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Abstract Progesterone is a growth inhibitory hormone in
the endometrium. While progestins can be used for the
treatment of well-differentiated endometrial cancers, resis-
tance to progestin therapy occurs for reasons that remain
unclear. We have previously demonstrated that progesterone
receptors (PR) A and B differentially regulate apoptosis in
response to overexpression of the forkhead transcription
factor, FOXO1. In this study, we further examined the PR-
isoform-dependent cellular response to the AKT pathway.
Treatment of PRA and PRB-expressing Ishikawa cells
(PRA14, PRB23), with an AKT inhibitor API-59CJ-OMe
(API-59) promoted apoptosis in the presence and absence of
the ligand, R5020 preferentially in PRA14 cells. Upon PR
knockdown using small interfering RNA, an increase in
apoptosis was observed in PRB23 cells treated with API-59
with or without R5020 while there was no influence in
PRA14 cells. Using an apoptosis-focused real-time PCR
array, genes regulated by API-59 and R5020 were identified
both common and unique to PRA14 and PRB23 cells.

BIRC3 was identified as the only gene regulated by R5020
which occurred only in PRB cells. Knockdown of BIRC3 in
PRB23 cells promoted a decrease in cell viability in response
to API-59 + R5020. Furthermore, the important role of
inhibitors of apoptosis (IAPs) in the PRB23 cells to promote
cell survival was demonstrated using an antagonist to IAPs,
a second mitochondria-derived activator of caspase (Smac
also known as DIABLO) mimetic. Treatment of PRB23 cells
with Smac mimetic increased apoptosis in response to API-
59 + R5020. In summary, our findings indicate a mechanism
by which PRB can promote cell survival in the setting of
high AKT activity in endometrial cancer cells.
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Introduction

Progesterone is an essential hormone for the normal
functions of the female reproductive tract. In the endome-
trium, progesterone antagonizes estrogen-mediated cell
proliferation and promotes differentiation [1]. Unopposed
estrogen action can be the driving force behind such
pathologies as endometrial hyperplasia or endometrial
adenocarcinoma, which are the most common gynecologic
cancers to affect women [2, 3]. Progestins are sometimes
used as the primary treatment for endometrial hyperplasia
or endometrial carcinoma and are often also used in the
setting of recurrent or advanced disease. Response rates to
progestin therapy range from 67–82% in atypical hyper-
plasias to 50–70% in well-differentiated endometrial cancer
and to 15–27% in the recurrent setting [4, 5]. In addition,
recurrent disease is common among those with atypical
hyperplasia or endometrial cancer treated with progestins.
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The reasons for the declining responsiveness to progester-
one/progestins are unclear, and it is essential to understand
how the progesterone receptor functions in the setting of
endometrial pathologies.

The progesterone receptor is an intracellular steroid
receptor that has two isoforms, PRA and PRB. PRA lacks
164 amino acids from the N terminus, and PRA and PRB
are translated from individual mRNA species of a single
gene under the control of distinct promoters [6]. Although
they share many functional domains, they are considered
two distinct transcription factors able to regulate different
sets of genes [7–10]. The role of PRA and PRB in
endometrial tumors remains unclear, with one study
suggesting that PRB is predominant in advanced endome-
trial tumors [11], another study pointing to the loss of both
isoforms in advanced endometrial cancer [12], and a third
study that indicates only PRA is expressed in poorly
differentiated endometrial carcinoma cells [13]. In a recent
study, the evaluation of 315 tissue samples from endome-
trioid endometrial cancer revealed that PRA and PRB were
associated with lower-grade tumors and that the ratio of
PRA/PRB, if less than 1, was associated with a shorter
disease-free survival and a shorter overall survival [14]. In
endometrial cancer cell lines expressing either endogenous
or recombinant PR, progesterone treatment can inhibit cell
growth, invasion, and expression of cellular adhesion
molecules, as well as promote differentiation to a secretory
phenotype, and induce replicative senescence [8, 15, 16].
Smid-Koopman et al. [8] demonstrated that in the presence
of progestins, PRB-expressing Ishikawa cells displayed
almost complete inhibition of cell growth, while PRA
expressing Ishikawa cells only displayed 50% inhibition of
cell growth. In an additional study by Hanekamp et al. [17],
it was demonstrated that PRB-expressing Ishikawa cells
caused more tumor growth in mice than PRA expressing
Ishikawa cells and that tumor growth was inhibited after
administration of MPA in only cells expressing PRB.
Previously we demonstrated that PRA and PRB differen-
tially influenced the function of the forkhead transcription
factor, FOX01, in endometrial cancer cells in that over-
expression of the constitutively active FOXO1 (Tm-
FOXO1) in PRA- and PRB-expressing Ishikawa cells
promoted apoptosis in only PRB cells but not in PRA cells
[18]. All together, these studies demonstrate that PRA and
PRB have distinct functions in endometrial cancer cells and
can differentially regulate the apoptotic response both in a
ligand-dependent and ligand-independent manner.

One of the most common mutations that occurs
endometrial carcinoma is in the PTEN gene which is seen
in more than 50–80% of tumors [19, 20]. PTEN, a tumor
suppressor gene, negatively regulates PI3K/Akt-driven cell
growth and survival. The loss of PTEN leads to the
enhanced activity of the phosphatidylinositol 3′-kinase/Akt

signaling pathway which is associated with increased
proliferation, survival, and resistance in cancer cells.
Endometrial cancer cell lines and cancer specimens have
been shown to have increased levels of phosphorylated
AKT supporting that the AKT pathway is constitutively
active in a subset of endometrial cancers [18, 21–23].
Inhibition of the AKT pathway in endometrial cancer cells
that exhibit high AKT activity has been demonstrated to
induce apoptosis [22, 24] supporting that increased AKT
promotes survival of these cells. Given that PRA and PRB can
differentially regulate the apoptotic response when Tm-
FOXO1 is overexpressed endometrial cancer cells and given
that FOXO1 is a direct target of AKT, we aimed to determine
whether inhibition of AKT using a small molecule inhibitor,
API-59CJ-OMe (API-59), could induce apoptosis of endo-
metrial cancer cells in a PR-isoform-dependent manner. In this
study, we demonstrate that inhibition of AKT using API-59
induces apoptosis preferentially in PRA-specific cells. Apo-
ptotic genes regulated by API-59 in the presence and absence
of progestin were identified and found to be both unique and
common to PRA and PRB. BIRC3 was highly upregulated by
liganded PRB and contributed to the survival of PRB cells. An
antagonist to the family of inhibitors of apoptosis (IAP), a
Smac mimetic, further promoted apoptosis in PRB cells
treated with API-59 and R5020.

Materials and Methods

Endometrial Cancer Tissues and Cell Lines Endometrial
tumors were obtained from women undergoing hysterec-
tomies at Northwestern Memorial Hospital. Patients gave
consent before surgery, and these studies were approved
by the Human Subject Committee of our institution in
accordance with US Department of Health regulations.
PRA14 and PRB23 Ishikawa cells were obtained from L.
Blok et al. (Erasmus University, The Netherlands) [8].
These cell lines were made by stably transfecting the
human PRA and PRB cDNA fragments that were cloned
into the expression vector pcDNA3.1 (Invitrogen) into
parental Ishikawa cells that were devoid of PR, and thus,
PRA or PRB is constitutively expressed. The Ishikawa
cells are derived from a well-differentiated human endo-
metrial adenocarcinoma [25] which is PTEN-mutated [22].
HEC1A and HEC1B cells were obtained from American
Type Culture Collection (Rockville, MD, USA). HEC1A
and HEC1B cells were maintained in MEM (Invitrogen,
Carlsbad, CA, USA) supplemented with sodium pyruvate,
penicillin/streptomycin, and 10% FBS. Ishikawa cell lines
that were stably transfected with PRA or PRB were
maintained in DMEM/F12 supplemented with sodium
pyruvate, penicillin/streptomycin, neomycin/hygromycin,
and 10% FBS. For explant cultures, tumors were cut into
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small pieces, approximately 2 cm3 in size. Explants were
cultured in serum-free DMEM with sodium pyruvate and
penicillin/streptomycin with or without 100 nM MPA for
24 h. Tissues were harvested and placed in TRIzol reagent
(Invitrogen). For primary endometrial cancer cells, tumors
were cut into small pieces and digested in 0.5% collage-
nase and 0.02% DNase for 30 min in a shaking incubator
at 37°C. Cells were centrifuged, resuspended in DMEM/
F12 with 10% FBS, and cultured for approximately 3 days.
Cells were then serum-starved overnight (DMEM/F12
only), and the next day, media were changed to DMEM/
F12 with vehicle or 10 nM R5020 for 24 h. PRA14 and
PRB23 cells were cultured in media with 2% charcoal-
stripped FBS overnight, followed by treatment with 6-
12 μM API-59, 100 nM R5020, or both for 24–48 h in 2%
charcoal-stripped FBS.

Real-Time PCR RNA was isolated from cells using
TRIzol reagent (Invitrogen) according to the manufac-
turer’s protocol. Concentration and purity of extracted
RNA were determined using the ND-1000 Spectropho-
tometer (NanoDrop). Total RNA samples were DNase I
(Ambion) treated to remove any contaminating DNA.
Total RNA was reverse-transcribed with the Smart
MMLV reverse transcriptase (Clontech) for the synthesis
of cDNA using the manufacturer’s protocol. Real-time
PCR was performed using specific primers (Taqman, PE
Applied Biosystems) to BIRC3 and the housekeeping
gene TBP. The fold change in expression was calculated
using the ΔΔCt method [26], with TBP as an internal
control. The focused real-time PCR array used in this
study was specifically the Human Apoptosis RT2 Profil-
er™ PCR Array consisting of 84 key genes involved in
apoptosis (SABiosciences). The array includes the TNF
ligands and their receptors; members of the bcl-2, caspase,
IAP, TRAF, CARD, death domain, death effector domain,
and CIDE families; as well as genes involved in the p53
and ATM pathways. Each well in the 96-well plate
contained specific primers for each of these genes. Total
RNA was reverse-transcribed using SABiosciences RT2
first-strand synthesis kit. The array was performed in
triplicate for all samples, and the expression and statistical
analyses were done using SABiosciences web-based data
analysis program. All PCR reactions were carried out on
an ABI PRISM 7000 Sequence Detection System (Applied
Biosystems) for 40 cycles (95°C for 15 s, 60°C for 1 min)
after 10 min incubation at 95°C.

Western Blot Analysis Total cell lysates were obtained by
lysing cells with M-PER Mammalian lysis solution
(Thermo Scientific) supplemented with protease and phos-
phatase inhibitors (Sigma) on ice. Protein concentration
was measured using the Micro BCA kit (Thermo Scientif-

ic). Isolated protein samples were run on 7.5% acrylamide
gels and transferred onto polyvinylidene difluoride mem-
branes (Whatman). Membranes were blocked in 5% nonfat
milk made in TBS-T at room temperature and incubated
with primary antibodies, cPARP (Cell Signaling), phos-
phorylated AKT(Ser 473; Cell Signaling), BIRC3 (BD
Pharminogen) either overnight at 4°C (cPARP, pAKT) or
overnight at 4°C followed by 1 h at room temperature
(BIRC3). After the incubation, membranes were washed
three times with TBS-T and then incubated with secondary
peroxidase-conjugated goat anti-rabbit or goat anti-mouse
antibody for 1 h at room temperature (Bio-Rad). Mem-
branes were then washed three times in TBS-T and
developed using the ECL Super Signal West Dura or Femto
detection kit (Thermo Scientific). Membranes were stripped
using Restore Western Blot Stripping Buffer (Pierce) and
reprobed using an antibody to actin (Sigma).

Immunofluorescent Staining Cells were fixed with 4%
paraformaldehyde (Sigma), and coverslips were then
washed with PBS and permeabilized with 0.1% Triton–
0.1% deoxycholate (Sigma). Cells were blocked with 5%
bovine serum albumin (BSA; Sigma) made in PBS.
Subsequently, the BIRC3 (Abcam) and phospho-Ser473-
AKT (Cell Signaling) antibodies, made in filtered 5% BSA,
were added to each sample and incubated overnight at 4°C.
A secondary Alexa Fluor® 488 goat anti-rabbit IgG or anti-
mouse IgG (Invitrogen) was used. Cells were then mounted
with mounting media (Invitrogen) for fluorescence on glass
slides and visualized using a fluorescent inverted micro-
scope, Axiovert 200 (Zeiss).

Small Interfering RNA Cells were grown to 50% conflu-
ence. Dharmacon SMARTpool small interfering RNA
(siRNA) specific to PR or CIAP2 (BIRC3) were tran-
siently transfected into the cells using Lipofectamine
RNAi Max (Invitrogen) according to the manufacturer’s
protocol for siRNA. On Target plus Non-targeting pool,
siRNA was used as a control (Dharmacon). For silencing
PR, cells were transfected for 5 h, and the transfection
media was removed and replaced with DMEM/F12 media
supplemented with 2% stripped FBS, sodium pyruvate,
and penicillin/streptomycin overnight. The following
morning cells were treated with API-59 and R5020 for
24–48 h. After incubation, the cells were harvested for
Western blot analysis. For silencing BIRC3, cells were
transfected for with SMARTpool siRNA specific to
BIRC3 for 48 h and treated with API-59 and R5020 for
an additional 72 h.

Cell Viability Assay The cell viability assay used was the
Quick Cell Proliferation Assay Kit (BioVision, Mountain
View, CA, USA). Cells were plated in a 96-well plate and
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allowed to attach for 4–6 h. Cells were then treated for 48–
72 h. WST-1/ECS (Electro Coupling Solution) solution was
added and incubated at 37°C. Samples were read on the
Synergy HT from Bio-Tek with the KC4 3.4 software at
420 nm to determine cell viability.

Annexin V Assay After treatment of cells with vehicle,
R5020, API-59, or both for 24 h, cells were trypsinized and
resuspended in annexin-binding buffer (10 mM Hepes
(Invitrogen), 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) to a
concentration of approximately 1×106 cells/mL. Annexin
V, Alexa Fluor 647 conjugate (Invitrogen), and DAPI
(Invitrogen) were added to each cell solution, and samples
were analyzed using the CyAn flow cytometer (Dako) for
early and late apoptosis.

Smac Mimetic PRB cells were plated, serum-starved
overnight, and then treated with vehicle, R5020, or API-
59 with R5020 in the presence or absence of 10 nM Smac
mimetic (generously provided by Xiaodong Wang, UT
Southwestern [27]) for 48 h. Protein was harvested and
Western blots were performed.

Statistical Analysis Statistical analysis was performed using
one-way ANOVA followed by the paired t test.

Results

Inhibition of AKT with API-59 Induces Apoptosis in PR
Overexpressing Ishikawa Cells

Previously, it was demonstrated that the AKT inhibitor,
API-59, inhibited AKT kinase activity without inhibiting
phosphorylation of AKT on Ser473 or Thr308 [22]. In
addition, ERK, JNK, or PKC pathways were not affected.
Treatment of endometrial and ovarian cancer cell lines with
this small molecule inhibitor induced apoptosis of several
endometrial cancer and ovarian cancer cell lines particularly
in cells that expressed elevated levels of phosphorylated
AKT indicative of high AKT activity [22, 28, 29]. For these
reasons, this AKT inhibitor was used in our study. PRA and
PRB-specific Ishikawa cell lines were derived from parental
Ishikawa cells that possess a PTEN mutation [22]. PRA14
cells express only PRA while PRB23 cells expressed high
levels of PRB with minimal levels of PRA (Fig. 1a).
Ishikawa cells (clones from B. Lessey and not the ones
used to stably transfect PRA or PRB) also expressed
endogenous PRA and PRB protein but at levels much
lower than the PR-specific lines. HEC1A and HEC1B did
not express PR. Levels of PTEN protein were undetectable
in the PRA14and PRB23 cells while p(Ser473)-AKT
protein levels were higher in PRA14 and PRB23 than

endometrial cancer cells that express wild-type PTEN
(HEC1A, HEC1B). Given the high pAKT levels in
PRA14 and PRB23 cells, treatment with API-59 promoted
apoptosis as expected, as demonstrated by cleaved PARP
expression (Fig. 1b) and annexin V staining (Fig. 1c). In
addition, a higher percentage of cells underwent apoptosis
in PRA14 compared to PRB23 cells treated with API-59
with or without R5020.

Role of PRA and PRB in API-59-Mediated Apoptosis

In order to determine the role of PRA and PRB in API-59-
mediated apoptosis, PR was silenced using siRNA specific to
PR. In both PRA14 and PRB23 cells, levels of PR
dramatically decreased upon PR knockdown (Fig. 2a, b).
Interestingly, PR protein levels increased in response to API-
59 in both cell types. Also, while the classic downregulation
of PR after R5020 treatment occurred in PRA14 and PRB23
cells, API-59 and R5020 treatment caused PRA levels to
remain high in PRA14 cells but not PRB in PRB23 cells. This
suggests potential involvement of AKT in specifically PRA
protein degradation. Next, apoptosis was measured using
cleaved PARP as an indicator. In PRA14 cells, knockdown of
PR did not significantly change levels of cPARP observed in
response to API-59 with or without R5020 suggesting that
PRA does not significantly influence the apoptosis that is
observed with API-59. In PRB23 cells, however, silencing
PRB increased cPARP levels in all treatments, even at the
basal level with no treatment. Thus far, the data suggest that
PRB may play a protective role to apoptosis.

Apoptotic Genes Regulated by API-59 in PRA and PRB
Cells

In order to identify the genes that are regulated by API-59
to promote apoptosis and to determine whether genes are
differentially regulated depending on the PR isoform, a
focused real-time PCR array encompassing 84 genes
associated with apoptosis was used. PRA and PRB cells
were treated with or without API-59 in the presence or
absence of R5020 for 48 h, and the real-time arrays were
run in triplicate for each treatment. Table 1 lists the genes
that were regulated by 2-fold or greater compared to
vehicle-treated control and which also reached statistical
significance (p≤0.05). In PRB cells, treatment with R5020
alone regulated only one gene, BIRC3 (Table 1; Supple-
mentary Fig. 1). Treatment with API-59 resulted in eight
upregulated and four downregulated genes, and the
addition of R5020 to API-59 resulted in 13 upregulated
and two downregulated genes. In PRA cells, no genes
were regulated by R5020 alone. Treatment with API-59
resulted in 11 upregulated and no downregulated genes,
and the addition of R5020 to API-59 resulted in nine
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upregulated and one downregulated gene. The genes
expressed uniquely in PRA or PRB could contribute to
the differences observed in the sensitivity to the API-59
compound. The addition of ligand, R5020 to API-59,
regulates genes unique to the other treatments. In PRA
cells, treatment with API-59 + R5020 regulated two
genes unique from API-59 treatment alone (BIRC3,
TNFRSF11B; Fig. 3d, Table 1). In PRB cells, API-59 +
R5020 regulated five genes distinct from API-59 alone
(BCL2L2, BIRC3, CARD6, FASLG, TNFRSF10B;
Fig. 3e, Table 1). Taken together, these data demonstrate
that API-59 regulates common as well as unique genes in
PRA14 and PRB23 cells when ligand is present or absent.
Furthermore, R5020 alone regulated only one gene,
BIRC3 in PRB cells, suggesting that liganded PRA or
PRB alone does not promote apoptosis with the dose and
length of treatment used here.

BIRC3 Is Regulated by PRB

Intriguingly, among the 84 apoptosis-associated genes that
were analyzed, BIRC3 was the only gene significantly
regulated by more than 2-fold in response to R5020 in PRB
cells. Even with API-59 + R5020 treatment, BIRC3 was
induced by 7-fold in PRB cells. Confirmatory analysis
revealed that BIRC3 mRNA and protein were upregulated
significantly in PRB cells but not in PRA cells in response to
R5020 (Fig. 3a). In addition, no BIRC3 was detected in the
absence of ligand in the PRB cells. To determine whether the
progesterone receptor was required for this induction, PR was
knocked down in PRB cells using siRNA followed by R5020
treatment. As shown in Fig. 3b, silencing of PRB inhibited
the induction of BIRC3 protein by R5020. Furthermore,
treatment with the PR antagonist, RU486 also prevented the
induction of BIRC3 by R5020 (Fig. 3c), indicating that the
induction of BIRC3 requires liganded PRB.

In order to determine whether the induction of BIRC3
by progestins also occurred in primary endometrial
tumors, explants from endometrial tumors were treated
with the progestin, MPA for 24 h. Among the tumors

A

B

C

pAKT

AKT

PTEN

actin

H
E

C
1A

H
E

C
1B

Is
hi

ka
w

a

P
R

A
14

P
R

B
23

PRB

PRA

PRB23

PRA14

βactin

cPARP

API59

R5020

- +         - +

- - + +

βactin

cPARP

PRA14

0

5

10

15

20

25

PRB23

%
 o

f c
el

ls
 in

 a
po

pt
os

is

control
API
R5020
API+R5020

a a

a a

0

50

100

150

200

250

PRA14 PRB23

de
ns

ity
 (

pe
rc

en
t o

f c
on

tr
ol

)

Cont
API
R5020
API+R5020

a a

a a

�Fig. 1 The AKT inhibitor, API-59 promotes apoptosis differentially
in PRA- and PRB-specific Ishikawa cells. a Five different endometrial
cancer cell lines, HEC1A, HEC1B, parental Ishikawa, PRA-specific
Ishikawa (PRA14), and PRB-specific Ishikawa (PRB23) cells, were
cultured and protein levels of pAKT, AKT, and PTEN were measured
by Western blot. b Apoptosis was detected by measuring levels of
cleaved PARP. Cells were treated with 12 μM API59, 100 nM R5020,
or both for 48 h. Densitometric analysis of cPARP is shown
representing the mean ± SEM of three independent experiments. c
Early apoptosis was measured by annexin V staining using flow
cytometry. Cells were treated with 12 μM API59, 100 nM R5020, or
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experiments. “a” denotes statistical significance compared to non-
treated control. p≤0.05
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collected from eight patients, explants from all of them
expressed BIRC3 mRNA in response to the progestin
medroxyprogesterone acetate, at levels higher than those
of vehicle-treated controls (Fig. 4a). The increases,
however, ranged from 1.2- to 3.4-fold, and all of these
tumors were clinically evaluated to express PR (data not
shown). In addition, primary cells from endometrial
tumors were cultured and treated with R5020 for 24 h,
and immunofluorescent staining for BIRC3 and p
(Ser473)-AKT proteins was done (Fig. 4b). These cells
exhibited p(Ser473)-AKT staining and treatment with
R5020 increased staining for BIRC3 protein in the tumor
cells. These data show that the induction of BIRC3 can
occur in primary endometrial tumor cultures as well when
treated directly with progestins.

Role of BIRC3 in PRB-Expressing Endometrial Cancer
Cells

Thus far, the data show that API-59 promotes apoptosis,
more so in PRA14 cells than PRB23 cells and that PRB
may be protective against apoptosis. The differential
regulation of a unique set of genes by API-59 in these
cells in the presence or absence of progestin would explain
these differences; however, the underlying mechanisms for
these observations remain unclear. In particular, the role of
unliganded PRA and PRB in governing the apoptotic
responses is unknown. In this study, we chose to study
the ligand-dependent role of PR given that the real-time
array identified BIRC3 as the only gene regulated by
liganded PR. The physiologic relevance of BIRC3 induced
by R5020 in PRB23 cells was examined. It was hypothe-
sized that BIRC3 would promote survival of PRB cells that
were induced to undergo apoptosis in response to API-59.
To demonstrate this, BIRC3 was silenced using siRNA in
PRB23 cells followed by treatment with API-59 and
R5020. The levels of cPARP increased when BIRC3 was
silenced, albeit modestly (Fig. 5a). In addition, annexin V
staining using flow cytometry revealed an increase in the
percentage of cells in early apoptosis (Fig. 5b). Finally, cell
viability assay showed a decrease in the percent of viable
cells in siBIRC3 cells compared to siCtrl samples treated
with API-59 + R5020 (Fig. 5c). Although modest, the
decrease was consistent and statistically significant. It is
possible that other IAPs compensated for inhibition of
apoptosis when BIRC3 was knocked down and thus
BIRC3’s ability to inhibit apoptosis in a progestin-
dependent manner may have been masked.

SMAC Mimetics Increase Apoptosis in PRB23 Cells

Next, the efficacy of a small molecule antagonist of IAP,
called SMAC mimetics, was examined to inhibit the
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activity of the IAPs. PRB23 cells were treated with API-59
and R5020, in the presence or absence of a Smac mimetic.
The Smac mimetic promoted apoptosis as measured by
increased levels of cPARP in response to API-59 and
R5020 (Fig. 5d). Interestingly, levels of BIRC3 protein in
API59 + R5020-treated cells were lower than that of
R5020-treated cells. Furthermore, addition of SMAC
mimetic decreased BIRC3 protein levels in R5020 and
API59 + R5020-treated cells compared to cell without
SMAC mimetic. CIAP1 levels also decreased with SMAC
mimetic while XIAP protein levels were similar with all
treatments. These data show that SMAC mimetics do
potentiate apoptosis triggered by API59 + R5020 through
its proposed mechanism of inhibiting IAP activity as well
as potentially decreasing expression of BIRC3 and CIAP1.

IAPs play an active role in inhibiting apoptosis in PRB23
cells.

Discussion

In this study, several key observations were made. First, the
AKT inhibitor, API-59, promoted apoptosis in the PTEN-
mutated PRB- and PRA-specific cell lines. PRB cells were
less responsive to API-59 compared to PRA cells whether
progestin was present or not. Furthermore, knockdown of
PR promoted apoptosis in PRB-specific cells but not PRA
cells demonstrating a protective effect of PRB to induced
apoptosis. The focused real-time array identified genes both
common and unique to PRA and PRB. Moreover, PRA and
PRB regulated both anti- and pro-apoptotic genes, under-
lining the complex and intricate nature of PR action. BIRC3
was the only gene that was significantly regulated by
R5020 which occurred in PRB cells, not PRA cells.
Knockdown of BIRC3 decreased cell viability in response
to API-59 and R5020 and treatment with an antagonist to
IAPs, Smac mimetic, increased apoptosis further. Based on
these findings, we hypothesize that PRB induction of
BIRC3 protects endometrial cancer cells from AP1-59-
mediated apoptosis.

Differences in responses to API-59 and progestin in
PRA and PRB-specific cells were expected. It is well
documented that PRA and PRB can regulate a distinct
subset of genes in endometrial cancer and breast cancer [7–
10]. We previously demonstrated that overexpression of
Tm-FOXO1 promoted apoptosis in PRB cells but not in
PRA cells [18]. In this study, API-59 induced more
apoptosis in PRA compared to PRB cells, which is contrary
to the effects observed with Tm-FOXO1 overexpression.
While FOXO1 is a direct target of AKT, it is limited to
regulating a specific set of genes, while AKT affects a
multitude of proteins and pathways that can ultimately
result in a different physiological endpoint. It is also
plausible that the apoptosis observed with API-59 involves
other mechanisms. The AKT inhibitor used in this study,
API-59, was initially identified by Jin et al. [22] through a
screen 35,000 compounds in the NCI’s anticancer database.
While this compound did indeed inhibit AKTactivity, without
affecting ERK, JNK, or PKC pathways, API-59 belongs to the
class of ellipticines, which are known to have several different
mechanisms of action. Some of these include binding directly
to DNA and intercalating into the DNA strands, stabilizing
topoisomerase II–DNA complexes and generating superoxide
radicals to promote DNA strand breakage [30]. Thus, the
apoptosis that is observed with this compound may not be
due solely to selective AKT inhibition, and thus, its use as a
specific AKT inhibitor to study the AKT pathway is limited.
In this study, we observe that this compound induces
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apoptosis in the PRB23 and PRA14 cells and have limited
its use as such. In order to determine, for example, whether
the increase in PR levels that is observed by API-59 is due to
specifically inhibition of AKT, further experimentation using
more selective inhibitors of AKT will be required. In
addition, how AKT inhibition affects the induction of BIRC3
by R5020 in PRB cells cannot be clearly demonstrated with
the API-59 compound.

The potential protective effect of PRB was unexpected
given the general consensus that progesterone/progestins
inhibit growth and decrease tumor integrity both in vitro
and in clinical studies [4, 5, 8, 15, 16, 31–33]. It should
be noted that the common trend in these studies is that
long-term treatment or supraphysiological concentrations
of the hormone is required to see an effect in cell growth
and apoptosis which makes it challenging to pinpoint
specific mechanisms of PR that are associated with these
effects. On the other hand, studies have demonstrated a
protective effect of progesterone against neuronal cerebral
damage [34, 35], in cardiomyocytes treated with doxoru-

bicin [36], spinal cord injury [37, 38], and radiation-
induced apoptosis in breast cancer cells [39]. In our study,
knockdown of PR in PRB-specific Ishikawa cells for 72 h
promoted apoptosis whether ligand was present or not,
while knockdown of PR in PRA-specific cells did not
significantly affect apoptosis. Whether PRB is indeed
protective to other inducers of apoptosis in endometrial
cancer cells is under investigation.

The induction of BIRC3 by progestin through PRB
could be one mechanism by which PRB is protective
against apoptosis in endometrial cancer cells. Few studies
have reported an association between progesterone and
BIRC3. When human polymorphonuclear leukocytes were
treated with progesterone, BIRC3 mRNA levels increased
and rates of apoptosis were lower [40]. In breast cancer cell
lines overexpressing PRA or PRB, two different microarray
analyses identified BIRC3 as one gene upregulated in PRB-
specific T47D cells [41, 42]. Estradiol and glucocorticoids
have been shown to upregulate BIRC3 as well. In breast
cancer cells, estrogen receptor and NF-κB can synergisti-
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cally induce BIRC3 to promote survival of breast cancer
cells [43, 44]. Glucocorticoids increase BIRC3 and play an
anti-apoptotic role in ovarian cancer cells [45]. These
studies demonstrate that BIRC3 can be hormonally regu-
lated to promote cell survival. To our knowledge, this is the
first report to demonstrate upregulation of BIRC3 by
liganded PR in endometrial cancer cells.

Studies have demonstrated that BIRC3 promotes resis-
tance of cancer cells to apoptosis [27, 46, 47]. Thus far, its
role in endometrial cancer has not been studied. Knock-
down of BIRC3 decreased cell viability in this study, albeit
modestly. It is possible that the effect of BIRC3 silencing
was masked by the compensatory activities of the other
IAPs. The robust increase in apoptosis observed with the
Smac mimetic supports this. It is likely that the inhibition of
all three IAPs with the Smac mimetic contributed to the
increase in apoptosis observed with API-59 and R5020.
The Smac mimetic mimics the action of naturally occurring
inhibitors to the IAP family of proteins. Upon activation of
apoptosis, Smac is released from the mitochondria into the
cytosol [48]. Smac can bind to the BIR1 or BIR2 domains
of IAP proteins to inhibit their anti-apoptotic function and
can also cause autoubiquitination of IAPs, thus affecting
their function [48]. Most Smac mimetics are still in the
preclinical phase of investigation; however, several phase I
trials have demonstrated a cytotoxic effect in prostate,
pancreatic, colorectal, and breast cancers [48–53]. Smac
mimetics can enhance the activity of chemotherapeutics or
radiation in cancer cells.

The role of PRA and PRB in endometrial adenocarcino-
ma remains unclear. This is likely due to multiple factors
that are both technical and biological in nature. PRA and
PRB expression are usually associated with lower-grade
tumors [14]. As tumors become more aggressive, PR
expression usually declines. Furthermore, lower-grade
tumors tend to respond better to progestin treatment in the
clinic, compared to higher-grade tumors, and this has been
thought to be due to the expression of PRA and PRB [5]. In
our study, we used the Ishikawa cell lines that arise from a
well-differentiated tumor, and we have overexpressed PRA
and PRB. These cells also carry a PTEN mutation and
exhibit high levels of p(Ser473)-AKT. When AKT is
inhibited, we see less apoptosis in the PRB cells compared
to PRA cells suggesting that PRB promotes the expression
of more pro-survival or anti-apoptotic genes compared o
PRA genes. This would support observations made by
Fujimoto et al. [11] where PRB is predominant in advanced
endometrial tumors, as well as the study by Jongen et al.
[14] that the ratio of PRA/PRB, if less than 1, was
associated with a shorter disease-free survival and a shorter
overall survival. From another perspective, we are currently
working on a hypothesis that overactive AKT influences
PR function due to posttranslational modifications of PR.
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Previous studies thus far have only correlated PRA and
PRB expression with aggressiveness or grade of endome-
trial carcinoma. It is plausible that PR function is modified
in the context of overactive AKT leading to an altered
progesterone response. In addition, the dramatic increase in
PRA and PRB protein in response to API-59 was
unexpected. From this observation, it can be speculated
that overactive AKT pathway promotes protein degradation
even in the presence of ligand for PRA. Furthermore,
although PR levels increased, it is unclear whether PR
transcriptional activity increased as well. We are currently
investigating the role of AKT in phosphorylation and
ubiquitination of PR to influence protein stability and
transcriptional function.

In summary, it has been shown here that BIRC3 is
induced by progestins through PRB and contributes to the
survival of endometrial cancer cells against apoptosis
mediated by inhibition of AKT. It is tempting to speculate
that the induction of BIRC3 by progestins plays a role in
the resistance to progestin therapy observed in some
women with endometrial carcinoma. In such instances,
inhibition of IAPs using Smac mimetics may prove to be
beneficial in combination with hormonal therapy.
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