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Abstract

Recent studies have demonstrated an essential role for insulin signaling in folliculogenesis as 

conditional ablation of Igf1r in primary follicles elicits defective FSH responsiveness blocking 

development at the preantral stage. Thus the potential role of insulin action in the periovulatory 

window and in the corpus luteum is unknown. To examine this, we generated conditional Insr, 
Igf1r, and double receptor knockout mice driven by Pgr-Cre. These models escape the preantral 

follicle block and in response to superovulatory gonadotropins exhibit normal distribution of 

ovarian follicles and corpora lutea. However, single ablation of Igf1r leads to subfertility and mice 

lacking both receptors are infertile. Double knockout mice have impaired oocyte development and 

ovulation. While some oocytes are released and fertilized, subsequent embryo development is 

retarded, and the embryos potentially fail to thrive due to lack of luteal support. In support of this, 

we found reduced expression of key enzymes in the steroid synthesis pathway and reduced serum 

progesterone. In addition to metabolic and steroidogenic pathways, RNA sequencing analysis 

revealed TCF3 as an important transcription factor downstream of insulin signaling. Collectively, 

these results highlight the importance of growth factors of the insulin family during two distinct 

windows of follicular development, ovulation and lutenization.
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Introduction

Insulin and the highly related insulin-like growth factors 1 and 2 (IGF1 and IGF2) govern a 

wide variety of physiological processes related to metabolism, cell proliferation and 

development, and cell survival (1). These growth factors act by signaling through 

membrane-associated tyrosine kinase receptors including the insulin receptor (INSR) and 

the IGF1 receptor (IGF1R) and in some instances hybrid receptors containing subunits from 

both INSR and IGF1R (2, 3). Insulin and IGF1 ligands will preferentially bind to their own 
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receptors, but both ligands can bind with reduced affinity and activate downstream signaling 

cascades (4). In addition to the primary ligands, placental mammals have 6 active IGF 

binding proteins that modulate insulin hormone stability, insulin receptor activity, and 

perform IGF-independent actions that add complexity to functional assessment of the IGF/

IGFBP axis (5). The consequences of disruption of insulin signaling in vitro and in vivo, 

either by ligand ablation, receptor ablation, or disruption via biochemical agents in many 

tissues and cell types, including the ovary has recently been reviewed (6). The relative 

contribution of ligand/receptor combinations to perform conserved functions is variable by 

both tissue and species. For example, stimulation of ovarian granulosa cells by follicle 

stimulating hormone (FSH) is dependent upon IGF1R activation, but in rodents IGF1 

stimulates the receptor, whereas human granulosa cells respond specifically via IGF2 (7, 8). 

Regardless of ligand, activation of INSR and IGF1R initiates a conserved cascade of 

phosphorylation events mediated by the Ras-MAPK and AKT/PI3K pathways (1, 6). Thus, 

the in vivo action of insulin signaling may be better examined by ablation of the receptors 

rather than combinations of ligand and binding protein mutations.

Mouse insulin receptor knockout studies aimed at assessing the role of insulin signaling in 

ovarian function have been hindered by growth defects and lethality following complete 

INSR or IGF1R receptor ablation (9-11). While insulin receptors are present in the oocyte, 

single and double ablation of Insr and Igf1r genes conditionally in oocytes, results in normal 

oocyte development, maturation, fertilization, and live births (12). Dual ablation of INSR/

IGF1R specifically in the embryonic gonad causes sex reversal and disrupts ovarian 

development (13), precluding use of that model to examine folliculogenesis and ovulation. 

Folliculogenesis begins when the oocyte, arrested in prophase I of meiosis, surrounded by a 

single layer of granulosa cells is activated and undergoes rapid growth and differentiation to 

give rise sequentially to primary, secondary, preantral, antral, and ultimately preovulatory 

follicles that are capable of releasing their mature oocytes in the context of proper hormone-

mediated inflammatory rupture (14, 15). In vitro studies had previously established a role for 

IGF1 signaling in FSH-dependent granulosa cell growth and differentiation, hormone 

production, and acquisition of luteinizing hormone (LH) responsiveness (7, 16-18). 

Recently, conditional ablation of Igf1r signaling in granulosa cells using a combination of 

two Cre drivers (Esr2 and Cyp19) was employed to examine FSH and IGF1 synergy in vivo 

(19). These mice had normal sex ratios, but exhibited complete female infertility 

characterized by blockage of early follicle growth. In that model responsiveness to FSH in 

preantral follicles is lost upon disruption of the IGF signaling pathway. Thus, synergy 

between FSH and insulin signaling in antral follicles and the potential role of insulin 

signaling in response to subsequent LH stimulation could not be examined. Several studies 

indicate that insulin receptor signaling is subject to cross-talk between FSH and LH receptor 

signaling, through common signaling mediators, that has varying physiological 

consequences in different stages of follicle growth (6). For example, FSH-dependent 

activation of the AKT/PI3K pathway in granulosa cells of antral follicles boosts 

steroidogenesis (20). Whereas, it subsequently stimulates follicular atresia in non-ovulatory 

follicles (21). Activation of the ERK1/2 pathway in periovulatory follicles is essential for 

follicular rupture (22) and granulosa/luteal cell differentiation (23). As these signaling 

pathways also lie downstream of insulin receptor, it suggested the possibility that the early 
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acting Esr2/Cyp19-Cre model may have revealed only a portion of insulin’s follicular-

specific actions in vivo. Indeed, the Pgr-Cre driven ablation model employed in this report, 

escaped the preantral follicle blockage and revealed key contributions of insulin receptor 

signaling in ovulation, luteal differentiation, and hormone signaling that when disrupted 

reduce fertility.

Materials and Methods

Mice.

All animal handling was done according to NIH guidelines and in compliance with the 

Southern Illinois University Carbondale Institutional Animal Care and Use Committee 

(protocols 16-043, 19-007). Mice used for the study were maintained on a mixed C57BL6 

genetic background. All animals were housed under a 12 h light, 12 h dark schedule and fed 

Purina Labdiet 5008 mouse chow. Genomic DNA was collected from tail snips for 

genotyping by PCR using the primer sequences shown in Supplemental Table 1. For fertility 

analyses, vaginal opening was used as the marker for female puberty and female mice were 

subsequently cycled for 2.5 months prior to breeding trials. We generated mice carrying 

double floxed alleles for Insr and/or Igf1r from two previously generated lines where LoxP 

sites were introduced to flank exons 4 of Insr [Insrflox/flox, (24)] and exons 3 of Igf1r 
[Igf1rflox/flox, (25)]. For conditional tissue-specific ablation, Insr/Igf1rflox/flox mice were 

bred to male mice expressing the Pgr-Cre knock-in allele which has been shown to cause 

high efficiency ablation of floxed loci in postnatal ovary, uterus, pituitary, and oviduct (26, 

27). Specifically in the ovary, Pgr is expressed in mural granulosa cells of periovulatory 

follicles throughout ovulation and in corpora lutea.

Estrous cycle assessment.

Vaginal smears were collected daily for 30 days beginning one week after vaginal opening. 

Smears were collected at the same time each morning (9 AM) by gently flushing the vagina 

3 times with sterile PBS and eluate transferred to glass slides and stained with 0.2% 

methylene blue to differentiate the proportions of nucleated epithelial cells, cornified 

squamous epithelial cells, and leukocytes by light microscopy. Stages were classified as 

follows: Proestrus, primarily nucleated and some cornified cells; Estrus, primarily cornified 

epithelial cells; Metestrus, cornified epithelial and leukocyte cells; and Diestrus, primarily 

leukocytes.

Superovulation and hormone assay.

For the superovulation studies, female mice at post-natal day 21-28 (PND21-28), selected by 

size at least 15 g for maximal response, were treated with 5 IU equine chorionic 

gonadotropin (eCG, Biovendor RP178272, Asheville, NC). This treatment was followed 48 

h later by treatment with 4 IU human chorionic gonadotropin (hCG, Sigma C0434, St. 

Louis, MO). Both eCG and hCG were dissolved in 0.85 % saline solution and injected i.p. in 

a total volume of 0.1 ml. Mice were euthanized by CO2 asphyxiation 2-72 h after hCG 

injection and ovaries and/or oviducts collected for in vitro analyses. One ovary was 

homogenized in 500 μL of Trizol (Invitrogen) for RNA isolation according to 

manufacturer’s recommendations and the other was fixed in 4 % paraformaldehyde 

Sekulovski et al. Page 3

FASEB J. Author manuscript; available in PMC 2021 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(dissolved in PBS pH 7.4) for 12-16 h, washed with 70% ethanol and stored for later 

processing. For hormone analyses, blood samples were taken post-mortem by cardiac 

puncture and serum levels of progesterone (P4, sensitivity 40 ng/ml) determined by ELISA 

(EIA1561, DRG Diagnostics), and estradiol (E2, sensitivity 3 pg/ml) determined by ELISA 

(EIA4399, DRG Diagnostics), following the manufacturer’s instructions. Oocytes were 

flushed using a 30G blunt end needle, by injecting PBS pH 7.4 in the oviduct of 

superovulated females, 12-14h post hCG treatment.

Embryo flushing and assessment of blastocyst quality.

Females were mated with wildtype males overnight, and checked for vaginal plugs in the 

morning. Three days after observing a vaginal plug [3.5 days post coitum (dpc)] females 

were sacrificed. The embryos were flushed from the uterine horns using a 27G needle, by 

injecting PBS pH 7.4 at the utero-tubal junction. Blastocyst quality was analyzed as 

previously described (28). Briefly, embryos were fixed in 4 % paraformaldehyde (dissolved 

in PBS pH 7.4) for 20 min, followed by 5ng/mL DAPI staining for 5min. Total cell numbers 

per blastocyst were counted.

Histological analyses.

Fixed ovaries were embedded in paraffin wax and serial sectioned (5μm) using a microtome. 

Every 5th serial section was mounted on a glass slide and stained with hematoxylin and 

eosin for histological evaluation of follicle numbers. Stage of follicular development was 

assessed using previously defined criteria (29). Briefly, primordial follicles contained an 

oocyte surrounded by a single layer of squamous granulosa cells, primary follicles contained 

an oocyte surrounded by a single layer of cuboidal granulosa cells, secondary follicles 

contained an oocyte surrounded by at least two layers of cuboidal granulosa cells and theca 

cells, antral follicles contained an oocyte surrounded by multiple layers of cuboidal 

granulosa cells with a fluid filled antral space and theca cells, and corpora lutea (CL) were 

much larger structures containing luteal cells. All primordial and primary follicles were 

counted in each section regardless of nuclear material in the oocyte, whereas only secondary 

and antral follicles where the oocyte’s nucleus was visible were counted to avoid the risk of 

double counting the larger follicle types that can span multiple sections. Follicles that were 

comprised of 10% apoptotic bodies were scored as atretic. Follicles transitioning between 

stages were counted as follicles within the more mature stage of the two stages. The total 

numbers of all follicles, total numbers of each type of follicle, percentages of each follicle 

type, and corpora lutea numbers per number of sections counted were recorded. Before 

staining, ovarian sections were deparaffinated and rehydrated in xylene, 100%, 95%, 70%, 

and 50% ethanol then PBS. Antigen retrieval using a boiling citrate buffer was performed 

using an automated Decloaking Chamber (Biocare Medical) as described previously (30). 

Immunolocalization of proteins was performed in using commercially available primary 

antibodies at the dilutions shown in Supplemental Table 2. Bound antigens were visualized 

using biotinylated secondary antibodies and the Vectastain Elite ABC Kit (Vector 

laboratories, Burlingame, CA). Negative controls were performed in which the primary 

antibody was substituted with preimmune serum or non-specific serum IgG, as available. 

Counterstaining with hematoxylin and eosin was performed using standard manufacturer’s 

protocols. The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
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assay was performed according to manufacturer’s instructions using ApopTag® Fluorescein 

In Situ Apoptosis Detection Kit (S7110; Millipore).

Quantitative real-time RT-PCR analysis and RNA-sequencing.

The quantity and quality of total RNA was determined by spectrometry and denaturing 

agarose gel electrophoresis, respectively. The cDNA was synthesized from total RNA (2 μg) 

using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative 

real-time RT-PCR (qPCR) analysis of mRNA expression was performed as described 

previously (30, 31), using a CFX96 Real-Time PCR Detection System (BioRad) with Power 

Up™ SYBR Green Master Mix (Applied Biosystems). Primers (Supplemental Table 3) were 

designed using NCBI’s design tool to span at least one exon/intron junction. Data were 

normalized against Rpl19 and are shown as the average fold increase ± standard error of the 

mean (SEM) with relative expression being calculated using the 2−ΔΔCT method as described 

previously (32). After amplification, the specificity of the PCR was determined by both 

melt-curve analysis and gel electrophoresis to verify that only a single product of the correct 

size was present.

For RNA-sequencing analysis, total ovarian RNA was isolated using the RNeasy mini kit 

(74104, Qiagen) and sent to the Roy J. Carver Biotechnology Center at the University of 

Illinois for library creation and sequencing as described previously (33). Gene set 

enrichment analysis (GSEA) was used to identify genetic pathways disrupted by loss of 

insulin receptor activity as we performed previously (34). The publically available GSEA 

platform (www.broad.mit.edu) was used with the recommended settings for gene ranking 

and comparison with gene sets defined as significantly enriched if the FDR q-value was less 

than 0.2 when using Pearson metrics and 1000 permutations of gene sets. Selected genes of 

interest were verified by qPCR using RNA samples distinct from those employed for RNA-

seq. RNA sequencing data have been deposited in the Gene Expression Omnibus (accession: 

GSE129222).

Statistics.

For All qPCR, histological measurements, and subfertility analyses data were subjected to 

one-way ANOVA using Prism 5.0 (GraphPad, San Diego, CA). Comparison of means 

between two groups were conducted using t test and differences between individual means 

of multiple grouped data were tested by a Tukey multiple-range test. All data met necessary 

criteria for ANOVA analysis including equal variance as determined by Bartlett’s test. All 

experimental data are presented as mean ± SEM. Unless otherwise indicated, a P value of 

0.05 or less was considered statistically significant.

Results

Conditional knockout of INSR and IGF1R in periovulatory follicles.

In order to determine the essential role of insulin receptor signaling in the ovary without 

causing severe defects reported in mouse models with a global deficit of INSR or IGF1R 

(9-11), we generated conditional granulosa cell-specific knockout mice for each receptor 

(Insr-cKO or Igf1r-cKO) and mice that lack both Igf1r and Insr (referred to as IR-cKO 
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hereafter), eliminating the potential for redundancy from receptor cross-talk. Analysis of 

mRNA expression in whole ovaries from Insr-cKO and IR-cKO mice exhibited a significant 

45-55% decline in Insr levels (Fig. 1A). To the best of our knowledge, INSR protein has not 

previously been examined in intact ovarian tissues by immunohistochemistry (IHC). In 

control animals, INSR protein is localized to the granulosa cells of all growing follicles and 

in most luteal cells (Fig. 1B). In IR-cKO mice, nearly all INSR protein is absent in large 

antral follicles and corpora lutea, with expression varying in the granulosa layers of preantral 

follicles (Fig. 1C). Ovarian Igf1r expression has been previously characterized and is known 

to be induced in granulosa cells when follicle growth is initiated and remains highly 

expressed in periovulatory follicles and in corpora lutea (35). Igf1r levels were significantly 

reduced in both Igf1r-cKO and IR-cKO mice (Fig. 1D). The high residual receptor 

expression in total ovaries from knockout mice is most likely due to the stage-specific 

ablation elicited by Pgr-Cre, as IHC analyses in adult mice that show absent or substantially 

diminished expression of IGF1R in the granulosa layers of antral and periovulatory follicles, 

but normal expression in earlier stages (Fig. 1F). Like INSR, the expression of IGF1R was 

largely absent in corpora lutea of IR-cKO mice.

We hypothesized that as insulin signaling is essential for many cell types to thrive, the loss 

of one insulin signaling mediator may lead to changes in the relative expression of the other 

potentially redundant receptor. Studies in epithelial cells and cancer cell lines have 

demonstrated compensatory upregulation of Insr expression and activity upon loss of Igf1r 
(36, 37). The expression of Igf1r was equivalent to control levels in Insr-cKO mice. 

Conversely, no changes in Insr levels were observed in Igf1r-cKO. Thus, for both models, no 

apparent compensatory upregulation of the other receptor was present in single receptor 

knockout mice.

Ovarian insulin receptors are essential for female fertility.

Fertility was examined in control, both single knockouts, as well as IR-cKO female cycling 

mice by mating them with males of proven fertility. As a confirmation of successful mating, 

we observed vaginal plugs in the controls and all knockout females. While there was an 

apparent delay for some Igf1r-cKO and IR-cKO mice to receive a plug, the duration that was 

needed for successful mating was not significantly different between groups (Fig. 2A). After 

the observance of vaginal plugs, male mice were removed and the resulting pregnancy 

outcomes determined. All control and Insr-cKO pairs produced litters, with an average of 

7.5 ± 1 pups per litter. However, Igf1r-cKO mice exhibited variable litter sizes with an 

average of 2.25 ± 1 pups per litter (including the 3 females that exhibited no signs of 

pregnancy) suggesting these single knockouts are subfertile. Ablation of both insulin 

receptors resulted in complete failure to produce litters from the initial pairing (Fig. 2A).

Subsequently, 4 independent breeding pairs that previously demonstrated ability to mate 

successfully (evidenced by the presence of vaginal plug 1-2 days after pairing) and produce 

litters, for genotypes other than IR-cKO, were monitored for 5 months for continuous 

breeding assessment (Fig. 2B). Control females maintained a consistent monthly litter output 

of ~7 pups per female. Pup accumulation from Insr-cKO females trended lower than 

controls, but was not significantly different (P < 0.057 at 5 months). From the onset, Igf1r-
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cKO mice produced fewer pups per successful pregnancy and often would skip a month 

between litters leading to significantly lower total pup accumulation. No litters were 

produced by IR-cKO females in the 5 month trial. In aggregate, when litters are produced, 

no significant difference in litter size between control and Insr-cKO mice was observed (Fig. 

2C). However, Igf1r-cKO mice produce ~2.5 fewer pups per litter than controls. To date, we 

have never observed a litter from any IR-cKO females in our colony.

Interestingly, despite their apparent subfertility and/or infertility, no differences in gross 

ovarian morphology or size were observed in insulin receptor mutant mice. In contrast to 

other ablation strategies, as insulin-dependent follicle growth was initiated normally in these 

knockout lines, but failed to produce consistent offspring, our findings suggested that 

ablation with Pgr-Cre represented a unique model to dissect the role of INSR and IGF1R in 

vivo during ovulation. To rule out potential confounding effects from disruption of insulin 

signaling upstream of the ovary, including potential pituitary ablation of insulin receptors, 

we used exogenous gonadotropins to induce superovulation. Histological examination of 

knockout ovary sections revealed that follicles at all stages of development and corpora lutea 

were present in control and knockout ovaries, suggesting no significant arrest in 

folliculogenesis (Fig. 3A). In support of this, serial sectioning of IR-cKO ovaries did not 

reveal a significantly (P > 0.5, n=3) different ratio of follicle counts from that of controls 

(Fig. 3B). Analysis of follicular atresia revealed no significant differences in follicle health 

between control (20.25 ± 1.4) and IR-cKO (18.6 ± 1.5) mice (Supplemental Fig. 1A). In 

addition, no significant differences were found in the number of apoptotic cells within 

follicles between control and IR-cKO mice as assessed by TUNEL staining (Supplemental 

Fig. 1B). However, all IR-cKO mice examined to date have shown signs of ovulation failure 

where corpora lutea (CL) appear to encase trapped oocytes (Fig. 3A, arrows). In the mice 

employed for follicle counting, 16 of the 28 scored corpora lutea had a trapped oocyte. To 

examine this further, we superovulated mice collecting them at 12 h post-hCG (shortly after 

the expected time of ovulation, data not shown) and at 24 h post hCG (when formation of 

mature corpora lutea should be completed). At both time points we observed trapped oocytes 

within corpora lutea, suggesting lack of insulin signaling in the periovulatory window results 

in diminished follicular rupture and release of oocytes as observed in mutants for Pgr, Lhcgr, 
Ptsg2, and Efna5 (38-42). In the mice employed for TUNEL analysis, 3 CL contained 

trapped oocytes. One of these CL contained more TUNEL positive cells than the mean 

number among corpora lutea from IR-cKO mice, but the other 2 contained only a few 

apoptotic cells, suggesting that CL death was not a salient feature of oocyte trapping at the 

stage examined.

To confirm that ovulation was impaired and that oocytes were trapped in luteal tissue and 

not simply contained in abnormally formed granulosa cell layers, we performed IHC on 

ovarian sections from superovulated mice at 24 h post-hCG using anti-HSD17B7, a luteal 

cell marker. Pronounced and uniform staining of luteal cells was present in CL of control 

animals (Fig. 4A). Differentiation of granulosa cells to luteal cells during corpora lutea 

formation was observed in IR-cKO mice, as evidenced by HSD17B7 staining, albeit slightly 

reduced relative to controls. However, the presence of oocytes within luteal tissue was only 

observed in IR-cKO mice (Fig. 4A, arrow). The expression levels of three genes crucial for 

ovulation Lhcgr, Pgr and Ptgs2 were significantly reduced in these IR-cKO ovaries (Fig. 
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4B). Significant, but less pronounced and more variable reduction of Lhcgr and Ptgs2 was 

observed in Igf1r-null mice. Interestingly, all three lines exhibited similar downregulation of 

Pgr. These data suggest that both receptors are involved in ovulation, acting via potentially 

distinct downstream targets, and their synergistic function is needed for maximal successful 

ovulation and subsequent fertility. To assess whether expression of these genes was simply 

delayed or of misregulation was present throughout follicle growth, we examined relative 

mRNA expression in additional superovulated mice at 8 h, 12 h, and 24 h post-hCG 

treatment. Pgr and Ptgs2 were significantly decreased in IR-cKO mice at all 3 time points 

examined. In contrast, Lhcgr was significantly reduced only at 24 h post hCG (Fig. 4C).

The observation of trapped oocytes in luteal tissue, as well as, the reduced expression of 

genes involved in ovulation led us to hypothesize that ovulation is impaired in IR-cKO mice. 

To test this, we superovulated female mice, excised their ovaries and oviducts and 

determined whether oocytes that could potentially be fertilized were being released. In 

agreement with expected yields from prior studies (43), superovulated control mice released 

20-30 oocytes (Fig. 5A). In contrast, oviducts from IR-cKO mice contained significantly 

fewer (22.6 ± 2.5 vs. 7.7 ± 1.2, P < 0.001) exuded oocytes confirming impaired ovulation. 

As loss of progesterone signaling can elicit impaired ovulation, we attempted to overcome 

potential progesterone insufficiency by providing supplemental progesterone after 

superovulation before performing follicle counts or breeding trials. However, this did not 

increase the number of oocytes that could be flushed from the oviducts of IR-cKO mice, nor 

did it improve pregnancy outcomes (data not shown).

Since IR-cKO mice are infertile, yet some oocytes are being released, we questioned the 

competency of IR-cKO oocytes to be fertilized. To test this, we sacrificed normally cycling 

females bred to males of established fertility at 3.5dpc, excised their uterine horns and 

examined the presence of blastocyst-stage embryos. In agreement with expected yields (43), 

control females produced on average 5.83 ± 0.40 blastocysts (Fig. 5B). On the other hand, 

significantly fewer (1.83 ± 0.5) blastocysts could be flushed from IR-cKO mice. To 

determine whether these blastocysts were healthy, we assessed the number of cells at this 

stage of development, an established indicator of embryo quality (28). While control 

blastocysts contained 51.1 ± 1.5 cells, there were significantly fewer cells (33.2 ± 2.9) 

present in IR-cKO blastocysts (Fig. 5C). This suggested that blastocyst quality is reduced 

either do to granulosa cell defects or an oocyte defect. As on indicator of oocyte 

development, we examined FOXO3, an oocyte-specific Forkhead box protein that is present 

during primordial and primary stages of folliculogenesis, then is rapidly degraded at the 

secondary follicle stage upon oocyte activation and maturation (44, 45). In control mice, 

consistent with expected expression patterns, FOXO3 is detected only in oocytes from both 

primordial (arrowheads) and primary follicles, and absent from the oocytes of secondary 

follicles (Fig. 5D). In contrast, while FOXO3 can be detected in the oocytes of primary 

follicles in IR-cKO mice, it remains prevalent in the majority of oocytes within secondary 

follicles (Fig. 5E). In control mice, we did not observe any periovulatory follicles that 

contained FOXO3 positive oocytes. However, FOXO3 stained oocytes surrounded by a 

cumulus granulosa stalk (*) were frequently observed in IR-cKO ovaries.
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IR-cKO mice demonstrate misregulation of gene involved in steroidogenesis, lipid 
metabolism, and TCF3-dependent transcription.

To identify potential granulosa cell factors that contribute to impaired ovulation, we 

performed RNA-sequencing analysis to identify gene expression differences in IR-cKO mice 

in the periovulatory window. For this, total ovarian RNA was isolated from superovulated 

mice 12 h post-hCG (n=4 per genotype). We identified 16,339 expressed sequences, 501 of 

which were differentially expressed (293 up-regulated, 208 down-regulated) at FDR P < 

0.05. Gene set enrichment analysis (GSEA) was performed on a ranked list of 245 genes 

(uncharacterized cDNA were excluded) exhibiting greater than 1.7-fold difference in 

expression. These misregulated genes primarily exhibited enrichment for metabolic 

processes including: small molecule metabolic process, lipid metabolic process, metabolism 

of lipids and lipoproteins, as well as genes responsive to external and endogenous stimulus, 

and to oxygen containing compound (Supplemental Table 4). The most enriched gene set, 

CAGGTG_E12_Q6, corresponded to downstream targets of Transcription Factor-3 (TCF3). 

No specific GO term corresponding to ovulatory processes was significantly enriched, but 

two corresponding to general reproductive processes, that included Pgr and Lhcgr, were 

found among the significant, but less stringent, enriched pathways (Dataset S1).

The prevalence of lipid metabolism factors altered in our RNA-seq, coupled with the 

significant reduction in Lhcgr expression in IR-cKO ovaries (Fig. 4) suggested that 

diminished expression of both INSR and IGF1R could affect LH-induced steroidogenesis. 

To test this, we quantified the expression of key genes encoding steroidogenic enzymes in 

ovaries from superovulated mice at 8 h, 12 h, and 24 h post-hCG. There was significant 

down-regulation of Star, the transport protein responsible for regulating cholesterol 

distribution in the mitochondria, a rate-limiting step in steroid hormone synthesis (46), and 

Cyp11a1, the enzyme responsible for production of pregnenolone from cholesterol, at both 

12 h and 24 h post-hCG (Fig. 6A). The gene encoding the enzyme responsible for 

subsequent conversion to progesterone, Hsd3b1, was significantly upregulated at 8 h when it 

is involved in the production of estradiol, but subsequently reduced at 24 h, when it is 

mainly involved in the luteal production of progesterone. Additionally, the luteal cell-

specific enzyme Hsd17b7, primarily responsible for conversion of estrone to estradiol, but 

whose ablation leads to reduced serum progesterone (47), was significantly reduced at 24 h 

post hCG. Similarly to Hsd3b1, increased expression of Cyp19a1 and Hsd17b1 at 8 h post 

hCG in IR-cKO was observed (Fig. 6A). No significant misregulation of Cyp17a1, the 17, 

20 lyase encoding gene, was observed at any time point examined. Taken together, these 

changes in gene expression suggested that both granulosa cell and luteal cell hormone 

production could be compromised. We found that estradiol levels in serum from 

superovulated IR-cKO mice at 24 h post-hCG was significantly elevated 33% relative to 

controls (Fig. 6B). We observed serum progesterone levels in superovulated IR-cKO mice 

which were 2.5-fold lower (16.8 ± 2.7 vs. 6.7 ± 0.9, P < 0.01) at 24 h post-hCG and 5-fold 

lower (24.2 ± 4.5 vs. 5.5 ± 2.4, P < 0.01) at 48 h post-hCG compared to controls (Fig. 6C). 

At 72 h post-hCG, when corpora luteal are quiescent and progesterone production drops in 

the absence of pregnancy, no significant difference in serum progesterone was observed. The 

steeper decline in progesterone production between 24 h and 48 h is important because it 

illustrates that luteal cell differentiation or function is permanently compromised and not 
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simply delayed in developmental time. Normal estrous cyclicity patterns were observed for 

all female mice in our study, suggesting that hormone signaling upstream of the ovary is 

intact in our granulosa-specific insulin signaling mutants, and that the elevated estradiol 

observed in IR-cKO mice is unlikely to be biologically relevant (Fig. 6D).

The role of TCF3 in governing transcription of ovarian cells has not been previously 

characterized. However, we were able to identify TCF3 targets from the literature that have 

established or implicated roles in promoting ovarian function. Note, this TCF3 is not the 

same transcription factor associated with β-catenin signaling, which is well-known to 

regulate ovarian physiology including Lhcgr expression (17). That transcription factor is 

properly termed Tcf7l1 (www.informatics.jax.org, MGI:1202876), but still appears 

commonly in the literature as Tcf3/TCF3, adding confusion to downstream pathway 

analyses. The expression differences of selected TCF3-target genes were examined by qPCR 

analysis of whole ovary tissue (n=6 per genotype) from superovulated mice 12 h post-hCG 

(Fig. 7). Scg2, a potent granulosa cell-specific stimulator of ovarian angiogenesis (48), was 

down-regulated 5-fold in IR-cKO mice, but not significantly reduced in either Insr-cKO or 

Igf1r-cKO ovaries. Significant down-regulation of three membrane-associated transporters 

was confirmed in IR-cKO mice. The hCG- and PGR-dependent organic anion transporter, 

Slco2a1, contributes to prostaglandin synthesis and action in granulosa cells of ovulatory 

follicles in humans (49, 50). The zinc transporter, Slc39a14, is expressed in cumulus 

granulosa cells and is thought to regulate free intracellular zinc in mouse oocytes (51). 

Direct analysis of the amino acid transporter, Slc7a11, has primarily been limited to 

regulation of intracellular glutathione synthesis in neuronal tissue, but could play a similar 

role in FSH- and LH-dependent glutathione production in granulosa cells to support oocyte 

health (52-54). Lastly, the expression of Vcan, a large chondroitin sulfate proteoglycan 

component of the extracellular matrix found in many tissues (55), was diminished 6-fold in 

Igf1r-cKO and 10-fold in IR-cKO ovaries.

Reduced activation of Akt by LHCGR in CLs.

As one of the main signaling pathways of both LHCGR and INSR/IGF1R, the AKT/PI3K 

pathway represents a potential crosslink by which insulin signaling could affect ovulation. 

Therefore, we examined whether conditional ablation of Insr and Igf1r would result in 

diminished AKT1 phosphorylation in ovaries from superovulated IR-cKO mice at 24 h post-

hCG. Immunohistochemical analysis with an antibody specific for phospho-Serine473 of 

AKT1 showed reduced staining in large antral follicles and corpora lutea of IR-cKO mice 

compared to littermate controls stained under identical conditions (Fig. 8A). This reduction 

is specific to follicle cells where INSR and IGF1R have been ablated as AKT1 

phosphorylation in preantral (primary and secondary) follicles where insulin signaling is still 

largely intact is not diminished (Fig. 8A).

FOXO1, one of the main targets of AKT signaling in granulosa cells, is expressed in high 

amounts in granulosa cells of growing follicles, but after FSH and LH stimulation it is 

pushed out of the nucleus and later degraded in luteal cells (20). This reverse localization is 

attributed to the ability of FSHR and LHCGR to activate the AKT/PI3K signaling pathway 

that ultimately leads to the phosphorylation of FOXO1. When we analyzed its localization, 
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while in small antral follicles there was no apparent difference between IR-cKO and controls 

(Figs. 8B and 8C), in mural granulosa cells of periovulatory follicles in IR-cKO ovaries it 

appeared to be nuclearly localized compared to the cytoplasmic localization of the controls 

(Figs. 8D and 8E). This suggests that the activity of INSR and IGF1R is crucial for the 

activation of the AKT pathway, either directly or in conjunction with LHCGR in mural 

granulosa and luteal cells.

Discussion

In this study, we conditionally deleted Insr and Igf1r using Pgr-Cre, which led to impaired 

ovulation, embryo quality, and lutenization culminating in complete infertility when both 

receptors were absent. We chose to ablate both receptors simultaneously to eliminate 

potential low affinity cross-interactions of insulin ligands that might mask fertility defects 

after single ablation of their cognate receptors individual. In contrast to complete insulin 

receptor knockout lines, IR-cKO mice exhibited no indications of abnormal growth, 

development, and ability to mate. This was evidenced by normal estrous cycles and the 

consistent presence of vaginal plugs in pairings of IR-cKO female mice and control males. 

Prior to our report, studies examining the essential synergy of ovarian insulin signaling and 

fertility have concentrated on IGF modulation of FSH receptor signaling (19, 56).

To examine the role of IGF signaling in the ovary without the deleterious effects of global 

IGF or IGF1R knockout (10), Baumgarten et al recently performed conditional ablation of 

Igf1r (19). To achieve complete ablation of IGF1R in granulosa cells, they paired using a 

combination of Esr2-Cre and Cyp19-Cre expressing lines and the same Igf1rflox/flox strain 

used in this study. Mice lacking granulosa IGF1R had smaller ovaries and were completely 

sterile. Unexpectedly, these mice displayed no difference in FSH receptor levels. However, 

there was complete arrest of follicle growth at the preantral stage. Granulosa cells that were 

present failed to differentiate, exhibited premature apoptosis, and ultimately gave rise to 

follicles that were severely deficient in estrogen production. Treatment with exogenous 

gonadotropins failed to rescue impaired folliculogenesis indicating the defect was indeed 

ovary-specific.

We hypothesized that if folliculogenesis was allowed to initiate and continue past this block 

prior to disruption of insulin signaling, that a heretofore uncharacterized distinct role of 

insulin signaling during the periovulatory window might be unmasked. As Pgr-Cre 

expression is initiated after that of either Esr2-Cre or Cyp19-Cre, we found this allowed 

enough insulin signaling activity to promote follicle growth past the antral stage. The likely 

critical difference between the models lies in the advanced accumulation of LH 

responsiveness in Pgr-Cre mediated deletion during early antral follicle formation, relative to 

that of the model used by Stocco’s group. However, granulosa cells from eCG-induced Esr2-

Cre/Cyp19-Cre Igf1r conditional knockout mice (IGF1Rgcko) mice were found to have only 

a 3-fold reduction in Lhcgr, suggesting a decline in receptor expression alone cannot account 

for the difference (19).

The majority of the fertility defects in our IR-cKO mice come from loss of IGF1R signaling, 

as Insr-cKO mice exhibit nearly normal litter frequencies and litter sizes as compared to 
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control mice. This agrees with findings from INSRgcko mice that exhibited greater variability 

in average litter size and oocytes ovulated, but no significant differences in diminished mean 

values compared to controls in a 6-month breeding trial (19). IGF family members can bind 

INSR (9, 57), but are apparently not required to do so when IGF1R is intact [our work 

herein, and (19, 58)]. Insulin is commonly added to granulosa cell culture media and has 

been demonstrated to elicit maximal hormone production in cultured ovarian cells (59-61). 

These studies and others examining similar mechanisms have often relied on non-

physiological effects of INS hormone, so the ratio of relevant INSR vs IGF1R action is 

difficult to assess when potential cross-reactivity is possible. However, it is clear that INSR-

mediated growth and development cannot compensate for the loss of IGF1R activity.

It is possible that during the ovulatory window, there are some unique actions of INSR and 

IGF1R. We did observe variability in the fertility of Igf1r-cKO mice, with a few that exhibit 

breeding success similar to controls and most producing only 1-2 pups per litter. This 

finding is similar to that observed when Esr2-Cre alone was used to ablate Igf1r, where 3-5 

pups were produced per litter (19). This difference may be explained by the different time 

courses of insulin receptor expressions. Our qPCR data show that relative levels of Insr and 

Igf1r are consistent during preantral follicle growth. However, just prior to ovulation, there is 

a decrease in Igf1r and increase in Insr mRNA levels (data not shown). This suggests that the 

chance for compensation by INSR might be higher in our model than any of the previous 

models examining insulin receptor function where ablation occurs earlier. This variability in 

timing of decreased insulin receptor activity may create different critical thresholds for 

alteration of downstream activity. This may explain why we see some transcription 

differences, particularly in the genes known to be essential for ovulation, in single knockout 

animals vs the IR-cKO mice when putative insulin-regulated genes were examined by qPCR. 

In addition, this may account for differences in IGF1R-dependent AKT activation, where 

early termination in IGF1Rgcko leads to increased atresia of secondary and antral follicles 

(19). However, no prematurely induced atresia or significant differences in the number of 

atretic follicles was seen in our Pgr-Cre mediated deletions.

To understand the transcriptome of INSR and IGF1R, we performed RNA-Seq on whole 

ovaries, 12h post hCG. Not surprisingly, most of the differentially expressed genes were 

involved in metabolism, as insulin signaling governs energy production and growth 

processes. This screen confirmed most of our targeted qPCR analyses from 24 h post-hCG 

superovulated mice and demonstrates that INSR and IGF1R regulate steroidogenesis and 

PGR signaling even at the onset of ovulation. Foxo1 mRNA levels were not significantly 

altered in our RNA-seq, but we did observe that FOXO1 protein was inappropriately 

nuclearly localized in mural granulosa cells of large antral follicles in IR-cKO mutants. 

Constitutive activation of nuclear FOXO1 has been shown to inhibit steroid and lipid 

biosynthetic pathways in granulosa cells, including Star, Cyp11a1, and Hsd17b7 that were 

downregulated in IR-cKO mice (20). Thus, this potential repression could account for many 

of the changes we observed in IR-cKO superovulated (24 h post-hCG) mice.

An unexpected finding was that the most abundant gene set was CAGGTG_E12_Q6, with a 

total of 57/245 misregulated genes. This set contains genes which, in their promoter region, 

contain at least one copy of a TCF3 binding site. To our knowledge, this is the first study to 
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report the presence and potential action of TCF3 in the mouse ovary. Although TCF3, 

previously known as E2A, has been shown to play a role in lymphopoiesis, where it is 

required for B and T lymphocyte development (62-66), here we show that it could be 

involved in ovulation. Previous research has shown that TCF3 activity and expression can be 

modulated by the Ras-ERK MAPK cascade (67-70), another signaling cascade activated by 

INSR and IGF1R. The strong downregulation of Vcan is potentially relevant to the impaired 

ovulation and oocyte development observed in IR-cKO mice. VCAN is a proteolytic target 

of ADAMTS1, matrix metalloprotease that is essential for remodeling of the follicle during 

ovulation and subsequent vascularization of the CL (71). The anovulatory phenotype 

observed in progesterone receptor knockout mice is due in part to loss of progesterone-

dependent ADAMTS1 cleavage of VCAN (72). Interestingly, Adamts1 trends down 2-fold 

in our RNA-seq, but does not reach significance (P >0.057), which may explain why IR-

cKO mice are not completely anovulatory. Presumably, the cleavage of VCAN in the 

extracellular matrix would serve to loosen the associations between cells. Thus, it is 

surprising that reduced Vcan expression would not achieve a similar goal and result in 

follicle wall destabilization. This suggests that the proteolytic products of VCAN may serve 

additional roles as signaling molecules within the periovulatory follicle that promote 

ovulation. In support of this, VCAN contains an epidermal growth factor-like motif whose 

activity promotes cumulus expansion and oocyte maturation (73). An N-terminal VCAN 

cleavage peptide, versikine, is thought to modulate cell proliferation and apoptosis, although 

its mechanism of action is unclear (55). In addition, transcriptome profiling of human 

cumulus granulosa cells revealed that VCAN was positively associated with embryo quality 

(74), which may contribute to the retarded development we observe in IR-CKO blastocysts. 

Another putative TCF3-regulated factor of relevance is Secretogranin II (SCG2), which is 

induced in granulosa cells during the periovulatory window (48). The proteolytic cleavage 

product of SCG2 (SN peptide) is an established inducer of angiogenesis (75), an essential 

process for ovulation and CL development and function in rodents and humans (76, 77). SN 

exhibited a dose-dependent effect on human ovarian endothelial cell sprouting, suggesting it 

can similarly promote angiogenesis in the ovary (48). SN also serves as a potent 

chemoattractant for monocytes (78), which are recruited to the CL to promote luteal 

regression (79). We did not directly assess extension of luteal life span. However, the 

kinetics of progesterone production and normalcy of ovarian cycles suggest that may not be 

a significant factor in IR-cKO mice. The putative role of TCF3 in relevant regulation of Scg2 
is complicated as it is known to be regulated by LH (48), and we found that Lhcgr is 

downregulated in IR-cKO ovaries. Thus, additional studies are required to verify the link 

between TCF3 and insulin signaling, and their intersection with FHS and LH signaling, but 

we believe TCF3 and its targets represent a potential new piece of the ovulation regulatory 

network worthy of further investigation.

The disruption in ovulation is not severe enough to resolve the complete infertility of IR-

cKO mice. While hormone production is reduced, the hypothalamic-pituitary-gonadal axis 

elicits normal ovulatory cycles. We found that while fewer oocytes were being released, 

their fertilization and passage through the oviduct was normal. However, we found two 

indications that these oocytes may be compromised. First, the persistent presence of FOXO3 

in oocytes of antral and periovulatory suggests that the maturation of the oocytes in IR-cKO 
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mice is impaired, likely due to misregulation of some paracrine factors produced by the 

granulosa cells. Second, following fertilization, the growth of IR-cKO blastocysts lags 

behind those from control mice. We do not know whether these eventually recover and 

develop to implantation competency, but no evidence of implantation has been observed. 

Diminished CL support expected from IR-cKO ovaries would certainly contribute partially 

to this failure. However, preliminary observations indicate that loss of insulin signaling in 

progesterone receptor expressing cells of the uterus compromises receptivity. Formal studies 

to characterize decidualization and embryo implantation in our insulin receptor mutant lines 

are underway.

In summary, employing a Pgr-Cre knock-in model, we successfully ablated ovary-specific 

insulin signaling after follicle recruitment in the periovulatory window. We demonstrated 

that insulin actions are necessary for successful oocyte development and ovulation, 

subsequent blastocyst growth, progesterone synthesis, and fertility. Our findings indicate 

IGF1R plays a more prominent role in governing overall female fertility than INSR, but the 

unique phenotype resulting from simultaneous ablation of both receptors in granulosa cells 

suggests the existence of co-regulated factors and pathways that have yet to be elucidated.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations:

CGC cumulus granulosa cell

cKO conditional knockout

CL corpus luteum

eCG equine chorionic gonadotropin

E2 estradiol

FSH follicle-stimulating hormone

GC granulosa cell

hCG human chorionic gonadotropin

IGFBP insulin-like growth factor binding protein
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IHC immunohistochemistry

LH luteinizing hormone

MGC mural granulosa cell

P4 progesterone

qPCR quantitative real-time RT-PCR

WT wild type
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Figure 1. 
Conditional ablation of Insr and Igf1r using Pgr-Cre reduces receptor expression in antral 

follicles and corpora lutea. Samples are from superovulated mice 24 h post-hCG. (A) Insr 
expression is significantly reduced in total ovarian mRNA from Insr-cKO and IR-cKO mice 

as assessed by qPCR. Data are expressed as mean ± SEM (n=5, *P <0.05, **P <0.01). (B) 

Immunohistochemistry (IHC) shows cytoplasmic localization of INSR in granulosa cells of 

growing follicles and luteal cells of corpora lutea (CL). (C) IHC showing expression of 

INSR is markedly decreased specifically in the granulosa cell layer of antral follicles and in 

the CL after conditional ablation of Insr. (D) Igf1r expression is significantly reduced (n=5, 

*P <0.05, **P <0.01) in total ovarian mRNA from Igf1r-cKO and IR-cKO mice as assessed 

by qPCR. (E) IHC shows abundant cytoplasmic localization of IGF1R in granulosa cells of 

growing follicles and in CL. (F) IHC showing expression of IGF1R is markedly decreased 

specifically in the granulosa cell layer of antral follicles and in the CL after conditional 

ablation of Insr. IHC images show a representative result obtained in 4 biological repeats.
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Figure 2. 
Female IR-cKO mice are infertile. (A) Females from control (n=12), each single receptor 

knockout (n=8), and double receptor knockout (n=12) groups were bred to males of 

established fertility. All mice presented with vaginal plugs indicating mating had occurred. 

The apparent delay to receive the plug in Insr-cKO, Igf1r-cKO, and IR-cKO mice was not 

significantly different than controls. After the observation of a vaginal plug, males were 

separated and females monitored for subsequent pregnancy and parturition. Litter sizes in 

Insr-cKO were not significantly different from control pairs. In contrast, Igf1r-cKO 

exhibited significant subfertility and IR-cKO mice failed to produce any litters. Letters 

denote means that are significantly different, P <0.05. (B) Two month old females of 

established fertility (for control and single receptor knockout groups) and 4 randomly 

selected IR-cKO females were paired with males of established fertility and monitored for 5 

months. Continuous breeding assessment shows cumulative number of progeny per female 

(n=4, *P <0.001). (C) Aggregate pups per litter among pairings that produced a litter. Total 

number of litters indicated in each column. Letters denote means that are significantly 

different, P <0.05.
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Figure 3. 
Histological analysis of IR-cKO ovaries reveals impaired ovulation. Samples are from 

superovulated mice 24 h post-hCG. (A) Gross analysis of ovarian morphology of IR-cKO 

mice (2 representative animals) exhibits no decrease in ovarian size. However, all animals 

exhibit signs of anovulation characterized by oocytes trapped in putative CL tissue (arrows). 

Boxes indicate the region illustrated by the higher magnification panel below each image. 

(B) Ovarian follicle distribution is not significantly different in IR-cKO mice compared to 

controls. Complete ovaries were serially sectioned and numbers of each follicle type scored. 

Data are presented as mean ± SEM (n=3).
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Figure 4. 
Ovulation is impaired in IR-cKO mice. Mice were superovulated and sacrificed at 24 h post-

hCG when ovulation should be completed and well-formed CL present. (A) IHC of the 

luteal marker HSD17B7 confirms a trapped oocyte (arrow) residing in CL tissue and not the 

granulosa cell layer of large follicles. (B) qPCR showing essential ovulation genes are 

downregulated in total ovarian mRNA from insulin receptor knockout mice [n=10 (control 

and IR-cKO) and n=5 (Insr-cKO and Igf1r-cKO)] at 24 h post-hCG. Data is presented as 

mean ± SEM fold expression compared to control which was arbitrarily set to 1. Letters 

denote means that are significantly different P <0.05. (C) To assess the temporal expression 

pattern of these markers, five additional females per genotype were superovulated and 

sacrificed at 8 h, 12 h, and 24 h post-hCG. Relative mRNA expression is presented as mean 
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± SEM. qPCR of five independent control and IR-cKO females was normalized to control 8 

h post-hCG, which was arbitrarily set to baseline of 1 (* P < 0.05, ** P < 0.01, ** P < 0.001 

vs. Control).
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Figure 5. Abnormal ovulation and oocyte/embryo development in IR-cKO mice.
(A) Control and IR-cKO mice were superovulated and their oviducts retrieved and flushed 

12-14 h post-hCG. Significantly fewer oocytes were retrieved from oviducts of 

superovulated IR-cKO mice compared to control females (n=6, P <0.001). (B) Normal 

cycling females were bred with males of established fertility and their uteri flushed 3.5 days 

post coitum (dpc). Significantly fewer blastocysts were retrieved from IR-cKO females (n=6, 

P <0.001). (C) To assess embryo quality, cell nuclei were stained with DAPI and the number 

of cells per blastocyst was scored. Scale bar = 25 μm. (D and E) Representative images from 

immunolocalization of FOXO3 protein in oocytes of control (D) and IR-cKO (E) 

superovulated mice 24 h post-hCG (n = 3 per genotype, scale bars = 100 μm. FOXO3 is 

present in primordial (arrowheads) and primary follicles, but absent in secondary and antral 

(*) follicles of control mice. As expected FOXO3 is found in the oocytes of early stage 
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primary follicles (left panel) in IR-cKO mice. However, in IR-cKO the presence of FOXO3 

is maintained in secondary and periovulatory (*) follicles.
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Figure 6. 
Steroid synthesis genes are misregulated in mice lacking insulin receptors. (A) Relative gene 

expression was determined by qPCR in total ovary mRNA from superovulated mice (n=6 

per time point) at 8 h, 12 h, and 24 h post-hCG. Relative mRNA expression is presented as 

mean ± SEM. qPCR of five independent control and IR-cKO females was normalized to 

control 8 h post-hCG, which was arbitrarily set to baseline of 1 (* P < 0.05, ** P < 0.01, ** 

P < 0.001 vs. Control). (B) Serum levels of estradiol are significantly higher in 

superovulated IR-cKO mice at 24 h post-hCG (n=8, **P <0.01). (C) Serum levels of 

progesterone are significantly lower in superovulated IR-cKO mice at 24 h post-hCG and 48 
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h post-hCG (n=8, **P <0.01). (D) Changes in hormone levels do not disrupt estrous 

cyclicity in IR-cKO mice. Patterns for a representative control and 3 representative IR-cKO 

female mice are shown. Time in each stage is shown, M-metestrus, E-estrus, P-proestrus, D- 

diestrus, as defined in the methods.
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Figure 7. 
qPCR verification of selected TCF3-regulated genes misregulated in 12 h post-hCG 

superovulated IR-cKO mice identified by RNA-seq (n=5 per genotype).
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Figure 8. 
Insulin receptor signaling mediator AKT1 exhibits reduced phosphorylation in IR-cKO 

mice. Samples are from superovulated mice 24 h post-hCG. (A) IHC showing diminished 

phosphorylation of Ser473, a residue of AKT1 activated by insulin receptor stimulation, in a 

representative animal from each genotype (n=3). Dashed boxes indicate the location of the 

higher magnification images in the lower panels. Reduced phosphor-AKT1 correlates to 

large antral follicles and CL where insulin receptors were ablated by Pgr-Cre expression (see 

Fig. 1) and not globally impaired as primary and secondary follicles retain normal AKT1 

activation. (B-E) Immunolocalization of FOXO1, an AKT1-dependent target, is altered in 

IR-cKO mice. In early antral follicles (B and C), FOXO1 exhibits either nuclear or 

cytoplasmic localization, present only in granulosa cells, and it does not seem affected by 

the INSR and IGF1R knockout. (D) In periovulatory follicles of control mice, FOXO1 is 

translocated to the cytoplasm of both mural granulosa cells (MGC) and cumulus granulosa 

cells (CGC). (E) However, while the localization of FOXO1 in IR-cKO seems not to be 

altered in CGC, it is nuclearly localized in MGCs. Arrowheads denote cells with nuclear 

localization of FOXO1; O-oocyte.
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