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Abstract

Progestins have long been used clinically for the treatment of endometrial cancers, however, the 

response rates to progestin therapy vary and the molecular mechanisms behind progestin 

insensitivity are poorly understood. We hypothesized that in PTEN mutated endometrial cancers, 

hyperactive Akt signaling downregulates Progesterone Receptor B (PRB) transcriptional activity, 

leading to overall impaired progestin responses. We report that inhibition of Akt with the Akt 

inhibitor, MK-2206 (MK), in conjunction with progestin (R5020) treatment, is sufficient to 

upregulate a subset of PRB target genes in Ishikawa cells stably expressing PRB (PRB-Ishikawa). 

Through gene ontology analysis of Akt-regulated PRB target genes, angiogenesis was found to be 

the principle process regulated by Akt-PRB. To further interrogate the mechanism by which Akt 

modulates PRB transcriptional activity, ChIP-Mass Spectrometry was performed to identify 

potential cofactors that differentially interact with PRB in the presence of the R5020 and MK

+R5020. 14-3-3σ was identified as a protein enriched in the MK+R5020 dataset, and it was 

demonstrated that 14-3-3σ is required for the upregulation in PRB target gene expression 

following inhibition of Akt. In order to determine the ramifications of MK+R5020 treatment on 

angiogenesis, in vitro assays were performed and combinatorial MK+R5020 treatment 

significantly decreased endothelial cell invasion and tube formation more than MK or R5020 

treatment alone. Furthermore, we found that combinatorial MK-2206+Progesterone treatments 

decreased angiogenesis and proliferation in the Ptend/d conditional mouse model of endometrial 

cancer. Taken together, these findings suggest that a combinatorial therapeutic approach utilizing 

Akt inhibitors with progestins may improve the efficacy of progestin therapy for the treatment of 

endometrial cancer.
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Introduction

Endometrial cancer is the fourth most commonly diagnosed cancer in women; NCI 

estimates approximately 54,870 new cases in the United States in 2015.1 Type I endometrial 

carcinomas, are estrogen and progesterone receptor positive, and are associated with chronic 

estrogen exposure and insufficient countering progesterone.2 Total abdominal hysterectomy 

with bilateral oophorectomy is currently considered the standard of care for type I 

endometrial carcinoma. However, primary progestin therapy may be considered for 

reproductive-aged women with early stage well differentiated disease, in cases where 

surgery is not an option, or in recurrent or advanced endometrial cancers. Comprehensive 

meta-analysis studies suggest that approximately 76% of early stage low-grade endometrial 

cancer cases treated with progestins demonstrated a complete response.3, 4 While patients 

respond well initially to progestin, 24–47% of cases develop recurrence.3–6 In cases of 

advanced or recurrent endometrial cancer, only 16–25% demonstrated a response to 

progestin therapy.7 Additionally, there is no current clinical standard protocol regarding the 

type, dose, or duration for progestin therapy, further complicating our understanding of the 

effectiveness of progestins in the treatment of endometrial cancer. It is clear that 

improvements are needed in the use of progestin therapy. The effects of progestins are 

mediated primarily through its receptor, Progesterone Receptor (PR). PR belongs to the 

family of steroid hormone receptors that act as transcription factors upon ligand binding. PR 

regulates genes involved in cell adhesion, invasion, apoptosis, proliferation, cell cycle 

regulation, inflammation, and differentiation and is considered one of the predominant 

tumor suppressors in the endometrium.8 PR has two main isoforms, PRA and PRB; PRB is 

the full-length form that has an additional 164 amino acids at the N-terminus that contains 

an additional transactivation function (AF3). The specific roles of PRA and PRB in 

endometrial cancer remain unclear, however, in vitro studies suggest that PRB may be the 

predominant isoform responsible for the tumor suppressive action of progesterone in the 

endometrium.9–11

The causative molecular mechanisms underlying progestin insensitivity in endometrial 

cancer have yet to be determined. However, recent evidence has implicated a putative role 

for PI3K/Akt in the promotion of progestin resistance in endometrial cancer. Akt is found to 

be overactive in the majority of endometrial cancers; recent sequencing analysis for the 

Cancer Genome Atlas has determined that greater than 90% of endometrioid endometrial 

tumors have some genetic aberration in the PTEN/PI3K pathway, leading to increased Akt 

activity.12 We and others have shown that combinatorial PI3K/Akt inhibitor and progestin 

treatment can synergize to decrease endometrial cancer cell viability as well as decrease 

xenograft growth.13, 14 Furthermore, it has been shown that inhibition of PI3K/Akt signaling 

reversed progestin resistance through a PR-dependent non-genomic rapid signaling 

mechanism.13 However, the consequences of overactive Akt signaling on the genomic 

function of PR have yet to be explored. In this study, we hypothesized that Akt directly 
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causes progestin insensitivity in endometrial cancer through the downregulation of PRB 

transcriptional activity. Here, we show that inhibition of hyperactive Akt signaling is 

sufficient to upregulate the transcription of PRB target genes and that the novel cofactor, 

14-3-3σ, is required for this upregulation in PRB transcriptional activity. Finally, we report 

that combinatorial progestin and Akt inhibition treatments can decrease angiogenesis in both 

endometrial cancer cells as well as in a mouse model of endometrial cancer.

Results

Knockdown or inhibition of Akt activity upregulates PRB transcriptional activity

In order to investigate the relationship between PR and Akt, we first examined the effects of 

inhibition of Akt on PRB-dependent transcription in Ishikawa cells that stably express PRB 

and overexpress phospho-Akt as a result of a PTEN-inactivating mutation.11 The PRB-

Ishikawa cells were treated with non-silencing control siRNAs (siCtrl) or a pool of Akt-

specific siRNAs (siAkt) in the absence or presence of the progestin, R5020, for 24 hours. 

Microarray analysis was performed and differentially expressed genes were identified for 

each treatment group. Approximately 113 differentially expressed genes were identified in 

the siAkt + R5020 treatment group when compared to the siAkt Vehicle Control (VC) and 

siCtrl R5020 groups (Figure 1A–B, Supplementary Tables 1–3). Gene ontology analysis led 

to the identification of a number of classical progesterone regulated pathways, including cell 

adhesion and cell proliferation (Figure 1C). The leading scoring process enriched in the 

siAkt R5020 group was determined to be angiogenesis regulation. Real-time PCR analysis 

of both previously established and novel PRB target genes revealed that a subset of PRB 

target genes were further upregulated upon knockdown of Akt (Figure 1D). We confirmed 

that knockdown of Akt significantly decreased protein expression of both phospho Akt 

(S473) and pan Akt (Figure 1E). These experiments were repeated utilizing the allosteric 

Akt inhibitor, MK-2206, which inhibits all three isoforms of Akt by reducing Akt 

activation14 (Figure 1G). Treatment with MK-2206 and R5020 resulted in the upregulation 

of all PRB target genes tested (Figure 1F), indicating that both inhibition and depletion of 

Akt are sufficient to increase PRB target gene expression.

In order to confirm the role of PRB, PRB expression was knocked down using siRNA, and 

then subsequently treated with Vehicle, MK-2206, R5020, or MK+R5020 for 24 hrs and 

then real-time PCR analysis was performed. The majority of PRB target genes were 

significantly downregulated upon PRB knockdown, indicating that these genes are 

dependent upon PRB (Figure 1H–I). Taken together, depletion or inhibition of Akt is 

sufficient to upregulate the expression of a subset of PRB target genes in a PRB-dependent 

manner.

Inhibition of Akt does not alter PRB genome-wide recruitment to chromatin

In order to determine the mechanism by which Akt downregulates PRB transcriptional 

function, PR ChIP-Seq was performed to interrogate how Akt influences PRB recruitment to 

its regulatory regions. PRB-Ishikawa cells were pre-treated with either DMSO or 1 μM 

MK-2206 overnight and then subsequently treated with 10 nM R5020 for 30 minutes. ChIP-

Seq was then performed to identify PRB genome-wide binding sites, and R5020 and MK
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+R5020 datasets were compared. ChIP-Seq analysis indicated that there was no significant 

difference in PRB genome-wide recruitment between the R5020 and MK+R5020 treatments. 

Approximately 11,004 and 12,021 PRB binding sites were identified in the R5020 dataset 

and MK+R5020 dataset respectively, and only 102 binding sites demonstrated differential 

binding between the R5020 and MK+R5020 treatments. Tag density counts between the 

R5020 and MK+R5020 datasets were graphed and the majority of data points were located 

near the y=x line, indicating a high degree of similarity between datasets (Figure 2A). Closer 

examination of PRB regulatory regions at select PRB target genes (PDK4, TIPARP) that are 

upregulated in response to Akt inhibition, demonstrated no appreciable difference in either 

signal or binding site location (Figure 2B). Similar to what has been previously reported in 

breast cancer cells,15 the vast majority of PRB binding sites were located within enhancer 

regions. In both the R5020 and MK+R5020 datasets, approximately 48% of PRB binding 

sites were located within intronic regions, 37% in intergenic regions, and 8% found in 

promoter regions. Additionally, there was no significant difference in PRB binding site 

location between the R5020 and MK+R5020 treatments (Figure 2C). Finally, HOMER motif 

analysis indicated similarly enriched binding motifs between the R5020 and MK+R5020 

treatments, identifying PRE, GRE, ARE, and AP-1 binding motifs as the most significant 

(Table 1). From the ChIP-Seq analysis, we concluded that inhibition of Akt does not directly 

upregulate PRB genome-wide binding.

ChIP-Mass Spectrometry Analysis identifies 14-3-3σ is required for the induction in PRB 
target genes following Akt inhibition

After establishing that inhibition of Akt is sufficient to upregulate the expression of PRB 

target genes, but does not alter PRB genome-wide binding, we hypothesized that Akt may 

influence cofactors of PRB in order to modulate PRB transcriptional activity. To identify 

these cofactors of PRB that are influenced by inhibition of Akt, ChIP followed by Mass 

Spectrometric analysis of PRB interacting proteins was performed. This method termed 

RIME has been previously implemented to successfully identify ER cofactors.16 Upon mass 

spectrometric analysis, stringent criteria were applied to further filter identified proteins: any 

protein identified in the IgG-control sample was excluded, only PRB-associated proteins 

present in both duplicates were included, and a Peptide Spectrum Match (PSM) cutoff of 3 

was implemented. From this analysis, 21 proteins were identified in the R5020 dataset and 

315 proteins in the MK+R5020 dataset (Figure 3A, Supplementary Table 4–5). There were 

295 proteins identified in the MK+R5020 dataset that were distinct from the R5020 dataset. 

PR was identified in both the R5020 and MK+R5020 datasets as one of the top scoring 

proteins. Gene ontology analysis indicated that the majority of proteins identified in the 

R5020 dataset are involved in protein and nucleic acid binding (Figure 3B). Similarly, the 

MK+R5020 dataset also featured a number of proteins involved in protein and nucleic acid 

binding, but also included proteins involved in regulating catalytic function and transcription 

factor activity. Gene pathway enrichment analysis on the 295 unique proteins in the MK

+R5020 dataset indicated that the 14-3-3 pathway was the most significantly enriched 

pathway in the MK+R5020 dataset (Figure 3C). Six out of the seven 14-3-3 family members 

were found in the MK+R5020 dataset, while none were identified in the R5020 dataset 

(Figure 3D). To determine if 14-3-3 family members play a role in the Akt-dependent 

regulation of PRB transcriptional activity, each 14-3-3 member was knocked down in PRB-

Lee et al. Page 4

Oncogene. Author manuscript; available in PMC 2016 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ishikawa cells and then treated with MK and R5020 for 24 hrs. Real-time PCR analysis on 

PRB target genes was then performed (data not shown). Of all the 14-3-3 isoforms, 

knockdown of the 14-3-3σ isoform significantly attenuated the MK+R5020 upregulation in 

the majority of PRB target genes tested (Figure 3E). Knockdown of 14-3-3σ significantly 

attenuated the MK+R5020 upregulation in PRB target genes but did not significantly 

attenuate the R5020 response, indicating that 14-3-3σ is required for the Akt-dependent 

regulation of PRB transcriptional activity. Western blot analysis confirmed that 14-3-3σ 
expression was decreased in si14-3-3σ transfected cells (Figure 3F). We confirmed the 

interaction between 14-3-3σ and PRB, through co-immunoprecipitation in PRB-Ishikawa 

nuclear extracts treated with Vehicle, MK, R5020, or MK+R5020 (Figure 3G). We utilized 

the parental Ishikawa cell line that expresses low levels of both PR and 14-3-3σ as a negative 

control. Altogether, these findings indicate a putative and novel role for 14-3-3σ in the Akt-

dependent transcriptional regulation of PRB.

Combinatorial Akt inhibition and R5020 treatments further decrease angiogenesis in vitro

After establishing that hyperactive Akt activity is sufficient to inhibit PRB transcriptional 

activity, we then investigated the effects of combinatorial Akt inhibition and progestin 

treatment on angiogenesis which was previously identified as a key pathway regulated by 

siAkt + R5020 (Figure 1C). Real-time PCR analysis was performed on a number of 

angiogenesis-related genes discovered through microarray analysis and several were 

significantly upregulated (AMOT, CTGF, F3) or downregulated (ID1) in response to MK + 

R5020 treatment (Figure 4A). We then sought to explore the effects of combinatorial 

MK-2206 and R5020 treatment in in vitro angiogenesis assays. An endothelial cell invasion 

assay was performed, utilizing uterine microvascular endothelial cells (UtMVEC) and 

conditioned media from PRB-Ishikawa cells treated with either Vehicle, MK, R5020, or MK 

+ R5020 for 24 hrs. Endothelial cell invasion is an early step in the angiogenesis process, 

and is required in order for endothelial cells to proliferate.17 The combination of MK-2206 

and R5020 significantly decreased endothelial cell invasion more than any of the other 

treatments alone (Figure 4B). Additionally, an endothelial tube formation assay was 

performed to determine how MK-2206 and R5020 treatments might influence endothelial 

network formation on a basement membrane matrix. PRB-Ishikawa cells were treated with 

Vehicle, MK, R5020, or MK + R5020 for 24 hrs and the conditioned media was collected 

and then incubated with UtMVEC plated on a basement membrane matrix. MK + R5020 

treatment significantly decreased the number of branching points formed more than any of 

the other treatments alone (Figure 4C). To ensure that the effects observed on both 

endothelial invasion and tube formation were not due to the MK-2206 and R5020 having 

direct effects on the viability of the endothelial cells, a WST cell viability assay was 

performed. The WST assay demonstrated no differences between any of the treatment 

groups, indicating that the MK-2206 and R5020 were not acting directly to decrease the cell 

viability of the endothelial cells (Figure 4D). Altogether, we concluded that angiogenesis is 

a process regulated by the Akt-PR relationship.
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Combinatorial MK-2206 and Progesterone treatments further decrease angiogenesis and 
proliferation in a conditional Ptend/d mouse model

To extend our in vitro findings to a physiologically relevant model, we examined the effects 

of MK and progesterone in the Ptend/d endometrial cancer mouse model. In this mouse 

model, Pten is conditionally deleted from the endometrium; these mice develop carcinoma 

in situ within one month and carcinoma with myometrial invasion within three months.18 

Three-month-old mice were separated into four treatment groups: Vehicle, MK-2206, 

Progesterone (P4), and MK+P4 (Figure 5A). Treatments were carried out for six weeks and 

then mice were sacrificed and the uteri were measured and harvested. Gross uterine weight 

was decreased in the MK+P4 treatment group, but this decrease in weight was not 

statistically significant (Figure 5B). H&E staining was performed to determine the 

progression of endometrial cancer in each treatment group. H&E stained slides were 

examined and scored by a pathologist according to FIGO guidelines for endometrial cancer 

grading (Figure 5C). All nine of the Vehicle mice had grade 1 endometrioid endometrial 

cancer (Table 2). Interestingly, four out of ten MK+P4 mice demonstrated benign squamous 

metaplasia with no evidence of endometrial cancer, potentially indicating a role for MK+P4 

in endometrial cancer progression. We additionally stained for both PR and 14-3-3σ, 

however, their expression did not significantly change with MK, P4, or MK+P4 treatment 

(Supplementary Figure 1).

In order to determine the extent of angiogenesis in each treatment group, IHC staining for 

the endothelial cell marker, CD31, was performed. The MK+P4 treatment group 

demonstrated significantly decreased CD31 positive blood vessel staining when compared to 

the Vehicle treatment group (Figure 5D). However, the MK+P4 treatment group did not 

demonstrate a statistically significant difference in CD31 staining when compared to either 

the MK or P4 treatment groups. Ki67 staining was also performed to investigate how cell 

proliferation was affected by MK+P4 treatment (Figure 5E). The MK+P4 treatment group 

demonstrated significantly decreased Ki67 positive epithelial cells when compared to the 

Vehicle, MK-2206, and P4 treatment groups. While gross uterine weight was not decreased 

in the MK+P4 treatment group, we observed decreased CD31 and Ki67 staining, potentially 

indicating that the combinatorial MK+P4 treatment has antiangiogenic and antiproliferative 

effects in the Ptend/d endometrial cancer mouse model.

Discussion

Although progestin therapy has been used clinically for decades, the molecular mechanisms 

underlying progestin insensitivity in endometrial cancer are poorly understood. Given the 

prevalence of PI3K/Akt mutations in endometrial cancer, we proposed that overactive Akt is 

responsible for rendering endometrial cancer cells insensitive to progestin. In this study, we 

demonstrated that inhibition of Akt is sufficient to upregulate the transcriptional activity of 

Progesterone Receptor B in endometrial cancer cells. Previous evidence indicated that 

inhibition of PI3K/Akt may reverse progestin resistance through the attenuation of non-

genomic progestin-mediated re-activation of the PI3K/Akt pathway.13 In contrast to what 

was previously shown, our work demonstrates that Akt regulates PRB genomic function in 

endometrial cancer. In our study, we identified a specific subset of PRB target genes that 
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were modulated upon knockdown or inhibition of Akt. However, ChIP-Seq analysis 

indicated that inhibition of Akt does not alter PRB genome-wide binding. We utilized a short 

30-minute time point in this study, and it is possible that inhibition of Akt may affect PRB 

recruitment to its target genes at later time points. PR ChIP-Seq has been performed 

previously in breast cancer and in mouse uterine tissue;15, 19 however, this is the first report 

of PRB specific ChIP-Seq in endometrial cancer, and the first to examine the effects of an 

Akt inhibitor on PRB genome-wide recruitment. We identified AP1 and NF1 binding motifs 

enriched near PRB binding regions, consistent with what has been previously reported in the 

mouse uterus and in the AB32 normal breast cancer cell line. However, in contrast with what 

has been reported in T47D breast cancer cells, we did not identify FOXA1 motifs enriched 

near PRB binding regions, nor was FOXA1 identified in either the R5020 or MK+R5020 

ChIP-mass spectrometry datasets. Additionally, the Akt substrate and PR cofactor, FOXO1, 

was not identified in either the ChIP-Seq and ChIP-mass spectrometry datasets. FOXO1 has 

been shown to cooperate with PR during the decidualization process in endometrial stromal 

cells;20, 21 however, its expression is significantly downregulated in Ishikawa cells and in 

primary endometrial cancer tissue.22 In our study, we have identified a potential PR 

transcriptional regulatory mechanism that appears to be FOXO1 independent; these findings 

may further indicate that PR binding is both tissue and context specific, with a range of 

diverse cofactors involved in the regulation of PR transcriptional activity.

We identified 14-3-3σ as a required mediator in the Akt-dependent regulation of PRB 

transcriptional activity. 14-3-3 proteins are a highly conserved protein family found to be 

critical mediators of signal transduction, cell cycle regulation, and transcriptional regulation. 

14-3-3 proteins bind as dimers and recognize specific phosphoserine or phosphothreonine 

motifs, although their interaction can also occur in a phosphorylation independent manner.23 

While not considered classical cofactors of steroid hormone receptors, 14-3-3 proteins have 

been previously implicated in the regulation of AR, ER, and GR. Overexpression of 14-3-3 

is sufficient to enhance the transcriptional activity of both AR and GR.24–26 Additionally, 

14-3-3 has been shown to interact with known nuclear receptor cofactors RIP140, 

TRAP220, ACTR; in the case of RIP140, 14-3-3 has been demonstrated to alter RIP140 

nuclear localization and thus relieve inhibition upon GR transactivation.27 Finally, recent 

findings have indicated that ERα and 14-3-3 interaction are sufficient to inhibit ERα 
dimerization, interaction with chromatin, and subsequent expression of its target genes.28 

While 14-3-3 is emerging as a potentially critical mediator in steroid hormone receptor 

function, to our knowledge, 14-3-3σ has not been previously shown to play a role in the 

regulation of PRB transcriptional function. Although we identified six out of the seven 

14-3-3 family members in our ChIP-Mass Spectrometry screen, only knockdown of the 

14-3-3σ isoform demonstrated significant decreases in PRB target gene expression. Of all 

the 14-3-3 isoforms, 14-3-3σ is considered to be the isoform most associated with tumor 

suppression due to its loss of expression in many different types of cancer.29, 30 Furthermore, 

14-3-3σ expression is decreased in endometrial adenocarcinoma compared to the normal 

endometrium.30, 31 While 14-3-3’s have long been associated with signal transduction and 

nuclear shuttling, its role as a direct transcriptional coactivator is still unclear. Recent 

evidence suggests that 14-3-3 proteins are required for transcriptional activation of certain 

genes due to its role as a detector for phosphorylated S10 of histone H3.32 It remains to be 
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determined whether 14-3-3σ is acting as a direct transcriptional coactivator of PRB at the 

level of chromatin. Taken together, 14-3-3σ may play an important role in regulating the 

tumor suppressive action of PRB in endometrial cancer.

Our findings also suggest that the Akt-PR relationship is actively involved in the regulation 

of angiogenesis in endometrial cancer. The endometrium is subject to complex cyclical 

changes in cellular proliferation, differentiation, vascular repair, and angiogenesis; these 

processes are largely governed by estrogen and progesterone. Estrogen appears to play a 

predominant role in the regulation of angiogenesis in the uterus by stimulating endothelial 

proliferation and migration, inducing expression of VEGF, and increasing recruitment of 

inflammatory cells to the uterus.33–35 However, the role of progesterone in endometrial 

angiogenesis remains unclear; a number of studies suggest that progesterone can both inhibit 

and increase angiogenesis in the uterus.36–38 Here, we demonstrated that with combinatorial 

MK+R5020 treatment in PRB-Ishikawa cells, this paracrine action decreased both 

endothelial cell invasion and tube formation in vitro. Given that the role of progesterone in 

the uterus is to oppose the effects of estrogen, it is possible that the combination of Akt 

inhibitors with progestins may oppose the angiogenesis stimulatory effects of estrogen in 

endometrial cancer. However, further investigation determining the precise mechanism by 

which Akt-PRB decreases angiogenesis is warranted.

Furthermore, we found that the combination of MK-2206 with P4 further decreased 

angiogenesis and proliferation in the Ptend/d endometrial cancer mouse model, but did not 

significantly decrease uterine weight. Recent evidence has indicated a prominent role for PR 

in the regulation of vascular permeability that ultimately leads to physiological edema in the 

endometrium.39 In our Ptend/d endometrial cancer mouse model, we did not observe a 

significant difference in uterine weight and this observation may be explained by excessive 

swelling of the uterus caused by progesterone. We observed a trend towards increased 

uterine weight in the progesterone only treated group, and given the role of progesterone in 

mediating physiological edema, this result is not surprising. While the Ptend/d endometrial 

cancer mouse model develops abnormal glands that resemble human endometrioid 

endometrial cancer, these mice also develop extensive squamous metaplasia, which may 

further complicate understanding how the MK and P4 treatments affect the glandular 

epithelium. Future studies may benefit from using an approach in which an epithelial 

specific, inducible Ptenf/f mouse model is used to better mimic human disease.

In this study, our results demonstrate that inhibition of hyperactive Akt signaling is sufficient 

to upregulate PRB transcriptional function and decrease angiogenesis in endometrial cancer. 

We observed that 14-3-3σ is a critical mediator of the Akt-dependent regulation of PRB 

transcriptional function. Taken together, our results suggest that a combinatorial Akt 

inhibitor and progestin treatment may be more effective than progestin therapy alone for the 

treatment of endometrial cancer.

Materials and Methods

Additional methods and details are provided in Supplementary Methods.
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Cell Culture and Reagents

PRB-Ishikawa cells were generously provided by Dr. Leen Blok (Erasmus University, 

Netherlands).11 These cells were maintained in DMEM/F12 supplemented with 10% FBS, 

sodium pyruvate, penicillin/streptomycin, hygromycin, and G418. PRB-Ishikawa cells were 

sequenced and authenticated by Dr. Christopher Korch at the University of Colorado Cancer 

Center (UCCC) DNA Sequencing & Analysis Core. Primary uterine microvascular 

endothelial cells were purchased from Lonza (Basel, Switzerland) and maintained in 

Endothelial Growth Media supplemented with 2% FBS, hEGF, VEGF, R3-IGF-1, Ascorbic 

Acid, Hydrocortisone, hFGF-β, Heparin, and GA. MK-2206 was generously provided by 

Merck Sharp & Dohme Corp (Kenilworth, NJ, USA) and the National Cancer Institute, 

National Institutes of Health (Bethesda, MD, USA).

Transfection and siRNA

PRB-Ishikawa cells were transfected with siRNA using Lipofectamine RNAiMax (Life 

Technologies, Grand Island, NY, USA) according to the manufacturer’s instructions. ON-

TARGETplus SmartPool non-targeting control siRNA, siAKT1, siAKT2, siAKT3, siPR, and 

siSFN were purchased from GE Dharmacon (Lafayette, CO, USA).

ChIP-Mass Spectrometry and ChIP-Seq

Chromatin Immunoprecipitation was performed utilizing the SimpleChIP Enzymatic 

Chromatin IP Kit (Cell Signaling, Danvers, MA, USA) according to the manufacturer’s 

instructions. For further description, see Supplementary Methods.

RNA Extraction and Real-Time PCR

Cells were harvested for RNA extraction using Tri Reagent (Sigma Aldrich, St. Louis, MO, 

USA). RNA was then extracted using the Zymo Research (Irvine, CA, USA) Direct-zol 

RNA Extraction Kit according to the manufacturer’s instructions. RNA samples were treated 

with DNase I (Zymo Research) to remove any contaminating DNA. First strand cDNA 

synthesis was then performed using 2 μg of RNA and M-MLV reverse transcriptase (Life 

Technologies). Real-Time PCR was then performed using the following Taqman Primers: 

FKBP5, MT2A, NET1, NFKBIA, PDK4, RASD1, RPLP0, SGK1, TBP, TIPARP (Applied 

Biosystems/Life Technologies). SYBR-Green Primers were used for AMOT, ANKRD1, 
BCL6, CTGF, CX3CL1, EFNB2, F3, ID1, IL1R1, MT1X, and PPP1R1B; primer sequences 

are listed in Supplementary Methods. Fold change values were calculated using the ΔΔCt 

method using RPLP0 or TBP as housekeeping genes.40

Microarray

PRB-Ishikawa cells were transfected with either siCtrl, or siAkt1, siAtk2, and siAkt3. Cells 

were then serum starved overnight and then subsequently treated with either Ethanol Vehicle 

or 10 nM R5020 for 24 hrs. For further description, see Supplementary Methods.

Cell Lysis and Immunoblotting

Cell lysis and western blotting was performed as previously described.14, 41 Membranes 

were probed with the following primary antibodies: phospho Akt S473 (#9271), pan-Akt 
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(#4691, Cell Signaling), β-Actin (#A1978, Sigma Aldrich), α-Tubulin (#05-829, Millipore, 

Billerica, MA, USA), PR (#SC-7208X, Santa Cruz, Santa Cruz, CA, USA), TBP (#ab818, 

Abcam), and 14-3-3σ (#A301-648A, Bethyl Laboratories, Montgomery, TX, USA). 

Membranes were developed using ECL Reagents (Life Technologies) and protein bands 

were visualized with a Fuji Film LAS-3000 Imaging System (Stamford, CT, USA).

Ptend/d Mouse Model and Treatments

All mouse experiments were carried out in accordance with protocols approved by the 

Institutional Animal Care and Use Committees at Northwestern University. Mice were 

maintained in the animal care facility at the Center for Comparative Medicine at 

Northwestern University according to the institutional guidelines for the care and use of 

laboratory animals. PRCre/+ and Ptenf/f mice were generously provided by Dr. John Lydon 

(Baylor College of Medicine, Houston, TX, USA).18 PRCre/+Ptenf/f (Ptend/d) mice were 

generated by breeding PRCre/+ mice with Ptenf/f mice. Genotyping was performed using 

genomic DNA extracted from tail biopsies and PCR was performed utilizing primers for Cre 
and Pten. In order to study the effects of combinatorial MK-2206 and Progesterone 

treatment, three month-old female Ptend/d mice were given either Vehicle (30% Captisol, 

Ligand Pharmaceuticals, La Jolla, CA, USA), MK-2206 (Merck), Progesterone (5 mg/21-

day pellet, Innovative Research of America, Sarasota, FL, USA), or 

MK-2206+Progesterone. Progesterone pellets were implanted subcutaneously and replaced 

with fresh pellets after three weeks of treatment. MK-2206 was dissolved in 30% Captisol at 

a dose of 120 mg/kg and administered by oral gavage two times per week. Mice were litter 

randomized in each treatment group, and investigators were not blinded to treatment groups. 

After six weeks of treatment, mice were sacrificed and uteri were harvested. Nine mice were 

used per group with the exception of the MK+P4 treatment group, which included ten mice.

Histology and Immunohistochemistry

Uterine tissues were fixed in formalin and then paraffin embedded. 5 μm uterine sections 

were cut and mounted on charged histology glass slides. Sections were then stained with 

hematoxylin and eosin. H&E stained sections were scored by a pathologist according to the 

FIGO grading system. Immunohistochemistry was performed using the EnVision DAB Kit 

(Dako, Carpinteria, CA, USA) according to manufacturer’s instructions. The following 

antibodies were used for immunohistochemistry: CD31 (#E1110, Spring Bioscience, 

Pleasanton, CA, USA) and Ki67 (#Ab15580, Abcam, Cambridge, MA, USA). CD31 

staining was quantified by counting CD31+ blood vessels in six different 40X fields using 

ImageJ. Ki67 staining was quantified by counting Ki67+ epithelial cells in six different 40X 

fields using ImageJ.

Statistics

All statistical analysis was performed using Graphpad Prism version 6.0 (Graphpad 

Software, La Jolla, CA, USA). All data represent the mean ± SEM of a minimum of three 

independent experiments and data were considered statistically significant if the p-value was 

< 0.05. For real-time PCR data, in vitro angiogenesis assays, and cell viability assays, paired 

student’s t-tests were performed based on the assumption of a normal distribution and equal 

sample variance. For real-time PCR and cell viability assays, in which fold changes were 
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calculated, data were first log normalized in order to achieve a more normal distribution. For 

mouse studies, unpaired student’s t-tests were performed. No exclusion of data points were 

used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Knockdown or inhibition of Akt activity upregulates PRB transcriptional activity
A) PRB-Ishikawa cells were transfected with either siCtrl or siAkt1-3. Following 

transfection, cells were serum-starved and then treated with either Ethanol Vehicle or 10 nM 

R5020 for 24 hrs. RNA was extracted and microarray analysis was performed. Heatmap 

analysis was performed to display the differentially expressed genes. B) Venn Diagram 

showing the distribution and overlap of differentially expressed genes in the siAkt Vehicle, 

siCtrl R5020, and siAkt R5020 datasets. C) Gene ontology analysis using GeneGO was 

performed to determine the key processes enriched in the siAkt R5020 differentially 

expressed dataset. D) PRB-Ishikawa cells were transfected with either siCtrl or siAkt1-3. 

Following transfection, cells were serum-starved and then treated with either Vehicle, or 10 

nM R5020 for 24 hrs. RNA was extracted and real-time PCR analysis was performed. E) 

Whole cell protein lysates were also extracted and phospho Akt (S473), pan Akt, and Actin 
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were detected by western blotting. F) PRB-Ishikawa cells were serum-starved overnight and 

then treated with either DMSO and Ethanol Vehicle, 1 μM MK-2206, 10 nM R5020, or 1 

μM MK-2206 + 10 nM R5020 for 24 hrs. RNA was extracted and real-time PCR analysis 

was performed. G) Whole cell lysates were also extracted and phospho Akt (S473), pan Akt, 

and Actin were detected by western blotting. H) PRB-Ishikawa cells were transfected with 

either siCtrl or siPR. Following transfection, cells were serum-starved and then treated with 

either Vehicle, 1 μM MK-2206, 10 nM R5020, 1 μM MK-2206 + 10 nM R5020 for 24 hrs. 

RNA was extracted and real-time PCR was performed. I) Whole cell lysates were also 

extracted and PR and Tubulin were detected by western blotting. Error bars represent SEM 

of three independent experiments, and *p < 0.05.
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Figure 2. ChIP-Seq Analysis indicates that inhibition of Akt does not alter PRB genome-wide 
recruitment
A) PRB-Ishikawa cells were serum-starved overnight and then pre-treated with either 

DMSO Vehicle Control or 1 μM MK-2206 overnight. After pre-treatment, cells were treated 

with 10 nM R5020 for 30 minutes. Tag density counts for the R5020 treatment were plotted 

against the tag density counts for the MK+R5020 treatment. B) UCSC Genome Browser 

visualization of the PDK4 and TIPARP gene regions. R5020 treatment (blue peaks), MK

+R5020 treatment (red peaks). C) R5020 and MK+R5020 peaks were annotated and the 

distribution of PR-binding regions was displayed.

Lee et al. Page 16

Oncogene. Author manuscript; available in PMC 2016 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. ChIP-Mass Spectrometry Analysis identifies 14-3-3σ is required for the induction in 
PRB target genes following Akt inhibition
PRB-Ishikawa cells were serum-starved overnight and then pre-treated with either DMSO 

Vehicle Control or 1 μM MK-2206 overnight. After pre-treatment, cells were treated with 10 

nM R5020 for 30 minutes. A) Venn Diagram showing the distribution and overlap of the 

identified proteins in the R5020 and MK+R5020 datasets. B) Graphical plot (MS-ARC) 

displaying proteins identified in the R5020 and MK+R5020 datasets. Proteins are grouped 

according to gene ontology terms and the length of the line corresponds to the average 

PSMs. 14-3-3 family members are in bold. C) Gene Ontology analysis using GeneGO 

displays the enriched pathways in the MK+R5020 dataset. D) Table displaying the 14-3-3 

family members identified in the MK+R5020 dataset with their corresponding average 

PSMs. E) PRB-Ishikawa cells were transfected with either siCtrl or si14-3-3σ. Following 

transfection, cells were serum-starved and then treated with either DMSO and Ethanol 

Vehicle, 1 μM MK-2206, 10 nM R5020, 1 μM MK-2206 + 10 nM R5020 for 24 hrs. RNA 

was extracted and real-time PCR was performed. F) Protein lysates were also extracted and 

subjected to western blot analysis and 14-3-3σ and Actin were detected. Error bars represent 

SEM of three independent experiments, and *p < 0.05. G) Parental Ishikawa PRlow and 

PRB-Ishikawa cells were serum-starved and then pre-treated with either DMSO Vehicle 

Control or 1 μM MK-2206 overnight. After pre-treatment, cells were treated with either 

Ethanol Vehicle, or 10 nM R5020 for 30 minutes. After treatment, cells were harvested, 
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nuclear extracts were prepared, and were immunoprecipitated with 14-3-3σ. 

Immunoprecipitates were analyzed by western blotting and PR and 14-3-3σ were detected.
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Figure 4. Combinatorial MK+R5020 treatments further decrease angiogenesis in vitro
A) PRB-Ishikawa cells were serum-starved overnight and then treated with either DMSO 

and Ethanol Vehicle, 1 μM MK-2206, 10 nM R5020, or 1 μM MK-2206 + 10 nM R5020 for 

24 hrs. RNA was extracted and real-time PCR analysis was performed. B) An endothelial 

invasion assay was performed using Uterine Microvascular Epithelial Cells (UtMVEC) and 

conditioned media from PRB-Ishikawa cells treated with either DMSO and Ethanol Vehicle, 

1 μM MK-2206, 10 nM R5020, or MK+R5020 for 24 hrs. Invasive UtMVEC cells were then 

stained and counted by microscopy. C) An endothelial tube formation assay was performed 

using UtMVEC and conditioned media from PRB-Ishikawa cells treated with either DMSO 

and Ethanol Vehicle, 1 μM MK-2206, 10 nM R5020, or MK+R5020 for 24 hrs. Cells were 

then stained with Calcein AM and photographs were taken using immunofluorescence 

microscopy; branching points were quantified. D) A WST cell viability assay was performed 

on UtMVEC cells treated with conditioned media from PRB-Ishikawa cells treated with 

either DMSO and Ethanol Vehicle, 1 μM MK-2206, 10 nM R5020, or MK+R5020 for 24 

hrs. Error bars represent SEM of three independent experiments, *p < 0.05.
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Figure 5. Combinatorial MK-2206 and Progesterone treatments further decrease angiogenesis 
and proliferation in a conditional uterine PTENd/d mouse model
A) Treatment overview of PTENd/d mice. B) Ratio of uterine weight to total body weight 

was measured for each of the Vehicle, MK-2206, P4, and MK+P4 treatment groups. C) 

H&E staining was performed on tissue sections from the Vehicle, MK-2206, P4, and MK

+P4 treatment groups (10X magnification). D) CD31 staining was performed on tissue 

sections from the Vehicle, MK-2206, P4, and MK+P4 treatment groups (10X, 40X 

magnifications). CD31 staining was quantified using ImageJ. E) Ki67 staining was 

performed on tissue sections from the Vehicle, MK-2206, P4, and MK+P4 treatment groups 

(40X magnification). Ki67 staining was quantified using ImageJ.
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Table 1
HOMER Enriched Motifs in the R5020 and MK+R5020 treatments

The top twelve enriched HOMER motifs identified in PR-ChIP Seq in the R5020 and MK+R5020 datasets.

Rank Motif (R5020) Motif (MK+R5020)

1 PRE PRE

2 GRE GRE

3 ARE ARE

4 GRE GRE

5 AR Half Site AR Half Site

6 Fra1 Fra1

7 Jun-AP1 Fosl2

8 Fosl2 Jun-AP1

9 BATF BATF

10 Atf3 Atf3

11 AP-1 AP-1

12 NF1 NF1
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Table 2

PTENd/d mouse uterine histology

PTEN d/d uterine tissues were stained with H&E and scored by a pathologist according to FIGO guidelines 

for endometrial cancer grading.

Vehicle (# mice)
N=9

MK-2206 (# mice)
N=9

P4 (#mice)
N=9

MK+P4 (# mice)
N=10

Benign squamous metaplasia 0 1 1 4

Grade I endometrioid carcinoma 1 1 0 2

Grade I endometrioid carcinoma with squamous metaplasia 7 3 6 3

Grade I endometrioid carcinoma with malignant squamous 
metaplasia

1 0 0 0

Grade II endometrioid carcinoma with squamous metaplasia 0 4 2 1
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