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Abstract

The ovarian steroid hormones, estrogen (E2) and progesterone (P4), are essential regulators of 

uterine functions necessary for development, embryo implantation, and normal pregnancy. 

ARID1A plays an important role in steroid hormone signaling in endometrial function and 

pregnancy. In previous studies, using high density DNA microarray analysis, we identified 

phosphatidylinositol-3-kinase interacting protein 1 (Pik3ip1) as one of the genes up-regulated by 

ARID1A. In the present study, we performed real-time RT-PCR and immunohistochemistry 

analysis to investigate the regulation of PIK3IP1 by ARID1A and determine expression patterns of 

PIK3IP1 in the uterus during early pregnancy. The expression of PIK3IP1 was strong at the uterine 

epithelial and stromal cells of the control mice. However, expression of PIK3IP1 was remarkably 

reduced in the Pgrcre/+Arid1a f/f mice and progesterone receptor knock-out (PRKO) mice. During 

early pregnancy, PIK3IP1 expression was strong at day 2.5 of gestation (GD 2.5) and then slightly 

decreased at GD 3.5 at the epithelium and stroma. After implantation, PIK3IP1 expression was 

detected at the secondary decidualization zone. To determine the ovarian steroid hormone 

regulation of PIK3IP1, we examined the expression of PIK3IP1 in ovariectomized control, 

Pgrcre/+Arid1a f/f, and PRKO mice treated with P4 or E2. P4 treatment increased the PIK3IP1 

expression at the luminal and glandular epithelium of control mice. However, the PIK3IP1 

induction was decreased in both the Pgrcre/+Arid1a f/f and PRKO mice, compared to controls. Our 

results identified PIK3IP1 as a novel target of ARID1A and PGR in the murine uterus.
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1. Introduction

The uterine epithelial and stromal compartments undergo dynamic molecular and 

morphological changes to prepare for development and pregnancy. Estrogen (E2) and 

progesterone (P4) meditate these changes by activating transcription of target genes through 

binding their cognate receptors. E2 stimulates proliferation of uterine epithelial cells, and P4 

inhibits E2-mediated proliferation of uterine epithelial cells. The progesterone receptor 

(PGR) and estrogen receptors (ESRs) are the steroid hormone receptors that bind P4 and E2 

respectively, and are critical in the regulation of the female reproductive system [1]. Both 

receptors are expressed within the uterus, and allow actions of P4 and E2 to commence 

[2,3].

Signaling of P4 through PGR is crucial for successful pregnancy [4]. PGR is encoded in 

humans by one gene, and is found in two isoforms, PR-A and PR-B [5,6]. The PR-A 

isoform is associated with ovarian and uterine function, whereas the PR-B isoform is 

necessary for proper mammary gland development [7,8]. The pivotal role of PGR within 

reproductive tissues causes it to be an area of focus within reproductive diseases. 

Specifically, reduced expression of PGR has been associated with endometriosis, a prevalent 

disease in women’s health [9]. Overall, aberrations of steroid hormone signaling can be 

found in many uterine disorders including infertility [10], endometriosis [11], endometrial 

cancer [12], and uterine leiomyoma [13].

AT-rich interaction domain 1a (ARID1A) is one subunit within the SWItch/Sucrose Non-

Fermentable (SWI/SNF) chromatin remodeling complex [14]. It is located in chromosomal 

region 1p36, which is a region that is often deleted within many different forms of cancer 

[14,15]. A high frequency of mutation of ARID1A in cancers, specifically endometrioid 

cancer of the uterus and ovarian clear cell and endometrioid cancer, has revealed the 

potential of ARID1A to be defined as a tumor suppressor [16,17]. ARID1A is able to inhibit 

tumor growth and cellular proliferation [18]. Several studies have linked SWI/SNF and AR 

ID1A to transcriptional regulation, particularly nuclear hormone-induced transcription and 

expression of cell cycle regulators [19, 21]. Previously, we have shown that ARID1A protein 

levels are lower during both the proliferative and secretory phases, in epithelial and stromal 

cells of women with endometriosis compared to those without [22]. Ablation of Arid1a in 

the murine uterus results in the inability to inhibit E2-induced epithelial cell proliferation 

and E2-responsive target gene expression [22]. However, the molecular mechanism of 

ARID1A action in steroid hormone regulation and pregnancy is not well studied.

Phosphatidylinositol-3-kinase interacting protein 1 (PIK3IP1) is a transmembrane protein 

that is known to negatively regulate the PI3K pathway [23]. This down-regulation occurs 

due to PIK3IP1’s shared homology to p85, the regulatory subunit of the PI3K pathway [25]. 

p85 binds to the p110 catalytic subunit of PI3K, and PI3KIP1’s shared domain allows it to 

bind here as well, ultimately attenuating the pathway [25]. The PI3K pathway is involved 
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with many cellular processes, including angiogenesis, cell proliferation, motility, 

differentiation, and survival [4]. All of these processes are imperative for tumorigenesis, thus 

connecting the PI3K pathway to possible cancer development [4]. In this regard, PIK3IP1 

can be seen as a tumor suppressor in that is down-regulates the PI3K pathway. Mutation of 

ARID1A results in a lower expression of PIK3IP1 [15]. PIK3IP1 has also been studied 

within the context of uterine and ovarian function, however results are limited. One study 

has revealed PIK3IP1 is able to induce apoptosis within some ovarian cancer subtypes [15]. 

Due to PIK3IP1’s direct effect on the PI3K pathway, further study in relation to uterine and 

ovarian function is important for the pathogenesis of possible corresponding diseases.

PI3K is a well-known regulator of cell division, motility, and survival in most cell types. 

PIK3IP1 binds to the p110 catalytic subunit of PI3K and reduces its activity in vitro. 

However, the function and regulation of PIK3IP1 in the uterus have not been reported to 

date, and the biologic processes in which it is involved are unclear. Within the present study, 

we examined the spatiotemporal expression during early pregnancy and regulation of 

PIK3IP1 in the response to P4 and E2 in the uterus.

2. Materials and Methods

2.1 Animals and tissue collection

Mice were cared for and used in the designated animal care facility according to Michigan 

State University’s institutional guidelines. All animal procedures were approved by the 

Institutional Animal Care and Use Committee of Michigan State University. For the early 

pregnancy study, C57BL/6 female mice at 8 weeks of age were mated with C57BL/6 male 

mice and uterine samples from pregnant mice were obtained at different days of pregnancy. 

The morning of vaginal plug observation was designated as day 0.5 of gestation (GD 0.5).

For the study of steroid hormone regulation, C57BL/6 female mice at 8 weeks of age were 

first ovariectomized at day 1. After this, there was a 2-week period of rest, enabling the mice 

to heal. The ovariectomized mice were utilized for injection, in which mice received vehicle 

(sesame oil; Sigma–Aldrich, St. Louis, MO), estradiol (E2, 1μg/mL; Sigma–Aldrich, St. 

Louis, MO), P4 (10mg/mL; Sigma–Aldrich, St. Louis, MO), or both E2 and P4 (1 μg/mL 

E2, 10 mg/mL P4). Following the time line (either 6 hour treatment, or 3 day treatment), 

mice were euthanized, and uterine tissues were immediately frozen at the time of dissection 

for real time qPCR or fixed with 4% (v/v) paraformaldehyde for immunohistochemistry.

2.2 Quantitative real-time PCR

The RNeasy total RNA isolation kit (Qiagen, Valencia, CA, USA) was utilized in order to 

extract RNA from uterine tissues. The mRNA levels of Pik3ip1 were measured through real-

time PCR TaqMan analysis, utilizing the Applied Biosystems StepOnePlus system (Applied 

Biosystems, Foster City, CA, USA). Pre-validated proves, primers, 18S RNA, and Universal 

Master mix reagent were purchased from Applied Biosystems (Applied Biosystems, 

Carlsbad, CA). The template cDNA was made with MMLV Reverse Transcriptase 

(Invitrogen Corp., Carlsbad, CA) and 1 μg of total RNA with use of random hexamers. The 

real-time PCR was all done with three independent RNA sets, and mRNA quantities were 
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normalized against the 18S RNA with use of the ABI rRNA control reagents. Statistical 

analyses were performed using Student’s t-tests using the Instat package from GraphPad 

(San Diego, CA). p<0.05 was considered statistically significant.

2.3 Immunohistochemistry

Uterine tissue samples that were paraffin-embedded were sectioned at 6 μm and were 

mounted on glass slides. Slides sat overnight to dry. Slides were placed on a slide dryer for 

15 minutes, then deparaffinized through exposure to a graded alcohol series [Xylene 3x5min 

(Fisher, Pittsburgh, PA), 100% ethanol 3 × 3min (Fisher, Pittsburgh, PA), 95% ethanol 2 × 

2min, 70% ethanol 2 × 2min] and exposed to an antigen activator (1:100 antigen activator to 

distilled water; Vector Laboratories, Burlingame, CA). Slides were soaked in water, then 

incubated with a solution of 3% hydrogen peroxide (Sigma, St. Louis, MO) in methanol 

(Fisher, Pittsburgh, PA). After being rinsed, tissue samples were circled with a mini pap pen 

(Invitrogen, Carlsbad, CA) and exposed to a 10% normal goat serum (Vector Laboratories, 

Burlingame, CA) in PBS solution. The primary antibody (Santa Cruz, Dallas, Texas) was 

applied after removal of the NGS/PBS serum, and left to sit overnight at 4 degrees C, at the 

following solutions: 1:200 PIK3IP1, 1:1000 PGR. The following day, slides were rinsed, 

then exposed to a secondary antibody solution (Vector Laboratories, Burlingame, CA). 

Following this exposure, slides were again rinsed, and then exposed to a 1:1000 solution of 

dilute Streptavidin HRP (Vector Laboratories, Burlingame, CA) with PBS. Slides were 

rinsed, and a DAB solution (Vector Laboratories, Burlingame, CA) was applied. Slides were 

rinsed, then dipped with a following rinse, in the following reagents: hematoxylin (Biocare 

Medical, Pacheco, CA), hydrogen chloride (Sigma–Aldrich, St. Louis, MO), and lithium 

carbonate (Poly scientific, Bay Shore, NY). The steps of dehydration [2 × 2min 100% 

ethanol, 5min 100% ethanol, 2 × 2min Xylene, 5min Xylene] were followed, and cover slips 

were glued to the slides with permount (Fisher Scientific).

3. Results

3.1 PIK3IP1 as a target of ARID1A and PGR in the murine uterus

To determine transcriptional regulation of Pik3ip1 by ARID1A, real-time qPCR was 

performed in the uteri of control (Arid1a f/f) and Pgrcre/+Arid1a f/f (Arid1ad/d) mice [22] at 

GD 3.5. The results revealed that there was a significant decrease in the mRNA expression 

in the Arid1ad/d mice uterus compared to the control mice (Fig. 1A). This result was 

extended through immunohistochemistry to examine spatial expression of PIK3IP1 protein 

in the Arid1ad/d mice and progesterone receptor knock-out (PRKO) [26] (Fig. 1B). Control 

samples at GD 3.5 showed strong PIK3IP1 expression within the uterine epithelial, 

glandular, and stromal cells. However, Arid1ad/d mice showed a remarkable reduction in 

PIK3IP1 expression throughout when compared to control mice. PRKO mice showed a 

down-regulation of PIK3IP1 only in the stromal cells, but exhibited a comparable expression 

within the uterine epithelium and glands to control mice. These data suggest that the 

expression of PIK3IP1 is regulated by ARID1A and PGR.
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3.2 PIK3IP1 expression in the uterus during early pregnancy

To investigate the expression profiles of PIK3IP1 in mouse uterus during early pregnancy, 

immunohistochemistry was performed in the uterus from GD 0.5 to GD 7.5 (Fig. 2). The 

initiation of pregnancy was marked by the presence of the postcoital vaginal plug (GD 0.5). 

At GD 0.5, PIK3IP1 expression was present within uterine epithelial and gland cells, 

however expression was not seen within stromal cells. At GD 2.5, expression increased, and 

was also present within stromal cells. At GD 3.5, PIK3IP1 levels showed a slight decrease, 

however remained strong in all three areas. At GD 4.5, embryos are attached to uterine 

epithelial cells at implantation sites. PIK3IP1 expression was seen within the inner 

cytoplasmic regions of the embryos throughout, however there was not any nuclear staining 

within the embryo itself. Weak expression was seen within the primary decidual zone, 

though expression was strong within the secondary decidual zone. At GD 5.5, the area 

surrounding the embryo showed an increase in PIK3IP1 expression. The primary decidual 

zone showed no PIK3IP1 expression, while the secondary decidual zone continued to show 

strong expression. This pattern was similarly found in GD 7.5 mice. These data indicate that 

PIK3IP1 is tightly regulated in the uterus during early pregnancy.

3.3 The regulation of PIK3IP1 by P4 in the uterus

In order to evaluate PIK3IP1 expression in response to P4 treatment, immunohistochemistry 

was performed on ovariectomized control (wild type and Arid1af/f), Arid1ad/d, and PRKO 

mice treated with either vehicle or P4 for 6 hours (Fig. 3). Within the control mice, PGR 

expression was present in only the epithelial cells, showing no expression in stroma. After 

P4 treatment in control mice, epithelial expression of PGR decreased. Interestingly, PGR 

expression was completely gone within the uterus of Arid1ad/d mice. PRKO mice were used 

as a negative control and did not show PGR expression in the uterus. These results suggest 

that PGR expression is also regulated by ARID1A.

PIK3IP1 expression was relatively low within the ovariectomized control mice treated with 

vehicle, showing weak gland and epithelial staining. After P4 treatment, a strong expression 

was induced within the epithelial and gland cells of control mice. Both the Arid1ad/d and the 

PRKO mouse models showed no expression of PIK3IP1 after vehicle treatment. PIK3IP1 

expression also did not increase within these models after P4 treatment. This data further 

reveals that PIK3IP1 is regulated by PGR and ARID1A.

3.4 The regulation of PIK3IP1 by E2 in the uterus

To determine whether PIK3IP1 expression is regulated by E2, immunohistochemistry was 

performed in the uteri from ovariectomized female mice with E2 treatment (Fig. 4). Vehicle 

treated samples showed relatively weak expression patterns, with expression presence in the 

luminal and glandular epithelium only, as we observed in Fig. 3. After 6 hours of E2 

treatment, expression within the luminal and glandular epithelium increased, and there was a 

slight increase in stromal expression (Fig. 4B). This increase in expression was even more 

drastic after 3 day treatment, with very strong expression in both the luminal and glandular 

epithelium, however expression within the stroma was not stronger after 3 day treatment 

(Fig. 4E).
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To determine whether P4 antagonizes the effect of E2 in PIK3IP1 expression, 

immunohistochemistry was performed in the uteri from ovariectomized female mice with E2 

plus P4. E2+P4 treatment showed a similar trend: 6-hour treatment resulted in increased 

expression in the epithelial and glandular cells, and 3 day treatment resulted in an increase in 

epithelial, stromal, and glandular expression. There was no observed difference between 

PIK3IP1 expression patterns after E2 treatment compared to expression patterns after both 

E2 and P4 treatment. The results suggest that PIK3IP1 expression is induced by E2.

4. Discussion

For the first time, this study looks at the regulation of Pik3ip1 by ARID1A and PGR, and 

determined the expression patterns of PIK3IP1 in the uterus during early pregnancy and in 

response to ovarian steroid hormone treatment. In the present study, we report that PIK3IP1 

expression levels are significantly lower in mice with conditional ablation of Arid1a 
(Arid1ad/d) (Fig 1). In response to a lack of Arid1a, mice exhibited a lessened expression of 

PIK3IP1, further confirming PIK3IP1 is a target of Arid1a.

Throughout implantation and early pregnancy, fluctuations in steroid hormone expression 

are exhibited. GD 0.5 and 1.5 in murine pregnancy are the days in which pre-ovulatory 

ovarian E2 is secreted, and proliferation occurs. From GD 2.5 on, proliferation shifts from 

the luminal and glandular epithelial cells to the stromal cells. Overall, we observed 

fluctuation of PIK3IP1 expression (Fig. 2). At GD 2.5 expression levels were the highest 

overall. E2 stimulated proliferation occurs during the first two days of pregnancy in the 

mouse uterus [28]. Our result then allows us to conclude PIK3IP1 is regulated by E2 during 

early pregnancy. On GD 3.5, the uterus shifts from a pre-receptive state to a P4 induced 

receptive state, allowing for implantation [28]. At GD 4.5, implantation occurs, as stromal 

cells transition into decidual cells in response to a blastocyst [27]. In the present study, 

results showed low levels of PIK3IP1 expression in the primary decidual zone (PDZ), 

whereas its expression was high in the secondary decidual zone (SDZ). PDZ will eventually 

degenerate by day 8, whereas SDZ, stemming from differentiated PDZ cells into polyploidy 

decidual cells, will be slowly replaced by placental and embryonic growth after GD 7.5 

[28,29]. This allows for a potential connection between placental and embryonic growth 

development and PIK3IP1 expression.

PRKO is useful in assessing P4’s role in gene and protein expression. Past research has 

revealed that the ablation of PGR results in abnormalities in the reproductive biology of the 

murine mouse model, which includes an increase in the response to both P4 and E2, and also 

a defect in the implantation process [30]. Within this study, we utilized the PRKO mouse 

model in order to analyze the expression of PIK3IP1 in response to the ablation of both PGR 

isoforms (Fig. 1 and Fig. 3). Results showed a difference in only stromal expression of 

PIK3IP1 in the PRKO mouse model in comparison to controls. Stromal cells are associated 

with the production of paracrine factors, mediated through the PGR receptors, which are 

critical in enhancing epithelial differentiation and growth within the uterus [31]. These 

results suggest that stromal PIK3IP1 expression is regulated by PGR.
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P4 is a steroid hormone that is critical in reproductive processes, and has been utilized for 

therapeutic treatment in peri-menopausal women who experience aberrant bleeding or 

menstrual problems [32,33]. In order to analyze P4’s effect on PIK3IP1 expression, we 

examined PIK3IP1 expression within control, Arid1ad/d, and PRKO mice, with both vehicle 

and 6-hour P4 treatment (Fig. 3). In this analysis we found that P4 treatment increased 

expression in the control mice. This result allows us to hypothesize P4’s role in PIK3IP1 

expression, and also allows for a connection of P4 treatment in the two different mouse 

models. Within the Arid1ad/d mouse model we see no PIK3IP1 expression in the vehicle 

treatment, however we are able to see a slight increase in expression after P4 treatment for 6 

hours. Seeing as how PIK3IP1 is able to inhibit PI3K stimulated cell growth, proliferation, 

and survival, this increased expression after ovarian hormone treatment allows for a possible 

connection to therapeutic treatments necessary for inhibition of this very process.

Within the context of our previous results, we are already able to see that ovarian steroid 

hormones E2 and P4 have an illustrated effect on PIK3IP1 expression. However, to further 

confirm this effect, we observed treatment of ovariectomized mice with E2, P4, and a 

combination of both E2 and P4 (Fig. 4). Our results showed very low expression of PIK3IP1 

within the vehicle treated ovariectomized mice, revealing that ovarian hormones do not 

singularly control PIK3IP1. However, after P4, E2, and E2 + P4 treatments PIK3IP1 was 

significantly expressed, revealing a direct effect of all hormone treatments on PIK3IP1. This 

increase in expression was seen after 6-hour treatment, although after 3-day treatment there 

was a greater increase in expression. Through this revelation, we are able to make a possible 

connection from P4, E2, or E2 + P4 treatment within these cells to potential therapeutic 

treatment.

Our results demonstrate that PIK3IP1 is a novel target of ARID1A and PGR in the murine 

uterus. Additional research analysis within this context would provide for greater insight 

into the role of PIK3IP1 within the context of reproductive biology, and provide for a new 

possible therapeutic target within uterine disorder.
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• PIK3IP1 is tightly regulated in the murine uterus during early pregnancy.

• PIK3IP1 is a target of ARID1A and PGR in the murine uterus.

• PGR expression is regulated by ARID1A.

• PIK3IP1 expression is induced by progesterone and estrogen.
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Figure 1. The expression of PIK3IP1 in the uteri of control, Arid1ad/d, and PRKO mice
(A) The expression pattern of Pik3ip1 from control and Arid1ad/d mice uteri by real-time 

qPCR. Total RNA used for the real-time qPCR assay was prepared from control and 

Arid1ad/d mice uteri at GD 3.5. The results represent the mean ± SEM of three independent 

RNA sets. p < 0.05. (B) The localization pattern of PIK3IP1 proteins by 

immunohistochemistry in the uteri of control (a), Arid1ad/d (b), and PRKO (c) mice. Uterine 

sections were collected from control, Arid1ad/d, and PRKO mice at GD 3.5.
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Figure 2. The localization pattern of PIK3IP1 during early pregnancy
Representative photomicrographs show immunohistochemical staining of PIK3IP1 proteins 

in the uterus from GD 0.5 to GD 7.5. The arrow indicates embryo.
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Figure 3. The regulation of PGR and PIK3IP1 expression by P4 treatment in the uterus
Representative photomicrographs show the localization pattern of PGR (A) and PIK3IP1 (B) 

by immunohistochemistry in the vehicle or P4-treated uteri from control (a and d), Arid1ad/d 

(b and e), and PRKO (c and f). Uterine sections were collected from ovariectomized control, 

Arid1ad/d, and PRKO that were treated with P4 or vehicle (sesame oil) for 6 hours.
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Figure 4. The expression of PIK3IP1 by E2
Representative photomicrographs show immunohistochemical staining of PIK3IP1 proteins 

in the uterus from mice treated with vehicle or E2. Uterine sections were collected from 

ovariectomized wild-type mice treated with vehicle (A and D), E2 (B and E), and E2 + P4 

(C and F) for 6 hours (A–C) and 3 days (D–F).
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