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Abstract.  The endoplasmic reticulum (ER) stress response has been implicated in the development, atresia and luteinization 
of ovarian follicles. However, there have been few reports concerning the role of Herp, an ER stress-induced protein, in 
follicular development. The present study aims to detect the distribution and cyclic variations of Herp during the estrous cycle 
and to reveal the roles of Herp in regulating the cell cycle, apoptosis and steroid hormone biosynthesis in mouse granulosa 
cells. In this study, immunohistochemistry staining showed that Herp expression was primarily in the granulosa cells and 
oocytes. Furthermore, we constructed recombinant lentiviral vectors for Herp short hairpin interfering RNA (shRNA) 
expression; immunofluorescence staining, real-time quantitative PCR (RT-qPCR) and western blot analysis revealed that Herp 
was successfully knocked down. Flow cytometry showed that knockdown of Herp arrested granulosa cells at the S phase of 
the cell cycle. More importantly, ELISA analysis revealed that Herp knockdown significantly upregulated the concentration of 
estradiol (E2) in the culture supernatants. RT-qPCR was performed to determine the regulatory mechanism of Herp knockdown 
in the cell cycle, and in steroid synthesis, RT-qPCR analysis revealed that Herp knockdown upregulated the mRNA expression 
of steroidogenic enzymes (Cyp19a1) and downregulated metabolic enzymes (Cyp1b1) and cell cycle factors (cyclin A1, cyclin 
B1 and cyclin D2). These results suggest that Herp may regulate the cell cycle and hormone secretions in mouse granulosa 
cells. The present study helps to elucidate the physiological functions of Herp as they relate to reproduction.
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In mammals, the ovary is an extremely dynamic organ that includes 
follicles in various stages of development. Ovarian follicles develop 

and progress through the primordial, primary, secondary and antral 
stages [1]. However, only very few follicles reach the ovulatory stage 
and subsequently form a corpus luteum (CL), with most undergoing 
atresia [2]. During folliculogenesis, gonadotropins, such as follicle-
stimulating hormone (FSH) and luteinizing hormone (LH), play an 
important role. The pituitary surge of LH/FSH has been thoroughly 
demonstrated to initiate a complex series of cellular and molecular 
events in periovulatory follicles leading to the resumption of oocyte 
meiosis, breakdown of the follicle wall and oocyte release, followed 
by the subsequent luteinization of the postovulatory follicle [2]. As 
found in numerous studies, not only endocrine but also paracrine and 
autocrine factors, which include gonadal steroids, growth factors, 
cytokines and intracellular proteins, play important roles in ovarian 
follicular development [3]; for example, an increasing body of evidence 
indicates that members of the mammalian endoplasmic reticulum (ER) 

stress response-related molecular chaperones regulate key genes that 
are crucial for follicular development, atresia and luteinization [4–7]. 
To date, the exact molecular mechanisms and interactions between 
the ER stress response and follicular development remain unclear.

The ER not only plays an important role in protein and lipid bio-
genesis, folding and trafficking but is also involved in the maintenance 
of Ca2+ homeostasis [8]. The ER serves to control the quality of 
proteins by facilitating protein folding and recognizing and retaining 
misfolded proteins [9, 10]. In granulosa cells, the ER can regulate 
expression of the luteinizing hormone receptor (LHR) [11]. However, 
ER functional overload triggers a protective mechanism known as 
the ER stress response [12]. Previous studies have demonstrated that 
the ER stress response regulates the development, maintenance and 
regression of the corpus luteum [13, 14]. The ER stress response 
reduces steroidogenic enzyme expression by modulating the ATF6 
pathway in hCG-stimulated Leydig cells [15]. Our previous studies 
demonstrated that the ER stress response is involved in granulosa 
cell apoptosis during follicular atresia in goat and mouse ovaries 
[4, 5]. The homocysteine-responsive ER-resident protein (Herp) 
localized in the ER membrane is induced in the ER stress response 
[16, 17]. Herp degrades unfolded and misfolded proteins in the ER 
via the ER-associated protein degradation (ERAD) pathway [18–20], 
and it stabilizes ER Ca2+ homeostasis and maintains mitochondrial 
function in neuronal cells [21]. Herp knockout is more susceptible 
to ER stress-induced apoptosis in muscle cells [22], and Herp is 
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ubiquitously expressed in various organs, such as the heart, liver, 
skeletal muscle, kidneys and pancreas [16]. These characteristics 
suggest that Herp may play important roles in these organs. Previous 
studies also showed that Herp may be implicated in the pathogenesis 
of type 2 diabetes, neurodegeneration and sarcopenia [22–26].

Although Herp is a stress-response protein, there is evidence 
showing that it has varying roles in different tissues. Although 
ubiquitously expressed in various organs, we do not know whether 
Herp is expressed in the ovary, and the role of this gene in follicular 
development remains to be elucidated. In the present study, we 
aimed to detect the distribution and cyclic variations of Herp in the 
development of the mouse ovary in vivo and further reveal the roles 
of Herp in the regulation of the cell cycle, apoptosis and steroid 
hormone biosynthesis in mouse granulosa cells in vitro.

Materials and Methods

Ovary collection
Female Kunming White outbred strain mice were obtained from the 

Laboratory Animal Center of the Fourth Military Medical University. 
The mice were housed under a 14 h light and 10 h dark cycle at a 
room temperature of 23 ± 2ºC. The mice were provided food and 
water ad libitum. All procedures were approved by the Committee 
for the Ethics on Animal Care and Experiments of Northwest A&F 
University.

Mature female mice (8 weeks old) were used in determining the 
stages of the estrous cycle by collecting vaginal smears and observing 
the pudendum [27]. Vaginal smears were collected on glass slides 
daily (0900 h). Only mice exhibiting regular 4- or 5-day normal 
estrous cycles (n = 10, at least three consecutive cycles) were used 
for the subsequent experiments. Ovaries were collected and quickly 
embedded in OCT compound (Sakura Finetek, Torrance, CA, USA) for 
immunohistochemical studies or stored at –80ºC until use in western 
blot analysis [28]. Pregnant mare serum gonadotropin (PMSG) were 
used to synchronize the estrus cycle in immature 21-day-old female 
mice. Each mouse was intraperitoneally injected with 5 IU PMSG 
to stimulate follicular growth. After 48 h, the ovaries were used for 
culturing granulosa cells in vitro.

Immunohistochemistry
Immunohistochemistry was used to localize Herp protein in 

the ovarian tissues of the mice. The ovaries were fixed in 4% 
paraformaldehyde in PBS (pH = 7.4) for 24 h, dehydrated through a 
graded ethanol series and embedded in paraffin. Five-millimeter-thick 
sections were mounted onto glass slides precoated with Poly-L-Lysine 
Solution (Sigma, St. Louis, MO, USA) and incubated overnight at 
37ºC. After dehydrating, the samples were placed in citrate buffer 
(pH = 6.0). Antigen retrieval was performed by treating samples in a 
microwave oven at 92ºC for 15 min; slides were then cooled and then 
washed in PBS. The sections were pretreated with 3% (vol/vol) H2O2 
in methanol to quench endogenous peroxidase activity. After washing 
with PBS, the sections were incubated with 10% goat serum for 30 
min at 37ºC. After blocking, the sections were incubated overnight 
at 4ºC with rabbit polyclonal antibody against Herp (Santa Cruz, 
sc-98669; 1:50 dilutions) in a humidified chamber. After washing 
followed by incubation with biotinylated anti-rabbit IgG antibody 

(Beijing 4A Biotech, Beijing, China) at 37ºC for 1 h, the sections 
were incubated with HRP-labeled streptavidin (SA-HRP) at 37ºC 
for 30 min. Thereafter, positive reactions were visualized with a 
diaminobenzidine (DAB) (Sigma, St. Louis, MO, USA)-peroxidase 
substrate and 30 sec counterstaining with hematoxylin. Finally, the 
sections were counterstained, dehydrated and mounted. Negative 
control slides were incubated with preimmune serum instead of the 
primary antibody. The slides were imaged using a digital microscope 
(BA400, Motic, Wetzlar, Germany).

Primary mouse granulosa cells culture and Herp short hairpin 
interfering RNA (shRNA) lentivirus transduction

After superovulation, the ovaries were excised, and the granulosa 
cells were released by puncturing the follicles with 26-gage needles. 
The granulosa cells were washed and collected via brief centrifugation, 
and cell viability was determined via trypan blue exclusion. The 
cells were divided into 24-well culture plates (1 × 105 per well) 
and cultured in DMEM/F-12 medium (1:1, HyClone) supplemented 
with 10% fetal bovine serum (FBS) (Life Technologies), 100 units/
ml penicillin and 100 μg/ml streptomycin solutions at 37ºC under 
a 5% CO2 atmosphere.

The U6 RNAi cassette fragment from pSilencer 2.1-U6 hygro 
(Cat. No. AM5760, Life Technologies, Carlsbad, CA, USA) was 
amplified and cloned into pCD513B-1 (SBI, Mountain View, 
CA, USA), which contains a GFP expression construct, to gen-
erate a pCD513B-U6 lentiviral vector [29]. Lentivirus vectors 
encoding the Herp shRNA (shHerp) and non-silencing negative 
control (shNC) were constructed by our group. The sequence 
of the shNC was 5′-GATCCGATGAAATGGGTAAGTACA 
TTCAAGAGATGTACTTACCCATTTCATCTTTTTTG-3′. The se-
quence of the shHerp was 5′-GATCCGAGCAGCCGGACAACTCTAAT 
CTCGAGATTAGAGTTGTCCGGCTGCTCTTTTTG-3′. The 
recombinant lentivirus vector was packaged and transduced into 
HEK 293T cells. The medium was harvested 48 h after transfection, 
purified via low-speed centrifugation, and filtered through a 0.45-µm 
PVDF filter. The viral titers (IU/ml) were calculated according to 
the following formula: number of GFP-positive cells × dilution 
multiple/the amount of virus solution (ml). An appropriate number 
of lentiviral particles (MOI = 20) were transduced into primary 
granulosa cells using 8 µg/ml polybrene. After 12 h of incubation, the 
medium containing the virus was removed and replaced with fresh 
culture medium. The cells were harvested after an additional 48 h.

RNA extraction and real-time quantitative PCR analysis
Total RNA was extracted from frozen ovaries and granulosa cells 

using TRIzol (TaKaRa, Dalian, China) according to the manufacturer’s 
instructions. The cDNAs were synthesized using a PrimeScriptTM 
RT Reagent Kit (TaKaRa). Real-time quantitative PCR (RT-qPCR) 
was performed using a Bio-Rad iQ5 and the Bio-Rad iQ5 Optical 
System Software (Bio-Rad Laboratories, Hercules, CA, USA) along 
with a the SYBR Premix Ex Taq II Kit (TaKaRa) according to the 
manufacturer’s protocol. The sequences of the specific primers used 
are listed in Table 1. These reactions were repeated three times for 
each sample as technical replicates. Gene mRNA quantifications were 
performed using the 2–∆∆Ct method, and the amount of transcript in 
each sample was normalized using β-actin as the internal control 
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gene to correct for differences in the cDNA used.

Immunofluorescent staining
After transduction with the shHerp lentivirus for 48 h, granulosa 

cells were first fixed in 4% paraformaldehyde for 20 min, permeabilized 
with 0.1% Triton X-100 in PBS for 20 min, blocked with 5% BSA in 
PBS for 1 h at room temperature and then co-incubated with anti-Herp 
antibody (Santa Cruz, sc-98669; 1:50 dilutions) overnight at 4ºC. 
After washing followed by incubation with anti-rabbit secondary 
antibody (Invitrogen, A31572; 1:500 dilutions) for 1 h at 37ºC, the 
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) 
for 5 min. The fluorescent signals were examined under a Nikon 
epifluorescence microscope (Eclipse 80i; Nikon, Tokyo, Japan).

Western blot analysis
Frozen ovaries and granulosa cells were lysed with RIPA lysis 

buffer (Nanjing KeyGen Biotech, Nanjing, China). The protein 
concentration was determined using a BCA Protein Assay Kit 
(Nanjing KeyGen Biotech). Equal total proteins were separated 
via 12% SDS-PAGE gel and electrotransferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). 
The membranes were then blocked with 10% fatty acid-free milk 
in TBST for 1 h at room temperature and incubated overnight at 
4ºC in blocking solution containing rabbit polyclonal antibody 
against Herp (Santa Cruz, 1:100 dilutions) and mouse monoclonal 
antibody against β-actin (Tianjin Sanjian Biotech, Tianjin, China; 
1:1000 dilutions). The following day, the membranes were incubated 
with a secondary antibody conjugated to horseradish peroxidase 
(Zhongshan Golden Bridge Biotechnology, Nanjing, China; 1:5000 
dilutions) at room temperature for 1 h. Finally, immunoreactive bands 
were visualized using a Gel Imaging System (Tannon Science & 
Technology, Shanghai, China) and then digitized with the Quantity 
One software (Bio-Rad Laboratories).

ELISA for measurements of steroid hormones
After transduction with the shHerp lentivirus for 48 h, the cell 

numbers were counted, and the concentrations of estradiol (E2) 
and progesterone (P4) in the culture supernatants were measured 
with ELISA kits (Beijing North Institute of Biological Technology, 
Beijing, China) according to the manufacturer’s instructions. The 
sensitivity and inter- and intra-assay CVs of the E2 and P4 ELISA 
kits are as follows: 25 pg/ml, < 15% and < 10% for E2 and 0.2 ng/
ml, < 15% and < 10% for P4, respectively.

Cell cycle analysis
After transduction with the shHerp lentivirus for 48 h, cultured 

granulosa cells were washed twice with PBS, trypsinized, harvested 
via centrifugation at 1000 rpm for 3 min and then suspended in PBS. 
The cells were then centrifuged at 1000 rpm for 3 min and fixed in 
70% ice-cold ethanol overnight at 4ºC. The fixed cells were washed 
again in PBS and stained using propidium iodide (PI)/RNase A solution 
at 37ºC in a dark chamber for 30 min. Detection was performed via 
flow cytometry (EPICS Altra, Beckman Coulter, Brea, CA, USA). 
For each determination, a minimum of 2 × 104 cells was analyzed. 
All experiments were independently repeated five times.

Apoptosis analysis
After transduction, apoptotic cells were quantified with an Annexin 

V-PE and PI apoptosis detection kit (Nanjing KeyGen Biotech). 
The cells were washed with PBS, trypsinized and harvested via 
centrifugation at 1000 rpm for 3 min. The cells were resuspended 
in 50 μl binding buffer, 5 μl PI was added, and the mixture was 
incubated. Then, 450 μl binding buffer was added, followed by 
the addition of 1 μl Annexin V-PE; the mixture was then incubated 
for 15 min. Apoptosis was detected using flow cytometry (EPICS 
Altra, Beckman Coulter, Brea, CA, USA) within 1 h. The number 
of early apoptotic cells was determined by counting the percentage 
of annexin V-PE+/PI– cells. Late apoptotic cells were obtained by 
counting the percentage of annexin V-PE+/PI+ cells. Annexin V-PE–/
PI– cells were considered to be surviving cells. The experiments 
were independently repeated three times.

Table 1. Primer sequences used for real-time quantitative PCR (RT-qPCR)

Gene GenBank Accession Forward (5′–3′) Reverse (5′–3′) Product (bp)
β-actin NM_007393 GCAAGCAGGAGTACGATGAG CCATGCCAATGTT GTCTCTT 148
Herp NM_022331.1 GCAGTTGGAGTGTGAGTCG TCTGTGGATTCAGCACCCTTT 229
Cyplbl NM_009994.1 CACTATTACGGACATCTTCGG AGGTTGGGCTGGTCACTC 168
Star NM_011485.4 CTTGGCTGCTCAGTATTGAC TGGTGGACAGTCCTTAACAC 153
Cyp11a1 NM_019779.3 CGATACTCTTCTCATGCGAG CTTTCTTCCAGGCATCTGAAC 126
Cyp19a1 NM_007810.3 GACACATCATGCTGGACACC CAAGTCCTTGACGGATCGTT 179
Ptgs2 NM_011198.3 CTCTATCACTGGCACCCCCTG GAAGCGTTTGCGGTACTCATT 261
Has2 NM_008216.3 ACCCTGCCTCATCTGTGGAGA TGTTGGTAAGGTGCCTGTCGT 306
Cyclin A1 Z26580.1 GCCTTCACCATTCATGTGGAT TTGCTGCGGGTAAAGAGACAG 118
Cyclin B1 NM_172301.3 AAGGTGCCTGTGTGTGAACC GTCAGCCCCATCATCTGCG 228
Cyclin D2 NM_009829.3 ACACCGACAACTCTGTGAAGC GCCAGGTTCCACTTCAGCTTA 79
p53 AB020317.1 TACAAGAAGTCACAGCACAT GATAGGTCGGCGGTTCAT 267
Bcl-2 NM_009741.4 CGAGAAGAAGAGGGAATCACAGG AATCCGTAGGAATCCCAACC 133
Bax NM_007527.3 AGGATGCGTCCACCAAGAA CAAAGTAGAAGAGGGCAACCAC 195
Caspase-3 NM_001284409.1 TGACTGGAAAGCCGAAACTC GCAAGCCATCTCCTCATCAG 101
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Statistical analyses
The experimental results are presented as the means ± SEM of 

triplicate experiments. Data were analyzed with one-way ANOVA, 
followed by Fisher’s least significant different test (Fisher LSD) and 
an Independent-Samples T test with the SPSS (Statistical Package 
for the Social Sciences) software (Version 13.0; SPSS, Chicago, 
IL, USA). Differences were considered significant when P < 0.05.

Results

Immunohistochemical localization of Herp protein in the 
estrous ovary

To elucidate whether Herp was expressed in ovaries during the 
estrous cycle, we collected ovaries during four phases of the estrous 
cycle. We found that the expression of Herp was ubiquitous throughout 
the ovary during the estrous cycle. High expression of Herp protein 
was found in the oocytes and granulosa cells at various stages of 
the estrous cycle (Fig. 1A–H). Herp immunoreactivity was stronger 
in the perinuclear space compared with oocyte nuclei (Fig. 1B, D 
and F). In follicles at different stages of follicular development, the 
expression of Herp was high in the granulosa cells; however, the 
corpus luteum exhibited a low Herp expression. The western blot 
results showed that the expression of Herp was higher at estrous 
and lower at metestrous during the estrous cycle (P < 0.05, Fig. 1I 
and J). After PMSG and hCG treatment, the levels of Herp in the 
ovary were higher after treatment with PMSG for 1 day and 2 day 
and treatment with hCG for 1 day than 23 day and treatment with 
hCG for 2 day (P < 0.05, Fig. 1K and L).

Effect of Herp knockdown on the expression of Herp in 
primary mouse granulosa cells

To identify the effect of shHerp, granulosa cells were transduced 
with the pCD513B-U6-shHerp lentivirus (Fig. 2A). The transduc-
tion efficiency was more than 80% (the results are not shown). 
Immunofluorescence staining showed that Herp was primarily located 
around the nucleus and that Herp knockdown markedly reduced the 
expression of Herp in mouse granulosa cells (Fig. 2B). The results 
of RT-qPCR showed that shHerp significantly decreased expression 
compared with the control group and downregulated the expression 
of the Herp gene by more than 60% (P < 0.05, Fig. 2C). Western 
blot showed that shHerp prominently downregulated the expression 
of Herp protein (P < 0.05, Fig. 2D and E).

Effect of Herp knockdown on E2 and P4 production in 
granulosa cells

To assess the effect of Herp knockdown on steroid hormones, we 
measured the concentration of E2 and P4 in the culture medium at 
48 h post transduction. After transduction, the concentration of E2 in 
the granulosa cell culture medium was significantly increased in the 
shHerp group compared with the shNC group (P < 0.05, Fig. 3A). 
However, the concentration of P4 showed no significant differences 
between the shHerp and shNC groups (Fig. 3B).

To further confirm the higher release of E2 via Herp knockdown, we 
analyzed the mRNA expression of steroidogenic enzymes (Cyp11a1, 
Star and Cyp19a1) and metabolic enzymes (Cyp1b1). RT-qPCR 
showed that Herp knockdown did not affect the mRNA expression 

of Cyp11a1 and Star (Fig. 3C and D), which are important for P4 
synthesis as rate-limiting enzymes. Herp knockdown significantly 
increased the mRNA expression of Cyp19a1 (P < 0.05, Fig. 3E), 
which is important for E2 synthesis. However, Herp knockdown 
significantly decreased the mRNA expression of Cyp1b1 (P < 0.05, 
Fig. 3F), which is important for E2 metabolism. Furthermore, Herp 
knockdown significantly increased the mRNA expression of Has2 
(P < 0.05, Fig. 3G) but had no effect on Ptgs2 (Fig. 3H), which are 
important for the cumulus expansion and luteinization of primary 
granulosa cells.

Effect of Herp knockdown on the cell cycle of granulosa cells
To determine whether Herp is involved in the regulation of 

cell cycle progression, we measured the cell cycle progression of 
transduced granulosa cells via flow cytometry following staining 
with PI. A significant number of GCs were arrested at the S phase 
in the shHerp group compared with the shNC group (P < 0.05, Fig. 
4A and Supplementary Fig. 1: on-line only).

Additionally, to further confirm the results of the cell cycle analysis, 
the mRNA expression of cell cycle factors (cyclin A1, cyclin B1 and 
cyclin D2) was determined using RT-qPCR. The results showed that 
Herp knockdown significantly decreased the mRNA expression of 
cyclin A1, cyclin B1 and cyclin D2 (P < 0.05, Fig. 4B and D).

Effect of Herp knockdown on granulosa cells apoptosis
To elucidate the roles of Herp in the regulation of granulosa 

cell apoptosis, we determined the apoptotic rate of transduced 
granulosa cells with Annexin V-PE/PI double staining using flow 
cytometry. Herp knockdown did not alter apoptosis in the shHerp 
group compared with the shNC group (Fig. 5A and Supplementary 
Fig. 2: on-line only).

To further demonstrate the effects of Herp knockdown on cell 
apoptosis, we measured the mRNA expression of p53, Bcl-2, Bax and 
Caspase-3 in transduced granulosa cells. RT-qPCR showed that Herp 
knockdown significantly increased the mRNA expression of Bcl-2 (P 
< 0.05, Fig. 5B) and significantly decreased the mRNA expression 
of Bax (P < 0.05, Fig. 5C). There were no significant differences in 
mRNA expression of p53 and Caspase-3 (Fig. 5D and E).

Discussion

Previous studies have reported that Herp, which is localized in the 
ER, is ubiquitously expressed in various organs, such as the heart, liver, 
skeletal muscle, kidneys and pancreas [16]. Herp degrades unfolded 
and misfolded proteins in the ER, stabilizes ER Ca2+ homeostasis 
and maintains mitochondrial function in neuronal cells [18, 19, 21]. 
In the present study, we attempted to determine for the first time 
the in vivo localization of Herp in mouse ovaries during the estrous 
cycle (Fig. 1). The expression of Herp was primarily in the oocytes 
and granulosa cells in various stages of follicular development. 
The higher expression of Herp at the estrous stages suggested its 
involvement in ovulation (Fig. 1J and K). Significantly increased 
induction of Herp expression by PMSG and hCG also indicated 
that Herp expression may be affected by ovulation and hormonal 
regulation (Fig. 1L and M). The in vitro results showed that Herp 
was involved in cell cycle control, steroid synthesis and regulation of 
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the expression of related genes in mouse granulosa cells, indicating 
that Herp may play an important role in regulating the function of 
granulosa cells and may further influence follicular development.

Follicular development and ovulation are primarily dependent 

Fig. 1. Localization and expression of Herp protein in mouse ovaries 
during the estrous cycle. A and B: diestrus, C and D: proestrus, 
E and F: oestrus, G and H: metestrus. I: negative control. Positive 
immunostaining for Herp is indicated by a brown reaction product. 
GC, granulosa cells; O, oocyte; T, theca cells; CL, corpus luteum. 
Scale bars, 50 μm (A, C, E, G and I) and 100 μm (B, D, F, and 
H). J and K: The protein level of Herp in the mouse ovary during 
the estrous cycle. L and M: The protein level of Herp in the 
mouse ovary after treatment with PMSG or hCG. P1D and P2D, 
treated with PMSG for 1 day and treated with PMSG for 2 day, 
respectively; H1D and H2D, treated with hCG for 1 day after 
treatment with PMSG for 2 day and treated with hCG for 2 day 
after treatment with PMSG for 2 day, respectively. Analyses of 
band intensity on films are presented as the relative ratio of Herp 
to β-actin. Statistical analysis is shown in the bar graphs. Data 
are presented as the mean ± SEM. Bars with different letters are 
significantly different (P < 0.05).

Fig. 2. Effective inhibition of Herp expression in primary mouse granulosa 
cells via transduction of the shHerp lentiviruses. A: Fluorescence 
images of granulosa cells transduced by lentivirus for 48 h. Scale 
bars, 100 μm. B: Immunofluorescent analysis of Herp protein 
expression levels in granulosa cells transduced with the shHerp 
lentivirus for 48 h. C: Relative mRNA expression of the Herp 
gene in granulosa cells transduced with the shHerp lentivirus for 
48 h. The amounts of mRNA were normalized to that of β-actin. D 
and E: Western blot analysis of Herp protein expression levels in 
granulosa cells transduced with shHerp lentiviruses for 48 h. The 
statistical analysis is shown in the bar graphs. Data are presented 
as the mean ± SEM. Bars with different letters are significantly 
different (P < 0.05).
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on the proliferation and luteinization of granulosa cells, which 
synthesize steroid hormones (such as E2 and P4) that have important 
roles [30–32]. Granulosa cells secrete sex steroid, as well as a series 
of growth factors involved in interactions with oocytes and theca 
cells during folliculogenesis. In the present study, we observed that 
knockdown of Herp significantly increased E2 production without 
affecting the P4 concentration in the primary cultured granulosa 
cells compared with the control group after transduction with the 
shHerp lentivirus for 48 h. Higher level of E2 level may have been 
due to an increase in the expression of Cyp19a1 (Fig. 3E), which 
is the rate-limiting enzyme in controlling androgen aromatization 
to estrogen [33]; higher E2 may also have been due to a decrease 

Fig. 3. Effect of Herp knockdown on the secretion of E2 and P4 in primary 
mouse granulosa cells caused by transduction with the shHerp 
lentivirus. A and B: Concentration of E2 and P4 in the culture 
medium of granulosa cells transduced with the shHerp lentivirus 
for 48 h. C–H: Relative mRNA expression of genes (Star, 
Cyp11a1, Cyp19a1, Cyp1b1, Has2 and Ptgs2) in granulosa cells 
transduced with the shHerp lentiviruses for 48 h. The amounts of 
mRNA were normalized to that of β-actin. The statistical analysis 
is shown in the bar graphs. Data are presented as the means ± 
SEM. Bars with different letters are significantly different (P < 
0.05).

Fig. 4. Effects of Herp knockdown on the cell cycle. A: Analysis of the 
cell cycle via flow cytometry in granulosa cells tranduced with 
the shHerp lentivirus for 48 h. B–D: Relative mRNA expression 
of cell cycle-related genes (cyclin A1, cyclin B1 and cyclin D2) 
in granulosa cells transduced with the shHerp lentivirus for 48 h. 
The amounts of mRNA were normalized to that of β-actin. The 
statistical analysis is shown in the bar graphs. Data are presented 
as the mean ± SEM. Bars with different letters are significantly 
different (P < 0.05).

Fig. 5. Effects of Herp knockdown on cell apoptosis. A: Measurement of 
cell apoptosis via flow cytometry in granulosa cells tranduced with 
the shHerp lentivirus for 48 h. B–E: Relative mRNA expression 
of cell apoptosis-related genes (Bcl-2, Bax, p53 and Caspase-3) 
in granulosa cells transduced with the shHerp lentivirus for 48 h. 
The amounts of mRNA were normalized to that of β-actin. The 
statistical analysis is shown in the bar graphs. Data are presented 
as the mean ± SEM. Bars with different letters are significantly 
different (P < 0.05).
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in the mRNA of Cyp1b1 (Fig. 3F), which is a crucial enzyme in 
regulating estrogen metabolism [34]. We also detected Has2 and 
Ptgs2, which are important for cumulus expansion and luteinization 
[35, 36]. We found that the knockdown of Herp could decrease the 
expression of Has2 mRNA (Fig. 3H), implying that Herp has a positive 
effect on Has2 regulation. We infer that Herp may be involved in 
folliculogenesis, cumulus expansion and ovulation through regulation 
of the expression of these genes in the mouse ovary.

Folliculogenesis includes follicular growth and atresia. This process 
is involved in numerous ovarian factors that regulate cell proliferation, 
differentiation and apoptosis. Follicular atresia may be initiated by 
the apoptosis of granulosa cells. However, we do not know whether 
Herp regulates the cell cycle and apoptosis of granulosa cells. In the 
present study, we detected various phases of the cell cycle of granulosa 
cells after Herp knockdown. The S phase of the shHerp group was 
significantly arrested compared with that in the shNC group (18.18 
± 1.02% and 11.55 ± 0.91%, respectively) (Fig. 4A). We speculated 
that Herp may play an important role in regulating granulosa cell 
proliferation by affecting cell cycle progression to further modulate 
ovarian development. We further detected the expression of genes 
related to the cell cycle. Knockdown of Herp decreased the mRNA 
level of cyclin A1, cyclin B1 and cyclin D2 (Fig. 4B–D). Cyclin A1 
is a key regulator of cell cycle progression from the S phase to the 
G2/M phase; this knockdown therefore resulted in S phase arrest 
[37]. The physiological function of cyclin D2 is to promote the 
G1 to S phase transition in a coordinated manner together with its 
antagonist, p27Kip1 [38]. Similarly, cyclin B1 is involved in normal 
cell cycle progression, and cyclin B1-Cdk1 is involved in mitotic 
exit and the start of a new cell division [39]. These results of cell 
cycle analysis and the expression of cyclin A1, cyclin B1 and cyclin 
D2 indicated that Herp may promote normal granulosa cell growth 
and proliferation.

Previous studies demonstrated that Herp depletion prevents cell 
death during glucose starvation [40]. Similarly, our recent study 
also showed that knockdown of Herp inhibits zearalenone-induced 
cell death in RAW 264.7 macrophages. Based on these studies, we 
predicted that knockdown of Herp could promote cell survival by 
inhibiting apoptosis in mouse granulosa cells. Although our results 
showed that knockdown of Herp could not inhibit apoptosis compared 
with the control in mouse granulosa cells (Fig. 5A), we found an 
increase in the mRNA level of Bcl-2 and a decrease in the mRNA 
expression of Bax after Herp knockdown (Fig. 5B and C). Bcl-2 is 
an anti-apoptotic molecule that is associated with cell survival [41]. 
We did not detect significant alterations in the mRNA levels of p53 
and Caspase-3, and it may not be possible to further decrease the 
percentage of apoptosis (10.7 ± 0.20% and 8.7 ± 0.77% in the control 
group and Herp knockdown group, respectively) in this normal 
culture model of granulosa cells. An induction model of apoptosis 
should be established to determine whether knockdown of Herp 
could promote cell survival or inhibit apoptosis in granulosa cells.

In summary, this study documented for the first time that the 
expression of Herp in granulosa cells is stage specific in the estrous 
cycle and is regulated by gonadotropin. Herp activation downregulates 
estrogen production in granulosa cells, possibly by controlling the 
expression of steroidogenic genes, which could regulate folliculo-
genesis and ovulation. The present study provided new insights into 

the function of Herp and the molecular mechanisms involved in the 
regulation of folliculogenesis and ovulation.
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