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SUMMARY

The zona fasciculata (zF) in the adrenal cortex contributes to multiple physiological actions through
glucocorticoid synthesis. The size, proliferation, and glucocorticoid synthesis characteristics are all fe-
male biased, and sexual dimorphism is established by androgen. In this study, transcriptomes were ob-
tained to unveil the sex differentiation mechanism. Interestingly, both the amount of mRNA and the ex-
pressions of nearly all genes were higher in females. The expression of Nr5a1, which is essential for
steroidogenic cell differentiation, was also female biased. Whole-genome studies demonstrated that
NR5A1 regulates nearly all gene expression directly or indirectly. This suggests that androgen-induced
global gene suppression is potentially mediated by NR5A1. Using Nr5a1 heterozygous mice, whose ad-
renal cortex is smaller than the wild type, we demonstrated that the size of skeletal muscles is possibly
regulated by glucocorticoid synthesized by zF. Taken together, considering the ubiquitous presence of
glucocorticoid receptors, our findings provide a pathway for sex differentiation through glucocorticoid
synthesis.

INTRODUCTION

The adrenal cortex consists of three distinct cellular zones in hu-

mans and two zones in rodents.1–4 The largest zone, the zona

fasciculata (zF), regulates a variety of metabolic processes for

carbohydrates, proteins, and lipids, as well as inflammatory re-

actions, and others, through synthesizing glucocorticoid.5 It is

known that the adrenal gland of rodents differs in size between

males and females, and castration or treatment with androgen

results in an enlargement or reduction of the organ, respec-

tively.6 Thereafter, studies using rodents have demonstrated

that in females, the number of zF cells is larger;7,8 the sizes of

nuclei, mitochondria, and endoplasmic reticulum are larger;9

the blood concentration of corticosterone (glucocorticoid in ro-

dents) is higher;6,10 the amount of lipid droplets is greater;8 and

the rate of cell division is faster.11–13 To elucidate these sexually

different features of the adrenal cortex from the aspect of gene

expression, RNAs prepared from the rat adrenal cortex were

analyzed using microarray.14–16 These studies succeeded in

showing the sexually different gene expression that potentially

causes these different functions of the adrenal cortex according

to sex.

NR5A1 (Ad4BP/SF-1) was originally identified as a transcrip-

tion factor to regulate the steroidogenic CYP11A1 and

CYP11B1 genes.17,18 Thereafter, other steroidogenic genes

were shown to be the target genes of this transcription fac-

tor.19,20 In addition to the steroidogenic gene transcription fac-

tor, it has been shown that Nr5a1 is implicated in steroidogenic

cell differentiation because the gene disruption resulted in the

disappearance of the adrenal gland, testis, and ovary.19,21,22

Although identification of all target genes for NR5A1 is required

to understand functions other than the steroidogenic gene
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regulator, this could not be demonstrated until an effective pro-

cedure for genome-wide study was developed.

Recently developed microarray and deep-sequencing tech-

niques allowed us to perform these genome-wide studies and

to successfully demonstrate the implications of NR5A1/Nr5a1

in biological processes other than steroidogenesis.23–26 These

studies provided new information regarding NR5A1/Nr5a1’s

role in heme synthesis,24 multiple metabolic pathways such as

lipid and steroid synthesis,25 angiogenic processes,23 glycol-

ysis,27 cytoskeleton remodeling,28 nicotinamide adenine dinu-

cleotide phosphate (NADPH) synthesis,29 and cholesterogene-

sis.30 However, these studies also found many potential target

genes other than those described in these papers, and the phys-

iological significance of the integration of many genes into a sin-

gle transcription factor, NR5A1, remains controversial.

Recently, it has been reported that cells potentially upregulate

or downregulate global gene expression in certain conditions.

This genome-wide transcriptional regulation was observed in

the processes of embryonic stem cell31,32 and fetal germ cell dif-

ferentiation,33 tumor cell growth,32 lymphocyte activation,34 and

renewal of adult tissue35 through activating basal functions such

as translation, metabolisms, and cell division. Such genome-

wide regulation, called hypertranscription, hyperactive tran-

scription, and transcriptional amplification, has attracted atten-

tion as a novel mechanism to alter the cellular state. Although

the detailed mechanisms underlying global gene regulation

are still under investigation, the implications of Myc, Yap, and

the chromatin remodeler Chd1 in hypertranscription were

demonstrated.31,32,34,36
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Figure 1. Adrenal size and weight are

decreased by DHT

(A) Whole views of the representative adrenal glands

of the eight experimental groups (sham-operated

female and male [control], ovariectomized female

followed by oil, DHT, or E2 treatment, and castrated

male followed by oil, DHT, or E2 treatment). The

scale bar represents 500 mm.

(B) Weights of adrenals.

(C) Adrenal weights normalized by body weights.

(D) Suppression of adrenal size by DHT.

Data are represented as means ± SDs (B–C). n = 3

biological replicates. *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001 by Bonferroni mul-

tiple comparison tests (B and C).

See also Figure S1.

Our present study aims to clarify the

mechanism for adrenocortical sex differ-

entiation. Interestingly, we found that the

amount of mRNA per adrenocortical zF

cell is greater in females than in males

and that nearly all gene expression is

higher in females than in males. This fe-

male-elevated (male-suppressed) global

gene expression was possibly achieved

by Nr5a1 gene expression suppressed by

the androgen signal in males. To demon-

strate the physiological significance of

the sexually differentiated adrenal cortex, we showed that

different sizes of skeletal muscles, according to sex, are

achieved by female-biased glucocorticoid synthesis.

RESULTS

Adrenal size and weight are decreased by DHT
It is known that the size and weight of the adrenal gland of ro-

dents are smaller in males than in females.6 In general, sex ste-

roids play a crucial role in establishing sex-based differences in

many cell types. Therefore, we examinedwhether the sex steroid

treatments lead to changes in adrenal size and weight. As shown

in Figure 1A, the adrenal gland of the control (sham-operated)

male was smaller than that of the control female at 8 weeks after

birth. As shown in Figure S1A, there was no significant sex differ-

ence in adrenal gland weight in 3-week-old mice, and the sexual

dimorphism became apparent thereafter, suggesting that sex

steroids secreted after 3 weeks of age are responsible for the

sex difference. Therefore, gonadectomy was performed at the

age of 3 weeks in this study. Two weeks after the gonadectomy,

5a-dihydrotestosterone (DHT) was injected daily to mimic

intrinsic continuous secretion of testosterone, while estradiol

(E2) was administered every 4 days to mimic its periodic secre-

tion (Figure S1B–S1D). Castration enlarged the male adrenal

gland, and ovariectomy decreased the female adrenal gland.

Consistently, administration of DHT and E2 to gonadectomized

mice decreased and increased, respectively, the size and weight

of the adrenal glands (Figures 1B–1D). The changes induced in

the mice of the eight experimental groups described above

2 Cell Reports 43, 113715, February 27, 2024

Article
ll

OPEN ACCESS



indicate that the sex steroids are responsible for generating sex-

ual dimorphism in the adrenal glands.

Transcription of zF cells is globally suppressed by DHT
The adrenal cortex of postnatal mice comprises three different

cellular zones: mineralocorticoid-producing zona glomerulosa

(zG) cells, glucocorticoid-producing zF, and a transient fetal

zone (X-zone) that presents only for a limited period after

birth.37,38 Among these cellular zones, the larger adrenal gland

in females is predominantly attributable to the larger number of

zF cells.7,8 Consistently, the female zF cells were shown to be

more active for cell proliferation than male cells.11–13

To elucidate the mechanism to establish these sex differ-

ences, we attempted to compare gene expression in zF cells be-

tween males and females. As described in the STAR Methods,

zF cells were purified from Ad4BP-BAC-EGFP transgenic

mice, whose adrenocortical cells are labeled with EGFP (Fig-

ure S2A). As shown in Figures S2B and S2C, the zF cells were

successfully prepared without any contamination of the zG,

X-zone, or adrenal medulla cells. Using the zF cells, we then pre-

pared total RNA andmRNA. Since serumE2 concentration cycli-

cally varied during every estrus cycle, mice at diestrus, when E2

concentration is lower than other stages, were used as the fe-

male control. Female mice at diestrus were prepared by preg-

nant mare serum gonadotropin/human chorionic gonadotropin

treatment that did not influence gene expressions in the zF cells

(Figures S2D and S2E; Tables S1 and S2). To our surprise, the

amounts of total RNA and mRNA in female zF cells normalized

by the amounts of genomic DNAs were 1.85- and 1.82-fold

more than those in male cells, respectively (Figure 2A). Impor-

tantly, such sexually dimorphic amounts of RNAs could not be

recovered from the adrenal medulla (Figure S2F).

Considering the differential amounts ofmRNA contained in the

zF cells between the two sexes, we obtained transcriptomes us-

ing cell-number-normalized RNA sequencing (CNN RNA-seq),33

in which mRNAs prepared from the same number of zF cells (104

cells) of the eight experimental groups were utilized (Figure S1B).

Transcriptomes of a quality sufficient for the following analyses

were obtained (Tables S1 and S2). We identified 7,200 and

7,007 genes as the expressed genes in female andmale zF cells,

respectively, and these genes were examined in the following

studies.

As shown in Figure 2B, the expression of geneswas likely to be

globally downregulated in male zF cells (or upregulated in female

cells). Interestingly, this plot indicates that the global set of

genes, rather than specific sets, undergoes upregulation in fe-

males or downregulation in males. The female gene expression

was 1.86-fold higher than that of males (Figures 2C and S2G).

Castration (+oil) increased the expression levels by 1.27-fold,

while ovariectomy (+oil) did not seem to have any significant ef-

fect. DHT treatment after gonadectomy decreased the expres-

sion in both sexes to the level of the male. E2 treatment after

castration of males increased the gene expression, whereas

treatment after ovariectomy in females did not significantly in-

crease it.

Considering the differential effects of steroids, we decided to

focus our attention on the role of androgen. Male mice were

treated with flutamide, an antagonist for androgen, and then

the gene expression of the zF cells was examined (Figure S2H;

Table S1). The inhibition of androgen signaling gradually

increased gene expression, and the expression level reached a

level similar to the female control after 10 days of treatment

(Figures 2D; Table S2). Moreover, the gene expression of the

cells treatedwith flutamide for 10 days resembled that of females

(Figure 2E).

To investigate whether the global downregulation of gene

expression by androgen occurs at the level of transcription, we

performed a nascent RNA synthesis assay.33 As shown in Fig-

ure 2F, DHT treatment in females after ovariectomy decreased

nascent RNA synthesis as compared to what was seen in ovari-

ectomized or control females. The synthesis increased in males

after castration and then decreased to the comparable level of

control males by DHT administration (Figure 2G).

We assumed that, together with the size and weight of the ad-

renal glands decreased by DHT, androgen is a key molecule in

promoting sexually dimorphic gene expression in zF cells

through suppression of global gene transcription (Figure 2H).

Energy metabolism is more active in female than male
zF cells
As aforementioned, the amount of mRNA in a female zF cell is

1.82-fold more than that in a male cell. Therefore, we selected

2,451 genes whose expression in females is higher than in males

by more than 1.82-fold. These genes were subjected to KEGG

pathway analysis to uncover biological processes correlated to

the female-biased genes. As shown in Figure 3A, processes

related to energy metabolism such as ‘‘oxidative phosphoryla-

tion (OXPHOS),’’ ‘‘valine, leucine, and isoleucine degradation,’’

‘‘tricarboxylic acid (TCA) cycle,’’ ‘‘fatty acid degradation (fatty

acid metabolism),’’ and ‘‘glycolysis/gluconeogenesis’’ were

listed with low p values. In addition to energy metabolism, the

biological process ‘‘cortisol synthesis and secretion’’ is also

noted. The expression of these genes in the eight experimental

groups is shown as a heatmap (Figure 3B). All of the gene ex-

pressions are clearly synchronized; the expressions in females

are greater than in males, and the expressions are increased

by castration. Consistent with this, the expressions are sup-

pressed in both sexes by treatment with DHT.

Considering that the gene expression was globally upregu-

lated in females, it could be assumed that all biological/meta-

bolic processes in zF cells are more active in females than in

males, and our claim that not all but certain metabolic pathways

are female biased might be criticized. Therefore, we selected

genes whose expression is higher in males than in females

and genes whose expression is less than 1.25 times higher in

females. These genes were then subjected to KEGG pathway

analysis. This analysis listed ‘‘MAPK signaling pathway,’’

‘‘C-type lectin receptor signaling pathway,’’ and so on, as the

biological processes related to the genes (Figure 3C). The

expression profiles of the genes involved in these processes

were investigated in the eight experimental groups. As expected,

the heatmap was largely different from that of the genes involved

in the energy metabolic processes (Figure 3D).

Considering the female-biased metabolic gene expression,

we examined whether the energy metabolic activities of zF cells

differed between the two sexes. As indicated in Figures 3E and

Cell Reports 43, 113715, February 27, 2024 3

Article
ll

OPEN ACCESS



A B C

D

F

E

G

H

Figure 2. Transcription of zF cells is globally suppressed by DHT

(A) The amounts of total RNA (left) and mRNA (right) zF cells normalized by the amounts of genomic DNAs in female and male zF cells.

(B) A comparison of gene expression (normalized read counts) between females (horizontal axis) andmales (vertical axis). Magenta and cyan dots indicate genes

highly expressed in females (>1.5-fold higher than males, p < 0.001) and genes highly expressed in males (>1.5-fold higher than females, p < 0.001), respectively.

Proportions of genes represented by magenta and cyan dots are shown.

(C) Violin plots of gene expression levels of the eight experimental groups. Cyan and magenta broken lines indicate the mean gene expression of males and

females, respectively. For boxplots, box boundaries represent the 25th and 75th percentiles, whiskers represent the 5th and 95th percentiles, and circles

represent the mean. Relative values of whole gene expression are indicated at the top. The value of the male control is set to 1.0.

(D) Violin plots of gene expression levels of flutamide-treated male mice for the days indicated (n = 3).

(E) A comparison of gene expressions between females (horizontal axis) and males treated with flutamide for 10 days (day 10, vertical axis). Magenta and purple

dots indicate genes highly expressed in females (>1.5-fold higher than day 10, p < 0.001) and genes highly expressed in day 10 (>1.5-fold higher than females,

p < 0.001), respectively.

(F and G) Representative histograms of nascent transcripts labeled by 5-ethynyl uridine (EU) in zF cells of females (F) and males (G).

(H) DHT downregulates global gene expression in adrenocortical zF cells (red line). Female, \; male, _.

Data are represented as means ± SDs (A), scatterplot (mean of 3 biological replicates, B and E), or combination of violin and boxplots (C and D). n = 3 biological

replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns (not significant) by Student’s t test (A) or Bonferroni multiple comparison tests (C and D).

See also Figures S2 and Table S2.
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Figure 3. Energy metabolism is more active in female than in male zF cells

(A) The result of KEGG pathway analysis using 2,451 female-biased genes. Terms related to energy metabolism and cortisol synthesis are highlighted in gray.

(B) Expression levels of genes in ‘‘oxidative phosphorylation (OXPHOS),’’ ‘‘valine, leucine, and isoleucine degradation (V/L/I deg.),’’ ‘‘TCA cycle,’’ ‘‘fatty acid

degradation (FA deg.),’’ ‘‘glycolysis and gluconeogenesis (Glycolysis),’’ and ‘‘cortisol synthesis and secretion (Cortisol synth.)’’ are shown as a heatmap (n = 3

biological replicates).

(legend continued on next page)
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3F, glycolytic (extracellular acidification rate [ECAR]) and

OXPHOS (oxygen consumption rate [OCR]) activities were

approximately 2.83- and 3.51-fold higher, respectively, in fe-

males than males. Both activities increased after castration

and decreased with DHT treatment in males. Likewise, the activ-

ities in ovariectomized females decreased with DHT treatment

even though they were not altered merely by ovariectomy

(Figures 3E and 3F). These results suggested that the sex differ-

ences in glycolytic and OXPHOS activities were attributable to

the downregulation of the metabolic genes by androgen.

Moreover, we examined serum corticosterone concentration.

Expectedly, serum corticosterone was higher in the females than

in males, as described previously6,10 (Figure S3). As shown in

Figure 3G, its concentration significantly increased in castrated

males and decreased to control levels after DHT treatment,

suggesting that the sex difference in serum corticosterone

concentration was attributable to the downregulation of the

corticosterone synthetic genes by androgen. These results are

summarized in Figure 3H: DHT produced by the testis globally

suppresses gene transcription in the male zF cells and thereby

downregulates zF cell activities such as energy metabolism

and corticosterone synthesis. Based on these results, we could

reason that the female-biased size and weight of the adrenal

gland is due to the female-activated metabolism promoted by

lower androgen concentrations in females.

Nr5a1 gene expression is suppressed by DHT
It has been previously reported that the expression of Nr5a1 is

reduced in the adrenal gland of heterozygous Nr5a1-knockout

(KO) mice (Nr5a1+/�) and that the size of the adrenal gland of

the heterozygote dwarfed that of the wild type.39 This observa-

tion strongly suggested that the amount of expressed Nr5a1 af-

fects the size of the adrenal gland. Therefore, we compared

Nr5a1 gene expression between female and male zF cells by

CNNRT-qPCR studies and our CNNRNA-seq datasets. Both re-

sults demonstrated that the expression of Nr5a1 was approxi-

mately 50% lower in males than in females (Figure 4A). Consis-

tent with this, a western blot study using the same number of

zF cells showed that the amount of NR5A1 protein was reduced

in males compared to females, although that of histone H3 was

unlikely to be different between the two sexes (Figures 4B

and S4A).

Next, we examined whether the expression of Nr5a1 is

affected in the zF cells of the eight experimental groups. Castra-

tion increased the expression of Nr5a1, while ovariectomy

decreased it (Figure 4C). DHT treatments after gonadectomy re-

sulted in a significant decrease in expression, back to the level of

the male control in both sexes. Interestingly, E2 treatment of the

ovariectomized female increased the expression of Nr5a1 but

the same treatment of the castrated male did not increase it.

As for the protein level, the amount of NR5A1 in the male control

was increased by castration, while that in females was unlikely

affected by ovariectomy (Figures 4D and S4B). DHT treatment

following gonadectomy decreased NR5A1 in both sexes. By

contrast, it was unclear whether E2 treatment had any effect

on the protein level.

In addition to western blotting, we attempted to visualize the

expression of Nr5a1 using Ad4BP-BAC-EGFP transgenic mice,

in which the expression is recapitulated by the expression of

EGFP.40 As shown in Figure 4E, the intensity of EGFP fluores-

cence was stronger in the female than in the male adrenal gland.

The fluorescence in males was enhanced by castration, while it

was unlikely that the fluorescence in females was affected by

ovariectomy. The fluorescence was largely suppressed by DHT

treatment, although it was unlikely to be affected by E2 treatment

after gonadectomy.

To further investigate the effect of androgen, flutamide was

administered to mice for up to 10 days (Figure S2H), and the

expression of Nr5a1 mRNA was examined by CNN RNA-seq.

Expectedly, Nr5a1 mRNA was increased gradually as the term

for flutamide administration (Figure 4F). As shown in Figure 4G,

these results strongly suggest that DHT, at least in part, causes

the generation of the sexually dimorphic expression of Nr5a1.

Gene expression in zF cells is regulated globally by
Nr5a1
Considering that NR5A1 is a key transcription factor responsible

for the development of the adrenal cortex,19,21,22 we next exam-

ined the possibility that the global decrease in gene expression in

the male zF cells could be attributed to the male-suppressed

expression of Nr5a1. This possibility was examined by the two

studies described as follows. First, we examined the effect of

the Nr5a1 gene dosage on the gene expression in Nr5a1+/� zF.

CNN RNA-seq and CNN RT-qPCR revealed that the expression

of Nr5a1 in the Nr5a1+/� cells was less than 20% of the wild type

in both sexes (Figure 5A). Similarly, the amount of NR5A1 protein

was largely decreased in the heterozygous cells (Figures 5B and

S5A). Concerning the expression of whole genes, CNN RNA-seq

using the same number of wild-type andNr5a1+/� zF cells clearly

indicated that the gene expression decreased globally and to

a large degree in the heterozygous cells in both sexes (Fig-

ure 5C; Tables S1 and S2). The average expression levels of

whole genes in the heterozygous female and male were

6.3% and 19.0% of the wild type, respectively. Moreover, the

stronger transcriptional suppression in females resulted in the

disappearance of female-biased expression of the global genes;

(C) The result of KEGG pathway analysis using 812 female-unbiased genes.

(D) Expression levels of genes in ‘‘MAPK signaling pathway’’ and ‘‘C-type lectin receptor signaling pathway’’ are shown.

(E and F) ECAR andOCR of zF cells in 6 experimental groups of mice (control, gonadectomy+oil, and gonadectomy+DHT females andmales). Magenta and cyan

bars indicate female and male zF cells, respectively.

(G) Serum corticosterone (n = 6) in 3 experimental groups of mice (control male, castration+oil, and castration+DHT).

(H) DHT downregulates global gene expression in adrenocortical zF cells, possibly thereby suppressing energy metabolism and corticosterone synthesis (red

arrows). The lower activity of energy metabolism may induce the smaller size of adrenal glands of males.

Data are represented as means ± SDs (E–G). n = 3 biological replicates. *p < 0.05, **p < 0.01, and ***p < 0.001 by Bonferroni multiple comparison tests (E–G).

See also Figure S3 and Table S2.
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the levels of gene expression in the heterozygous zF cells were

comparable between the two sexes (Figure 5D). As NR5A1 plays

a crucial role in the production of sex steroids in gonads, sex

steroid concentrations in sera were investigated in Nr5a1+/�

mice. Consequently, it was found that the concentrations of

neither testosterone nor E2 were altered in Nr5a1+/� mice

(Figures S6A and S6B), excluding a possibility that altered circu-

lating levels of the sex steroids in Nr5a1+/� mice could cause the

disappearance of the sexually dimorphic global gene expres-

sion. This simultaneous decrease of Nr5a1 and whole-gene

expression suggests that NR5A1 is involved in the regulation of

global gene expression. Nascent RNA synthesis in Nr5a1+/�

mice decreased in comparison to control mice in both sexes

(Figure 5E).

Second, we examined which genes are the potential targets of

NR5A1. zF cells were subjected to CUT&RUN-seq analysis.

Consequently, 24,051 and 15,033 peaks were identified with fe-

male and male zF cells, respectively (Figure 5F; Table S5). Of

these, 13,637 peaks were detected to be in common in both

sexes, while 10,414 and 1,396 peaks were classified as fe-

male-specific and male-specific peaks, respectively. The

A B C

D

F

E

G

Figure 4. Nr5a1 gene expression is sup-

pressed by DHT

(A) Expression of Nr5a1 in female and male zF cells

examined by CNN RT-qPCR (left) and CNN RNA-

seq (right) (normalized read counts). g-Actin (Actg1)

was used as a control.

(B) Immunoblotting for NR5A1 using male and fe-

male zF cells. a-pan-Histone H3 was used as a

control.

(C) Expression of Nr5a1 calculated using the CNN

RNA-seq data of the eight experimental groups

(n = 3).

(D) Immunoblotting for NR5A1 using zF cells of the

eight groups.

(E) EGFP fluorescence images of adrenal glands of

the eight groups of Ad4BP-BAC-EGFP transgenic

mice. Scale bar represents 500 mm.

(F) Expression levels of Nr5a1 in zF cells of

flutamide-treated male mice determined by CNN

RNA-seq.

(G) Similarly to the global gene, the expression of

Nr5a1 was female biased and suppressed by DHT

(red line).

Data are represented as means ± SDs (A, C, and F).

n = 3 biological replicates. *p < 0.05, ***p < 0.001,

****p < 0.0001, and ns (not significant) by Bonferroni

multiple comparison tests (A, C, and F). Uncropped

immunoblot images are available in Mendeley Data

(see key resource table).

See also Figure S4 and Table S2.

consensus binding sequence for NR5A117

was localized in 99.0% and 98.9% of the

NR5A1 peaks detected in females and

males, respectively (Figures 5G and S5B).

Considering that the amount of NR5A1

protein is greater in females than in males,

its accumulation levels at the peaks

described previously were expected to be

more abundant in females than in males. Indeed, most peaks

were larger in females than in males (Figure 5H).

The CUT&RUN-seq data were further analyzed to identify po-

tential target genes of NR5A1. With respect to the location of the

peaks, 80.9% and 81.5% of the peaks were localized within

gene-proximal regions including upstream (<10 kb from the tran-

scription initiation site), intragenic, and downstream (<10 kb from

the transcription termination site) in females and males, respec-

tively. Since 53.2% is the gene-proximal region in the mouse

genome, the NR5A1 peaks were likely to be enriched in the prox-

imal regions of potential target genes (Figure 5I). The following

studies were performed based on the assumption that the genes

localized within 10 kb of the peaks are the direct targets of

NR5A1. According to this criterion, 9,287 and 6,858 genes

were tentatively identified as potential target genes in the female

and male zF cells, respectively (Figures 5J and 5K; Table S6).

As described previously, our CNN RNA-seq studies detected

the expression of 7,200 and 7,007 genes in female and male zF

cells, respectively. Among these genes, we examined which

genes are potential targets for NR5A1 and found that 4,541

genes (63.1% of the expressed genes) in females and 3,475
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Figure 5. Global gene expression in zF cells is regulated by Nr5a1

(A) Expression of Nr5a1 in zF cells of wild-type (+/+) and Nr5a1+/� (+/�) mice determined by CNN RT-qPCR (left) and CNN RNA-seq (right, normalized read

counts).

(legend continued on next page)
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(49.6% of the expressed genes) in males are potential targets

(Figures 5J and 5K). These target genes were further compared

between the two sexes, and 3,253 genes were found to be the

targets common to both sexes (Figure 5L). These results suggest

that a considerable number of genes are directly regulated by

NR5A1 in the adrenal zF cells of both sexes.

Next, we examined whether NR5A1 accumulates at the genes

implicated in energy metabolisms and cortisol synthesis. As

shown in Figure 5M, the accumulation was observed at Atp5d

(OXPHOS), Bcat2 (valine, leucine, and isoleucine degradation),

Idh3a (TCA cycle), Cpt1a (fatty acid degradation), Hk2 and Pkm

(glycolysis), and Hsd3b1, Cyp21a1, and Cyp11b1 (cortisol syn-

thesis) gene loci. In addition to these genes, the peaks were

found in all other genes implicated in these metabolic processes

(Figures S5C–S5I). Taken together, the data obtained from the

transcriptome studies using heterozygous Nr5a1-KO mice and

from the CUT&RUN analysis suggested that NR5A1 could

mediate the global gene suppression by DHT in zF cells

(Figure 5N).

Metabolic activities are decreased in zF cells of
heterozygous Nr5a1-KO mice
We compared the expression of OXPHOS, TCA cycle, glycolytic,

and corticosterone synthetic genes using the transcriptome

datasets obtained from wild-type and Nr5a1+/� zF cells. As

mentioned previously, these gene expressions in the wild type

were higher in females than in males (Figure 6A). As expected,

the expression of these genes was largely decreased in

Nr5a1+/� zF cells in both sexes. Interestingly, however, the

Nr5a1+/� zF cells failed to show any sex difference in the expres-

sion of these metabolic genes.

Subsequently, we determined the ECAR andOCR of wild-type

and Nr5a1+/� zF cells. The ECAR of the Nr5a1+/� female was

decreased to 39.5% of the wild-type female. Likewise, the activ-

ity of the Nr5a1+/� male was decreased to the level of the

Nr5a1+/� female (Figure 6B). The OCR of the Nr5a1+/� female

zF cells was decreased to 67.4% of the wild type, whereas the

activity was not decreased in the Nr5a1+/� male compared to

the wild type (Figure 6C). Consistent with the altered energy

metabolism, cellular ATP concentration in the Nr5a1+/� zF cells

was decreased to 56.2% in wild-type females, while it was

decreased to 65.6% in males (Figure 6D). Furthermore, the

concentration of serum corticosterone in Nr5a1+/� zF cells

decreased to 25.6% of that in wild-type females, while it

decreased to 9.2% in males (Figure 6E).

NADPH has been known to be required for multiple anabolic

pathways including steroidogenesis.41 We previously reported

that NR5A1 regulates cellular NADPH production in Y-1 cells

through regulating transcription of key genes.29 As shown in Fig-

ure 6F, the expressions of the key genes G6pdx and Pgd in the

pentose phosphate shunt, Mthfd1 in one-carbon metabolism,

Me2, Idh1, and Idh2were all female biased in zF cells. Moreover,

accumulation of NR5A1 was observed all at the gene loci

(Figures S5E and S5I), suggesting that these genes are all poten-

tial targets of NR5A1. In fact, the heterozygous KO of the Nr5a1

gene led to a marked decrease in the NADPH synthetic gene

expression. However, similarly to the energy metabolic genes,

the sexually different expression of the genes became less

obvious or disappeared in the Nr5a1+/� zF cells. Consistently,

the amount of NADPH in zF cells was higher in females than in

males, and the female-biased amount of NADPH became lower

with the heterozygous KO of Nr5a1 gene (Figure 6G).

Size andweight of skeletal musclesmay be regulated by
the expression of Nr5a1 in zF cells
Recent studies showed the direct implication of androgen recep-

tor (AR) in the increase of grip strength rather than the size of

skeletal muscles.42–45 Therefore, it has been speculated that

the size of the skeletal muscles is indirectly regulated by andro-

gens.46 Skeletal-muscle-specific KO of the glucocorticoid re-

ceptor (GR) induces muscle hypertrophy,47 while administration

of dexamethasone, a chemical analog of cortisol, induces hypo-

trophy of skeletal muscles.5 It has also been reported that serum

corticosterone is largely decreased in Nr5a1+/� mice under

(B) Immunoblotting for NR5A1. a-pan-Histone H3 was used as a control.

(C) A comparison of gene expression between Nr5a1+/� (+/�, horizontal) and wild-type (+/+, vertical axis) zF cells of females (left) and males (right). Orange and

green dots indicate genes highly expressed in wild type (>1.5-fold higher thanNr5a1+/�, p < 0.001) and genes highly expressed inNr5a1+/� (>1.5-fold higher than

wild type, p < 0.001), respectively. Proportions of genes represented by orange and green dots are shown.

(D) A comparison of gene expression betweenNr5a1+/� female (horizontal axis) and Nr5a1+/� male (vertical axis) zF cells. Magenta and cyan dots indicate genes

highly expressed in females (>1.5-fold higher thanmales, p < 0.001) and genes highly expressed in males (>1.5-fold higher than females, p < 0.001), respectively.

(E) Representative histograms of nascent transcripts labeled by 5-EU in zF cells of 5 groups of mice (unstained wild-type female, wild-type female, Nr5a1+/�

female, wild-type male, and Nr5a1+/� male).

(F) A Venn diagram showing overlap of NR5A1 CUT&RUN-seq peaks between females and males.

(G) Nucleotide sequences extracted from the NR5A1 peaks for females and males.

(H) Comparison of strength of NR5A1 peaks evaluated by the number of mapped reads between females and males (n = 2 biological replicates).

(I) Genomic location of NR5A1 peaks relative to their nearest genes.

(J and K) A Venn diagram showing an overlap between the expressed genes and potential target genes of NR5A1 in female (J) and male (K) zF cells.

(L) An overlap of the target genes between females and males.

(M)Magenta and cyan histogram indicate accumulation of NR5A1CUT&RUNproducts obtained from female andmale zF cells, while blue indicates that of control

immunoglobulin G (IgG). Exon and intron structures of the genes indicted are shown at the bottom.

(N) Transcriptome and CUT&RUN-seq datasets suggest the presence of a large number of potential target genes for NR5A1 in zF cells. Global gene suppression

by DHT might be mediated directly or indirectly by NR5A1 (red arrow).

Data are represented asmeans ±SDs (A), scatterplot (mean of 3 biological replicates, C andD), or combination of violin and boxplot (H). n = 3 biological replicates.

****p < 0.0001 by Bonferroni multiple comparison tests (A) or Mann-Whitney’s non-parametric test (H). Uncropped immunoblot images are available in Mendeley

Data (see key resource table).

See also Figure S5 and Tables S5, S6, and S7.
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stress conditions.39 Considering these results, we assumed that

the size and weight of the skeletal muscles of Nr5a1+/� mice are

increased by the decreased corticosterone.

Under this assumption, we investigated the skeletal muscles

of Nr5a1+/� mice. As expected, the muscles of the forelimb

and hindlimb were obviously larger in Nr5a1+/� than in wild-

type mice in both sexes (Figure 7A). Consistent with this, the

weights of the gastrocnemius, quadriceps, and triceps of

Nr5a1+/� mice were all higher than those of the wild type in

both sexes (Figure 7B). The skeletal muscles consist of multiple

types of fibers, in which type IIB fibers dominate in the fast-twitch

muscles in rodents. Cross-sections of wild-type and Nr5a1+/�

gastrocnemius, quadriceps, and triceps were subjected to im-

munostaining for the marker of the type IIB fiber (myosin heavy

chain 4) (Figures 7C, S7A, and S7B). Then, the cross-sectional

areas (CSAs) of the type IIB fibers of the muscles were deter-

mined (Figures 7D, 7E, and S7C–S7F). Consistent with previous

reports,48 the CSAs of the type IIB fibers of these muscles were

larger in males than in females in the wild type. As expected, the

CSAs of the gastrocnemius type IIB fibers were found to be

significantly larger in the Nr5a1+/� than in the wild type in both

sexes. Likewise, the CSAs of the quadriceps and triceps mus-

cles displayed similar changes in Nr5a1+/� mice (Figures S7C–

S7F). Comparison of the four muscles (wild-type male and

female and Nr5a1+/� male and female) indicated that disruption

of a single Nr5a1 allele made the CSA larger in both sexes. Inter-

estingly, the CSA of theNr5a1+/� females became larger approx-

imately to the level of wild-type males. Taken together, our re-

sults strongly suggested that the quantity of the Nr5a1 gene is

responsible for the regulation of the muscle size and weight.

Finally, our present study could provide a novel mechanism for

establishing and maintaining the sexually dimorphic structure

and function of the skeletal muscles, in which androgen synthe-

sized in the testis indirectly induces male-biased enlargement of

the skeletal muscles through suppression of glucocorticoid syn-

thesis (Figure 7F).

DISCUSSION

This study aims to demonstrate the mechanism of adrenocor-

tical sex differentiation and the physiological significance of the

sexually different adrenal cortex. Consequently, we obtained

two interesting results: one is the mechanism for sex

A B

C D FE G

Figure 6. Metabolic activities are decreased in zF cells of heterozygous Nr5a1-knockout mice

(A) Expression levels (normalized read counts) of OXPHOS, TCA cycle, glycolytic, and corticosterone synthetic genes calculated using CNN RNA-seq datasets

obtained from wild-type (+/+) and Nr5a1+/� (+/�) zF cells of the two sexes.

(B–D) ECAR (B), OCR (C), and intracellular ATP (D) of zF cells.

(E) Serum corticosterone concentration of wild type (+/+) and Nr5a1+/� (+/�) in both sexes.

(F) Expression levels of NADPH synthetic genes (n = 3).

(G) Intracellular NADPH levels of the zF cells.

Data are represented as a boxplot (A and F) or means ±SDs (B–E andG). n = 3–4 biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns (not

significant) by Wilcoxon signed rank tests (A and F) or Bonferroni multiple comparison tests (B–E and G).

See also Figure S6.
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differentiation regulated by the adrenal cortex and the other is

the mechanism for sex differentiation by global gene regulation.

A novel mechanism for sex differentiation regulated by
the adrenal cortex
To explore how the sexually dimorphic adrenal cortex develops,

it was essential to obtain transcriptomes from both sexes. The

adrenal cortex consists of three distinct zones, the zG, zF, and

zone reticularis (the last zone is not present in rodents). Among

these zones, we focused on the zF, which produces glucocorti-

coid. After zF cells were highly purified from the male and female

adrenal cortices, mRNAs were prepared. Surprisingly, the

amount of the mRNA was 1.82-fold greater in females even

though the same number of cells were utilized. Similarly to the

size of the adrenal gland decreased by androgen,49 the amounts

of mRNA were decreased by the same sex steroid.

Although androgen has generally been thought to activate

gene expression via binding to the receptor,50 the suppressive

action of androgen has been often studied. There are two

possible mechanisms for this suppression. One is the direct sup-

pression of gene expression in the adrenal cortex by androgen,

and this is supported by the evidence that the adrenal gland of

A B

C

D

F

E

Figure 7. Size and weight of skeletal muscles may be regulated by the expression of Nr5a1 in zF cells

(A) Representative images of skeletal muscles of the forelimbs (left) and hindlimbs (right) of wild-type (+/+) and Nr5a1+/� (+/�) mice (12 weeks old). G, Q, and T

indicate the gastrocnemius, quadriceps, and triceps muscles, respectively.

(B) Weights of gastrocnemius, quadriceps, and triceps muscles of wild-type (+/+) and Nr5a1+/� (+/�) mice of the two sexes (n = 12).

(C) Representative images of the immunostaining of transverse cryosections of the gastrocnemius fromwild-type (+/+) andNr5a1+/� (+/�) mice of the two sexes.

Type IIb myosin heavy chain 4 (red), laminin (green), and nuclei (blue) were stained. Scale bars represent 100 mm.

(D) CSAs of gastrocnemius type IIB fibers of wild-type (+/+) and Nr5a1+/� (+/�) mice of the two sexes. The distribution of CSA sizes (horizontal axis) and fre-

quencies (vertical axis) is shown.

(E) The CSAs of the type IIB fibers above are presented with violin plots.

(F) All results obtained by the present study are summarized.

Data are represented asmeans ± SDs (B), histogram (mean of 3 biological replicates) (D), or combination of violin and boxplot (mean of 3 biological replicates) (E).

n = 3 biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by Bonferroni multiple comparison tests (B and E).

See also Figure S7.

Cell Reports 43, 113715, February 27, 2024 11

Article
ll

OPEN ACCESS



the adrenocortical-specific AR KO mouse was enlarged.51 The

other is the indirect suppression through other types of cells.

To date, studies have demonstrated that androgen suppresses

the hypothalamus-pituitary-adrenal axis and then decreases ad-

renocorticotropic hormone (ACTH).52,53 Because ACTH acti-

vates adrenocortical cell proliferation and corticosterone synthe-

sis,54 it is reasonable to assume that androgen decreases

corticosterone synthesis indirectly through decreasing ACTH

synthesis.

Accordingly, we assumed that higher serum corticosterone in

females, caused by an enlarged adrenal cortex, could ultimately

induce sex differences in other cell types. In fact, skeletal muscle

fibers and hepatocytes could be such examples where sexually

different features are affected by glucocorticoids. The sexually

dimorphic size of the skeletal muscle is affected by the mus-

cle-specific GR KO,47 and the sexually different expression of in-

flammatory genes in the liver is affected by liver-specific GR

KO.55 In addition to these studies, we examined the possible

implication of glucocorticoids into sex differentiation using

Nr5a1 heterozygous mice, whose serum corticosterone is signif-

icantly decreased.39 As expected, theweight andCSAof type IIB

fibers of the skeletal muscles were found to be larger in the het-

erozygous mice. Because the GR is expressed in many cell

types, glucocorticoid is thought to be involved in the establish-

ment of sex differences in other parts of the body, in addition

to muscle fibers and hepatocytes. Until now, sex differences

were thought to be induced directly by sex hormones and their

receptors. Going forward, regulation by glucocorticoid and the

GR should also be considered when studying and discussing

sex differences.

Mechanism for sex differentiation by global gene
regulation
To investigate adrenocortical sex differences, two research

groups adopted a microarray technique to analyze gene expres-

sion.14–16Thesestudiessuccessfully identifiedsexually dimorphic

gene expression. One of the studies demonstrated that testos-

terone stimulates expressions of the genes associated with lipid

and cholesterol metabolisms. Unfortunately, however, their re-

sults were not completely consistent with our study. The discrep-

ancy could bederived fromdifferences in thematerials used in the

two studies. Our study used mRNA prepared from highly purified

mouse zFcells, whereas their studies usedRNAprepared from rat

zF and zG14 or RNA prepared fromwhole adrenal glands of rats.15

When comparing the results obtained fromamaterial of highly pu-

rified cells versusmaterial containing contaminant cells, more ac-

curate results could be obtained from the former material. More-

over, because the amounts of RNA per zF cell differ between the

two sexes, we used RNAs prepared from the same number of

maleand femalezFcells.Bycontrast, the sameamountsof female

and male RNA were used in their studies. When comparing two

types of cellswhosemRNAcontents are different, transcriptomes

using the same amount of mRNAmay not reflect the characteris-

tics of the target cells. Therefore, when handling transcriptome

data obtainedwithout any consideration of this issue, close atten-

tion would be required.

Comparison of the gene expressions of zF cells between the

two sexes revealed that nearly all gene expression is higher in fe-

males. Global transcriptional regulation like this was indicated to

occur during several physiological events such as cancer pro-

gression and cellular differentiation.32–35,56 As a consequence,

basic cellular activities such as translation, metabolisms, and

cell proliferation were activated. Therefore, such global tran-

scriptional regulation has attracted attention as a novel mecha-

nism to dramatically change the cellular state. Our present study

demonstrates that such regulation is adopted to produce sexual

dimorphic features of the adrenal cortex in mice and that

androgen plays a pivotal role in global transcriptional repression.

Although genes were globally upregulated in female zF cells,

there were genes whose expression was higher than average

in females. These genes were found to be closely related to bio-

logical activities such as the production of energy and lipids;

valine, leucine, and isoleucine metabolisms; and the generation

of NADPH and cortisol. Showing a good correlation with this,

biological activities such as glycolysis, OXPHOS, and NADPH

generation were shown to be female biased. ATP and NADPH

were utilized for cholesterol synthesis and the steroidogenesis

that follows. Accordingly, the female-biased metabolic activities

could provide females with a greater potential to produce corti-

costerone.57 Likewise, the consumption of ATP and NADPH for

the synthesis of DNA, proteins, and membranes is required for

cell proliferation. The female-biased metabolic activities could

confer the potentiality of higher proliferative activity to female

zF cells.

Accumulation of NR5A1 was observed in greater than half of

the expressed genes in zF (63.1% for females and 49.6% for

males), and approximately 4,500 and 3,500 genes for females

and males, respectively, were estimated as the target genes.

Moreover, because the expression of nearly all genes was

altered in accordance with the level of Nr5a1 gene expression,

this factor is assumed to be deeply involved in global gene regu-

lation in either a direct or indirect way. Thus far, target genes for

many transcription factors have been explored at the whole-

genome level, and consequently, many transcription factors

have been shown to have thousands of target genes.58,59 Simi-

larly to NR5A1, these transcription factors may potentially be

involved in global gene regulation.

AR has been reported to act as a transcriptional suppressor

in addition to an activator.50 Recently, AR has been shown to

suppress global gene transcription in prostate cancer by sup-

pressing Myc gene expression.60 Likewise, our present study in-

dicates the possibility that AR suppresses global gene transcrip-

tion in zF cells by suppressing Nr5a1 gene expression.

Considering the similarity between the correlation of AR and

Myc and that of AR and NR5A1, the global suppression of

gene transcription in zF cells is thought to be mediated by

NR5A1. In addition to this possibility, our previous study indi-

cated that AR suppressed the transcriptional activity of NR5A1

through direct interaction in the presence of AR ligands.61

NR5A1 could mediate AR-dependent global gene suppression

possibly through these two processes.

Opposing to DHT, E2 increased adrenal weights and global

gene expressions (Figures 1A–1C and 2C). It could be consid-

ered that E2 exerted the actions opposing to DHT by increasing

Nr5a1 expression. However, it was demonstrated that E2 did not

impact Nr5a1 expression, whereas DHT significantly decreased
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it (Figure S4B). This suggests that the E2-induced actions above

are unlikely mediated through the regulation of Nr5a1.

It is well accepted that sex hormones and their receptors

induce sex differences by regulating target gene expression. In

fact, many target genes have been identified, and some sex dif-

ferences have been realized by the functions of the target genes.

In addition to this authentic pathway, our present study unveiled

a novel pathway to establish sexual dimorphism throughout the

whole body through sexually dimorphic adrenocortical function.

Limitations of the study
It remains controversial whether circulating cortisol levels exhibit

sex differences in humans. Therefore, themodel proposed in this

study, which demonstrates that sex differences in adrenal gluco-

corticoid production induce sexually dimorphic skeletal muscle

size in mice, should not be immediately applicable to humans.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Ad4BP/SF-1 Morohashi et al.62 N/A

Rabbit polyclonal anti-Histone H3 Invitrogen PA5-16183; RRID: AB_10985434

Rabbit IgG ZYMED Laboratories 02-6102; RRID: AB_2532938

Anti-Rabbit IgG, HRP-Linked F(ab’)2 Fragment Donkey GE Healthcare NA9340V; RRID: AB_772206

Rat monoclonal anti-MyHC2B Sawano et al.63 N/A

Rabbit polyclonal anti-laminin Sigma L9393; RRID: AB_477163

Mouse Anti-Rat IgG2b-AF647 (2B10A8) SouthernBiotech Cat# 3070-3; RRID: AB_2795888

Alexa Fluor 488-labeled Goat Anti-Rabbit IgG Invitrogen A11008; RRID: AB_143165

Chemicals, peptides, and recombinant proteins

5a-Dihydrotestosterone Wako 045–26071

b-Estradiol Sigma E8875

Flutamide Sigma F9397

Corn oil Nacalai Tesque 25606–65

SEROTROPIN� for animal (PMSG) ASKA Pharmaceutical N/A

GONATROPIN�3000 for animal (hGC) ASKA Pharmaceutical N/A

Ribonuclease A Nacalai Tesque 30100–31

Collagenase Sigma C0130

Trypsin inhibitor Sigma T9003

DNase I Roche 11284932001

5-Ethynyluridine BLD Pharmatech 69075-42-9

Azide-fluor 545 Sigma 760757

7-AAD BD Bioscience 51-68981E

XF DMEM Medium, pH 7.4 Agilent Part# 103575-100

Cell-Tak Corning 354240

9,11,12,12-d4-corticosterone IsoSciences Cas: 50-22-6

Corticosterone-9,11,12,12-d4 Sigma 802905

testosterone (2,3,4-13C3, 99%) Cambridge Isotope

Laboratories

58-22-0

Estradiol (2,4,16,16-d4) Cambridge Isotope

Laboratories

57-63-6

Protease Inhibitor Cocktail for Use with Mammalian

Cell and Tissue Extracts

Nacalai Tesque 25955–11

Digitonin Millipore 300410-1GM

pAG/MNase addgene 123461

40, 6’ -diamidino-2-phenylindole (DAPI) Sigma D8417

Critical commercial assays

Qubit dsDNA HS Assay Kit invitrogen Q32851

ERCC RNA Spike-In Control Mix invitrogen 4456740

RNeasy Micro kit Qiagen Cat# 74004

Agilent RNA 6000 pico Kit Agilent 5067–1513

NEBNext Poly(A) mRNA Magnetic Isolation Module New England Biolabs E7490

NEBNext Ultra II RNA Directional Library Prep with

Sample Purification Beads

New England Biolabs E7765

NEBNext Ultra II DNA Library Prep Kit New England Biolabs E7645

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NEBNext Multiplex Oligos for Illumina (96 Unique

Dual Index Primer Pairs)

New England Biolabs E6440

AMPure XP Reagent, 60 mL BECKMAN COULTER A63881

Seahorse XF Cell Glycolysis Stress Test Kit Agilent Cat# 103020-100

Seahorse XF Cell Mito Stress Test Kit Agilent Cat# 103015-100

Seahorse XFe96 FluxPaks Agilent Cat#102416-100

SYBR Select Master Mix Applied Biosystems 4472897

Chemi-Lumi One L Nacalai Tesque 07880–70

BioMag�Plus Concanavalin A Polysciences Cat# 86057-3

CellTiter-Glo Luminescent Cell Viability Assay Promega G7571

NADP/NADPH Assay Kit-WST DOJINDO N510

Deposited data

CNN RNA-seq dataset This paper DDBJ: DRA015952, DRA017476

CUT&RUN-seq dataset This paper DDBJ: DRA015953, DRA017475

Original blots This paper Mendeley Data: https://doi.org/10.17632/sw84wbvnzd.2

FastQC data of CUT&RUN-seq This paper Mendeley Data: https://doi.org/10.17632/sw84wbvnzd.2

Experimental models: Organisms/strains

Mouse: Ad4BP-BAC-EGFP Miyabayashi et al.40 N/A

Mouse: StAR-EGFP Sasaki et al.64 N/A

Mouse: Nr5a1+/� Shinoda et al.65 N/A

Mouse: C57BL/6J Japan SLC C57BL/6JJmsSlc

Oligonucleotides

See Table S6 for all oligos and primers.

Software and algorithms

FastQC v0.11.9 Brown et al.66,67 RRID:SCR_014583

Trimmomatic v0.39 Bolger et al.68 RRID:SCR_011848

STAR v2.7.0a Dobin et al.69 RRID:SCR_004463

featureCounts v1.6.4 Liao et al.70 RRID:SCR_012919

DESeq2 v1.36.0 Love et al.71 RRID:SCR_015687

DAVID Huang et al.72,73 RRID:SCR_001881

Bowtie2 v2.4.4 Langmead et al.74 RRID:SCR_016368

SamTools v0.3.3 Li et al.75 RRID:SCR_002105

MACS2 v2.2.7.1 Zhang et al.76 RRID:SCR_013291

bedtools v2.30.0 Quinlan et al.77 RRID:SCR_006646

MEME Suite v5.5.0 Bailey et al.78 RRID:SCR_001783

ChIPseeker v3.16 Yu et al.79,80 RRID:SCR_021322

Igv Robinson et al.81 RRID:SCR_011793

Fiji Schindelin et al.82 RRID:SCR_002285

ggplot2 v3.4.0 Wickman83 RRID:SCR_014601

R v4.2.3 Ihaka et al.84 RRID:SCR_001905

AppSan Bay bioscience N/A

Zen blue 3.5 Zeiss RRID:SCR_013672

Other

NanoDrop ND-1000 Thermo Fisher Scientific N/A

QubitR3.0 Fluorometer Life technologies N/A

JSAN Bay bioscience N/A

Countess II FL Thermo Fisher Scientific N/A

Agilent 2100 Bioanalyzer Agilent N/A

Seahorse XFe96 Analyzer Agilent N/A

(Continued on next page)
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RESOURCES AVAILABILITY

Lead contact
Requests for further information, resources, and reagents should be directed to and will be fulfilled by the lead contact, Ken-ichirou

Morohashi (morohashi.ken-ichirou.874@m.kyushu-u.ac.jp).

Materials availability
This study did not generate new unique materials.

Data and code availability
d CNN RNA-seq and CUT&RUN-seq data have been deposited in DDBJ (DNA DataBank of Japan) and are publicly available un-

der the following accession numbers: DDBJ: DRA015952, DRA017476, DRA015953, and DRA017475. A PDF file with un-

cropped western blot images has been deposited in Mendeley Data and is publicly available under the following site: Mendeley

Data: https://doi.org/10.17632/sw84wbvnzd.2.

d This paper does not report the original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Two transgenic mouse lines, Ad4BP-BAC-EGFP40 and StAR-EGFP,64 whose adrenocortical cells are labeled with EGFP, were used

to obtain zF cells and sera. By crossing Ad4BP-BAC-EGFP and heterozygotes of Nr5a1 (Nr5a1+/�),65 we obtained EGFP-labeled zF

cells from wild-type and Nr5a1+/� offspring. Nr5a1+/� mice were also crossed with C57BL/6J mice to obtain skeletal muscles from

wild-type and Nr5a1+/� offspring. All mice were fed with standard CRF-1 chow (Oriental Yeast, Tokyo, Japan) and housed in a

controlled environment with 12-h light-dark cycle (lights on: 8 a.m. to 8 p.m.). Unless expressly stated, the mice were sacrificed in

the morning (8–10 a.m.). All protocols for the animal experiments were approved by the Animal Care and Use Committee of Kyushu

University. All experiments were performed in accordance with institutional guidelines.

METHOD DETAILS

Sex steroids treatment
Mice were gonadectomized or sham-operated at 3 weeks after birth. Two weeks after the operation, 100 mL DHT (5a-Dihydrotestos-

terone, 50 mg/mL in 5% ethanol in corn oil, Wako, Osaka, Japan) was injected subcutaneously once every day for three weeks, while

100 mL E2 (b-Estradiol, 5 mg/mL in 5% ethanol in corn oil, Sigma, St. Louis, MO) was injected at 47, 51, and 55 days after birth. The

adrenal glands were prepared from these mice at 8 weeks. For females, 0.2 mL of PMSG (pregnant mare serum gonadotropin, 37.5

units/mL in saline, ASKA Pharmaceutical, Tokyo, Japan) and 0.2 mL of hCG (human chorionic gonadotropin, 37.5 units/mL in saline,

ASKA Pharmaceutical) were intraperitoneally injected at 5 p.m. of 53 and 55 days, respectively, to excite superovulation. The mice

after 4 and 48 h of the hCG treatment were utilized as the mice corresponding to estrus and diestrus females, respectively. Every

experimental group comprised three male or three female mice, and they were kept in a single cage.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GC 2010 Plus gas chromatography Shimadzu N/A

triple-quadrupole GCMS-TQ8050 Shimadzu N/A

ACQUITY UPLCTM BEH C18 column Waters 186002350

ACQUITY UPLCTM BEH C18 VanGuardTM Pre-column Waters 186003975

XevoTM TQ-S micro triple quadrupole mass

spectrometry system

Waters N/A

Bioruptor UCD-300 Cosmo Bio N/A

ImageQuant LAS 500 GE healthcare N/A

EnSight PerkinElmer N/A

iMark Bio-Rad N/A

LSM700 confocal laser scanning microscope Zeiss N/A
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Flutamide treatment
Micewere subcutaneously injectedwith 100 mL flutamide (400 mg/mL in corn oil, Sigma) or with 100 mL corn oil as a control once every

day. The daily flutamide or corn oil injection began 74 days after birth (Figure S2H). Adrenals were prepared from these mice at

12 weeks. For females, we checked their vaginal smear and only mice at a diestrus stage were used for the study.

Preparation of zF cells
The adrenals from 8-week-old Ad4BP-BAC-EGFP or StAR-EGFP transgenic mice were used. Adrenocortical tissues corresponding

to zF were collected under microscopic observation using micro scissors. The tissues were dispersed with HBSS (Hank’s balanced

salt solution) supplemented with 1 mM MgCl2, 5 mg/mL BSA (bovine serum albumin), 1 mg/mL collagenase (Sigma), 0.25 mg/mL

trypsin inhibitor (Sigma), and 0.5mg/mLDNase I (Roche, Basel, Switzerland) for 1 h at 37�C. The dispersed cells were filtered through

a 35 mm cell strainer, followed by centrifugation at 300g for 5 min and re-suspended in DMEM/F12 medium supplemented with 2%

BSA and 1 mM EDTA. The resultant cells were stained with 7-AAD (7-aminoactinomycin D, BD Bioscience, Franklin Lakes, NJ), fol-

lowed by FACS using JSAN (Bay bioscience, Hyogo, Japan) to sort alive zF cells based on 7-AAD and EGFP fluorescence; the zF

cells were prepared as 7-AAD-/EGFP+. The number of zF cells was counted using Countess II FL (Thermo Fisher Scientific). RT-

PCR was performed to confirm that the prepared cells did not contain any other adrenal cells than zF cells using primers specific

for marker genes expressing in zona glomerulosa, X-zone, and medulla (Table S4).

Quantification of total RNA and mRNA prepared from zF tissue
The adrenals from 8-week-old Ad4BP-BAC-EGFP mice were used. Adrenocortical tissues corresponding to zF were lysed into lysis

buffer (50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM EDTA, and 1% SDS) and were equally split into two aliquots for total RNA and

genome DNA extraction. Total RNA was extracted using an RNeasy Micro kit (QIAGEN, Hilden, Germany) from an aliquot. Another

aliquot was treated with Ribonuclease A (Nacalai Tesque, Kyoto, Japan) at 37�C for 30 min and then DNA was obtained by Phenol/

Chloroform/Isoamyl Alcohol extraction followed by ethanol precipitation. mRNA was isolated from 1 mg Total RNA using NEBNext

Poly(A) mRNAMagnetic Isolation Module (New England Biolabs, Ipswich, MA). The amount of Total RNA and mRNA were quantified

by NanoDrop (Thermo Fisher Scientific, Waltham, MA). The amount of genomic DNA was quantified by Qubit (Life Technologies,

Carlsbad, CA). The amounts of total RNA and mRNA per unit cell-number were calculated as follows. Firstly, we quantified the

amounts of total RNA and genomic DNA prepared from the aliquots and calculated the total RNA amount per 1 mg of genomic

DNA (total RNA amount/mg genomic DNA). This value corresponds to the total RNA amount corrected for cell number. Subsequently,

mRNA was isolated from 1 mg of total RNA. By quantifying the purified mRNA amount, we calculated the amount of mRNA contained

in 1 mg of total RNA (mRNA amount/mg total RNA). Finally, by multiplying the "total RNA amount per 1 mg of genomic DNA" and "the

amount of mRNA in 1 mg of total RNA," the mRNA amount in 1 mg of genomic DNA was determined.

Preparation of total RNA and mRNA from zF cells
Total RNA was isolated from 10,000 zF cells of male and female Ad4BP-BAC-EGFP mice using an RNeasy Micro Kit. RNA integrity

numbers were confirmed to be higher than 8 using an Agilent RNA 6000 pico Kit with Agilent 2100 Bioanalyzer (Agilent, Santa Clara,

CA). Four microliters of 10,000-fold diluted ERCC (External RNA Controls Consortium) control mix (Invitrogen, Waltham, MA)85 was

added to the total RNA. Poly(A) RNA was prepared from the total RNA using the NEBNext Poly(A) mRNAMagnetic Isolation Module.

Nascent transcription assay
The adrenals from 8-week-old Ad4BP-BAC-EGFP transgenic mice were used. zF tissues were dispersed as described above. After

the dispersed zF cells were washed twice in incubation buffer (D-MEM (Nacalai Tesque) supplemented with 10%FBS-charcoal strip-

ped (Serana Europe GmbH, Brandenburg, Germany)), they were incubated to label nascent RNA with 1 mM 5-ethynyl-uridine (EU,

BLD pharmatech, Shanghai, China) at 37�C for 1 h in the incubation buffer. The cells were filtered through a 35 mm cell strainer, fol-

lowed by washing with PBS twice, and finally recovered by centrifugation at 300g for 5 min. Nascent RNA labeled with EU was de-

tected with the method described previously.86 Briefly, cells were fixed with 0.5% formalin for 30 min in PBS supplemented with

0.03% Triton X-100. The fixed cells were washed twice in PBS supplemented with 0.03% Triton X-100 and incubated for 30 min

with 25 mM Azide-fluor 545 (red fluorescein, Sigma) to label the EU incorporated RNAs in 100 mM Tris-HCl (pH 8.5) supplemented

with 1 mM CuSO4 and 100 mM ascorbic acid. After the cells were washed twice and resuspended with PBS, they were analyzed

using JSAN. The number and the red-fluorescence intensity of EGFP positive cells (zF cells) were quantified by flow cytometry.

CNN RNA-seq and data processing
Transcriptome datasets were obtained by CNN RNA-seq.33 Briefly, Libraries for RNA-seq were constructed using NEBNext Ultra II

Directional RNA Library Prep Kit for Illumina (New England Biolabs) and NEBNext Multiplex Oligos for Illumina (96 Unique Dual Index

Primer Pairs, New England Biolabs) and then sequenced using HiSeq 2500 (151-bp paired-end, Illumina). Paired-end read tags those

passed quality control by FastQC66,67 and Trimmomatic68 were mapped to the reference genome (mm10) utilizing STAR (Spliced

transcripts Alignment to a Reference).69 Read-annotation and count were computed using featureCounts (option ‘‘-M, -O, -p’’).70

Mean values for biological replicates (n = 3) were calculated, and genes with mean count values >300 were identified as expressed

genes. The absolute scaling of ERCC datasets was performed using DESeq2.71 This scaling was derived from the sum of all ERCC
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spike-in reads and calculates a set of size factors. Expression values of each gene were then normalized to the size factors. Refer-

ence sequence of mice genome (mm10) and gene annotation files were downloaded from the UCSC Genome Browser72 and were

modified by integrating EGFP and ERCC sequences. Gene expression data are presented as normalized counts. Differentially ex-

pressed genes were subjected to KEGG pathway enrichment analysis using DAVID.73,87

Measurement of ECAR and OCR
zF cells were seeded onto Cell-Tak pre-coated XF96 cell culture microplates (15,000 cells/well) (Agilent). ECAR (ExtraCellular Acid-

ification Rate) was measured with Seahorse XFe96 Analyzer (Agilent). After basal measurements, 10 mM glucose, 0.5 mM rotenone/

antimycin A, and 50 mM 2-deoxy-D-glucose (2-DG) were sequentially injected. All reagents were provided in a Seahorse XF Glyco-

lytic Stress Test Kit (Agilent). OCR (Oxygen Consumption Rate) was also measured with the analyzer. After basal measurements,

1.5 mM oligomycin, 0.5 mM FCCP (Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone), and 0.5 mM rotenone/antimycin A

were sequentially injected. All reagents were provided in a Seahorse XF Cell Mito Stress Test Kit (Agilent).

Measurement of serum steroids
Sera were collected by cardiac puncture from 8 to 12 weeks old mice at 6 p.m. for corticosterone and at 8 p.m. for testosterone mea-

surement. Anesthesia was not performed because anesthetics is known to increase corticosterone levels.88 Serum collection was

completed within approximately 15 s from the time of handling of mice. Collected sera were stored at �30�C until use.

Corticosterone-9,11,12,12-d4 (Sigma), and testosterone (2,3,4-13C3, 99%) (Cambridge Isotope Laboratories, Inc., USA) were

used as internal standards. Lipids were extracted from 20 mL of the sera using the method of Bligh and Dyer with the internal stan-

dards. The organic phase was transferred to a clean vial and dried under a nitrogen stream. The lipid extracts were then derivatized

with 100 mL of Girard’s reagent T (5 mg/mL in MeOH containing 0.1% trifluoroacetic acid) at 37�C for 60 min, and the reaction was

stopped with 100 mL of methanol with 0.028% NH4OH. 1 mL of the derivatized lipids was injected onto an ultra-high-performance

liquid chromatography (UHPLC)–electrospray ionization (ESI)–tandem mass spectrometry (MS/MS) system. LC separation was per-

formed on an ACQUITYUPLCBEHC18 column (1.7 mm, 2.13 50mm;Waters,Milford,MA, USA) coupled to an ACQUITYUPLCBEH

C18 VanGuard Pre-column (1.7 mm, 2.1 3 5 mm; Waters). Mobile phase A was H2O containing 0.1% (v/v) formic acid, and mobile

phase B was acetonitrile containing 0.1% (v/v) formic acid. The LC gradient consisted of a linear gradient from 95% A to 100% B

over 12 min, 100% B for 5 min, and equilibration with 95% A for 5 min (22 min total run time). The flow rate was 0.3 mL/min and

the column temperature was 25�C. Multiple reaction monitoring (MRM) was performed in the positive ion mode using a Xevo

TQ-S micro triple quadrupole mass spectrometry system (Waters) equipped with an ESI source. The ESI capillary voltage was set

at 1.0 kV, and the sampling cone was set at 30 V. The source temperature was 150�C, the desolvation temperature was 500�C,
and the desolvation gas flow was 1000 L/h. The cone gas flow was 50 L/h.

Sera were collected by cardiac puncture from 12-week-old female mice for E2 measurement. The female mice were treated with

PMSG and hCG as described above. 4 h after hCG injection, sera were recovered from themice. Estradiol (2,4,16,16-d4) (Cambridge

Isotope Laboratories, Inc., USA) was used as an internal standard. About 50 mL of the sera and the internal standard were transferred

to 1.5-mL polypropylene tubes and diluted with water to 100 mL. The samples were vortexed with 200 mL of acetonitrile for 30–60 s for

protein precipitation. Then, 1 mL of methyl tert-butyl ether was added to the tubes, followed by vortexing for 30–60 s. After centri-

fugation at 13,0003 g for 5min at room temperature, the organic (upper) phase was transferred to clean 1.5-mL polypropylene tubes

and dried under a nitrogen stream at 50�C. The dried residue was redissolved with 50 mL of sodium bicarbonate buffer (0.1 mM,

pH10.5), and derivatized with 50 mL of dansyl chloride (1 mg/mL in acetonitrile) at 60�C for 10 min. After centrifugation at

13,000 3 g for 5 min at room temperature to remove insoluble residues, 10 mL of the supernatant was injected onto a UHPLC–

ESI–MS/MS system. LC separation was performed on a CORTECS UPLC C18 column (1.6 mm, 2.1 3 100 mm; Waters) coupled

to an CORTECS UPLC C18 VanGuard Pre-column (1.6 mm, 2.1 3 5 mm; Waters). Mobile phase A was H2O containing 0.1% (v/v)

formic acid, and mobile phase B was acetonitrile containing 0.1% (v/v) formic acid. The LC gradient consisted of a linear gradient

from 95% A to 70% B over 6 min, a linear gradient to 100% B over 9 min, 100% B for 5 min, and equilibration with 95% A for

5 min (25 min total run time). The flow rate was 0.35 mL/min, and the column temperature was 45�C. MRM was performed in the

positive ion mode using a Xevo TQ-S micro triple quadrupole mass spectrometry system (Waters) equipped with an ESI source.

The ESI capillary voltage was set at 1.0 kV, and the sampling cone was set at 30 V. The source temperature was 150�C, the desol-

vation temperature was 500�C, and the desolvation gas flow was 1000 L/h. The cone gas flow was 50 L/h.

CNN qRT-PCR
Similar to CNN RNA-seq, 10,000 zF cells of male and female Ad4BP-BAC-EGFP mice were lysed in Buffer RLT. Total RNA was pre-

pared from the cells using an RNeasy Micro Kit and used to generate cDNA. The primers used for the CNN qRT-PCR are listed in

Table S6. Since any normalization based on concentration of total RNA or on expression level of endogenous control genes was

not performed, the CNN qRT-PCR data provides the amount of target mRNA in 10,000 zF cells.

Immunoblotting
Cell lysates were prepared from 10,000 zF cells using lysis buffer (50 mM Tris-HCl (pH 8.0), 50 mMNaCl, 1 mM EDTA, 1% SDS, Pro-

tease Inhibitor Cocktail (Nacalai Tesque)), andwere treatedwith Bioruptor (CosmoBio, Tokyo, Japan) to disrupt cellular DNA. The cell
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lysates were subjected to SDS polyacrylamide gel electrophoresis, followed by immunoblotting. Antibodies against NR5A1 (1:1,000,

Morohashi et al.62) and pan Histone H3 (1:3,000, Invitrogen) were used as the primary antibodies, while HRP-Linked donkey anti-

Rabbit IgG (1:5,000, GE Healthcare, Chicago, IL) was used as the secondary antibody. A chemiluminescence developed by

Chemi-Lumi One L (Nacalai Tesque) was observed using LAS500 (GE Healthcare).

CUT&RUN-seq and data processing
CUT&RUN (Cleavage Under Target & Release Using Nuclease) for NR5A1 and following library preparation were independently per-

formed with biological duplicates. CUT&RUN was performed as described.89 Briefly, the 50,000 zF cells of male and female StAR-

EGFPmice bound to Concanavalin A beads (Polyscience, Warrington, PA) were permeabilized with 0.02% digitonin at room temper-

ature for 10 min, and incubated with anti-NR5A1 antibody (1 mg/mL) or normal rabbit IgG (1 mg/mL, ZYMED Laboratories, South San

Francisco, CA) overnight at 4�C on a rotator. Then, 150 mL of pAG/MNase (700 ng/mL) was added to the sample, and digestion was

allowed to proceed for 30 min at 4�C. After the digestion, samples were incubated for 10 min at 37�C to release DNA of CUT&RUN

fragments. The DNA was purified by phenol/chloroform extraction followed by ethanol precipitation. The purified CUT&RUN frag-

ments were subjected to library construction using NEBNext Ultra II DNA Library Prep Kit (New England Biolabs) and NEBNext Multi-

plex Oligos for Illumina (96 Unique Dual Index Primer Pairs, New England Biolabs), and then the libraries were sequenced using

NextSeq (151-bp paired-end; Illumina). The paired-end reads were quality-controlled using FastQC and Trimmomatic. Then the

reads were mapped to the reference mouse genome (mm10) by Bowtie2.74 Reference genome and gene annotation files (mm10)

were downloaded from the UCSCGenome Browser. Using SamTools,75 themapped reads were down-sampled to 20million to fairly

compare between samples. Reads mapped to the Blacklist regions90 were eliminated. NR5A1 peaks called with MACS276 using the

reads from normal rabbit IgGCUT&RUNdata as backgroundwere divided into two classes, common (peaks are overlapped between

male and female even at 1 bp) and sex-specific (peaks do not show any overlap between male and female) using bedtools.77 The

motif extraction was conducted using the Multiple Em for Motif Extraction Suite.78 The option ‘-maxk’, which specifies the maximum

width of the motif core, was set to 9 according to the previously identified consensus binding motif of NR5A1.17 Maximum central

enrichment in a set of the CUT&RUN-seq peak regions was predicted and the positional distributions of the regions were displayed

by CentriMo.91 Read counts on each peak were computed using featureCounts. All peaks were categorized into upstream (<10 kb

upstream from the transcription initiation site), intragenic, downstream (<10 kb downstream of the transcription termination site), and

intergenic by using ChIPseeker.79,80 Peaks located at upstream, intragenic, or downstream were tied to the nearest genes. Peaks

were visualized by igv genome browser.81

Quantification of cellular ATP and NADPH
Cellular amounts of ATP and NADPH were measured using CellTiter-Glo (Promega, Madison, WI) and NADP/NADPH assay Kits

(DOJINDO, Tokyo, Japan), respectively. Briefly, cell lysates were prepared from 10,000 zF cells using lysis buffers provided in the

kits. Then the lysates were mixed with the reaction buffers also provided in the kits. The reacted solutions were subjected to

multi-mode plate reader EnSight (PerkinElmer, Waltham, MA) and micro plate reader iMark (Bio-Rad, Hercules, CA) to determine

ATP and NADPH amounts, respectively.

Measurement of muscles fiber CSA (cross sectional area)
Cryosections of the muscles (gastrocnemius, quadriceps, and triceps) of four experimental groups (wild-type female, Nr5a1+/� fe-

male, wild-type male, and Nr5a1+/� male) were subjected to immunofluorescence as previously described.48 In brief, antibodies

against MYH4 (1:1,000, Sawano et al.63) and laminin (1:1,000, Sigma) were used as the primary antibodies, while mouse anti–rat

IgG2b-Alexa Fluor 647 (1:500, SouthernBiotech, Birmingham, AL) and Alexa Fluor 488–labeled goat anti–rabbit IgG (1:500, Invitro-

gen) were used as the secondary antibodies. Nuclei were stained with DAPI (40,6-diamidino-2-phenylindole, Sigma). Fluorescence

was observed using an LSM700 confocal laser scanningmicroscope (Zeiss, Oberkochen, Germany). Images were analyzed using Fiji

software82 to determine the CSAs of the type IIb muscle fibers. The mean number of fibers analyzed in wild-type females, Nr5a1+/�

females, wild-type males, and Nr5a1+/� males are presented in corresponding order for each muscle as follows: for gastrocnemius,

6,200, 5,000, 6,000, and 5,000 fibers, respectively; for quadriceps, 4,400, 4,400, 4,300, and 4,600 fibers, respectively; for triceps,

2,900, 3,400, 3,400, and 4,600 fibers, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Parametric tests were conducted using unpaired two-tailed Student’s t test for two groups or one-way analysis of variance (ANOVA)

with Bonferroni multiple comparison test for more than two groups. When data were not normally distributed, non-parametric tests

were used (Mann-Whitney’s U test for two groups, Kruskal-Wallis with Dunn’s multiple comparison test for more than two groups).

Statistics information can be found in the figure legends.
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