Sun et al. Journal of Ovarian Research (2023) 16:161 Journal Of Ovarian Research
https://doi.org/10.1186/513048-023-01249-4

RESEARCH Open Access

: : - : ®
The Hippo signaling pathway contributes =~ @

to the 2,5-Hexadion-induced apoptosis
of ovarian granulosa cells
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Abstract

Although n-hexane can induce ovarian damage by inducing ovarian granulosa cell (GC) apoptosis, the mechanism
underlying this induction of apoptosis has not been fully elucidated. In this study, rat ovarian GCs were exposed to dif-
ferent concentrations of 2,5-hexanedione (2,5-HD) (the main metabolite of n-hexane) in vitro to observe apoptosis,
and the mechanism was further explored via mRNA microarray analysis. Hoechst 33258 staining and flow cytometry
suggested that the apoptosis rate of ovarian GC apoptosis was significantly increased in the 2,5-HD-treated group.
Subsequently, microarray analysis revealed that a total of 5677 mRNAs were differentially expressed, and further

GO and KEGG analyses revealed that the differentially expressed genes were significantly enriched in many sign-
aling pathways, including the Hippo pathway. A total of 7 differentially expressed genes that function upstream

of the Hippo signaling pathway (Nf2, Wwc1, Ajuba, LIgl1, DIg3, Rassfé and Rassf1) were selected to confirm the micro-
array results by gRT-PCR, and the expression of these genes did change. Subsequently, the expression of key effector
genes (Yap1, Mst1 and Lats1) and target genes (Ctgf and Puma) of the Hippo signaling was measured, and the results
suggested that the mRNA and protein levels of Yap1, Mst1, Lats1, and Ctgf were significantly decreased while those
of Puma were significantly increased after 2,5-HD treatment. Further CO-IP analysis suggested that the interaction
between YAP1 and TEAD was significantly reduced after 2,5-HD treatment, while the interaction between YAP1

and P73 was not affected. In summary, during the 2,5-HD-induced apoptosis of ovarian GCs, the Hippo signaling
pathway is inhibited, and downregulation of the pro-proliferation gene Ctgf and upregulated of the pro-apoptosis
gene Puma are important. Decreased Ctgf expression was associated with decreased binding of YAP1 to TEAD. How-
ever, increased PUMA expression was not associated with YAP1 binding to P73.
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Introduction

2,5-Hexadione (2,5-HD) is the main metabolite of
n-hexane, and it is considered a substance that plays a
key role in the toxic effects of n-hexane [17]. N-Hexane
is an organic solvent that is commonly used in industry,
including the footwear and leather industries [28]. Occu-
pational exposure to n-hexane during production causes
frequent chronic n-hexane poisoning events, resulting
in toxicity in multiple organs and systems, including the
reproductive and nervous systems [17, 28]. In recent
years, the toxic effects of n-hexane on reproductive sys-
tems have received increasing attention. In particular,
n-hexane causes female reproductive toxicity. Limited
studies have shown that n-hexane and 2,5-HD can affect
the normal growth and development of ovarian follicles
and interfere with the secretion of sex hormones [1, 18].
Oral exposure to 2,5-HD increases follicle-stimulating
hormone and progesterone levels and decreases estradiol
levels in rats [1]. However, the mechanism underlying the
toxic effects of 2,5-HD on the female reproductive system
has not yet been fully elucidated.

Ovarian granulosa cells (GCs) are the main cell type in
the ovary, and these cells participate in steroid hormone
synthesis and the maintenance of normal follicular devel-
opment. The proliferation and apoptosis of GCs affect
follicular development and ovulation [10], and GC apop-
tosis is the direct cause of follicular atresia [22]. Zhang
et al showed that treatment of primary rat ovarian GCs
with 2,5-HD decreased cell viability and increased apop-
tosis [41]. In addition, exposure of human ovarian GCs to
2,5-HD for 24 h increased apoptosis by decreasing BCI2
expression and increasing Bax expression [30]. Ovar-
ian GC apoptosis may be one of the main mechanisms
underlying the toxic effects of n-hexane and its main
metabolite 2,5-HD on ovaries.

Although domestic and foreign scholars have discussed
the mechanism underlying n-hexane- and 2,5-HD-
induced ovarian GC apoptosis, knowledge about this
topic is still relatively limited. The Hippo signaling path-
way is a signal transduction pathway that was discov-
ered and has been widely studied in recent years; this
pathway functions to maintain the balance between cell
proliferation and apoptosis and the stability of the intra-
cellular environment [6, 15]. When the Hippo pathway
is inhibited, activated YAP translocates to the nucleus
and promotes the expression of genes that regulate cell
proliferation and apoptosis [36]. YAP is a downstream
effector molecule of the Hippo pathway and can be
involved in the regulation of ovarian function [2]. It has
been suggested that the Hippo pathway can participate
in primordial follicle initiation by regulating AKT sign-
aling molecules in mice [14], and YAP knockdown in
human ovarian GCs results in a significant decrease in
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cell proliferation [8]. Thus, the Hippo signaling pathway
may play an important role in the regulation of ovarian
GC apoptosis.

In this study, we aimed to preliminarily explore genes
that are differentially expressed during 2,5-HD-induced
ovarian GC apoptosis by mRNA expression profiling
technology and to investigate select signaling pathways
(such as the Hippo signaling pathway) that may be closely
related to ovarian GC apoptosis. Furthermore, qRT-PCR,
western blot and Co-IP were used to measure the expres-
sion levels of genes and proteins that are related to the
Hippo signaling pathway. We also aimed to analyze the
interactions of the key signaling molecule YAP with tran-
scription factors that are related to cell proliferation and
apoptosis after its nuclear translocation in order to inves-
tigate the possible molecular mechanism by which the
Hippo signaling pathway regulates 2,5-HD-induced ovar-
ian GC apoptosis. We hope to provide new insights into
female reproductive toxicity studies of 2,5-HD.

Materials and methods

Animals

Twenty-one-day-old female SD rats of clean grade
(50~60 g) were purchased from the Laboratory Animal
Center of Fujian Medical University (production license
number: SCXK 2018-0002). The rats were fed and given
water ad libitum, and the environmental conditions of
the room were controlled by a central air conditioner and
maintained at a temperature of 20~26 °C and a relative
humidity of 50%~70%. After one week of adaptive feed-
ing, bilateral ovaries were aseptically harvested from
the backs of the rats (48 h before the ovaries were har-
vested, the rats were injected with pregnant mare serum
gonadotropin (PMSG, 10 IU, Ningbo Company, China)
to stimulate follicular development). Both ovaries were
transferred to culture dishes containing prewarmed dis-
section medium. In brief, after the back skin of the rats
was disinfected with 75% alcohol, the back skin of the rats
was grasped using a pair of fine dissection forceps, and a
large incision was made in the skin and body wall. Next,
the muscle was pushed aside using watchmaker forceps,
and the ovaries were exposed. The ovaries were gently
grasped with watchmaker forceps, and scissors were used
to sever their attachment to the uterus. These methods
were described in detail in our previous study [20].

Isolation, culture and 2,5-HD treatment of ovarian GCs

After both ovaries were removed from the rats under
aseptic conditions, residual connective tissue and
blood were removed, placed in a transfer dish contain-
ing DMEM/F12 (Invitrogen, CA, USA) culture medium
(supplemented with 100 U/ml penicillin G and 100 mg/L
streptomycin), and incubated at 37 °C. Follicles were
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punctured with a 5-gauge needle under a stereomicro-
scope to release GCs into the culture medium. All the
media containing cells were collected, and the samples
were centrifuged at 1000 rcf at 4 °C for 5 min. The super-
natants were discarded, DMEM/F12 medium supple-
mented with 10% BSA and double antibodies was added
to the cell pellets at the bottom of the centrifuge tubes
to generate single cell suspension. The cell suspensions
were gently mixed and transferred to culture dishes.
Than, after 24 h of culture in a 37 °C cell incubator, the
culture medium was replaced, and the cells were exposed
to four concentrations of 2,5-HD, namely, 0 mM, 20 mM,
40 mM, and 60 mM for 24 h for subsequent experiments.
The procedure was performed as previously described
[31, 41].

The doses were selected based on the following. Sig-
nificant toxic effects on cellular organelles and processes
have been observed in both in vivo and in vitro studies
when 2,5-HD was used at doses in the millimolar range
[11, 21]. It was observed that 24 h of exposure to 2,5-HD
(20-60 mM) can induce the apoptosis of rat pheochro-
mocytoma (PC12) cells [29]. After 48 h of treatment
with 10-30 mM 2,5-HD, the viability of human neuro-
blastoma SK-N-SH cells sharply decreased, with an IC,
of 22.4+0.2 mM, and there was a significant increase in
apoptotic nucleoid formation after treatment with 8.5-17
mM 2,5-HD [39]. Therefore, in this study, ovarian GCs
were treated with a relatively high dose of 2,5-HD. In
addition, we performed a CCK8 assay after ovarian GCs
were treated with 2,5-HD, and the results indicated that
the cell viability was high (> 80%) after treatment with 0,
20, 40 and 60 mM 2,5-HD.

Cell Counting Kit-8 (CCK-8) assay

The CCK-8 method (Dojindo Laboratories, Japan) was
used to assess the relative viability of ovarian GCs. GCs
were seeded in 96-well plates at a density of 1 x 10* cells/
well. After 24 h of treatment with 2,5-HD, 10 pL. CCK-8
solution was added to each well and incubated in a 37 °C
incubator (ESCO, Singapore) for 2 h. Then, the absorb-
ance values were measured at a wavelength of 450 nm
using an enzyme-labeled instrument. Cell viability was
calculated with the following formula: (OD value -
blank)/(OD value - blank) x 100%.

Hoechst 33258 fluorescence staining

Apoptosis was analyzed with a Hoechst 33258 kit. Briefly,
clean coverslips were placed in six-well plates, and cells
were seeded in the wells at a density of approximately
50% to 80% and cultured overnight. 2,5-HD (0, 20, 40 and
60 mM) was added and incubated for 24 h. The cells were
washed with PBS and incubated in 4% paraformaldehyde
solution for 30 min at room temperature. The cells were
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then washed twice with Buffer A of the Hoechst 33258
staining kit, stained with Hoechst 33258 for 10 min, and
imaged under a fluorescence microscope (100X magnifi-
cation). Four quadrants of the coverslip and three fields
were randomly photographed, and a total of 12 fields
were imaged and analyzed. Cells with dark blue fluores-
cent spots in the nucleus were considered apoptotic cells.
According to the difference in the fluorescence of apop-
totic cells, the rate of GC apoptosis in each treatment
group was calculated.

Flow cytometry assay

GCs (n = 3/group) were collected via trypsin digestion
without EDTA and analyzed using an apoptosis detection
kit (Jiangsu Key GEN Biological Technology Develop-
ment Co., Ltd., Nanjing, Jiangsu, China). Briefly, approxi-
mately 1-5x10° exposed ovarian GCs were transferred
to EP tubes and washed with PBS, and 100 ul of Binding
Buffer was added to resuspend the cells. Then, the cells
were stained with 5 pl Annexin V-FITC for 5 min, fol-
lowed by 5 pl PI at room temperature in the dark for 5-15
min. Approximately 400 pL Binding Buffer was added,
and flow cytometry was performed within 1 h (BD Bio-
sciences, CA, USA).

Microarray analysis

Ovarian GCs (n = 3/group) exposed to 0 mM or 60
mM 2,5-HD for 24 h were collected for mRNA micro-
array analysis, which was performed by Beijing Boao
Jingdian Biotechnology Co., Ltd. Specifically, total RNA
was extracted using the TRIzol method, and RNA sam-
ples that passed quality inspection were further purified
with a mirVana' = miRNA Isolation Kit (AM1561). Sub-
sequently, mRNA expression profiling was performed by
in vitro amplification and fluorescence labeling starting
with the total RNA of the test samples, and the labeling
process was performed using the Crystal Core ® Biochip
Universal Labeling Kit. The labeled products were puri-
fied and quantified for chip hybridization. At the end of
hybridization, the chips were removed and washed in a
Boo Slide Washer8 chip washer, and the washed chips
were scanned using an Agilent chip scanner (G2565CA)
to obtain hybridization images. Finally, the hybridization
images were analyzed using Agilent Feature Instrument
(v10.7) software, and data were normalized by Agilent
GeneSpring software.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) analyses

mRNAs that were differentially expressed (fold change
(FC) > 2.0 and P < 0.05) were screened for GO and
KEGG analyses. GO analysis can be divided into three
parts: biological process (BP), cellular component (CC)
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and molecular function (MF). According to the corre-
sponding ID or sequence annotation, relevant proteins
or genes can be matched to their corresponding GO
numbers and terms, that is, corresponding functional
categories or cellular localization. According to the func-
tion of molecular involvement, KEGG pathway analysis
was performed by analyzing the degree of target gene
enrichment in signaling pathways to identify significantly
enriched biological signaling pathways, and these analy-
sis were achieved by DAVID.

Reverse transcription and real-time quantitative PCR
TRIzol reagent (Ambion, US) was used to extract total
RNA from GCs (n = 3/group). The PrimeScript =~ RT
kit and Mir-XmiRNA First-Strand Synthesis kit (Takara,
Biotechnology, Dalian, China) were then used to reverse
transcribe RNA into ¢cDNA. Finally, qRT-PCR was per-
formed using TB GreenTM Premix EX TaqTM RR420
(Takara Bio Inc., Shiga, Japan), and gapdh was used as
an internal reference. Amplification was performed on a
LightCycler 480 Real-Time PCR System (Roche, Switzer-
land). The primer sequences are listed in Table S1. This
experimental protocol was described in our previous
study [19].

Western blotting

Total protein was extracted from GCs (n = 3/group),
and the protein concentration was determined with a
BCA protein assay kit (Beyotime, Jiangsu, China). Sub-
sequently, protein samples were added to a gel for SDS—
PAGE, and at the end of electrophoresis, the proteins
were transferred to polyvinyldifluoride (PVDF) mem-
branes. The membranes were then incubated with pri-
mary antibodies (antibodies against p-YAP1, p-MEST1,
YAP1, MEST1, p-LAST1, and PUMA, 1: 1000, Cell Sign-
aling Technology; antibodies against LAST1 and CTGE,
1:1000, Abcam) at 4 °C overnight. The membranes were
washed using TBS-T and then incubated with a sec-
ondary antibody (goat anti-rabbit IgG(H+L), horserad-
ish peroxidase (HRP) conjugate, 1:3000, Proteintech) at
room temperature for 1 h. Finally, the membranes were
analyzed by enhanced chemiluminescence.

Co-IP

Cells were washed twice with PBS, and an appropriate
volume of cell lysis buffer, supplemented with protease
inhibitors (100x) was added according to the cell num-
ber, and the cells were thoroughly lysed on ice for 20 to
30 min. Then, 1/10 volume was collected and used as
the input sample; 6/10 volume was collected and used
as the IP group; and 3/10 volume was collected and used
as the IgG group. Approximately two to five micrograms
of antibody was added to the IP group, and 1 ul of IgG
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was added to the IgG group; then, the samples were incu-
bated at 4 °C overnight with shaking in a vertical mixer.
Protein-A/G bead suspensions were prepared, and 0.2
ml Protein A/G-MagBeads were added to the IP and
IgG groups and incubated at 4 °C with shaking in a verti-
cal mixer for 1 to 2 h. After the beads were washed with
Wash Buffer I, elution buffer was added, the proteins
were denatured and eluted in a boiling water bath for 10
min, and the supernatant was collected. One-fourth vol-
ume of 5 X SDS loading buffer was added to each of the
input, IP, and IgG samples, and the samples were boiled
in a water bath for 5 min. The protein complexes were
analyzed by western blotting analysis (antibody infor-
mation: anti-p73 antibody, Abcam; anti-YAP antibody,
TEAD Cell Signaling Technology).

Statistical analysis

Statistical analysis was performed using SPSS 24.0, and
data are presented as the mean + standard deviation.
Comparisons between two samples were performed
using a t-test. Quantitative data conformed to a normal
distribution, and variance was homogeneous. One-way
analysis of variance (one-way ANOVA) was performed,
and pairwise comparisons were performed with LSD.
Dunnett’s T3 test was used for pairwise comparisons if
the variance was heterogeneous, and nonnormal data
were analyzed by a nonparametric rank sum test. The test
level o was 0.05, and P < 0.05 was considered to indicate
statistically significant differences.

Results

Morphological changes in GCs after 2,5-HD treatment

As shown in Fig. 1, according to microscopy, the GCs
in the control group were spindle-shaped and uniform
in size, with more adherent cells and tight cell-cell con-
tact (Fig. 1A); the morphology of the GCs in the 20 mM
group began to change, some GCs lost their spindle
shape, and cell attachment decreased (Fig. 1B); the GCs
in 40 mM group began to change from adherent long
spindles to round cells, and the proportion of irregularly
shaped cells gradually increased (Fig. 1C); and the GCs in
the 60 mM group exhibited irregular morphology, weak-
ened refraction, loose cell contact, and even cell mem-
brane rupture (Fig. 1D). After 24 h of 2,5-HD treatment,
the CCK8 results indicated that the cell viability was still
high (>80%) in each treatment group (Figure S1).

Apoptosis of ovarian GCs treated with 2,5-HD

First, we measured the degree of ovarian GC apoptosis by
two methods. The Hoechst fluorescence staining results
suggested that after ovarian GCs were treated with 2,5-
HD for 24 h, the number of nuclei with strong blue fluo-
rescence was significantly increased, and the rate of GC
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Fig. 1 2,5-HD treatment of GCs (x 100). A 0 mM, B 20 mM, C 40 mM, D 60 mM

apoptosis was significantly higher in the 40 mM and 60
mM 2,5-HD treatment groups than in the control group
(P < 0.05) (Fig. 2A-E). In addition, the flow cytometry
results suggested that the rate of cell apoptosis in the 60
mM 2, 5-HD group was significantly higher than that in
the control group (P < 0.05) (Fig. 2F, G).

mRNA microarray and bioinformatics analysis
To further investigate the possible mechanism under-
lying 2,5-HD-induced ovarian GC apoptosis, mRNA
microarray analysis was used to discover possible dif-
ferentially expressed genes. Figure S2 shows the cluster-
ing plot, scatter plot and volcano plot of the microarray
analysis results, and the microarray screening results sug-
gested that the expression of 5677 mRNA molecules was
changed compared with the control group (FC > 2, P <
0.05); among these molecules, 2982 genes were upregu-
lated and 2695 genes were downregulated. Gene expres-
sion was significantly affected by 2,5-HD exposure.
Subsequently, we performed GO and KEGG analysis
of the differentially expressed genes, and the GO analysis
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results suggested that the differentially expressed genes
were significantly enriched in items such as system devel-
opment, developmental process, cell differentiation, and
signaling activity (Table 1). In addition, the KEGG results
indicated that the differentially expressed genes were sig-
nificantly enriched in the Ras signaling pathway, PI3K-
Akt signaling pathway and Hippo signaling pathway. This
finding attracted our attention due to the close relation-
ship between the Hippo signaling pathway and prolifera-
tion and apoptotic processes (Fig. 3).

Measurement of Hippo signaling pathway-related mRNA
expression levels by microarray

To further elucidate whether the Hippo signaling pathway
is involved in 2,5-HD-induced ovarian GC apoptosis, we
screened a total of seven differentially expressed genes that
are related to the Hippo signaling pathway (Nf2, Wwcl,
Ajuba, Llgl1, Dlg3, Rassf6, and Rassfl) via microarrays and
measured their mRNA levels. As shown in Fig. 4, com-
pared with the control group, the expression levels of Nf2,
Wwcl, Ajuba and Llgll were decreased in each treatment
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Fig. 2 Levels of apoptosis in ovarian GCs after 2,5-HD treatment. A 0 mM, B 20 mM, C40 mM, D 60 mM, E Hoechst staining was used to detect
the apoptosis of ovarian GCs after 2,5-HD treatment, F, G Flow cytometry was used to measure the rate of ovarian GC after 2,5-HD treatment

group; the expression levels of Dlg3 were decreased in the
40 mM and 60 mM treatment groups; the expression lev-
els of Rassf6 and Puma were increased in the 20 mM and
40 mM treatment groups; and the expression levels of
Rassfl were decreased in the 20 mM and 60 mM treatment
groups (P < 0.05). As shown in Table 2, the qRT-PCR vali-
dation results were further compared with the microarray
results, and the expression results were highly consistent.

The Hippo signaling pathway may indeed be altered during
the 2,5HD-induced apoptosis of ovarian GCs

Gene expression levels of major Hippo pathway
components during 2,5-HD-induced apoptosis of ovarian
GCs

Furthermore, we measured the expression levels of
Mstl, Lats1, Yapl, PUMA and Ctgf, which are the main
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Table 1 GO analysis results of differentially expressed mRNAs
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GO.ID

Term

Enrichment score

Biological Process

G0:0007275 multicellular organismal development 6.321654736
GO:0044767 single-organism developmental process 5041611829
GO:0048731 system development 4777046162
GO0:0032502 developmental process 4.768734607
GO:0048856 anatomical structure development 4.453664786
GO:0007399 nervous system development 3.923618827
GO:0007423 sensory organ development 3.754145953
GO:0030154 cell differentiation 3.602051827
GO:0061061 muscle structure development 3461222487
GO:0043583 ear development 3449166625
Molecular Function
GO:0005102 receptor binding 3629180403
GO:0004222 metalloendopeptidase activity 2.720560299
GO:1901338 catecholamine binding 2.585346644
G0:0005249 voltage-gated potassium channel activity 2.519359047
GO:0008373 sialyltransferase activity 2.311249421
GO:0015368 calcium:cation antiporter activity 2.264286554
G0:0035250 UDP-galactosyltransferase activity 2.254803061
GO:0008009 chemokine activity 2.116991007
GO:0004769 steroid delta-isomerase activity 1.956736383
GO:0042605 sphingolipid binding 1492154783

Cellular Component

GO:0043197 dendritic spine 2.874983532
G0:0044309 neuron spine 2.724720441
GO:0005641 nuclear envelope lumen 2.264286554
GO:0042612 MHC class | protein complex 2.228621192
GO:0032589 neuron projection membrane 2.019749583
G0:0032777 Piccolo NuA4 histone acetyltransferase complex 1.956736383
GO:0034705 potassium channel complex 191762543

GO:0097458 neuron part 1.894100317
GO:0043198 dendritic shaft 1676560399
GO:0071546 pi-body 1.602565457

genes in the Hippo signaling pathway, and the qRT-PCR
results suggested that compared with the control group,
the mRNA relative expression levels of Yapl and Ctgf
decreased with increasing treatment dose (P < 0.05). The
relative mRNA expression levels of Mstl and Latsl in
the 40 mM and 60 mM treatment groups decreased (P
< 0.05), and Puma was upregulated in the 20 mM and 40
mM groups but decreased in the 60 mM group (Fig. 5).
Western blotting results suggested that MST1, p-MST1,
LATS1, p-LATS1, p-LATS1, YAP1, p-YAP1 and CTGF
protein expression decreased in each treatment group

compared with the control group (P < 0.05); PUMA pro-
tein expression was upregulated in the 40 mM and 60
mM treatment groups (P < 0.05) (Fig. 6).

Co-IP verifies the interaction of YAP1 with the transcription
factors P73 and TEAD

Finally, we conducted Co-IP experiments to elucidate
the effect of YAP1 on the downstream apoptosis-related
intranuclear transcription factors P73 and TEAD, and
the results are shown in Fig. 7A, B. The mRNA level of
P73 was upregulated in the 40 mM and 60 mM groups,
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Fig. 3 Differentially expressed gene pathway analysis (Top30, P < 0.05)

while Tead4 was downregulated in each 2,5-HD treat-
ment group. As shown in Fig. 7C, P73 can be immuno-
precipitated with the YAP1 protein, indicating that there
is an interaction between P73 and YAP1, but there was
no significant difference in the relative amount of the
protein that was bound by the transcription factor and
YAPI1 after 2,5-HD treatment (P >0.05). TEAD also inter-
acts with YAPI, but after treatment with 2,5-HD, TEAD
protein expression levels were reduced, and the relative

amounts of proteins that bound to YAP1 were reduced (P
<0.05) (Fig. 7C-H).

Discussion

In this study, we observed by mRNA expression profil-
ing that in ovarian GCs, the Hippo signaling pathway
was significantly inhibited during 2,5-HD-induced
apoptosis, as shown by the downregulation of pro-
proliferation gene expression and the upregulation of
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Fig. 4 Microarray differential Hippo pathway-related mRNA expression levels after 5-HD treatment

Table 2 Microarray results compared to gRT-PCR results

Gene Name RT-PCR Microarray
Nf2 down down
Wwcl down down
Ajuba down down

Liglt down down

Dlg3 down down
Rasst6 up up

Rassf1 up down

pro-apoptosis genes expression. Further mechanistic
studies showed that Puma was significantly upregulated
after YAP1 entered the nucleus following treatment
with 2,5-HD (enhanced proapoptotic signal), but this
was not explained by an interaction between YAP1 and
P73. In addition, 2,5-HD exposure reduced the inter-
action between YAP1 and TEAD, thereby inhibiting
proliferation signals. The balance between cell prolifer-
ation and apoptosis was disrupted, which increased the

apoptosis of ovarian GCs.
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Fig. 5 mRNA expression levels of major genes of the Hippo apoptosis-related pathway after 2,5-HD treatment

Effect of in vitro 2,5-HD exposure on the apoptosis

of ovarian GCs

In this study, Hoechst 33258 staining was used to con-
firm the apoptosis-inducing effect of 2,5-HD on GCs,
and the rate of GC apoptosis after treatment with 2,5-
HD was higher than in the control group. Flow cytom-
etry is characterized by high sensitivity and rapidity and
is an important method for studying apoptosis [19]. Flow
cytometry results also showed that the rate of GC apop-
tosis increased in 2,5-HD treatment group. Thus, 2,5-
HD increased the apoptosis of ovarian GCs, which may
be one of the mechanisms underlying ovarian function
damage.

mRNA microarray analysis of ovarian GCs in rats treated
with 2,5-HD

To investigate the key pathways that regulated the apop-
tosis induced by 2,5-HD in rat ovarian GCs, we per-
formed mRNA microarray analysis. The results showed
that there were 5677 differentially expressed mRNAs
between the treated and control groups, and further
GO and KEGG analyses suggested that the differentially

expressed genes were significantly enriched in Ras sign-
aling pathway, PI3K-Akt signaling pathway, and Hippo
signaling pathway. Among these pathways, the Hippo
signaling pathway has attracted great interest.

The Hippo signaling pathway plays an important role
in regulating cell proliferation and apoptosis [13, 35].
The Hippo signaling pathway is mainly composed of
three interrelated parts: upstream regulatory signaling
molecules (Fat, FRMD6, NF2, KIBRA, etc.), core kinase
cascade complexes (Mstl/2, Lats1/2, TAZ, and YAP),
and downstream intranuclear transcriptional regulatory
complexes (TEAD1/4, Wbp-2, p73, etc.) [12]. Further, we
screened seven genes with significant expression differ-
ences in expression that were related to the Hippo path-
way, namely, Nf2, Wwcl, Ajuba, Llgll, Dlg3, Rassf6, and
Rassfl. qRT-PCR showed that these genes were signifi-
cantly differentially expressed, again suggesting that the
Hippo signaling pathway is important in 2,5-HD-induced
ovarian GC apoptosis. In addition, we noticed that the
qRT-PCR results were basically consistent with the
microarray results, which also suggested that the micro-
array data were reliable.
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Fig. 6 Protein expression levels of major genes of the Hippo apoptosis-related pathway after 2,5-HD treatment

Nf2, Wwecl, Ajuba, Llgll, Dlg3, Rassf6 and Rassfl are
upstream signaling molecules of the Hippo signaling path-
way. Increased expression of NF2 promotes the activation
of MST1 [23], and loss of WWC1 expression can be accom-
panied by a decrease in LATS and YAP phosphorylation
[25]. RASSF6 is a member of the RASSF tumor suppressor
protein family that binds to MST1/2 and synergizes with
the Hippo pathway to induce apoptosis [3, 34]. RASSF1A
increases MST1/2 phosphorylation and promotes MST
kinase activity [9]. In addition, downregulation of AJUBA
expression is associated with structural activation of YAP,
which negatively regulates YAP activity via LATS [32]. Lgl,
Scribble, and Dlg from protein complexes, and Scrib/Dlg/

Lgl complexes can serve as scaffolds to promote interac-
tions between the proteins of the Hippo pathway [26]. The
results showed that the expression of Nf2, Wwcl, Ajuba,
Llgl1, Dlg3, Rassf6 and Rassf1 was significantly altered after
2,5-HD treatment, suggesting that changes in the Hippo
signaling pathway are likely to be involved in GC apoptosis
induced by 2,5-HD exposure.

Changes in upstream signaling molecules cause changes

in the expression of key genes that are related to the Hippo
signaling pathway

Next, we wanted to further explore the changes that
occurred in the expression of core genes of the Hippo
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apoptotic pathway, namely, Mstl, Latsl, Yapl, Puma,
and Ctgf when Hippo signaling pathway was inhibited
by changes in upstream signaling molecules, such as Nf2,
Wwecl, Ajuba, Llgll, Dlg3, Rassf6, and Rassf1.

The results suggested that MST1, LATS1, p-LATS],
and p-MST1 were decreased after 2,5-HD treatment.
Combined with the previous findings, the changes in
MST1 and LATS1 expression may be due to coregula-
tion by upstream regulatory genes, such as Nf2, Rassfl,
and Wwcl, which inhibit MST1 and LATS] total pro-
tein expression as well as their phosphorylation, thereby
inhibiting the Hippo signaling pathway [16, 27, 37].
Numerous studies have suggested that MST1 and LATS1
are associated with changes in YAP [33]. For example, it
has been shown that overexpression of LATS1 in ovarian
GCs reduces estrogen secretion, and LATS1 can regulate
StAR expression by phosphorylating LOXL2 and YAP [5].
Our results showed that the protein expression of YAP1
and p-YAP1 was decreased in each treatment group,
indicating that YAP1 was related to 2,5-HD-induced
apoptosis in rat ovarian GCs. This may be associated with
downregulation of MST1 and LATS1.

Subsequently, we measured the expression levels of
the downstream target proteins CTGF and PUMA after
the translocation of activated YAP to the nucleus dur-
ing 2,5-HD-mediated inhibition of the Hippo signaling
pathway, and the results showed that the expression of
the pro-proliferation protein CTGF was decreased and
the expression of the pro-apoptosis protein PUMA was
increased, which were closely related to 2,5-HD-induced
ovarian GC apoptosis. How does YAP cause changes in
the expression of downstream target genes after entering
the nucleus?

Molecular mechanism underlying the interaction
between major proteins of the Hippo apoptotic pathway
during 2,5-HD-induced apoptosis in rat ovarian GCs
It has been shown that p73-induced apoptosis is medi-
ated by PUMA, which in turn leads to the mitochondrial
translocation of Bax, and p73 induces apoptosis through
the mitochondrial pathway using PUMA and BAX as
mediators [4, 7, 24]. After entering the nucleus, YAP can
bind to P73 and promote the transcription of the apop-
totic gene Puma [4]. In addition, When the Hippo path-
way is inhibited, YAP, when bound to the transcription
factor TEAD, can promote the expression of the down-
stream target gene Ctgf expression and participate in cell
proliferation and apoptosis [38, 40, 42]. This suggests
that the changes in Ctgf and Puma expression are likely
related to the effects of YAP1 interaction with P73 and
TEAD.

Therefore, we further investigated whether YAP1
interacts with the P73 and TEAD proteins. First, we
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found that 2,5-HD treatment also affected the expres-
sion of p73 and Tead. Subsequent Co-IP results showed
that P73 could coimmunoprecipitate with the YAP1
protein in this experimental treatment model, indicat-
ing that P73 interacted with YAP1, however, 2,5-HD
treatment did not affect the binding of YAP1 to the
apoptosis-related transcription factor P73. In addition,
YAPI1 can also interact with TEAD, and after treat-
ment 2,5-HD, the interaction of YAP1 with TEAD was
significantly reduced, which may result in weakened
downstream cell proliferation signals. Thus, 2,5-HD
exposure promoted the nuclear translocation of acti-
vated YAP, which resulted in decreased expression
of the downstream target protein CTGF; this may be
associated with decreased interactions between YAP
and TEAD, while expression of the proapoptotic gene
PUMA increased, regardless of the direct interaction of
YAP with P73.

In summary, inhibition of the Hippo signaling path-
way is critical during the 2,5-HD-induced apoptosis
of ovarian GCs under the conditions of this experi-
ment. The expression levels of MST1 and LATS1 were
reduced, and the inhibitory effect on YAP1 was lost,
causing a decrease in the downstream target pro-
tein pro-proliferation CTGF protein and an increase
in the expression level of pro-apoptotic PUMA. The
decreased interaction between YAP1 to the TEAD
transcription factor is responsible for the decreased
expression of the anti-apoptotic protein CTGF. How-
ever, upregulation of PUMA was not associated with
the direct binding of YAP to P73. The Hippo signaling
pathway is likely to be involved in the 2,5-HD-induced
apoptosis of rat ovarian GCs by regulating the balance
between cell proliferation and apoptosis. However, due
to the lack of experiments in which the Hippo signaling
pathway was targeted, it is not known whether 2,5-HD-
induced GC apoptosis would change after activation of
the Hippo pathway. For example, it is necessary to carry
out further YAPI1 rescue experiments to further eluci-
date the mutual regulatory relationship between genes.
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