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Abstract

Objectives: Polycystic ovary syndrome (PCOS) is a common reproductive endocrine
disorder. Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) serves as an
HMGA?2 target gene to promote the proliferation of granulosa cells (GCs). However,
it is still unclear whether IGF2BP2 participates in the pathogenesis of PCOS as RNA
binding protein (RBP). In this study, we aimed to elucidate IGF2BP2-interacting tran-
scripts, global transcriptome together with alternative splicing in GCs to eventually
uncover potential mechanisms of PCOS pathogenesis.

Materials and Methods: The expression of IGF2BP2 in GCs from PCOS patients was
detected using quantitative reverse transcription PCR (RT-gPCR) and western blot. We
captured IGF2BP2-interacting transcripts, global transcriptome together with alternative
splicing by RNA immunoprecipitation sequencing (RIP-seq) and RNA sequencing (RNA-
seq). KGN cells transfected with IGF2BP2 overexpressing plasmids and nuclear factor
1 C-type (NFIC) siRNAs, were applied to CCK-8, EdU and TUNEL assays.

Results: IGF2BP2 was highly expressed in GCs from PCOS patients. As an RBP, it
preferentially bound to the 3’and 5’UTRs of mRNAs with GGAC motif and a newly
found GAAG motif. The overexpression of IGF2BP2 changed the transcriptome
profile of KGN cells. IGF2BP2 functioned to regulate alternative splicing events and

promote cell proliferation through inhibiting exon skipping events of NFIC.
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Conclusion: In conclusion, we demonstrated that IGF2BP2 promotes GC prolifera-

tion via regulating alternative splicing of NFIC in PCOS. The findings help to better
understand the roles of IGF2BP2 in the pathogenesis of PCOS.

1|

INTRODUCTION

The ovary, serving as an important reproductive organ in females,
performs a variety of functions including generating oocytes, secreting
sex hormones and maintaining estrous cycles.! Polycystic ovary
syndrome (PCQOS) is a heterogeneous disorder whose hormonal
disbalance induces clinical manifestations such as numerous cysts,
irregular menstrual cycles and even infertility.? As a syndrome, the
pathological mechanisms underlying PCOS are complicated since
the clinical features are anfractuous and the etiologies differ among
individuals.® To date, factors including genetics, chronic inflammation,
oxidative stress, lifestyle as well as environmental pollution have been
identified to be associated with PCOS occurrence and progression.
The ovarian granulosa cells (GCs), which serve as ovarian somatic cells
that surround oocytes, can interact with the developing oocyte and
are therefore essential for folliculogenesis.* Previous reports have
confirmed that aberrant GC proliferation and differentiation disrupt
normal ‘dialogue’ between oocyte and GCs particularly in early grow-
ing follicles of PCOS women.®

Recently, RNA-binding proteins (RBPs) are gaining recognition for
their importance in unveiling the mechanistic processes of dysfunc-
tional GCs behind the pathogenesis of PCOS.°® Alternative splicing
(AS), allowing the generation of more than one uniqgue mRNA species
from a single gene, is an important mechanism of gene expression,
which regulates tissue identity and critical biological processes. The
different AS isoforms might affect mRNA stability, localization, or
translation.’ Furthermore, some splicing mRNA isoforms could change
the reading frame, resulting in producing different protein isoforms
with diverse functions and/or localizations. Increasing evidence indi-
cates that RBPs can promote exon inclusion or skipping by binding to
splicing regulatory elements.’®*! Changes in the levels and activity of
RBPs may lead to AS dysregulation and the production of diverse
aberrant transcripts that might contribute to some human diseases.
A previous study demonstrated two alternative splice variants of the
androgen receptor were associated with remarkable hyper-
androgenism and abnormal folliculogenesis in 62% of patients with
PCOS.*?

Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2),
also known as IMP2 or VICKZ2, is a member of the IGF2 mRNA-
binding protein family and encoded by the IGF2BP2 gene, which
is located on chromosome 3q27.1%'% IGF2BP2 is associated with
type 2 diabetes mellitus (T2DM) and obesity and has been
reported to be involved in insulin resistance, lipid metabolism and
tumorigenesis.2>1® Previous studies have reported that IGF2BPs
(IMPs) such as IGF2BP2 are expressed in male and female gonadal
cells at embryonic day 12.5 (E12.5) in mice, and IGF2BP1,
IGF2BP2 and IGF2BP3 are present in resting and growing oocytes

as well as in the GCs of mature mouse and human ovaries.!” It

has been recently reported that IGF2BP2 is highly expressed
in the GCs of women with PCOS and participates in the high
mobility group AT hook 2 (HMGA2)/IMP2 pathway to promote
the proliferation of GCs.® However, the comprehensive role
played by IGF2BP2 in the pathogenesis of PCOS remains poorly
understood.

In this study, we obtained IGF2BP2-regulated transcriptomes
in the IGF2BP2-overexpression (OE) immortalized human GCs
(KGN cells) by RNA sequencing (RNA-seq). We also performed
RNA-immunoprecipitation (IP) sequencing (RIP-seq) to compre-
hensively identify the mRNAs which are associated with IGF2BP2.
Integrated analysis revealed that IGF2BP2 binding could regulate
a variety of AS events in KGN cells and IGF2BP2-mediated
nuclear factor 1 C-type (NFIC) AS promoted cell proliferation
in PCOS.

2 | MATERIALS AND METHODS

21 | Study population

A total of 40 women were enrolled in the study in the Department of
Human Reproductive Medicine, Beijing Obstetrics and Gynaecology
Hospital from 1 January 2019 to 31 January 2021. They routinely
signed informed consent after being fully informed of subsequent
data collection for further study. Women with PCOS were selected in
accordance with the Rotterdam criteria.'® The study was approved by
the Ethics Committee of the Beijing Obstetrics and Gynaecology Hos-
pital, Capital Medical University.

2.2 | Preparation of human GCs

Human GCs were isolated from follicular fluid aspirates obtained at
oocyte retrieval as described by Shi et al.1? Briefly, follicular fluid from
each patient was centrifuged at 400 x g for 10 min, and the layers of
GCs with the red blood cell pellet were resuspended. After shaking at
200 rpm for 20 min at 37°C, the cell suspensions were layered on
8.0 ml Ficoll-Paque Plus (GE Healthcare) and centrifuged at 600 x g
for 20 min. GCs at the interface were harvested and washed three
times with 10 ml Dulbecco's modified Eagle medium (DMEM)/nutri-
ent mixture F-12 Ham (DMEM/F-12) supplemented with 10% foetal
bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin sulfate,
and 1x GlutaMAX (Invitrogen). After final centrifugation for 5 min at
600 x g, the cells were prepared for the following RNA and protein

extraction.
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2.3 | TUNEL assay

The apoptosis assessment was performed by TUNEL BrightRed Apo-
ptosis Detection Kit (Vazyme) following the manufacturer's instruc-
tions. Briefly, cells climbing to the carry sheet glass were washed in
PBS, fixed with 4% PFA and treated by 0.02% TritonX-100. The cell
slides were then incubated for 60 min at 37°C in TUNEL reaction
solution (5:1 Label Solution: Enzyme Solution). The nuclei were finally
stained with DAPI for 20 min at RT. The slides were washed by PBS
three times and mounted with anti-fade mounting medium. The image
analysis was performed using ZEN software on at least three sections
that were randomly selected from three separate experiments.

2.4 | Statistical analysis

All data were reported as mean + SEM. For normally distributed data,
the parametric testing was used. For parametric testing between two
groups, an unpaired Student t-test was used. For non-normally distrib-
uted data, Mann-Whitney U-test was used. For the comparison of
multiple-groups, non-paired one-way ANOVA was used for nonpaired
nonparametric data. Significance was evaluated using data from at
least three independent experiments, with *P < 0.05, **P < 0.01,
***P < 0.001.

3 | RESULTS

3.1 | IGF2BP2is highly expressed in GCs from
PCOS patients and can increases cell viability and
proliferation

To investigate the potential involvement of IGF2BP2 in the progress
of PCOS, we analysed IGF2BP2 expression in a total of 40 GC
samples from 20 PCOS patients and 20 controls who underwent
in vitro fertilization-embryo transfer/intracytoplasmic sperm injection
(IVF/ICSI-ET) (Figure S1). Clinical features were determined in

Table 1. Basal testosterone was higher as well as antral follicle count

TABLE 1  General characteristics of
the normal women control group and
PCOS group

Characteristics
Age, years

BMI, kg/m?
Basal FSH, IU/L
Basal LH, IU/L
Basal E,, pg/ml
Basal T, nmol/ml

Antral follicle count

was significantly much more in PCOS patients compared to normal
women. Interestingly, IGF2BP2 was upregulated in both transcrip-
tional and protein levels in GCs of PCOS patients (Figure 1A,B),
suggesting it was an important regulator to modulate the pathogene-
sis of PCOS. Generally, increased GC proliferation is recognized as a
key factor that underlies aberrant follicle maturation in PCOS.?° To
determine if the high expression of IGF2BP2 promotes GC viability
and/or proliferation, we conducted CCK-8 and EdU assay, respec-
tively. KGN cells were transfected with IGF2BP2 overexpressing plas-
mid, and the overexpression of IGF2BP2 was validated at mRNA and
protein levels (Figure 1C,D). Cell viability and EdU positive ratio
tended to be higher in KGN cells overexpressing IGF2BP2
(Figure 1E-G). Additionally, apoptosis cells testified by TUNEL assay
were significantly decreased in this group (Figure 1H,1). Altogether, we
demonstrated that IGF2BP2 was upregulated in GCs of PCOS
patients and the overexpression of IGF2BP2 robustly increased cell

viability and proliferation.

3.2 | IGF2BP2 selectively regulates the expression
of genes in inflammatory response and cell
proliferation

To explore the mechanisms of IGF2BP2, the transcriptome profiles of
IGF2BP2 OE cells and control cells were detected by RNA-seq. A total
of six RNA-seq libraries were constructed and sequenced for
IGF2BP2 OE and control cells, with three biological replicates for each
group (IGF2BP2_1st, IGF2BP2_2nd, IGF2BP2_3rd, Ctrl_1st, Ctrl_2nd,
Ctrl_3rd). After removing sequence adaptors and low-quality reads,
the clean reads were mapped to the human genome GRCh38 using
TopHat2: approximately 93.8% of the reads aligned and 87.37% were
uniquely mapped in triplicates of IGF2BP2 OE (Table S2). Then, we
calculated the gene expression using these uniquely mapped reads.
Fragments per kilobase of transcript per million fragments mapped
(FPKM) were calculated by an in-house pipeline and used to represent
the levels of gene expression. The results showed 17,257 genes
expressed (FPKM >0) and 9890 genes expressed at level of FPKM >1
in at least one sample (Table S3). FPKM for IGF2BP2 further

Control group (n = 20) PCOS group (n = 20) P value
3245 + 4.25 30.35+3.17 ns?
23.66 + 2.86 25.88 + 4.84 ns?
7.11+1.10 576 £ 1.33 0.015°
344+ 122 5.08 + 2.67 ns®
34.71 + 12.07 33.63 +7.45 ns®
1.36 £+ 0.31 2.37 £ 0.61 <0.0001°
11.75 + 2.88 22.20 + 3.46 <0.00012

Note: Values are presented as mean * standard deviation.

Abbreviations: BMI, body mass index; E,, estradiol; FSH, follicle-stimulating hormone; LH, luteinizing
hormone; PCOS, polycystic ovary syndrome; T, testosterone.

Statistical differences were calculated using Student t-test.

bStatistical differences were calculated using Mann-Whitney U-test.
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supported that this gene was effectively overexpressed in KGN cells
(Figure 2A). A correlation matrix was calculated based on the FPKM
values of expressed genes in all six samples. There was a high Pearson's
correlation value between IGF2BP2 OE and the control (more than
0.986), which indicated the similar expression of most genes. However,
unsupervised hierarchical clustering of the correlation matrix showed a
clear separation of IGF2BP2 OE and control samples, with three biolog-
ical replicates in a cluster (Figure 2B). To further compare the gene
expression profiles, we identified the differentially expressed genes
(DEGSs) between the IGF2BP2 OE and control cells. There were 1141
DEGs in the RNA-seq data in groups overexpressing IGF2BP2
(Figure 2C), of which 488 were upregulated and 653 were down-
regulated (following the criteria of Fold change [FC] 22 or <0.5 and
FDR <0.05). Moreover, the hierarchical clustering of normalized FPKM
values of DEGs showed a clear separation of the IGF2BP2 OE and con-
trol samples and a high consistency for the three replicate data sets
(Figure 2D). These results illustrated that IGF2BP2 OE significantly
changed the transcript expression level of a set of genes.

To reveal the potential roles of these DEGs, we subsequently
examined GO enrichment analysis of the DEGs regulated by
IGF2BP2 (Figure 2E). IGF2BP2-upregulated genes were mainly
associated with processes involving inflammatory response, cell
surface receptor signalling pathway and positive regulation of cell
proliferation. The |IGF2BP2-downregulated genes were mainly
involved in transcription, DNA-dependent regulation of transcrip-
tion, cell-cell adhesion. The top 10 KEGG pathways associated
with IGF2BP2-upregulated genes included the intestinal immune
network for IgA production, inflammatory bowel disease and
cytokine-cytokine receptor interaction; while those that were
downregulated by IGF2BP2 were associated with transcriptional
misregulation in cancer (Figure 2F). Both the upregulated and
downregulated genes were enriched in terms related to inflamma-
tory, cell proliferation and apoptosis.

To verify the sequencing data of expression of these DEGs,
gPCR was conducted to quantify the changes in mRNA levels of
these genes. Five DEGs associated with inflammatory were ran-
domly selected for gPCR analysis, including OASL, BCHE, THEMIS2,
FAM133B, STAB2 (Figure 2G; Figure S2). All selected DEGs were
annotated in the GO or KEGG analysis, and the FPKM of these
genes showed similar tendency in at least one sample. The results

indicated that the selected DEGs showed a significant increase of

OASL and THEMIS2 or decrease of BCHE, FAM133B and STAB
after IGF2BP2 OE in KGN cells, which was in agreement with the
RNA-seq analysis.

3.3 | IGF2BP2 preferentially binds to 3’ and
5'UTRs of mRNAs through GGAC and GAAG motifs

As previously reported, IGF2BP2 plays an important role in regulating
AS.2! To better understand the roles of IGF2BP2 in the pathogenesis
of PCOS, the IGF2BP2-interacting transcripts were confirmed by RIP-
seq analysis in KGN cells. We were able to find abundant IGF2BP2
fraction of KGN
IGF2BP2-overexpressing cells in two replicates (Figure 3A). We
sequenced the cDNA libraries from the RNA inputs and the IGF2BP2
fraction. After removing the adaptor sequences and filtering out low-
quality reads, we obtained a total of 44,098,992 and 49,754,547
reads from each of the IGF2BP2 immunoprecipitates repetitions, and
58,215,977 and 60,099,967 reads from the two RNA input repetitions
(Table S4). We mapped these four groups of reads to the human
GRCH?38 genome using Tophat2,2? about 57% aligned. From the map-

quantities in  the immunoprecipitate

ping data, 6.3% and 4.9% of the total mapped reads were uniquely
mapped in the immunoprecipitates. About 3.4% of the total mapped
reads were uniquely mapped in the input groups (Table S4).

We plotted the distribution of uniquely mapped IGF2BP2 reads
across reference genomic regions and found that the RIP-seq
reads were highly enriched in coding sequence (CDS) and 3'UTR
regions (Figure 3B). And consistent with the previously reported
ability of IGF2BP2 in regulating mRNA stability and translation,
the intronic regions comprised a small percentage reads of the
whole distribution.?® Furthermore, our analysis also revealed that
the fractions of clean reads that mapped to the 3’ and 5’UTRs
were significantly higher in the IGF2BP2 immunoprecipitates
compared to the RNA input and more IGF2BP2-binding peaks
were observed in CDS than in intronic regions (Figure 3B,C). Over-
all, the immunoprecipitates showed that IGFBP2 mainly bound to
3’ and 5'UTRs of mRNAs.

We also searched for overrepresented motifs in the IGF2BP2-binding
peaks using the software Homer (http://homer.salk.edu/homer/motif/
index.html). The GA-rich motif was among the top 10 IGF2BP2-binding
motifs in two independent experiments (Figure 3D). It was reported that

FIGURE 1

Upregulated insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) in granulosa cells (GCs) from polycystic ovary

syndrome (PCOS) patients increases cell viability and proliferation. (A) IGF2BP2 mRNA detection by RT-gPCR in GCs from Control and PCOS
groups. Data were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Control: n = 20; PCOS: n = 20. *P < 0.05. (B) IGF2BP2
protein detection by western blot in GCs from PCOS and Control women. (C) RT-gPCR showing expression of IGF2BP2 mRNA in IGF2BP2
overexpression (OE) KGN cells. ***P < 0.001. (D) IGF2BP2 protein detection by western blot in IGF2BP2 OE KGN cells. Experiments were
performed in triplicate. (E) KGN cells were transfected with vector control or IGF2BP2 OE plasmids for 24, 48, or 72 h, and cell viability was
determined by the CCK-8 assay. ***P < 0.001. (F) EdU staining of IGF2BP2 OE cells. Nuclei were stained by using DAPI. EdU positive cells, red;
cell nuclei, blue; the data shown were representative of three independent experiments with similar results. Scale bar, 100 pm. (G) Statistics of
EdU positive cells quantified by counting the cells with fluorescent signal using the software Image J. Experiments were performed in triplicate.
*P < 0.05. (H) Apoptosis was reflected by TUNEL staining of the cells from the indicated groups. Representative images of the apoptotic cells
were shown. Scale bar, 100 pum. () Statistics of TUNEL positive cells quantified by counting the cells with fluorescent signal using the software
Image J. *P < 0.05. Ctrl, control. OE, IGF2BP2 overexpression. Error bars represent the mean + SEM
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FIGURE 3 RNA immunoprecipitation sequencing analysis of insulin-like growth factor 2 mRNA-binding protein 2's (IGF2BP2) binding profile
and binding motifs. (A) IGF2BP2 protein detection by western blot in KGN cells. (B) Read distribution across the reference genome. Error bars
represent the mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (C) The peak reads density for 5UTR, CDS and 3'UTR for input and IGF2BP2 IP
samples. (D) Motif analysis using the software HOMER showing the top 10 preferred binding motifs of IGF2BP2. (E) The binding sites of the
GGAC and GAAG binding motifs

IGF2BPs, acting as a distinct family of N®-methyladenosine (m°®A) in the two immunoprecipitate experiments, respectively (Figure 3D).
readers, are able to recognize the GG (m°A) sequence to target Moreover, in terms of the RNA binding, we noted that the
mRNA transcripts. And in agreement with previous studies,?* we GGAC motif was enriched at 5 UTR and the GAAG motif was
confirmed that GGAC was an enriched binding motif. Importantly, enriched in 3'UTR (Figure 3E). Taken together, our analysis on the
we found a novel motif GAAG, ranking eighth (IP1) and third (IP2) distribution of reads indicated that IGF2BP2 preferentially bound

FIGURE 2 RNA-seq analysis of insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) regulated transcriptome profile in KGN cells.
(A) IGF2BP2 expression quantified by RNA-seq data. Fragments per kilobase of transcript per million fragments mapped (FPKM) values were
calculated following the described in Section 2. Error bars represent the mean + SEM. *P < 0.05. (B) Heat map showing a hierarchically clustered
Pearson's correlation matrix resulting from the comparison between transcript expression levels for control and IGF2BP2-overexpressed samples.
(C) Identification of IGF2BP2-regulated genes. Volcano plot shows up- and down-regulated genes labelled in red and blue, respectively.

(D) Hierarchical clustering of differentially expressed genes (DEGs) in control and IGF2BP2-overexpressed samples. FPKM values were
log2-transformed and then median-centred by each gene. (E) The top 10 GO biological processes of IGF2BP2 up- and down-regulated genes.

(F) The top 10 KEGG pathways of IGF2BP2 up- and down-regulated genes. (G) The relative expression of DEGs and qPCR validation.

Error bars represent the mean + SEM. ***P < 0.001, *P < 0.05
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FIGURE 4 Differentially expressed genes (DEGs) regulated by insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) overexpression
showed no direct bindings of IGF2BP2. (A) Venn diagram showing the overlap between peaks in two RNA immunoprecipitation sequencing (RIP-
seq) sample replicates. (B) Bubble plot showing the top 10 biological processes associated with IGF2BP2-bound genes using a GO enrichment
analysis. (C) Bubble plot showing the top 10 biological processes associated with IGF2BP2-bound genes using a KEGG enrichment analysis.

(D) Bubble plot showing the top 10 pathways associated with IGF2BP2-bound genes using a reactome enrichment analysis. (E) Venn diagram

showing genes overlapping between RIP-seq and DEGs

to the 3’ and 5’UTRs due to the existence of GGAC and GAAG
binding motifs.

3.4 | Most of the DEGs are not regulated by direct
binding to IGF2BP2

In order to validate the reliable IGF2BP2-bound genes, we called
IGF2BP2-bound peaks using three different methods, namely ABlife,
Piranha and CIMS. The number of overlapped peaks was calculated
using ABlife. A total of 4674 peak clusters consistently and repeat-
edly overlapped in the two RIP-seq sample replicates (Figure 4A).
We then performed GO and KEGG enrichment analysis to further
examine the potential biological roles of these IGF2BP2-bound

genes (Figure 4B,C). The top 10 biological processes GO-term

enrichment demonstrated that IGF2BP2-bound genes were associated
with the regulation of transcription from RNA polymerase Il promoter,
the actin cytoskeleton organization and the nerve growth factor signal-
ling pathway. Analogously, the enriched KEGG pathways included focal
adhesion, pancreatic cancer and prostate cancer. Additionally, the
reactome analysis showed that IGF2BP2-bound RNAs were mainly asso-
ciated with XBP1(s)-activated chaperone genes and IRE1 alpha-activated
chaperones (Figure 4D). To explore whether IGF2BP2 altered its DEGs
by directly binding them as RBP, we analysed the RNA-seq and RIP-seq
integratively. We found a total of 17 genes that tended to bind to
IGF2BP2 among the 1124 DEGs, as shown in the Venn diagram
(Figure 4E). However, we found no significant correlation between
IGF2BP2-binding genes and DEGs statistically (P > 0.05). Altogether, we
concluded that most DEGs were not attributed to the direct binding
to IGF2BP2.
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FIGURE 5 Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2)-regulated alternative splicing events in KGN cells. (A) Classification of

IGF2BP2-regulated alternatively spliced events. (B) The overlap between IGF2BP2-regulated differentially expressed genes and regulated alternative
splicing genes (RASGs). (C) The top 10 biological processes associated with IGF2BP2-regulated alternatively spliced genes using a GO enrichment analysis.
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RASGs. (F) Bubble plot showing the biological processes of the overlapped genes between binding genes and RASGs using a GO enrichment analysis.

(G) Bubble plot showing the top KEGG pathways of the overlapped genes between binding genes and RASGs

35 |
through functionally RNA binding

In order to shed light on the role of IGF2BP2 in AS regulation, we
used the uniquely mapped reads from the transcriptome sequencing

IGF2BP2 regulates abundant AS events

data to explore IGF2BP2-dependent AS events in KGN cells. The
splice reads from IGF2BP2 OE and control KGN cells were mapped to
the reference genome, and 367,321 annotated exons (56.53% of total
annotated ones) were detected (Table S5). AS events were identified

from the splice junctions, we identified 11,557 known ASEs and
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FIGURE 6

Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) overexpression (OE) regulates alternative splicing of nuclear factor

1 C-type (NFIC). (A) IGF2BP2 binds to the mRNAs of NFIC. Genome visualization showing IGF2BP2-regulated ASEs and relative binding on the
left and right panels, respectively. The peak ranges were highlighted with purple or green colours. (B) Quantification of NFIC binding using RNA
immunoprecipitation sequencing data. ***P < 0.001 (C) Schematic diagram of the NFIC AS (ENST00000341919.7). Boxes represent exons, lines
between exons represent introns. (D) The altered ratios of ASEs in RNA-seq were plotted. **P < 0.01. (E) RT-gPCR validation of AS of NFIC in
IGF2BP2 OE KGN cells. *P < 0.05. (F) The relative expression of CTF5 was detected using RT-gPCR following IGF2BP2 OE in KGN cells.

**P < 0.01. ASEs, alternative splicing events; ES, exon skipping. Error bars represent the mean + SEM

29,625 novel ASEs from our analysis (Tables S6-5S8). To select high-
confidence IGF2BP2 regulated alternative splicing events (RASEs), a
custom pipeline was used to compare the changes in the AS ratio
between IGF2BP2 OE and control cells at a cut-off of P-value < 0.05
and a changes of the AS ratio 20.15. Under this condition, a total
of 340 RASEs were identified, including 106 intron-retention
(IR) and 234 non-IR (NIR) RASEs. Furthermore, we also classified
these high-confidence RASEs, of which the majority included intron
retention (IR, 106 events), exon skipping (ES, 55 events), cassette
exon (CE, 38 events), alternative 5'splice site (A5SS, 46 events), and
alternative 3’ splice site (A3SS, 49 events) (Figure 5A). These results

suggested that IGF2BP2 was able to globally regulate ASEs in KGN
cells. After mapping and counting, a total of 302 genes contributing to
these RASEs were defined as IGF2BP2-regulated alternative splicing
genes (RASGs). There were different alternatively spliced genes
between IGF2BP2 overexpression and control samples, but only one
was found to be significantly regulated at a transcript level in RASGs
(Figure 5B). Therefore, the observed changes in AS events cannot be
simply attributed to an up- or downregulated transcription.

To explore the potential function of RASGs, GO terms analysis
was conducted. The GO biological processes analysis suggested that

the genes regulated by IGF2BP2 were highly enriched for gene
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is detected following NFIC knockdown in KGN cells. **P < 0.01. (B) Western blot analysis of CTF5 following NFIC knockdown. (C) KGN cells
were transfected with siRNA-NC or siRNA-NFIC#1/ #2/ #3 for 24, 48, or 72 h, and cell viability was determined by the CCK-8 assay. *P < 0.05,
**P < 0.01, ***P < 0.001. (D) EdU staining of NFIC knockdown cells. Nuclei were stained by using DAPI. EdU positive cells, red; cell nuclei, blue;
the data shown were representative of three independent experiments with similar results. Scale bar, 100 pm. (E) Statistics of EdU positive cells
quantified by counting the cells with fluorescent signal using the software Image J. Experiments were performed in triplicate.

*P < 0.05, **P < 0.01

expression, mMRNA processing and apoptosis (Figure 5C). Similarly, the
enriched KEGG pathways were related to protein processing in the
endoplasmic reticulum, legionellosis, mTOR signalling pathway
(Figure 5D). Hence, based on our functional analysis, it could be con-
cluded that IGF2BP2 influenced the expression of certain genes by
regulating AS in KGN cells.

To further explore these AS genes directly regulated by IGF2BP2,
we performed an integrated analysis of the overlapped genes between
bound genes and RASGs. A small fraction of the IGF2BP2-regulated
alternatively spliced genes (67/235) overlapped with the set of
IGF2BP2-bound genes (Figure 5E), which suggested that IGF2BP2
binding might affect some AS events in certain RNA targets. Then, we
performed GO and KEGG pathway enrichment analyzes to explore the

biological functions of these overlapped genes. In this case, the top hits

obtained from the both analyzes were apoptotic process (Figure 5F,G).
Among these 67 IGF2BP2-regulated genes, we validated four splicing
events including MBD3, FN1, TFDP1 and MKNK2 by gPCR, which
were confirmed to be 5pMXE, ES, A3SS and AS3SS, respectively
(Figure S3A-D). These results were consistent with our RNA-seq data.
Collectively, we demonstrated that IGF2BP2 can regulate abundant AS
events through functionally RNA binding in KGN cells.

3.6 | IGF2BP2 regulates NFIC AS and further
promotes GCs proliferation

To confirm the potential regulators of IGF2BP2-binding mRNAs from
the RIP-seq data and RASGs, we identified all the peaks shared by the



2ottt WILEY_§

ZHAO ET AL

two bindings. RNA component of signal recognition particle 7SL1
(RN7SL1), parathymosin (PTMS), NFIC, FOS like 2 (FOSL2), vasodila-
tor stimulated phosphoprotein (VASP) and nuclear receptor subfamily
5 group A member 1 (NR5A1) were selected by ranking the max-
height peaks in a descending order. Among these potential binding
genes, NFIC, FOSL2, NR5A1 and VASP were further verified by RIP-
PCR validation (Figure 6A,B; Figure S4A-C). Dysregulation of NFIC
was recently reported to be involved in cell proliferation, migration,
tumour invasion.2>2¢ Specifically, IGF2BP2 bound to the CDS and
3'UTR region of NFIC. The splice variant of AS was formed by skip-
ping exons 9 and 10 in the NFIC gene and generated the protein
CTF5 (ENST00000341919.7) (Figure 6C), which exhibited the stron-
gest transcriptional activation activity in the NFIC family.?” To further
confirm the specific AS modulation, we calculated AS ratio in the
RNA-seq data and performed RT-qPCR validation. The ratio of AS
was both significantly decreased after IGF2BP2 OE in the KGN cells
(Figure 6D,E). Additionally, we confirmed that it was consistent with
the expression pattern in PCOS GCs (Figure S4D). To further verify
the role of IGF2BP2 in regulating CTF5 expression, we detected the
mRNA of CTF5 after overexpressing IGF2BP2. RT-qPCR assay
showed that enforced expression of IGF2BP2 decreased the expres-
sion of CTF5 (Figure 6F). Collectively, these results implied that
IGF2BP2 OE decreased the expression of CTF5 in KGN cells.

Given that CTF5 functions as a regulator in cell proliferation, we
next investigated whether CTF5 was responsible for the IGF2BP2
OE-induced proliferation in KGN cells. We knocked down NFIC using
siRNAs and it was significantly reduced at both transcriptional and
translational levels (Figure 7AB). As expected, CCK-8 showed that
knockdown of NFIC significantly improved viability of KGN cells
(Figure 7C). Meanwhile, EdU assay displayed higher ratio of EdU posi-
tive cells in NFIC knockdown group compared to negative control,
which exactly indicated that NFIC silencing promoted cell prolifera-
tion (Figure 7D,E). Accordingly, these findings implied that IGF2BP2
OE promoted proliferation through regulating AS of NFIC.

4 | DISCUSSION
PCOS is a common endocrinopathy with complex pathophysiology
that can result in anovulatory infertility in women.?® It is reported that
excessive proliferation of GCs is one of the main causes of ovarian
dysfunction, which contributes to PCOS.? Recently, increasing evi-
dence has suggested that the splicing patterns are aberrant in abnor-
mal follicular development and to ovarian disorders.*?3° So far, the
molecular mechanism associating AS events in GCs in PCOS is still
unclear. In the present study, we performed RNA-seq and RIP-seq to
comprehensively study IGF2BP2-mediated AS on a genome-wide
scale and attempted to explore the specific roles of IGF2BP2 in caus-
ing abnormal cell proliferation. Integrated analysis showed that
IGF2BP2 was able to regulate AS events, and the overexpression of
IGF2BP2 could promote cell proliferation through regulating NFIC AS.
IGF2BP2, belonging to a conserved family of RBPs, is associated
with a large number of diseases, including diabetes, acute myelocytic

1 and colorectal carcinoma,®? for its abnormal energy

leukaemia,’
expenditure and life span in pathological conditions.*® In a previous
study, IGF2BP2 was highly expressed in the GCs of women with
PCOS and it was possible to demonstrate that it serves as an HMGA2
target gene and can promote the proliferation of GCs by the
HMGA2/IGF2BP2 pathway.® Here, we uncovered the binding profile
of IGF2BP2 in KGN cells via RNA-seq and found that IGF2BP2 pref-
erentially binds to the 3’ and 5’UTRs of mRNAs. IGF2BPs were a dis-
tinct family of N°-methyladenosine (m®A) readers that target
thousands of mRNA transcripts through recognizing the consensus
GG(m®A)C sequence, with binding sites enriched in m°A motif
‘GGAC’.2* Besides the previously confirmed GGAC motif, we also
found a novel GAAG motif. GGAC's binding sites were enriched at the
5" UTRs while the GAAG motif was enriched at the 3" UTRs. The rec-
ognition of both 5 and 3’ splice sites in pre-mRNA was an essential
event in the AS decision. Nevertheless, when integrated with RNA-
seq data, the majority of alternatively splicing genes that are regulated
by IGF2BP2 showed no significant differences in transcription levels.
Therefore, we inferred that alterations in ASEs could not be simply
attributed to transcriptional regulation.

Among a set of IGF2BP2 regulated-RASGs which simultaneously
require IGF2BP2-RNA binding, we found NFIC, playing important
roles during normal development and associated with developmental
abnormalities in humans,®* might be a potential pathogenic gene. We
clarified that IGF2BP2 served as a splicing factor to broadly regulate
ASEs and inhibited the production of CTF5 by regulating exons 9 and
10 skipping in NFIC. Transcripts of each NFIC are differentially spliced,
yielding distinct proteins from a single gene.®®> CTF5, a splicing variant of
NFIC, is the strongest transcriptional activator of the NFIC family.?’ Previ-
ously, CTF5 was reported to participate in the MCPIP1-mediated antip-
roliferative effect by transcriptionally repressing cyclin D1.2¢ In our study,
when blocking the production of CTF5 by knocking down NFIC, the via-
bility and proliferation were obviously increased in KGN cells, which
suggested that IGF2BP2 may promote GC proliferation by regulating
the AS of NFIC. The HMGAZ2/IGF2BP2 pathway is activated and induces
the expression of CCND2 and SERBP1 in PCOS patients® As a
multifunctional regulator, IGF2BP2 is probably involved in the pathogene-
sis of PCOS through different pathways and its upstream regulator,
HMGAZ2, is attributed to initate the dysfunction of cell proliferation, which
is also related to T2DM and obesity.37’38 Therefore, the CTF5 mediated
by IGF2BP2 might play a role in the development of PCOS. However, the
exact roles of CTF5 still need to be elucidated more precisely.

5 | CONCLUSIONS

In conclusion, we deciphered IGF2BP2-interacting transcripts and
global transcriptome together with AS by RIP-seq and RNA-seq in
KGN cells. Notably, our study is the first to demonstrate IGF2BP2
promotes GC proliferation via regulating AS of NFIC in PCOS. There-
fore, our findings provide new insights into the study on pathogenesis
of PCOS and suggest opportunities for new diagnostic marker and
therapeutic target for PCOS.
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