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ABSTRACT

Endometrial cancers expressing estrogen and progesterone receptors respond 
to hormonal therapy. The disappearance of steroid hormone receptor expression is 
common in patients with recurrent disease, ultimately hampering the clinical utility of 
hormonal therapy. Here, we demonstrate for the first time that nucleophosmin (NPM1/
B23) suppression can restore the expression of estrogen receptor a (ESR1/ERa) in 
endometrial cancer cells. Mechanistically, B23 and activator protein-2g (TFAP2C/AP2g) 
form a complex that acts as a transcriptional repressor of ERa. Our results indicate 
that B23 or AP2g knockdown can restore ERa levels and activate ERa-regulated 
genes (e.g., cathepsin D, EBAG9, and TFF1/pS2). Moreover, AP2g knockdown in a 
xenograft model sensitizes endometrial cancer cells to megesterol acetate through 
the upregulation of ERa expression. An increased immunohistochemical expression 
of AP2g is an adverse prognostic factor in endometrial cancer. In summary, B23 and 
AP2g may act in combination to suppress ERa expression in endometrial cancer cells. 
The inhibition of B23 or AP2g can restore ERa expression and can serve as a potential 
strategy for sensitizing hormone-refractory endometrial cancers to endocrine therapy.

INTRODUCTION

Endometrial cancer is the most common cancer of 
the female reproductive tract in industrialized countries 
[1]. In Taiwan, the incidence of endometrial cancer has 
increased 10-fold over the last 30 years (from <100 
cases per year to >1000 cases annually), and currently 
ranks first among gynecologic malignancies [2]. Major 
prognostic factors include histological type, histological 
differentiation, disease stage, myometrial invasion, 
lymph node metastases, and adnexal metastases. Well-
differentiated tumors generally express estrogen and 
progesterone receptors [3–5] and respond to hormonal 

therapy [6, 7]. However, the disappearance of steroid 
hormone receptor expression is common in patients with 
recurrent estrogen-related cancers, ultimately hampering 
the clinical utility of hormonal therapy [8, 9].

The expression of estrogen receptor 1 (ESR1/ERα, 
gene ID 2099) is tightly regulated in a coordinated fashion 
by numerous transcription factors, including retinoic acid 
receptor-α (RARα), PAX2, GATA3, NKX3.1, LEF1, 
FOXA1, and activator protein-2γ (TFAP2C/AP2γ, gene 
ID 7022) [10–16]. The AP2 family of transcription factors 
consists of five different members (termed α, β, γ, δ, and ε) 
[17]. AP2 proteins consist of homo - and heterodimers 
that bind to GC-rich DNA sequences and are able to either 

                   Research Paper



Oncotarget60039www.impactjournals.com/oncotarget

activate or repress target genes [18]. AP2 can contribute 
to tumorigenesis by regulating the expression of specific 
target genes involved in growth control, including ER 
[19], HER2 [20], and CDKN1A [21].

Strategies that promote re-expression of hormonal 
receptors may allow patients with recurrent endometrial 
cancer to resume endocrine treatment. Epigenetic 
silencing of estrogen receptors and progesterone 
receptors is common in endometrial cancer cells [22, 
23]. Consequently, epigenetic modulation has recently 
emerged as a novel therapeutic target for overcoming 
hormonal therapy resistance. Combined treatment with 
the DNA methyltransferase (DNMT) inhibitor 5-aza-2’-
deoxycytidine (5-aza-dC) and the histone deacetylase 
(HDAC) inhibitor trichostatin A stimulates the expression 
of ERα in ER-negative breast cancer cells [24]. 
Interestingly, the reactivation of ERα can synergistically 
be enhanced by the concomitant dietary use of genistein 
and trichostatin A [25]. Recently, Ning et al. [22] 
demonstrated that IL17A secreted from macrophages can 
induce ERα expression through TET1-mediated epigenetic 
modulation. Similarly, HDAC inhibitors may restore 
progesterone receptor expression [23].

Nucleophosmin (NPM1/B23, gene ID 4869) is 
a nucleolar phosphoprotein implicated in ribosome 
biogenesis, centrosome duplication, cell cycle 
progression, apoptosis, and cell differentiation [26]. 
There is a growing interest in the role of B23 in human 
solid malignancies, including endometrial [27], ovarian 
[28], thyroid [29], gastric [30], colon [31], prostate [32], 
and bladder [33, 34] cancer. B23 is highly expressed 
in proliferating cells [35] and has been implicated in 
the pathogenesis of endometrial cancer [27]. We have 
previously shown that estrogens activate B23 via ERα 
receptors [27]. In the current study, we demonstrate the 
existence of a negative feedback loop through which 
an increased B23 expression suppresses ERα. Because 
suppression of ERα expression is a late event during 
estrogen-dependent endometrial tumorigenesis, the 
inhibition of B23 may represent a strategy to promote 
ERα re-expression that ultimately restores tumor 
sensitivity to hormonal therapy.

RESULTS

ERα expression is reduced in high-passage 
RL95-2 and Ishikawa endometrial cancer cells

We initially examined ERα and PR expression 
in both low-passage (passages < 30) and high-passage 
(passages > 40) RL95-2 and Ishikawa endometrial 
cancer cell lines. High-passage RL95-2 and Ishikawa 
cells showed a reduced ERα expression (Figure 1A) 
whereas PR expression was not significantly altered 
(Supplementary Figure S1a). Because the ERα promoter 
region is characterized by the presence of an AP2γ binding 

site [16, 36], we quantified the cellular concentrations of 
AP2γ protein. Increased AP2γ expression levels were 
evident in high-passage RL95-2 and Ishikawa cells 
(Figure 1A).

B23 negatively regulates ERα expression and its 
downstream genes through AP2γ

Owing to their ease of transfection, ERα-negative 
ARK2 endometrial cancer cells were used for transfection 
experiments. Surprisingly, knockdown of B23 or 
AP2γ was found to restore ERα expression (both at the 
protein and mRNA levels) in ARK2 cells (Figure 1B). 
However, no effects on PR expression were evident in 
ARK2, RL95-2 and Ishikawa endometrial cancer cells 
(Supplementary Figures S1b and S1c). Consequently, 
all other experiments were focused on ERα. Knockdown 
of B23 or AP2γ activated distinct ERα-regulated genes, 
including cathepsin D, EBAG9, and TFF1/pS2 (Figure 
1C). Because of the lack of estrogen receptors expression 
in high-passage ERα-negative endometrial cancer cells, 
ERα-activated genes were found to be downregulated 
(Figure 1D).

We also tested whether B23 can regulate the 
expression of ERα in different breast cancer cells. The 
reactivation of ERα through the inhibition of B23 or 
AP2γ was confirmed in ERα-negative MDA-MBA231 
and Hs578T breast cancer cells (Supplementary Figure 
S2a). In contrast, inhibition of B23 and AP2γ decreased 
estrogen receptor expression in ERα-positive MCF and 
T47D cells (Supplementary Figure S2b). These results 
suggest that B23/AP2γ-mediated regulation of ERα 
expression differs according to the pre-existing presence 
or absence of the estrogen receptor. In line with this 
possibility, a previous report demonstrated that AP2γ 
was able to induce ERα promoter expression in hormone-
responsive breast cancer [15].

B23 interacts with AP2γ and suppresses ERα

We then generated luciferase reporter constructs of 
a truncated ERα promoter with the goal of identifying the 
domain mediating B23 suppression on the ERα promoter. 
The reporter activity of the construct ranging from position 
−1994 to +210 of the ERα promoter (containing ERE, 
AP1, and AP2γ recognition sequences) was significantly 
increased by B23 or AP2γ knockdown (Figure 2A). 
Mutations in the AP2γ binding site − but not deletions 
of ERE and AP-1 recognition sequences − abolished 
the stimulation of the ERα promoter reporter elicited by 
B23 or AP2γ knockdown (Figure 2A). The suppressive 
function of AP2γ was confirmed by the observation that 
B23 and AP2γ overexpression inhibited ERα promoter 
reporter activity (Figure 2B). Although AP2α forms a 
complex with B23 during retinoic-acid-induced cell 
differentiation [37], our results obtained in endometrial 
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Figure 1: B23 negatively regulates ERα expression and its downstream genes in endometrial cancer cells. A. Early-
passage (n <30) and late-passage (n >40) RL95-2 and Ishikawa endometrial cancer cells were subcultured in medium containing phenol 
red every 2−3 days. Equal amounts of protein lysates were separated by SDS-PAGE and subjected to immunoblotting with antibodies 
raised against ERα, AP2γ, B23, and β-actin. The presence of an equal amount of proteins in each lane was confirmed with β-actin. In the 
quantitative bar graph, the results are expressed as means ± standard errors of the mean. Data are from three independent experiments. 
*P <0.05 compared with controls. B. ERα-negative ARK2 cells were transiently transfected with shLuc (control), shB23 (left panel), or 
shAP2γ (right panel) for 72 h and immunoblotted with the reported antibodies. The presence of an equal amount of proteins in each lane was 
confirmed with β-actin. RNAs were analyzed with real-time qPCR using the reported primers. In the quantitative bar graph, the results are 
expressed as means ± standard errors of the mean. C. ARK2 cells were transiently transfected with shLuc or shB23 or shAP2γ for 72 h. The 
resulting RNAs of B23, AP2γ, ERα, cathepsin D, EBAG9, and TFF1/pS2 were analyzed with real-time qPCR using the reported primers. 
D. RL95-2 and Ishikawa cells of different passages were collected and the resulting RNAs of ERα, cathepsin D, EBAG9, and TFF1/pS2 
were analyzed with real-time qPCR using the reported primers. Data are expressed as means ± standard errors from three independent 
experiments. * P <0.05 compared with controls.
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Figure 2: AP2γ is required for B23-mediated suppression of ERα promoter expression. A, B, and C. ARK2 cells were 
transiently co-transfected with reporter constructs of different lengths or containing the mutated AP2γ binding site of the ERα promoter 
as well as shLuc, shB23, shAP2γ, or shAP2α (A, C); flag-V, flag-B23, or flag-AP2γ (B) for 48 h. Protein lysates were then assayed for 
luciferase and β-galactosidase activities. The relative promoter activity was normalized to that of β-galactosidase. The schematic diagram 
on the left depicts the location of different response elements in the promoter. X indicates the mutated AP2γ site. D. Whole-cell lysates were 
immunoprecipitated (IP) with anti-AP2γ and subsequently analyzed by immunoblotting with antibodies raised against AP2γ (left upper 
panel) and B23 (left lower panel). A control antibody (IgG) was used for mock immunoprecipitation. HC: heavy chain, LC: light chain. 
Chromatin immunoprecipitation (ChIP) assays (right panel) were performed using chromatin fragments prepared from Ishikawa cells. Cell 
lysates were prepared and immunoprecipitated with control (IgG), anti-B23, and anti-AP2γ antibodies. The immunoprecipitated genomic 
regions were assayed with real-time qPCR using primers that encompassed the AP2γ binding site in the ERα promoter.
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cancer cells do not support an involvement of AP2α in the 
regulation of ERα promoter (Figure 2C).

We also examined the effects of B23 or AP2γ 
knockdown on ERα promoter reporter activity and 
expression of ERα downstream genes during estrogen 
treatment. Estrogens induced a mild stimulation of ERα 
promoter activity in ARK2 cells, with a lower magnitude 
compared with that elicited by B23 or AP2γ knockdown 
(Supplementary Figure S3). Estrogen treatment also 
amplified the stimulation of ERα downstream genes 
caused by B23 or AP2γ knockdown (Supplementary 
Figure S4). Taken together, these results indicate that B23 
or AP2γ knockdown stimulates the reporter activity of 
ERα promoter as well as ERα downstream genes has slight 
effect on estrogen treatment.

We subsequently examined whether B23 
and AP2γ interact with each other. To this aim, 
the immunoprecipitation (IP) and chromatin 
immunoprecipitation (ChIP) assays were performed using 
antibodies raised against B23 and AP2γ. The results of IP 
and ChIP confirmed that B23 forms a complex with AP2γ 
at the AP2γ-binding site of the ERα promoter (Figure 
2D and Supplementary Figure S5). Taken together, our 
findings indicate that AP2γ − a negative regulator of 
the ERα promoter − mediates the suppression of ERα 
transcription elicited by B23.

B23 forms a protein complex with AP2γ that 
promotes its stabilization

Full-length as well as N-terminal and C-terminal 
fragments of the AP2γ protein were generated using 
specific constructs. Endogenous B23 was able to interact 
with both the full-length form and the N-terminal 
fragment of AP2γ, but not with its C-terminal fragment 
(Figure 3A). Knockdown of B23 significantly decreased 
AP2γ protein levels (Figure 3B) but not AP2γ mRNA 
expression (Figure 3C). Cycloheximide (CHX) − a 
translational inhibitor that blocks the synthesis of new 
proteins − was used to investigate the role of B23 in the 
post-translational regulation of AP2γ. The results indicated 
that B23 was able to stabilize AP2γ protein. Accordingly, 
the degradation of AP2γ was accelerated when B23 was 
knocked down in ARK2 cells (Figure 3D). Treatment 
with MG132 − a proteasome inhibitor − increased AP2γ 
protein levels in B23-depleted cells (Figure 3E). An 
increased accumulation of AP2γ-ubiquitin conjugates in 
B23-depleted cells exposed to MG132 further confirmed 
that the AP2γ protein stability is governed by ubiquitin-
mediated proteasome degradation.

Restoration of ERα sensitizes endometrial cancer 
cells to megestrol acetate

Knockdown of B23 or AP2γ in Ishikawa 
endometrial cancer cells abrogated cell viability and 

significantly increased their susceptibility to megestrol 
acetate (Figure 4A). To further examine the in vivo effects 
of B23 and AP2γ, Ishikawa/shLuc, Ishikawa/shB23, and 
Ishikawa/shAP2γ stable clones were subcutaneously 
injected in the flank of female nude mice. The injection 
of Ishikawa/shB23 cells did not result in tumor formation. 
Notably, tumor growth was significantly inhibited by 
treatment with megestrol acetate only in animals injected 
with Ishikawa/shAP2γ cells, but not with Ishikawa/shLuc 
(control) cells (P < 0.05; Figure 4B). Moreover, AP2γ 
knock-down restored the expression of ERα in Ishikawa 
cells at both mRNA (Figure 4C) and protein levels 
(Figure 4D). Similarly, NSC348884 − a B23 inhibitor − 
suppressed B23 and increased ERα expression in both 
ARK2 and Ishikawa cells (Supplementary Figures S6a and 
S6b). The tumor volume in NSC348884-treated mice was 
significantly lower than that observed in vehicle-treated 
mice (P < 0.05) (Supplementary Figures S6c and S6d). 
In addition, higher ERα expression levels were evident 
in NSC348884-treated tumor samples compared with 
vehicle-treated mice (Supplementary Figure S6e).

Adverse prognostic significance of high AP2γ or 
low ERα expression in endometrial cancer

We calculated the histoscores for ERα, B23, and 
AP2γ in FFPE tissue samples from patients with benign 
endometrial conditions (n = 30) and endometrial cancer 
(n = 113). ERα histoscores were significantly higher in 
benign tissues than in endometrial cancer (P < 0.001), 
whereas an opposite pattern was observed for AP2γ 
histoscores (Figures 5A and 5B). Patients with endometrial 
cancer showing high AP2γ histoscores had worse 
outcomes than those with low AP2γ expression levels; 
opposite results were evident for ERα expression (Figures 
5C and 5D). The B23 histoscore did not differ significantly 
between benign endometrial tissues and endometrial 
cancer specimens (data not shown).

DISCUSSION

Endometrial cancers expressing estrogen and 
progesterone receptors respond to hormonal therapy 
[38]. In contrast, a reduced expression of ERα has been 
associated with poor differentiation, advanced-stage 
tumors, disease recurrence, and adverse outcomes [39]. 
Here, we show for the first time that B23 suppression 
restores ERα expression in endometrial cancer. We also 
demonstrate that B23 forms a complex with AP-2γ and 
binds to the ERα promoter, ultimately acting as a co-
repressor for ERα expression in endometrial cancer. 
Importantly, restoration of ERα expression through B23 
inhibition sensitizes endometrial cancer to hormonal 
therapy (Figure 6).

In accordance with a previous study [40], continual 
passage in culture was associated with a loss of ERα 
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Figure 3: B23 interacts with the N-terminal fragment of AP2γ. A. Lysates from ARK2 cells transiently expressing Myc-tagged 
AP2γ (FL, N, or C) were separated by SDS-PAGE and subjected to immunoblotting with antibodies raised against Myc, B23, and β-actin. 
The presence of an equal amount of proteins in each lane was confirmed with β-actin. Whole-cell lysates were immunoprecipitated (IP) 
with anti-Myc, and subsequently analyzed by immunoblotting with antibodies raised against Myc (upper panel) and B23 (lower panel). 
A control antibody (IgG) was used for mock immunoprecipitation. HC: heavy chain, LC: light chain. B. ARK2 cells were transiently 
transfected with shLuc or shB23 for 72 h, and subjected to immunoblotting with the reported antibodies (left panel). The presence of an 
equal amount of proteins in each lane was confirmed with β-actin. C. ARK2 cells were transiently transfected with shLuc or shB23 for 
72 h and RNAs were analyzed with real-time qPCR using the reported primers. In the quantitative bar graph, the results are expressed as 
means ± standard errors of the mean. D. ARK2 cells were transiently transfected with shLuc or shB23 for 72 h and treated with 25 μg/mL 
cycloheximide (CHX). Cell lysates were prepared at the reported time points. Western blot analysis was performed using AP2γ, B23, and 
β-actin antibodies. The amount of AP2γ protein at each time point was quantified based on normalized AP2γ levels in ARK2 cells at 0 h 
(right panel). Data are expressed as means ± standard errors from three independent experiments. E. ARK2 cells were treated with shLuc or 
shB23 for 72 h and 10 μM MG132 for 24 h. Whole-cell lysates prepared in WCE lysis buffer were subjected to immunoblot for identifying 
the proteins of interest (left panel). The right panel shows the immunoprecipitation performed with the anti-AP2γ antibody probed with 
anti-ubiquitin (Ub, top) and AP2γ antibodies (bottom). A control antibody (IgG) was used for mock immunoprecipitation.
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Figure 4: Restoration of ERα expression renders endometrial cancer cells susceptible to megestrol acetate treatment. 
A. Human endometrial cancer Ishikawa/shLuc (shLuc), Ishikawa/shB23 (shB23), and Ishikawa/shAP2γ (shAP2γ) cells were treated 
with 100 nM megestrol acetate for 72 h and assayed by MTT. Nude mice experiments are shown in (B-D). B. Knock-down cell lines  
Ishikawa/shLuc (shLuc), Ishikawa/shB23 (shB23), and Ishikawa/shAP2γ (shAP2γ) were inoculated into nude mice; tumor volumes were 
subsequently measured on a weekly basis. No tumor formation was observed when animals were inoculated with the stable B23 knock-
down cell line. Tumor-bearing nude mice orally received megestrol acetate (10 mg/kg) dissolved in cooking oil (5 days per week). The 
points depict the means (± standard deviations) of tumor volumes for megestrol acetate-treated (n = 3) and control animals (n = 2). *P < 
0.05 compared with controls. After treatment with megestrol acetate, tumors derived from Ishikawa/shLuc (shLuc) and Ishikawa/shAP2γ 
(shAP2γ) cells were analyzed for mRNA (C) and protein levels (D). C. RNAs were analyzed with real-time qPCR with the reported 
primers. In the quantitative bar graph, the results are expressed as means ± standard errors of the mean. D. Cell lysates immunoblotted 
with ERα and AP2γ antibodies. The presence of an equal amount of proteins in each lane was confirmed with β-actin. In the quantitative 
bar graph, the results are expressed as mean ± standard error of the mean.
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Figure 5: AP2γ expression levels are inversely associated with cancer-specific survival. A, B. Protein levels of ERα (left 
panel) and AP2γ (right panel) in the endometrium were analyzed by immunohistochemistry. Normal endometrial tissues were obtained 
from patients who underwent hysterectomy for benign endometrial conditions (benign; n = 30) and endometrial cancer (n = 113). (A) 
Representative immunohistochemical staining of ERα (left panel) and AP2γ (right panel) in benign endometrial tissues (upper panel) 
and endometrial cancer (EMCA) (lower panel). (B) ERα (left panel) and AP2γ (right panel) staining was expressed with a histoscore 
(percentage of antibody-positive cells multiplied by their staining intensity). Kaplan-Meier curves indicated that C. patients with a high 
AP2γ histoscore (n = 50) had a lower cancer-specific survival than those with a low AP2γ histoscores (n = 63). D. ERα-negative (n = 57) 
patients had a lower cancer-specific survival than those who were ERα-positive (n = 56).
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expression in endometrial cancer cells. This phenomenon 
mimics the reduced ERα expression frequently observed 
in patients with advanced endometrial cancer, when 
unresponsiveness to hormonal therapy occurs commonly. 
Intratumor heterogeneity and subsequent clonal selection 
of receptor-negative cells may partly explain the loss of 
ERα expression during tumor recurrence [8]. Our data 
indicate that B23 or AP2γ suppression can restore ERα 
expression, suggesting their involvement in endometrial 
tumorigenesis.

In general, endometrioid adenocarcinomas are 
estrogen-dependent tumors [41]. A prolonged exposure to 
estrogens promotes the proliferation of human endometrial 
cancer cells through an increased B23 expression [27]. Our 
findings demonstrate that B23 can act as a transcriptional 
suppressor of ERα, ultimately inhibiting various ERα-
targeted downstream genes (e.g., cathepsin D [42], 
EBAG9 [43], and TFF1/pS2 [44]). Another interesting 
observation is that patients with tumors expressing low 
AP2γ levels had better survival rates (Figure 5). AP2γ 

has been shown to play an essential role in hormone-
related tumorigenesis in breast cancer [45, 46] and germ 
cell tumors [47, 48]. Interestingly, AP2γ and metastasis-
associated protein 1 are involved in the epigenetic control 
of ERα transcription in breast malignancies [49] and 
portend a poor prognosis [50]. An increased expression 
of AP2γ has been also reported in advanced ovarian 
carcinomas [51].

The inhibitory effects of B23 and AP-2γ on ERα 
expression identified in endometrial cancer cells are 
similar to those observed in ERα-negative, MDA-MB-231, 
and Hs578T breast cancer cells (Supplementary Figure 
S2a). However, opposite results were obtained when 
ERα-positive MCF7 and T47D breast cancer cells were 
used (Supplementary Figure S2b). A forced expression of 
ERα has been shown to inhibit cell proliferation in ERα-
negative MDA-MB-231 cells [52] as well as in a MCF7 
ERα-negative subclone [53]. Furthermore, treatment with 
estradiol can reduce cell proliferation in ERα-negative 
but not in ERα-positive breast cancer cells expressing a 

Figure 6: Schematic model of the mechanism by which B23 regulates ERα through AP2γ in endometrial cancer cells. 
A. B23 promotes AP2γ protein stability and interacts with AP2γ as a co-repressor of the ERα promoter in endometrial cancer cells. ERα-
activated genes were subsequently inhibited. B. Knockdown of B23 (either using shB23 or a B23 inhibitor) restores ERα expression, 
ultimately sensitizing hormone-refractory endometrial cancers to endocrine therapy.
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recombinant ER [54]. The results of our study indicate 
that the role of B23 in the regulation of ERα expression 
differs significantly in endometrial and breast cancer 
cells, ultimately suggesting that AP-2γ function may be 
cell-specific and/or context-dependent (either acting as a 
transcriptional activator or repressor of ERα expression).

Both progesterone receptors and estrogen receptors 
have been actively investigated in relation to hormonal 
therapy response in patients with endometrial cancer. 
The results of the Gynecology Oncology Group Study 
(GOG) 81 trial have shown that the expression levels 
of progesterone receptors and estrogen receptors are 
highly correlated to each other in patients with advanced 
or recurrent endometrial cancer treated with progestins 
[55]. In addition, data from the parallel GOG 119 
trial demonstrated that the estrogen receptor status is 
significantly related to clinical response and survival in 
patients who receive tamoxifen and medroxyprogesterone 
acetate [56]. Progestins and tamoxifen are currently 
utilized for hormonal therapy of patients with low-
grade, early-stage endometrial cancer who are willing to 
preserve their fertility [57, 58]. Moreover, these drugs are 
used in combination with chemotherapy for patients with 
advanced or recurrent tumors expressing estrogen and/or 
progesterone receptors [59, 60]. It has been hypothesized 
that tamoxifen acts via estrogen receptors to increase 
progesterone receptors, ultimately sensitizing tumor 
cells to progestins [61, 62]. It is somehow intriguing that 
restoration of ERα without changing nuclear progesterone 
receptor levels renders cancer cells susceptible to 
megesterol acetate (Figure 4 and Supplementary 
Figure S6). These results further highlight the potential 
importance of recently reported membrane-bound 
progesterone receptors [63–65].

NSC348884 is a B23 inhibitor capable of disrupting 
the formation of B23 oligomers and suppressing their 
function in cancer cells [66]. Here, we show that inhibiting 
B23 with NSC348884 can restore ERα expression in 
human endometrial cancer cells as well asin a tumor 
xenograft model (Supplementary Figure S6). Taken 
together, our results suggest that restoration of ERα 
expression through the suppression of B23 or AP2γ can 
sensitize endometrial cancer cells to megestrol (Figures 
4 and 6), potentially allowing patients with recurrent 
endometrial cancer to resume endocrine treatment.

Conclusions

Our data indicate that B23 and AP2γ form a complex 
that acts as a transcriptional repressor and reduces ERα 
expression in endometrial cancer cells. Inhibition of B23 
or AP2γ can restore ERα expression and may be useful 
for sensitizing hormone-refractory endometrial cancers 
to endocrine therapy. Further studies are warranted to 
shed more light on the therapeutic implications of our 
approach.

MATERIALS AND METHODS

Cultures

Ishikawa endometrial cancer cells were kindly 
provided by Dr. Nishida (National Hospital Organization, 
Kasumigaura Medical Center, Japan) [67]. The uterine 
serous carcinoma cell line ARK2 was obtained from 
Dr. Santin (Yale University, School of Medicine, New 
Haven, CT, USA) [68]. Ishikawa cells were grown in 
α-MEM medium containing 15% (v/v) fetal bovine 
serum (FBS). ARK2 cells were grown in RPMI-1640 
medium containing 10% (v/v) FBS. RL95-2 endometrial 
cancer cells as well as Hs578T, MCF-7, and T47D 
breast cancer cells were cultured in Dulbecco’s modified 
Eagle’s medium supplemented with 10% FBS. MDA-
MB-231 breast cancer cells were grown in L-15 medium 
supplemented with 10% FBS.

Definition of cell passage

Ishikawa cells directly obtained from Dr. Nishida 
were considered as the first passage (n = 1) of the primary 
culture. Ishikawa cells were grown at 80% confluency 
with a subculturing ratio of 1:5 every 2−3 days. Low-
passage cells were defined as those having less than 30 
passages, whereas cells that had undergone more than 40 
passages were considered as high-passage.

Antibodies and reagents

Murine monoclonal antibodies raised against 
B23, Myc, and β-actin were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Anti-ERα, anti-
AP2γ, and anti-PR rabbit polyclonal antibodies were 
from Epitomics (Burlingame, CA, USA). Because AP2γ 
molecular size is similar to that of immunoglobulin 
heavy chains, a TrueBlot rabbit secondary antibody that 
recognizes only the native form of immunoglobulins 
(eBiosciences, San Diego, CA, USA) was used to avoid 
ambiguous signals in AP2γ immunoblotting experiments. 
All chemicals were purchased from Sigma (St. Louis, MO, 
USA) unless otherwise indicated.

Estradiol treatment

Cells were cultured in steroid-depleted medium for 
24 h in the absence of phenol red. The culture medium was 
then exposed to estradiol (E2) for 24 h. Negative controls 
were not exposed to E2.

Western blot analysis

Western blot analysis was performed as previously 
described [27, 69]. In brief, cells were harvested and 
washed twice in phosphate-buffered saline (PBS), and 
then lysed in ice-cold RIPA lysis buffer [1% Triton 
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X-100, 1% NP40, 0.1% SDS, 0.5% DOC, 20 mM 
Tris-HCl pH 7.4, 150 mM NaCl, and cocktail protease 
inhibitor (Sigma, St. Louis, MO, USA)] for 30 min. 
Lysates were boiled in 4× sample buffer dye (250 mM 
Tris-HCl, pH6.8, 8% SDS, 0.1% bromophenol blue, 40% 
glycerol, 400 mM β-mercaptoethanol) and subsequently 
subjected to 10% sodium dodecyl-sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). Proteins separated by 
SDS-PAGE were electrotransferred onto a Hybond-PVDF 
membrane (Amersham Pharmacia Biotech/GE Healthcare, 
Piscataway, NJ, USA). Blots were probed with appropriate 
primary and secondary antibodies. Bound antibodies were 
detected with an enhanced chemiluminescence system 
(ECL, Amersham Pharmacia Biotech/GE Healthcare).

Quantitative real-time qPCR

Quantitative real-time qPCR (RT-qPCR) was 
performed with each triplicate RNA preparation. 
The housekeeping gene GAPDH was used for 
normalization. The primer sequences were as follows: 
ERα, 5’-GGAGGGCAGGGGTGAA-3’ (sense), 
5’-GGCCAGGCTGTTCTTCTTAG-3’(antisense); B23,  
5’- GGGGCTTTGAAATAACACCA-3’ (sense), 5’-GAAC 
CTTGCTACCACCTCCA-3’ (antisense); GAPDH, 
5’-GGTATCGTGGAAGGACTCATGAC-3’ (sense), 
5’-ATGCCAGTGAGCTTCCCGT-3’ (antisense); AP2γ, 5’- 
ACTGTCCCGACCTGAATGCT-3’ (sense), 5’-CGA 
TTTGGCTCTTCTGAGAACA-3’(antisense); cathepsin 
D, 5’-GTACATGATCCCCTGTGAGAAGGT-3’ (sense),  
5’-GGGACAGCTTGTAGCCTTTGC-3’ (antisense); 
EBAG9, 5’-GATGCACCCACCAGTGTAAAGA-3’ 
(sense), 5’-AGTCAGGTTCCAGTTGTTCCAAAG 
(antisense); TFF1/pS2, 5’-ACATGGAAGGATTTGC 
TGATA -3’ (sense), 5’-TTCCGGCCATCTCTCACTAT 
-3’ (antisense). The amplification conditions were as 
follows: initial denaturation at 95°C for 10 min, followed 
by 45 cycles of 95°C for 15 sec and 60°C for 1 min. All 
reactions were performed with an ABI PRISM 7900 HT 
instrument (Applied Biosystems, Foster City, CA, USA). 
A mean cycle of threshold (Ct) value for each duplicate 
measurement was calculated.

Promoter deletion construct and site-directed 
mutagenesis

We then analyzed the transcriptional properties of the 
ERα promoter reporter plasmid. To this aim, we obtained 
a PCR fragment using a pair of primers that covered the 
sequence between positions –1994 and +210 of the promoter. 
The primer sequences used for the ERα promoter fragment 
were as follows: 5’- CTCGCACATGCGAGCACATT-3’ 
(sense), 5’-GCTCGTTCCCTTGGATCTGA-3’ (antisense). 
The promoter fragment was digested and inserted in both 
sense and antisense orientations into the KpnI and XhoI 
restriction sites of the pGL3 Basic Vector (Promega, 
Madison, WI, USA). The deletion constructs were cloned 

using the KpnI and XhoI sites to generate the region between 
positions –384 and +210 of the promoter. Mutations were 
introduced into a putative AP2γ recognition site in the ERα 
promoter region using site-directed mutagenesis using a 
two-step PCR. The forward primer for mutant AP2γ was 
5’-CCTTCTGCAATGCAAGG-3’.

Reporter gene assay

Cell extracts for the ERα promoter reporter assay 
were obtained with 1× Reporter lysis buffer (Promega). 
The reporter/luciferase activity of ERα was measured with 
a luciferase reporter assay (Promega) after normalization 
with the corresponding β-galactosidase activity.

Immunoprecipitation

Cells were harvested and washed twice in ice-cold 
PBS. Cell pellets were then resuspended in ice-cold WCE 
lysis buffer (20 mM HEPES, 10% glycerol, 0.5% Triton 
X-100, 0.2 M sodium chloride, 1 mM EDTA, 1 mM EGTA, 
and protease inhibitor cocktail) for 30 min and centrifuged 
at 12000 rpm at 4°C for 30 min. Equal amounts of protein 
from each cell extract were incubated with the antibodies 
of interest (2 μg) at 4°C for 2 h. Immune complexes were 
captured by incubation with protein G-sepharose (30 μL; 
Upstate Biotechnology, Lake Placid, NY, USA) for 2 h 
at 4°C under rotation. The protein G-antigen-antibody 
complexes were washed four times with the WCE lysis 
buffer, and boiled in 4× sample buffer dye (250 mM Tris-
HCl, pH 6.8, 8% SDS, 0.1% bromophenol blue, 40% 
glycerol, 400 mM β-mercaptoethanol) before PAGE and 
Western blot analysis.

Chromatin immunoprecipitation

The protocol for chromatin immunoprecipitation 
(ChIP) has been previously described [35, 70]. 
Crosslinked chromatin was pre-cleared and incubated 
with 2 μg antibody (B23 or AP2γ) and rotated at 4°C 
overnight. A mock immunoprecipitation with IgG was 
used as a negative control. After extensive washing, the 
immune complexes were decrosslinked and treated with 
proteinase K. Bound DNA in B23 or AP2γ ChIP was 
extracted, purified, and subjected to PCR analysis using 
the following primers targeting the promoter sequence of 
ERα gene: 5’-GCCTCTAACCTCGGGCTGTGCTCTT-3’ 
(sense) and 5’-GCTCGTTCCCTTGGATCTGA-3’ 
(antisense). Bound DNA for anti- B23 or anti-AP2γ ChIP 
experiments was subjected to real-time qPCR analysis.

Generation of short hairpin RNA

With the goal of establishing a plasmid-based 
dsRNAi system for targeting endogenous B23 and AP2γ, 
annealed oligonucleotides corresponding to a partial 
sequence were designed and ligated to the expression 
vector pSuper.neo+GFP (OligoEngine, Seattle, WA, 
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USA). The cDNA sequence of the targeted mRNA 
region for the B23 and Luc genes were as follows: 
B23: 5’-TGATGAAAATGAGCACCAGTT-3’; AP2γ: 
5’-AUCAGCUGGACUCUGGUC UCC AGGG-3’; Luc: 
GTAGGAGTAGTGAAAGGCC-3’.

Cell transfection and generation of stable clones

We established a plasmid-based dsRNAi system 
targeting endogenous B23 and AP2γ by incubating 
Lipofectamine 2000 reagent (Invitrogen/Life 
Technologies, Carlsbad, CA, USA) with Opti-MEM 
medium (Invitrogen/Life Technologies) for 5 min at room 
temperature. Plasmids were added to Lipofectamine 2000 
mixture and incubated at room temperature for 30 min to 
promote the proper formation of transfection complexes. 
Transfection mixtures were then added to cells in Opti-
MEM medium. After 6 h of incubation in a CO2 incubator 
at 37°C, the DNA-containing medium was replaced by 
fresh medium containing 10% serum. We established 
stable clones by culturing transfected cells in culture 
media with G418 (0.8 mg/mL) at 48 h after transfection. 
After exposure to G418 for 3 weeks, individual clones 
were selected for culture and subsequently assayed for 
B23 expression. Transfected cells were maintained in 
culture medium supplemented with G418 (0.2 mg/mL). 
Stable clones were established by culturing transfected 
cells in culture media containing G418 (0.8 mg/mL) at 48 
h after transfection. After selection with G418 for 3 weeks, 
individual clones were cultured and subsequently assayed 
for B23 levels and AP2γ expression. All transfections were 
maintained in culture medium supplemented with G418 
(0.2 mg/mL).

Viability assays

Approximately 5000 cells were seeded onto the 
wells of a 96-well culture plate for 24 h. The original 
medium was replaced by a steroid-depleted medium 
lacking phenol red (Invitrogen/Life Technologies) with 
either megestrol acetate or vehicle for 72 h. We then 
established a colorimetric MTT assay. To this aim, MTT 
(5 mg/mL, 25 μL) was added into the wells containing 
treated cells. After 4 h, the supernatant was discarded 
and DMSO (100 μL) was added to each well. The optical 
density of the mixture was measured at 570 nm with an 
ELISA microplate reader (PerkinElmer VICTOR 2; GMI, 
Ramsey, MN, USA).

Tissue specimens

Normal endometrial tissues were obtained from 
patients who underwent hysterectomy for benign 
gynecological diseases (n = 30). Malignant tissue samples 
were collected from patients undergoing surgery for 
endometrial cancer (n = 113). Clinical data were retrieved 
from the databank of the Division of Gynecologic 

Oncology, Chang Gung Memorial Hospital, Taiwan. The 
study protocol was approved by the Institutional Review 
Board of the Chang Gung Memorial Hospital, Taiwan 
(IRB#101-4162B, IRB#102-3837C).

Immunohistochemistry

The immunohistochemistry (IHC) protocol has 
been previously described in detail [27, 69]. Formalin-
fixed, paraffin-embedded tissue slices (4-μm thick) were 
deparaffinized in xylene and rehydrated through a series 
of graded ethanol baths. Sections were then stained with a 
mouse anti-human B23 monoclonal antibody (Santa Cruz 
Biotechnology), a rabbit anti-human AP2γ polyclonal 
antibody, or a rabbit anti-human ERα polyclonal antibody 
(Santa Cruz Biotechnology) using an automated IHC 
stainer with the Ventana Basic DAB Detection kit 
(Tucson, AZ, USA). Counterstaining was performed 
with hematoxylin. A global immunohistochemical score 
(histoscore) was calculated as the percentage of positive 
cells multiplied by the staining intensity (0 = negative, 1 
= weak, 2 = moderate, 3 = strong). The histoscore ranged 
from 0 to 300 (100% multiplied by 3) [27]. Part of the IHC 
data for both benign and malignant tissues was retrieved 
from our previously published study [27].

Animals and treatment

Six-week-old female BALC/c nude mice were 
obtained from the National Laboratory Animal Center, 
Taiwan. All animal procedures were approved by the 
Animal Care Committee of the Institutional Review 
Board, Chang Gung Memorial Hospital (2012050903). 
For the purpose of NSC348884 treatment, ARK2 cells 
were harvested, washed, and resuspended in Hanks’ 
balanced salt solution (HBSS) at a concentration of 107 
cells/mL. Tumors were established by subcutaneous 
inoculation of a cell suspension (100 μL) into the lateral 
hind leg of nude mice (aged 6−8 weeks). After 20 days, 
NSC348884 (0.4 mg/100 μL) was weekly administered to 
tumor-bearing mice and control animals. For the purpose 
of megestrol acetate treatment, Ishikawa cells and shLuc, 
shB23, and shAP2γ stable lines were harvested, washed, 
and resuspended in HBSS at a concentration of 107 cells/
mL. Tumors were established by subcutaneous inoculation 
of a cell suspension (100 μL) into the lateral hind leg of 
nude mice (aged 6−8 weeks). After 83 days, megestrol 
acetate (10 mg/kg) was administered (5 days per week) 
to tumor-bearing mice and control animals. During the 
treatment course, tumor growth was monitored on a 
weekly basis. Tumor volumes (cm3) in tumor-bearing mice 
were determined with an in vivo assay for tumor mass. 
Upon completion of the experiments, tumors were excised 
and fixed in formaldehyde. Tissue samples were stained 
with hematoxylin and eosin. Tumor tissue extracts for 
Western blot were also obtained.
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Statistical analysis

Continuous variables were analyzed with the Mann-
Whitney U test. All calculations were performed with 
the SPSS 17.0 statistical package (SPSS Inc., Chicago, 
IL, USA). Two-tailed P values <0.05 were considered 
statistically significant.
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