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Abstract Although progestin has been used to treat endome-
trial hyperplasia and endometrial carcinoma (EC), its thera-
peutic efficacy is limited. In order to improve this, the
underlining mechanisms of the effects of progestin need to
be elucidated inmore detail. In the present study, we examined
the involvement of mitogen-inducible gene-6 (MIG6), a neg-
ative regulator of the EGF receptor, in the progestin-mediated
growth suppression of endometrial epithelia. The immunohis-
tochemical expression of MIG6 was elevated in the early to
mid-secretory phases of normal endometrium and also with
endometrial hyperplasia after medroxyprogesterone acetate
(MPA) therapy. The addition of progesterone (P4) to proges-
terone receptor (PR)-positive EC cells reduced the viability
and inducedMIG6 messenger RNA (mRNA) and protein ex-
pression. The silencing of MIG6 using siRNA eliminated the
P4-mediated reduction of EC cell viability, indicating that
MIG6 is an essent ial downstream component of
PR-mediated growth suppression. In order to enhance
PR-driven signals, we examined the effects of histone
deacetylase (HDAC) inhibitors because histone acetylation
has been shown to increase the expression of PR. The addition
of three HDAC inhibitors (panobinostat, LBH589; trichostatin
A, TSA; suberoylanilide hydroxamic acid, SAHA) decreased
the viability of EC cells and up-regulated the expression of PR
andMIG6, and these effects were the strongest with LBH589.

The addition of LBH589 and MPA synergistically decreased
the viability and increased apoptosis in EC cells. These results
indicate that LBH589 has potential as an enhancer of proges-
tin therapy via the up-regulation of PR and MIG6.

Introduction

Endometrial carcinoma (EC) is the most common gynecolog-
ical malignancy and fourth most common cancer in women
worldwide [1]. The number of EC patients in Japan has mark-
edly increased in recent decades, and there were approximate-
ly 14,800 new cases in 2013 [2]. Although patients younger
than 40 years old account for approximately 5% of all EC
patients, the number of young patients has also increased with
elevation in the total number of EC patients. Changes in life-
style such as older ages at marriage and childbearing decreases
in the number of children delivered, and increases in the intake
of a high-calorie diet, may also contribute to increasing young
EC patients [3]. Accordingly, demands for fertility-sparing
therapy for this malignancy are growing.

Medroxyprogesterone acetate (MPA) has been widely used
to treat atypical endometrial hyperplasia (AEH) and low-grade
EC. The complete response rates of AEH and EC to MPA
therapy were found to be 72–94.1 and 41.7–100%, respective-
ly, whereas recurrence rates were 0–40.0% and 18.2–100%,
respectively. Pregnancy rates among patients with AEH and
EC were 33.3–45.5 and 6.3–58.3%, respectively [4].
Although MPA therapy represents the first-line treatment for
EC in young women, previous findings have indicated insuf-
ficient treatment outcomes. Several drugs have been tested in
an attempt to enhance the therapeutic efficacy of MPA includ-
ing metformin [5, 6], selective estrogen receptor modulators
(i.e., tamoxifen), and gonadotropin-releasing hormone ago-
nists [7]; however, no drug has been reported to achieve
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sufficient therapeutic efficacy [8]. Therefore, the development
of novel drugs to reinforce MPA therapy is needed.

In order to improve the effects of progestin therapy, the
mechanisms underlying the progestin-induced inhibition of
endometrial cell growth required to be elucidated in more
detail. Although the involvement of several molecules respon-
sible for progestin-mediated growth suppression such as p21
[9], p27 [10], and FOXO1 [11] has been reported, the mech-
anisms responsible remain unclear.Mitogen-inducible gene-6
(MIG6) is a cytoplasmic protein and is also known as ERBB
receptor feedback inhibitor 1 (ERRFI1) which functions as a
negative regulator of the epidermal growth factor receptor
(EGFR) family by interfering with its dimerization.
Therefore,MIG6 is a tumor-suppressing gene that is associat-
ed with several kinds of human cancers [12–15]. Recent stud-
ies [16, 17] demonstrated that the uterus-specific conditional
knockout mouse of Mig6 resulted in endometrial hyperplasia
and cancer, suggesting that Mig6 is an essential component in
the progesterone-mediated suppression of endometrial cell
growth. Therefore, further analyses of the expression and
function of MIG6 in normal and neoplastic endometrial cells
in humans may provide insights to the role of progestin as a
tumor suppressor.

Another mechanism underlining MPA resistance is the re-
duced expression of the progesterone receptor (PR) in AEH
and EC. The expression of PR in EC is suppressed by a num-
ber of mechanisms including epigenetic regulation such as
promoter methylation and histone acetylation and
miRNA-mediated down-regulation at the post-transcriptional
level [18]. Histone deacetylase (HDAC) inhibitors have been
reported to recover the expression of PR [19]. HDAC inhibi-
tors are known to be potent anticancer agents because they
accelerate histone acetylation, which modulates the expres-
sion of genes involved in cancer cell growth and survival
pathways [20]. Furthermore, HDAC inhibitors have been
shown to increase the expression of MIG6 in human lung
cancer cell lines [21].

Therefore, we herein examined the expression of MIG6 in
the normal cyclic endometrium and MPA-treated neoplastic
endometrial cells and compared with that of PR in order to
clarify the role of MIG6 in progesterone-induced growth in-
hibition. We also investigated whether HDAC inhibitors exert
synergistic effects with progestin therapy on EC cells by ele-
vating the expression of PR and enhancing the functional in-
volvement of MIG6.

Materials and Methods

Collection of Normal and Neoplastic Endometrial Tissues

Formalin-fixed, paraffin-embedded tissues of EC (44 cases),
AEH (18 cases), and the normal endometrium (23 cases) were

collected from the pathology files of patients who underwent
biopsy or hysterectomy at Shinshu University Hospital. This
study was approved by the ethics committee of the institution,
and written informed consent was provided by each patient
before the collection of tissues.

Agents

MPA and trichostatin A (TSA) were purchased from Wako
Pure Chemical Industries (Osaka, Japan) and eluted with eth-
anol. Suberoylanilide hydroxamic acid (SAHA) (Cayman
Chemical Company, Ann Arbor, MI, USA) and panobinostat
(LBH589) (Selleck Chemicals LLC, Houston, TX) were elut-
ed in dimethyl sulfoxide (DMSO).

Cell Cultures and Reagents

Cultured normal endometrial glandular (NEG) cells were iso-
lated from patients who underwent hysterectomy for benign
diseases (e.g., leiomyoma) as described previously [10]. NEG
cells were cultured in HAM-F12 medium with 15%
charcoal-filtered FCS on collagen type IV-coated dishes.

The EC cell line Ishikawa 3-H-12 (Ishikawa) was directly
gifted by Dr. Nishida (Kasumigaura Medical Center, Ibaraki,
Japan) who established this cell line. This cell line was au-
thenticated using polymorphic short tandem repeat (STR) loci
examined by Takara Bio Inc. (Shiga, Japan). HHUAwas pro-
vided by the RIKEN BioResource Center (Ibaraki, Japan),
HEC108, HEC151, and HEC265 were supplied by the
JCRB Cell Bank (Osaka, Japan), and HEC1A, HEC1B,
ECC1, AN3CA, and KLE were purchased from the ATCC
(Manassas, VA). RIKEN, JCRB, and ATCC use STR analysis
for molecular authentication of cell lines. The passage num-
bers of cell lines used in this study were less than 20. Cells
were maintained in medium supplemented with fetal bovine
serum according to the providers’ instructions. Incubation was
conducted at 37 °C under 5% CO2 in the air.

Immunohistochemistry

Four-micrometer-thick sections of formalin-fixed and
paraffin-embedded tissues were deparaffinized, rehydrated,
and boiled in 0.01 M citrate buffer (pH 6.0) for 20 min in a
microwave oven. They were then treated with 0.3% hydrogen
peroxide for 15 min to block endogenous peroxidase activity
and incubated with the primary antibody at 4 °C overnight. As
the primary antibody, rabbit anti-ERRFI1 (MIG6) antibody
(product number HPA027206, Sigma, St. Louis, MO, USA)
and mouse monoclonal anti-progesterone receptor antibody
(product number MA1-12626, Thermo Fisher Scientific
Anatomical Pathology, Cheshire, WA, UK), which recognizes
PR-A and B, were used. After sections had been washed in
phosphate-buffered saline, they were incubated with Histofine

258 HORM CANC (2017) 8:257–267



MAX-PO (Rabbit/Mouse) (Nichirei, Tokyo, Japan) at room
temperature for 30 min and then stained with diaminobenzi-
dine and 0.15% hydrogen peroxidase. Counterstaining with
hematoxylin was subsequently performed. Staining without
the primary antibody was used as a negative control.
Immunoreactivity for the expression of PR and MIG6 in
NEG, AEH, and EC tissues was evaluated in 100 arbitrarily
selected cells in five high-power fields in each section and
described as the immunoreactive score (IRS). The IRS was
calculated by multiplying the quantity score and staining in-
tensity score as described [22]. The quantity score was rated as
follows: no staining was scored as 0, 1–10% of cells stained
was scored as 1, 11–50% as 2, 51–80% as 3, and 81–100% as
4. Staining intensity was rated on a scale from 0 to 3, with 0
being negative, 1 weak, 2 moderate, and 3 strong.

Real-Time Quantitative Reverse
Transcriptase-Polymerase Chain Reaction

Total RNA from cultured cells was extracted using TRIzol
reagent (Life Technologies, Inc., Rockville, MD, USA), and
its concentration was measured by the NanoDrop-2000 spec-
trophotometer (Thermo Fisher Scientific, Wilmington, DE).
Real-time quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) was performed using a One Step SYBR
Primescript RT-PCR Kit (Perfect Real Time) (Takara) in
LightCycler 480 system II (Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer’s in-
structions. MIG6 and PR messenger RNA (mRNA) expres-
sion were quantitated using β-actin (ACTB) as an internal
control gene. Each experiment for real-time RT-PCR was in-
dependently repeated three times with three replicates. The
primer sequences used were as follows: PR forward
5′-ATGTGGCAGATCCCACAGGAGTTT-3′, PR reverse
5′-ACTGGGTTTGACTTCGTAGCCCTT-3′, MIG6 forward
5′-CTGGAGCAGTCGCAGTGAG-3′, MIG6 reverse
5′-GCCATTCATCGGAGCAGATTTG-3′, ACTB forward
5′-GACAGGATGCAGAAGGAGATTACT-3′, and ACTB re-
verse 5′-TGATCCACATCTGCTGGAAGGT-3′.

Western Blotting

Proteins from cultured cells were lysed in a RIPA lysis buffer
(Millipore Corporation, Billerica, MA) containing the prote-
ase inhibitor cocktail Complete Mini (Roche Diagnostics
GmbH, Mannheim, Germany). Lysates were centrifuged
15,000×g for 5 min and then collected supernatant and mea-
sured protein concentration. Ten micrograms of protein of
each sample was electrophoresed on NuPAGE Bis-Tris Gels
in NuPAGE MES SDS Running Buffer and transferred to
PVDF blotting membranes (Thermo Fisher Scientific,
Wilmington, DE). Membranes were blotted with the follow-
ing primary antibodies: a rabbit polyclonal anti-MIG6

antibody (Cell Signaling Technology, Beverly, MA, USA),
rabbit polyclonal anti-PR A/B antibody (clone C89F7, Cell
Signaling Technology, Beverly, MA, USA), and mouse
monoclonal anti-ACTB antibody (clone AC-15, Sigma, St.
Louis, MO, USA), at 4 °C overnight and then with a ECL
anti-mouse/rabbit IgG, horseradish peroxidase-linked
species-specific whole antibody (Amersham, Piscataway,
NJ) at room temperature for 1 h. Bound antibodies were then
visualized using the ECL Western blot detection reagent
(Amersham, Piscataway, NJ).

WST-1 Assay

Cell viability was evaluated using WST-1 reagent (Roche
Diagnostics GmbH, Mannheim, Germany) according to the
manufacturer’s instructions. On the first day, 5 × 103 cells/
well were plated onto 96-well plates. After being incubated
for 24 h, the mediumwas renewed, and HDAC inhibitors and/
or MPAwere added. After 72 h, the medium was changed to
10% WST-1 reagent in phenol red-free Dulbecco’s modified
Eagle’s medium (Sigma, St. Louis, MO). After 1.5 h, A450
wavelength light was measured using a Synergy HT
Microplate Reader (Bio-Tek Instruments, Winooski, VT,
USA). Each result was obtained from three independent ex-
periments with eight replicates. The synergistic effects of
MPA and HDAC inhibitors were evaluated by coefficient of
drug interaction (CDI) methods; CDI value was calculated
with the equation CDI = AB / (A × B) (AB, relative cell
viability of the combination; A or B, relative cell viability of
the single-agent groups). CDI values were interpreted as fol-
lows: CDI < 1 indicates a synergistic effect, CDI = 1 indicates
an additive effect and CDI > 1 indicates an antagonistic effect.

Transfection

A pSG5-PR-B transient expression vector and the empty vec-
tor pSG5, a kind gift from Dr. Kato K at Kyushu University
with the permission from Dr. Chambon P at Pasteur
University, were transfected into Ishikawa cells to establish
PR-overexpressing Ishikawa cells. In order to obtain
MIG6-overexpressing cells, a human ERRFI1 cDNA clone
(pCMV6-ERRFI1) and the empty vector pCMV6 were
transfected into Ishikawa cells, HEC1B cells, and AN3CA
cells. The knockdown ofMIG6was performed by transfecting
ERRFI1 (MIG6) Trilencer-27 Human siRNA (three types;
MIG6 silencing (si-MIG6) (A)–(C)) and scrambled negative
control siRNA (SR30004) (Origene Technologies, Rockville,
MD, USA) into Ishikawa and HEC1B cells expressing high
levels of MIG6. The knockdown of PR was performed by
transfecting PR Trilencer-27 Human siRNA (three types;
siPR (A)–(C)) (Origene Technologies) into Ishikawa,
HEC1B, and AN3CA cells. All transfections were conducted
by Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following
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manufacturer’s instructions. The medium was changed 12–
24 h after transfection, and cells were used in each experiment.

Annexin V-PI Staining

HEC1B cells were cultured on chamber slides and treated with
10 nM of LBH589 and/or 100 nM of MPA. After being incu-
bated for 48 h, cells were stained with Annexin V and
propidium iodide (PI) according to the manufacturer’s proto-
col (Annexin-V-FLUOS Staining Kit, Roche Diagnostics
GmbH, Mannheim, Germany). Apoptotic cells were counted
as a combination of Annexin V+/PI− (early apoptotic) and
Annexin V+/PI+ (late apoptotic/necrotic) cells. The experi-
ment was repeated three times, and results were shown as
mean percentages ± SD of Annexin V+ cells.

PI Staining

HEC1B cells were treated with 10 nM of LBH589 and/or
100 nM ofMPA for 48 h. DNA contents were measured using
PI staining and a flow cytometry analysis using
FACSCANTO II (Becton Dickinson, San Jose, CA, USA).

Statistical Analysis

Statistical analyses were conducted using the Student’s t test,
paired t test, and Mann-Whitney test for comparisons of two
groups. Differences were considered significant at P < 0.05.
These analyses were performed using SPSS version 14 (SPSS
Inc., Chicago, IL, USA).

Results

The Expression of MIG6 Was Increased by Progestins
in Normal and Neoplastic Endometria

Immunostaining for MIG6, which was stained in the cyto-
plasm, indicated that the expression of MIG6 in NEG cells
was weak in the proliferative phase (2 ± 1.58, median
IRS ± SD) and became stronger in the early secretory phase
(5 ± 3.79, P = 0.006). This difference of MIG6 expression
may be associated with the endogenous progesterone (P4)
level which is much higher in the secretory phase than in the
proliferative phase. In association with the weaker expression
of PR in the mid to late secretory phases, that of MIG6 also
decreased (Fig. 1a–c). The expression of MIG6 mRNA was
increased 3.09-folds at 24 h and 1.83-folds at 48 h after the
addition of 100 nM of MPA (Fig. 1d).

The expression of MIG6 in AEH treated with oral
MPA (600 mg daily, n = 18) was then examined. The
IRS for MIG6 before the treatment was 3 ± 1.79
(median ± SD), and it increased during MPA therapy

to 4 ± 1.38. In 10 tissues collected from recurrent cases,
only the weak expression of MIG6 was observed
(Fig. 1e) (1 ± 1.00).

In order to evaluate the effects of MPA on low-grade
endometrioid adenocarcinoma, 100 nM of MPA was added
to Ishikawa cells. The expression of MIG6 mRNA in
wild-type Ishikawa cells was not significantly affected by
the addition of MPA. After the transfection of PR cDNA into
Ishikawa cells, the expression of MIG6 was enhanced
2.14-folds by the treatment withMPA, suggesting the involve-
ment of PR in the induction of MIG6 (Fig. 1f).

The Expression of MIG6 in EC Tissues and Cell Lines

The expression of MIG6 in EC tissues was evaluated
using immunohistochemistry, and the results obtained
indicated that the IRS in grade 2 and 3 (2 ± 0.93, 1–
3; median ± SD, 25–75 percentile) endometrioid adeno-
carcinoma were significantly lower than that in grade 1
(3 ± 2.5, 2–6, P = 0.001) (Fig. 2a–c). Although there
are some exceptions (such as ECC1), real-time RT-PCR
revealed that MIG6 mRNA levels were lower in cell
lines derived from high-grade endometrioid adenocarci-
noma (ECC1, HEC1A, HEC1B, HEC151, HEC108,
KLE, and AN3CA) than in NEG cells or low-grade
endometrioid adenocarcinoma cell lines (HHUA,
Ishikawa, and HEC265). The PR mRNA levels were
also lower in high-grade cell lines. The addition of
100 nM of MPA increased MIG6 mRNA expression
levels (2.44-folds in NEG no. 1 and 2.26-folds in
NEG no. 2) in NEG cells, whereas no or minimal ef-
fects were observed in EC cell lines (Fig. 2d).

Involvement of MIG6 in the MPA-Mediated Reduction
of EC Cell Viability

MIG6 mRNA expression in Ishikawa and HEC1B cells was
knocked down by siRNA (Suppl. Fig. 1a–d). si-MIG6 in-
creased cell viability compared with scrambled siRNA in
Ishikawa (1.38–1.50-folds, Fig. 3a) and HEC1B (1.06–
1.19-folds, Fig. 3b). The effect of MIG6-silencing in
HEC1B is modest and not convincing (Fig. 3b), suggesting
that the relation between MIG6 expression and cell viability/
growth is weaker in HEC1B than that in Ishikawa. Otherwise,
the basic expression level of MIG6 in HEC1Bmay be too low
to suppress the cell viability/growth. MIG6 cDNA was
transfected into Ishikawa, HEC1B, and AN3CA cells
(Suppl. Fig. 1e–g), and the forced expression of MIG6 atten-
uated cell viability compared with mock (0.66-folds in
Ishikawa, 0.79-folds in HEC1B and 0.75-folds in AN3CA)
(Fig. 3c–e). The viability of PR-overexpressing Ishikawa cells
was also decreased by the addition of 100 nM of MPA,
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whereas the knockdown of MIG6 suppressed this effect
(Fig. 3f, 10.9 ± 2.3 and 2.9 ± 2.6%, respectively).

LBH589 Enhanced MPA Effects by Increasing
the Expression of PR and MIG6

Three HDAC inhibitors, TSA, SAHA, and LBH589,
exerted cytotoxic effects to varying degrees (Suppl.
Fig. 2a–f and Fig. 4a–c). Among the three drugs tested,
LBH589 had the strongest effects on the survival of
cells. LBH589 also dose-dependently enhanced the ex-
pression of PR in Ishikawa, HEC1B, and AN3CA cells
(Fig. 4d–f), whereas TSA and SAHA failed to enhance
the expression of PR in AN3CA cells (Suppl. Fig. 3).
Enhanced expression of PR protein in Ishikawa cells by
LBH589 was also confirmed by western blotting (Suppl.
Fig. 4).

In order to establish whether the LBH589-induced ex-
pression of PR affects that of MIG6 expression, 10 nM of
LBH589 and/or 100 nM of MPA were added to EC cell
lines. While the single use of MPA failed to induce the

expression of MIG6, MPA in combination with LBH589
markedly up-regulated the expression of MIG6 (4.38-folds
in Ishikawa, 60.7-folds in HEC1B, and 49.9-folds in
AN3CA). The single use of LBH589 also enhanced the
expression of MIG6 (2.08-folds in Ishikawa, 41.9-folds in
HEC1B, and 42.1-folds in AN3CA) (Fig. 4g–i). This syner-
gistic effect of MPA on up-regulation of MIG6 mRNA was
canceled by PR-silencing using PR-siRNA (siPR (A)–(C))
(Suppl. Fig. 5). In addition, since MPA is clinically used but
known to have androgen effect, purer progestins such as P4
and promegestone were used to further clarify the progestin
effect on the MIG6 expression. These progestins significant-
ly enhanced the expression of MIG6 in LBH589-treated EC
cell lines compared with the cells treated without progestins
(P < 0.05) (Suppl. Fig. 6). These results suggest that
LBH589 increases the sensitivity of EC cells to MPA and
other progestins. TSA and SAHA exerted similar effects in
combination with MPA (Suppl. Fig. 7). The effect of 10 nM
of LBH589 and/or 100 nM of MPA on cell viability was
then assessed using the WST-1 assay. The results indicated
that LBH589 and MPA synergistically decreased cell

Fig. 1 a, b Immunohistochemical expression of MIG6 in the normal
endometrium in the proliferative phase (a) and secretory phase (b).
Positive staining was observed in the secretory phase. c Graphical
demonstration of the expression of the progesterone receptor (PR) and
MIG6 in the proliferative phase, early, mid, and late secretory phases.
Data are presented in the box plot as the median and 25–75 percentile
of the IRS. MIG6 expression was stronger in the early to mid-secretory
phases when PR was positive. d Relative expression ofMIG6 mRNA in
cultured normal endometrial glandular (NEG) cells after the addition of
MPA at 100 nM. Data are presented as the mean ± SD of three
independent experiments. e The immunohistochemical expression of

MIG6 in atypical endometrial hyperplasia (AEH), in AEH after the
MPA treatment, and in recurrent tumors after the MPA treatment. The
box plot indicates median and 25–75 percentile. f The expression of
MIG6 mRNA, MIG6, and PR protein in Ishikawa cells transfected with
PR (PR overexpression) or empty vector (mock) with or without
MPA. The cells were harvested at 24 h after addition of MPA or vehicle.
*P < 0.01, IRS immunoreactive score, which was calculated by
multiplying the quantity score (no staining as 0, 1–10% as 1, 11–50%
as 2, 51–80% as 3, and 81–100% as 4) and staining intensity score
(negative as 0, weak as 1, moderate as 2, and strong as 3)
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viability in the three cell lines tested (respective fold changes
by LBH589 single and LBH589/MPA combination as 0.68
and 0.23-folds in Ishikawa, 0.75 and 0.29-folds in HEC1B,

and 0.68 and 0.55-folds in AN3CA) (Fig. 4j–l) because CDI
values were less than 1 (Ishikawa = 0.34, HEC1B = 0.42,
AN3CA = 0.77).

Fig. 2 a–cResults of immunostaining for MIG6 in grade 1 (a) and grade
3 (b) endometrial carcinomas and its graphical demonstration (the box
plot indicatingmedian and 25–75 percentile) (c). The expression ofMIG6
decreased in poorly differentiated tumors. d, e The results of real-time
PCR indicating the expression of MIG6 (d) and PR (e) mRNA in two

NEG cells (NEG no.1 and 2) and various endometrial carcinoma cell lines
before and at 24 h after the addition ofMPA. The expression ofMIG6was
increased by MPA in NEG and HHUA cells but was absent in other cell
lines. *P < 0.01, IRS immunoreactive score
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LBH589 and MPA Synergistically Induced Apoptosis
in HEC1B Cells via the MIG6 Signaling Pathway

The effects of LBH589 and MPA on apoptosis were
then examined using Annexin V-PI staining. Although
MPA alone failed to induce apoptosis, the single use of
LBH589 increased 34.3-folds of early and late phase
apoptosis/necrosis. In addition, the combination of
LBH589 and MPA synergistically increased 68.7-folds
of apoptosis/necrosis (Fig. 5a, b). Apoptosis was also
evaluated by PI staining followed by flow cytometry.
The sub-G1 population was increased 1.82-folds by the
single use of LBH589 and 2.80-folds by the combined
use of LBH589 and MPA exerted synergistic effects
(Fig. 5c and Suppl. Fig. 8).

The role of MIG6 in LBH589-induced apoptosis was
then investigated using siRNA. MIG6 silencing resulted
in reduced the fold change of sub-G1 counts (Fig. 5d)
(1.68 ± 0.1 and 1.5 ± 0.1, mean fold change ± SD,
respectively, p = 0.01). The effects of LBH589 on the
reduction of cell viability were attenuated by the knock-
down of MIG6 (Fig. 5e) (46.5 ± 3.1% in scrambled and
23.9 ± 2.9% in si-MIG6, mean ± SD, P < 0.001). These
results suggest that MIG6 mediates the effects of
LBH589 and indicates that MIG6 plays an important
role in the PR-induced suppression of neoplastic EG
cells.

Discussion

MIG6 directly binds to the kinase domain of EGFR and
suppresses EGFR-related signals leading to cell prolifera-
tion and motility. MIG6 has also been shown to alleviate
excessive EGF-driven signals and function as an inducible
feedback inhibitor [15, 23, 24]. Our present study revealed
that MIG6 expression was regulated by progestin and PR.
However, MIG6 have never reported as the factor directly
transcribed by PR, suggesting that MIG6 is the down-
stream factor of PR and the expression of MIG6 might
be regulated by other PR-responsive genes. In the present
study, the forced expression of MIG6 reduced, while the
silencing of MIG6 accelerated EC cell viability, indicating
that MIG6 also acts as a tumor suppressor in this malig-
nancy. Recent studies reported anti-oncogenic roles for
MIG6 in tumors in the breast [13] and brain [15]. Jeong
et al. demonstrated that the expression of MIG6 in EC
was P4-dependent, and conditional knockout mice lacking
MIG6 in the uterus (PRcre/+Mig6f/f) had greater uterine
weights and endometrial hyperplasia [16]. The same group
reported that MIG6 is a critical tumor suppressor that
mediates the function of P4 to prevent the development
of EC using another type of conditional MIG6 knockout
mouse (Wnt7acre/+Mig6f/f) [17]. These findings suggest that
MIG6 is a pivotal molecule in the progestin-mediated
growth suppression of endometrial epithelia.

Fig. 3 a–e Effects ofMIG6 silencing on cell viability in Ishikawa (a) and
HEC1B (b) cells and those of MIG6 overexpression in Ishikawa (c),
HEC1B (d), and AN3CA (e) cells. The WST-1 assay showed that the
knockdown of MIG6 increased and with its transfection decreased the
viability of these cells. f Effects of MIG6 silencing on MPA responses.
MIG6 silencing decreased the MPA-induced reduction of PR-transfected

Ishikawa cell viability. The WST-1 assay was performed after 72 h of
incubation. P or Parent parent cells without transfection, si-MIG6 MIG6
siRNA-transfected cells, Sc scrambled negative control siRNA
transfected cells, mock empty vector-transfected cells, MIG6 MIG6
cDNA-transfected cells. Asterisk: significant difference (P < 0.01)
compared with Sc or mock
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The present immunohistochemical study on the normal en-
dometrium demonstrated that the expression of MIG6 in

endometrial epithelium was closely correlated with that of
PR; the expression of MIG6 was stronger in NEG cells in
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the secretory phase than in the proliferative phase.
Furthermore, the expression of MIG6 was weaker in the late
secretory phase, as was that of PR. These results are consistent
with the progesterone-dependent nature of MIG6 expression.
A previous study reported that the expression of MIG6 in
glandular cells was increased in the early secretory phase,
which is in agreement with our results [16]. The immunostain-
ing of EC tissues showed that MIG6 protein expression was
reduced in less differentiated carcinomas. This result may be

attributed to the expression of PR being stronger in
well-differentiated EC, which generally has a favorable prog-
nosis [25]. These findings indicate that progestin-induced,
MIG6-related growth suppression is a feature of
well-differentiated EC tissues.

The results of the present study indicate that MIG6 is a
pivotal molecule in the progestin-induced suppression of en-
dometrial epithelial cell growth. We demonstrated that extrin-
sic progestin induced the expression of MIG6 in patients with
endometrial hyperplasia. This result is reversely supported by
the reduced expression of MIG6 in progestin-resistant recur-
rent cases. We also found that MIG6 mRNA and protein ex-
pression in Ishikawa cell with forced expression of PR was
increased by the addition of MPA, whereas viability was de-
creased and apoptosis was induced. Xu et al. reported that the
forced expression of MIG6 in Ishikawa cells enhanced
P4-induced apoptosis, growth suppression, and the suppres-
sion of migration by 39.4, 37.9, and 48.9%, respectively [26].
Our results demonstrated that the knockdown of MIG6 elim-
inated the antiproliferative effects of MPA in PR-positive
Ishikawa cells. This study is the first to show the direct con-
tribution of MIG6 to progestin-related growth suppression.

Several progestin-induced tumor suppressors have been
identified in endometrial epithelia. We previously reported

Fig. 5 a, b Effects of MPA and LBH589 on the survival of HEC1B cells
(a) and its graphical demonstration (b). Fluorescent staining was
performed at 48 h after the addition of LBH589 and/or MPA. Middle
panel: Annexin V (green). Lower panel: PI (red). MPA with LBH589
increased the number of apoptotic cells. c Effects of MPA and LBH589
on the cell cycle. MPA with LBH589 increased the sub-G1 population.
Flow cytometry was performed at 48 h after the addition of LBH589 and/
or MPA. d, e Effects ofMIG6 silencing on the LBH589-induced sub-G1

population (d) and viability reduction (e). The numerical values were
acquired by comparing with NT. MIG6 silencing eliminated the
LBH589-mediated sub-G1 population and viability reduction. NT no
treatment, Combination treated with LBH589 and MPA, si-MIG6 (A)
MIG6 siRNA (A) transfected cells, Sc scrambled negative control
siRNA transfected cells. Asterisk: significant difference (P < 0.05)
compared with NT or Sc. Dagger: significant difference (P < 0.05)
compared with LBH589

�Fig. 4 a–c Relative reduction of Ishikawa (a), HEC1B (b), and AN3CA
(c) cell viability by theWST-1 assay at 72 h after the treatment with 1 nM
to 1 μM of LBH589. LBH589 reduced the viability of these cells. Data
were shown as a ratio to the no treatment (NT). d–fRelative expression of
PRmRNA at 24 h after the treatment with 10 nM of LBH589. Data were
shown as a ratio to the no treatment (NT). LBH589 increased the
expression of PR. g–i Relative expression of MIG6 mRNA by the
treatment of MPA (100 nM, for 24 h), LBH589 (10 nM, for 48 h) or
their combination. Data were shown as a ratio to the no treatment (NT).
LBH589 increased the expression ofMIG6mRNA. j–lCell viability after
the treatment with 10 nM of LBH589 and/or 100 nM ofMPA in the same
cells. Data were shown as a ratio to the no treatment (NT). The addition of
LBH589 to MPA decreased viability. NT no treatment, DMSO treated
with DMSO (the solvent of LBH589), Combination treated with
LBH589 and MPA. Asterisk: significant difference (P < 0.05) compared
with NT. Dagger: significant difference (P < 0.05) compared with
LBH589
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the progestin-induced expression of p27, a tumor suppressor
of cyclin-cdk complexes, in EC cells [10]. p27 knockout mice
exhibited multiorgan hyperplasia, and abnormal ovarian func-
tion, whereas uterus and the endometrium were morphologi-
cally normal [27]. Kyo et al. reported the progestin-mediated
up-regulation of the forkhead transcription factor FOXO1,
which is known to be involved in decidualization, using mi-
croarrays [11]. They suggested that FOXO1 is a direct target
of progestin because progestin markedly induced FOXO1
gene expression and the siRNA inhibition of FOXO1 signifi-
cantly attenuated the ability of progestin to inhibit endometrial
epithelial cell growth; however, the role of FOXO1 in uterine
tumorigenesis is still elusive. Collectively, MIG6 appears to
be the critical downstream component as shown by knockout
mouse models [16, 17].

Although the P4-PR-MIG6 axis is considered to be essen-
tial in the growth suppression of normal and neoplastic endo-
metrial epithelia, the expression of MIG6 is weak in histolog-
ically high-grade tumors, with approximately 30% of endo-
metrial hyperplasia and low-grade EC are refractory to MPA
[28]. Thus, elevations in the expression of MIG6 appear to be
necessary for obtaining better treatment responses. One of
these approaches is to increase the expression of PR. In the
present study, the effects of three HDACs (TSA, SAHA, and
LBH589) on PR expression were examined, and we revealed
that LBH 589 was the strongest inducer of PR expression in a
dose-dependent manner, which is consistent with previous
findings [29]. Regarding the mechanisms underlying the
HDAC inhibitor-mediated recovery of PR, Yang et al. report-
ed that the histone in the promoter region of the PR gene was
acetylated byHDAC inhibitors, resulting in the dissociation of
the SUZ12 polycomb repressive complex 2 subunit, which
suppresses the transcription of PR from the promoter [29].
This study also indicated that these HDAC inhibitors exerted
cytotoxicity and antiproliferative effects against EC cells. We
previously reported that the HDAC inhibitors TSA, apicidin,
and SAHA suppressed the proliferation of a number of EC
cells and ovarian carcinoma cells [30, 31], and the mecha-
nisms responsible were the induction of cell cycle arrest to
G1/S or G2/M via the up-regulation of CDKN1A, p27, and
p15 and down-regulation of cyclin D and A [32].

Moreover, 10 nM of LBH589 increased the expression of
MIG6. Al though the mechanism under ly ing the
LBH589-induced up-regulation of MIG6 currently remains
unknown, Zhang et al. reported that the addition of TSA did
not alter the histone acetylation of the MIG6 promoter region
in the lung cancer cell line A427, the expression of MIG6 in
which was induced by TSA [21]. The same group revealed
that a 50-bp region in exon 1 of the MIG6 gene was a
TSA-response element using a luciferase assay containing re-
porters of various sizes.

The results of the present study indicate that the silencing
of MIG6 reduced apoptosis in HEC1B cells, which was

caused by the concurrent use of MPA and LBH589. This
result clearly suggests that LBH589 synergistically decreases
the viability of and accelerates apoptosis in EC cells with
MPA via the up-regulation of PR and MIG6. Therefore, acti-
vation of the MIG6 pathway appears to be promising as a
therapeutic strategy for EC. LBH589 recovered the expression
of PR and increased that of MIG6, and this study is the first to
reveal the potential of LBH589 as an enhancer of MPA in EC
cells. Further research is needed in order to elucidate the ef-
fects and safety of the combined use of LBH589 and MPA in
animal models.
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