INTERNATIONAL JOURNAL OF ONCOLOGY 50: 942-952, 2017

LSD1 sustains estrogen-driven endometrial carcinoma
cell proliferation through the PI3K/AKT pathway
via di-demethylating H3K9 of cyclin D1
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Abstract. A recent study reported that histone lysine specific
demethylase 1 (LSD1, KDMI1A) is overexpressed in endo-
metrioid endometrial carcinoma (EEC) and associated with
tumor progression as well as poor prognosis. However, the
physiological function and mechanism of LSDI in endome-
trial cancer (EC) remains largely unknown. In this study, we
demonstrate that (3-estradiol (E2) treatment increased LSD1
expression via the GPR30/PI3K/AKT pathway in endometrial
cancer cells. Both siGPR30 and the PI3K inhibitor LY294002
block this effect. RNAi-mediated silencing of LSDI1 abolished
estrogen-driven endometrial cancer cell (ECC) proliferation,
and induced G1 cell arrest and apoptosis. Mechanistically, we
find that LSDI silencing results in PI3K/AKT signal inactiva-
tion, but without the elevation of PTEN expression as expected.
This is because the inhibition of LSDI induces dimethylation
of lysine 9 on histone H3 (H3K9m?2) accumulation at the
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promoter region of cyclin DI1. Interfering with cyclin D1
leads to PI3K/AKT signal suppression. Re-overexpression
of cyclin DI in LSDI1-knockdown ECCs reverses the LSDI1
inhibitory action. Our finding connects estrogen signaling with
epigenetic regulation in EEC and provides novel experimental
support for LSDI as a potential target for endometrial cancer
therapeutics.

Introduction

Endometrial cancer (EC) is the most commonly diagnosed
gynecological cancer. The National Cancer Institute estimates
~60,050 new cancer cases and 10,470 deaths in the United
States in 2016 (1). Endometrial cancer consists of two types:
estrogen dependent (type I) and non-estrogen dependent
(type 1) (2); type I accounts for >70-80% of all endometrial
cancer types (3,4). In recent years, estrogen has been consid-
ered to be the classic etiologic factor for type I endometrial
cancer tumorigenesis, which is directly related to PTEN loss
or mutation, PI3K/AKT, MAPK/ERK and Wnt/B-catenin
pathway activation (3,5-8). Although many studies have been
conducted, the modulation mechanisms of estrogen-driven
endometrioid endometrial carcinoma remain poorly under-
stood.

Histone lysine methylation is a crucial regulator of
transcription, and its dysregulation is associated with onco-
genesis (9-11). As the first demethylase detected by Shi and
coworkers in 2004 (11), histone lysine specific demethylase 1
(LSD1, KDM1A) is an amine oxidase that functions as a
histone demethylase that specifically mono- or di-demeth-
ylates histone 3 lysine 4 (H3K4) or lysine 9 (H3K9) and a
transcriptional co-repressor included in the REST/Co-Rest
complex (12,13). LSD1 expression is elevated in many
human malignancies, such as breast cancer (14), prostate
cancer (15), pancreatic cancer (16), ovarian cancer (17), small
cell lung carcinoma (18) and leukemia (19). Theisen ef al (20)
demonstrated that the LSD1 inhibitor HCI2509 inhibited
the proliferation of type II endometrial carcinoma cell lines
by disturbing cell cycle progression and inducing apoptotic
cell death. Recently, Liu et al (21) reported that LSD1 was
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overexpressed in endometrioid endometrial adenocarcinoma
(EEA) and is related to overall survival (OS) and disease-free
survival (DFS) of EEA patients. However, the underlying
biological function and molecular mechanism of LSDI1 in
EEA remains largely unknown.

Increasing evidence suggested that LSDI1 play a major
role in hormone-dependent gene expression and prolifera-
tion processes of cell growth and is related to transcriptional
regulation of estrogen- or androgen-responsive genes (22,23).
Estrogen stimulation increases LSDI level in the EREs of
pS2 and PR genes in breast cancer (24). It had been demon-
stated that LSD1 can be recruited by nuclear receptor TLX
to the promoter of PTEN to downregulate it (25,26), which
is a negative regulator of the PI3K/AKT pathway (27).
Inactivating PI3K/AKT signaling could block EGF-induced
expression of LSDI1 in ovarian cancer (28). These findings
imply that LSDI may be involved in PI3K/AKT signaling
and might play a critical role in EEC occurrence and develop-
ment. As expected, this study found remarkable upregulation
of LSD1 after E2 treatment in endometrial cancer. In addi-
tion, we found that LSDI1/cyclin D1/PI3K/AKT established
a feedback loop in the regulation of the proliferation of
endometrial cancer Ishikawa and HEC-1-A cells. Our find-
ings provide a novel insight into the mechanism of LSDI in
carcinogenesis.

Materials and methods

Ethics statement. Our study was permitted by the Ethics
Committee of both Shanghai General Hospital (Shanghai,
China) and Shanghai Jiao Tong University School of
Medicine, and written consent was obtained from all partici-
pants.

Cell lines and cell culture. Endometrial cancer cell lines
Ishikawa, RL-95-2, HEC-1-A, and HEC-1-B were maintained
in our laboratory and were initially obtained from the ATCC.
Cells were cultured in 1:1 DMEM/F12 (Gibco, Auckland,
New Zealand) with 5% penicillin-streptomycin and 10% fetal
bovine serum (Gibco, Gaithersburg, MD, USA).

Gene silence and plasmid transfection. Ishikawa and HEC-1-A
cells were seeded in a 6-well plate. The LSDI, cyclin D1 and
GPR30 small interfering RNAs (siRNA) were designed and
synthesized by RiboBio Inc. (RiboBio, Guangzhou, China) to
knock down the LSDI, cyclin D1, GPR30 genes at a 50 nM
concentration, respectively. The sequences are as follows:
siLSD1: 5'-CCACGAGUCAAACCUUUAUTT-3' (F), 5-AUA
AAGGUUUGACUCGUGGTT-3' (R); siGPR30: 5-GCUGU
ACAUUGAGCAGAAATT-3' (F), 5-UUUCUGCUCAAUG
UACAGCTT-3' (R); sicyclin D1: 5-UGGAAUAGCUUCUG
GAAUUdTAT-3' (F), 5'-dTdAACCUUAUCGAAGACCU
UAA-3' (R); siCtrl served as a transfection control: 5'-UUC
UCCGAACGUGUCACGUTT-3' (F), 5~ACGUGACACGU
UCGGAGAATT-3' (R). The cyclin D1 plasmid was purchased
from the Public Protein/Plasmid Library (Genecopoeia,
Nanjing, China).

Hormone and drug treatments. To investigate the effects of
[-estradiol on LSDI expression, Ishikawa and HEC-1-A cells
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weretreated with differentconcentrations of E2 (Sigma-Aldrich,
St. Louis, MO, USA) for 24 h, followed by western blotting
to determine LSD1 protein changes. Subsequently, cells were
treated with E2 (1 nM) for various times to examine the effect
of time. To further analyze whether the PI3K/AKT pathway
is essential for E2 induced LSD1 accumulation, LY294002
(10 mM, Sigma-Aldrich), a specific inhibitor for PI3K/AKT,
was used to pre-treat cells for 1 h prior to E2 treatment for
48 h, and the changes in relevant protein levels were examined
by western blotting. Cells were transfected with two sequences
of siLSD1 or siControl prior to ethanol or E2 (1 nM) treatment
for another 48 h to investigate their roles in cell proliferation,
cell cycle and cell apoptosis.

Immunoblotting and antibodies. Whole cells were lysed
in lysis buffer on ice. Then, total protein was loaded onto
SDS-PAGE and transferred onto polyvinylidene fluoride
membranes (PVDF). Then, the membranes were blocked
with 5% BSA (Roche, Mannheim, Germany) for 1 h prior
to incubation overnight with primary antibodies at 4°C on
a shaking table. Antibodies against human LSD1, PTEN,
AKT, phosphorylated AKT (Ser473), ERK, phosphorylated
ERK (Thr202/Tyr204), and cleaved caspase-3 (1:1,000
diluted in 5% BSA) were purchased from Cell Signaling
Technology Inc. Antibodies against human cyclin D1, P21,
and histone H3 (1:1,000 diluted in 5% BSA) were purchased
from Abcam Inc. Antibodies against human f-actin and
GAPDH (1:2,000 diluted in 5% BSA) were purchased from
Abzoom Biolabs. Inc. Immunodetection was achieved after
incubation with the secondary antibodies (1:5,000, West
Grove, PA, USA) in BSA for 1 h at room temperature. ECL
chemiluminescent reagents were used to reveal the target
signal on the membranes.

Tissue samples and immunohistochemistry. Tissues samples
were obtained from 48 endometrial cancer patients and
25 patients with normal endometrium who underwent hyster-
ectomy operation at Shanghai General Hospital from 2008
to 2015.THC analyses of LSDI1 protein levels were implemented
as previously described (29). The sections were incubated with
rabbit anti-human LSD1 and cyclin D1 antibody (diluted to
1:500; CST). Expression of LSDI protein was assessed by the
following method: the index of LSDI1 expression was calcu-
lated as the intensity of the staining (0-3) x the percentage of
positively stained cells (0-3). The final histological staining
scores (HSS) were divided into two groups as followed:
low-expression group (HSS <4) and high-expression group
(HSS =4). In 48 endometrial tissues, the expression of LSDI
and the cyclin D1 level were analyzed by Pearson correlation
test.

CCK-8 assay. Cells were plated into 96-well plates (2,000 cells
per well), and incubated for 24 h. CCK-8 solution (Signalway
Antibody Co., Ltd. MD, USA) was added for another 2 h and
then incubated for 12, 24 and 48 h. Then, the absorbance was
measured at 450 nM with a GENios multifunction reader
(Tecan, Zurich, Switzerland).

Clonogenic assays. Cells were seeded in capsules at a
density of 1,000 cells/plate after treatment. After 3 weeks of
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Table 1. Association between clinical characteristics of LSD1
expression in endometrial cancer patients.

LSD1 expression

Parameters N=48 Low (N=15) High (N=33) P-value
(%) (%)

Age 0.809
<50 18 6 (40.0) 12 (36.3)
=50

FIGO stage 30 9 (60.0) 21 (63.6)
Stage I-11 26 12 (80.0) 14 (42.4) 0.015
Stage HI-IV 22 3 (20.0) 19 (57.6)

Grade
G1-G2 31 13 (86.7) 18 (54.5) 0.031
G3 17 2 (13.3) 15(45.5)

Nodal

metastasis
Positive 6 0 (0.0 6(18.2) 0.078
Negative 42 15 (100.0) 27 (81.8)

Invasion
<172 31 10 (66.7) 21 (63.6) 0.839
=1/2 17 5 (33.3) 12 (36.4)

P-values are statistically significant at the level of 0.05.

incubation, colonies of >50 cells were produced, which were
photographed.

Cell apoptosis and cell cycle analysis. Ishikawa and HEC-1-A
cells were cultured, treated with or without 1 nM estradiol and
LSDI siRNA, and harvested at the indicated times. To analyze
cell apoptosis, cells were collected and washed with ice-cold
PBS three times 24 h after transfection. Cells were incubated
with PE Annexin V and propidium iodide (PI) according to
the PE Annexin V Apoptosis Detection Kit I (BD Pharmingen,
CA, USA) protocol and analyzed using a BD FACSCalibur. For
cell cycle analysis, cells were fixed in ice-cold ethanol (75%)
and incubated at 4°C overnight. Then, the cells were stained
with 10 ul of PI (10 mg/ml) in the presence of 10 pug/ml
RNase A and analyzed using a BD Biosciences FACS Aria
flow cytometer.

Chromatin immunoprecipitation. Cells were fixed in formal-
dehyde, lysed, and sonicated to break the chromatin into
~500-bp fragments. A ChIP-grade antibody against H3K9me2
was used to precipitate chromatin fragments from cell extracts.
Isotype-specific IgG was used as a negative control. We used
real-time quantitative PCR to amplify the DNA fragments in
the antibody precipitated DNA and the unprecipitated input
DNA was used to calculate the percentage. The PCR primer
set used for amplification of the precipitated fragments was
F, ACGAAGTTCCTAGTCGAGAT; R, CGCGTGCGCCCTG
GCCCAG.
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Statistical analysis. All values are expressed as the mean +
standard error. The results were analyzed by two-way analysis
of variance or t-test as appropriate with SAS Release 8.02
(SAS Institute Inc., Cary, NC, USA) or GraphPad Prism v5.0
(GraphPad, San Diego, CA, USA). P<0.05 was considered
statistically significant. All experiments were performed in
triplicate.

Results

LSDI is highly expressed in human endometrial cancer
tissues and cell lines. We performed immunohistochemistry
(IHC) in normal endometrium and endometrial cancer tissues.
Compared with normal endometrial tissues, endometrial
carcinoma tissues had more positive IHC staining of LSDI in
the nucleus (Fig. 1A), and IHC scoring confirmed the signifi-
cantly higher LSDI protein expression in carcinoma tissues
(Fig. 1B). LSDI expression was showed a positive result with
the FIGO stage (P=0.015) and tumor grade (P=0.031), but
no relationship was observed between LSDI expression and
the age, nodal metastasis or the depth of tumor myometrial
invasion (Table I). Furthermore, we examined the expression
of LSDI in several human endometrial cancer cell lines, with
protein from primary cultured normal endometrial cells (NE),
and endometrial stromal cells (ESC) as controls (Fig. 1C). The
results suggested that LSD1 expression is high in these human
endometrial cancer cell lines, with the highest levels observed
in Ishikawa cells. We chose Ishikawa and HEC-1-A cells in the
following investigation.

E2 induces LSDI expression through the GPR30/PI3K/AKT
signal pathway. 17p-estradiol (E2) was shown to increase the
protein level of LSDI in a dose-dependent manner, with the
greatest effect at a dose of 1 nM in both Ishikawa and HEC-1-A
cells (Fig. 2A). Moreover, we found that E2 (1 nM) markedly
elevated LSDI1 protein expression in a time-dependent manner
(Fig. 2B). To further investigate the underlying molecular
mechanisms, we treated Ishikawa and HEC-1-A cells with the
membrane-associated estrogen receptor, GPR30 siRNA, and
LY294002, a specific inhibitor for PI3K/AKT pathway for 1 h
prior to E2 (1 nM) treatment for 48 h. E2-induced activation
of LSD1 was attenuated by siGPR30 or LY294002 treatment
(Fig. 2C). These data indicate that E2 enhances LSDI1 expres-
sion through the activation of the GPR30/PI3K/AKT signaling
pathways.

Upregulation of LSDI is required for estrogen-induced ECC
proliferation. Since the observation of significant accumula-
tion of LSDI in endometrial carcinoma, we speculated that
LSDI1 might play a crucial role in estrogen-driven cellular
proliferation. To confirm this hypothesis, we first explored the
biological function of LSDI in endometrial cancer cells, we
knocked down LSDI1 prior to ethanol (EtOH) or E2 (1 nM)
treatment in both Ishikawa and HEC-1-A cells. A CCK-8
assay revealed that cellular proliferation was decreased in
LSDI-depleted cells at 24 and 48 h compared to negative
control (siCtrl) transfected cells. Estrogen addition greatly
promoted cell growth post E2 treatment for 24 h, while the
knockdown of LSDI1 significantly abolished E2-enhanced
proliferation (Fig. 3A). In addition, the attenuation of LSDI
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Figure 1. LSD1 expressions in clinical samples and cell lines. (A) Immunohistochemical staining of LSD1 protein in clinical endometrial tissues. Magnification,
x200. (B) Comparison of LSD1 protein expression between normal endometrium and endometrial cancer tissues. “P<0.01. (C) Immunoblot analysis of LSD1
expression in the immortalized ESC line, primary cultured normal endometrial cells and endometrial cancer cell lines. ““P<0.01, compared with ESC.

caused significant inhibition of cell growth compared to siCtrl
cells as measured by clonogenic assays (Fig. 3B). Because
cell cycle and cell apoptosis are closely associated with cell
growth, we performed cell apoptosis detection and flow
cytometric analysis of the cell cycle. As a result, we found
that siLSD1 treatment led to acute arrest in the GO/G1 phase
(Fig. 3C) and induction of apoptosis (Fig. 3D) under both
EtOH and E2 treatments.

LSDI establishes a feedback loop in PI3K/AKT/cyclin DI
axis by demethylating H3K9me2 at the promoter of
cyclin DI. To further assess the molecular mechanisms
responsible for the growth inhibition function of LSDI in
estrogen-driven endometrial cancer cells, given that PI3K/
AKT and MAPK-ERK signaling pathways are critical in
type I endometrial cancer development and that hyperactiva-
tion of the two pathways contributed to enhanced tumorigenic
proliferation, we examined PI3K/AKT, ERK1/2 using
western blotting in treated Ishikawa and HEC-1-A cells. The
levels of phospho-AKT were notably reduced, as expected,

by LSDI silencing in the EtOH and E2 treated groups, while
phospho-ERK expression had little change (Fig. 4A). This
implied that LSDI could promote ECC proliferation via the
activation of PI3K/AKT signaling but not the MAPK-ERK
pathway. Interestingly, no PTEN upregulation was found
in both Ishikawa cells (PTEN") or HEC-1-A cells (PTEN*)
(30) when LSD1 was knocked down, which suggested LSDI1
affects PI3K/AKT signaling via other pathways rather than
regulating PTEN. We then detected PI3K/AKT downstream
cell cycle and apoptosis related proteins. The attenuation of
LSD1 by siRNA caused downregulation of cyclin D1, but did
not change Bcl-2 (data not shown) compared to siCtrl groups
with EtOH treatment. In contrast, P21 (cyclin-dependent
kinase inhibitor 21) and cleaved caspase-3 were upregulated.
E2 stimulated the expression of phospho-AKT, phospho-
ERK, cyclin DI, Bcl-2, and weakened the expression of P21
and cleaved caspase-3. When LSD1 was silenced, we found
phospho-AKT, cyclin D1 and Bcl-2 were ablated. Moreover,
P21 and cleaved caspase-3 were upregulated (Fig. 4B).
Because there was a dramatic change in cyclin D1 expression



946

A E2
BOH & 10° 100 100 100
e re

Auinl_--_—-lm

£
J

w
L

Rative expression of LSD1
protein (LSD1/Actin)
L]

&8 o » A
s K S S\

E2 (M)

C E2 E2
EtOH sicti siGPR30 LY

E3 Ishikawa
E3 HEC-1-A

EtOH gicin  siGPR30

INTERNATIONAL JOURNAL OF ONCOLOGY 50: 942-952, 2017

E2(1nM) Oh 12h 24h  48h T2h
LSD1|-----|;

N:tinl—---_lr

LSD1|—-__-—|%

O el e l—--ll"- —“-—-..

A — —

| - - w— PR30

. ——— ‘....._ —_—

Ishikawa HEC-1-A
EA EtOH
B3 siCtrl
2.5+ &3 siGPR30
D LY294002
2.04

=
Ly
L

—_
o
'

—
E:

Relative protein expression
(/GAPDH)

-
8 3 B3 Ishikawa
JE T3 HEC-1-A
-
©
::
oa 9’
24
E S—
Se
o3
@2
Z2a
&
A
o5 E2(1nM)
LY
«| LsD1
PAKT
AKT
GAPDH
B3 EtOH
B3 siCtrl
S 5 E3 siGPR30 2
9 @D LY294002
E 2.0
T
o0 159
2%
o Q@ 1.0
ES
@ 05+ g
s
E 0.0+
Q X
N (;Q&Q \4
§

Figure 2. E2 treatment upregulates LSD1 level via activating the GPR30/PI3K/AKT signal. (A) Protein level of LSD1 in Ishikawa and HEC-1-A cells in an
E2 dose-dependent manner. ‘P<0.05, “P<0.01 compared with controls. (B) Protein level of LSDI in an E2 time-dependent manner in Ishikawa and HEC-1-A
cells. "P<0.05, “P<0.01 (C) siGPR30 and PI3K/AKT inhibitor LY294002 addition blocked the E2-induced upregulation of LSDI1. "P<0.05, “P<0.01 compared
with EtOH groups. "P<0.05, #P<0.01 compared with the siControl groups treated with E2.

after treatment with LSD1-specific RNAI, and a recent study
reported that cyclin DI interference inhibits PI3K/AKT level
in colon cancer cells (31), we speculated cyclin D1 may play
a similar role in ECCs. To verify this, we interfered with
cyclin D1 using siRNA, and a western blotting confirmed
that the phosphorylation levels of p-AKT and Bcl-2 were

reduced as expected (Fig. 4C). Cleaved caspase-3 expres-
sion was elevated. When we re-overexpressed cyclin D1 in
Ishikawa and HEC-1-A cells, levels of p-AKT, Bcl-2 and
cleaved caspase-3 were restored. As expected, CCK-8 assays
illustrated that the overexpression of cyclin DI could coun-
teract the LSDI effects on cellular proliferation inhibition in
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Figure 3. LSDI is required for the E2-driven endometrial cancer cell growth. Knockdown of LSDI suppressed tumor growth as assessed by a CCK-8 assay (A)
and a colony-forming assay (B). siLSD1 led to cell cycle G1/S arrest (C) and induced apoptosis in ECCs (D). "P<0.05, “P<0.01 compared with siControl groups.

"P<0.05, "P<0.01 compared with the siControl groups treated with E2.

ECCs while LY294002 addition led to extreme proliferation
inhibition in ECCs (Fig. 4D). An increase in total H3K9me?2
was observed by western blotting when LSD1 was silenced
in E2 treated HEC-1-A cells. We did not detect obvious
H3K4me?2 changes (Fig. 4E). To test whether LSD1 contrib-
utes to the direct increases of cyclin D1 gene expression by
demethylation in EEC, we performed chromatin immunopre-
cipitation (ChIP) analyses, H3K9 dimethylation levels were
markedly increased compared to siControl treated HEC-1-A
cells (Fig. 4F).

LSDI is positively correlated with cyclinDI in EEC tissues.
Furthermore, we confirmed this phenomenon in endometrial
cancer tissues. We detected LSDI and cyclin D1 using THC

staining in EEC tissue specimens (Fig. 5A). Consistently,
correlation analysis showed that the expression of LSD1 was
positively correlated with the level of cyclin D1 (R?*=0.521,
P<0.001, Fig. 5B).

Discussion

Modification of histone is not only associated with the
chromosome remodeling and function, but also important in
determining the cell fate, cell growth, as well as carcinogen-
esis (32). Lysine-specific demethylase 1, the first found histone
demethylase, has been implicated in the process of tumor
progression at various stages. Recently, it has been reported
that LSDI is involved in endometrioid endometrial carcinoma,
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Figure 4. LSDI1 establishes a positive-feedback loop in PI3K/AKT signaling. Western blotting was performed to analyze the expression of AKT, p-AKT,
ERK, p-ERK, PTEN (A) and cyclin D1, P21, Bcl-2 and cleaved caspase-3 (B). "P<0.05, “P<0.01 compared with siControl groups. “P<0.05, “P<0.01 compared
with the siControl groups treated with E2. (C) Plasmid encoding cyclin D1 to LSD1-knockdown cells rescued the inhibitory effects in pAKT expression
and changes of cyclin D1, Bel-2 and cleaved caspase-3. ‘P<0.05, “P<0.01 compared with control groups. (D) CCK-8 assays were conducted to quantify cell
viability for relevant treated Ishikawa and HEC-1-A cells. "P<0.05, “P<0.01 compared with siControl+pCMV-HA groups. "P<0.05, "P<0.01 compared with
the siLSD1+pCMV-HA-cyclin DI groups.
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Figure 4. Continued. (E) Total H3K4me2 and H3K9me?2 levels were assessed by western blotting after knockdown of LSDI1 in E2 treated HEC-1-A cells.
"P<0.01 compared with control groups. (F) ChIP analysis using an H3K9me2 antibody showed that the knockdown of LSDI induced accumulation of
H3K9me?2 at the promoter region of the cyclin D1. IgG is used as a negative control. “P<0.01 compared with control groups.
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expression level of LSD1 and cyclin D1 at the same location in endometrial cancer tissues. (a) and (d) were from case 1, (b) and (e) from case 2, (c) and (f) from
case 3. Original magnification, x200. (B) The expression of LSDI positively correlated with the cyclin D1 level (R?*=0.521, P<0.001).
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Figure 6. Schematic representation of the pathways required for LSD1 to function in estrogen-induced endometrial cancer cell growth. In different stages
of EEC initiation and development, estradiol may induce LSD1 in a GPR30/PI3K/AKT-dependent manner. Elevated LSD1 levels contribute to increased
cyclin DI expression by di-demethylating H3K9me?2 at its promoter domain, subsequently activating the PI3K/AKT signaling pathway by feedback and
eventually resulting in ECCs growth.
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but the underlying mechanisms have yet to be elucidated. In
this study, we investigated how LSDI functions in estrogen-
induced endometrial cancer cells.

As an estrogen-related carcinoma, type I endometrial
cancer occurs and evolves under continuous estrogen
stimulation (4). Mechanistically, estrogen activates estrogen
receptors through a genomic pattern by nuclear receptors
(ERa/ERp) and a non-genomic pattern by transmembrane ER
(GPR30) (33). Pollock et al (24) found that estrogen signaling
increases LSDI level in the EREs of pS2 and PR genes and
inhibiting LSD1 activity attenuated E2 signaling in breast
cancer. In this study, we showed that -estradiol induced the
upregulation of LSDI in a dose- and time-dependent manner.
The GPR30/PI3K/AKT pathway leads to cellular growth in
ECCs (34,35), and estrogen stimulation upregulated GPR30/
PI3K/AKT signaling (36), our results similarly confirmed
this finding. Shao et al (28) reported that inactivating the
PI3K/AKT pathway but not the ERK pathway could block
EGF-induced expression of LSDI1 in ovarian cancer cells.
When GPR30 is knocked down or PI3K/AKT is inactivated
by LY294002, LSD1 expression previously activated by
estrogen disappeared, which indicated that GPR30/PI3K/
AKT signaling is a determinant for estrogen-induced LSDI1
elevation.

LSDI has been implicated as an oncogene in several types
of cancer and tracks cellular growth pathways (37,38). We first
investigated the biological behavior of LSDI1 in ECCs. Our
results demonstrated that LSD1 silencing inhibited cellular
proliferation, enhanced cell cycle G1/S arrest and induced
apoptosis under both EtOH and E2 treatment. This evidence
suggests that LSD1 acts as a tumor promoter in endometrial
cancer that promotes tumor proliferation by inducing various
aggressive physiological behaviors. Lin et al (39) recently
found that LSDI can be recruited by Snail to the promoter
of PTEN, where it demethylates histone H3 lysine 4 and
contributes to transcriptional repression. Yokoyama et al also
reported that the LSD1-CoREST complex can be recruited by
nuclear receptor TLX to the promoter of PTEN to downregu-
late PTEN expression (25,26). Plenty of research work has
suggested that the most frequently altered signaling cascade
in EEC is the PI3K/AKT pathway, which is dysregulated by
oncogenic mutations and PTEN dysfunction, resulting in
uncontrolled cell proliferation (40). As a tumor suppressor
gene, PTEN activity can be reduced by subcutaneous estra-
diol in vivo and estradiol treatment in vitro (41,42). This
prompted us to examine the role of LSDI in estrogen-driven
cell growth and influence on PI3K/AKT signaling pathway.
Intriguingly, we found that knocking down LSD1 decreased
estrogen-induced pAKT and altered the expression of certain
downstream genes related to the cell cycle (cyclin D1 and
P21) and cell apoptosis (Bcl-2, cleaved caspase-3), but did
not upregulate PTEN expression in either PTEN-mutated
Ishikawa or wtPTEN HEC-1-A cells as expected. This result
indicated that LSDI plays a critical role in the estrogen-
regulated PI3K/AKT pathway but without causing significant
changes in PTEN expression in EEC.

As a marker of poor prognosis and an important promoter
of the cell cycle, cyclin D1 is overexpressed in various cancer
types, and acts as a sensor in response to a number of extracel-
lular stimuli (43-45). Our previous study showed that estrogen
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enhances ECC proliferation via promotion of cyclin D1 expres-
sion (36). Surprisingly, the depletion of LSDI1 tremendously
suppressed estrogen-induced cyclin D1 levels, which lead us
to hypothesize that LSDI carcinogenesis is associated with
cyclin D1 variation. Zhong et al reported that both cyclin D1 and
cyclin D1-CDK4/6 kinase activity can decrease cell motility
and reduce invasion and migration in breast cancer cells (46).
Moreover, cyclin D1 was demonstrated to regulate DICER,
a critical component in microRNA biogenesis and mature
microRNA production, and subsequent miRNA expression
(47). Recently, Chen et al found that cyclin D1 interference
inhibits proliferation, invasion and migration by reducing
PI3K/AKT levels in colon cancer cells (31). We speculated
that cyclin D1 also plays an important role in LSD1-regulated
estrogen-induced endometrial cancer cell proliferation. Our
study confirmed this role, knockdown of cyclin DI reduced
LSD1 expression, inhibited p-AKT and its downstream gene
Bcl-2 while upregulating cleaved caspase-3, consistent with
the siLSD1 groups. Overexpression of cyclin DI reversed the
effects of the PI3K/AKT pathway in LSD1 silencing Ishikawa
and HEC-1-A cells. Additional PI3K/AKT inhibition led to
the blocking of proliferation, which indicated the existence of
a LSDl1/cyclin D1/PI3K/AKT feedback loop in EEC. By ChIP
assay, we showed that LSDI removes transcriptionally repres-
sive di-methyl marks from H3K9 in the cyclin D1 promoter
region. The results presented here demonstrate that LSD1
induces EEC growth through downregulating the expres-
sion of cyclin DI via demethylating H3K9me2, which can
be reversed when cyclin D1 is simultaneously upregulated.
Correlation analysis by immunohistochemistry also verified
the positive correlation between LSD1 and cyclin D1 in endo-
metrial cancer tissues.

In conclusion, our findings present the first evidence that
LSDI1 plays an essential role in estrogen-regulated type I endo-
metrial cancer and establishes a crucial LSD1/cyclin D1/PI3K/
AKT feedback loop in endometrial cancer cells (Fig. 6), which
supplements the epigenetic characteristics of endometrial
cancer. As a novel agent in endometrial cancer, LSD1 will be
a potent therapeutic target in the future. In recent years, the
enzymatic activity of LSDI1 and its overexpression in many
human malignancies has become a significant focus for the
development of pharmacologic inhibitors (48). Based on these
results, further studies are underway to elucidate the molecular
mechanisms of LSD1 and to seek effective LSDI inhibitors in
order to better understand the molecular basis of endometrial
cancer.
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