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Insm2 deficiency results in female infertility by disturbing steroid pathway and 
decreasing ovarian reserve in mice
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ABSTRACT
The number and quality of oocytes in the ovarian reserve are related to fertility and reproductive 
lifespan in mammals. Some transcription factors have been demonstrated to determine oogen
esis. The insulinoma-associated 2 (Insm2) gene is a member of the Snail transcriptional repressor 
superfamily. Recent studies have demonstrated Insm2 plays an essential role for insulin secretion 
and glucose intolerance in mice, but the functions of Insm2 in reproduction remain elusive. Here, 
by examination of Insm2 knockout mice, we found Insm2 was essential for female fertility. Loss of 
Insm2 resulted in female infertility with major defects in primordial follicle pool, ovarian follicu
logenesis and ovulation. Transcriptomic profiling of ovaries suggests that loss of Insm2 caused 
defects in oocyte meiosis and steroid synthesis. Both oocyte- and granulosa cell-expressed genes 
were dysregulated, including Foxo1 and other known genes involved in primary ovarian insuffi
ciency. Together, these studies show that Insm2 is required for oocyte development and their 
communication with ovarian somatic cells.
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Introduction

In mammals, oogenesis is an extended multistage 
process that begins in the embryo but arrests at 
metaphase and will not continue without fertiliza
tion. Females are born with a finite, non-renewing 
pool of oocyte enclosed by somatic cells, called 
primordial follicles. The limited supply of non- 
growing follicles is often referred to as the ovarian 
reserve. The size of the primordial follicle pool 
determines the reproductive potential of mamma
lian females. Premature ovarian insufficiency 
(POI) represents a condition characterized by the 
absence of normal ovarian function due to an 
incipient (by 3–10 y) ovarian aging [1]. The under
lying cause of POI is early oocyte depletion leading 
to infertility. Many cases of POI are idiopathic, 
and POI is highly heterogeneous in genetic etiol
ogy. Previous studies have identified POI candi
date genes, including breast cancer type 
susceptibility protein 2 (Brca2) [2], deleted in 
azoospermia-like (Dazl) [3], insulin-like growth 
factor 1 (Igf-1) [4], forkhead box O1 (Foxo1) [5], 

methylsterol monooxygenase 1 (Msmo1) [6], and 
squalene epoxidase (Sqle) [6].

Early folliculogenesis begins with the activation 
of the follicle and ends with the formation of the 
follicular antrum [7]. In this process, the early 
follicles go through four stages, namely primary, 
early secondary, middle secondary, and late sec
ondary [8]. Many biological events such as zona 
pellucida formation, oocyte enlargement, follicular 
theca formation, follicular antrum formation, and 
granulosa cell proliferation and differentiation 
occur in early folliculogenesis. The ovarian follicles 
are regulated by oocyte-somatic cell interaction. 
When the bidirectional communication is dis
rupted, follicle assembly can be impaired, leading 
to early follicle reserve loss or inability to acquire 
meiotic competence [9]. Steroid synthesis is 
important for the synchronization of follicle 
growth and oocyte development [10]. The ovary 
contains multiple distinctive steroid-producing 
cells, including stromal cells, theca cells, granulosa 
cells [11]. The high apoptosis rate of granulosa 

CONTACT Li-quan Zhou zhouliquan@hust.edu.cn; Zhi-ming Li lzmleo@hust.edu.cn Institute of Reproductive Health, Tongji Medical College, 
Huazhong University of Science and Technology, Wuhan, Hubei, China 

*These authors contributed equally to this work.
Supplemental data for this article can be accessed online at https://doi.org/10.1080/15384101.2022.2092816

CELL CYCLE                                                                                                                                                
2022, VOL. 21, NO. 21, 2255–2267
https://doi.org/10.1080/15384101.2022.2092816

© 2022 Informa UK Limited, trading as Taylor & Francis Group

http://orcid.org/0000-0002-9332-9408
https://doi.org/10.1080/15384101.2022.2092816
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2022.2092816&domain=pdf&date_stamp=2022-10-17


cells is significantly related to decreased pregnancy 
outcome from in vitro fertilization (IVF) [12].

Insulinoma-associated-2 (IA-2 or INSM2) is 
a zinc-finger transcription factor that was iden
tified and isolated from a human insulinoma 
subtraction library [13]. INSM2 is an intronless 
gene encoding a 566-amino acid protein that 
contains five zinc-finger DNA-binding motifs 
and several potential functional domains. The 
complementary DNA (cDNA) of INSM2 is 
expressed in normal human brain, pituitary, 
pancreas, and brain tumor cell lines, but not in 
a variety of other normal or tumor tissues [13]. 
In mice, northern blot analysis showed that 
Insm2 mRNA was expressed in insulinoma cell 
lines and enriched normal islets. Cai et al. 
detected Insm2 transcript in expressed in adult 
mouse tissues using northern blot [14] They also 
demonstrated that Insm2 is the direct target of 
neurogenin 3 (Ngn3) and neurogenic differentia
tion 1 (NeuroD1) in pancreatic islets [14]. 
However, besides the above results in pancreatic 
islets, the biological role of Insm2 in other tis
sues is largely unknown.

To determine the reproductive function of 
Insm2, homozygous deletion mice (Insm2 −/−) 
were generated using CRISPR-Cas9 technique 
[15]. We found Insm2 is not essential for male 
fertility in mice. However, loss of Insm2 causes 
female infertility in mice. Insm2 −/− female mice 
have severe defects in the ovarian reserve. 
Furthermore, RNA-Seq analysis revealed that 
oocyte meiosis and steroid synthesis pathways 
were disrupted in Insm2 −/− ovary. We found 
a higher level of apoptosis companying by down
regulation of Foxo1 and Nsdhl (NADPH steroid 
dehydrogenase-like) in mutant ovary granulosa 
cells, suggesting that Insm2 may control follicular 
development through steroid synthesis.

Materials and methods

Declarations and ethics statements

All the animal procedures were approved by the 
Institutional Animal Care and Use Committee of 
Tongji Medical College, Huazhong University of 
Science and Technology. All experiments with 
mice were conducted ethically according to the 

Guide for the Care and Use of Laboratory 
Animal guidelines.

Mice

Insm2 deficient mice were generated as previously 
described [15]. Mice were all housed in pathogen- 
free facility of Huazhong University of Science and 
Technology. Homozygous Insm2 −/− knockout mice 
were obtained from Insm2 +/− mice in C57BL/6 J 
background. Primers for genotyping (forward: 5’- 
CTGGTGAAGCGAACCAAGCG-3’, reverse: 5’- 
TCCTGCGGAGGTGCGAGGCA-3’) were located 
on flanking sides of the deleted region of Insm2. 
See main text for detailed study design.

Fertility assessment

Eight-wk-old Insm2 −/− and WT mice were mated 
for 2–4 months (2 females: 1 male). The number 
of offspring from each pregnant female was 
recorded after birth.

Histology analysis

Genotyped mice were euthanized for isolation of 
ovary tissues, which were then treated in 4% for
malin buffer for paraffin embedding. Five micro
meter thick sections on slides were stained with 
hematoxylin and eosin (H&E) for further analysis. 
Early growing follicles at primary (type 3a, b), 
secondary (type 4, 5a, 5b), small antral follicle 
stages of development, and atretic follicles were 
counted in all sections based on the well-accepted 
standards established by the Pedersen and Peters 
criterion [16]. Briefly, type 3a, b follicles were 
characterized by a monolayer of cubic follicle 
cells surrounding an oocyte; type 4 follicles, two 
layers of follicle cells surrounding an oocyte; type 
5a follicles have three layers of follicle cells; and 
type 5b follicles were characterized by many layers 
of follicle cells surrounding a fully grown oocyte, 
but the follicular antrum has not yet formed [17]. 
Five sections of ovary were randomly chosen for 
counting the follicles, and the numbers were nor
malized by the total ovarian area in the section. 
The ovarian area was measured using a FluoView 
1000 microscope (Olympus, Japan).
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Immunohistochemistry and immunofluorescence

Sections of mouse ovaries were dewaxed, hydrated, 
incubated in citrate buffer (pH 6.0) and then heated 
in a microwave for antigen retrieval. Briefly, the 
section was incubated with the primary antibody: 
anti-NSDH1 (1:100, Proteintech), anti-FOXO1 
(1:100, Cell Signaling Technology), or anti-γ-H2AX 
(1:100, Solarbio Life Science) at 4°C overnight. 
Following three 5 min washes in PBS. 
Immunohistochemistry was performed with goat 
anti-rabbit IgG conjugated HRP. Positive signals 
were developed with DAB solution (ZLI-9018; 
ZSGB-BIO, China). Counterstaining was conducted 
with hematoxylin. The slides were observed under 
a light microscope. Immunofluorescence was per
formed using secondary antibodies were conjugated 
with Alexa Fluor 594 or 488. Invitrogen ProLong 
Gold Slowfade media containing 4’,6-diamidino-2- 
phenylindole (DAPI) was used to mount the slides. 
Laser confocal scanning images were captured using 
FluoView 1000 microscope (Olympus, Japan).

Oocyte count from natural- and superovulation

For natural ovulation, estrous cycling of 6-wk-old 
Insm2 −/− and WT mice was determined by vaginal 
smears for 2 wk after which animals were killed at 
estrus. For superovulation, 6-wk-old Insm2 −/− and 
WT mice were given a single intraperitoneal injec
tion of 5 U of pregnant mare serum gonadotropin 
(Sigma, St. Louis, MO) followed 48 h later by 5 U of 
human chorionic gonadotropin (Sigma). After an 
additional 18 h, the oocyte-cumulus mass was 
released from the oviduct ampulla with a syringe 
and cultured in M2 medium. After treating with 
0.1% hyaluronidase (Sigma) to make granulosa cells 
shed from the oocytes, oocytes were collected and 
counted.

RNA isolation and RNA sequencing

Total RNA was isolated with TRIzol reagents 
(Invitrogen) from the ovaries of 6-wk-old (a tran
sition from juveniles into sexually mature) female 
mice at estrus. The RNA concentration was ver
ified using a NanoDrop 2000 Spectrophotometer 
(Thermo Fisher Scientific). One microgram of 
total RNA was used from each sample to prepare 

the mRNA libraries using TruSeq Stranded mRNA 
Library Preparation Kit Set A (Cat. No. RS-122- 
2101, Illumina) according to the manufacturers’ 
instructions. All libraries were sequenced using 
the Illumina HiSeq 4000 platform. The FASTX- 
Toolkit was used to remove adaptor sequences 
and low-quality reads from the sequencing data. 
To identify all the transcripts, we used Tophat2 
and Cuffiinks to assemble the sequencing reads 
based on the UCSC MM10 mouse genome. The 
differential expression analysis was performed by 
Cuffdiff. The differential expressed genes were set 
with the threshold of P < 0.05 and fold change ≥2.

Quantitative RT-PCR

Reverse transcriptional reactions contained 500 ng of 
purified total RNA using a PrimeScript RT reagent kit 
with gDNA Eraser (TaKaRa) to remove the DNA 
contamination. RT-qPCR was performed with SYBR 
green master mix (TaKaRa) on Stepone Real-Time 
PCR system according to manufactures’ instructions: 
95°C for 10 min, 40 cycles of 95°C for 1 min and 60°C 
for 30 s. Insm2 (forward: 5′-gctccggcagctcctacc-3′; 
reverse: 5′-ggctcctccggtgaggatt-3′). The relative gene 
expression was quantified using the comparative 
cycle threshold method, with the Gapdh expression 
used for normalization [18]. The primer sequences for 
other genes and retrotransposons and were listed in 
Table S1.

Molecular function and pathway analysis

To further understand the biological relevance of 
the hub genes and their regulators in oocyte devel
opment and cellular metabolism, we performed 
functional enrichment analysis using ClueGO 
[19]. ClueGO facilitates the visualization of func
tionally related genes displayed as a clustered net
work and chart. The statistical test used for the 
enrichment was based on right-sided hypergeo
metric option with a Benjamini–Hochberg correc
tion and kappa score of 0.3.

Detection of apoptosis

The extent of cell death in the ovary was estab
lished by TUNEL analysis using an TUNEL apop
tosis assay kit (C1098, Beyotime). The staining was 
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performed according to the protocol provided by 
the manufacturer.

Statistical analysis

All data are presented as mean ± SD unless other
wise noted in the figure legends. Statistical differ
ences between datasets were assessed by one-way 
ANOVA or Student’s t-test. P-values are denoted 
in figures by *P < 0.05 and **P < 0.01.

Results

Insm2 deficiency did not affect testis histology 
and male fertility

To identify the biological roles of Insm2 in 
reproduction, Insm2 knockout mice by 

CRISPR/Cas9 technology were used. The dele
tion (25 bp) induces a frameshift and 
a premature stop codon, producing global dis
ruption of the Insm2 gene (Insm2 −/−) 
(Figure 1(a)). Insm2 deficient mice were identi
fied by PCR amplification (Figure 1(b)). Both 
published sequencing data [20] and our RT- 
PCR result showed Insm2 transcriptional activ
ity is extremely low in the adult ovary (Figure 
S1(a,b)), so we examined Insm2 mRNA level in 
knockout mice through brain tissues. 
Quantitative qRT-PCR analysis showed that 
the level of Insm2 mRNA was dramatically 
reduced in knockout mice when compared 
with the wild-type (WT) mice (Figure 1(c)). 
A very small amount of unstable Insm2 
mRNAs probably exist in the mutant mice due 
to the frameshifted deletion. Then, we 

Figure 1. Insm2 deletion has no defects in the testis histology and the male infertility. (a) Schematic of the sgRNA targeting site of 
Insm2 allele. The sgRNA targeting sequence is labeled in red. (b) Representative PCR genotyping results showing the WT and 
knockout (−/−) alleles can be detected at 152 and 127 bp bands, respectively. (c) Quantitative RT-PCR analysis indicates that Insm2 
mRNA is markedly decreased in Insm2−/− mouse brain as compared to normal controls. (d) H&E staining of the testes and 
epididymis from WT and Insm2−/− mice. Scale bars = 20 μm. (e) Aggregate pups per litter among pairings that produced a litter. (f) 
Continuous breeding assessment shows cumulative number of litters per male. Three samples per genotype were analyzed in each 
experiment. **P < 0.01.
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examined mouse testes histology by H&E stain
ing, and did not find a visible morphological 
difference when Insm2 was deficient (Figure 1 
(d)). Furthermore, breeding tests demonstrated 
no significant difference in the average litter 
size (Figure 1(e)) or the cumulative live pups 
between Insm2-deficient and control mice 
(Figure 1(f)). The above results indicate that 
Insm2 is dispensable for male fertility.

Insm2 deficiency induced infertility in female 
mice

To determine whether Insm2 is required for 
female fecundity, we performed the breeding 
tests by crossing WT males with adult Insm2 
−/− females and its littermate controls in one 
cage till 4 months old. The results showed none 
of the gene mutant females were pregnant 
(Figure 2(a)). To investigate the effect of 
Insm2 deficiency on the ovarian structure of 
the mice, ovary size and weight were examined. 
Compared with the ovaries of the WT mice, the 
ovary size (Figure 2(b)) and weight (Figure 2 
(c)) of Insm2 −/− mice was significantly 
decreased. The H&E staining results by serial 
sections showed that the total ovarian follicles, 
including primary follicles, antral follicles and 
corpora lutea were significantly decreased in 
Insm2 −/− mice (Figure 2(d,e)). These results 
indicated that Insm2 deficiency led to decreased 
ovarian reserve. Under natural ovulation, we 
only collected about 2 oocytes in average from 
every three Insm2 −/− female mice. To examine 
whether Insm2 −/− female mice could ovulate 
more oocytes, we tried to collect oocytes from 
the oviducts after superovulation. About 36 
oocytes in average were obtained from every 
three WT females (12 oocytes per mice), while 
only about 6 oocytes were recovered in every 
three Insm2 −/− females (2 oocytes per mice) 
(Figure 2(f)). In addition, we noticed that 
Insm2 has a relatively stronger transcriptional 
level in infant ovary compared with adult ovary 
(Figure S1C), suggesting Insm2 appear to be 

much more active at the early stage of ovary 
development.

The transcriptome of Insm2 null ovary was 
dramatically perturbed

To understand the molecular changes occurring 
during folliculogenesis in the ovaries of Insm2 
−/− mice, we further analyzed transcriptional 
profile through RNA sequencing. The transcrip
tome results showed that 4311 genes were sig
nificantly changed in 6-wk-old mice Insm2 −/− 
ovary, which indicated that Insm2 is crucial for 
the gene expression during folliculogenesis. 
Based on the differentially expressed genes, 
trees with clear distinctions between WT and 
Insm2 −/− ovary were generated by cluster ana
lysis (Figure 3(a)). Specifically, Insm2 −/− ovary 
showed 2314 down-regulated genes and 1997 
upregulated genes (Figure 3(b)). Then, we con
ducted Gene Ontology (GO) and KEGG analy
sis on the up and down regulated genes. GO 
analysis showed that down-regulated genes are 
significantly enriched in sister chromatid segre
gation, organelle fission, nuclear division, mito
tic cell cycle, cell division and cell cycle process 
(Figure 3(c)). KEGG analysis revealed that 
down-regulated genes are mostly involved in 
oocyte meiosis, cell cycle, and cellular metabo
lism of vitamin/amino acid/glucose/fatty acid 
(Figure 3(d)). The up-regulated genes were sig
nificantly enriched in the different GO terms, 
such as regulation of immune response and cell 
activation (Figure S2(a)). KEGG analysis 
showed that the upregulated genes were mainly 
involved in immunity, including Fc gamma 
R-mediated phagocytosis, B cell receptor signal
ing pathway and NF-kappa B signaling pathway 
(Figure S2(b)). RNA-Seq analyses revelated that 
global gene expression changes in Insm2 −/− 
ovary, in which dysregulation of several factors 
may contribute to diminished ovarian reserve.
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Insm2 deficiency impaired oocyte meiosis and 
steroidogenesis

To gain the biological insight on the differentially 
down-expressed genes, we performed enrichment 
analysis using ClueGO software. Overall, oocyte 
meiosis and steroid synthesis were significantly 
enriched, which could be respectively categorized 
into 12 and 6 terms of GO. For oocyte meiosis, 
the main GO categories were as follows: regula
tion of oocyte development, female meiotic 

division, female meiotic division, oocyte develop
ment, oocyte maturation, etc. (Figure 4(a,b)). We 
found the oocyte development-related genes: 
Aurka, Ccnb1, Dazl, Igf1, Inhbb, Nppc, Rps6ka2, 
Tdrd5, Trip13, and Brca2 were significantly 
decreased compared with the WT group 
(Figure 4(c) and Figure S1(d)). For steroid synth
esis, the main GO categories were as follows: 
sterol metabolic process, sterol biosynthetic pro
cess, cholesterol metabolic process, cholesterol 

Figure 2. Insm2 deletion results in ovarian reserve and follicular development defects in mice. (a) Average litter sizes of WT and 
Insm2−/− female mice during fertility assay. (b) Gross morphology of the ovary from 8-wk-old WT and Insm2−/− mice. (c) The 
weight of ovaries. (d) Representative images of ovarian sections from 8-wk-old WT and Insm2−/− mice. Scale bars = 25 μm. (e) 
NumbeFrs represent total counts of every fifth section from serially sectioned ovaries. (f) Number of ovulated oocytes from mated 
females. Superovulation was induced with 5 IU (international units) each of PMSG and hCG at 48-hour intervals. (g) Morphology of 
MII oocytes derived from WT and Insm2−/− females after superovulation. Scale bars = 100 μm. Three samples per genotype were 
analyzed in each experiment. **P < 0.01.
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biosynthetic process, etc. (Figure 4(d,e)). We 
found that steroid synthesis genes: Foxo1, 
Cyp51, Dhcr24, Msmo1, Nsdhl, Soat1, and Sqle 
were obviously reduced in mice lacking Insm2 
gene (Figure 4(f) and Figure S1(e)). The above 
results showed that Insm2 may regulate ovarian 
folliculogenesis through sterol synthetic signaling.

Foxo1 and Nsdhl were down-regulated in Insm2 
deficiency ovary

To explore the potential mechanisms behind the 
infertility induced by Insm2 deficiency, we 
examined cell apoptosis with TUNEL assay. 
The apoptosis of the ovarian granulosa cell was 
significantly increased in the Insm2 −/− ovary 
compared with the WT ovary. Immunochemistry 

Figure 3. Loss of Insm2 alters the ovarian transcriptome. (a) Hierarchical clustering of significantly different genes in an RNA-seq 
analysis of 8-wk-old Insm2−/− ovaries compared with control ovaries (P < 0.05 and fold change ±2). Two independent pools of two 
ovaries per genotype were analyzed. Downregulated genes are shown in blue and upregulated genes are indicated in red. (b) Graph 
plot showing dysregulated genes in Insm2−/− ovary. Significantly regulated genes have a P-value of < 0.05 and fold change of > 2. 
The blue dots represent significantly decreased transcripts; the red dots represent the transcripts for which expression levels were 
significantly increased. (c) GO analysis of differentially down-expressed genes ordered by −log10 (P-value). (d) KEGG analysis of 
differentially down-expressed genes ordered by −log10 (P-value). Two samples per genotype were analyzed in each experiment.
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results suggested that apoptosis in follicular cells 
occurred in growing follicles (primary and 
mature) of Insm2 −/− mice (Figure 5(a)). 
Follicular atresia may be subsequently induced 

and early occurred by granulosa cell apoptosis. 
The AKT/PI3K pathway represents a potential 
cross-link by which insulin signaling could affect 
folliculogenesis and ovulation [21]. Foxo1, one of 

Figure 4. ClueGO analysis of down-regulated genes in oocyte meiosis and steroid synthesis. (a) and (d) Functionally grouped 
network with terms as nodes linked based on their kappa score level (≥0.3), where only the label of the most significant term per 
group is shown. The node size represents the term enrichment significance. (b) and (e) GO terms specific for down-regulated genes. 
The bars represent the number of genes associated with the terms. The percentage of genes per term is shown as bar label. (c) and 
(f) Column graph shows the relative expression levels of oocyte meiosis and steroid synthesis related genes expressed in the ovaries 
from WT and Insm2−/− mice.

Figure 5. Insm2 deletion results in increased apoptosis and abnormal expression of Foxo1 and Nsdhl. (a) The images from 8-wk-old 
WT and Insm2−/− mice show apoptotic signal in the corpus luteum and primary follicle. (b) Foxo1 and (c) Nsdhl expression was 
downregulated by Insm2 knockout. Red triangles indicate the positive staining. Solid box indicates the location of the higher 
magnification images in the lower panels. Asterisk indicates nonspecific staining. Scale bars = 50 μm. Three samples per genotype 
were analyzed in each experiment.
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the main targets of AKT signaling in granulosa 
cells, is expressed in high amounts in granulosa 
cells of growing follicles [22]. Compared with 
controls, Foxo1 exhibited a remarkably decreased 
expression in Insm2 −/− granulosa cells both in 
corpus luteum and antral follicles (Figure 5(b) 
and Figure S3(a)). Moreover, we found that 
Nsdhl, an enzyme responsible for the cholesterol 
biosynthesis, was also downregulated in the 
granulosa cells of Insm2 −/− follicles (Figure 5 
(c) and Figure S3(b)). This repression was con
sistent with the steroid synthesis changes 
observed in RNA-seq data.

Retrotransposons were activated in Insm2 
knockout ovary

To further understand how Insm2 functions, we 
compared the expression levels of retrotransposon 
between Insm2 −/− and control ovaries. Volcano 
plots show that many retrotransposons were 
strongly activated in Insm2 −/− ovary (Figure 6 
(a)). The transcript levels of long terminal repeats 
(such as ERVL and ERVL-MaLR), long inter
spersed elements (such as LINE1 and LINE2) and 
short interspersed elements SINE (including Alu, 

B2, B4, ID, MIR and Deu) were significantly 
higher in Insm2 −/− ovary than in control 
(Figure 6(b) and Figure S1(f)). We propose that 
the upregulated retrotransposon may invade gen
ome by random insertion and cause DNA double- 
strand breaks (DSBs), checkpoint activation and 
cell death in mutant ovary [23]. The immunofluor
escent staining demonstrated that the number of 
γ-H2AX positive granulosa cells in 8-wk-old 
Insm2 −/− ovaries was significantly higher than 
those in control ovaries (Figure S3(c)). These find
ings suggest that, in the absence of Insm2, there 
was more DNA damage in the granulosa cells of 
ovaries.

Discussion

Insm2 expression has been found in human fetal 
pancreas and mouse embryos, as well as adult 
pancreatic islets [14]. Although no obvious dia
betic symptoms were observed in Insm2 −/− 
mice, deletion of Insm2 affects pancreatic islet 
cell functions are attributed to lower serum insulin 
secretion and lower C-peptide levels [15]. 
However, fasting blood glucose levels in Insm2 
−/− were significantly higher than control mice 
[15]. Normal follicular growth is the result of 

Figure 6. Retrotransposons were activated in Insm2 knockout ovary. (a) Volcano plot representation of up- and down-regulated 
transposons as measured by RNA-seq between WT and Insm2 knockout mice. Red dots: upregulated transposons; blue dots: 
downregulated transposons (fold change >2 and P-value <0.05). (b) Heat map with hierarchical clustering of retrotransposons from 
WT and Insm2 knockout mice ovary RNA-Seq results. Individual names of retrotransposons are shown at the right of the chart. Colors 
represent the average read count for an element in a given family. Two samples per genotype were analyzed in each experiment.

CELL CYCLE 2263



complementary action of follicle-stimulating hor
mone (FSH) and luteinizing hormone (LH). 
Decreased LH response to gonadotropin hor
mone-releasing hormone (GnRH) stimuli is clo
sely related to high fasting glucose, severe insulin 
deficiency or reduced C-peptide levels [24]. In 
patients with type 1 diabetes, insulin deficiency 
usually induces hypogonadism and hyperandro
genism, leading to the fertility problems [25].

Insm2 mRNA has been found to be expressed in 
mouse testis [14]. Here, our fertility assay and 
histology analysis suggested that Insm2 deficiency 
was not essential for male mice fertility. 
Conversely, Insm2 deficiency causes infertility in 
female mice. Compared with WT mice ovary, 
Insm2 −/− female mice had smaller ovaries and 
fewer numbers of follicles and corpora lutea. 
Superovulation treatment of Insm2 −/− mice only 
induced fewer numbers of oocytes. To identify 
potential factors that contribute to impaired folli
culogenesis and ovulation, we performed RNA-seq 
analysis and made a comprehensive transcriptomic 
analysis on ovaries from mutant and control mice. 
GO and KEGG analysis was performed on the 
downregulated and upregulated genes exhibiting 
greater than twofold difference in expression, 
respectively. We noticed that the downregulated 
genes mainly enriched in the biological processes 
of oocyte meiosis and steroid synthesis. 
Additionally, the complexity of RNA-Seq results 
in our study may be attributed to loss of follicles 
(loss of oocytes, loss of granulosa cells, etc.) in 
Insm2 −/− ovary. This could be fixed by including 
histology and morphometrics to define a time per
iod in which the follicle numbers of the mutant 
mice are the similar. Ovarian follicle status in 
Insm2 −/− female mice before puberty will be 
determined in the further study.

It is known that the follicle atresia accounts 
for the oocyte’s loss during folliculogenesis. 
Apoptosis plays crucial rules in the follicle atre
sia [26]. In the TUNEL analysis, we found cor
pus luteum of Insm2 −/− ovary contained much 
more apoptotic cells in the comparison with 
control. The Forkhead box O (FOXO) tran
scription factors regulate multiple cellular func
tions, including cell proliferation, cell survival, 
apoptosis and metabolism [27]. Foxo1 is highly 
expressed in granulosa cells of ovarian follicles 

and functions as a critical mediator of normal 
ovarian follicular development and luteiniza
tion. Foxo1 or Foxo3 knockout alone led to 
no overt phenotype, while simultaneous Foxo1 
and Foxo3 knockout led to female infertility 
and severe follicle defects [28]. Nsdhl is 
a decarboxylase enzyme involved in cholesterol 
biosynthesis. Meiosis-activating sterols (MAS) 
are substrates of Nsdhl in the cholesterol path
way and are important for normal organismal 
development. Byskov et al. isolated a class of 
C-29 sterols named follicle fluid meiosis- 
activating sterol (FF-MAS) and testicular meio
sis-activating sterol (T-MAS) [29]. MAS have at 
high concentrations in the testis and ovary, and 
as the name suggests, they play an important 
role in meiosis activation. Deficiency in Nsdhl 
dramatically impairs cholesterol biosynthesis in 
both humans and mice [30]. Loss-of-function 
mutations in Nsdhl cause Congenital 
Hemidysplasia with Ichthyosiform erythro
derma and Limb Defects (CHILD). 
Occasionally, CHILD syndrome patients have 
unilateral absence or hypoplasia of the ovary 
and fallopian tubes [31]. In our results, we 
found both Foxo1 and Nsdhl were downregu
lated in the ovary of Insm2 −/− mice, indicating 
that steroidogenic pathways was altered after 
loss of Insm2.

Retrotransposons are genetic mobile elements 
that make up about 40% of the mouse genome. 
In the long-term evolution of mammals, retro
transposons are conducive to the diversity of the 
genome. However, in the short term, the activa
tion of retrotransposon can also threaten gen
ome integrity, thus leading to tumorigenesis and 
infertility. In male germ cells, retrotransposons 
are repressed by DNA methylation, histone 
modification and piRNA machinery, thereby 
maintaining normal spermatogenesis. Mice 
mutants lacking piRNA pathway show normal 
female fertility. In Lsh-deficient mice, oocytes 
had de-repressed retrotransposon by extensive 
DNA hypomethylation, thus triggering insuffi
cient ovarian follicle formation and severe 
oocyte loss. In addition, elevated LINE-1 expres
sion leads to DNA damage and meiotic defects 
in mammalian oocyte. LINE-1 activation corre
lates with increased fetal oocyte attrition (FOA), 
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reduced ovarian reserves and oocyte aneuploidy. 
Collectively. Retrotransposons are essential for 
maintaining the stability of the genome. 
Excessive retrotransposon activation can lead to 
meiotic defects, which decreases ovarian reserves 
and causes oocyte attrition.

INSM2 shares high similarities in its amino 
acid sequence with the Snail superfamily mem
bers, a kind of C2H2 zinc-finger transcription 
factors, which plays an important role in the 
development disease [32]. For example, mice 
lacking both Snai2 and Snai3 have been reported 
to be infertile in males [33]. Previous study 
showed that Insm2 mRNA expressed in mouse 
embryonic development from E6.5 to E18.5, in 
which is transiently enhanced in E11.5-E13.5, 
suggesting that a potential role of Insm2 in the 
development of mouse embryonic development. 
Insm2 was recently found to be involved in the 
transcriptional regulation of ultraconserved (uc) 
RNAs 372, which suppresses the maturation of 
miR-195/miR-4668 to regulate expression of 
genes related to lipid synthesis [34]. Moreover, 
genetic analysis by GWAS in a cohort of Africa 
Americans with type 2 diabetes revealed 
a significant association of the disease to an 
SNP (rs1952392, MAF = 0.0188; P < 0.001) at 
the proximal promoter region of the human 
INSM2 gene [35]. These studies indicated 
INSM2 plays multiple roles in the development 
of other tissues and organs. This study provides 
a potential clue of exploring the underlying 
mechanism in the disease that are affected by 
INSM2.

In summary, we found Insm2 is required for 
female fertility, and it acts as a novel positive regu
lator during folliculogenesis. We also showed that 
Insm2 is involved in oocyte development, steroid 
synthesis pathway and retrotransposon repression 
in mouse ovary. Our results will provide valuable 
information for clinical treatment of infertility 
patients with diminished ovarian reserve.
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