Received: 6 July 2020

Revised: 10 October 2020

Accepted: 21 October 2020

DOI: 10.1111/cpr.12954

ORIGINAL ARTICLE

WILEY

MicroRNA-146b-5p overexpression attenuates premature
ovarian failure in mice by inhibiting the Dab2ip/Ask1/p38-
Mapk pathway and YH2A.X phosphorylation

Te Liu? | JiajiaLin! | Chuan Chen® | Xiaoli Nie! | Fangfang Dou® | Jiulin Chen® |
Zhenxin Wang® | Zhangbin Gong*

1Shanghai Geriatric Institute of Chinese
Medicine, Shanghai University of Traditional
Chinese Medicine, Shanghai, China

’Department of Pathology, Yale University
School of Medicine, New Haven, CT, USA

3Department of Laboratory Medicine
of Zhongshan Hospital and Institute of
Biomedical Science, Fudan University,
Shanghai, China

“Department of Biochemistry, College of
Basic Medicine, Shanghai University of
Traditional Chinese Medicine, Shanghai,
China

Correspondence

Zhangbin Gong, Department of
Biochemistry, College of Basic Medicine,
Shanghai University of Traditional Chinese
Medicine, Shanghai 201203, China.

Email: zhangbingong@126.com

Funding information

National Natural Science Foundation of
China, Grant/Award Number: 81973899 and
81774019; Development Fund for Shanghai
Talents, Grant/Award Number: 2017054;
Xinglin talents of Shanghai University of
TCM, Grant/Award Number: 201707081;
development of traditional Chinese medicine
in Shanghai, Grant/Award Number: ZY
(2018-2020)-C and CCX-4004

Abstract

Objective: To examine the role of high-fat and high-sugar (HFHS) diet-induced oxi-
dative stress, which is a risk factor for various diseases, in premature ovarian failure
(POF).

Materials and methods: Ovarian granulosa cells (OGCs) were isolated from mice
and cultured in medium supplemented with HFHS and poly (lactic-co-glycolic acid)
(PLGA)-cross-linked miR-146b-5p nanoparticles (miR-146@PLGA). RNA and protein
expression levels were examined using quantitative real-time polymerase chain reac-
tion and Western blotting, respectively. HFHS diet-induced POF model mice were
administered miR-146@PLGA.

Results: The ovarian tissue of mice fed a HFHS diet exhibited the typical pathologi-
cal characteristics of POF. HFHS supplementation induced oxidative stress injury in
the mouse OGCs, activation of the Dab2ip/Ask1/p38-Mapk signalling pathway and
phosphorylation of yH2A.X in vitro and in vivo. The results of the luciferase reporter
assay revealed that miR-146 specifically downregulated p38-Mapk14 expression.
Meanwhile, co-immunoprecipitation and Western blot analyses revealed that HFHS
supplementation upregulated nuclear p38-Mapk14 expression and consequently
enhanced yH2A X (Ser139) phosphorylation. The HFHS diet-induced POF mouse
model treated with miR-146@PLGA exhibited downregulated p38-Mapk14 expres-
sion in the OGCs, mitigated OGC ageing and alleviated the symptoms of POF.
Conclusions: This study demonstrated that HFHS supplementation activates the
Dab2ip/Ask1/p38-Mapk signalling pathway and promotes yH2A.X phosphorylation
by inhibiting the expression of endogenous miR-146b-5p, which results in OGC age-
ing and POF development.
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1 | INTRODUCTION

Premature ovarian failure (POF) is characterized by amenorrhoea,
low oestrogen, high gonadotropin and a lack of mature follicles in fe-
males aged below 40 years and leads to infertility.* The pathogene-
sis of POF is closely associated with the health and quality of ovarian
granulosa cells (OGCs).1">® Ageing and apoptosis of the OGCs con-
tribute to a decline in ovarian reserve function.>® Previously, we
demonstrated that oxidative stress-induced injury adversely affects
OGC health.! Recent studies have reported that a high-fat and high-
sugar (HFHS) diet increases the risk of obesity, tumour formation,
and cardiovascular disease’? and adversely affects ovarian function
and ovum quality.lo'12 However, further studies are needed to deter-
mine the pathogenetic mechanisms underlying the effects of HFHS
diet-induced obesity on OGC ageing and POF.

Differentially expressed in ovarian cancer 2/disabled homolog 2
(DOC-2/DAB2), which is one of the two fruitless genes in Drosophila, is
a phospholipid protein that is reported to function in the colony-stimu-
lating factor-1 (CSF-1) signal transduction pathway of macrophages.**™*°
DAB?2 exhibits tumour suppressor activity and is associated with the de-
velopment of various tumours.*>1*1¢ DOC2/DAB2 interaction protein
(DAB2IP; also known as apoptosis signal-regulating kinase 1-interacting
protein-1 [AIP1]) directly interacts with DOC-2/DAB?2 to regulate var-
ious pathological characteristics of tumour cells, such as proliferation,
invasion and apoptosis.'*® Additionally, DAB2IP, which belongs to the
Ras-GTPase activating protein (RAS-gap) family, exhibits tumour sup-
pressor activity.*®” Protein kinase conserved domain 2 of DAB2IP can
bind to apoptosis signal-regulating kinase 1 (ASK1), phosphatase 2A
(PP2A) and vascular endothelial growth factor receptor 2 (VEGFR2).1617
The N-terminus of DAB2IP binds ASK1 and dephosphorylates it at Ser-
967. This results in activation of the p38-MAPK14 and JNK pathways in
the presence of tumour necrosis factor (TNF) through activation of the
downstream TNFR1/TRADD/rip1/TRAF2 complex in endothelial cells,
which leads to cell injury and apoptosis.}*” Activation of the DAB2IP/
ASK1 signalling pathway is associated with cell ageing and death. On
our previous studies, we found that high fat diet could induce devel-
opment of mouse atherosclerosis by promoting the expression of the
DAB2IP/ASK1 pathway in vascular endothelial cells. The results of mo-
lecular biology assay (immunofluorescence staining, gPCR and Western
blotting) indicated that the expression levels of the mRNAs or proteins
related to the DAB2IP/ASK1 pathway were significantly higher in the
vascular endothelial cells of high fat diet treated group compared with
control group. Meanwhile, the results of pathology assay showed that
the plaque area, volume fraction of collagen fibres and lipid area in the
aortic root was markedly elevated in the high fat diet treated group
compared with the control group. Besides, the peripheral blood levels
of total cholesterol, triglycerides and low-density lipoprotein choles-
terol were statistically significantly increased, whereas the high-den-
sity lipoprotein cholesterol was statistically significantly decreased in
the high fat diet treated group in comparison with the control group.
Therefore, we have reason to believe that DAB2IP/ASK1 signal path-
way is closely related to vascular injury and atherosclerosis induced by

high-fat diet. However, whether there is a close relationship between

DAB2IP/ASK1 pathway and premature ovarian failure induced by high-
fat and high sugar diet has not been studied in depth.

MicroRNAs (miRs), a group of non-coding RNAs with a length of
20-23 nucleotides,“?*? do not encode proteins as they do not con-
tain an open reading frame. The major function of miRs is downreg-
ulation of target gene expression by binding to the 3’-untranslated
coding region (3’ -UTR) of the target gene mRNA.?Y miRs regulate
many physiological and pathological processes, including the cell
cycle, organ development, tumour development, neurodegenerative
diseases, ageing and apoptosis."?? Previously, we demonstrated
that miR-15 negatively regulates the expression of a-Klotho and
Lats1, which leads to induction of mouse OGC death and POF.22 This
indicated that the development of POF is closely associated with the
abnormal regulation of microRNAs.

In this study, the role of the Dab2ip/Ask1/p38-Mapk pathway
in mediating oxidative stress in OGCs and maintaining OGC health
was examined using a HFHS diet-induced POF mouse model.
Furthermore, the role of miR-146b-5p (miR-146) in regulating p38-
Mapk14 expression and yH2A.X phosphorylation, which promote
ageing and apoptosis of the OGCs, was also examined in the model

mice.

2 | MATERIALS AND METHODS

A detailed description of all materials and methods can be found in
Supporting Information (Materials and Methods).

2.1 | Isolation and culture of mouse OGCs

Mouse OGCs were isolated and cultured according to the proto-
cols in our previous study.’ Ten-week-old female C57BL/6 mice
(n = 10) were purchased from the Experimental Animal Centre of
Shanghai University of Traditional Chinese Medicine. The mice
were sacrificed by cervical dislocation. Ovarian tissues were iso-
lated under sterile conditions and incubated in ice-cold (4°C) phos-
phate-buffered saline (PBS). Next, the ovarian tissues were minced
and digested with 2.0 mL of hyaluronidase (0.1%, Sigma-Aldrich)
for 1 min at 37°C. The digested sample was gently pipetted and
incubated with 200 pL of foetal calf serum (Gibco) to terminate di-
gestion. The suspension was then filtered through a 200-mesh cell
strainer. The filtrate was mixed with 5.0 mL of PBS and centrifuged
at 300 g and 10°C for 5 minutes. The supernatant was discarded,
and the pellet resuspended in 5.0 mL of PBS and centrifuged at
1500 rpm and 10°C for 5 minutes. The supernatant was discarded,
and the cell pellet was resuspended in Dulbecco's Modified Eagle's
Medium:Ham's F-12 medium (1:1) supplemented with 10% foetal
bovine serum, 10 ng/mL basic fibroblast growth factor, 10 ng/mL
epidermal growth factor, 2 mmol/L -glutamine, 10 ng/mL growth
hormone and 15 ng/mL estradiol (Gibco). The cell suspension was
seeded in six-well cell culture plates and cultured at 37°C in 5%
CO, until 80% confluency.
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2.2 | RNA extraction and quantitative real-time
polymerase chain reaction (qQRT-PCR)

Total RNA was extracted from the cells using TRIzol reagent
(Invitrogen) according to the manufacturer's instructions. The resid-
ual genomic DNA was digested using DNase | (Sigma-Aldrich). The
extracted RNA was reverse transcribed into complementary DNA
using the ReverTra Ace-a First-Strand cDNA synthesis kit (Toyobo).
The gRT-PCR analysis was performed using a RealPlex4 real-time
PCR detection system (Eppendorf Co. Ltd.) with SYBR Green Real-
time PCR Master Mix (Toyobo). The PCR cycling conditions were as
follows: 40 cycles of 95°C for 15 seconds (denaturation), 58°C for
45 seconds (annealing) and 72°C for 42 seconds (elongation). The
target gene threshold cycle (Ct) values were normalized using the

following formulas:

ACt = Ct_genes - Ct_18SrRNA and

AACt = ACt_all_groups - ACt_blankcontrol_group;

where Ct_genes is the Ct value of the target gene, Ct_18SrRNA is the
Ct value of the 18S rRNA gene, ACt_all_groups is the ACt value of the
test group and ACt_blankcontrol_group is the ACt value of the control
group.

The mRNA expression levels were normalized to those of 18S
rRNA.

2.3 | Co-immunoprecipitation (Co-IP) assay

Cells seeded in six-well plates (3 x 10°/well) were cultured until 85%
confluency. Next, the cells were lysed in a modified cell lysis buffer
(500 pL/ plate; 20 mmol/L Tris [pH 7.5], 150 mmol/L NaCl, 1% Triton
X-100, 1 mmol/L EDTA, sodium pyrophosphate, 8-glycerophosphate,
Na,VO, and leupeptin; Beyotime Institute of Biotechnology). The
samples were centrifuged to remove insoluble debris, and the su-
pernatant was preincubated with 20 pg of protein A agarose beads
(Beyotime) with rocking for 30 minutes at 4°C. Next, the samples
were centrifuged and transferred to a fresh 1.5-mL tube. The sam-
ples were incubated with the primary antibodies for 90 minutes, and
then incubated with 20 pg of protein A agarose beads to capture the
immune complexes. The pelleted beads were washed thrice with 500
pL of cell lysis buffer, dissolved in 4x sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis sample loading buffer and incubated
at 95°C for 10 minutes.

2.4 | Loading of miR on poly (lactic-co-glycolic acid)
(PLGA) nanomaterials

Here, miR-146 specifically refers to miR-146b-5p. The miR-146b-5p
(miR-146) and miR-mut oligo RNAs were synthesized by Genepharma

Proliferation

as reported previously.zo'22 PLGA (MedChemExpress) was dis-
solved in methylene chloride overnight. miR-146/miR-mut was com-
plexed with spermidine at an 8:1 polyamine nitrogen to nucleotide
phosphate molar ratio. Next, 100 nmol/L of miR-146/miR-mut per
100 mg of polymer in Tris-EDTA (10 mmol/L Tris-HCl and 1 mmol/L
EDTA) buffer (Sigma-Aldrich) was added dropwise to the PLGA so-
lution with agitation to obtain the first emulsion. To the sonicated
first emulsion, 2.5% polyvinyl alcohol and 5 mg/mL avidin-palmitate
solution were added to obtain the second emulsion. The samples
were stirred in 0.3% polyvinyl alcohol for 3 hours to evaporate the
organic phase and harden the nanoparticles. To synthesize unmodi-
fied nanoparticles, the hardened nanoparticles were incubated in
PBS without ligand for 30 minutes, while the second emulsion was
prepared using only 2.5% polyvinyl alcohol. All nanoparticles were
washed twice with deionized water to remove residual solvent, cen-
trifuged at 4°C, lyophilized and stored at -20°C. As previously re-
ported,?°22 5 mg of miR-PLGA was dissolved in 0.5 mL of methylene
chloride for 30 minutes, and miR-146/miR-mut was extracted twice
with Tris-EDTA buffer. Encapsulation efficiency was determined by
comparing the amount of miR loaded on the PLGA nanoparticles to
the theoretical loading (1 nmol miR/mg polymer). To prepare the
miR-PLGA conjugate (nanoparticle-miR-CH2.5), 514 pmol of miR/

mg of nanoparticle was loaded.

2.5 | Induction of POF in mice by feeding a
HFHS and injection of miR-PLGA

Female C57BL/6 mice (n = 20) aged 10 weeks were purchased
from the experimental animal centre of Shanghai University of
Traditional Chinese Medicine.”?®?* The mice were randomly di-
vided into the following two groups (10 mice/group): the PLGA
group, which was intravenously administered 400 pL of miR-146@
PLGA (20 mg/mL) through the caudal vena cava once every 3 days
and the miR-mut@PLGA group, which intravenously administered
400 pL of miR-mut@PLGA (20 mg/mL) once every 3 days. The mice
in the PLGA and miR-mut@PLGA groups were fed a high-fat diet
(8 g/kg bodyweight) and administered 400 pL of 30% p-glucose
once a day via gavage for 30 days. The animal study was approved
by the Ethics Committee of Shanghai Institute of Traditional
Chinese Medicine, Geriatrics Department (SHIGESYDW2019019).
All animal experiments were performed according to the experi-
mental animal laws and regulations of the China National Science
and Technology Commission.

2.6 | Statistical analysis

At least three independent experiments were performed. Data
are shown as mean =+ standard error. The means were compared
using Student's t test. Differences were considered significant at
P < .05.
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3 | RESULTS

3.1 | HFHS supplementation effectively induced
oxidative stress injury in OGCs

To examine the effect of a HFHS diet on OGCs, mouse OGCs cul-
tured in medium supplemented with HFHS were treated with oxi-
dized low-density lipoprotein (oxLDL, 50 pg/mL) and bp-glucose
(30 mmol/L) for 48 hours. The cells from the HFHS-supplemented
group exhibited significantly enhanced oil red O and p-gal staining
intensities in the cytoplasm, which indicated that the cells absorbed
lipids and exhibited signs of ageing. In contrast, these changes were
not observed in the PBS-supplemented group (Figure 1A,B). The
results of the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay revealed that proliferation of the PBS-
supplemented group was time-dependently higher than that of the
HFHS-supplemented group (Figure 1C). Flow cytometric analysis
revealed that compared with the PBS-supplemented group, in the
HFHS group, there was a significantly higher proportion of cells in
GO/G1 phase and a significantly lower proportion of cells in G2/M
phase. This indicated that the cells were arrested at GO/G1 phase
in the HFHS-supplemented group (Figure 1D). Compared with the
PBS-supplemented group, adenosine triphosphate (ATP) content
and superoxidase dismutase (SOD) activity were significantly lower
and reactive oxygen species (ROS) was significantly higher in the
HFHS-supplemented group (Figure 1E-G). These results indicated
that HFHS supplementation could induce oxidative stress injury in

OGCs, resulting in cell cycle arrest and growth inhibition.

3.2 | HFHS supplementation activates the Dab2ip/
Ask1/p38-Mapk pathway and phosphorylates
yH2A.X in mouse OGCs

The gRT-PCR analysis revealed that the mRNA expression levels
of Dab2ip, Ask1, Mstl1, p38-Mapk14, Jnk1/2 and p16 in the HFHS-
supplemented group were significantly upregulated when compared
with those in the PBS-supplemented group (Figure 2A). Consistently,
Western blotting analysis revealed that the expression levels of
Dab2ip, Ask1, Mst1, p38-Mapk14, p16 and yH2A.X in the HFHS-
supplemented group were significantly higher than those in the
PBS-supplemented group (Figure 2B). Meanwhile, the levels of phos-
phorylated p38-Mapk14 (p-p38-Mapk14) and yH2A. X (p-yH2A.X) in
the HFHS-supplemented group were higher than those in the PBS-
supplemented group (Figure 2B). Immunofluorescence analysis re-
vealed that HFHS supplementation upregulated the expression and
nuclear co-localization of p-p38-Mapk14 and p-yH2A.X (Figure 2C).
Additionally, Co-IP and Western blotting analyses revealed that the
co-localization of p-p38-Mapk14 and p-yH2A.X was higher in the
HFHS-supplemented group than in the PBS-supplemented group
(Figure 2D). These results suggest that HFHS supplementation acti-
vates the Dab2ip/Ask1/p38-Mapk signalling pathway in the mouse
OGCs, which resulted in phosphorylation of yH2A.X (Figure 2E).

3.3 | p38-Mapk14 is a target of miR-146

Analysis of the mirSVR (http://www.microrna.org/microrna/home.do)
and TargetScan (http://www.targetscan.org) databases revealed 48 and
28 miRs that potentially target p38, respectively. Four miRs, miR-351-5p,
miR-19a-3p, miR-146a-5p and miR-146b-5p, were detected in both data-
bases (Figure 3A). The expression levels of miR-146a-5p and miR-146b-
5p were significantly lower in the HFHS-supplemented group than in
the PBS-supplemented group (Figure 3B). Northern blotting analysis re-
vealed that the miR-146b-5p (miR-146) signal was significantly weaker
in the HFHS-supplemented group than in the PBS-supplemented group
(Figure 3C). A sequence alignment revealed that both miR-146a-5p
and miR-146b-5p have six nucleotides (5'-GAGAAC-3') that are com-
plementary to the 3-UTR of p38-Mapk14 mRNA (Figure 3D). The re-
sults of a luciferase reporter assay revealed that both miR-146a-5p and
miR-146b-5p significantly decreased the luciferase activity of a con-
struct containing the wild-type p38-Mapk14 mRNA 3’-UTR (Figure 3E).
These results indicate that p38-Mapk14 is a target gene of miR-146
(Here, miR-146 specifically refers to miR-146b-5p).

3.4 | miR-146 overexpression significantly
mitigated the HFHS-induced oxidative stress injury
in OGCs

To study the effect of miR-146 on cell function, mouse OGCs were
harvested and randomly divided into the following two groups:
miR-146@PLGA, which was transfected with miR-146@PLGA and
miR-mut@PLGA, which was transfected with miR-mut@PLGA. The
transfected cells were cultured in medium supplemented with HFHS.
The results of the MTT assay revealed that the proliferation of the
HFHS + miR-146@PLGA group was time-dependently higher than
that of the HFHS + miR-mut@PLGA group (Figure 4A). Furthermore,
the proportion of 3-gal-positive cells in the HFHS + miR-146@PLGA
group was significantly lower than that in the HFHS + miR-mut@
PLGA group (Figure 4B). Flow cytometric analysis revealed that the
proportion of cells in S-phase was significantly increased, while that
in G2/M phase was significantly decreased in the HFHS + miR-146@
PLGA group (Figure 4C). Compared with cells in the HFHS + miR-
mut@PLGA group, ATP content and SOD activity were higher and
ROS content was significantly lower in the HFHS + miR-146@PLGA
group (Figure 4D-F). These results demonstrated that PLGA could
successfully induce miR-146 overexpression in the OGCs, which sig-
nificantly alleviated HFHS-mediated oxidative stress injury.

3.5 | miR-146 overexpression significantly
inhibited the Dab2ip/Ask1/p38-Mapk pathway and
YH2A.X phosphorylation in HFHS-supplemented
mouse OGCs

The mRNA expression levels of Dab2ip, Askl, Mstl, p38-
Mapk14, Jnk1/2 and p16 in the HFHS + miR-146@PLGA group


http://www.microrna.org/microrna/home.do
http://www.targetscan.org

LIU ET AL. Cell 50f 14
oo RIS

(A) HFHS } - _©

< :zg: = HFHS
o 50 *% | % PBS
‘é E *%*
s 0 "
E -501{ o
€ -100-
-150 -
Time (Hour)
100
(=
< go-
0
T3 60
3%
Q> 40
=
7]
g_ 20 -
0-
HFHS
(D) HFHS PBS
120 ”"\\ 120 ) =y 801 B HFHS
~ Z 60 - M PBS
£ i e 3
2 = o 401
8 3 | 2
5
8 201
£
128 0 4 128 = 0-
G0/G1 G2/M
DNA Content DNA Content
(G)
(E) (F) . _ 100
6; T S g0 #x
S I =
E 4 2 601
= 8
2 i o 40
8 2- - 8
n *k ‘3 i} 14 201
o | J
0 HFHS PBS
HFHS PBS HFHS PBS

FIGURE 1 A high-fat and high-sugar (HFHS) diet effectively induces oxidative stress injury in ovarian granulosa cells (OGCs). A, Oil red O
staining showed significantly red staining in the cytoplasm of cells in the HFHS group. Positive cells are indicated by arrows. Magnification
200x. B, p-gal staining showed significantly red and blue staining in the cytoplasm of cells in the HFHS group. Positive cells are indicated by
arrows. **P < .01 vs phosphate-buffered saline (PBS) group, t test, n = 3. Magnification 200x. C, MTT results showed that the proliferation
inhibition rate was significantly higher in the HFHS group than in the control group. **P < .01 vs PBS group, t test, n = 3. D, Flow cytometry
showed that the proportion of cells in the GO/G1 phase increased significantly while those in the G2/M phase decreased in the HFHS group.
**P < .01 vs PBS group, *P < .05 vs PBS group, t test, n = 3. E, ATP content was significantly lower in the HFHS group than in the vehicle
group. **P < .01 vs PBS group, t test, n = 3. F, SOD activity was significantly lower in the HFHS group than in the vehicle group. **P < .01

vs PBS group, t test, n = 3. G, Reactive oxygen species (ROS) content was significantly higher in the HFHS group than in the vehicle group.
**P < .01 vs PBS group, t test, n =3

were downregulated when compared with the levels in the plé6 and yH2A.X in the HFHS + miR-146@PLGA group were
HFHS + miR-mut@PLGA group (Figure 5A). Consistent with significantly lower than those in the HFHS + miR-mut@PLGA
these findings, Western blotting analysis revealed that the pro- group. Additionally, the levels of p-p38-Mapk14 and p-yH2A.X
tein expression levels of Dab2ip, Askl, Mstl, p38-Mapki4, were lower in the HFHS + miR-146@PLGA group than in the
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FIGURE 2 HFHS treatment activates the DAB2IP/ASK1/p38MAPK pathway and p-yH2A.Xin mice OGCs. A, qRT-PCR results show that
the mRNA expression level of Dab2ip, Ask1, Mst1, p38Mapk14, Jnk1/2 and p16 was significantly higher in the OGCs of the HFHS group
than in OGCs of the vehicle group. **P < .01 vs PBS group, t test, n = 3. B, Results of the Western blot analysis show the DAB2IP, ASK1,
MST1, p38Mapk14, p16 and yH2A.X protein expression levels are higher in the HFHS group than in the vehicle group. C, The results of
immunofluorescence staining indicate that HFHS could be stimulated high p38Mapk14 and p-yH2A.X expression levels and coexpression
in the nucleus. D, Results of the co-immunoprecipitation (Co-1P) and Western blot analysis showed a strong cross-linking signal between
the p38Mapk14 and p-yH2A.X proteins in the OGCs of the HFHS group, which was very weak in that of the vehicle group. **P < .01 vs PBS
group, t test, n = 3. E, Mechanism of p38Mapk14-induced phosphorylation modification for yH2A.X

HFHS + miR-mut@PLGA group (Figure 5B). Immunofluorescence in the HFHS + miR-146@PLGA group than in the HFHS + miR-
analysis revealed that miR-146@PLGA suppressed the expres- mut@PLGA group (Figure 5D). This suggested that miR-146 over-
sion and nuclear co-localization of p-p38-Mapk14 and p-yH2A.X expression significantly inhibited activation of the Dab2ip/Ask1/
(Figure 5C). Co-IP and Western blotting analyses revealed that p38-Mapk pathway and the phosphorylation of yH2A.X in HFHS-
the co-localization of p38-Mapk14 with p-yH2A.X was weaker supplemented mouse OGCs (Figure 5E).
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FIGURE 3 p38Mapkl4 is one of the miR-146-specific targeting regulatory genes. A, Four common microRNAs were obtained between
the mirSVR and TargetScan databases that have the potential in targeting regulatory p38 genes. B, qPCR results showed that miR-146a-5p
and miR-146b-5p expression levels were significantly lower in HFHS-treated OGCs than in control OGCs. **P < .01 vs PBS group, *P < .05 vs
PBS group, t test, n = 3. C, Northern blot analysis also showed that the miR-146 probe hybridization signal strength was significantly lower in
the HFHS group than in the vehicle group. **P < .01 vs PBS group, t test, n = 4. D, Both miR-146a-5p and miR-146b-5p have six nucleotides
that exhibit complementary pairing with the 3’-UTR of p38Mapk14. E, Luciferase reporter assay results showed that both miR-146a-5p and
miR-146b-5p could significantly reduce the site-specific luciferase activity on the 3'-UTR of the wild-type p38Mapk14 gene

3.6 | miR-146 overexpression alleviated HFHS diet-
induced POF in mice

To study the effect of miR-146 overexpression on ovarian function,
the mice were intraperitoneally injected with miR-146@PLGA and
fed a HFHS for 30 days. Ovary weight in the HFHS + miR-146@
PLGA group was higher than that in the HFHS + miR-mut@PLGA
group (Figure 6A,B). The HFHS + miR-146@PLGA group exhibited
a higher follicle count with fewer atretic follicles than the HFHS-
miR-mut@PLGA group (Figure 6C,D). The follicle-stimulating
hormone levels in the peripheral blood of mice in the HFHS + miR-

146@PLGA group was non-significantly lower than that of mice in

the HFHS + miR-mut@PLGA group (Figure 6E). ATP content and
SOD activity were significantly higher in the HFHS + miR-146@
PLGA group than in the HFHS + miR-mut@PLGA group (Figure 6F-
H). Steroid hormone levels were examined by high-performance
liqguid chromatography-tandem mass spectrometry. The peripheral
blood levels of estradiol, progesterone and 17a-hydroxy pregne-
nolone (17a-OHP) in the HFHS + miR-146@PLGA group were sig-
nificantly higher than those in the HFHS + miR-mut@PLGA group.
In contrast, the peripheral blood levels of testosterone and dihy-
drotestosterone in the HFHS + miR-146@PLGA group were sig-
nificantly lower than those in the HFHS + miR-mut@PLGA group

(Figure 7). Immunofluorescence staining of OGCs (AMH-positive
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FIGURE 4 miR-146 overexpression could significantly counteract the HFHS-induced oxidative stress injury of OGCs. A, MTT results
showed that the proliferation inhibition rate of OGCs was significantly lower in the HFHS + miR-146@PLGA group than in the HFHS + miR-
mut@PLGA group. **P < .01 vs HFHS + miR-mut@PLGA group, *P < .05 vs HFHS + miR-mut@PLGA group, t test, n = 3. B, Results of the
fB-gal staining showed that the proportion of blue-positive cells in the HFHS + miR-146@PLGA group was significantly lower than that in
HFHS + miR-mut@PLGA group. **P < .01 vs HFHS + miR-mut@PLGA group, t test, n = 3. Magnification 200x. C, Flow cytometry results
revealed a significantly higher proportion of S-phase cells in the HFHS + miR-146@PLGA group OGCs. **P < .01 vs HFHS + miR-mut@PLGA
group, *P < .05 vs HFHS + miR-mut@PLGA group, t test, n = 3. D, ATP content was significantly higher in the HFHS + miR-146@PLGA group
than in the control group. *P < .05 vs HFHS + miR-mut@PLGA group, t test, n = 3. E, SOD activity was significantly higher in HFHS + miR-
146@PLGA group OGCs compared with the control group. *P < .05 vs HFHS + miR-mut@PLGA group, t test, n = 3. F, ROS content was
significantly lower in HFHS + miR-146@PLGA group OGCs compared with the control group. **P < .01 vs HFHS + miR-mut@PLGA group, t
test,n=3

cells) revealed that the H2A.X, p-yH2A.X, p38-Mapk14, Dab2ip 4 | DISCUSSION
and Ask1 signals in the HFHS + miR-146@PLGA group were sig-

nificantly weaker than those in the HFHS + miR-mut@PLGA group Several recent studies have focused on the adverse effects of a

(Figure 8). These results indicate that miR-146 overexpression in
mice could significantly mitigate HFHS-induced oxidative stress
injury and ageing in OGCs, inhibit Dab2ip/Ask1/p38-Mapk activa-
tion and yH2A.X phosphorylation and consequently alleviate the
symptoms of POF.

HFHS diet on health. Consumption of a HFHS diet can promote the
development of various diseases, including cardiovascular disease,
tumours and diabetes. Additionally, a HFHS diet has been recently
reported to lead to ovarian dysfunction, which contributes to de-

creased female reproductive capacity. However, the mechanism
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FIGURE 5 miR-146 overexpression significantly weakens the HFHS-induced activation of DAB2IP/ASK1/p38MAPK and p-yH2A.X. A,
PCR results showed that Dab2ip, Ask1, Mst1, p38Mapk14, Jnk1/2 and p16mRNA expression levels were significantly downregulated in
the inHFHS + miR-146@PLGA group than in the HFHS + miR-mut@PLGA group. **P < .01 vs HFHS + miR-mut@PLGA group, *P < .05 vs
HFHS + miR-mut@PLGA group, t test, n = 3. B, Western blot results showed the protein expression of DAB2IP, ASK1, Mst1, p38mapk14,
pl6, and yH2A.X and p-yH2A.X was significantly lower in the HFHS + miR-146@PLGA group than in the control group. C, The results of
immunofluorescence staining indicated that miR-146@PLGA suppressed the expression of p38Mapk14 and p-yH2A.X and coexpression in
the nucleus. D, Co-IP and Western blot results showed a much weaker cross-linking signal between p38Mapk14 and p-y-h2a.X protein in
OGCs of the HFHS + miR-146@PLGA group than in the HFHS + miR-mut@PLGA group. **P < .01 vs HFHS + miR-mut@PLGA group, t test,
n = 3. E, The mechanism of miR-146@PLGA suppressed phosphorylation modification of yH2A.X by p38Mapk14

underlying HFHS-mediated ovarian dysfunction has not been elu- H2A.X at Ser139 by phosphoinositide 3 kinase-like kinases, such as
cidated. H2A.X, a histone protein, accounts for approximately 10% ATM, ATR and DNA-PK,2°?? which results in activation of H2A.X.
of the total H2A histones in human fibroblasts.?%? lonizing radia- H2A.X accumulated at sites of DNA damage is phosphorylated

tion, ultraviolet (UV) and ROS can activate H2A.X.%2>?? Oxidative at Ser139 within a few minutes of DNA damage. Phosphorylated

stress-induced DNA damage promotes the phosphorylation of H2A.X recruits various DNA damage-associated proteins, such as
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FIGURE 6 Overexpression of miR-146 attenuates POF induced by HFHS in mice. A, Ovarian pathological identification was carried

out by haematoxylin and eosin staining. Magnification 200x. B, Ovary weight was higher in the HFHS + miR-146@PLGA group than in the
HFHS + miR-mut@PLGA group. C, Normal follicle count was higher in the HFHS + miR-146@PLGA group than in the HFHS + miR-mut@
PLGA group. D, Fewer atretic follicles were present in HFHS + miR-146@PLGA group mice than in HFHS + miR-mut@PLGA group mice.

E, The FSH level in the peripheral blood of HFHS + miR-146@PLGAgroup mice was slightly lower than that in the peripheral blood of

HFHS + miR-mut@PLGA group mice. F, ATP content was significantly higher in the ovaries of HFHS + miR-146@PLGA group mice than in
the ovaries of HFHS + miR-mut@PLGA group mice. G, SOD activity was significantly higher in the ovaries of HFHS + miR-146@PLGAgroup
mice than in the ovaries of HFHS + miR-mut@PLGA group mice. H, Experimental diagram

MDC1, NBS1, RAD50, MRE11, 53BP1 and BRCA1.252? H2A X has
also been reported to be involved in the cellular response to DNA
fragmentation. In response to different apoptosis signals, vari-
ous kinases catalyse phosphorylation. Activation of the cell death
receptor promotes the phosphorylation of H2A.X at Ser139 by
DNA-PK. Longwave UV radiation promotes the phosphorylation

of H2A.X at Ser139 by c-Jun amino-terminal kinase (JNKl).zS'29
Therefore, H2A.X activation is essential for checkpoint-medi-
ated cell cycle arrest and DNA repair after DNA double-strand
breaks.?>?? However, the role of HFHS diet-induced oxidative
damage in the phosphorylation and activation of H2A.X at spe-

cific sites has not been examined. Previous studies have reported
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that p38-MAPK could catalyse the phosphorylation of H2A.X at
Ser139 227 under serum starvation conditions. This study ex-
plored the mechanism underlying HFHS diet-induced cellular and
organ damage involved oxidative stress.”” Oxidative stress was
reported to promote the phosphorylation of H2A.X at Ser139.
We hypothesized that phosphorylation of H2A.X at Ser139 may
also occur during HFHS diet-induced ageing and oxidative damage
in OGCs.?>?? The findings of this study supported our hypoth-
esis. Co-IP revealed that the level of miR-146, which negatively
regulates p38-Mapk14, was significantly downregulated dur-
ing HFHS-induced ageing of OGCs, which resulted in significant
upregulation of p38-Mapk14 expression. Activated p38-MAPK
enters the nucleus and activates H2A.X by phosphorylating it at

Ser139. This study demonstrated, for the first time, the correlation

of the DAB2IP/ASK1/p38 pathway with the phosphorylation and
activation of yH2A.X. This enhanced our understanding of the
mechanism underlying yH2A.X phosphorylation and revealed an
intermediate ‘switch’ in the regulation of yH2A.X phosphorylation.
The DAB2IP/ASK1/p38 pathway has been reported to be involved
in oxidative stress-induced vascular damage. However, DAB2IP/
ASK1/p38 pathway-catalysed yH2A.X phosphorylation has not
been previously reported. Additionally, there are no studies on the
correlation between miR-146, the DAB2IP/ASK1/p38 pathway
and yH2A X phosphorylation in OGCs during POF. This study elu-
cidated the mechanism underlying HFHS diet-induced POF.

The novelty of this study included the use of PLGA nanoparti-
cles as a carrier to successfully transfer and express miR-146 in vivo

and in vitro. PLGA is a degradable organic functional polymer, which
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FIGURE 8 Results of ovarian immunofluorescence staining. Magnification 200x

comprises lactic acid and hydroxyacetic acid monomers. PLGA has
applications in various industries, including the pharmaceutical and
medical engineering industries, owing to its biocompatibility, non-tox-

icity and good encapsulation and film formation performance.23’24'30

The degradation products of PLGA are lactic acid and hydroxyacetic
acid, which are also by-products of human metabolism. Thus, the ap-
plication of PLGA for drug delivery or as a biomaterial does not result

in toxic side effects (except in lactase-deficient individuals).23’24’30
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FIGURE 9 miR-146@PLGA attenuates
POF by suppressing activation of

the DAB2IP/ASK1/p38 pathway and
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The monomer ratio can be adjusted and the degradation time for
PLGA can be modulated as needed for various biomedical applica-
tions, such as skin transplantation, wound suture, in vivo implantation
and generation of micro nanoparticles.?>?#%° |n preclinical studies,
PLGA has been used as a nanocarrier for therapeutics against cancer.
Zhu et al used p-a-tocopherol polyethylene glycol succinate (TPGS)
as a porogen. They prepared porous PLGA nanoparticles using a
nanoprecipitation method and delivered docetaxel (DTX) and TPGS
to Hela cells, which were transplanted into in vivo tumour models.
Studies on cytotoxicity and xenotransplantation tumour models re-
vealed that the anti-tumour effect of porous PLGA nanoparticles
loaded with DTX/TPGS was higher than that of PLGA nanoparticles
without TPGS. Additionally, porous PLGA nanoparticles loaded with
DTX/TPGS could overcome multidrug resistance.®® Martin et al?® in-
jected chitosan-functionalized PLGA nanoparticles cross-linked with
an siRNA against GP130 (siGP130-PLGA) into a bladder cancer xe-
nograft mouse model, which resulted in significant downregulation
of endogenous GP130 in vivo. Tumour volume in the siGP130-PLGA
group was decreased by approximately 70% when compared with that
in the control group.?° Several studies have suggested that PLGA can
be used as a carrier for protein, peptide and siRNA for delivery to cells.
However, the ability of PLGA to deliver miRs into cells or organs has
not been reported. Based on the findings of Martin et al,° this study
linked miR-146 to chitosan-functionalized PLGA nanoparticles to tar-
get p38-Mapk14 in vitro and in vivo. PLGA could successfully deliver
miR-146 into OGCs in vitro and in vivo. The miR-146@PLGA complex
effectively downregulated the expression of p38-Mapk14. Therefore,
this study demonstrated that PLGA nanoparticles can carry and de-
liver miRs in vivo. Additionally, this study demonstrated that HFHS

supplementation can activate the Dab2ip/Ask1/p38 signalling path-
way and induce yH2A.X phosphorylation by inhibiting the expression
of endogenous miR-146 and promote OGC ageing, which resulted in
the development of POF (Figure 9). Overexpression of miR-146 using
PLGA as a carrier mitigated p38-induced yH2A.X phosphorylation,
delayed OGC ageing and alleviated the symptoms of POF.

ACKNOWLEDGEMENTS

We would like to thank the native English speaking scientists
of Elixigen Company (Huntington Beach, California) and WILEY
EDITING SERVICES for editing our manuscript. This work was sup-
ported by grant from the National Natural Science Foundation of
China (Nos. 81973899, 81774019). And, grant from the projects
sponsored by the Development Fund for Shanghai Talents (2017054).
And, grant from the projects sponsored by the fund for Xinglin tal-
ents of Shanghai University of TCM (201707081). And, grant from
three years action plan for accelerating the development of tradi-
tional Chinese medicine in Shanghai (ZY (2018-2020)-CCCX-4004).

CONFLICT OF INTEREST

We declared no potential conflicts of interest.

AUTHORS' CONTRIBUTIONS

Te Liu, Jiajia Lin, Chuan Chen and Zhangbin Gong performed the
majority of the experiments in the study. Xiaoli Nie, Fangfang Dou,
Jiulin Chen and Zhenxin Wang contributed to the analysis of ex-
perimental data. Zhangbin Gong contributed to the study design,
manuscript writing and provided experimental funding support. All

authors read and approved the final manuscript.



14 of 14 Wi LEY—

LIU eT AL.

Proliferation
DATA AVAILABILITY STATEMENT
The data sets used or analysed during the current study are available

from the corresponding author on reasonable request.

ORCID
Zhangbin Gong https://orcid.org/0000-0002-8675-2004
REFERENCES

1. Liu T, Liu Y, Huang Y, et al. miR-15b induces premature ovarian

10.

11.

12.

13.

14.

15.

16.

failure in mice via inhibition of alpha-Klotho expression in ovarian
granulosa cells. Free Radic Biol Med. 2019;141:383-392.

. Ai Al, Xiong Y, Wu B, et al. Induction of miR-15a expression by

tripterygium glycosides caused premature ovarian failure by
suppressing the Hippo-YAP/TAZ signaling effector Latsl. Gene.
2018;678:155-163.

Liu T, Wang S, Li Q, Huang Y, Chen C, Zheng J. Telocytes as poten-
tial targets in a cyclophosphamide-induced animal model of prema-
ture ovarian failure. Mol Med Rep. 2016;14(3):2415-2422.

Liu TE, Huang Y, Zhang J, et al. Transplantation of human menstrual
blood stem cells to treat premature ovarian failure in mouse model.
Stem Cells Dev. 2014;23(13):1548-1557.

. Xiong, Liu T, Wang S, Chi H, Chen C, Zheng J. Cyclophosphamide

promotes the proliferation inhibition of mouse ovarian granulosa
cells and premature ovarian failure by activating the IncRNA-Meg3-
p53-p66Shc pathway. Gene. 2017;596:1-8.

Liu TE, Wang S, Zhang L, et al. Growth hormone treatment of
premature ovarian failure in a mouse model via stimulation of the
Notch-1 signaling pathway. Exp Ther Med. 2016;12(1):215-221.
Goncalves MD, Lu C, Tutnauer J, et al. High-fructose corn
syrup enhances intestinal tumor growth in mice. Science.
2019;363(6433):1345-1349.

Tappy L, Le KA. Metabolic effects of fructose and the worldwide
increase in obesity. Physiol Rev. 2010;90(1):23-46.

Hodge AM, Bassett JK, Milne RL, English DR, Giles GG.
Consumption of sugar-sweetened and artificially sweetened soft
drinks and risk of obesity-related cancers. Public Health Nutr.
2018;21(9):1618-1626.

Wang NA, Luo L-L, Xu J-J, et al. Obesity accelerates ovarian follicle de-
velopment and follicle loss in rats. Metab Clin Exp. 2014;63(1):94-103.
Wu 'Y, Zhang Z, Liao X, Wang Z. High fat diet triggers cell cycle ar-
rest and excessive apoptosis of granulosa cells during the follicular
development. Biochem Biophys Res Comm. 2015;466(3):599-605.
Liu G, Shi F, Blas-Machado U, et al. Ovarian effects of a high lactose
diet in the female rat. Reprod Nutr Dev. 2005;45(2):185-192.

LiuY, Yin G, Surapisitchat J, Berk BC, Min W. Laminar flow inhibits
TNF-induced ASK1 activation by preventing dissociation of ASK1
from its inhibitor 14-3-3. J Clin Invest. 2001;107(7):917-923.

Min W, Lin Y, Tang S, et al. AIP1 recruits phosphatase PP2A to ASK1
in tumor necrosis factor-induced ASK1-JNK activation. Circ Res.
2008;102(7):840-848.

Li X, Luo Y, Yu L, et al. SENP1 mediates TNF-induced desumoy-
lation and cytoplasmic translocation of HIPK1 to enhance ASK1-
dependent apoptosis. Cell Death Differ. 2008;15(4):739-750.

Xie D, Gore C, Zhou J, et al. DAB2IP coordinates both PI3K-Akt and
ASK1 pathways for cell survival and apoptosis. Proc Natl Acad Sci
USA. 2009;106(47):19878-19883.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

JiW, LiY, Wan T, et al. Both internalization and AIP1 association are
required for tumor necrosis factor receptor 2-mediated JNK signal-
ing. Arterioscler Thromb Vasc Biol. 2012;32(9):2271-2279.

Yin M, Zhou HJ, Zhang J, et al. ASK1-dependent endothelial cell
activation is critical in ovarian cancer growth and metastasis. JCI
Insight. 2017;2(18):91828.

Cheng W, Liu T, Wan X, Gao Y, Wang H. MicroRNA-199a targets
CD44 to suppress the tumorigenicity and multidrug resistance of
ovarian cancer-initiating cells. FEBS J. 2012;279(11):2047-2059.
Martin DT, Shen H, Steinbach-Rankins JM, et al. Glycoprotein-130
expression is associated with aggressive bladder cancer and is a po-
tential therapeutic target. Mol Cancer Ther. 2019;18(2):413-420.
Martin DT, Steinbach JM, Liu J, et al. Surface-modified nanopar-
ticles enhance transurothelial penetration and delivery of
survivin siRNA in treating bladder cancer. Mol Cancer Ther.
2014;13(1):71-81.

Woodrow KA, Cu Y, Booth CJ, Saucier-Sawyer JK, Wood MJ,
Saltzman WM. Intravaginal gene silencing using biodegradable
polymer nanoparticles densely loaded with small-interfering RNA.
Nat Mater. 2009;8(6):526-533.

Swider E, Maharjan S, Houkes K, et al. Forster resonance energy
transfer-based stability assessment of PLGA nanoparticles in vitro
and in vivo. ACS Appl Bio Mater. 2019;2(3):1131-1140.

Cheng J, Teply B, Sherifil, et al. Formulation of functionalized PLGA-
PEG nanoparticles for in vivo targeted drug delivery. Biomaterials.
2007;28(5):869-876.

Yuan J, Adamski R, Chen J. Focus on histone variant H2AX: to be or
not to be. FEBS Lett. 2010;584(17):3717-3724.

Lu C, Zhu F, Cho Y-Y, et al. Cell apoptosis: requirement of H2AX in
DNA ladder formation, but not for the activation of caspase-3. Mol
Cell. 2006;23(1):121-132.

Cook PJ, JuBG, Telese F, Wang X, Glass CK, Rosenfeld MG. Tyrosine
dephosphorylation of H2AX modulates apoptosis and survival de-
cisions. Nature. 2009;458(7238):591-596.

Xiao A, Li H, Shechter D, et al. WSTF regulates the H2A.X DNA
damage response via a novel tyrosine kinase activity. Nature.
2009;457(7225):57-62.

Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ. ATM phos-
phorylates histone H2AX in response to DNA double-strand
breaks. J Biol Chem. 2001;276(45):42462-42467.

Zhu H, Chen H, Zeng X, et al. Co-delivery of chemotherapeutic
drugs with vitamin E TPGS by porous PLGA nanoparticles for en-
hanced chemotherapy against multi-drug resistance. Biomaterials.
2014;35(7):2391-2400.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Liu T, Lin J, Chen C, et al. MicroRNA-
146b-5p overexpression attenuates premature ovarian
failure in mice by inhibiting the Dab2ip/Ask1/p38-Mapk
pathway and yH2A.X phosphorylation. Cell Prolif.
2021;54:€12954. https://doi.org/10.1111/cpr.12954



https://orcid.org/0000-0002-8675-9004
https://orcid.org/0000-0002-8675-9004
https://doi.org/10.1111/cpr.12954

