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Introduction
Ovarian granulosa cells are the epithelial-like somatic 
cells that encase the oocyte in the follicle [1], where 
the oocyte develops to gain competence until released/
ovulated [2, 3]. A main function of granulosa cells is 
to produce estrogens in response to gonadotropins 
from the hypothalamus-pituitary axis, which is essen-
tial to the maintenance of female cycle and fertility 
[4–7]. Follicle stimulating hormone (FSH), a pituitary 
gonadotropin, activates FSH receptors (FSHRs) in 
granulosa cells to promote the transcription of ste-
roidogenic genes including CYP19A1, or aromatase, a 
key enzyme that catalyzes the conversion of androgens 
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Abstract
Ovarian granulosa cells are essential to gonadotrophin-regulated estrogen production, female cycle maintenance 
and fertility. The epithelial Na+ channel (ENaC) is associated with female fertility; however, whether and how it plays 
a role in ovarian cell function(s) remained unexplored. Here, we report patch-clamp and Na+ imaging detection of 
ENaC expression and channel activity in both human and mouse ovarian granulosa cells, which are promoted by 
pituitary gonadotrophins, follicle stimulating hormone (FSH) or luteinizing hormone (LH). Cre-recombinase- and 
CRISPR-Cas9-based granulosa-specific knockout of ENaC α subunit (Scnn1a) in mice resulted in failed estrogen 
elevation at early estrus, reduced number of corpus luteum, abnormally extended estrus phase, reduced litter 
size and subfertility in adult female mice. Further analysis using technologies including RNA sequencing and Ca2+ 
imaging revealed that pharmacological inhibition, shRNA-based knockdown or the knockout of ENaC diminished 
spontaneous or stimulated Ca2+ oscillations, lowered the capacity of intracellular Ca2+ stores and impaired FSH/LH-
stimulated transcriptome changes for estrogen production in mouse and/or human granulosa cells. Together, these 
results have revealed a previously undefined role of ENaC in modulating gonadotrophin signaling in granulosa cells 
for estrogen homeostasis and thus female fertility.
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to estrogens, driving oocyte growth and maturation 
[2, 3]. Accumulated estrogens mediate the feedback 
to the hypothalamus-pituitary to evoke the surge of 
luteinizing hormone (LH) [4], which in turn activates 
its receptor (LHCGR) in granulosa cells to trigger cas-
cades of signaling pathways leading to ovulation and 
luteinization [8]. Dysfunction of granulosa cells may 
lead to disturbed estrogen homeostasis and account 
for follicle arrest, follicle apoptosis, anovulation and 
other ovarian disorders [3, 7, 9, 10]. In in vitro fertil-
ization (IVF)-based assisted reproductive technology 
(ART), exogenous gonadotrophins are applied to max-
imize follicle maturation and ovulation, resulting in a 
high maternal estrogen level, which is reported to have 
adverse effects and requires careful management in 
ART [11, 12]. Despite such importance, the regulatory 
mechanisms of gonadotrophin signaling in granulosa 
cells are not fully understood.

Intracellular Ca2+ mobilization such as Ca2+ oscilla-
tion has been observed in human and animal granulosa 
cells, which is believed to play a critical role in mediat-
ing gonadotropin signaling for ovarian steroidogenesis, 
oocyte maturation and ovulation [13–16]. A number 
of Ca2+ or Na+ channels important to Ca2+ mobiliza-
tion have been reported to be expressed in human or 
mouse granulosa cells [17–19]. However, physiological 
roles of ion channels in granulosa cell functions and 
gonadotrophin signaling remain largely unexplored.

The epithelial Na+ channel (ENaC), consisting of 
three subunits, α, β and γ encoded by human genes, 
SCNN1A, SCNN1B and SCNN1G, respectively, is best 
known for its role in Na+ and water absorption in 
the kidney and airway epithelial cells [20]. Since the 
whole-body knockout of α subunit  (ENaCα), the rate-
limiting subunit of ENaC, led to respiration failure and 
neonatal death in mice [21], the definite roles of ENaC 
in other adult organ systems had not been clear. In 
the recent decades, ENaC has been related to female 
reproduction given that infertility or subfertility has 
been noted in women with pseudohypoaldosteronism 
type 1 (caused by loss-of-function mutation of ENaC 
genes) [22, 23]. We previously demonstrated in uter-
ine/endometrial epithelial cells that the activation of 
ENaC triggers signaling pathways required for two 
important physiological events occurring in the uterus, 
embryo implantation and parturition [24–27]. How-
ever, whether ENaC is expressed in the ovary to regu-
late ovarian function(s) for female fertility remained 
unknown. Interestingly, women with a low Na+ intake 
exhibited sporadic anovulation [28], suggesting possi-
ble association of Na+ environment with ovarian func-
tion. In the present study, we hypothesized that ENaC 
might be expressed in granulosa cells to participate in 
ovarian functions. To test the hypothesis, we used a 

mouse model of granulosa-specific knockout of ENaC, 
a human granulosa cell line (KGN), as well as primary 
human granulosa cells collected during IVF, together 
with technologies such as Na+ and Ca2+ imaging, 
patch-clamp, and RNA sequencing, which revealed the 
expression and function of ENaC in granulosa cells to 
modulate Ca2+ mobilization and gonadotrophin sig-
naling for estrogen homeostasis, female cycle mainte-
nance and fertility.

Results
Functional expression of ENaC in ovarian granulosa cells
Since ENaC expression in the ovary or granulosa cells 
had not been clear, we first performed quantitative 
PCR (qPCR) for ENaC genes in mouse ovarian tissues, 
primary mouse granulosa cultures, primary human 
granulosa cells (HGC) isolated from women under IVF 
treatment, as well as KGN, a human granulosa cell line, 
which detected the expression of all three subunits 
(Supplementary Figure S1), although the expression 
levels of β and γ subunits were relatively low com-
pared to that of ENaCα. We next performed immu-
nohistochemistry and immunofluorescence staining 
for ENaCα in ovarian tissues from adult female mice, 
which both showed ENaCα expression in the ovary 
(Fig.  1A). Particularly, in antral follicles, ENaCα was 
detected in both cumulus and mural granulosa cells, 
but not in theca cells (Fig. 1A). ENaCα expression was 
also noted in apical membranes of adjacent ovarian 
surface and oviduct epithelium, a typical expression 
patten of ENaC in epithelial tissues (Fig. 1A). We also 
confirmed protein expression of ENaCα in HGC and 
KGN cells by western blot (Fig.  1B). Since ENaCα is 
known to assemble in the membrane to form channel 
pore without β and γ subunits [29], we next tested if 
the detected ENaC expression could be functional as 
channel proteins using KGN cells. In a bath solution 
where most of Cl− was substituted, a series of voltage 
stimulations from − 100 to 0 mV elicited small inward 
whole-cell currents (Fig.  1C). The addition of trypsin 
(20 µg/mL), a serine protease known to activate ENaC, 
into the bath, caused substantial increasement of these 
currents, which were blocked by subsequent addition 
of amiloride (10 µM), a selective ENaC inhibitor, indi-
cating ENaC channel activities in KGN cells (Fig. 1C). 
To confirm this, we next measured intracellular Na+ 
levels in KGN cells using a fluorescent dye sensitive 
to Na+ concentrations, SBFI. Results showed that the 
intracellular Na+ level was gradually elevated by tryp-
sin (20  µg/mL), which was bluntly decreased by sub-
sequent addition of amiloride (1 µM) to a low level 
(Fig. 1D), suggesting ENaC to mediate Na+ influx into 
granulosa cells. These findings collectively revealed 
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ENaC to be functionally expressed in ovarian granu-
losa cells.

Gonadotrophins upregulate and activate ENaC in 
granulosa cells
We next asked if the expression level of ENaC in granu-
losa cells would change in the female/estrus cycle. qPCR 
using ovarian tissue RNAs from mice at different phases 
of the estrus cycle (i.e., diestrus, proestrus, estrus and 
metestrus) suggested similar mRNA levels of all three 
subunits of ENaC over different estrus phases (Supple-
mentary Figure S1C). However, protein expression of 
ENaCα in the mouse ovary altered significantly in the 
estrus cycle with higher levels detected at proestrus 
and estrus, and lower at metestrus and diestrus phases 

(Fig.  2A). Consistent with such expression pattern, FSH 
and LH, the two gonadotrophins known to rise at proes-
trus in mice, upregulated protein expression of ENaCα 
in mouse granulosa cell cultures (Fig.  2B-C). Interest-
ingly, FSH was also found to activate amiloride-sensitive 
ENaC currents in KGN cells (Fig.  2D). These results 
together suggest granulosa ENaC to be promoted by 
gonadotrophins.

Granulosa-cell specific knockout of ENaC disturbs estrus 
cycle and impairs female fertility in mice
Next, to test whether the expression of ENaC in granulosa 
cells is required for ovarian function(s), we built a mouse 
model where ENaC is conditionally knocked out in gran-
ulosa cells. Since ENaCα(Scnn1a) is the rate-limiting 

Fig. 1  Functional expression of ENaC in ovarian granulosa cells. (A) Immunohistochemistry and immunofluorescence staining for ENaCα in mouse ovar-
ian tissues. Nuclei were labeled with hematoxylin or DAPI. Scale bars, 100 μm. (B) Western blots for ENaCα in human granulosa cells isolated from women 
under IVF treatment (HGCs) and in KGN, a human granulosa cell line. (C) Representative patch-clamp whole-cell currents elicited from − 100 to 0 mV in a 
KGN cell, before (Ctrl) and after the addition of trypsin (20 µg/mL), an activator of ENaC, and subsequently amiloride (Ami, 10 µM), a selective inhibitor of 
ENaC. Corresponding current-voltage curves are shown on the right. n = 3. (D) Representative time-course measurement of intracellular Na+ levels ([Na+]i, 
indicated by 340/380 ratio of SBFI, a Na+ sensitive fluorescent dye) in KGN cells before and after the addition of trypsin (20 µg/mL) and subsequently Ami 
(1 µM), with corresponding statistical analysis. n = 43 cells. ***P < 0.001 by Unpaired Student’s t-test
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factor for ENaC to function, we constructed a Scnn1a 
floxed transgenic mouse line (Scnn1afl/fl) and crossed 
it with another line, where Cre-recombinase under the 
promoter of Cyp19a1 (a granulosa-specific gene) was 
inserted (Cyp19a1Cre), to generate the conditional knock-
out (cKO, Scnn1afl/flCyp19a1Cre+, Supplementary Figure 
S2A). Immunofluorescence staining in ovarian tissues 
from the cKO mice showed the absence of ENaCα in the 
granulosa cells of the antral follicles, in comparison with 
Cre-negative control mice (Ctrl, Scnn1afl/flCyp19a1Cre−) 
(Fig.  3A). Western blots confirmed that protein expres-
sion of ENaCα was drastically reduced in granulosa cul-
tures from the cKO mice compared to that of the Ctrl 
mice (Fig. 3B). In addition, amiloride-sensitive Na+ influx 
as indicated by SBFI was found nearly absent in isolated 
granulosa cells from the cKO mice (Fig. 3C), which col-
lectively suggested successful establishment of granu-
losa-specific knockout of ENaC in mice. The cKO mice 
were found overall healthy with no difference in body 
weight compared to the Ctrl ones. Female mice from the 
cKO model were then mated with wild-type male mice 
for fertility test, which showed that although the cKO 
mice achieved some successfully pregnancies with nor-
mal body weight pups (Supplementary Figure S2B), the 

averaged litter size over 3 consecutive pregnancies was 
significantly reduced in the cKO (4.1 ± 0.9, n = 6) com-
pared to that of the Ctrl (6.9 ± 0.5, n = 6) mice (Fig.  3D), 
suggesting subfertility of the cKO female mice. The fol-
lowing ovarian morphological analysis showed that pri-
mary, secondary, antral and Graafian follicle counts were 
similar between the cKO and Ctrl (Fig.  3E). However, 
the number of corpus luteum was significantly reduced 
in the cKO (1.9 ± 0.7, n = 10) mice compared to the Ctrl 
(6.1 ± 1.5, n = 6) (Fig.  3E), suggesting problems in ovula-
tion and/or luteinization in the cKO. We next monitored 
the estrus cycle of the mice for 20 days, which revealed 
that the estrus phase was significantly extended, and the 
diestrus phase was shortened in the cKO mice (n = 8), as 
compared to either the Ctrl mice (n = 8) or the Cre posi-
tive control (Cre-Ctrl, Scnn1awt/wtCyp19a1Cre+, n = 3) 
mice at reproductive ages of 8 to 10 weeks old (Fig. 3F). 
The estrus ratio (proestrus/estrus versus metestrus/
diestrus) was thus significantly increased in the cKO 
(Fig.  3F), suggesting the disturbance of estrus homeo-
stasis and possibly problematic responses to gonadotro-
phins caused by granulosa knockout of ENaC.

Fig. 2  Gonadotrophins upregulate and activate ENaC in granulosa cells. (A) Western blots for ENaCα in ovarian tissues from adult female mice at different 
phases of the estrus cycle (determined by daily vaginal spear, diestrus (D), proestrus (P), estrus (E), metestrus (M)). n = 8. **P < 0.01 by Unpaired Student’s 
t-test. (B-C) Western blots for ENaCα in primary cultured mouse granulosa cells before and after treated with follicle stimulating hormone (FSH, 100 ng/
mL) for 0, 24, 72 h (B) or luteinizing hormone (LH, 100 ng/mL) for 6, 12, 24 h (C). Cells were pretreated with FSH (100 ng/mL) for 48 h before LH was added. 
n = 3. *P < 0.05 by Unpaired Student’s t-test. (D) Representative patch-clamp whole-cell currents elicited from − 100 to 0 mV in a KGN cell, before (Ctrl) and 
after the addition of FSH (100 ng/mL) and subsequently Ami (10µM), with corresponding current-voltage curves n = 3
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Fig. 3  Granulosa-cell specific knockout of ENaC disturbs estrus cycle and impairs female fertility in mice. (A) Representative images of immunofluores-
cence staining for ENaCα in ovarian tissues from a Cre-LoxP transgenic mouse model with ENaCα gene (Scnn1a) conditionally knocked out in ovarian 
granulosa cells (cKO, Scnn1afl/flCyp19a1Cre+). Cre negative and Scnn1a floxed mice (Scnn1afl/flCyp19a1Cre−) were used as the control (Ctrl). Scale bars, 20 μm. 
(B-C) Western blots for ENaCα (B) and SBFI measurement of [Na+]i (C) in primary cultured granulosa cells from the Ctrl or cKO mice. Ami (1 µM) was added 
to calculate ENaC-mediated Na+ movement. n = 33–41. ***P < 0.001 by Unpaired Student’s t-test. (D) Representative photographs of newborn litters from 
the cKO or Ctrl pregnancies after crossing with wild-type males, with quantification of litter size. Data are averaged pup numbers of 3 consecutive preg-
nancies of each examined mouse. n = 6 mice. *P < 0.05 by Unpaired Student’s t-test. Scale bars, 10 mm. (E) Hematoxylin and eosin (H&E) staining of mouse 
ovarian tissue sections and counting (see methods) of follicles at different stages (i.e., primary, secondary, antral, graafian follicles) of folliculogenesis as 
well as corpus lutea in Ctrl and cKO mice. Data are numbers of follicles/corpus lutea per ovary. n = 6 (Ctrl), n = 8–10 (cKO) mice. *P < 0.05 by Unpaired 
Student’s t-test. (F) Tracking of different estrus cycle phases (D, P, E and M, determined by daily vaginal spear) for continuously 20 days in the cKO and 
Ctrl mice, and in Cre-positive wild-type Scnn1a mice (Scnn1awt/wtCyp19a1Cre+) as the Cre-control (Cre-Ctrl), with calculation of duration of phases and the 
estrus ratio (P/E versus D/M). n = 8 (Ctrl), 8 (cKO) and 3 (Cre-Ctrl). ***P < 0.001 by one-way ANOVA with post-hoc Tukey’s test
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Transcriptome analysis of granulosa cells with ENaC 
knockout
To further understand the granulosa changes in the cKO 
model, we conducted transcriptome analysis of the granu-
losa cells from the model by RNA sequencing (RNA-seq). 
To obtain synchronized granulosa cells in responding to 
gonadotrophins and avoid complex hypothalamus/pitu-
itary feedback in vivo, we isolated granulosa cells from 
immature (25-day-old) cKO (Scnn1afl/flCyp19a1Cre+) or 
Ctrl (Scnn1afl/flCyp19a1Cre−) mice and treated the cul-
tures with FSH (100 ng/mL, 48 h) and subsequently LH 
(100 ng/mL, 18  h) mimicking gonadotrophin stimula-
tion in late folliculogenesis and ovulation. RNA-seq was 
then performed on these cells before and after the FSH/
LH treatment, which detected a total of 17,855 genes. 
Among them, there were 224 differentially expressed 
genes (DEGs, P < 0.05) between cKO and Ctrl (cKO ver-
sus Ctrl, Supplementary Figure S3A), and 435 DEGs after 
the FSH/LH treatment (cKO_FSH/LH versus Ctrl_FSH/
LH, Supplementary Figure S3B). KEGG enrichment 
analysis of these DEGs revealed a number of pathways, 
especially in categories of signal transduction and endo-
crine system, were significantly altered in the cKO cells 
compared to the Ctrl (Supplementary Figure S3C). A 
known ENaC-related aldosterone-regulated sodium reab-
sorption pathway (KEGG Term ID: 04960) hit the high-
est enrichment ratio (0.18, Q < 0.01) (Fig. 4A), confirming 
ENaC to be centrally affected in the cKO. Importantly, 
the ovarian steroidogenesis pathway (KEGG Term ID: 
04913) was significantly varied between cKO_FSH/LH 
and Ctrl_FSH/LH groups with the enrichment ratio at 
0.15 (Q < 0.0001) (Fig. 4A). GO enrichment analysis con-
sistently suggested significant changes in steroid biosyn-
thetic process (GO:0006694, ratio at 0.13, Q = 0.0027), 
ovarian follicle development (GO:0001541, ratio at 0.125, 
Q = 0.011) and response to estradiol (GO:0032355, ratio at 
0.093, Q = 0.0028) between cKO_FSH/LH and Ctrl_FSH/
LH groups (Fig.  4B). Further analysis using KEGG and 
GO databases revealed that 53 genes critical to ovarian 
steroidogenesis, oocyte maturation, ovulation and/or 
ovarian diseases were significantly changed in cKO ver-
sus Ctrl cells under FSH/LH treatment including Lhcgr, 
Cyp19a1, Cyp17a1, Fshr (Fig.  4C). The transcriptome 
analysis therefore suggested ENaC to be a critical factor 
to modulate granulosa responses to gonadotrophins.

ENaC contributes to Ca2+ mobilization in granulosa cells
We next asked how exactly ENaC regulates gonado-
trophin signaling in granulosa cells. Since Na+ influx 
through ENaC can depolarize membrane potential and 
open voltage-gated Ca2+ channels, we supposed Ca2+ 
signaling to be involved. Indeed, in the above KEGG/
GO analysis, we found that 40 genes belonging to 
Ca2+binding or Ca2+signaling pathways were differently 

(Q < 0.05) expressed between cKO and Ctrl cells after 
the FSH/LH treatment (Fig. 4D). We next used an inde-
pendent granulosa cell model, KGN, to monitor intra-
cellular Ca2+ activities through imaging with Fura-2, a 
Ca2+-sensitive fluorescent dye. Interestingly, spontane-
ous Ca2+ oscillations/waves were observed in KGN cells, 
which were abolished by the removal of extracellular 
Ca2+, suggesting them to be dependent largely on Ca2+ 
entry (Supplementary Figure S4). Such spontaneous Ca2+ 
oscillations were attenuated by amiloride (1 to 10 µM) 
in a dose-dependent manner (Fig.  5A). The addition of 
activator of ENaC, trypsin (20  µg/mL), evoked a Ca2+ 
increase on top of the spontaneous oscillations, which 
was blocked by pretreatment of the cells with amiloride 
(1 µM, Fig.  5B). Also, FSH (100 ng/mL) facilitated the 
Ca2+ waves, which were blocked by subsequent addi-
tion of amiloride (Fig.  5C). We then conducted stable 
knockdown of ENaCα using different designs of shRNAs, 
shENaCα-1 to -5 in KGN cells. As indicated by qPCR 
and western blot (Supplementary Figure S5A, Fig.  5D), 
cells treated with shENaCα-2 and 5 achieved consid-
erable knockdown by about 60% compared to control 
cells treated with scrambled shRNAs (shNC), which 
were then used in the following experiments. Spontane-
ous Ca2+ oscillations were present in shNC-treated con-
trol cells, which were, however, found largely reduced in 
cells treated with shENaCα-2 or -5 (Fig.  5E-F). Besides, 
FSH-evoked Ca2+ responses were attenuated in the 
shENaCα-2/-5-treated cells compared to shNC-treated 
cells (Fig.  5F, Supplementary Figure S5B). Consistently, 
spontaneous and FSH-induced Ca2+ responses were 
both observed in primary mouse granulosa cells (Supple-
mentary Figure S6), which were attenuated by amiloride 
(Supplementary Figure S6) and significantly smaller in 
cells from cKO mice (Fig.  5G), as compared to respec-
tive control cells. Since Ca2+ release from endoplasmic 
reticulum (ER) are known to associate with Ca2+ oscil-
lations [30], we tested the capacity of ER as Ca2+ stores 
in these cells. Thapsigargin (1 µM), an inhibitor of the 
ER Ca2+ ATPase, depleted ER to induce an elevation of 
intracellular Ca2+ in KGN cells, which were indeed signif-
icantly smaller in shENaCα-2/-5 treated cells compared 
to that of shNC-treated KGN cells (Fig. 6A). Given these 
observations, we tested the expression of genes related 
to Ca2+ homeostasis in the cells including Ca2+ channels 
or Ca2+ modulators in KGN cells (Supplementary Figure 
S7, Fig. 6B-C). qPCR results identified that genes related 
to Ca2+ influx from extracellular compartment (Voltage-
dependent L-type calcium subunits, Fig. 6B), Ca2+ release 
from intracellular Ca2+ stores (ITPR1, ITPR2, ITPR3, 
MICU1 and MICU2, Fig.  6C), and Ca2+ modulators 
CALHM5 and S100A10 (Fig. 6C) were downregulated in 
shENaCα-2/-5-treated KGN cells, as compared to shNC-
treated cells. It should be noted that related mouse genes 
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Cacna1a, Itpr1, S100a10, Micu1 were also found to be 
significantly altered in the mouse granulosa cells from the 
cKO model (Fig.  4D). In addition, thapsigargin-evoked 
Ca2+ responses were substantially reduced in cKO cells 
compared to the Ctrl cells (Fig. 6D). Taken together, these 
results revealed a role of ENaC in modulating Ca2+ mobi-
lization in granulosa cells.

ENaC modulates gonadotrophin signaling in both mouse 
and human granulosa cells
Given the above suggested association of ENaC with Ca2+ 
mobilization in granulosa cells, we further examined 
the role of ENaC in FSH/LH-stimulated granulosa cell 
responses for steroidogenesis and ovulation. We tested 
CREB, a Ca2+ and cAMP sensitive transcription factor 
known to mediate FSH- and LH-activated expression of 
genes essential to ovarian steroidogenesis and ovulation. 

Fig. 4  Transcriptome analysis of granulosa cells with ENaC knockout. (A-B) RNA sequencing (RNA-seq) analysis of primary cultured granulosa cells from 
the cKO or Ctrl mice before and after treatment with FSH (100 ng/mL for 48 h) and subsequently LH (100 ng/mL for 18 h) revealed differentially expressed 
genes among the groups, which were further analyzed through enrichment assays using databases of KEGG pathway (A) and GO biological process (B). 
Data are presented as bubble charts with the bubble size indicating the number of genes, and color from blue to red, Q values from large to small. (C-D) 
Heatmaps showing RNA-seq detection of transcriptional changes of genes related to ovarian steroidogenesis, oocyte maturation, ovulation and/or ovarian 
diseases (C) and Ca2+binding or Ca2+signaling pathways (D) in primary granulosa cells from the cKO and Ctrl mice before and after the FSH/LH treatment. 
Blue to red colors in the heatmaps indicate row Z-scores from low to high
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Immunostaining for phosphorated CREB (pCREB, the 
activated form) in mouse ovarian tissues showed that 
in adult Ctrl mice, pCREB labeling was found in the 
nucleus of granulosa cells in antral follicles, but not in 

small follicles (e.g., secondary follicle) (Fig.  7A), consis-
tent with its role in driving gonadotrophin-stimulated 
transcription of genes for late folliculogenesis and ovula-
tion. Whereas, in cKO ovarian tissues, pCREB expression 

Fig. 5  ENaC contributes to Ca2+ mobilization in granulosa cells. (A) Fura-2 (a Ca2+ sensitive fluorescent dye) detection of spontaneous Ca2+ oscillations in 
KGN cells. Left: time-course traces of Fura-2 (ratio at 340/380 nm) in 3 representative KGN cells (in red, green and blue) before and after the addition of Ami 
(1 and 10 µM). Right: statistical analysis of maximal Fura-2 340/380 ratio (Ca2+ peak) under different conditions. n is shown for each group. ***P < 0.001 by 
one-way ANOVA with post-hoc Tukey’s test. (B-C) Time-course changes in intracellular Ca2+ (indicated by Fura-2 ratio at 340/380) in 3 presentative KGN 
cells (in red, blue and green) in the presence or absence of trypsin (20 µg/mL), Ami (1 µM), or FSH (100 ng/mL), with corresponding statistical analysis. n is 
shown for each group. ***P < 0.001 by one-way ANOVA with post-hoc Tukey’s test. (D) Western blots for ENaCα in KGN cells treated with different designs 
of shRNAs, shENaCα-1, -2 and -5 or scrambled shRNAs (shNC) as the control. (E-F) Representative (E) and statistical analysis (F) of Fura-2 measurement 
of spontaneous and FSH (100 ng/mL)-induced Ca2+ responses in KGN cells treated with shNC or shENaCα-2/-5. n is shown for each group. **P < 0.01, 
***P < 0.001 by one-way ANOVA with post-hoc Tukey’s test. (G) Fura-2 measurement of spontaneous and FSH (100 ng/mL)-induced Ca2+ responses in 
primary cultured granulosa cells from the Ctrl or cKO mice. n is shown for each group. **P < 0.01, ***P < 0.001 by Unpaired Student’s t-test
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in granulosa cells of large follicles was drastically dimin-
ished (Fig. 7A). We also tested CREB activation in mouse 
granulosa cell cultures. In Ctrl cells, the level of pCREB 
was elevated by FSH/LH (Fig. 7B). However, such pCREB 
activation in response to FSH/LH was found signifi-
cantly impaired in cKO cells (Fig. 7B). In addition, qPCR 

detected that Lhcgr, Cyp19a1 and Fshr genes were sig-
nificantly upregulated by FSH/LH treatment in Ctrl cells, 
which were almost not responding to FSH/LH in cKO 
cells (Fig.  7C). Moreover, FSH/LH stimulated estradiol 
production were abolished in the cKO cells, compared 
to Ctrl cells (Fig.  7D). We also examined progesterone 

Fig. 6  ENaC contributes to the capacity of intracellular Ca2+ stores in granulosa cells. (A) Fura-2 measurement of intracellular Ca2+ levels in response to 
thapsigargin (TG, 1 µM), which depletes intracellular Ca2+ stores, in KGN cells treated with shENaCα-2/-5 or shNC as control. n is shown for each group. 
***P < 0.001 by one-way ANOVA with post-hoc Tukey’s test. (B-C) Quantitative PCR (qPCR) for genes related to Ca2+ influx from extracellular compartment 
(B), Ca2+ release from intracellular Ca2+ stores and Ca2+ modulators (C) in shNC or shENaCα-2/-5-treated KGN cells. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 
by one-way with post-hoc Tukey’s test. (D) Fura-2 measurement of intracellular Ca2+ levels in response to TG (1 µM) in primary granulosa cells from the 
Ctrl or cKO mice, with corresponding statistical analysis. n is shown for each group. ***P < 0.001 by Unpaired Student’s t-test
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Fig. 7  ENaC modulates gonadotrophin signaling in mouse granulosa cells. (A) Representative images of immunofluorescence staining for phosphorated 
CREB (pCREB) in ovarian tissues from the Ctrl or cKO mice. The mice were injected with pregnant mare’s serum gonadotropin (PMSG, 10 units/mouse, in-
traperitoneally) followed 48 h later with an injection of human chorionic gonadotropin (hCG, 10 units/mouse, intraperitoneally). Nuclei were labeled with 
DAPI. Scale bars, 100 μm. (B) Western blots for pCREB and CREB in primary cultured granulosa cells from the Ctrl or cKO mice, with corresponding statisti-
cal analysis. Cells were pretreated with FSH (100 ng/mL) for 48 h and subsequently LH (100 ng/mL) for 0, 30, 60 min. n = 3. *P < 0.05 by Unpaired Student’s 
t-test. (C-D) qPCR for genes related to ovarian steroidogenesis (C) and ELISA measurement of estradiol and progesterone level in cultured medium (D) of 
primary cultured granulosa cells from the cKO or Ctrl mice before and after treatment with FSH (100 ng/mL for 48 h) and subsequently LH (100 ng/mL for 
18 h). n = 3–6. *P < 0.05, **P < 0.01, ***P < 0.001 by two-way ANOVA with post-hoc Tukey’s test. (E) ELISA measurement of serum estradiol level in the Ctrl 
or cKO mice at day 1 of estrus and diestrus phases (determined by daily vaginal spear). n = 5–7. *P < 0.05 by two-way ANOVA with post-hoc Tukey’s test
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production and found that although progesterone pro-
duction associated genes Cyp11a1 and Star genes were 
increased (about 1.5 folds) in cKO cells compared to the 
Ctrl cells (Fig. 7C), the progesterone level released from 
cells were similar among the groups (Fig. 7D). We went 
on to see if estrogen production in vivo was affected 
in the cKO mice. Results interestingly showed that in 
Ctrl mice, the serum estradiol level was elevated at day 
1 of estrus phase compared to that at day 1 of diestrus 
(Fig.  7E). However, such estrus-related estrogen eleva-
tion was not seen in cKO mice (Fig.  7E). Besides, mea-
suring serum FSH and LH levels in the mice showed that 
cKO mice exhibited a slightly higher FSH level than the 
Ctrl mice (Supplementary Figure S8). These hormonal 
results therefore explained the estrus cycle disturbance 
observed in the cKO mice. Given these observations 
in mouse models, we next tested the role of ENaC in 
gonadotrophin signaling in primary human granulosa 
cells isolated from women under IVF treatment (HGCs). 
Results showed that FSH or LH stimulated ENaCα pro-
tein expression in HGCs (Fig. 8A). Blocking of ENaC by 
amiloride (1 µM) or benzamil (1 µM, another inhibitor 
of ENaC) inhibited Ca2+ responses (Fig.  8B) and FSH-
evoked CYP19A1 expression (Fig.  8C) in the HGCs. 

Taken together, these results suggested ENaC to modu-
late gonadotropin signaling in both mouse and human 
granulosa cells.

Discussion
In summary, the present study has demonstrated previ-
ously undefined expression and channel activity of ENaC 
in ovarian granulosa cells, which plays a role in modulat-
ing Ca2+ mobilization to promote FSH/LH-stimulated 
transcription changes and estrogen production in both 
mouse and human granulosa cells. Specific knockout of 
ENaC in granulosa cells results in disturbance of female 
cycle and reduced fertility in mice (Fig. 9).

Ovarian granulosa cells are not typical epithelial cells, 
although recent lineage studies suggest granulosa cells, 
in particular cortical granulosa cells, to be derived from 
ovarian surface epithelium [31]. The presently demon-
strated granulosa expression of ENaC, a typical epithelial 
ion channel, may have been overlooked in the past. We 
detected primarily ENaCα expression in granulosa cells, 
while granulosa expression of ENaC β and γ subunits was 
found at a low level. We also searched an available human 
database, which similarly showed the detection of ENaCα 
subunit (SCNN1A) by single-cell RNA-seq in human 

Fig. 8  ENaC modulates gonadotrophin signaling in human granulosa cells. (A) Western blots for ENaCα in HGCs treated with FSH (100 ng/mL) or LH (100 
ng/mL) for 0, 24, 72 h. Cells were pretreated with FSH (100 ng/mL) for 48 h before LH was added. (B) Fura-2 measurement of intracellular Ca2+ levels in 
HGCs before (Ctrl) and after the addition of Ami (1 and 10 µM) or FSH (100 ng/mL) with/without pretreatment of Ami (10 µM), with corresponding statisti-
cal analysis. n is shown for each group. *P < 0.05, ***P < 0.001 by one-way ANOVA with post-hoc Tukey’s test. (C) qPCR for CYP19A1 gene in HGCs treated 
with Ami (1 µM) or benzamil (1 µM, another inhibitor of ENaC) before and after treatment with FSH (100 ng/mL) for 48 h. DMSO was used as the control. 
n = 3. **P < 0.01, ***P < 0.001 by two-way ANOVA with post-hoc Tukey’s test
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ovarian granulosa populations but not β (SCNN1B) and 
γ (SCNN1G) [32]. Nevertheless, present patch-clamp or 
Na+ imaging examination of human and mouse granu-
losa cells combined with the use of ENaC activator, 
inhibitor or knockout indicated ENaC channel activities 
in granulosa cells. ENaCα, therefore, is probably the pri-
mary contributor to the observed granulosa ENaC activi-
ties, since ENaCα subunits are known to assemble into 
channel pore in the membrane without β and γ [29].

The present study used different experimental models, 
including the mouse and human primary granulosa cul-
tures, the KGN cell line and the transgenic mouse line. 
Although the models may have reported limitations, such 
as the lack of sensitivity of KGN cells to FSH/LH [33], 
data collected from these models are consistent to sug-
gest a previously unknown role of ENaC in modulating 
gonadotropin signaling in granulosa cells. First, ovar-
ian ENaCα was found to be upregulated at estrus phase 
in mice when gonadotrophins are largely released. In 
isolated mouse and/or human granulosa cells, FSH/LH 
increased ENaC expression and channel activity, which 
is consistent with the reported cAMP/Ca2+-mediated 
enhancement of ENaC [34–36]. Second, the mice with 
granulosa knockout of ENaC exhibited phenotypes of 
defective responses to gonadotrophins, including 1) 
diminished granulosa CREB activation in large follicles, 
2) failed estrogen elevation at early estrus phase, 3) 
reduced number of corpus luteum indicating impaired 
ovulation,4) extended estrus phase suggesting problem-
atic transition into next cycle, and 5) reduced litter size 
and subfertility. Moreover, results on isolated mouse 
granulosa cells provided direct evidence that FSH/LH-
induced granulosa transcriptome change and estrogen 

production is significantly impaired by ENaC knockout, 
indicating ENaC as a key factor in gonadotrophin signal-
ing and thus ovarian steroidogenesis, late folliculogenesis 
and ovulation. Given the observed trypsin-activation of 
ENaC in granulosa cells, ENaC can be highly active at 
ovulation when ovarian serine proteases are reported to 
surge [37]. It should be noted that the cKO mouse model 
we adopted is driven by Cyp19a1. Although insufficiency 
and non-specificity of the Cre model was reported [38], 
our data suggested the Cre was successfully turned on to 
knockout ENaCα in granulosa cells in the ovary. Cyp19a1 
expression is known to be largely turned on only at late 
folliculogenesis, which is consistent with the present 
observations that only late development stage granulosa 
functions (i.e., steroidogenesis and ovulation) are affected 
in the cKO mice. However, whether ENaC is involved 
in early folliculogenesis or not will need more effec-
tive models (e.g., Cre-driven by early granulosa-specific 
genes) to confirm.

In the exploration of the mechanisms underlying 
ENaC’s involvement in gonadotrophin signaling, we 
found that Ca2+ mobilization in granulosa cells at either 
the resting (i.e., spontaneous Ca2+ oscillations) or acti-
vated state (i.e., FSH-induced) is affected by ENaC inhibi-
tion, knockdown or knockout. Our data suggests ENaC 
to modulate Ca2+ mobilization in two folds. First, the 
action of ENaC could be quick and immediate, since 
pharmacological inhibition of ENaC quickly blocked 
Ca2+ increases. This is consistent with what we previ-
ously demonstrated in endometrial epithelial cells that 
ENaC-mediated Na+ influx and hence depolarization can 
mobilize Ca2+ entry through voltage-gated Ca2+ channels 
[24]. In fact, voltage-gated Ca2+ and Na+ channels were 

Fig. 9  Schematic model for the role of ENaC in granulosa cells. ENaC is expressed in ovarian granulosa cells to modulate Ca2+ mobilization including Ca2+ 
influx and Ca2+ release to promote FSH/LH-stimulated transcription changes and estrogen production for steroidogenesis, folliculogenesis and ovulation
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reported to be present in granulosa cells [17–19], which 
is in line with the quick effect of ENaC-mediated depo-
larization on Ca2+ mobilization. Second, ENaC can play a 
long-term regulatory role to maintain Ca2+ mobilization 
as well. This is demonstrated using independent models, 
ENaC knockout in mouse granulosa cells and knockdown 
in KGN cells, which both showed the expression of Ca2+ 
signaling-associated genes to be affected by ENaC defi-
ciency. Such a transcription shift of Ca2+-related genes 
could be resulted from the immediate negative effect of 
ENaC-deficiency on Ca2+ signaling leading to a vicious 
cycle. Or, ENaC-mediated Na+ influx is supposed to be 
coupled with Na+/K+ pumps which alters ATP consump-
tion and overall metabolism of the cells [39]. In fact, we 
observed that the cKO granulosa cells were growing 
slightly slower than the Ctrl cells (Supplementary Fig-
ure S9). However, further study is needed to confirm the 
involvement of Na+/K+ pumps. Interestingly, we also 
noted that the expression of Ca2+ channel-modulating 
proteins, such as S100A10 [40], and proteins related to 
Ca2+ stores, such as ITPR1, MICU1, were affected by 
ENaC deficiency. Whether a mechanism through pro-
tein-protein interaction underlies ENaC regulation of 
Ca2+ channels or Ca2+ stores may be worth further inves-
tigation. Ca2+ increase is known as an upstream event 
for the activation/phosphorylation of CREB, as we previ-
ously reported in endometrial cells [24, 25, 27]. Given the 
reported importance of Ca2+ activities to steroidogenesis, 
oocyte maturation and ovulation [13, 14, 41–43], the 
presently demonstrated regulation of Ca2+ mobilization 
by ENaC in granulosa cells provides new insights into the 
understanding ovarian physiological events.

It should be noted that although definitive data were 
achieved from mouse models presently, our results from 
human granulosa cells collected during IVF suggest a 
consistent role of ENaC in regulating FSH/LH signaling, 
for which we believe our findings to have clinical implica-
tions too. Although the mutation of ENaC genes is found 
to be rare in humans [44], cases of ENaC loss-of-function 
mutation or downregulation/abnormality in humans 
were correlated to female subfertility or miscarriage [23, 
45]. In a study on women with different diary Na+ levels 
showed that, compared to higher Na+ intake, lower Na+ 
intake was found associated with higher FSH and LH lev-
els as well as an increased risk of anovulation [36], which 
is in line with present findings suggesting defective Na+ 
channel in relation to disturbed female cycle. It is also 
interesting to note that cystic fibrosis transmembrane 
conductance regulator (CFTR), a closely interacting pro-
tein of ENaC [46, 47], has been known to be expressed 
in granulosa cells to enhance FSH-stimulated aromatase 
expression and estrogen production, defect of which is 
associated with polycystic ovarian syndrome [48]. There-
fore, the presently demonstrated role of ENaC in ovarian 

granulosa cells may shed light on the understanding of 
idiopathic ovarian disorders or female infertility/subfer-
tility. It is worth studying ENaC, either its expression or 
functional activities, as well as its associated proteins, 
in women with related ovarian disorders in the future. 
Additionally, in the current ART, extensive hormonal 
stimulation still poses a main concern [12]. Granulosa 
ENaC or environmental/dietary Na+ might be a factor to 
be considered in hormonal management in ART. More-
over, new methods for in vitro oocyte maturation (IVM) 
are being developed to avoid ovarian hyperstimulation or 
aim for hormone-free ART [12]. Given the essential role 
of granulosa/cumulus cells in the survival of oocytes in 
vitro [49], it will be interesting to study whether granu-
losa ENaC could be important for providing an appro-
priate environment for oocyte maturation and embryo 
development in IVF technology in the future.

Materials and methods
Human subjects
Women under ART treatment at Prince of Wales Hos-
pital, Hong Kong were recruited. All procedures were 
approved by Joint Chinese University of Hong Kong-New 
Territories East Cluster Clinical Research Ethics Com-
mittee (No. CT-2020-0339) and Hong Kong Polytech-
nic University (No. HSEARS202000317006-02). Written 
consents were obtained from all participants. General 
information about the participants is shown in Supple-
mentary Table 1. Women with ovarian problems were 
excluded from the present study. IVF protocols were 
used as previously reported [50]. All participants were 
subjected to ovarian stimulation by either recombinant 
FSH or human menopausal gonadotrophins with doses 
ranging from 150 to 450 IU per day. Upon the presence 
of three or more follicles ≥ 16 mm in diameter under con-
tinuous ultrasound monitor, participants were given 5000 
IU of hCG. Granulosa cells were collected from ovulatory 
follicles by transvaginal follicular aspiration 36 h after the 
hCG administration.

Animals
C57BL/6 mice were purchased from Centralized Ani-
mal Facilities  (CAF), Hong Kong Polytechnic University 
and maintained at CAF in ventilated cases in a tempera-
ture (25℃)-controlled room with a 12-hour light-dark 
cycle,food and water ad libitum. All animal procedures 
were approved by Animal Subjects Ethics Sub-com-
mittee of Hong Kong Polytechnic University  (No.20-
21/151-BME-R-GRF and No.  22-23/449-BME-R-GRF). 
The Scnn1a floxed transgenic C57BL/6 mouse line 
(Scnn1afl/fl) was constructed in GemPharmtech Co., 
Ltd. (Jiangsu, China). Two loxP sequences (5’-ATA 
ACT TCG TAT AGC ATA CAT TAT ACG AAG TTA 
T-3’) were inserted to flank the exon 2 of Scnn1a gene 
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(ENSMUST00000081440.13) by CRISPR/Cas9. Another 
transgenic C57BL/6 line containing Cyp19a1-driven Cre 
was kindly provided by Professor Xu Ying at Soochow 
University [51]. Scnn1a conditional knockout mice 
(Scnn1afl/flCyp19a1Cre+) were generated by crossing the 
two lines. Fertility tests were done in the female mice by 
crossing with wild-type male mice, started at 2 months 
old, for continuously 90 days. Phases of the estrus cycle 
in adult (8 to12-week-old) mice were determined by vagi-
nal cytology as we previously reported [52].

RNA extraction, reverse transcription and quantitative PCR
Total RNA of mouse ovarian tissues or cells was 
extracted using TRIzol reagent (Invitrogen, 15596026) 
following the manufacturer’s instructions. 1  µg total 
RNA was transcribed reversely to cDNA using the High-
Capacity cDNA Reverse Transcription kit (Invitrogen, 
4368814). After reverse transcription, 1 µL of the cDNA 
of each sample was amplified in a 10 µL reaction system 
containing the SYBR Green Premix Ex Taq™ Mix (Takara, 
RR420A) and primers (Supplementary Table 2) using 
a real-time PCR system (Bio-Rad, CFX96). GAPDH or 
Gapdh was used as the internal control. Data were calcu-
lated by the 2-∆∆Ct method.

Immunofluorescence
Mouse ovarian tissues were fixed with 4% paraformalde-
hyde, treated with 30% sucrose in PBS, embedded in opti-
mal cutting temperature compound and cryo-sectioned 
into 5 μm sections by a cryotome (Cryostar NX70 Cryo-
stat). Sections were rehydrated in PBS for 5  min before 
heated by a microwave in the Tris-EDTA buffer (10 mM 
Tris Base, 1 mM EDTA solution, 0.05% Tween 20, pH 
9.0) for 20 min for antigen retrieval. After cooling down 
to room temperature, the sections were further treated 
with 1% SDS for 4 min, rinsed with PBS before incubated 
with 1% bovine serum albumin (BSA) in PBS for 15 min 
to block non-specific bindings. Primary antibodies (Sup-
plementary Table 3) were used for incubation at 4℃ 
overnight and followed with fluorophore-conjugated sec-
ondary antibodies (Supplementary Table 4). Nuclei were 
labeled with DAPI (Vector lab, H-1800). Images were 
taken by a fluorescence microscope (Eclipse Ti2, Nikon, 
Japan) or a confocal microscope (Leica TCS SPE).

Histology and Immunohistochemistry
Mouse ovaries were fixed with 4% paraformaldehyde at 
4℃ overnight. After dehydration by ethanol and xylene, 
tissues were embedded in paraffin and cut into 5 μm sec-
tions by a microtome (Leica RM2235). Sections were 
subject to hematoxylin and eosin staining for immuno-
histochemistry analysis. Briefly, the sections were depa-
raffinized by xylene and rehydrated in a series of ethanol 
solutions. Hematoxylin (Sigma, HHS32) and eosin Y 

(Sigma, 230251) were used. To label ENaCα, ovarian sec-
tions were quenched in 3% H2O2 in methanol for 20 min 
before heated in an acidic buffer (10 mM Sodium Citrate, 
0.05% Tween 20, pH 6.0) or the above mentioned Tris-
EDTA buffer at 65℃ for 20  min for antigen retrieval. 
After blocking in 1% BSA in PBS, primary antibody 
(Supplementary Table 3) was applied for incubation at 
4℃ overnight. HRP-conjugated secondary antibodies 
(Supplementary Table 4) were applied next day followed 
with a DAB kit (Abcam, ab64238) . Nuclei were counter-
stained with hematoxylin.

Follicle and corpus luteum counting
Paraffin-embedded intact mouse ovaries were serially 
cut into 5 μm sections. To count primary, secondary and 
antral follicles, every 10th section from the serial section-
ing was collected for hematoxylin and eosin staining and 
morphological assessment. The follicular stages (primary, 
secondary, antral and Graafian follicles) were determined 
by Pedersen and Peters morphological criteria [53]. Only 
the follicles with the presence of oocyte nucleus were 
counted to avoid double counting. Raw numbers from 
such counting were multiplied by the correction factor, 
10, to estimate the follicle number per ovary. To count 
large Graafian follicles and corpus lutea, all sections 
spanning the entire ovary were carefully examined.

Cell culture
Human granulosa cells were obtained and cultured as 
previously reported [54]. Briefly, after dissecting the 
oocytes out for IVF, the remaining cells in follicular fluid 
were collected and centrifuged at 200 g for 10 min. Super-
natant was removed and cell pellets were washed with 
PBS and subsequently treated with a red blood cell lysis 
buffer to eliminate red blood cells. Cells were cultured in 
Dulbecco’s Modified Eagle Medium F-12 (DMEM/F12, 
Gibco,12400016) supplemented with 10% fetal bovine 
serum (FBS, Gibco, 10270106), 100 units/mL of penicillin 
and 100  µg/mL of streptomycin (Gibco, 15140122) in a  
5% CO2 incubator at 37℃.

Primary mouse granulosa cells were isolated and cul-
tured as previously reported [48]. Briefly, ovaries were 
dissected from 25-day-old female mice, rinsed with 
PBS, and then placed in culture medium containing 
DMEM/F-12 supplemented with 10% FBS, 100 units/mL 
of penicillin and 100 µg/mL of streptomycin. Granulosa 
cells were released from the ovarian tissues by punc-
turing large preantral follicles using 25-gauge needles,    
which were afterwards centrifuged at 400 g for 5 min and 
cultured in a  5% CO2 incubator at 37℃.

The KGN cell line was a generous gift from Prof 
Zhang Dan at Zhejiang University, and maintained using 
DMEM/F-12 in 10% FBS.
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Gene knockdown
shRNAs targeting human SCNN1A gene (shENaC-1: 
5’-CCG GCC AGA ACA AAT CGG ACT GCT TCT 
CGA GAA GCA GTC CGA TTT GTT CTG GTT TTT 
G-3’; shENaC-2: 5’-CCG GCG ATG TAT GGA AAC 
TGC TAT ACT CGA GTA TAG CAG TTT CCA TAC 
ATC GTT TTT G-3’; shENaC-3: 5’-CCG GGA ACA 
ATT ACA CCG TCA ACA ACT CGA GTT GTT GAC 
GGT GTA ATT GTT CTT TTT G-3’; shENaC-4: 5’-CCG 
GCC CGG AAA TTA AAG AGG AGC TCT CGA 
GAG CTC CTC TTT AAT TTC CGG GTT TTT G-3’; 
shENaC-5: 5’-CCG GCG CAG AGC AGA ATG ACT 
TCA TCT CGA GAT GAA GTC ATT CTG CTC TGC 
GTT TTT G-3’) and scrambled shRNAs (shNC: 5’- TTC 
TCC GAA CGT GTC ACG TTT C-3’) were purchased 
from Sigma-Aldrich. To package the shRNAs into lenti-
virus, envelope vector pMD2.G (Addgene, #12259) and 
packaging vectors psPAX2 (Addgene, #12260) together 
with the shRNAs were transfected into 293FT cells using 
lipofectamine 2000 in OptiMEM medium  (Invitrogen). 
The packaged virus was harvested 48 and 72 h afterwards 
and used for transfection into KGN cells with polybrene 
(6 µg/mL, Sigma, TR-1003). The cells were subsequently 
screened with puromycin (1  µg/mL, Gibco, A1113802) 
for 14 days to achieve a stable knockdown of ENaCα in 
the KGN cells for further experiments.

Western blot
Cells or ovarian tissues were lysed with RIPA buffer (150 
mM NaCl, 50 mM Tris-Cl, 1% NP-40, 0.5% DOC and 
0.1% SDS, pH 7.5) containing 1% protease and phos-
phatase inhibitor cocktail (Thermo Scientific, 78443) 
for 30  min on ice. Supernatant was collected as total 
protein after centrifugation at 14,000 rpm for 30 min at 
4  °C. Equal amounts of protein were separated by SDS-
polyacrylamide (SDS-PAGE) gel electrophoresis and then 
electroblotted onto equilibrated nitrocellulose membrane 
with semi-dry transfer system. After blocking with 5% 
nonfat milk, the membranes were immunodetected for 
target proteins. Primary antibodies and their usages are 
listed in Supplementary Table 3. The protein bands were 
detected with HRP-conjugated antibodies (Supplemen-
tary Table 4) and visualized by the chemiluminescence 
(ECL) assay (GE Healthcare) using the ChemiDoc MP 
Imaging System (Bio-Rad). Signals were quantified by 
ImageJ software.

Whole-cell patch-clamp
Cells were seeded in the 35 mm culture dishes for 24 h 
before the patch-clamp experiments. A micropipette 
puller (P-97, Sutter Instrument Co., USA) was used to 
pull glass pipettes. The resistance of pipettes was 5–7 
mΩ after filled with pipette solution. Whole-cell currents 
were recorded by a data acquisition system (DigiData 

1322  A, Axon Instruments) and an amplifier (Axo-
patch-200B, Axon Instruments, Foster City, CA USA). 
The command voltages were controlled by a computer 
equipped with pClamp Version 9 software. A bath solu-
tion containing (in mM): Na-gluconate (145), KCl (2.7), 
CaCl2 (1.8), MgCl2 (2), glucose (5.5), HEPES (10) (pH 7.4) 
was used. Pipettes were filled with a solution containing 
(in mM): K-gluconate (135), KCl (10), NaCl (6), HEPES 
(10), MgCl2 (2) (pH 7.2).

Na+ and Ca2+ imaging
Cells were seeded on coverslips for two days before the 
experiments. Cells were washed with a bath solution 
(Margo-Ringer solution) containing (in mM) NaCl (130), 
KCl (5), CaCl2 (2.5), MgCl2 (1), glucose (10), HEPES (20) 
(pH 7.4) before incubated with Pluronic™ F-127 (1.25 µM, 
Invitrogen, P3000MP) and SBFI-AM (10 µM, Invitrogen, 
S1263, for Na+ imaging) or Fura2-AM (2.5 µM, Invitro-
gen, F1221, for Ca2+ imaging ) in the bath solution for 
30  min at 37℃. Afterwards, residual dyes were washed 
out and cells on coverslips were equilibrated in the bath 
solution for 10  min before mounted in a mini chamber 
and placed onto a fluorescence microscope (Eclipse Ti2, 
Nikon, Japan). Fluorescence signals were excited by the 
dual wavelength at 340 and 380  nm with emission col-
lected at 510 nm. Pictures were taken every 3–5 s.

ELISA
ELISA kits for estradiol (Cayman, 501890), progester-
one (Cayman, 582601), FSH (Cusabio, E06871m) and LH 
(Cusabio, E12770m) were used according to the manu-
facture’ instructions. When measuring estradiol, mouse 
blood samples were collected on the first day of estrus 
and the first day of diestrus respectively, pre-treated with 
methanol before assay according to the ELISA manu-
facturer’s instructions. For the culture-medium sample, 
granulosa cells were treated with testosterone (100 nM, 
Sigma, T1500) overnight.

RNA sequencing and data analysis
RNAs were extracted from Ctrl and cKO mouse granu-
losa cells before and after treatment with FSH (100 ng/
mL, 48 h, Sigma, F4021) and subsequently LH (100 ng/
mL, 18 h, Sigma, L6420) using RNeasy Mini Kit (Qiagen, 
74104) and sent to BGI Corporation for quality check 
before RNA sequencing was done. FPKM (fragments per 
kilobase of transcript sequence per millions base pairs 
sequenced) was used to estimate gene expression levels. 
Enrichment analysis was done by mapping all identified 
DEGs with each entry of Gene Ontology database (http://
www.geneontology.org/) or KEGG database (http://www.
genome.jp/kegg/) with hypergeometric tests. Q value 
(corrected P value) ≤  0.05 was used as the threshold. Dr. 

http://www.geneontology.org/
http://www.geneontology.org/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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Tom, an online analyzing platform provided by BGI Cor-
poration was used.

MTT assay
Primary granulosa cells derived from the cKO and Ctrl 
mice were seeded onto a  96-well plate at a density of 
2000 cells per well. Cells were treated with MTT label-
ing reagent (0.5 mg/mL, Invitrogen, M6494) at 37℃ for 
2  h before DMSO was added each day for 7 days. The 
absorbance was read at 595  nm by a microplate reader 
(Labexim Products LEDETECT 96).

Statistics
Paired or Unpaired Student’s t-test was used for com-
parisons between two groups. One-way ANOVA was 
used for comparisons of more than two groups. Two-way 
ANOVA was used when two independent variables were 
involved. P values < 0.05  were considered as statistically 
significant. GraphPad Prism 10.0  was used for statistic 
analysis.
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