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Abstract

Endometrial carcinoma (EC) exhibits the strongest association with obesity of all cancers. Growth
of these tumors is driven by PISK/AKT activation, and opposed by tumor suppressors, including
the tuberous sclerosis complex 2 (TSC-2) and p27, with inactivation of TSC2 and loss or
cytoplasmic mislocalization of p27 both being linked to PISBK/AKT activation. However, little is
known about the involvement of p27 in the development of EC arising in the setting of obesity,
especially its role early in disease progression. Using a panel of EC cell lines, /n vitro studies
using PI3K inhibitors provided evidence that p27 rescue contributes to the efficacy of
interventions that inhibit endometrial cell growth. In “at risk” obese patients, and in an animal
model of obesity-associated EC (Tsc2-deficient Eker rats), p27 was moderately-to-severely
reduced in both “normal” endometrial glands as well as in endometrial complex atypical
hyperplasia (obese women), and endometrial hyperplasia (obese rats). In obese Eker rats, an
energy balance intervention; caloric restriction from 2—4 months of age, reduced weight, increased
adiponectin and lowered leptin to produce a favorable leptin:adiponectin ratio, and reduced
circulating insulin levels. Caloric restriction also increased p27 levels, relocalized this tumor
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suppressor to the nucleus, and significantly decreased hyperplasia incidence. Thus, dietary and
pharmacologic interventions that inhibit growth and decrease risk for development of endometrial
lesions are associated with increased expression and nuclear (re)localization of p27. These data
suggest that p27 levels and localization may be useful as a biomarker, and possible determinant, of
risk for EC arising in the setting of obesity.
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Introduction

Of all cancers, evidence is strongest for the association between obesity and increased risk
for Type | endometrial endometrioid adenocarcinoma (EC) incidence and associated
mortality (1). While an average woman has a 3% lifetime risk of EC, the risk for obese
women is increased to 9-10%. Obese women account for up to 46% of all postmenopausal
endometrial cancers, and a higher proportion of pre-menopausal EC than normal weight
women (2-4). In addition, obese women have a 6-fold increased risk of dying from EC as
compared to women of normal weight (5). Despite this clear-cut association, and obvious
importance for women’s health, the molecular mechanism(s) promoting the development of
EC in the setting of obesity remain unclear.

Dysregulation in the production of adipokines that either promote (i.e. leptin) or inhibit (i.e.
adiponectin) IGF-IR/AKT/mTOR driven proliferation may play a role in the development of
EC in obese women (6). Interestingly, increased serum levels of leptin have been reported in
women with EC in addition to decreased serum levels of adiponectin (7-10). Low levels of
adiponectin, which correlate with high insulin resistance, are a strong predictor of EC risk;
women with EC are more likely to have low adiponectin levels than controls (11). In 2007, a
WHO nested case-control study of adiponectin levels from prospectively collected, pre-
diagnosis samples also found that low adiponectin levels were associated with increased
endometrial cancer risk (12).

The cell cycle regulator and tumor suppressor p27 plays a key role in the development of
EC. p27 is a member of the Cip/Kip family of cyclin-dependent kinase inhibitors (CKIs),
which function to negatively regulate cell cycle progression. The cell-cycle and
phosphorylation-dependent events that control p27 levels and subcellular localization are
catalyzed by different kinases that regulate degradation and nuclear-cytoplasmic shuttling.
Nuclear p27 is targeted for degradation by Skp2 E3 ligase (6). Phosphorylation of p27 by
several kinases including AKT (7) causes nuclear p27 to be exported to the cytoplasm (8, 9).
In the cytoplasm, p27 is targeted for degradation by a different E3-ligase, KPC1/KPC2 (10).
In addition to targeting p27 for degradation, phosphorylation also can stabilize this CKI and
sequester it in the cytoplasm. In the cytoplasm, p27 has been shown to be anti-apoptotic (11)
and mediate cellular migration and metastasis by blocking Rho stress fiber formation (12—
14). Dysregulation of p27 has been reported in EC, most commonly as a result of decreased
p27 expression (15-21). During progression of EC, normal regulation of p27 is lost, with
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p27 being absent or undetectable in a significant proportion of endometrial hyperplasia
(EndoHP) (22). Alternatively, in some EC, p27 expression is retained, but is mislocalized to
the cytoplasm (17).

In addition to aberrant p27, alterations in the PTEN tumor suppressor and the PI3K/AKT
signaling pathway comprise an important group of “driver” mutations for EC (23). Loss of
function of TSC2, a tumor suppressor gene that regulates MTORC1, also occurs in a subset
of EC (24-26). As a result, the PI3BK/AKT/mTORCL signaling pathway is thought to be the
central driver for a subset of EC, particularly endometrioid EC, and an important target for
new therapeutic approaches for this disease (27).

We have recently reported that aged Eker rats carrying a defect in the Tsc2 tumor suppressor
gene develop endometrial hyperplasia (HP) with a high frequency with the potential to
progress to EC (26). Similar to the human disease, IGFI-R and PI3K/AKT signaling
pathways participate in development of endometrial lesions in this model. IGFI-R signaling
to PI3K/AKT and downstream activation of mTORC1, drives development of these lesions,
with loss of inhibitory feedback to the IGFI-R adapter protein IRS linked to progression to
EH following loss of the normal Tsc2 allele and activation of IGFI-R signaling (26). Thus,
development of EH in Eker rats mimics the human disease at both the genetic (Tsc2) and
biochemical (activation of IGF and mTORC1) level.

Although obesity is an established risk factor for EC, to date little or no data are available on
how interventions, such as caloric restriction, will affect the development of endometrial
lesions arising in the setting of obesity. We asked whether p27 was modulated in association
with increased risk for EC in the setting of obesity, and in response to interventions that
decreased risk and inhibited growth of endometrial cells. We found that p27 expression was
severely reduced and/or mislocalized to the cytoplasm in histologically “normal”
endometrial glands and CAH of obese women compared to normal weight women. We also
demonstrated in the Eker rat model of obesity-associated EC, that similar to the human
disease, loss of p27 occurs early in association with development of EH. Importantly, in this
model, caloric restriction reduced weight, induced a favorable adiponectin:leptin ratio,
increased nuclear p27 levels and significantly reduced the incidence of EH. Similarly,
efficacy of pharmacologic PI3K inhibitors that inhibited EC growth was associated with
rescue of p27 function. These data point to p27 as a modifiable biomarker and possible
determinant of risk for EC in the setting of obesity.

Endometrial tissue samples

For Western blot analysis, normal luteal (secretory) phase endometrium (L; n = 6) and
normal follicular (proliferative) phase endometrium (F; n= 3) from endometrial biopsies
were flash frozen and stored at —80°C. For immunohistochemistry, formalin-fixed paraffin-
embedded sections of normal luteal phase endometrium (n = 6; mean BMI = 26.9 kg/m?),
normal follicular phase endometrium from normal weight women (n=4; mean BMI = 26.0
kg/m?2), normal follicular phase endometrium from obese women (n=6; 36.8 kg/m?),
endometrial complex hyperplasia with atypia from obese women (CAH; 7= 11; mean BMI
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= 34.7 kg/m?), and endometrial endometrioid adenocarcinoma grade 1 (EEC grade 1; 7= 9;
mean BMI = 39.6 kg/m2) were derived from hysterectomy surgical specimens submitted to
the Department of Pathology, U.T. MD Anderson Cancer Center. In addition, 51 endometrial
biopsies were voluntarily collected from postmenopausal women on days 5-10 of the
menstrual cycle from asymptomatic lean (BMI < 25 kg/m?; n=10) and obese (BMI > 30
kg/m2; n=41) women. For normal weight women the mean BMI was 23.4 kg/m2. For obese
women the mean BMI was 36.3 kg/m2. H&E-stained slides were microscopically evaluated
by two gynecologic pathologists (R.R.B. and B.D.) to verify the presence of histologically
normal follicular (proliferative) phase endometrium, normal luteal (secretory) phase
endometrium or to confirm the diagnosis of complex atypical endometrial hyperplasia or
endometrioid endometrial adenocarcinoma. Of the 51 timed endometrial biopsies collected
voluntarily from lean and obese postmenopausal women there was no histological difference
between lean and obese biopsies. The additional 51 endometrial biopsies were formalin-
fixed paraffin embedded and evaluated for immunochistochemical protein expression.

The care and handling of rats were in accord with NIH guidelines in Association for the
Assessment and Accreditation of Laboratory Animal Care—accredited facilities. All
protocols involving the use of these animals were approved by the U.T. MD Anderson
Animal Care and Use Committee. Fifteen-month-old Eker ( 7sc26K#) rats were treated with
vehicle (n = 15) or a rapamycin analogue (n=14) as previously described (26). Body
composition was measured in Eker rats (n = 5) and Long-Evans rats (n = 5) fed a standard
AIN diet (Cat #D1001; Research Diets, New Brunswick, NJ) at 16 months of age by
quantitative magnetic resonance (QMR; Echo Medical Systems, Houston, TX). Endpoints
for gMR analysis included fat mass, total mass, and percent body fat.

For caloric restriction studies, all rats were housed in a semibarrier facility at the University
of Texas at Austin Animal Resource Center. All experimentation was approved by the
Institutional Animal Care and Use Committee at the University of Texas (Austin, TX).
Female Eker rats were treated on postnatal days 10, 11, and 12 with GEN 50mg/kg (Sigma)
or sesame oil vehicle, using a total of 50 | of this vehicle for each subcutaneous injection.
VEH controls and GEN treated animals were randomized littermates. Upon weaning, all
animals were genotyped for the presence of the Eker mutation ( 7sc-2* vs. Tsc-ZEK/*). Eker
carriers were then singly housed in an enriched environment (shepherd shacks) in
preparation for dietary interventions.

Beginning at 2 months of age, rats were subjected to dietary intervention with either control
AIN-76A diet (#D12450B, Research Diets) fed ad libitum (which, from our previous
experience, results in overweight to moderately obese female Eker rats, ~30% body fat by 12
months of age); or 30% calorie restricted (CR) diet (#D03020702, Research Diets)
administered as a daily aliquot equivalent to 70% of the daily amount of total energy
consumed by the control group. The CR diet is a modified version of the AIN-76A diet and
is adjusted to provide 100% of all vitamins, minerals, fatty acids, and amino acids relative to
the control group. The reduction in calorie intake was entirely due to reduced carbohydrates,
with all other nutrients equivalent to those in the control group.
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Rats were euthanized at 4 months of age with serum obtained at sacrifice by cardiac
puncture. Serum was stored at —80°C for subsequent analysis of energy balance-related
hormones. Uteri were fixed before paraffin embedding and staining with hematoxylin-eosin
or incubated with antibody directed against p27. H&E-stained slides of left and right uterine
horns collected from all animals were microscopically evaluated for the presence of
endometrial hyperplastic lesions. Microscopic criteria for identifying rat endometrial
hyperplasia (EH) have been previously published by our group (28). Incidence was defined
as percent of rats with EH, with a minimum of 6 cross sections scored/animal. Multiplicity
was defined as the number of uterine cross sections with EH/total number of uterine cross
sections scored. Serum levels of insulin, leptin, and adiponectin were measured using
Lincoplex bead-based multiplexed assays (Millipore Corporation, Billerica, MA) on a
BioRad Bioplex 200 analyzer according to manufacturer’s directions.

Protein isolation, subcellular fractionation and Western blot analysis

To prepare lysates from tumors or benign endometrium, a small portion (0.5 cm3) of tissue
was isolated and crushed with a mortar and pestle over dry ice and the resulting pulverized
tissues were collected with liquid nitrogen and transferred into a microcentrifuge tube.
Protein lysates were collected from EC cell lines (AN3CA, KLE, RL95-2 and ECC1), which
were confirmed by DNA fingerprinting analysis. Radioimmunoprecipitation assay (RIPA)
buffer (0.5-1.0 mL; 1% NP40, 1% sodium deoxycholate, 0.1% SDS, 0.15 mol/L NaCl, 0.01
mol/L NaPQyg4, 2 mmol/L EDTA, 200 mmol/L phenylmethylsulfonyl fluoride, 100 mmol/L
activated sodium orthovanadate, and 1X Roche complete protease inhibitor) was added and
samples were rotated at 4°C for 2 h. After rotations, the samples were centrifuged at 14,000
rpm at 4°C for 10 min. The resulting supernatant was collected, aliquoted, and stored at
—80°C for future analysis. Lysate protein concentrations were determined with BCA Protein
Assay Kit (Pierce Biotechnology).

Subcellular fractionation was performed as described previously (35). In brief, cells were
washed with ice-cold PBS and scraped into chilled hypotonic buffer and broken by a
Dounce homogenizer. After centrifugation at 3,000 rpm, the supernatant was collected
(cytoplasmic fraction) and the crude nuclei pellet was further homogenized in hypotonic
buffer and washed in nuclear washing buffer and centrifuged at 3,000 rpm. Purified nuclei
were lysed in high-salt lysis buffer. All buffers contained 1X complete protease inhibitor
cocktail and phosphatase inhibitor cocktails 1 and 2.

Samples of protein from each sample (30 pg) were size separated by SDS-PAGE and
transferred overnight at 4°C onto polyvinylidene diflouride (PVVDF) membranes (Pierce
Biotechnology). Membranes were blocked in a TBST (TBS plus 0.05% Tween 20) + 5%
nonfat milk solution for 1 h. Membranes were incubated in a primary antibody solution for 2
h at room temperature with varying antibody (1:500-1:2,000) and milk (3-5%)
concentrations. Membranes were then washed three times with TBST solution for 10 min
each and incubated for 1 h with the appropriate horseradish peroxidase—conjugated
secondary antibody (Santa Cruz Biotechnology) at room temperature. Membranes were
washed and visualized with LumiGLO chemiluminescent reagents (Kirkegaard and Perry
Laboratories) or the enhanced chemiluminescence plus kit (Amersham Pharmacia Biotech)
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for more sensitive detection. Membrane immunoreactivity was detected by X-ray film
(BioMax, Eastman Kodak). Primary antibodies for S6 ribosomal protein, phosphorylated
(S235/236) S6 ribosomal protein, Akt, phosphorylated (S473) Akt, AMPK, phosphorylated
(T172) AMPK, ACC and phosphorylated (S79) ACC were purchased from Cell Signaling.
Primary antibodies for phosphorylated (T157) p27 and total p27 were purchased from R&D
Systems. Primary antibody for glyceraldehyde-3-phosphate dehydrogenase, f-Actin and
lamin A/C were purchased from Santa Cruz Biotechnology. The anti-LDH antibody was
from Chemicon and Ki67 antibody was purchased from DAKO. LY294002 (20 umol/L), and
rapamycin (0.2-2 pmol/L) were purchased from Sigma and resuspended in DMSQO as the
vehicle.

Immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections were deparaffinized and endogenous
peroxidases were quenched by incubation in 1% H,0,. Antigen retrieval was done by
microwaving the slides in 10 mmol/L citrate buffer (pH 6.0). Slides were incubated with
primary antibody (1:50) in PBS containing 10% normal goat or horse serum overnight at
4°C. Primary antibodies were purchased from Cell Signaling for S6 ribosomal protein and
phosphorylated (S235/236) S6 ribosomal protein. Primary antibody for Ki67 was purchased
from DAKO North America, Inc. Primary antibodies for p27 were purchased from R&D
Systems. A biotin-labeled secondary antibody was conjugated for 30 min at 37°C. The
sections were stained using avidin-biotinylated horseradish peroxidase complex from the
DAKO Cytomation LSAB2 System according to the manufacturer’s instructions.
Diaminobenzidine reagent plus chromagen (DAKO) was incubated with the sections for up
to 30 min. The sections were counterstained with hematoxylin, dehydrated, and mounted.
Controls that lacked primary antibody were incubated in 1X PBS with 10% goat serum in
each experiment. Immunostained sections were examined by light microscopy by two
investigators (A.S.M. and B.D.), one of whom is a gynecologic pathologist (B.D.). S6 and
phosphorylated S6 were scored semiquantitatively according to the intensity of staining on a
scale of 0 (no staining) to 3+ (strong staining). Tissues with 2+ or 3+ staining in >10% of
cells were considered positive for protein expression. Ki67 was scored by assessing the
percentage of positive cells per 100 epithelial cells evaluated for normal weight and obese
proliferative endometrium. p27 expression in the endometrium was scored
semiquantitatively according to four categories (Figure 1B):

1. “Intact” p27 levels (Figure 1a): diffuse nuclear expression present in >75% of all
endometrial glands, with the remaining glands showing a reduced number of
cells with p27 expression per gland, but no completely negative glands.

2. “Slightly reduced”p27 levels (Figure 1b): diffuse nuclear expression present in
<75% of all glands, with the remaining glands showing a reduced number of
cells with p27 expression per gland, but no completely negative glands.

3. “moderately reduced” p27 (Figure 1c): diffuse nuclear expression present in
<75% of all glands, with remaining glands showing either a reduced number of
cells with p27 expression per gland or a complete absence of p27 expression.
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4, “severely reduced” p27 levels (Figure 1d): were defined as diffuse nuclear
expression present in <75% of all glands, with remaining glands showing either a
reduced number of cells with p27 expression per gland or a complete absence of
p27 expression.

Immunocytochemistry

ECC1 cells were plated onto glass coverslips 18 to 24 h before treatment and treated as
indicated. Cells were then fixed in 4% paraformaldehyde in PME for 30 min at 4°C and
permeabilized in 0.5% Triton X-100/PME for 30 min at room temperature. Nonspecific
antigens were blocked in TBST containing 1% bovine serum albumin. Endogenous p27 was
detected by anti-p27 antibody and subsequent Alexa Fluor 488 goat anti mouse antibody
(Invitrogen, A-11001). The cell nuclei were detected by DAPI staining. P27 antibody was
purchased from BD Biosciences (554069). Lamin A/C was purchased from Cell Signaling
(2032). a—-tubulin antibody was purchased from Santa Cruz Biotechnology (sc-32293).
Wortmannin was purchased from Cell Signaling (9951).

RNA isolation and real-time quantitative reverse transcriptase-polymerase chain reaction

(gRT-PCR)

Total RNA was extracted from frozen endometrial biopsies using Tri-reagent (Molecular
Research Center, Inc.) as previously described (36). For the p27 transcript, specific
polymerase chain reaction (PCR) primer pairs and a dual fluorochrome-labeled
hybridization probe (TagMan probe) were designed using Primer Express (Applied
Biosystems, Foster City, CA) or Beacon Designer (Premier Biosoft International, Palo Alto,
CA). Reverse transcription and qRT-PCR were performed as previously described (36). The
sequence of forward and reverse primers and TagMan Probes for the p27 assay are: 1338(+)
GTAGCACATAAACTTTGGGGAAGG; 1407(-) CTTCATACCCCGCTCCAC and 1388(-)
FAM-TCAGTTCCTCAGCCCCACCCTGCC-BHQL1 (based on hp27 NM_004064). Data
were normalized to the geometric mean of 18S, BActin and 36B4 transcript levels as
previously described (36).

Statistical analysis

Results

For continuous variables, the differences between groups were examined by unpaired
Student’s ttests, ANOVA, or nonparametric Mann-Whitney test. Fisher’s exact test and XZ
analysis were used to compare the immunostaining levels of p27 between groups. Statistical
significance was defined as < 0.05.

Interventions that rescue p27 inhibit EC growth

Both loss and mislocalization of p27 can abrogate p27 function as a CKI, and in EC, both
decreased p27 expression and cytoplasmic sequestration have been observed (15-21).
PI3K/AKT and mTORC1 activation are high frequency events in EC, and PISK/AKT
pathway activation is known to both sequester p27 in the cytoplasm and induce degradation.
We asked if therapeutic interventions targeting PI3K/AKT and/or mTORC1 could rescue
p27, specifically, relocalize this CKI to the nucleus in EC cell lines in which p27 was
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predominantly cytoplasmic. Rapalogues are currently in use in the clinic for treatment of
EC, but have shown only modest efficacy (29-33), and PI3K inhibitors are being evaluated
as investigational drugs for EC (34, 35). We evaluated pharmacologic interventions targeting
the PI3K pathway upstream of p27 (LY 294002 and wortmannin), or downstream with an
mTORCL inhibitor (rapamycin), to obtain proof-of-concept that interventions that were
effective at inhibit ing EC cell growth rescued p27.

We examined p27 localization in AN3CA, KLE and RL95-2 EC cell lines using subcellular
fractionation, with lamin A/C and LDH as controls for nuclear and cytoplasmic fractions,
respectively, and found that p27 was low (AN3CA and KLE) and/or predominantly
cytoplasmic in all three cell lines (Figure 1A). p27 phosphorylation at T157 in the p27
nuclear localization signal (NLS) by AKT is associated with sequestration in the cytoplasm
due to 14-3-3 binding (12). As a control, we confirmed that when AKT was activated in EC
cells (as assessed by phosphorylation at S473), PI3K inhibition by LY294002 reduced AKT
activation and signaling by its down-stream effector, mTORC1 (Figure 1B). As expected, the
specific mMTORCL1 inhibitor rapamycin also blocked mTORCL1 signaling (reduced phospho-
S6) in EC cells, and reduced AKT phosphorylation at S473, the mTORC1 phosphorylation
site (Figure 1B).

Using an antibody specific for p27 phosphorylated at T157, we observed phosphorylation of
cytoplasmic (but not nuclear) p27 at T157 in EC cells, concordant with activation of AKT in
these cells (Figure 1C). Consistent with high frequency of activation of PI3K/AKT signaling
in EC, phosphorylation of p27 at T157 was also a feature of primary tumors (Figure 1D).
Importantly, treatment with the PI3K inhibitor LY294002 significantly increased the total
amount of p27 in the nuclear fraction (Figure 1C and 1E) in EC cells. In contrast, inhibition
of mTORCL1 signaling by rapamycin did not promote re-localization of p27 to the nucleus
(Figures 1C and 1E). Densitometric analysis showed a ~ 4-fold increase of nuclear p27
compared to that observed in the cytoplasm with PI3BK/AKT inhibition, but not with mTOR
inhibition (Figure 1C, bottom). Overall, these data indicate that PI3K/AKT signaling
contributes to cytoplasmic mislocalization of p27 in EC, and that targeting PI3K/AKT
signaling can relocalize p27 to the nucleus in EC cells.

These biochemical data were replicated in AN3CA (data not shown) and an additional EC
cell line, ECC1 using another PI3K inhibitor, wortmannin. As shown in Figure 2A, similar
to what was observed with LY294002, wortmannin increased the ratio of nuclear to
cytoplasmic p27 compared to vehicle control by cell fractionation. Immunocytochemistry
confirmed that in wortmannin-treated ECCL cells, levels of nuclear p27 increased, with a
commensurate decrease in cytoplasmic p27 (Figure 2B).

To confirm that p27 rescue had functional consequences, we examined the growth kinetics
of EC cell lines treated with LY294002, which relocalized this CKI to the nucleus, versus
rapamycin, which did not. While both PI3K (LY294002) and mTORCL1 (rapamycin)
inhibitors blocked mTORCL1 signaling (Figure 1B), in AN3CA and RL95-2 cells,
LY294002, which relocalized p27 to the nucleus, was more efficacious at inhibiting cell
growth than rapamycin (Figure 2C and 2D).
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Loss of p27 is an early event in progression of EC in the setting of obesity

In normal weight women, p27 expression levels are lowest in follicular endometrium and
highest in luteal phase endometrium as assessed by endometrial biopsies and western
analysis, with p27 levels inversely correlated with activation of mitogenic PI3K/mTORC1
signaling (phosphorylation of S6 ribosomal protein) ((37, 38) and Supplemental Figure S1).

Remarkably, in obese women, we found that endometrial p27 expression was significantly
lower than even follicular phase endometrium of normal weight women (Table 1 and Figure
3A and 3B). Immunohistochemistry was performed on endometrial biopsies collected
voluntarily from normal weight (BMI < 25 kg/m?) and obese (BMI > 30 kg/m2) women.
Control luteal phase (high p27) biopsies from asymptomatic normal weight women (N=6)
and follicular phase (low p27) biopsies from asymptomatic normal weight (N=14) and obese
(N=47) women were collected on days 5-10 of the menstrual cycle, with the diagnosis of
histologically normal endometrium verified by two pathologists (RRB and BD). As shown
in Figure 3B and 3C and Table 1, although expressed at lower levels than luteal phase
endometrium, p27 expression was intact or slightly-moderately reduced, but could be
detected immunohistochemically in all follicular phase endometrial glands of normal weight
women. Strong, predominantly nuclear expression of p27 was observed in >75% of all
endometrial glands of normal weight women.

In contrast, p27 expression was moderately to severely reduced in > 50% of endometrial
glands from stage-matched histologically normal endometrium from obese women, with
19% of biopsies from obese women exhibiting severely reduced or absent p27 (Figure 3A
and 3B; Table 1). Notably, and in contrast to differing p27 protein levels, there was no
significant difference in p27 transcript levels between normal weight and obese
endometrium (mean transcripts + standard error for normal weight endometrium was (3.33
+0.37) x 1072 p27/gNorm and obese endometrium (3.34 + 0.28) x 1072 p27/gNorm),
consistent with the wealth of data that p27 is predominantly regulated post-translationally.

To determine if decreased p27 was a reflection of differences in the amount of cell
proliferation in follicular phase endometrium from normal versus obese women, Ki67
immunostaining was performed. Remarkably, the percentage of Ki67 positive (proliferating)
cells was significantly higher in the glandular epithelium of endometrium from normal
weight women as compared to endometrium from obese women (48.8% + 6.5 in normal
weight versus 24.5% + 3.6 in obese; p<0.025), indicating that lower p27 expression in obese
endometrium was not a secondary effect of increased endometrial cell proliferation in obese
women. Overall, these data indicate that p27 is suppressed in normal endometrial glands of
obese women.

We next compared expression and localization of p27 in CAH and primary EC during luteal
phase where p27 levels in normal endometrial glands are at their highest. As reported
previously, both endometrial CAH and EC exhibited high levels of phospho-S6, consistent
with activation of PI3K signaling in these lesions (39). As shown in Figure 3C, in luteal
phase endometrium, p27 expression is intact (high) and primarily nuclear. In contrast, in the
majority of endometrial CAH, p27 expression was severely reduced or absent in >70% of
these early lesions, and was severely reduced or absent in 89% of primary EC (Figure 3C,
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Table 1). Thus, the phenotype of p27 loss observed in “normal” endometrium of obese
women is retained as a feature of early (CAH) and neoplastic (EC) endometrial lesions
arising in the setting of obesity,.

Caloric restriction blocks obesity-associated loss of p27 and development of
preneoplastic lesions

Eker rats carrying a defect in the 7sc2tumor suppressor gene are a genetically-defined
model for endometrial hyperplasia (EH) that progresses to EC by 16 months of age (26, 28).
The germ line Tsc-2 mutation is maintained on the Long-Evans background, a strain
commonly used as a model for dietary-induced obesity, and we found that on a standard ad-
libitum AIN diet, Eker rats became obese, with ~30% body fat as determined by quantitative
magnetic resonance using an EchoMRI whole body magnetic resonance analysis system
(18.3 + 1.7% mean body fat in young Eker rats as compared to 29.0 + 2.9% mean body fat
in aged Eker rats; p<0.01); non-obese rats are typically < 20% body fat at comparable age.
Aged Eker rats also had a 2.6 fold increase in mean fat mass as compared to young EKker rats
(57.1 £ 11.3 mean fat mass in young EKker rats as compared to 148.0 + 31.0 mean fat mass in
aged Eker rats; p<0.01).

An early feature of this model, associated with loss of the wild-type Tsc2 allele, is the
appearance of normal appearing “pre-hyperplastic” glands that show activated mTORC1
signaling (phosphorylation of the downstream effector S6) in 6% of glands that retain
negative feedback to PI3K via serine phorphorylation of IRS-1, which are the earliest
histologically discernible lesions in this model (26, 36). Figure 4A shows a normal
endometrial gland with very few phospho-S6 positive cells, and an adjacent “pre-
hyperplastic” gland that shows activation of mTORCL signaling (phospho-S6) in all
glandular epithelial cells. Figure 4B shows that the expression of p27 is severely reduced in
“pre-hyperplastic” glandular cells that had lost Tsc2 (MTORC1 active and phospho-S6
positive) indicating that loss of p27 expression is an early event in the development of EH.
Consistent with the Tsc2-deficiency that drives progression in this model, EH were also
strongly positive for phospho-S6, indicative of mTORCL activation (Figure 4C).

Similar to what was observed in normal endometrium from obese women (Table 1) in obese
aged Eker rats, 24% of normal endometrial glands had severely reduced or absent expression
of p27 (Table 2A). Reduced p27 expression was also observed in the “pre-hyperplastic”
glandular cells that had lost Tsc2 and EH that develop in obese Eker rats, with 82% of EH
exhibiting moderately to severely reduced p27 (Figure 4B and 4D and Table 2A). Thus in
the setting of obesity in women and the Eker rat model, loss of p27 occurs very early, being
observed with a high frequency in histologically “normal” obese endometrium and “pre-
hyperplastic” lesions with aberrant PI3K signaling, a phenotype that persists in preneoplastic
EH/CAH and EC, identifying dysregulation of p27 as an early event in the progression of
EC.

We next utilized this model to ask whether a dietary intervention to reduce weight gain could
affect p27 expression, localization and/or development of endometrial lesions. We
previously demonstrated in this model that a brief, neonatal xenoestrogen treatment
exposure accelerated the development of EH in adult female rats (28), allowing us to
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conduct caloric restriction studies in normally cycling animals. In the present study we
utilized the xenoestrogen genestein, a soy phytoestrogen found in soy-based infant formulas.
For our dietary intervention studies, Eker rats were exposed neonatally to the soy
phytoestrogen genistein, and then randomized at weaning into two groups: ad /ibitum fed or
or 30% calorie restricted (CR) diet, and maintained on these diets from 2—4 months (see
Methods for details). Both ad /ibitum fed and CR rats exhibited normal estrus cycles and had
indistinguishable levels of ovarian hormones (Supplemental Table 1).

Rats on the CR diet gained significantly less weight compared to ad-/ibitum fed rats: CR rats
had a median body weight of 176.3 £ 5.2g while ad-/ibitum fed rats had a median body
weight of 234.5 + 14.9 g (median + S.E.M) (p<0.025). We also measured serum levels of
insulin, leptin and adiponectin, and observed decreased serum insulin levels in CR rats (0.78
+0.07) x 103 ng/ml relative to ad /ibitum fed rats (1.48 + 0.15 x103 ng/ml) (median +
S.E.M.). Serum leptin levels decreased in CR rats (0.93 + 0.06) x 103 ng/ml) (median +
S.E.M.) relative to ad /ibitum fed rats (2.98 + 0.17) x 103 ng/ml), and adiponectin levels
increased in CR rats (3.82 + 1.57) x 107 ug/ml) (median + S.E.M.) relative to ad /ibitum fed
rats ((2.79 + 0.13) x 107 pg/ml). Thus, even a short (2 mo) calorie-restricted diet
significantly reduced weight and produced a significant and favorable change in the ratio of
leptin:adiponectin from 0.11 ng/ug in ad-libitum fed rats to 0.02 ng/ug in CR fed rats
(p<0.025).

The ad libitum fed Eker rats had an EH incidence of 100% by 4 months of age (12/12). In
contrast, in CR rats, the incidence of EH was reduced to 70% (7/10). The multiplicity of EH
lesions was also significantly reduced by CR: in ad-/ibitum fed rats EH were present in
123/179 (69%) of uterine cross sections as compared to CR rats with EH present in 48/146
(33%) of the uterine cross sections (p<0.001).

In both CR and ad-/ibitum rats, EH exhibited mTORC1 activation and were positive for
phospho-S6, consistent with loss of Tsc2 function driving lesion development (Figure 4E
and 4G). However differences were observed in both levels and localization of p27 between
obese (ad-libitum) and lean (CR) rats. p27 was moderately or severely reduced in 100% of
EH of obese rats, but was moderately or severely reduced in on 15% of EH of lean rats
(Table 2B). Figure 4F illustrates loss of nuclear p27 in EH of obese rats compared EH of
lean rats, which had strong nuclear expression of p27 (Figure 4H). Thus, caloric restriction
reduced body weight, induced a favorable adiponectin:leptin ratio, and inhibited
development of preneoplastic endometrial lesions in conjunction with increased p27
expression and localization to the nucleus.

Together, our /n vitro data demonstrating that interventions that rescue p27 inhibit growth of
EC cells, clinical data demonstrating that in the setting of obesity loss of p27 occurs early in
association with increased risk of CAH and EC, and experimental data in a rodent model of
obesity demonstrating that an intervention (CR) that rescues p27 is effective at reducing risk
of EH, point to p27 as a potential biomarker, and possible determinant, of efficacious
interventions for EC that arise in the setting of obesity.
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Discussion

Loss of p27 cell cycle regulation via loss of expression or cytoplasmic mislocalization of
this CKIl is a consistent feature of EC (17, 37). Here we report that loss of p27 function is an
early event in the development of EC, occurring in histologically “normal” endometrium of
obese women at increased risk of EC, in EH in obese rats, with progression to preneoplastic
lesions (CAH), and primary EC and EC-derived cell lines with activated PISK/AKT/
mTORC1 signaling.

Our observation that a significant proportion of obese women had severely reduced p27
expression in histologically “normal” endometrium when compared to stage-matched
endometrium from normal weight women is important, because it suggests that loss of p27-
function contributes to early stages of disease progression. Dellas et al. observed that
aberrant P13K signaling (loss of PTEN) (and p27) was associated with obesity, and
prognosis of EC (38). Tumors of obese women expressed significantly less PTEN (which
would presumably activate PI3K signaling) and less p27 than tumors from non-obese
patients. It is well known that loss of PTEN expression is an early event in the progression of
EC, often observed in histologically normal endometrial glands (39). In this study, we
identified loss of p27 as an early event in endometrial tumorigenesis. Confirming this
hypothesis was the observed loss of p27 that occurred in normal appearing endometrial
glands of obese Eker rats that have lost Tsc2, another tumor suppressor like PTEN whose
function is to repress mitogenic PI3K/AKT/mTORCL1 signaling. Thus, p27 status may be a
better indicator of endometrial cancer risk than body mass index alone, and thus, has the
potential to be developed into a biomarker for triaging asymptomatic obese women for
increased endometrial cancer surveillance.

Obesity is a result of an energy imbalance that occurs when caloric intake exceeds caloric
expenditure. At the organismal and cellular level, energy balance is regulated by AMPK
signaling to TSC2 in the PI3K/AKT signaling pathway to suppress mTORC1 when energy
levels are low (40). Several tumor suppressors are known to be lost or mutated in EC that
regulate this pathway, including LKB1 (a kinase that activates AMPK), PTEN, and TSC2
along with activating mutations of PI3K (41). Identification of defects in LKB1, PTEN,
PI3K, and TSC2 in preneoplastic lesions and/or EC opens up opportunities for preventative
and/or therapeutic interventions targeting these defects.

In primary tumors, and EC cell lines, we found that phosphorylation of p27 at T157 was
associated with cytoplasmic mislocalization. Inhibition of PI3K reduced T157
phosphorylation and relocalized p27 to the nucleus, whereas inhibition of mMTORC1 by
rapamycin (which is downstream of p27), neither reduced phosphorylation of T157 nor
reversed cytoplasmic mislocalization of this CKI in human EC cells. To date, both PI3K
inhibitors and mTORCL1 inhibitors have been evaluated for therapeutic efficacy in preclinical
studies and clinical trials. However, single agent rapalogs that inhibit mTORCL1 signaling
have only achieved modest anticancer efficacy in clinical trials (42), and the field is now
moving toward combination therapies for this disease. Yang et a/. evaluated a combinatorial
approach using both mTORC1 and PI3K inhibitors in endometrial cancer cell lines and
reported improved efficacy over use of single-agents alone (43). We found that although

Curr Mol Med. Author manuscript; available in PMC 2017 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCampbell et al.

Page 13

inhibition of PI3K and mTORCL signaling both can decrease EC cell proliferation,
inhibition of PI3K is more potent, and in contrast to mTORCL1 inhibition, relocalizes p27 to
the nucleus. Taken together, our data provide a mechanistic underpinning for the use of PI3K
inhibitors to relocalize p27 to the nucleus to restore function of this cell-cycle inhibitor as
therapeutic intervention for EC, and possibly, prevention of progression of CAH and EC in
at-risk obese women.

Importantly, these studies demonstrate that p27 expression and localization is modifiable by
dietary intervention. Caloric restriction in the Eker rat resulted in decreased body weight,
decreased endometrial hyperplasia multiplicity, favorable modification of serum insulin and
cytokines and increased expression and nuclear localization of p27 in endometrial
hyperplastic lesions. We and others have previously shown that serum levels of leptin and
adiponectin are significantly deregulated in obese women at risk of developing EC and can
be reversed by weight loss (44-46), however, tissue specific biomarkers of risk that are
modifiable by changes in body weight have not been identified. The identification of tissue
specific biomarkers of EC risk that are modifiable with weight loss is of great utility in
developing therapeutic approaches to EC prevention. In addition, these studies indicate that
weight loss alone or in combination with PI3K inhibitors may be a good therapeutic option
for the prevention or treatment of EC.
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Figure 1. Interventionsthat inhibit growth of EC cell lines rescue mislocalization of p27 tothe
cytoplasm

(A) Cell fractionation of a panel of EC cell lines showed increased cytoplasmic (C)
localization as compared to nuclear (A) localization of p27. Total p27 is indicated (7).

Lamin A/C was used as a control to identify the nuclear fraction. LDH was used as a control
to identify the cytosolic fraction. (B) PI3K signaling (phosphorylation of (S473) Akt) and
mTOR signaling (phosphorylation of (S235/236) S6) was activated in AN3CA cells. PI3K
inhibition by LY 294002 reduced Akt and mTOR activation. mTOR inhibition by rapamycin
reduced phosphorylation of S6. In AN3CA (C) p27 localization was predominantly cytosolic
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and was phosphorylated at T157 by Akt. Treatment with LY294002 caused re-localization of
p27 to the cytosol, although T157 was still phosphorylated in the remaining cytosolic pool
of p27. Treatment with rapamycin did not relocalize p27 to the nucleus. The relative
localization of p27 in nuclear and cytosolic fractions was quantitated by densitometry
(bottom panel). (D) The expression of p27 and cytosolic localization (as indicated by
phosphorylation of T157 by Akt) was investigated in 6 primary tumors and AN3CA cells for
comparison. Some tumors showed severely reduced expression of p27 while the majority
showed phosphorylation of T157 indicative of mislocalization of p27 to the cytoplasm. In
RL95-2 (E) inhibition of PI3K by LY294002, but not mTORCL inhibition with rapamycin,
re-localized p27 to the nucleus.
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Figure 2. Pharmacologic interventionsthat relocalize p27 to the nucleusinhibit EC proliferation
(A) Inhibition of Akt by wortmannin relocalizes p27 to cell nuclei by subcellular

fractionation. ECC1 cells were treated with DMSO or wortmannin (200nM, 24 hours). The
cells were then fractionated for cytosolic (C)and nuclear (A) fractions. Equal amount
samples were applied to SDS-PAGE for western blot analysis with specific antibodies.
Lamin A/C was used as nuclear protein marker; a-tubulin was used as cytosolic protein
marker. The western blot is representative for 3 independent experiments. (B) Inhibition of
Akt by wortmannin re-localizes p27 to cell nuclei by immunocytochemistry. ECC1 cells
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were treated with DMSO or wortmannin (200nM, 24hours). The cells were then stained with
p27 antibody and DAPI. The images are representative for 3 independent experiments. Both
PI3K inhibition by LY294002 and mTORC1 inhibition by rapamycin treatment significantly
decreased cell proliferation in AN3CA (C) and RL95-2 (D) cells, although PI13K inhibition
decreased proliferation to a greater degree than mTOR inhibition. The growth curves were
performed in triplicate. Data represented is the mean + standard error for each data point.
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Figure 3. Reduced or mislocalized p27 isa common featurein normal follicular phase
endometrium, endometrial CAH and primary endometrial carcinoma (EC) from obese women

(A) The scoring system used to define immunohistochemical expression of p27 is defined as
(a) intact, (b) slightly reduced, (c) moderately reduced or (d) severely reduced. More
specifically, intact p27 expression is defined as diffuse nuclear expression present in >75%
of all endometrial glands; expression may be reduced in <25% of glands but is never
completely absent. Slightly reduced p27 expression is defined as diffuse nuclear expression
present in <75% of all endometrial glands; expression may be slightly reduced in >25% of
glands but is never absent. Moderately reduced p27 expression is defined as diffuse nuclear
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expression present in <50% of all endometrial glands; expression is reduced in >25% of
glands but is never absent. Severely reduced p27 expression is defined as diffuse nuclear
expression present in <75% of endometrial glands and expression is completely absent in
>25% of all glands. Benign follicular phase endometrium from lean women (n=14) showed
intact (a), slightly reduced (b) or moderately reduced (c) p27 levels with nuclear p27
expression never absent in endometrial glands. 19% of benign follicular phase endometrium
from obese women had severely reduced (d) p27 levels including >25% of glands with
entirely absent nuclear p27 expression. Arrows indicate endometrial glandular epithelium
with either “diffuse”, “reduced” or “absent” nuclear p27 expression. Original magnification,
x200. (B) p27 expression was intact or only slightly reduced in a majority of cases of normal
luteal phase endometrium (6 out of 6 biopsies; 100%), moderately reduced in normal
follicular endometrium from normal weight women (4 out of 14 biopsies; 29%) and
moderately or severely reduced in normal follicular endometrium from obese women (21 out
of 47 biopsies; 45%). (C) Nuclear p27 was severely reduced with >25% of endometrial
glands completely absent of p27 expression in 73% of endometrial CAH biopsies and in
89% of primary endometrial carcinoma biopsies. Original magnification, x200.

Curr Mol Med. Author manuscript; available in PMC 2017 August 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

McCampbell et al. Page 23

Eker (Tsc2EU+) Rat Endometrium
pS6 (S235/236) p27

- " g!' s A DU~ R RS

..r < ‘-_"”' b .‘.I\ “

Normal and y g .

“pre-malignant” K
epithelial glands ~

Aged Eker v 3
Endometrial
Hyperplasia
Aged Eker

4

oL

s

‘4.

F

2 TR

Ad Libidum Diet i 7

Endometrial e ;:'

Hyperplasia >

3 % :?

e3 e

2 L

Endometrial
Hyperplasia

¥ -t w; . _- L & W O "".b
Calorie Restricted S 2 ST TR N ' \v‘%
Diet : €30 A . L
: ¥ Sl N
T o ’ + - g

Figure 4. Expression of p27 is decreased in obese Tsc2-deficient rats and reversed by caloric
restriction

mTORC1 activation (phosphorylation at (S235/236) of S6 ribosomal protein) was present in
6% of normal appearing glands (A) and in 100% of endometrial hyperplastic (EH) lesions
(C). p27 nuclear localization was intact in normal endometrial epithelium that do not have
activated mTORC1 signaling (B) and was decreased or absent in endometrial hyperplasia
(EH)(D). Eker rats treated with genestein neonatally developed EH exhibiting mTORC1
activation in ad /ibitum fed rats (E) and in calorie restriction (CR) rats (G). ad /ibitum fed
rats had decreased or absent nuclear p27 in EH lesions (F). Caloric restriction restores and
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increases the nuclear expression of p27 in EH lesions (H). Arrows indicate glandular
epithelial cells with mTORCL1 activation that was inversely correlated with nuclear p27
expression. Original magnification, x200.
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Table 2A

p27 immunohistochemical expression in Aged Eker rats.

p27 expression

Aged Eker rats

ad libidum diet

Normal Endometrial Glands, n (%)

Endometrial Hyperplastic Glands, n (%)

Intact 214 (57%) 0 (0%)
Slightly Reduced 74 (20%) * 16 (19%)
Moderately Reduced 0 (0%) ™ 5 (6%)
Severely Reduced 89 (24%) * 65 (76%)
Total 377 86

Page 26

*
Fishers exact test is significant at the p<0.001 level for comparison of p27 expression in normal glands as compared to endometrial hyperplastic

glands.
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Table 2B

p27 immunohistochemical expression in Intervention Study Rats.
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p27 expression Intervention Study Rats
ad libidum diet calorierestricted diet
Normal Endometrial Endometrial Normal Endometrial Endometrial
Glands, n (%) Hyperplastic Glands, n Glands, n (%) Hyperplastic Glands, n

(%) (%)
Intact 56 (100%) * 0 (0%) ™™ 91 (93%) 11(23%)
Slightly Reduced 0 (0%) 0 (0%) 0 (0%) * 30 (63%)
Moderately Reduced 0 (0%) * 63 (51%) e 0 (0%) 0 (0%)
Severely Reduced 0 (0%) * 60 (49%) i 7 (7%) 7 (15%)
Total 56 123 98 48

*
Fishers exact test is significant at the p<0.001 level for comparison of p27 expression in normal glands as compared to endometrial hyperplastic

glands.

Hok

Fishers exact test is significant at the p<0.001 level for comparison of p27 expression in ad libidum diet endometrial hyperplastic glands as
compared to calorie restricted diet endometrial hyperplastic glands.
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