovsky et al., 
1995). SF1 is encoded by nuclear receptor subfamily 5 group A member 
1 (NR5A1), a member of the nuclear receptor superfamily (Mullican 
et al., 2013). In mice, NR5A1 expression can first be detected in bipo
tential gonads at 9.5–10.2 days post coitum (Ikeda et al., 1994, 2001; Hu 
et al., 2013) and in humans in a pool of cells underlying the genital ridge 
between the fourth and the fifth week of development (Hanley et al., 
1999). In males, NR5A1 continues to be expressed in the progenitors of 
steroidogenic Leydig cells (LCs), interstitial cells, and germ-cell sup
porting Sertoli cells (SCs, Schmahl et al., 2000; Stévant et al., 2018). 
NR5A1 upregulates SOX9, a marker of early SCs, together with SRY and 
thereby augments gonadal masculinization and SC differentiation 
(Sekido and Lovell-Badge, 2008; She and Yang, 2017). NR5A1 is also 
required for SC survival post sex determination (Anamthathmakula 
et al., 2019). Recently, a conditional deletion of Nr5a1 in rodents has 
been reported to impair testicular development and instead, induce 
ovarian identity (Ikeda et al., 2021). The role of NR5A1 in fetal ovaries is 
not clear, but NR5A1-positive progenitor cells give rise to pre-granulosa 
and granulosa cells (GCs) in mice (Stévant et al., 2019). NR5A1 also 
triggers the expression of steroidogenic enzymes in both male and fe
male gonads (Givens et al., 1994; Michael et al., 1995; Zhang and 
Mellon, 1996; Hu et al., 2001). Although NR5A1 regulates several fac
tors associated with steroidogenesis and gonad development, targets of 
this key master regulator at different stages of fetal gonad development 
and function remain to be identified. 

In mice, Nr5a1 knockout leads to degeneration of gonads and adrenal 
glands, XY sex reversal with persistent Müllerian structures, and post
natal lethality due to adrenal insufficiency (Luo et al., 1994; Sadovsky 
et al., 1995; Morohashi and Omura, 1996). Nr5a1 overexpression drives 
formation of ectopic adrenal tissue and adrenal tumorigenesis (Dogh
man et al., 2007; Zubair et al., 2009; Almeida et al., 2010). In contrast, a 

heterozygous deletion of Nr5a1 in mice affects adrenal development but 
gonadal development remains undisrupted (Bland et al., 2000, 2004). In 
humans, even mild disruptions in NR5A1 integrity may have a pro
nounced impact as already a single heterozygous mutation in NR5A1 
may lead to gonadal dysgenesis or 46,XY sex reversal (Achermann et al., 
1999; Mallet et al., 2004). In males the mutation phenotype typically 
involves atypical genitalia, partial or complete sex reversal or infertility 
(Bashamboo et al., 2010; Domenice et al., 2016; Fabbri-Scallet et al., 
2020). In females, the phenotype may range from atypical genitalia to 
primary ovarian failure (Lourenço et al., 2009; Camats et al., 2012; 
Domenice et al., 2016). 

We previously published a protocol describing differentiation of 
human embryonic stem cells into bipotential gonadal cells, character
ized by timely expression of GATA4, WT1, EMX2, and LHX9 (Sepponen 
et al., 2017). However, NR5A1 was not expressed in these cells. Here we 
demonstrate how induction of NR5A1 promotes differentiation into 
more mature gonadal-like cells with steroidogenic capacity and capa
bility to respond to hormonal stimulation. Additionally, we identified 
various NR5A1 target candidates possibly regulating human gonadal 
development. 

2. Results 

2.1. NR5A1 induces expression of somatic gonadal markers 

To examine the role of NR5A1 during embryonic gonadal develop
ment, CRISPR-Cas9 gene activation technology was employed to induce 
endogenous NR5A1 expression in human induced pluripotent stem cells 
(hiPSCs) during directed gonadal differentiation. In this context, a 
catalytically inactive form of Cas9 (dCas9) fused with a transactivator 
domain binds to the target gene promoter to induce target gene tran
scription. dCas9 expression is controlled with doxycycline (DOX). An 
additional destabilization domain attached to dCas9 leads, without 
stabilizing trimethoprim (TMP) administration, degradation of the 
dCas9 protein preventing unwanted target gene activation due to leak
iness of the DOX-controlled dCas9 promoter (Balboa et al., 2015). Ex
periments were performed with the HEL46.11-DDdCas9Vp192-NR5A1 
clone 14 sub-line according to an extended version (Fig. 1A) of the 
protocol published earlier (Sepponen et al., 2017). Briefly, hiPSCs 
expressing pluripotency marker OCT4 (Supplementary Fig. S1) were 
differentiated with Activin A, Wnt-agonist CHIR99021 and sequential 
activation and inhibition of bone morphogenetic protein (BMP) 
signaling in a monolayer culture. Within 24 h, expression of the plu
ripotency marker OCT4 was decreased and primitive streak-like stage 
was induced, followed by upregulation of intermediate mesoderm 
markers by day 4 (Supplementary Fig. S1). At this point, the 6-day 
activation of NR5A1 with DOX and TMP (+DOX+TMP) was initiated 

Abbreviations 

AMH anti-Müllerian hormone 
BMP bone morphogenetic protein 
cAMP 3′,5′-cyclic adenosine monophosphate 
CTD Comparative Toxicogenomics Database 
DAPI 4′,6-diamidino-2-phenylindole 
DE differential expression (of gene/feature) 
DOX doxycycline hyclate 
FBS fetal bovine serum 
FC fold change 
FSH follicle-stimulating hormone 
FSHR follicle-stimulating hormone receptor 
GC granulosa cell 
hiPSC human induced pluripotent stem cell 

INHA inhibin subunit alpha 
IPA Ingenuity Pathway Analysis Knowledge Base 
LC Leydig cell 
LH luteinizing hormone 
LHCGR luteinizing hormone/choriogonadotropin receptor 
LLOQ lower limit of quantification 
NR5A1 nuclear receptor subfamily 5 group A member 1 
SC Sertoli cell 
SCARA5 scavenger receptor class A member 5 
SF1 steroidogenic factor 1 
SOX9 SRY-box transcription factor 9 
PBS phosphate-buffered saline solution 
qRT-PCR quantitative reverse transcription PCR 
TMP trimethoprim  
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Fig. 1. NR5A1 promotes differentiation of male hiPSCs into gonadal-like cells. (A) A schematic illustration of hiPSC differentiation to gonadal-like cells with applied 
molecular compounds and related developmental stages. (B) mRNA levels analyzed by quantitative reverse transcription polymerase chain reaction revealed the 
relative expression of markers associated with early testis (NR5A1, AMH, INHA, SOX9) and bipotential gonad (NR5A1, GATA4, WT1) at the indicated days of 
differentiation. Each sample represents mean ± SEM (n=6). Gene-expression levels are quantified relative to undifferentiated hiPSCs (*P<0.05, **P<0.01, 
***P<0.001, Mann Whitney U test with mean ranks). (C) Whole transcriptome sequencing of NR5A1-induced and non-induced differentiated cells at indicated days 
followed by annotation of cell types in each sample cluster by using a cluster-based automatic cell annotation tool (scCATCH). Values indicate scores of similarity. (D) 
Confocal microscopy of immunolabeled non-induced (-DOX-TMP) and induced (+DOX+TMP) cells demonstrating expression of SF1, AMH, inhibin subunit α, and 
GATA4 at day 10 of differentiation. 4′,6-diamidino-2-phenylindole (DAPI) was used to stain cell nuclei. Individual channels were combined in merge with DAPI 
(blue) and SF1, AMH, inhibin subunit α, or GATA4 (green). Images were taken from representative areas. Scale bars 20 μm. (E) Human AMH secretion at day 10 of 
differentiation in the absence (-DOX-TMP) or presence (+DOX+TMP) of NR5A1 activation. Each bar value represents mean ± SEM (n=3, **P<0.01, independent 
samples t-test). ActA, Activin A; BMP, Bone morphogenetic protein; CHIR, CHIR-99021; d, day of differentiation; DM, dorsomorphin; DOX, doxycycline hyclate; 
hiPSC, human induced pluripotent stem cell; IM, intermediate mesoderm; PS, primitive streak; TMP, trimethoprim. 
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and a significant increase in NR5A1 mRNA expression was detected on 
day 6 (Mann Whitney U test, P=5.128E-6), day 8 (P=3.333E-6), and day 
10 (P=5.128E-6) of differentiation as analyzed by quantitative reverse 
transcription PCR (qRT-PCR, n=6, Fig. 1B). Moreover, expression of 
anti-Müllerian hormone (AMH), a fetal SC marker (Tran et al., 1977; 
Rajpert-De Meyts et al., 1999), increased on days 8 and 10 [Mann 
Whitney U test, P (day 6)=0.533, P (day 8)=0.038, P (day 10)=0.002, 
n=6, Fig. 1B]. Likewise, the expression of early SC markers inhibin 
subunit alpha (INHA) and SOX9 at days 6–10 increased in induced cells, 
whereas in the non-induced cells the expression levels of these gonadal 
genes remained low (Fig. 1B). 

To more specifically analyze the effects of NR5A1 expression during 
differentiation at the transcriptional level, we performed RNA 
sequencing analyses of NR5A1-induced and non-induced cells on days 4, 
6, 8, and 10 of differentiation. Based on an annotation analysis con
ducted using single-cell Cluster-based Automatic Annotation Toolkit for 
Cellular Heterogeneity (scCATCH, Shao et al., 2020), the cells at day 4 of 
differentiation were predicted to be fairly heterogeneous, representing a 
mixture of genital ridge-type cells while the most likely cell types pre
sent in the NR5A1-induced samples at days 6, 8 and 10 were SCs, LCs, or 
GCs (Fig. 1C, Supplementary Table 1). Without NR5A1 induction the 
gonadal development was evident but not as targeted as with the in
duction, as measured by the studied markers. Thus, activation of NR5A1 
expression in bipotential gonadal-like cells seems to promote differen
tiation of somatic cell types of gonads. 

The staining intensities of SF1, AMH, and inhibin subunit α increased 
after induction, as observed by immunocytochemistry at day 10 of dif
ferentiation (Fig. 1D). Without NR5A1 activation, SF1-positive cells 
were not detected, and only faint signals were observed for AMH and 
inhibin subunit α. Furthermore, at day 10 of differentiation NR5A1- 
induced cells secreted AMH at significantly higher concentrations than 
non-induced cells, in which AMH secretion was almost undetectable 
(Fig. 1E, independent t-test, 2-tailed, P=0.003, n=3). 

Of known crucial transcription factors regulating gonadal develop
ment, WT1 (Kreidberg et al., 1993; Chen et al., 2017) was not affected by 
NR5A1 activation and was expressed at similar levels in both groups 
during the differentiation (Fig. 1B). On the other hand, GATA4 exhibited 
slightly higher expression levels in NR5A1-induced cells both at mRNA 
and protein levels at day 10 of differentiation (Fig. 1B and D, Supple
mentary Data 1). These results demonstrated that activation of NR5A1 
induced the expression of somatic gonadal markers and promoted dif
ferentiation into somatic gonadal-like cells. 

2.2. NR5A1 induces steroidogenesis in hiPSC-derived male gonadal-like 
cells 

NR5A1 activation induced mRNA expression of several key genes 
encoding steroidogenic enzymes (Miller and Auchus, 2011). The 
expression of CYP11A1 and HSD3B2 on days 6–10 increased dramati
cally in response to NR5A1 (Fig. 2A). In addition, CYP17A1 was upre
gulated on days 8 and 10 in the induced cells. Instead, NR5A1 activation 
did not strongly affect CYP19A1, although its expression was higher on 
days 6–10 when compared with non-induced cells (Fig. 2A). HSD17B3 
encodes 17β-hydroxysteroid dehydrogenase 3, an enzyme found in fetal 
and newborn SCs and adult LCs, but not expressed in early fetal LCs in 
humans or in fetal LCs in mice (Guo et al., 2021; O’Shaughnessy et al., 
2000; Shima et al., 2013). HSD17B3 was significantly upregulated in 
induced cells when compared with non-induced cells on days 8 and 10, 
as demonstrated by qRT-PCR [Mann Whitney U test, P (day 6)=0.065, P 
(day 8)=0.0098, P (day 10)=6.958E-5, n=6]. Furthermore, the 
expression of steroidogenesis-related STAR was upregulated by NR5A1 
activation, but remained at basal level in the non-induced cells on days 
6–10 (Fig. 2A). Immunocytochemical staining of the differentiated cells 
on day 10 revealed increased expression of SF1, StAR, P450SCC, and 
HSD3B2 in the induced cells, which contrasts with low or missing pro
tein expression in the non-induced cells (Fig. 2B). StAR and P450SCC 

localized to the cytoplasm of cells expressing SF1 at varying intensities. 
The percentage of SF1, P450SCC and/or SOX9 positive cells estimated 
by co-immunolabeling of the differentiated NR5A1-induced cells was: 
30.4% (mean±SD 15.7) SF1+ cells, 13% (mean±SD 8.16) SOX9+ cells, 
8.7% (mean±SD 1.02) P450SCC+ cells, and 3.1% (mean±SD 3.01) 
SOX9+P450SCC+ cells (Supplementary Fig. S2A). The non-induced 
cells expressed SOX9 at levels similar to the NR5A1-induced cells. 
Thus, based on co-immunolabeling NR5A1 activation induced ste
roidogenesis in about 3% of the early male gonadal-like cells expressing 
SC marker SOX9, and in about 5.6% of gonadal-like cells negative for 
SOX9. Although variations in SF1 expression levels might induce dif
ferences in gonadal marker expression and in the differentiation 
outcome, these were not studied in detail. 

As the gonads and the adrenal glands are derivatives of partially 
shared regions of intermediate mesoderm (Ikeda et al., 1994; Hatano 
et al., 1996; Sasaki et al., 2021) and NR5A1 is essential also for adrenal 
development (Luo et al., 1994; Sadovsky et al., 1995), we assessed the 
presence of adrenal gland-specific markers. CYP21A2 and the enzyme it 
encodes, which is involved in aldosterone and cortisol biosynthesis, are 
expressed in fetal human adrenal glands but not in the gonads (Vouti
lainen and Miller, 1986; Turcu and Auchus, 2015; del Valle et al., 2017; 
Melau et al., 2019). Only moderate upregulation of CYP21A2 was 
detected on days 6, 8, and 10 in the induced (+DOX+TMP) cells by 
qRT-PCR (Fig. 2A). Expression of CYP11B2, a gene encoding aldosterone 
synthase (Ogishima et al., 1989; Curnow et al., 1991) was negligible and 
expression levels in fact decreased at all measured time points following 
NR5A1 activation (Fig. 2A). 

As gonadotropins and their receptors are crucial for testicular 
development and function and NR5A1 promotes transcription of rat 
follicle stimulating hormone receptor (Fshr) in vitro and regulates tran
scription of luteinizing hormone/choriogonadotropin receptor (Lhcgr) in 
rat GCs (Chen et al., 1999; Heckert, 2001; O’Shaughnessy and Fowler, 
2011), changes in the expression levels of FSHR and LHCGR in the 
differentiating cells were evaluated in the presence and absence of 
NR5A1 activation. Within testes, FSHR can be found in Sertoli cells, 
while LHCGR is expressed in Leydig cells. However, information about 
dispersion of these receptors in the very early human testes is scarce. In 
this study, upregulation of LHCGR in NR5A1-induced cells was evident 
during all time points; indeed, without induction its expression was 
minimal (Supplementary Fig. S2B). In contrast, FSHR was expressed in 
both NR5A1-induced and non-induced cells. Surprisingly, NR5A1 was 
found to suppress FSHR expression levels (Supplementary Fig. S2B). 

We also tested the functionality of FSHR and LHCGR by stimulating 
the cells with follicle stimulating hormone (FSH) and luteinizing hor
mone (LH) and measuring the accumulation of 3′,5′-cyclic adenosine 
monophosphate (cAMP). Both NR5A1-induced and non-induced differ
entiated cells responded to FSH and forskolin stimulations by producing 
cAMP (Supplementary Fig. S2C), demonstrating that FSHR was active in 
the differentiated cells regardless of NR5A1 induction. In contrast, cells 
in neither condition responded to stimulation with luteinizing hormone 
(LH) by producing cAMP (Supplementary Fig. S2C). FSH decreased the 
level of FSHR mRNA transcripts both in the induced and non-induced 
cells after an 8-h stimulation (Supplementary Fig. S2D). In addition, 
FSH induced STAR expression in non-induced cells but not significantly 
in the induced cells [ANOVA, Dunnett t-test, 2-sided, P (FSH-DOX-TMP)=
0.005, P (FSH+DOX+TMP)=0.202, n=3]. Forskolin induced STAR 
expression in both conditions. Furthermore, no substantial upregulation 
of the testicular marker INHA was detected following gonadotropin 
stimulation in either condition. 

As expression of steroidogenic enzymes and receptors mediating 
steroidogenesis were detected in the differentiating cells, we assayed the 
levels of steroid hormones from conditioned cell culture media on day 8 
of differentiation following a 24-h stimulation with FSH, LH, or forskolin 
directly activating cAMP production. NR5A1-induced cells produced 
progesterone, 17-hydroxy (OH) progesterone, androstenedione, estra
diol, and estrone (Fig. 2C). FSH stimulation further increased their levels 
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Fig. 2. Steroidogenesis is induced in male gonadal-like cells following NR5A1 activation. (A) Relative mRNA expression of several steroidogenic/steroidogenesis- 
associated genes of gonads and/or adrenal glands in non-induced (-DOX-TMP) and induced (+DOX+TMP) cells at indicated days. Each sample represents mean 
± SEM (n=4–6). Gene-expression levels are quantified relative to undifferentiated hiPSCs (*P<0.05, **P<0.01, ***P<0.001, Mann Whitney U test with mean ranks). 
(B) Confocal microscopy of non-induced (-DOX-TMP) and induced (+DOX+TMP) cells at day 10 of differentiation immunolabeled with antibodies directed against 
SF1 and StAR (costaining), SF1 and P450SCC, (costaining) or HSD3B2. Individual channels were combined in merge with DAPI (blue) staining cell nuclei and 
HSD3B2 (red) or with SF1 (green) and StAR/P450SCC (magenta). Images were taken from representative areas. Scale bars 20 μm. (C) Steroid production in 
differentiated (d8) non-induced (-DOX-TMP) and induced (+DOX+TMP) cells stimulated for 24 h with vehicle (BSA), FSH, LH (0,100 ng/mL), or forskolin (10 μM). 
Each bar value represents mean ± SEM of technical replicates in a representative example of a total of 2 differentiation experiments. Medium contained minor 
amounts of progesterone. BSA, bovine serum albumin; d, day of differentiation; DOX, doxycycline hyclate; FSH, follicle stimulating hormone; LH, luteinizing 
hormone, TMP, trimethoprim. 
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(Fig. 2C). In contrast, non-induced cells responded to hormonal stimu
lation by producing merely progesterone at a low level, while stimula
tion with forskolin induced estradiol secretion (Fig. 2C). Moreover, in 
induced and non-induced cells, secretion of early fetal adrenal andro
gens dehydroepiandrosterone and dehydroepiandrosterone sulfate or 
later glucocorticoids cortisol, cortisone, or mineralocorticoid aldoste
rone, which are characteristic for function of the human adrenal glands, 
was not detected (Supplementary Table 2). The results indicate that 
steroidogenesis was induced by NR5A1 activation in the gonadal-like 
cells, and that stimulation with FSH further increased the levels of 
secreted steroids. Moreover, the differentiated NR5A1-induced cells are 
heterogeneous consisting of subpopulations of steroidogenic and non- 
steroidogenic male gonadal-like cells. 

2.3. NR5A1 induces multiple transcriptional changes 

Principal component analysis with the entire transcriptome of the 
NR5A1-induced and non-induced sequenced samples on days 4, 6, 8, 
and 10 of differentiation indicated a clear divergence in transcriptional 
profiles between the conditions (Fig. 3A). We conducted pairwise DE 
comparisons of the samples between the treatment conditions at each 
specific time point, and within each treatment condition across time 
points as indicated in Fig. 3B (altogether 15 comparisons). On average, 
8980 (range: 2691–15409) out of the total 60,619 genetic features 
(protein coding genes, non-protein coding genes etc.) assessed were 
detected to be differentially expressed per each comparison. Overall, a 
combined set of 22,692 genetic features showed differential expression 
from across the entire 15 analyses. The heatmap in Fig. 3 (Fig. 3C) 
presents the expression profiles of the top 20 DE genes detected from 
these analyses (adjusted P<0.05 using DESeq2, Love et al., 2014). While 
many of the genes present in the heatmap exhibited similar expression 
profiles independent of NR5A1 activation, some clear differences can 
also be detected, indicating that NR5A1 activation can cause major 
changes in the gene expression profile. 

To evaluate the immediate effects of NR5A1 expression, we per
formed more specific analyses comparing induced and non-induced cells 
on day 6 of differentiation (2 days after onset of induction). According to 
the pathway enrichment analysis performed using DAVID bioinformat
ics tools, genes upregulated (log2FC≥1) in induced cells were primarily 
related to steroid synthesis, cholesterol metabolism, and male gonad 
development (Supplementary Fig. S3A, Supplementary Table 3). Genes 
downregulated (log2FC≤− 1) in induced cells were mainly associated 
with nervous system development and function and intracellular cal
cium ion balance. Due to the high number of upregulated DE genes at 
day 6 of differentiation, we decided to more specifically examine those 
that were within the top 100 significantly upregulated genes. Genes that 
are expressed during human fetal testis development and have previ
ously been associated with steroidogenesis (such as ACSS1, HPGD, 
GSTA1, C7, VCAM1, GRAMD1B and SERPINA5, del Valle et al., 2017) 
were within the top 100 significantly upregulated genes (log2FC>2 in 
all) on day 6 of differentiation following NR5A1 activation (Supple
mentary Fig. S3B, Supplementary Data 1). In addition, 51 of the top 100 
upregulated genes were recognized to be associated with infertility, 
normal or abnormal gonadal development, or both using the curated 
Comparative Toxicogenomics Database (CTD) Gene-Disease Associa
tions (Davis et al., 2009) and the curated GO Biological Process Anno
tations (Ashburner et al., 2000) datasets in the Harmonizome dataset 
collection (Rouillard et al., 2016). Within these top 100 upregulated 
genes, a NR5A1 target MAMLD1 involved in spermatogenesis and the 
development of hypospadias and disorders of sex development was 
identified (Supplementary Fig. S3B, Supplementary Data 1, Fukami 
et al., 2006, 2008; Baxter et al., 2015; Miyado et al., 2017). In addition, a 
SC transcript ferritin receptor scavenger receptor class A member 5 
(SCARA5/TESR, Sarraj et al., 2005; Jiang et al., 2006), ITGAD/CD11d 
(encoding an integrin alpha D subunit), and ADAMTS14 (encoding a 
disintegrin and metalloproteinase), which to our knowledge have not 

previously been reported to be regulated by NR5A1, were recognized 
among the top 100 genes (Supplementary Fig. S3B, Supplementary Data 
1). Likewise, TDGF1/Cripto encoding a co-receptor for Nodal and a 
ligand for src-Akt pathway signaling that modulates embryogenesis and 
tumorigenesis (Strizzi et al., 2005), was differentially expressed between 
the conditions (Supplementary Fig. S3B, Supplementary Data 1). 

Within the top 100 significantly upregulated genes on subsequent 
days, MAGEB1 (encoding a testis- and tumor-specific melanoma-asso
ciated antigen B1, Muscatelli et al., 1995; Lurquin et al., 1997) exhibited 
a delayed response to NR5A1 activation by a nearly 200- and 100-fold 
increase in its expression on days 8 and 10 of differentiation, respec
tively, in the induced cells when compared with non-induced cells 
(Supplementary Data 1). To summarize, the sequencing data demon
strated that NR5A1 activation induced several transcriptomic changes, 
including differential expression of known and putative 
gonad-associated genes. 

2.4. NR5A1-induced cells presented dynamic gene-expression 
transcriptomics of various gonad-associated DE genes in a temporal 
manner 

Next, NR5A1-induced DE genes presenting dynamic changes in their 
expression paths during the differentiation were identified by con
ducting time-series DE analyses using EBSeqHMM (Leng et al., 2015). 
Dynamic expression paths were grouped according to the direction of 
expression at each time point. For genes showing continuous upregu
lation (d4<d6<d8<d10), the path was labeled U–U–U. Accordingly, 
genes showing decreasing expression levels at each time point 
(d4>d6>d8>d10) were labeled D-D-D. A total of 215 genes categorized 
as U–U–U were associated with e.g. glutathione derivative biosynthesis, 
immune response, fatty acid and xenobiotic metabolism, ion transport, 
and oocyte development (Fig. 4A, Supplementary Table 4). A total of 
144 genes upregulated on day 6 and stably expressed until day 10 of 
differentiation (U–S–S) were mainly linked to protein catabolism, 
dephosphorylation, cholesterol homeostasis, and steroid-hormone 
mediated signaling. In contrast, biological processes positively 
enriched among 216 genes whose expression was gradually repressed on 
days 6, 8, and 10 (D-D-D) included regulation of immunological 
response, glomerular development, and cell junction assembly, whereas 
93 genes first downregulated between days 4 and 6 and stably expressed 
thereafter (D-S-S) were linked with intracellular calcium ion homeo
stasis. A total of 27 genes of the top 20 genes of each dynamic gene 
expression category (U–U–U, U–S–S, D-S-S and D-D-D, 80 genes in total, 
Fig. 4B), were associated with infertility, gonadal development, or both 
using the selected datasets in Harmonizome. Apart from a few genes 
participating in the structural integrity or function of male or female 
gonads (TESC, HSD3B2, EMILIN1, CYP17A1) (Rhéaume et al., 1991; 
Zhao et al., 1991; Perera et al., 2001; Bao et al., 2009; Yoshimoto and 
Auchus, 2015; Ouni et al., 2020) or RNA processing and apoptosis 
(UTP11, Heese et al., 2002, 2003), genes associated with infertility or 
gonadal development were not among the targets of NR5A1 in 
TRANSFAC Curated and Predicted Transcription Factor Targets datasets 
(Matys et al., 2003) in Harmonizome or the Ingenuity Pathway Analysis 
Knowledge Base (IPA). In addition to the genes associated with gonads, 
infertility, or both using Harmonizome datasets, other genes related to 
the gonads were recognized. For example, a ciliary function-associated 
TTC21A and PLXNA1 encoding a semaphorin receptor were identified. 
TTC21A is expressed mainly in the testis and associated with sperm 
structure and function both in mice and humans (Liu et al., 2019) and 
PLXNA1 is expressed within the developing sex chords of testes among 
other tissues in mice (Perälä et al., 2005). Neither of these were recog
nized as direct targets or interacting partners of NR5A1 using Harmo
nizome or IPA. In the category consisting of temporally downregulated 
genetic elements, PCDH8 has been identified as a target of GC marker 
FOXL2 in murine primary follicular cells (Georges et al., 2014). 
Although PCDH8 was not recognized as a target of NR5A1 itself in 
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Fig. 3. NR5A1 drives differential gene expression transcriptomics in gonadal-like cells. (A) Principal component analysis for gene expression of RNA-sequenced 
induced (+DOX+TMP) and non-induced (-DOX-TMP) samples at differentiation days (d) 4, 6, 8, and 10. The scatter plot displays the position of samples based 
on the first two principal components (PCs). (B) A schematic diagram illustrating pairwise comparisons of sequenced samples using DESeq2. Each timepoint (d, day 
of differentiation) within a treatment condition (-DOX-TMP/+DOX+TMP) represents 3 technical replicates. The number of all differentially expressed genes in each 
pairwise comparison is shown. (C) Pairwise comparisons of RNA-sequenced non-induced (-DOX-TMP) and induced (+DOX+TMP) cell samples collected at differ
entiation days 4, 6, 8, and 10. The top 20 genes of each pairwise comparison are shown and the gene expression levels are scaled row-wise. The intensity of gene 
expression is indicated by a colour scale based on row z-scores (red, the highest expression levels; blue, the lowest expression levels). Each square represents a 
technical replicate. d, day; DOX, doxycycline hyclate; TMP, trimethoprim. 
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Fig. 4. NR5A1 induces dynamic changes in the expression of DE genes in developing male gonadal-like cells. (A) The top 10 GO biological process terms enriched 
within each dynamically differentially expressed category (U–U–U, U–S–S, D-S-S, D-D-D) in the NR5A1-induced condition. (B) Top 20 genes in each dynamic gene 
expression category indicating temporal expressional changes exclusively in the presence (+DOX+TMP) of NR5A1 activation. Genes associated with infertility and/ 
or gonadal development or function are bolded. U–U–U, gradual upregulation on days 6–10; U–S–S, upregulation on days 4–6 followed by stable expression 
thereafter; D-S-S, downregulation on days 4–6 and stable expression thereafter; D-D-D, gradual downregulation on days 6–10. The intensity of gene expression is 
indicated by a colour scale based on row z-scores (red, highest expression levels; blue, lowest expression levels). Each square represents a technical replicate. d, day of 
differentiation; DE, differentially expressed; DOX, doxycycline hyclate; TMP, trimethoprim. 
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Harmonizome or in the published literature, FOXL2 associates with 
NR5A1 in transcriptional regulation of several of its downstream targets 
(Park et al., 2010; Kashimada et al., 2011; Takasawa et al., 2014; Jin 
et al., 2016). Thus, various gonad-associated DE genes were dynamically 
expressed during the differentiation of gonadal-like cells. 

2.5. Expression kinetics of candidate NR5A1 targets 

Putative NR5A1 targets SCARA5, MAGEB1, ADAMTS14, TDGF1, and 
ITGAD were selected among the top 100 significantly upregulated genes 
and their expression kinetics were monitored in a time-course analysis, 
which included several time points starting from the onset of induction. 
NR5A1 was significantly upregulated 8 h after the beginning of induc
tion (+DOX+TMP) (Mann Whitney U test, P=0.027, n=3) and the 
expression level increased further in the following time points. In non- 
induced (-DOX-TMP) cells, NR5A1 expression remained at the basal 
level (Fig. 5A). Significant upregulation of a known NR5A1 target 
CYP11A1 (Mann Whitney U test, P=0.0098, n=3), and a putative 
NR5A1 target SCARA5 (Mann Whitney U test, P=4.3E-4, n=3) was 
detected 24 h after the onset of NR5A1 activation (Fig. 5A). Similarly, 
expression of a predicted NR5A1 target in Harmonizome (MAGEB1), 
and other putative NR5A1 targets (ADAMTS14, TDGF1, and ITGAD) 
increased within 48 h after induction, with no or very low expression in 
its absence (Fig. 5A). Expression of testis-associated proteins SCARA5 
and MAGEB1 was detected by positive immunolabeling at day 10 of 
differentiation in NR5A1-induced cells (Fig. 5B), in which the proteins 
were detected in both SF1-positive and -negative cells. Results from the 
expression analyses demonstrate a delayed but induced response to 
NR5A1 activation by putative targets SCARA5, MAGEB1, ADAMTS14, 
TDGF1, and ITGAD. 

3. Discussion 

NR5A1 is elementary for the development of steroidogenic tissues 
and for the regulation of steroidogenic processes (Luo et al., 1994; 
Sadovsky et al., 1995; Morohashi and Omura, 1996). The effects of 
NR5A1 have previously been studied in gonadal-like cells differentiated 
from mouse ESCs (Jadhav and Jameson, 2011). In this study, we used a 
slightly similar approach, in which we generated steroid-producing and 
hormone-responsive early gonadal-like cells from male hiPSCs by 
combining directed differentiation and activation of the NR5A1 gene 
encoding SF1. In addition, we revealed that NR5A1 drives transcrip
tional and functional changes in bipotential gonadal-like cells and 
identified several NR5A1 candidate targets during their differentiation 
towards more mature gonadal cells with typical characteristics of male 
somatic cell types. 

Based on public reference datasets our NR5A1-induced cells were 
annotated as somatic gonadal cells (SCs, LCs or GCs) and presented 
characteristics of immature SCs, derivatives of a common NR5A1- 
positive gonadal progenitor population (Stévant et al., 2018) and that 
can be generated in vitro via forced expression of NR5A1 (Buganim et al., 
2012; Liang et al., 2019; Rore et al., 2021). Following induction of 
NR5A1 expression, the differentiated cells in this study expressed and 
secreted AMH, a glycoprotein hormone specifically produced by 
immature testicular SCs (Tran et al., 1977; Rajpert-De Meyts et al., 
1999). Increased NR5A1 expression also resulted in upregulation of 
inhibin α and SOX9, an early marker of SCs that is crucial for inducing 
testicular fate (Chaboissier et al., 2004). These results are consistent 
with previous studies performed with rodents demonstrating that 
NR5A1 controls the expression of AMH (Shen et al., 1994; Giuili et al., 
1997; Watanabe et al., 2000), inhibin α (Ji et al., 2013), and SOX9 
(Sekido and Lovell-Badge, 2008) in SCs. 

According to our sequence analyses, male gonadal development was 
among the top 10 biological processes enriched in the NR5A1-induced 
cells at day 6 of differentiation. Also, NR5A1 is a known regulator of 
steroid hormone and cholesterol biosynthesis (Morohashi and Omura, 

1996; Baba et al., 2018) and indeed, various genes or proteins acting on 
the steroidogenesis pathway and related to steroidogenesis in human 
fetal testes (such as STAR, CYP11A1, CYP17A1, HSD3B2, HSD17B3 and 
LHGCR, del Valle et al., 2017; Savchuk et al., 2019) were upregulated 
following NR5A1 activation. Nr5a1 has previously been reported to 
upregulate steroidogenic genes in gonadal-like cells differentiated from 
mouse ES cells (Jadhav and Jameson, 2011). Further, in our study the 
activation of NR5A1 expression induced secretion of progesterone, an
drostenedione, 17-OH progesterone and estrogens into culture media. 
The differentiated cells also expressed mRNA transcripts of the FSHR, 
which participates in FSH-stimulated proliferation of SCs in fetal rodents 
and in postnatal mice (Orth, 1984; Rannikko et al., 1995; Johnston et al., 
2004; Migrenne et al., 2012). FSH, which induces steroid metabolism in 
immature SCs (Welsh and Wiebe, 1976; McDonald et al., 2006), was 
similarly able to increase the production of these steroidogenic hor
mones in our male gonadal-like cells. These data suggest that the dif
ferentiation protocol together with activation of NR5A1 promotes 
differentiation of steroidogenic and hormone-responsive gonadal cells. 
The brief stepwise differentiation together with the detected expression 
of immature SC markers and lack of secreted testosterone suggests that 
the gonadal cells mimicked fetal rather than adult cells of testes. 
Although several typical characteristics of SCs were recognized, the 
exact identity of the differentiated NR5A1-induced cells remained 
ambiguous likely due to cell heterogeneity in the culture. 

Furthermore, NR5A1 induced transcriptional changes in several 
genes with yet unknown or elusive association with NR5A1. A suggested 
NR5A1 target MAGEB1 is localized in the dosage-sensitive sex reversal 
region and is expressed exclusively in testis and various tumors (Mus
catelli et al., 1995; Lurquin et al., 1997) but its function is currently not 
well known. To our knowledge, no interaction between NR5A1 and 
MAGEB1 has previously been reported in any particular testicular or 
ovarian cell types. On top of that, we identified several other genes not 
previously linked to NR5A1 as its putative targets. SCARA5 encodes a 
ferritin receptor that mediates non-transferrin-dependent delivery of 
iron in developing organs and participates in immune defense (Li et al., 
2009). It is also involved in adipocyte commitment (Lee et al., 2017) and 
proliferation and progression of various cancer types (Huang et al., 
2010; Liu et al., 2013; Wen et al., 2016; You et al., 2017). In fetal mice, 
Scara5 can be first detected in gonads of both sexes but later becomes 
sex-dependently expressed (Sarraj et al., 2005). In adult mice, it is 
expressed in SCs and epithelial cells interacting with the mucosa (Sarraj 
et al., 2005; Jiang et al., 2006). SCARA5 is furthermore associated with 
male infertility in the CTD Gene-Disease Associations dataset. In our 
study, SCARA5 expression was induced both at the transcriptional and 
protein levels exclusively in the presence of NR5A1 activation with ki
netics identical to that of CYP11A1, a known direct target of NR5A1, 
suggesting that NR5A1 directly regulates SCARA5 in developing gonads. 
The actual role of SCARA5 in male gonadal development remains to be 
elucidated. Another gene clearly upregulated by NR5A1 in our study 
was TDGF1 which is expressed in male germ cells where it regulates 
male germ cell potency (Souquet et al., 2012; Spiller et al., 2012). 
Although not linked to development of testicular cells in previous 
studies, TDGF1 is associated with urogenital abnormalities in the CTD 
Gene-Disease Associations dataset. The finding that NR5A1, either 
directly or indirectly, can regulate its expression suggests that TDGF1 
may indeed be involved in the development of somatic cell lineages in 
testes. 

ITGAD encodes integrin alpha-D (Wong et al., 1996), a member of 
the β2 integrin family of membrane glycoproteins, that is expressed on 
the surface of various types of leukocytes in human (Van der Vieren 
et al., 1995; Grayson et al., 1998; Siegers et al., 2017). This integrin 
mediates leukocyte cell adhesion and is linked to development of 
atherosclerosis and predisposition to diabetes (Grayson et al., 1998; Van 
der Vieren et al., 1999; Aziz et al., 2017; Cui et al., 2018). In addition, 
ITGAD is associated with urogenital abnormalities and female genital 
diseases in the CTD Gene-Disease Associations dataset. Another DE gene 
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Fig. 5. NR5A1 regulates common and candidate targets in male gonadal-like cells. (A) Relative gene expression of pre-selected markers in the absence (-DOX-TMP) 
and presence (+DOX+TMP) of NR5A1 activation. Each sample represents mean ± SEM (n=3–4). Expression levels are relative to gene expression before medium 
change at day 4 of differentiation (*P<0.05, **P<0.01, ***P<0.001, Mann Whitney U test with mean ranks). (B) Confocal microscopy of immunostained gonadal- 
like cells at day 10 of differentiation labeled against SCARA5 or MAGEB1. DAPI was used to stain cell nuclei. Individual channels were combined in merge with SF1 
(green) and SCARA5/MAGEB1 (magenta). Images were taken from representative areas. Scale bars 20 μm. DOX, doxycycline hyclate; TMP, trimethoprim. 
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not previously associated with NR5A1 is ADAMTS14, which encodes a 
protease expressed in different trophoblast cells during gestation (Lee 
et al., 2014) and has previously been associated with certain types of 
cancer (Porter et al., 2004; De Robertis et al., 2018; Lin et al., 2020), 
multiple sclerosis (Goertsches et al., 2005), and osteoarthritis (Rodri
guez-Lopez et al., 2009). ADAMTS14 is differentially expressed between 
fetal and adult LCs, with a higher expression in fetal LCs (Lottrup et al., 
2017). According to our data, expression of ITGAD and ADAMTS14 is 
clearly induced by NR5A1, suggesting they might have early, yet un
known roles in the development of human gonadal cells. 

By using GO Annotation and CTD gene-disease datasets, we identi
fied several markers related to gonadal development, infertility, or both 
among the dynamically expressed genes. Furthermore, by using 
TRANSFAC Curated and Predicted Transcription Factor Targets datasets 
and IPA, we could also recognize genes with a known or predicted 
connection to NR5A1. Moreover, in addition to providing information 
about the temporal expression paths of the DE genes in the pairwise 
comparisons of NR5A1-induced and non-induced datasets by DESeq2 
method, we identified genes such as the testis marker INHBB, which 
were not differentially expressed in these analyses but exhibited 
dynamically changing expression paths due to NR5A1 activation. 

TESC, encoding tescalcin, was one of the dynamically expressed 
genes upregulated upon NR5A1 activation at each time point. Tesc is 
differentially expressed in the developing male and fetal gonads in mice 
and in chickens (Perera et al., 2001; Bao et al., 2009) and encodes an 
EF-hand Ca2+-binding protein that regulates cytoplasmic pH via inter
action with Na+/H+ exchanger type-1 (Mailänder et al., 2001; Li et al., 
2003). Moreover, TESC is predicted to be a target of NR5A1 in Har
monizome. Of the genes constantly downregulated (D-D-D) that thus 
possibly counteract male gonadal development, ASB9 and MPL are 
involved in folliculogenesis (Sarkar et al., 2011; Benoit et al., 2019). Of 
the genes first downregulated and then stably expressed at a lower level, 
CDC14A encodes a protein phosphatase that regulates oocyte matura
tion in mice (Schindler and Schultz, 2009) and is essential for sper
matogenesis and male fertility both in mice and humans (Imtiaz et al., 
2018; Wen et al., 2020), while ACSL4 encodes an acyl-CoA synthetase 
required for steroidogenesis (Maciel et al., 2005). Neither of these genes 
are regulated by NR5A1 according to the TRANSFAC Curated and Pre
dicted Transcription Factor Targets in Harmonizome or by the IPA. 
Furthermore, genes within this category included EMILIN1, which en
codes the extracellular matrix component elastin microfibril 
interface-located protein 1 involved in elastogenesis (Zanetti et al., 
2004) that can be found for instance in adult human ovaries (Ouni et al., 
2020). Downregulation of EMILIN1 in NR5A1-induced cells suggests 
suppression of the ovarian differentiation pathway in testicular-like 
cells. 

Gonadotropins are critical regulators of gonadal steroidogenesis, 
gametogenesis and development of reproductive organs (O’Shaugh
nessy and Fowler, 2011; Ramaswamy and Weinbauer, 2015) and initiate 
different intracellular signaling cascades, of which the cAMP pathway 
can be targeted via activation of a guanine nucleotide binding protein 
(O’Shaughnessy and Fowler, 2011; Ramaswamy and Weinbauer, 2015; 
Casarini and Crépieux, 2019). Consistent with our results from FSH 
stimulation of the differentiated non-induced cells, previous studies 
have also revealed FSH-induced StAR (protein or mRNA) expression in 
cultured rat SCs (Gregory and DePhilip, 1998) and in the testes of 
hypogonadal mice (Sadate-Ngatchou et al., 2004). Moreover, FSH 
decreased the level of FSHR mRNA transcripts, which has previously 
been demonstrated in vivo and in in vitro testicular cultures (Maguire 
et al., 1997; Sadate-Ngatchou et al., 2004). In contrast, LH did not 
stimulate cAMP signaling or steroid production. Hence, although the 
number of transcripts for LHCGR (a gene encoding LH receptor) 
increased in response to NR5A1 activation, the receptor did not respond 
to LH stimulation, which might be due to the low level of receptor 
expression. 

In conclusion, in this study hormone-responsive steroidogenic male 

gonadal-like cells were generated from hiPSCs by combining directed 
differentiation and CRISPR-assisted gene activation. The method could 
be applied to examine the function of a specific gene at different tem
poral periods of human fetal gonadal development. The gene activation 
approach could be further extended for other developmental contexts 
beyond reproduction. Furthermore, we identified both new and com
mon NR5A1 targets and delineated their transcriptional dynamics dur
ing early stages of gonadal differentiation, which can substantially 
benefit modeling of gonadal development in patients with disorders of 
sex development and infertility. 

4. Materials and methods 

4.1. HEL46.11 DDdCas9Vp192 hiPSCs 

HEL46.11 cell line (46,XY, RRID:CVCL_UL37, kindly provided by the 
Biomedicum Stem Cell Center, University of Helsinki, Helsinki, Finland) 
was engineered to express a DDdCas9-VP192 construct under the con
trol of a DOX-inducible promoter. To this end, we PCR cloned the 
fragment containing tight promoter-DDdCas9VP192-T2A-GFP-IRES- 
Neo from the plasmid PiggyBac-tight-DDdCas9VP192-T2A-GFP-IRES- 
Neo (RRID:Addgene_102889) into a destination vector containing ho
mology arms to the AAVS1 locus. We also cloned a CAG-rtTA DOX- 
responsive transactivator into a destination vector containing homology 
arms to the AAVS1 locus. We then electroporated HEL46.11 cells with 
the two plasmids described above together with eSpCas9(1.1)_No_FLA
G_AAVS1_T2 (RRID:Addgene_79888), to introduce strand breaks at the 
AAVS1 locus and stimulate homologous recombination of both donor 
plasmids. After expansion and selection with G418 (Thermo Fisher) for 2 
weeks, resistant clones were treated with DOX to test the induction of 
DDdCas9-VP192-GFP construct. Functional GFP-expressing clones were 
further single-cell cloned as described below to obtain a clonal 
DDdCasVP192-GFP inducible cell line (clone 3H/G4) that was used in 
subsequent experiments. 

4.2. Guide RNA design and production 

Guide RNA sequences were designed using a free web-based research 
platform (Benchling, RRID:SCR_013955, https://benchling.com, 
Benchling Inc., San Francisco, CA) by targeting them to the proximal 
promoter region (− 350 to − 50 bp from transcription start site) of the 
NR5A1 gene. Guides were selected based on their target efficiency 
scores and position. To test their ability to induce NR5A1/SF1 expres
sion, each guide was incorporated into guide RNA transcriptional units 
as previously described (Balboa et al., 2015). Briefly, guide RNA se
quences, U6 promoter, and terminator products amplified from pX335 
were combined by PCR with Phusion High-Fidelity DNA polymerase 
(ThermoFisher, Vilnius, Lithuania). Each PCR reaction of 100 μL total 
volume contained 50 pmol forward (Fw) and reverse (Rv) primers, 2 
pmol guide oligo, 5 ng U6 promoter and 5 ng terminator PCR products. 
PCR program parameters were 98◦C/3 min, 98◦C/10 s, 52◦C/30 s, and 
72◦C/12 s for 35 cycles. Guide RNA-PCR products were purified with 
NucleoSpin Gel and PCR Clean-up kit (Macherey Nagel, Düren, Ger
many) and tested alone and in various combinations in HEK293 cells 
(RRID:CVCL_0045, ATCC line CRL-1573, kindly provided by the Bio
medicum Stem Cell Center). Four guide-PCR products selected based on 
their activity to induce NR5A1/SF1 expression were concatenated with 
Golden Gate Assembly (Cermak et al., 2011) into a GG-dest vector 
(RRID:Addgene_69538, Balboa et al., 2015). Guide assembly reactions, 
transformation of the reaction products into DH5α chemically compe
tent bacteria (New England Biolabs, Inc.), and screening of positive 
colonies was performed as previously described (Balboa et al., 2015). 
Successful concatenation of the guide-PCR products was confirmed by 
Sanger sequencing at Eurofins Genomics, Köln, Germany. Subsequently, 
concatenated guides were subcloned into a PiggyBac plasmid (RRID: 
Addgene_102893, plasmid without the insert, Addgene) via Epstein-Barr 
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virus nuclear antigen plasmid (RRID:Addgene_102898, plasmid without 
the insert, Addgene, both kindly provided by the Biomedicum Stem Cell 
Center, Weltner et al., 2018). 

4.3. Cell transfection for testing guide transcriptional units 

HEK293 cells were seeded at a density of 105 cells/well on gelatin- 
coated 24-well plates 1 day prior to transfection. Cells were trans
fected with FUGENE® HD Transfection Reagent (Promega Corporation, 
Madison, WI, USA) in high-glucose DMEM supplemented with Gluta
MAX™ (GibcoTM) + 10% fetal bovine serum (FBS, GibcoTM) using 500 
ng of CAG-dCAS9-VP192-T2A-EGFP-ires-puro transactivating domain 
encoding plasmid (Balboa et al., 2015) and 200 ng of 
guide-transcriptional unit. For testing combinations of guide transcrip
tional units in NR5A1 activation, a pool consisting of 200 ng of 
guide-PCR products was transfected. Guide-PCR testing was performed 
in triplicate wells. Samples for qPCR and immunocytochemistry were 
collected 72 h post-transfection. The induced expression of NR5A1 by 
dCas9 targeted by selected guides in HEK293 cells is shown in Supple
mentary Fig. 4A. 

guide RNA oligos. 

gNR5A1_3:GTGGAAAGGACGAAACACCGGAGGCCTGCA
GAGTCACGTGGTTTTAGAGCTAGAAATAG 
gNR5A1_7:GTGGAAAGGACGAAACACCGAGGCCTGCA
GAGTCACGTGGGTTTTAGAGCTAGAAATAG 
gNR5A1_9:GTGGAAAGGACGAAACACCGCACCCGGTTTCTAA
CAAGCGGTTTTAGAGCTAGAAATAG 
gNR5A1_11:GTGGAAAGGACGAAA
CACCGCAGGGAGGTAGCCATTCACAGTTTTAGAGCTAGAAATAG 

Sequences for Golden Gate concatenation. 

1_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTCACCCTGTAAAAC
GACGGCCAGT 
1_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTCACATGAGGA 
AACAGCTATGACCATG 
2_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTCACATGGTAAAAC 
GACGGCCAGT 
2_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTCAGTCCAGGA 
AACAGCTATGACCATG 
3_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTCAGGACGTAAAAC
GACGGCCAGT 
3_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTCACTGGAGGA 
AACAGCTATGACCATG 
4_aggc_Fw ACTGAATTCGGATCCTCGAGCGTCTCACCAGGTAAAAC
GACGGCCAGT 
5_aggc_Rv CATGCGGCCGCGTCGACAGATCTCGTCTCACGTTAGGAA 
ACAGCTATGACCATG 

4.4. Cell electroporation 

PiggyBac plasmid containing four guides targeting NR5A1 promoter 
(Supplementary Fig. 4B) was introduced into HEL46.11 DDdCas9Vp192 
hiPSCs (kindly provided by Dr. Diego Balboa, Biomedicum Stem Cell 
Center) with NeonTM Transfection System (Invitrogen). Cells were 
cultured until 80% confluence and incubated in Y-27632 2HCl (Sell
eckchem, Houston, Texas, USA) 4 h prior to electroporation. Cells were 
dissociated with StemPro® Accutase® (Gibco, Grand Island, NY, USA) 
and suspended in cold 5% FBS-PBS (PBS, phosphate-buffered saline). 
Shortly before electroporation, cells were counted and resuspended in R 
buffer (Invitrogen, CA, USA) at a density 2 x 106 cells/mL. The following 
program parameters were used for cell transfection: 1100 V, 20 ms, 2 
pulses. Transfected cells were incubated on Geltrex® LDEV-Free human 
embryonic stem cell-qualified Reduced Growth Factor Basement Mem
brane Matrix (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 

-coated dishes 24 h prior to first medium change. Selection for colonies 
containing guides targeting NR5A1 promoter (HEL46.11 
DDdCas9Vp192-NR5A1 hiPSCs) was started 72 h after transfection with 
5 μg/mL puromycin (Gibco, Grand Island, NY, USA) for 2 days followed 
by 2.5 μg/mL puromycin for 4 additional days. 

4.5. Generating clonal lines 

HEL46.11 DDdCas9Vp192-NR5A1 hiPSCs were incubated with 10 
μM Y-27632 2HCl (Selleckhem, Houston, Texas, USA) in Essential 8TM 

(E8) Basal Medium (Thermo Fisher Scientific, MA, USA) for at least 4 h 
prior to dissociation with StemPro® Accutase® (GibcoTM, Thermo 
Fisher Scientific). Dissociated cells were resuspended in 10% FBS 
(Thermo Fisher Scientific) in PBS and centrifuged at 17×g for 3 min. The 
cell pellet was resuspended in FACS buffer containing Hank’s Balanced 
Salt Solution (GibcoTM, Thermo Fisher Scientific, NY, USA), 1 mM 
UltrapureTM EDTA (InvitrogenTM, Thermo Fisher Scientific, NY, USA), 
25 mM HEPES (LonzaTM, Fisher Scientific, MD, USA), 10% FBS, and 10 
μM Y-27632. Cells were passed through a Cell Strainer (40 μm, FAL
CONTM, Thermo Fisher Scientific), counted with Countess II Automated 
Cell Counter and kept on ice until sorting according to their size and 
singularity into 96-well plates containing E8, 5 μM Y-27632, Penicillin 
Streptomycin (GibcoTM, Thermo Fisher Scientific), and Clone R™ 
(STEMCELL Technologies, Canada). Cell sorting was performed with 
SH800Z Cell Sorter (SONY). After sorting, plates were centrifuged at 
17×g for 3 min and incubated at 37◦C. Half of the medium was changed 
2 days after sorting and colonies were cultured in E8 until they could be 
picked and expanded. 

4.6. Cell culture 

All cells were cultured in a humidified incubator supplied with 5% 
CO2 at 37◦C and tested negative for mycoplasma contamination. 
HEL46.11 DDdCas9Vp192-NR5A1 hiPSCs were cultured on Geltrex® 
-coated Tissue-Culture Treated Dishes (Corning, NY USA) in Essential 
8TM medium (Thermo Fisher Scientific, Grand Island, NY, USA) and 
routinely passaged every 3–4 days. For cell passaging, 0.5 mM EDTA 
(InvitrogenTM, Thermo Fisher Scientific, Grand Island, NY, USA) in PBS 
was incubated on cells for 3–4 min. Differentiation was performed as 
described in our earlier study (condition M, Sepponen et al., 2017). 
Similar differentiation outcome and activation of NR5A1 was confirmed 
both in the unsorted pool of cells and in the clone 14, which was used in 
all experiments. Cells were differentiated in 3 replicate wells for steroid, 
AMH immunoassay and RNA sequencing analyses and in at least 2 
replicate wells for qRT-PCR and cAMP immunoassay analyses. Undif
ferentiated hiPSCs were dissociated with EDTA, counted, and seeded at 
density 1.5 x 105/cm2 on Tissue-Culture Treated 12-well cell culture 
plates (Corning, Kennebunk, ME, USA) for collection of RNA or media 
and on polymer-coated μ-slide 4 wells (ibidi GmbH, Gräfelding, Ger
many) for immunofluorescent antibody labeling. Due to inconsistent 
availability of the product, Human Type I collagen from two different 
sources was used for coating the 12-well cell culture plates in the dif
ferentiation studies. All experiments, including hormonal stimulation, 
were performed using human fibroblast-derived collagen (Stem Cell 
Technologies, USA). For the RNA sequencing experiment and most of 
the other gene and protein expression studies, coating was performed 
with human placental-derived collagen (Corning, NY, USA). Cells to be 
seeded were collected at 70×g for 5 min before resuspending into 
DMEM/F12 + Glutamax supplemented with 2% B27TM Supplement 
(Thermo Fisher Scientific). The medium additionally contained 10 μM 
Rho kinase inhibitor (Y-27632 2HCl, Selleckchem, Houston, Texas, 
USA), 100 ng/mL Activin A (Q-kine, Cambridge, UK), 5 μM GSK-3α/β 
inhibitor CHIR-99021, and BMP inhibitor dorsomorphin (both from 
Selleckchem) at 2 μM concentration. On the following day, the medium 
was replaced by differentiation medium containing 3 μM CHIR-99021 
and 10 ng/mL BMP7 (Peprotech, Cranbury, NJ, USA). After 24 h, 
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conditioned medium was replaced with differentiation medium con
taining 3 μM CHIR-99021 and 2 μM dorsomorphin. Cells were washed 
once with PBS between medium replacements. To induce NR5A1 
expression, cells were treated with 10 μg/mL doxycycline hyclate (DOX) 
and 10 μM trimethoprim (TMP, both from Sigma-Aldrich, Israel) in 
DMEM/F12 + Glutamax supplemented with 2% B27TM Supplement on 
days 4–10. Most of the conditioned medium was changed daily. 

HEK293 cells were maintained on tissue culture-treated dishes in 
high-glucose DMEM supplemented with GlutaMAX™ (GibcoTM) and 
10% FBS. Cells were passaged every 2–4 days using Trypsin-EDTA 
(Thermo Fisher Scientific). 

4.7. Immunofluorescence and confocal microscopy 

At day 10 of differentiation, cells differentiated on the ibidi slides 
were fixed with 4% paraformaldehyde at room temperature for 20 min 
and washed three times with PBS. Cells were permeabilized with 0.5% 
Triton® X-100 (Fisher Scientific, NJ, USA) for 8 min and washed three 
times with PBS before antigen blocking with UltraVision Protein Block 
(Thermo Fisher Scientific, Kalamazoo, MI, USA) for 10 min. Cells were 
incubated with primary antibodies: monoclonal mouse anti-SF1 (R&D 
Systems Cat# PP-N1665-00, clone N1665, RRID:AB_2251509, 1:250), 
polyclonal rabbit anti-AMH (Abcam Cat# ab84415, RRID:AB_1860886, 
1:200), monoclonal mouse anti-inhibin α (20/32, N-terminal, 26 μg/mL, 
Ansh Labs, Webster, TX, USA, kindly provided by Dr. Ajay Kumar), 
monoclonal rabbit anti-StAR (Cell Signaling Technology Cat# 8449, 
RRID:AB_10889737, D10H12, 1:100), polyclonal rabbit anti-P450SCC 
(Sigma-Aldrich Cat# HPA016436, RRID:AB_1847423, St. Louis, MO, 
USA, 1:200), polyclonal goat anti-GATA4 (Santa Cruz Biotechnology 
Cat# sc-1237, RRID:AB_2108747, C-20, 1:250), monoclonal mouse anti- 
HSD3B2 (Sigma-Aldrich Cat# SAB1402232, RRID:AB_10641572, St. 
Louis, MO, USA, clone 1E8, 1:100), polyclonal rabbit anti-SCARA5 
(Sigma-Aldrich Cat# HPA024661, RRID:AB_1853902, St. Louis, MO, 
USA, 1:100), polyclonal rabbit anti-MAGEB1 (Novus Cat# NBP1-85405, 
RRID:AB_11034576, 1:100), or polyclonal goat anti-SOX9 (R&D Sys
tems, Cat# AF3075, RRID:AB_2194160, 1:200). All primary antibodies 
were incubated on cells overnight at 4◦C and subsequently removed by 
washing the samples three times with PBS. Alexa Fluor® 488 donkey 
anti-mouse immunoglobulin G (IgG) (Molecular Probes Cat# A-21202, 
RRID:AB_141607), Alexa Fluor® 594 donkey anti-goat IgG (Thermo 
Fisher Scientific Cat# A-11058, RRID:AB_2534105), or Alexa Fluor® 
594 donkey anti-rabbit IgG (Molecular Probes Cat# A-21207, RRID: 
AB_141637) (all from Invitrogen, Life Technologies, OR, USA, 1:1000) 
secondary antibodies were incubated on cells for 30 min in the dark. 
Triple costainings were performed similarly with Alexa Fluor® 488 
donkey anti-goat IgG (Molecular Probes Cat# A-11055, RRID: 
AB_2534102), Alexa Fluor® 647 donkey anti-mouse IgG (Molecular 
Probes Cat# A-31571, RRID:AB_162542), and Alexa Fluor® 568 goat 
anti-rabbit IgG (Molecular Probes Cat# A-11011, RRID:AB_143157) 
secondary antibodies (all from Invitrogen, Life Technologies, OR, USA, 
1:1000). The samples were subsequently washed as above. All anti
bodies were diluted in 0.1% Tween (Fisher Scientific, NJ, USA) in PBS. 
Nuclei were labeled with 4′,6-diamidino-2-phenylindole (DAPI) Dilac
tate (Invitrogen, #D3571) at a 1:1000 ratio in PBS for 8 min in the dark 
and washed twice with PBS. Images were captured with a TCS SP8 laser 
scanning confocal microscope using a 1024x1024 scan format and a HC 
PL APO CS2 40x/1.10NA water objective (Leica Microsystems, Man
nheim, Germany). Images were processed using Fiji ImageJ (version 
1.53, http://fiji.sc). Image smoothing in Fiji was performed using a 
Gaussian filter with one pixel kernel radius. Image size was adjusted 
with Adobe Photoshop (version 23.0.0, Adobe, San Jose, CA, USA). The 
number of cells positive for SF1 per condition was manually counted 
from 7 original size zoom out images from representative areas, and the 
number of SOX9 and/or P450SCC positive cells from 2 to 4 images per 
condition. 

4.8. Real-time qRT-PCR 

Methods for RNA isolation, reverse transcription reaction, and qRT- 
PCR have been previously described (Sepponen et al., 2017). Primer 
sequences used for qRT-PCR are listed in Supplementary Table 5. 

Briefly, total RNA was isolated, residual genomic DNA was removed 
in a separate step, and samples were purified prior to their conversion 
into complementary DNA with Moloney murine leukemia virus reverse 
transcriptase (Promega), random hexamer primers, oligo(dt)18 primers, 
RiboLock RNAse Inhibitor, and a mixture of four deoxynucleotide tri
phosphates (all from Thermo Fisher Scientific). After combining HOT 
FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne, Tartu, Estonia) with 
cDNA and forward and reverse primers (Metabion, Planegg/Stein
kirchen, Germany), the relative mRNA expression levels were analyzed 
with a Lightcycler® 96 system (Roche Diagnostics, Mannheim, Ger
many). The ΔΔCt method (Livak and Schmittgen, 2001) was followed 
for quantification of gene expression. Expression levels were normalized 
with cyclophilin G (PPIG) serving as an endogenous control and pre
sented as relative to expression levels in undifferentiated cells. 

4.9. Functional studies 

For hormonal stimulations, differentiated cells at day 8 were washed 
once with PBS and incubated for 1, 8, or 24 h with human recombinant 
FSH (Prospec, Rehovot, Israel) or LH alpha/beta Heterodimer Protein 
(R&D Systems) at a concentration of 100 ng/mL, vehicle [0.1% bovine 
serum albumin (Thermo Fisher Scientific) in H2O] or 10 μM forskolin 
(Sigma-Aldrich, St.Louis, MO, USA) in differentiation medium. For
skolin was used to activate adenylyl cyclase independently of receptor 
signaling. Intracellular cAMP was measured from cell lysates harvested 
from duplicate wells after 1-h stimulation with Direct cAMP ELISA kit 
(Enzo Life Sciences AG, Lausen, Switzerland, Cat# ADI-900-066) 
following the manufacturer’s instructions. Optical density was read at 
405 nm using a Multiscan EX Version 1.1 (type 355, Labsystems, Vantaa, 
Finland) microplate reader and the standard curve was prepared using 
Point-to-Point method. Gene-expression levels in samples incubated for 
8 h in the presence/absence of gonadotropins were assayed by qRT-PCR. 
The production of steroids after 24-h stimulation with or without FSH/ 
LH/forskolin was assayed from cell supernatants in triplicate wells with 
an established method applying liquid chromatography tandem-mass 
spectrometry (Ohlsson et al., 2021) at the Department of Internal 
Medicine and Clinical Nutrition, University of Gothenburg, Gothenburg, 
Sweden. Measured steroids included androstenedione (lower limit of 
quantification, LLOQ=0.018 nmol/L), dehydroepiandrosterone 
(LLOQ=0.87 nmol/L), dihydrotestosterone (LLOQ=44.8 pmol/L), 
estradiol (LLOQ=1.84 pmol/L), estrone (LLOQ=1.85 pmol/L), proges
terone (LLOQ=0.016 nmol/L), 17-OH progesterone (LLOQ=0.060 
nmol/L), and testosterone (LLOQ=0.017 nmol/L). LLOQ values pro
vided are those obtained using human serum as the analysis matrix and 
LLOQ was defined as the lowest peak that was reproducible with a co
efficient of variation of less than 20% and an accuracy of 80%–120%. 
Similar results were obtained using an independent liquid chromatog
raphy tandem-mass spectrometry analysis at the Department of Clinical 
Science, University of Bergen, Bergen, Norway using a method previ
ously described (Triebner et al., 2014) and subsequently updated to 
include steroids typically produced by the adrenal glands. Analytical 
sensitivity and precision were determined as LLOQs and coefficient of 
variation for intermediate concentrations, respectively, for dehydro
epiandrosterone sulfate (0.021 μmol/L and 10.4%), cortisol (0.59 
nmol/L and 4.0%), cortisone (0.17 nmol/L and 4.2%), and aldosterone 
(13 pmol/L and 7.5%). Accuracies for the steroids measured at Uni
versity of Bergen were in the range of 95–109%. Basal medium 
(DMEM/F12 with Glutamax+2% B27) used for cell differentiation 
served as a blank in the steroid assays. 

Spent medium was collected and analyzed from duplicate culture 
wells with picoAMH ELISA (Ansh Labs, Webster, TX, USA, Cat# AL-124- 
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i) from cells differentiated until day 10. The absorbance was read using a 
Multiscan EX Version 1.1 (type 355, Labsystems) microplate reader set 
to 450 nm and 620 nm (machine blank) and the standard curve was 
prepared using Point-to-Point method. 

4.10. RNA sequencing 

Cells cultured in three wells/condition at differentiation days 4, 6, 8, 
and 10 were disrupted with QlAzol Lysis Reagent (Qiagen, MD, USA) 
directly on wells of tissue culture plates and collected. Total RNA was 
extracted and purified with miRNeasy Mini Kit (Qiagen, Hilden, Ger
many) including an additional On-Column DNase Digestion with the 
RNase-Free DNase Set. RNA quality monitoring, library preparation, and 
sequencing were performed by the Sequencing unit of Institute for 
Molecular Medicine Finland FIMM Technology Centre, University of 
Helsinki, Finland. RNA quality was confirmed with Bioanalyzer RNA 
Quality Control Assay and RNA libraries were prepared with TruSeq 
Stranded Total with Ribo-depletion. Sequencing was performed with an 
Illumina NovaSeq system using an S4 flow cell with lane divider (Illu
mina, San Diego, CA, USA). Read length for the paired-end run was 
151+8+8+151 bp and the target sequencing depth was 25 million read 
pairs. Two rounds of sequencing were performed for samples that did 
not meet the target depth level and the resulting read files were merged 
for running feature counting. 

Data pre-processing was performed at FIMM. Quality control of raw 
sequence data was conducted with FastQC-0.11.5. Reads were trimmed 
and filtered with Trimmomatic-0.32. Reads were then aligned against 
the human genome (GRCh38 release 82) using STAR 2.3.0e. RNASeq 
quality was assessed with picard-tools-1.119. RNA-SeQC v1.1.8. “Gene- 
level” read counting using Ensembl gene-ids was generated by featur
eCounts software (Subread-1.4.5-p1) resulting in genome-wide quanti
fication of reads aligning to all genetic features, including both protein 
coding and non-coding features (such as long non-coding RNAs). 

4.11. Data analysis 

The gene-level RNAseq quantification data from all samples was 
combined into one gene-by-sample expression data matrix for pairwise 
DE analyses with DESeq2 (v1.24, Love et al., 2014), and ordered 
time-series dynamic DE analyses with EBSeq-HMM (v1.18, Leng et al., 
2015). 

R package scCATCH (version 3.0; https://github.com/ZJUFanLab/ 
scCATCH, Shao et al., 2020) was used to annotate sample clusters (i.e. 
samples at each time point compared to samples in all other time points) 
to cell types using reference tissues related to gonad. A score of simi
larity was calculated after sample-cluster specific markers with logFC≥1 
were detected with the findmarkergene function in scCATCH. 

For the analyses with DESeq2 (Fig. 3C), pairwise comparisons were 
conducted between the induced and non-induced samples at each time 
point (d6, d8, d10), and between samples from the same condition 
(induced, or non-induced) but from different time points, altogether 
making 15 analyses (Fig. 3B). All genes/features with an adjusted 
P<0.05 were considered significantly differentially expressed. For the 
time-series DE analyses by EBSeqHMM, samples in the NR5A1-induced 
condition were analyzed by specifying the time-points (d4, d6, d8, d10) 
as the ordering condition of the samples. For all genes, EBSeqHMM es
timates posterior probabilities (PP) for all likely paths of gene expression 
changes across the ordered time condition (upregulation at each time 
point, U–U–U, downregulation at each time point D-D-D, etc. for 3^3=27 
possible paths for each gene; possible changes at each transition are U 
for upregulated, D for downregulated, and S for unchanged stable 
expression). Genes showing significant differential expression in at least 
one time point (compared to an earlier time point), and genes with 
PP<0.05 of remaining constant, under an overall target FDR<0.05, were 
called DE genes. The DE genes were assigned the path for which they 
showed highest PP (MaxPP), and were divided into clusters of genes 

based on the dynamic gene expression path they followed. The subse
quent analyses considered selected paths, which presented the imme
diate (U–S–S, D-S-S) and continued (U–U–U, D-D-D) dynamic responses 
to NR5A1 activation. 

Default normalization and statistical methods implemented in both 
DESeq2 and EBSeqHMM were used for all analyses. For the visualization 
of the expression dataset with principal component analysis, variance 
stabilized data from DESeq2 was used. 

4.12. GO enrichment analyses for sequencing data 

All GO enrichment analyses were performed using DAVID Functional 
Annotation Tool (DAVID, RRID:SCR_001881, v6.8, https://david.nci 
fcrf.gov/, Huang et al., 2009a; 2009b). The gene expression matrix 
derived from RNA sequencing was normalized and log2-transformed, 
and after removal of genes without any detected transcripts it was 
used as a reference gene set in all GO enrichment analyzes. Pre-filtered 
genes within d6 pairwise compared samples (Supplementary Data 1; 
Upregulated log2FC≥1 or Downregulated log2FC ≤ − 1 and adjusted P <
0.05) and all genes within each category of dynamically expressed genes 
(Supplementary Data 2; U–U–U, U–S–S, D-S-S, or D-D-D) were used as 
input genes. The output GO biological processes were sorted according 
to the false discovery rate and fold enrichment values. 

Genes related to male or female infertility or gonadal development 
were searched among all dynamically expressed genes within four cat
egories (U–U–U, U–S–S, D-S-S, and D-D-D) within the curated CTD Gene- 
Disease Associations (Davis et al., 2009) and the curated GO Biological 
Process Annotations (Ashburner et al., 2000) datasets using Harmo
nizome (Harmonizome, RRID:SCR_016176, http://amp.pharm.mssm. 
edu/Harmonizome/, Rouillard et al., 2016). A search for identifying 
known or predicted targets or interaction partners of NR5A1 was per
formed using TRANSFAC Curated and Predicted Transcription Factor 
Targets datasets (Matys et al., 2003) using Harmonizome and the IPA 
software (Ingenuity Pathway Analysis, RRID:SCR_008653, v68752261, 
Qiagen, http://www.ingenuity.com/products/pathways_analysis.html 
). 

4.13. Statistical analyses 

When used, “n” indicates the number of independent experiments. 
Statistical analyses for data derived from qRT-PCR, AMH immunoassay 
analyses, or cell counts were conducted with IBM SPSS Statistics 25 
software by performing pairwise comparisons using Mann Whitney U 
test with mean ranks or independent samples t-test according to the 
sample set. Shapiro-Wilk test was used to assess normal distribution. 
Benjamini and Hochberg method was used to adjust P-values in pairwise 
comparisons of the gene expression data obtained from RNA sequencing 
and qRT-PCR. In case of multiple groups, one-way ANOVA using Dun
nett t-tests (2-sided) as post-hoc tests were performed. P <0.05 was 
considered to indicate statistical significance. All statistical analyses 
were performed at confidence level 95%. 
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