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Abstract
Background:

Increased granulosa cell division is associated with abnormal folliculogenesis in polycystic ovary
syndrome (PCOS). As the most abundant microRNA molecule in the development of follicles, let-7i was
found to be differentially expressed in PCOS patients and controls. This study aimed to investigate the
role of let-7i in PCOS and explore its related mechanisms.

Methods: The expression of let-7i was measured in GCs from women with PCOS and without PCOS. An
immortalized human granulose cell line, KGN, was used for the functional study. Let-7i mimics, let-7i
inhibitors, lentiviruses expressing IMP2 and small-interfering RNA were transfected respectively into KGN
cells. KGN cell proliferation was determined by an EdU assay kit and cck-8. Cell cycle and apoptosis were
determined by PI staining and �ow cytometry analysis. Quantitative real-time polymerase chain reaction
(qRT-PCR) and western blotting were utilized to evaluate genes expression. Estradiol biosynthesis was
determined by ELISA analysis. Bioinformatics analysis and luciferase reporter assay were applied to
con�rm the target gene of let-7i.

Results: let-7i was down-regulated in PCOS GCs. Let-7i mimics (150 nM) inhibited KGN proliferation,
arrested cell cycle progression, and decreased aromatase expression and estradiol production, while the
let-7i inhibitors (150 nM) had the opposite effect. Bioinformatics analysis and qRT-PCR identi�ed IMP2
was a target of let-7i. QRT-PCR and western blot analysis indicated that IMP2 was up-regulated in PCOS
GCs and the expression of IMP2 was suppressed by let-7i in KGN. The further luciferase reporter assay
combined with rescue assay validated that let-7i inhibited KGN proliferation and estradiol production by
directly targeting IMP2 mRNA.

Conclusions: Let-7i was down-regulated in PCOS GCs. Let-7i overexpression inhibited KGN proliferation
and decreased estradiol production in an IMP2-dependent manner, providing insights into the
pathogenesis of PCOS.

Background
Polycystic ovary syndrome (PCOS) is not only one of the most common reproductive endocrine disorders,
but also a main cause of anovulatory infertility, affecting 5 to 20% of women of reproductive age (1). It is
characterized by ovulatory dysfunction, polycystic ovaries and androgen excess (2) (3). Women with
PCOS have an increased risk of developing infertility, metabolic abnormalities, endometrial cancer and
cardiovascular events. The etiology of PCOS includes genetic factors, environmental in�uence and
epigenetic changes (4). The exact mechanism of ovarian dysfunction and disordered steroidogenesis in
PCOS is not fully understood. Compared with women without PCOS, PCOS patients have more small
growing follicles, high granulosa cells (GCs) proliferation and low GCs apoptosis (5, 6). Abnormal GCs
proliferation play a part vital role in pathogenesis of PCOS by interfering with steroidogenesis, follicular
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development, and oocyte maturation (7, 8). Therefore, exploring the underlying molecular mechanism of
GCs dysfunction would provide a new understanding in the pathogenesis of PCOS.

MicroRNAs (miRNAs) are a group of small non-coding RNAs that are involved in mediating RNA
destabilization and/or inhibiting translation by binding partially complementary target mRNAs. The role
of miRNA has been reported in regulating GCs function, oocyte maturation, follicle development and
abnormal steroidogenesis in PCOS (9–13). Aberrant expression of miRNAs in GCs may contribute to the
pathology of PCOS. Lethal-7 (let-7) miRNA family, including let-7a (-1, -2 and − 3), let-7b, let-7c, let-7d, let-
7e, let-7f (-1 and − 2), let-7g, let-7i, and miRNA-98 in human (14), was found to be the most commonly
abundant miRNAs cluster in the ovary (15). Let-7 family has been widely reported to play a role in tumor
repression, lipid metabolism and steroidogenesis (16–18). As a critical regulator governing cellular
growth signaling pathway (19), let-7 also regulates GCs growth and ovarian development. In the
mammalian ovary, let-7g promotes porcine GCs apoptosis by blocking the transforming growth factor β
pathway (20). Ectopic expression of let-7b is involved in partial restoration of abnormal ovarian
angiogenesis in the corpus luteum of Dicer hypomorphic mice (21). In the family of let-7, let-7i is the most
abundant miRNA identi�ed in bovine oocyte and GCs from different staged-follicles (22). Let-7i
expression was decreased in atretic follicles as compared to that in healthy follicles (23) and was
signi�cantly up-regulated in follicle activation (24). A recent study showed that the expression of let-7i
was signi�cantly different between PCOS patients and controls (25, 26), that suggested the potential role
of let-7i in the pathogenesis of PCOS.

In this study, we explored that the expression of let-7i was down-regulated in GCs of PCOS patients. Also,
we assessed the role of let-7i in GC proliferation and steroidogenesis and further explored its potential
mechanism. We found the potential target of let-7i performed by bioinformatic analysis, which predicted
that insulin-like growth factor 2 mRNA binding protein (IMP) 1–3 belonging to IMP family might be the
targets of let-7i. IMP family serves as the RNA-binding protein, regulating mRNA localization, stability and
translation (27). Compared with IMP1 and IMP3, IMP2 is the most widely expressed in oocytes and GCs
of growing follicles among three paralogs, and participates in oocyte development (28), ovulation (29)
and embryo implantation (30). Crucially, a recent study has found that the expression of IMP2 was
overexpressed in PCOS patients as compared to that in non-PCOS patients, and up-regulated expression
of IMP2 promoted abnormal GCs proliferation by stabilizing the mRNA of proliferation-related genes (31)
in PCOS. We con�rmed that the expression of IMP2 was up-regulated in GCs of PCOS patients. We further
explore that the effects of let-7i on GCs proliferation by targeting IMP2 in GCs. Our �ndings provide a new
molecular mechanism in PCOS disease.

Methods
Clinical samples

We recruited twenty-four patients with and without PCOS who were undergoing in vitro fertilization-
embryo transfer/intracytoplasmic sperm injection (IVF-ET/ICSI) at Shanghai Jiai Genetics and IVF
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Institute, in the period from January to June 2019. The Human Research Ethics Committee of the
Obstetrics and Gynecology Hospital of Fudan University approved the study. Eleven patients were
diagnosed as PCOS according to the Rotterdam revised criteria (32) (2 out of 3): oligo- or anovulation;
clinical and/or biochemical signs of hyperandrogenism; and polycystic ovaries with exclusion of other
etiologies (congenital adrenal hyperplasia, androgen-secreting tumors, Cushing’s syndrome). Thirteen
participants, forming the non-PCOS group, were recruited because tubal factor infertility or male factor,
who regular menstrual cycles (26-35 days), normal ovarian morphology and no clinical or biochemical
evidence of hyperandrogenism. Patients with genetic diseases, thyroid diseases, a family history of type 2
diabetes mellitus within 3 months before the recruitment were excluded. Follicular �uid and granulosa
cells from such patients were usually collected as clinical samples for the study of PCOS disease (33,
34). The clinical characteristics of PCOS and non-PCOS group women are shown in the Table 1.

Isolation of human GCs

Human GCs were collected from PCOS and non-PCOS patients undergoing IVF/ICSI. Oocyte retrieval was
performed under the guidance of the transvaginal ultrasonography after human chorionic gonadotropin
administration. After oocyte retrieval, follicular �uid was centrifuged at 2000 rpm for 10min, the
precipitates were digested with hyaluronidase (80 IU/ml) (Sigma, St. Louis, Mo., USA) for 30 min at 37℃,
then transferred into lymphocyte separation medium (LTS1077-1; TBD, Tianjin, China) and centrifuged at
1500 rpm for 10 min (35). GCs were isolated from the interface layer, then washed and resuspended in
phosphate buffer saline (PBS) (GNM10010; Genom, Hangzhou, China). Owing to the di�culties in
obtaining human su�cient quantities of GCs and in maintain primary cultures, fresh GCs cells were used
for RNA or protein extraction immediately after pu��cation.

Cell culture

We used an immortalized human GCs line KGN for functional studies. The KGN cell line is a steroidogenic
human granulosa-like tumor cell line. KGN cells were obtained from Shandong University and were
cultured with phenol red–free DMEM/F12 (GNM11039; Genom) supplemented with 10% fetal bovine
serum (10270-106; Gibco, NY) and 1% penicillin-streptomycin (C125C5; NCM, Suzhou, China) (36). KGN
cells were cultured in a humidi�ed atmosphere (5% CO2) at 37℃ and digested with 0.25% trypsin
(containing EDTA) (GNM25200; Genom) when passaged.

Bioinformatics analysis

Potential target genes of let-7i (let-7i-5p) were predicted by three databases: Starbase
(http://starbase.sysu.edu.cn/), Mirwalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/), and
TargetScan (http://www.targetscan.org). There are 116 genes overlapping in all three databases. We
evaluated the binding site strength. IMP1-3 were unveri�ed targets with high binding scores.

Vector construction and transfection

http://www.targetscan.org/
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Lentiviruses expressing IMP2 (lenti-IMP2) (31592-1; GeneChem, Shanghai, China) and the control
lentiviruses (lenti-ctrl) (CON335; GeneChem) were transfected respectively into KGN cells at 70-80%
con�uency of cells using HiTransG P reagent (GeneChem). Puromycin (REVG1001; GeneChem) was used
to select stably transfected clones according to the manufacturer’s protocol. Small interfering RNA (si-
RNA) targeting IMP2 (si-IMP2) and siRNA control (si-ctrl) were purchased from GenePharma (Shanghai,
China). Si-IMP2-1 (si-1) sequence (5’-3’), GCGAAAGGAUGGUCAUCAUTT; si-IMP-2 (si-2) sequence,
ACAGGACUGUCCGUGCUAUTT; si-IMP2-3 (si-3) sequence, GCUGUUAACCAACAAGCCATT. let-7i mimics
(miR10000415, micrONTM hsa-let-7i-5p mimic), mimics-negative control (mi-ctrl) (miR1N0000001,
micrON mimic NC #22), let-7i inhibitors (miR20000415, micrOFFTM hsa-let-7i-5p inhibitor), inhibitors-
negative control (in-ctrl) (miR2N0000001, micrOFF inhibitor NC #22) were purchased from RiboBio Co.,
Ltd (Guangzhou, China). SiRNA (100nM), miRNA mimics (150nM), mi-ctrl (150nM), miRNA inhibitors
(150nM) and in-ctrl (150nM) were transfected respectively into KGN cells at 40-50% con�uency of cells
using Lipofectamine 3000 (l3000015; Invitrogen, CA) according to the manufacturer’s protocol. After
transfection for 48h, the cells were collected for further investigations.

RNA extraction and quantitative real-time polymerase chain reaction

Total RNA from human GCs or KGN cells was extracted using the TRIzol reagent (9109; TaKaRa, Dalian,
China). 1mL of TRIzol reagent was added gently to each well of 6-well plate. The concentration and
quality of all the RNA samples were evaluated using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scienti�c), and the 260/280 values for all of samples were above 1.8 and 1.9. To measure mRNA or
miRNA expression, RNA (1 μg) was then reverse transcribed using the PrimerScriptTM RT reagent Kit
(RR037A, TaKaRa) in a 10μl reaction volume. Quantitative real-time polymerase chain reaction (qRT-PCR)
was performed using TB Green Premix Ex TaqTM II (RR820B, TaKaRa). Let-7i levels were measured by
qRT-PCR using Bulge-Loop hsa-let-7i-5p Primer Set (MQPS0000414; Ribobio) with U6 small nuclear RNA
(MQPS0000002; Ribobio) as an internal control. Other genes’ expression was normalized to GAPDH. Each
sample was run in triplicate. Data were analyzed according to 2−ΔΔCt method. The primer list is included
in the Table 2.

Protein extraction and western blotting analysis

Human GCs and KGN cells were lysed on ice in radioimmunoprecipitation assay lysis buffer (P0013B;
Beyotime, Haimen, China), supplemented with the protease inhibitor cocktail (HY-K0010, HY-K0021, HY-
K0022, MedChemExpress, Monmouth Junction, NJ, USA) of 1mM each. After centrifugation at 12,000g
for 30min, protein concentrations were quanti�ed using a bicinchoninic acid protein assay kit (P0010;
Beyotime). Equal amount of protein was separated by sodium dodecyl sulfonate polyacrylamide gel and
electro-transferred to polyvinylidene di�uoride membrane (IPVH00010; Millipore, Billerica, USA). After
blocking with 5% non-fat milk for 2 h at room temperature, membranes were incubated with anti-IMP2
(1:2000, ab124930; Abcam, Cambridge, UK), anti -Aromatase (1:1000, ab18995; Abcam) and anti-GAPDH
antibodies (1:10000, ab181602; Abcam) respectively overnight at 4℃ and were washed by 0.1% TBST.
Then, the membrane was incubated with horseradish peroxidase–conjugated anti-rabbit secondary
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antibodies (1:5000, SA00001-2, Proteintech) for 1 h at room temperature. Protein expression was
determined using an enhanced chemiluminescence detection system (General Electric Company, Fair�eld,
USA).

5-ethynyl-2′-deoxyuridine incorporation assay

According to the manufacturer’s instructions, Cell-LightTM EdU Apollo567 In Vitro Kit (C10310-1; Ribobio)
was used for cell proliferation assay. For 5-ethynyl-2′-deoxyuridine (EdU) assay, KGN cells were cultured in
96-well plates at a density of 3×103 per well. At 48h after transfection with let-7i mimics or let-7i inhibitors
or corresponding controls, 50 μM EdU labeling medium was added to the cell culture and incubated for 2
h at 37°C with 5% CO2. Then, the cells were �xed with 4% paraformaldehyde for 30 min, incubated with
2mg/ml glycine (50 μl per well) for 5 min. After being washed with PBS, the cells were permeabilized with
0.5 % Triton X and treated with 1×Apollo solution for 30 min at room temperature in the dark. The cells
were incubated with 100 μl 1×Hoechst 33342 solution for 30 min at room temperature in the dark and
then washed with PBS. Finally, the images were captured with a �uorescence microscopy (Olympus,
Tokyo, Japan) and the ratio of EdU-positive cells to Hoechst-positive cells was calculated from �ve
random �elds in three wells.

Cell cycle assay

PI/RNase staining buffer solution (550825, BD Pharmingen) was performed to detect nuclear DNA from
cell suspensions. KGN cells transfected with let-7i mimics or let-7i inhibitors or corresponding controls
were plated in 12-well plates and incubated at 37°C for 48h. Then, the cells were collected and washed
with buffer solution three times, and the cell cycle distribution was analyzed using propidium iodide (PI)
staining and �ow cytometry (BD FACS Calibur, USA). Data were analyzed by Flow Jo v.10.0.7 software.

Cell counting Kit-8 assay

Cell viability was determined using Cell-Counting Kit-8 (CCK-8) (ck04, DOJINDO, Japan). KGN cells
transfected with let-7i mimics or let-7i inhibitors or corresponding controls were reseeded in 96-well plates
at 1.5×103 cells/well in 100 μl cell suspension. 10 μl CCK-8 reagent was added to each well quickly and
then the cells were cultured for 1.5 h at 37°C at indicated time points (0, 24, 48, and 72 hours). Optical
density was measured at 450 nm using a microplate reader. Each experiment was carried out in triplicate
at least.

Apoptosis assay

We used the Annexin V/ PI staining for the analysis of apoptotic cells. 1×106 KGN cells transfected with
let-7i mimics or corresponding controls were digested with 0.25% trypsin (without EDTA) (GNM15050;
Genom) and washed twice with ice-cold PBS. The cells were then stained and treated with the Annexin V
PE apoptosis detection Kit (559763, BD Pharmingen) according to the manufacturer’s guidelines.
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Experiments were performed by �ow cytometry (BD FACS Calibur, USA) and data were analyzed by Flow
Jo v.10.0.7 software.

Measurement of estradiol levels

KGN cells were seeded in 24-well plates in serum-free and treated with 100 nM testosterone (T) and 1 μM
Forskolin (FSK) for 24 h after transfection with let-7i mimics or let-7i inhibitors. T and FSK were
purchased from Sigma-Aldrich Co. Ltd. T, as a substrate for aromatase, is converted to E2 under the
action of aromatase in GCs (37). Since the expression level of functional FSH receptor is very low in KGN
cells, FSK, as a substitute for FSH, was utilized to activate FSH receptor in GCs and assess the effect of
let-7i on steroidogenesis (38). The culture medium was assayed immediately; The concentration of
estradiol (E2) in the conditioned medium was determined by an ELISA kit (CSB-E05108h; CUSABIO), as
per the manufacturer’s instructions. The assay was validated by the parallelism between the pooled and
serial-diluted samples and the standard curve.

Dual-luciferase reporter assay

The luciferase reporter plasmids contain either wildtype 3’UTR segment of IMP2 (55335-1; GeneChem) or
mutant 3’UTR segment of IMP2 (3’UTR-M, 55336-1; GeneChem). KGN cells grown in 24-well plates were
co-transfected with 0.1 μg of the report plasmid and 0.02 μg of the Renilla luciferase plasmid, as well as
0.4 μg hsa-let-7i plasmid (55333-2; GeneChem) or miRNA empty vector plasmid (miRNA-NC) using X-
tremegene HP (06366236001, Roche, Germany) transfection reagent. 48 h after transfection, the �refly
and Renilla luciferase activities in the cell lysates were detected with the Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instructions.

Statistical analysis

All data were analyzed by SPSS version 23.0 (IBM, Armonk, NY, USA) and GraphPad Prism version 7
(GraphPad, La Jolla, USA). The Shapiro-Wilk’s test was used to assess whether the data had a Gaussian
distribution. Comparisons between two groups were performed with Student’s t test for quantitative data
with a Gaussian distribution, or Mann–Whitney U-test for data with a non-Gaussian distribution. For data
with more than two groups were analyzed by one-way analysis of variance (ANOVA) or the Kruskal-Wallis
test. Correlation between let-7i expression and IMP2 expression groups was analyzed by Pearson’s rank
correlation test. QRT-PCR data were analyzed according to 2−ΔΔCt method. Data are shown as the mean
± standard deviation (SD) from at least three independent experiments. A P value of <0.05 was
considered statistically signi�cant. *P < 0.05, **P < 0.01, ***P < 0.001.

Results
In PCOS GCs, let-7i is down-regulated and IMP2 is up-regulated

To determine if the expression of let-7i is altered in GCs of PCOS patients compared to that of non-PCOS
patients, a qRT-PCR assay was used to measure the expression of let-7i in a total of twenty-four GCs



Page 8/25

samples from eleven PCOS patients and thirteen controls. Let-7i expression was lower in PCOS GCs than
that in non-PCOS GCs (p 0.01; Fig. 1A). We also analyzed the potential targets of let-7i using
bioinformatics analysis and evaluated the binding site strength of targets. On the basis of the result
performed by bioinformatics analysis, we analyzed the relative mRNA expression of IMP1, IMP2 and
IMP3 in human GCs. It was observed that the expression of IMP2 mRNA in GCs was signi�cantly
increased in PCOS patients compared to that in controls (p 0.01; Fig. 1C). However, no signi�cant
differences compared to the control group were observed in the expression of IMP1 mRNA (Fig. 1B) or in
the expression of IMP3 mRNA (Fig. 1D). Western blot analysis showed that the expression of IMP2
protein in PCOS GCs was higher than that in controls, and the tendency of change was coincident with
the increased expression of IMP2 mRNA (p 0.05; Fig. 1E). Moreover, we analyzed the association between
the expression of let-7i and the expression IMP2 mRNA in GCs. As shown in Fig. 1F, there was a negative
correlation between the expression of let-7i and the expression IMP2 mRNA (R=-0.6452, P 0.01).

Let-7i overexpression inhibits KGN cells proliferation and arrests the cell cycle

On the basis of the above results, we determined the effect of let-7i overexpression on KGN cells by using
a transiently transfected let-7i mimics (150 nM). Known from qRT-PCR assay, the expression of let-7i in
KGN cells was effectively overexpressed by let-7i mimics (p 0.001; Fig. 2A). Next, we used the EdU assay
to determine whether let-7i in involved in cell proliferation. The EdU assay showed less EdU-positive cells
in let-7i mimics group (p 0.05; Fig. 2B and C). To explore the potential mechanisms of let-7i
overexpression on GCs proliferation, we performed cell cycle analysis by PI staining and �ow cytometry.
We found that the percentage of S-phase cells was decreased (p 0.05) and the percentage of G1-phase
cells (p 0.01) was increased in let-7i-overexpressed cells at 48 h post-transfection compared with control
group (Fig. 2D and E). These results veri�ed that let-7i markedly suppressed GC proliferation by inducing
G1 cell cycle arrest. The CCK-8 assay revealed the overexpression of let-7i reduced the viability of KGN
cells at 48 h and 72 h post-transfection of let-7i mimics (p 0.01; Fig. 2F). The KGN cells were becoming
less viable in let-7i mimics group in part by inhibiting cell proliferation. The decrease in cell viability might
be caused by either reduced proliferation or excessive apoptosis. Thus, we further explored the role of
overexpressed let-7i in apoptosis of GCs. However, no signi�cant differences compared to the control
group were observed in the rate of apoptotic cells (Supplementary Fig.1). These results indicated that the
overexpression of let-7i inhibited the proliferation of GCs in part by arresting cell cycle rather than by
inducing apoptosis.

Inhibition of let-7i promotes KGN proliferation

To further con�rm the role of let-7i in GCs proliferation, loss-of-function experiment was performed in KGN
cells. As shown in Fig. 3A, the expression of let-7i in KGN cells was down-regulated by transient
transfection of let-7i inhibitors (150 nM) (p 0.001). The EdU assay showed more EdU-positive cells in let-
7i inhibitors group (p 0.05; Fig. 3B and C). PI staining and �ow cytometry revealed that when let-7i was
inhibited, the percentage of S- and G2-phase cells was increased (p 0.05) and the percentage of G1-phase
cells was decreased (p 0.05; Fig. 3D and E). CCK-8 assay showed that inhibition of let-7i increased
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viability of KGN cells at 48 h and 72 h post-transfection of let-7i inhibitors (p 0.05; Fig. 3F). These data
suggested that loss of let-7i mediated the promotion of GCs proliferation.

Overexpression of let-7i inhibits aromatase expression and decreases E2 production

Testosterone (T), as a substrate for aromatase, is converted to E2 under the action of aromatase in GCs.
Since the expression level of functional FSH receptor is very low in KGN cells, FSK, as a substitute for
FSH, was utilized to activate FSH receptor in GCs and assess the effect of let-7i on steroidogenesis. In the
medium in the absence of T (100 nM) and FSK (1 μM), E2 content was low ( 100 pg/mL; Fig. 4A), and the
concentrations of E2 after let-7i mimics treatment showed no difference compared with the control group
(Fig. 4B). After the addition of T, the E2 concentrations increased signi�cantly (p 0.01), especially in the
presence of T and FSK (p 0.001; Fig. 4A). To investigate the role of let-7i in steroidogenesis, we treated
KGN cells for 24 h with T (100 nM) and FSK (1 μM) at 48 h post-transfection of let-7i mimics or inhibitors,
and then determined the relative aromatase mRNA (CYP19A1) levels and relative protein expression of
aromatase. Compared with the control group, E2 concentration was signi�cantly decreased at 48 h post-
transfection of let-7i mimics (p 0.05; Fig. 4C). Let-7i mimics signi�cantly decreased the CYP19A1 mRNA
expression in KGN cells (p 0.05; Fig. 4E), as well as the protein expression of aromatase (p 0.05; Fig. 4G
and H). Let-7i inhibitors had the opposite effect, increasing the concentration of E2 (p 0.05; Fig. 4D) and
CYP19A1 mRNA expression (p 0.05; Fig. 4F). These results veri�ed that let-7i inhibited aromatase
expression and decreased E2 production.

IMP2 is a target of let-7i

As mentioned above, we used bioinformatics analysis and qRT-PCR investigating the molecular
mechanism of let-7i. We found that IMP1, IMP2 and IMP3 may be targets of let-7i. To verify the regulation
of let-7i on target genes, qRT-PCR was performed and indicated that IMP2 mRNA expression was
signi�cantly decreased in KGN cells treated with let-7i mimics (p 0.05), while no signi�cant differences in
IMP1 and IMP3 mRNA (Supplementary Fig. 2). Hence, our subsequent experiments were focused on
whether IMP2 was the target gene of let-7i in GCs. Our results showed that let-7i mimics (150 nM)
decreased IMP2 mRNA levels (p 0.001; Fig. 5A), while let-7i inhibitors (150 nM) increased IMP2 mRNA
levels (p 0.05; Fig. 5B). Let-7i mimics (50 nM – 200 nM) and let-7i inhibitors (100 nM – 250 nM) inhibited
and promoted the protein expression of IMP2, respectively, with the most signi�cant effect at 150 nM
(Fig. 5C and D). To further con�rm IMP2 was a direct target of let-7i, we analyzed the complementary
sequence of let-7i in IMP2 3’UTR using the bioinformatics analysis and determined the mutant sites in
IMP2 3’UTR (Fig. 5E). The results of dual-luciferase reporter assay revealed that overexpression of let-7i
attenuated the luciferase activity of wild-type construct of IMP2 3’UTR compared with miRNA-control
(miRNA-NC), whereas mutant 3’UTR (3’UTR-M) showed no response to let-7i (Fig. 5F). Taken together,
these data demonstrated that IMP2 is a direct downstream target of let-7i.

IMP2 mediates the effects of let-7i on GCs
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Rescue experiments were performed to con�rm whether let-7i executed its functional effects by
suppressing IMP2. Let-7i mimics-transfected KGN cells were infected with lentiviruses expressing IMP2
(lenti-IMP2). Lenti-IMP2 upregulated the IMP2 mRNA (p 0.01) and protein expression (p 0.05) in KGN
cells (Fig. 6A and B). After the restoration of IMP2 expression, the protein expression of aromatase was
up-regulated (p 0.01; Fig. 6B). Reintroduction of IMP2 reversed the effect of let-7i mimics on KGN cells.
Cell cycle assay con�rmed that overexpression of IMP2 signi�cantly increased the cells in S- and G2-
phase, and decreased the cells in the G1 phase (p 0.001; Fig. 6C). The EdU assay and CCK-8 showed that
overexpression of IMP2 abolished the let-7i-mediated inhibition effects on proliferation in KGN cells (Fig.
6F and G). Moreover, we used three small interfering RNAs (si-IMP2-1, si-IMP2-2, and si-IMP2-3) to silence
IMP2 expression and found that only the si-IMP2-3 could effectively silence IMP2 expression (Fig. 7A and
B). Silencing of IMP2 expression by si-IMP2 (si-IMP2-3) reversed the promoting function of let-7i loss on
KGN cells proliferation. Knockdown of IMP2 decreased cell viability at 48 h (p 0.05) and 72 h (p 0.01)
post-transfection of si-IMP2 (Fig. 7C), led to a transition arrest of G1 phase to S phase (p 0.01; Fig. 7D),
and inhibited cell proliferation (p 0.001; Fig. 7E). Also, knockdown of IMP2 inhibited E2 production (p
0.05; Fig.7F), and abolished the effect of let-7i inhibitors on the steroidogenesis of GCs (p 0.05; Fig. 7G).
These results indicated that IMP2 acted as a functional downstream target of let-7i in KGN cells.

Discussion
In the family of let-7, let-7i has a critical role in folliculogenesis with the highest level of expression in
oocyte and GCs from different staged-follicles (22-24). Our present study was the �rst to obtain the
differential expression of let-7i in GCs from women with PCOS and those without. Results showed that
the expression of let-7i was signi�cantly decreased in PCOS GCs compared with that in controls. A recent
study reported that the expression of let-7i was increased in the serum from PCOS patients compared to
serum samples in control women. There is a possible difference between data from Butler et al. and our
studies, which probably because we tested ovarian GCs samples rather than serum samples. Therefore,
the issues relative to samples will be further analyzed for PCOS in our future studies for let-7i.

Following the identi�cation of potential prognostic value of let-7i in PCOS GCs, its biological role was
analyzed in GCs. We used an immortalized human GC cell line KGN as the di�culties in obtaining
adequate quantity of human GCs and in maintaining primary cultures. Many studies have reported the
excessive proliferation of granulosa cells in PCOS patients, which may be related to the over-recruitment
of follicles. An in-depth study of the molecular mechanism of granulosa cell growth and differentiation is
of great help to the etiology of PCOS. We explored whether let-7i regulates KGN cells growth. Results
indicated that overexpression of let-7i inhibited KGN cells proliferation, in part by arresting cell cycle, not
by inducing cell apoptosis. Knockdown of let-7i promoted proliferation of KGN cells. Therefore, low levels
of let-7i in GCs might account for the overgrowth of GCs in PCOS.

In addition to abnormal granulosa cell proliferation, PCOS patients often have abnormal steroid hormone
metabolism. Multiple miRNAs have been identi�ed the association with hormone metabolism disorder in
PCOS. Upregulation of miR-320 suppresses the E2 production via SF-1, which may account for the
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hyperandrogenism in PCOS (39). MiR-186 and miR-135a promote GCs proliferation by targeting ESR2
and could be regulated by E2 (10). It has been reported that in prostate cancer cells, androgen can inhibit
the expression of let-7c through androgen receptor (40). Our study found that let-7i suppressed the
aromatase mRNA (CYP19A1) and aromatase protein expression, and decreased the E2 production.
Hyperandrogenemia is one of the main characteristics of PCOS patients. As an important androgen
metabolizing enzyme, aromatase in GCs is involved in the encoding of CYP19A1 gene and can convert
androgens to estrogen. There is still much debate about the expression and activity of aromatase in
PCOS patients. Studies have reported that down-regulated CYP19A1 in PCOS patients leads to androgen
accumulation as the pathogenic cause. Some contrary views claimed that aromatase activity and E2
production were increased in PCOS patients, which probably led to follicular development arrest at the
stage of dominant follicle selection. Moreover, it has been reported that chronically elevated circulatory E2
likely plays a role in the pathogenesis of PCOS. In this study, we found that let-7i was down-regulated in
the PCOS patients, but the characteristics of PCOS patients didn’t show signi�cant elevated circulatory
E2. On the one hand, because the source of estrogen is extensive, E2 production is regulated by a variety
of complex factors, not only affected by the gonad. Also, patients receiving IVF-ET/ICSI were included in
our collection. Hormone levels would be affected by ovulation induction regimen, so we need to improve
the methods of puri�cation and separation of granulose cells to reduce these effects. On the other hand,
perhaps due to the insu�cient sample size we collected, we need to further expand the sample size for in-
depth study.

Next, the underlying molecular mechanisms were to realize how let-7i mediated a suppressive role in
proliferation of KGN cells. Bioinformatics analysis predicted 116 potential targets of let-7i overlapping in
all three databases. According to the evaluation of binding site strength, we found that three paralogs in
insulin-like growth factor 2 mRNA binding protein (IMP) family, IMP1, IMP2, and IMP3, were all unveri�ed
genes with high predicted binding-scores. IMPs are highly conserved oncofetal RNA-binding proteins that
regulate RNA localization, stability and translation, and they share highly identical structural features with
two RNA recognition motifs in N-terminal and four heterogeneous nuclear ribonucleoprotein K-
homologous domains (41). These three paralogs (IMP1-3) have been identi�ed that are expressed in
ovary (31) and embryo (30). IMP2 expression is more widely and persistently expressed in ovarian GCs
and oocyte than the expression of IMP1 and IMP3. IMP2 has the association with metabolic syndrome
(42), such as insulin resistance (43) and obesity (44), contributing to increased risks of type 2 diabetes
(45). Intriguingly, a recent study reported that the expression of IMP2 was increased in PCOS GCs and
overexpression of IMP2 promoted GCs proliferation (31). IMP2 can be regulated by miRNAs (miR-216b or
miR-596, for instance) and affects various cellular physiological process (46, 47). Here our study
con�rmed that IMP2 was a direct functional target of let-7i in KGN cells. At �rst, we measured the
expression of IMP1-3 in GCs of patients and controls, as IMPs have similar structure in terms of domain
order and spacing. We con�rmed that the expression of IMP2 was increased in PCOS GCs compared with
that in controls and the expression levels of let-7i and IMP2 were inversely correlated in human GCs. Next,
our data indicated that let-7i can inhibit the levels of both mRNA and protein of IMP2 in KGN cells.
Luciferase reporter gene assay demonstrated that overexpression of let-7i signi�cantly reduced the
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activity of a luciferase reporter containing the 3’UTR sequence of IMP2. To verify whether IMP2 mediated
the effects of let-7i in KGN cells, rescue experiments were performed to examine the roles of IMP2 in
proliferation and cell cycle. Our data indicated that reintroduction of IMP2 expression antagonized the
inhibitory effects of let-7i on KGN cell proliferation and aromatase expression, and knockdown of IMP2
reversed the promoted roles of let-7i in cell proliferation and E2 production, suggesting that IMP2 is a
predominant functional target of let-7i in these processes. Since our functional experiments were
performed in the KGN cell line, further validation would need to be extend them to human primary GCs
and animal models. Also, it is interesting to identify the key downstream signaling pathways of IMP2 in
GCs proliferation and E2 biosynthesis. A study has demonstrated that IMP2 binds the 3’UTR of CCND2
and SERBP1 mRNAs, increases the expression of these protein and thus promotes the proliferation of
GCs. In future, we will perform experiments on animals to investigate whether the effects of let-7i/IMP2
on GCs proliferation and E2 production are related to the causes of PCOS or are a consequence of the
progression of PCOS.

In addition to abnormal GCs proliferation and hormonal metabolism disorders in PCOS, A growing
number of studies have shown that PCOS is associated with markers of in�ammation and insulin
sensitivity. The levels of interleukin-6 (IL-6), interleukin-8 (IL-8), and interleukin-1β (IL-1β) were elevated in
follicular �uid or serum of PCOS patients compared with that of non-PCOS patients (48-50). Let-7 has
been reported as an immuno-repressor involved in the in�ammatory process (51). We found that let-7i
signi�cantly inhibited the expression of IL-6, IL-8, and IL-1β mRNA (Supplementary Fig. 3), suggesting the
its potential as a therapeutic target for PCOS. It will be interesting to explore the relationship between the
let-7i-IMP2 pathway and in�ammatory markers in PCOS.

In conclusion, to our knowledge, we presented the �rst evidence that let-7i expression was decreased in
PCOS GCs and let-7i inhibited GCs proliferation, aromatase expression and E2 production by directly
targeting IMP2. Understanding the roles of let-7i involved in GCs function will help us to identify its
potential prognostic and therapeutic values in PCOS.
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Figure 1

The expression of let-7i and IMP2 in human GCs. (A): The expression levels of let-7i in PCOS GCs were
lower than those in non-PCOS GCs measured by qRT-PCR. (B-D): The expression levels of IMP1, IMP2 and
IMP3 mRNA in PCOS GCs and those in non-PCOS GCs were measured by qRT-PCR. (E): Protein expression
of IMP2 in PCOS GCs and those in non-PCOS GCs were measured using western blot. (F): The correlation
between let-7i expression and IMP2 mRNA expression in patients. Data are shown as the mean ± SD. *P
0.05, **P < 0.01.
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Figure 2

Overexpression of let-7i inhibited KGN cell proliferation and arrested the cell cycle. (A): The transfection
e�ciency was determined after incubation for 48 h with 150 nM let-7i mimics or mimics-negative control
(mi-ctrl) in KGN cells, and the relative let-7i expression levels were measured by qRT-PCR. (B-C): EdU assay
showed that percentage of proliferating cells (EdU/DAPI) was decreased in cells transfected with let-7i
mimics compared with that in cells transfected with mi-ctrl. (D-E): PI staining and �ow cytometry analysis
displayed a signi�cant increase of G1-phase cells and a decrease of S-phase cells in let-7i-overexpressed
cells (at 48 h post-transfection). (F): The cell viability in cells transfected with let-7i mimics or mi-ctrl was
measured using CCK-8 assays after 0-72 h. Data are shown as the mean ± SD from at least three
independent experiments. *P < 0.05, **P < 0.01, ***P 0.001.
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Figure 3

let-7i inhibitors promoted KGN cell proliferation. (A): The transfection e�ciency was determined after
incubation for 48 h with 150 nM let-7i inhibitors or inhibitors-negative control (in-ctrl) in KGN cells, and the
relative let-7i expression levels were measured by qRT-PCR. (B-C): EdU assay showed that percentage of
proliferating cells was increased in cells transfected with let-7i inhibitors compared to controls. (D-E): PI
staining and �ow cytometry analysis displayed a decreased proportion of G1-phase cells and an
increased proportion of S- and G2-phase cells in let-7i inhibitors group (at 48 h post-transfection). (F): The
cell viability in cells transfected with let-7i inhibitors or in-ctrl was measured using CCK-8 assays after 0-
72 h. Data are shown as the mean ± SD from at least three independent experiments. *P < 0.05, **P <
0.01, ***P < 0.001.
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Figure 4

Effect of let-7i on aromatase expression and estradiol (E2) production. (A): The concentrations of E2
production in KGN cells was detected by an ELISA assay kit. (B-C): The effect of let-7i mimics on E2
production in the presence or absence of testosterone (T) and forskolin (FSK). (D): The effect of let-7i
inhibitors on E2 production in the presence of T (100 nM) and FSK (1 μM). (E-F): Aromatase CYP19A1
mRNA levels were measured by qRT-PCR in KGN cells. (G-H): Aromatase protein levels were measured by
western blot analysis in KGN cells. Data are shown as the mean ± SD from at least three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5

IMP2 is a direct target of let-7i. (A-B): The IMP2 mRNA levels in KGN cells transfected with 150 nM of let-
7i mimics or let-7i inhibitors were measured by qRT-PCR. (C): Protein expression of IMP2 in KGN cells
transfected with let-7i inhibitors and inhibitors-negative control (in-ctrl) was measured using western blot
analysis. (D): Protein expression of IMP2 in cells transfected with let-7i mimics and mimics-negative
control (mi-ctrl) was measured using western blot analysis. (E): Structure diagram showed the predicted
binding sites and corresponding mutant sites of IMP2. (F): Dual-luciferase reporter gene assay veri�ed the
direct relationship of let-7i and IMP2. Data are shown as the mean ± SD from at least three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6

Modulation of IMP2 expression reverses let-7i-mediated cellular activities. (A): The IMP2 mRNA levels in
let-7i mimics group transfected with lenti-IMP2 vector or the control vector (lenti-ctrl) were measured by
qRT-PCR. (B): Western blot showed the protein expression of IMP2 and aromatase in let-7i mimics group
transfected with lenti-IMP2 or lenti-ctrl. (C-D): Cell cycle in let-7i mimics group transfected with lenti-IMP2
or lenti-ctrl was measured by PI staining and �ow cytometry analysis. (E-F): EdU assay showed the
effects of lenti-IMP2 and lenti-ctrl on the proliferation of KGN cells in let-7i mimics group. (G): CCK-8
indicated that IMP2 restoration increased the cell viability of KGN cells. Data are shown as the mean ± SD
from at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7

Knockdown of IMP2 abolishes the effect of let-7i inhibitors on cell proliferation and E2 production. (A):
The IMP2 mRNA levels in let-7i inhibitors group transfected with a small interfering RNA down-regulating
IMP2 (si-IMP2) or control (si-ctrl) were measured by qRT-PCR. (B): Western blot showed the protein
expression of IMP2 in let-7i inhibitors group transfected with si-IMP2 or si-ctrl. (C): CCK-8 showed that
down-regulated expression of IMP2 reduced the cell viability of let-7i inhibitor group. (D): PI staining and
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�ow cytometry analysis were performed to detect the effects of si-IMP2 and si-ctrl on cell cycle in let-7i
inhibitor group. (E): EdU assay showed that percentage of proliferating cells in let-7i inhibitor group cells
transfected with si-IMP2 or si-ctrl. (F-G): In the presence of T (100 nM) and FSK (1 μM), the effect of si-
IMP2 on E2 production in let-7i inhibitor group cells. Data are shown as the mean ± SD from at least three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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