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Abstract
CYP19A1, also called aromatase, is a key enzyme for converting androgens to estrogens of estrogen synthesis. Elevated serum
estrogen and high expression levels of estrogen-related proteins are found in cholangiocarcinoma (CCA; bile duct cancer).
However, the expression of CYP19A1 in relation to estrogen-related proteins, including estrogen receptors (ERα, ERβ, and
GPR30) and an estrogen response protein (TFF1), has never been explored in CCA. In this study, we investigated the expressions
of CYP19A1 and estrogen-related proteins in CCA tissues (n = 74; 51 males and 23 females) using immunohistochemistry. The
results showed that CYP19A1 was overexpressed in CCA cells compared with that in normal bile duct cells in the adjacent tissues.
High expression of CYP19A1 was correlated with the metastatic status of the patients. High CYP19A1 expression was also
positively correlated with GPR30 expression. Correlation between high CYP19A1 expression in the tumor tissues and shorter
survival time wasmore prominent inmale than in female CCA patients. To elucidate further, the effect of CYP19A1 knockdown on
a CCA cell line was examined using a specific siRNA. When CYP19A1 gene expression was suppressed, migration and prolif-
eration activities of CCA cells were significantly reduced. Moreover, the cell proliferation of high CYP19A1-expressing KKU-213
cells was more profoundly suppressed by CYP19A1 inhibitors (exemestane and letrozole) than low CYP19A1-expressing KKU-
100 cells. Thus, CYP19A1 promotes CCA progression with aggressive clinical outcomes via increased migration and proliferation
activities of cancer cells. CYP19A1 can be a potential chemotherapeutic target for CCA, especially in male patients.
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Introduction

Cholangiocarcinoma (CCA) is a liver cancer originating from
bile duct epithelium and is the second most common primary

hepatic malignancy worldwide [1]. Thailand has still the
highest incidence and mortality rates of CCA in the world,
especially in the Northeast of Thailand, where the incidence
of CCA reaches up to 87.7 per 100,000 in males and 36.3 per
100,000 in females [2]. The high incidence of CCA in this
region is associated with chronic inflammation of the biliary
tract caused by liver fluke (Opisthorchis viverrini) infection,
which is also highly prevalent in this area [3]. CCA is known
as a Bsilent killer^ because of its relatively silent clinical
progression, which renders it difficult to diagnose at its
early stages [4]. Therefore, the study on the molecular
mechanisms of CCA development and progression is
needed for identifying potential prognostic markers and
therapeutic targets in CCA.

Estrogen is a group of sex steroid hormones and
plays crucial roles in both reproductive and non-
reproductive systems. The action of estrogen is mediat-
ed through estrogen receptor (ER) signaling pathways
[5]. Increased estrogen levels and the effect of estrogen
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on tumor progression have been reported in breast, lung,
endometrium, liver, bladder, and bile duct cancers
[6–14]. In CCA, estrogen stimulates cell proliferation,
cell invasion, and angiogenesis through ERs by induc-
ing the expressions of pAKT, pERK1/2, trefoil factor 1
(TFF1), EGFR/MAPK, vascular endothelial growth fac-
tor (VEGF), and E26 transformation-specific variant 4
(ETV4) [12–17]. Male CCA patients have higher serum
estrogen levels than age- and sex-matched controls, and
high serum estrogen level was significantly correlated
with poor survival of the patients [12]. These findings
strongly suggest that estrogen induces CCA progression
and is associated with aggressive clinical outcomes.
Thus, estrogen and estrogen-related molecules may be
potential molecular targets for diagnosis and treatment
of CCA.

Cytochrome P450 family 19 subfamily A member 1
(CYP19A1; also called aromatase), a member of cytochrome
P450 superfamily, is a key enzyme in estrogen biosyn-
thesis, catalyzing the aromatization of aromatizable an-
drogens (androstenedione and testosterone) to estrogens
[18]. The overexpression of CYP19A1 is involved in
progression of estrogen-related cancers such as breast,
lung, and bladder cancers [8, 19, 20]. For example, in
non-small cell lung cancer, high expression of CYP19A1 in
the tumor tissues was correlated with higher estrogen levels in
tumor tissues, higher cell proliferation rates, and poor
prognosis of the patients [8, 21]. CYP19A1 expression
has been shown to play an important role in the devel-
opment and progression of ER-positive breast cancer
[20]. Conversely, suppression of CYP19A1 reduced cell
proliferation, migration, and invasion and increased ap-
optosis of non-small cell lung cancer cells [22, 23].
Thus, upregulation of CYP19A1 induces tumor progres-
sion of estrogen-related cancers.

Biliary obstruction and reduced estrogen turnover rates
have been reported to be associated with the elevation
of serum estrogen levels in CCA patients [12, 24, 25].
We further hypothesized that an estrogen-producing en-
zyme (CYP19A1) is upregulated in ER-positive CCA
cells and could be a possible cause of elevated serum
estrogen levels of CCA patients. To confirm this hy-
pothesis, the expression patterns of CYP19A1 and
estrogen-related proteins including estrogen receptors
(ERα, ERβ, and GPR30) and an estrogen response pro-
tein (TFF1) in CCA tissues were determined using im-
munohistochemistry. In addition, the correlations be-
tween the protein expressions and the clinicopathologi-
cal features (i.e., age, sex, histological types, metastatic
status, and the survival rates of CCA patients) were
analyzed. To further validate the importance of CYP19A1 in
proliferation and metastatic activities of CCA cell lines, si-
lencing CYP19A1 gene was performed by treatment of

CCA cells with either a specific siRNA or CYP19A1 inhibi-
tors (exemestane and letrozole). The overall results show that
overexpression of CYP19A1 plays important roles in prolif-
eration and migration of ER-positive CCA cells and can be
used to determine the prognosis of CCA patients.

Materials and Methods

Human CCA Tissues

Paraffin-embedded human CCA tissues (n = 74; 51 males and
23 females) were obtained from the Cholangiocarcinoma
Research Institute, Khon Kaen University, Thailand.

Immunohistochemistry

Immunohistochemical staining was performed to determine
the expressions and localizations of all targeted proteins (i.e.,
CYP19A1, ERα, ERβ, GPR30, and TFF1) in human CCA
tissues. The sections (5 μm thick) of paraffin-embedded hu-
man CCA tissues were deparaffinized in xylene and
rehydrated with descending series of ethanol. For the heat-
induced antigen retrieval, the sections were immersed in
10 mM sodium citrate buffer (pH 6) and heat-treated in a
pressure cooker for 5 min. Endogenous peroxidase activity
was blocked by 0.3% (v/v) hydrogen peroxide in phosphate-
buffered saline (PBS) at room temperature for 30 min. Then,
the sections were incubated for 30 min with 10% skimmilk in
PBS to block non-specific binding and were incubated with a
primary antibody for 1 h at room temperature and then 4 °C
overnight. After washing, the sections were incubated with
peroxidase-conjugated Envision™ secondary antibody
(Dako, Denmark) for 1 h at room temperature. Peroxidase
activity was detected using a DAB (3, 3′-diaminobenzidine
tetrahydrochloride) substrate kit (Vector Laboratories, Inc.,
USA) for 5 min, followed by nuclear counterstaining with
hematoxylin. Tissue sections were dehydrated with the as-
cending ethanol series, cleared in xylene, and mounted with
mounting solution.

In this study, the following primary antibodies were
used: 10 μg/mL rabbit polyclonal anti-CYP19A1 anti-
body (Sigma-Aldrich, USA), 24.15 μg/mL rabbit mono-
clonal anti-ERα antibody (Abcam, UK), 2 μg/mL rabbit
polyclonal anti-ERβ antibody (Abcam, UK), 1.33 μg/mL
rabbit polyclonal anti-GPR30 antibody (Abcam, UK), and
1 μg/mL mouse monoclonal anti-TFF1 antibody (Sigma-
Aldrich, USA).

The stained sections were reviewed under a light micro-
scope. The DAB-positive staining was seen as brown to
dark-brown color. Cell nuclei were appeared as blue-purple
colors. The immunohistochemistry score (IHC score) was cal-
culated by the multiplying of the intensities of DAB staining

HORM CANC (2018) 9:408–419 409



results (scored as 0 = negative, 1 = weak, 2 = modulate, and
3 = strong) and the frequency of the staining results (scored
as 0 = none, + 1 = 1–25%, + 2 = 26–50%, + 3 = 51–75%, and
+ 4 = > 75%) [26]. Thus, the IHC score ranged from 0 to 12. In
this study, the IHC score was used to discriminate high (IHC
score > 4) and low (IHC score ≤ 4) expression patterns.

Cell Lines

Two distinct human intrahepatic CCA cell lines, KKU-100
and KKU-213, were established from primary tumors of
CCA patients in the Northeast of Thailand and obtained from
the Cholangiocarcinoma Research Institute, Khon Kaen
University, Thailand. Immortalized human cholangiocyte cell
line (MMNK1) was originally obtained from Okayama
University, Japan [27], and maintained also in the
Cholangiocarcinoma Research Institute, Khon Kaen
University. All cell lines were cultured in complete medium
which is Ham’s F-12 (Gibco®, Life technologies™, USA)
supplemented with 10% heat-inactivated fetal bovine se-
rum, 100 U/mL penicillin, and 100 mg/mL streptomycin
(Life technologies™, USA). Cell lines were incubated in
a humidified incubator with 5% CO2 and 95% relative
humidity at 37 °C.

Small Interfering RNA Against CYP19A1

Specific siRNA for CYP19A1 (siCYP19A1) was designed
by GE Healthcare Dharmacon (ON-TARGETplus
SMARTpool Human CYP19A1 siRNA, GE Healthcare
Dharmacon Inc., USA). The cells were transfected with
siCYP19A1 using Lipofectamine RNAiMAX® (Thermo
Fisher Scientific, USA) in a 6-well plate with 105 cells
for 72-h transfection. The cells treated with scramble
siRNA (ON-TARGETplus Non-targeting Control
siRNA, GE Healthcare Dharmacon Inc., USA) were
used as controls (scramble). Cells were harvested using
trypsinization for RNA extraction, immunocytochemi-
cal analysis, cell migration assay, and cell viability
assay.

RNA Extraction and Real-time PCR

Total RNA was isolated from cell pellets with Trizol®

reagent (Invitrogen, USA) according to the manufac-
turer’s protocol. The quality of RNA was assessed with
a NanoDrop ND-2000 spectrophotometer (NanoDrop
Technologies, USA). Then, 2 μg of total RNA was con-
verted to cDNA using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, USA) as de-
scribed in the manufacturer’s protocol. The expression
levels of CYP19A1, BIRC5, and β-actin mRNA were
measured using TaqMan gene expression assay with

TaqMan p robe s (Hs00903411_m1 CYP19A1 ,
Hs04194392_s1 BIRC5, and Hs99999903_m1 β-actin).
The PCR was performed in an ABI-7500 real-time PCR
system (Applied Biosystems, USA). Relative mRNA ex-
pression was analyzed with a cycle threshold (Ct) in the
linear range of amplification using β-actin as an internal
control.

Immunocytochemistry

Each cell lines (5.0 × 104 cells/well) were placed in a
48-well plate and incubated for 24 h. The attached cells
were fixed with 10% paraformaldehyde in PBS for
30 min at room temperature. After washing, cells were
incubated with 0.2% (v/v) Triton-X100 solution for
2 min. The cells were incubated with 0.3% (v/v) hydro-
gen peroxide in PBS for 30 min to block endogenous
hydrogen peroxide activity and subsequently incubated
with 3% (w/v) BSA in PBS for 30 min to block non-
specific binding. The cells were incubated with each
primary antibody: 10 μg/mL rabbit polyclonal anti-
CYP19A1 antibody (Sigma-Aldrich, USA), 24.15 μg/mL
rabbit monoclonal anti-ERα antibody (Abcam, UK),
2 μg/mL rabbit polyclonal anti-ERβ antibody (Abcam,
UK), or 1.33 μg/mL rabbit polyclonal anti-GPR30 anti-
body (Abcam, UK) at 4 °C overnight. After extensive
washing, the cells were incubated with peroxidase-
conjugated secondary antibody. The peroxidase activity
was detected as brown reaction product using a DAB
substrate kit. After dehydration, the stained cells were
reviewed under an inverted microscope.

Cell Migration Assay

The cell migration assay was performed using a Boyden
transwell chamber consisting of a membrane filter insert with
8-μm pore size in a 24-well plate (Corning, USA). In
brief, 72 h after knockdown treatment with siCYP19A1
or scramble (control), 4 × 104 cells were placed into the
insert upper chamber with serum-free medium. In the
lower chamber, complete medium was added. Then,
the chambers were incubated for 12 or 18 h. Non-
migrating cells in the upper chamber were removed.
Migrated cells that attached at the undersurface of the
filter were fixed with absolute methanol for 1 h and
stained with hematoxylin overnight. The membrane
was allowed to dry and the number of migrated cells
were quantified and analyzed under a light microscope.

Cell Viability Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was used to investigate CCA cell proliferation.
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Cells in each well of a 96-well flat-bottom microtiter
plate (in triplicate) were incubated with 0.5 mg/mL
MTT solution in a complete medium at 37 °C for 4 h
in the dark. After washing, formazan crystal was solu-
bilized by adding 100 μL DMSO and the plate was
shaken using an orbital shaker for 10 min in the dark.
The absorbance was measured at 540 nm using a mi-
croplate reader (Tecan Sunrise, Switzerland).

Estrogen Treatment

After 72 h of siCYP19A1 transfection, KKU-213 cells were
reseeded and treated with or without 1 nM of 17β-estradiol
(Sigma-Aldrich, USA) in the cell culture conditions. Cell mi-
gration was assessed by Boyden transwell chamber assay and
cell viability was analyzed by MTT assay.

CYP19A1 Inhibitor Treatment

Exemestane (Pfizer Inc., USA) and letrozole (Novartis,
Switzerland) were dissolved in dimethyl sulfoxide (DMSO)
and pre-diluted in the complete medium before use. The final
concentration of DMSO was adjusted to 0.5% in all condi-
tions. The cell lines were treated with various concentrations
of exemestane or letrozole for 48 h. After treatment, the cells
were subjected to MTT assay.

Statistical Analysis

Statistical analysis was performed using SPSS Statistics soft-
ware version 19.0 (IBM Cooperation, USA). The Kaplan-
Meier estimate with log-rank test was used for survival anal-
ysis. The correlations between protein expression patterns in
CCA tissues and clinicopathological data were analyzed using

Fig. 1 The expressions of
CYP19A1, ERα, ERβ, GPR30,
and TFF1 in normal bile duct of
the tumor adjacent area and CCA
tissues (n = 74; original
magnification × 200). Arrow
heads indicate normal bile ducts.
Positive staining
immunoreactivities were
represented with brown color.
Blue color represented the
nucleus
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Pearson’s chi-square test. The correlations among protein ex-
pressions were analyzed by Pearson correlation. The results of
mRNA expression, cell migration assay, and cell proliferation
assay were analyzed using Student’s t test. P value < 0.05 is
considered statistically significant.

Results

Expression of CYP19A1 in CCA Tissues

Immunohistochemical staining of CCA tissues demonstrated
that CYP19A1 was strongly expressed in the cytoplasm of
cancer cells but it was slightly expressed in the nucleus
(Fig. 1). CYP19A1 was also slightly expressed in the cyto-
plasm of hepatocytes. The degrees of CYP19A1 expression
determined by immunohistochemistry were significantly
higher in the CCA cells compared with those in the normal
bile duct epithelial cells located at the adjacent area (P < 0.001;
graph not shown).More than half of the CCA tissues examined
(45/74, 61%) showed high expression of CYP19A1.

Expression of Estrogen Receptors in CCA Tissues

The expression patterns of three estrogen receptors, ERα,
ERβ, and GPR30, in CCA tissues were shown in Fig. 1.
While ERα and ERβwere seen as the cytoplasmic and nucle-
ar distribution patterns in cancer cells, GPR30 was located at
the cytoplasm and the cell membrane of cancer cells. All CCA
tissues showed positive staining of ERα, ERβ, and/or GPR30
(100%, 74/74). Significantly positive correlation was ob-
served between the expression patterns of ERα and ERβ
(r = 0.263 and P = 0.024; Pearson correlation analysis). Also,
the expression levels of all three estrogen receptors in immu-
nohistochemistry were significantly higher in CCA cells than
in the normal bile duct epithelial cells in the tumor adjacent
tissues (P < 0.001; graph not shown). High expression levels
of ERα, ERβ, and GPR30 in IHC score were observed in
78% (58/74), 50% (37/74), and 38% (28/74), respectively, of
the CCA patients. All estrogen receptors were also highly
expressed in the cytoplasm of hepatocytes. In spite of the high
expression patterns of ERα, ERβ, and GPR30 in CCA tissues,
their expression levels were not correlated with clinicopatho-
logical data such as age, sex, metastasis status, and CCA
histology types.

Expression of TFF1, as a Representative
of Estrogen-Responsive Proteins, in CCA Tissues

As a representative of estrogen-responsive proteins [15], the
expression of TFF1 in both CCA cells and adjacent normal
bile duct cells was examined using immunohistochemical
staining. As shown in Fig. 1. TFF1 protein was highly

expressed in the cytoplasm of CCA cells, whereas it was neg-
ative in normal bile duct epithelial cells. Among 74 CCA
cases, 39 cases (53%) have high TFF1 expression pattern,
although it was not correlated with clinicopathological data
including age, sex, and CCA histology types. Moreover,
TFF1 expression was significantly correlated with ERβ
expression (r = 0.244 and P = 0.036; Pearson correlation).

Correlations of CYP19A1 with Clinicopathological
Data and Estrogen-Related Proteins

Table 1 shows the correlations between CYP19A1 expression
patterns and clinicopathological data as well as estrogen-
related protein expression patterns. CYP19A1 expression pat-
terns were not correlated with the sex and age of CCA pa-
tients. The expression of CYP19A1 in CCA tissues was sig-
nificantly correlated with metastatic status (r = 0.449 and
P < 0.001; Pearson correlation) and GPR30 expression (r =
0.284 and P = 0.014; Pearson correlation).

Table 1 Correlations of CYP19A1 expression with estrogen-related
protein expressions and clinicopathological features

Value CYP19A1 in CCA

Low (n = 29) High (n = 45) #P value

Age

< 57 15 21 0.671

≥ 57 14 24

Sex

Male 20 31 0.994

Female 9 14

Metastasis status

Non-metastasis 21 12 < 0.001

Metastasis 8 33

Histological type

Tubular 12 27 0.117

Papillary 17 18

Estrogen-related protein

ERα

Low 7 9 0.673

High 22 36

ERβ

Low 18 19 0.096

High 11 26

GPR30

Low 23 23 0.015

High 6 22

TFF1

Low 17 18 0.117

High 12 27

# P value was analyzed by Pearson’s chi-square test
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Correlations Between CYP19A1 Expression Levels
and the Survival Rate of Patients

CCA patients with high CYP19A1 expression in their tumor
tissues showed no correlation with poor prognosis (P = 0.058;
log-rank test) as shown in Fig. 2a. When CCA patients were
divided into males and females, male CCA patients showed
high expression of CYP19A1 in tumor tissues, which was
significantly correlated with poor prognosis (P = 0.040; log-
rank test) as shown in Fig. 2b. The estimated median survival
time of male CCA patients with high expression of CYP19A1

(233 days) in the cancer tissues was shorter than that of CCA
patients with low CYP19A1 expression (447 days). In con-
trast, no correlation between CYP19A1 expression patterns in
tumor tissues and the survival rates was observed in female
CCA patients (Fig. 2c) which can be explained by higher
circulating concentrations of estrogens in women than in
men, although the sample size of females in this study is not
being enough to draw any solid conclusion. These results
suggested that CYP19A1 plays essential roles in CCA pro-
gression and its expression can be used as a CCA prognostic
marker, especially for male CCA patients.

Fig. 2 Kaplan-Meier analysis of CYP19A1 in a all human CCA tissues (n = 74), b male CCA tissues (n =51), and c female CCA tissues (n = 23)
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Expressions of CYP19A1 and Estrogen Receptors
in Immortal Cholangiocyte and CCA Cell Lines

The mRNA and protein expression levels of CYP19A1 in two
CCA cell lines and in an immortalized cholangiocyte cell line,
MMNK1, were examined using real-time PCR and immuno-
cytochemistry. CYP19A1 mRNA and protein levels were
highly expressed in CCA cell lines (KKU-213 > KKU-100)
compared to those in MMNK1 cell line (Fig. 3a, b). Likewise,
ERα, ERβ, and GPR30 were also highly expressed in all
CCA cells compared to those in MMNK1 cells, according to
the immunocytochemistry results (Fig. 3b).

Effect of CYP19A1 Gene Silencing by siRNA on Cell
Proliferation and Migration

Effect of CYP19A1 suppression by siRNA was examined in
KKU-213, a high-CYP19A1-expressing CCA cell line. After
silencing by specific siRNA (siCYP19A1), both CYP19A1 pro-
tein and mRNA levels were decreased at 72 h after treatment
when compared with those treated with the scramble (Fig. 4a, b).
Moreover, after siCYP19A1 transfection, the expression of
BIRC5, an anti-apoptotic gene, was found to be decreased
(Fig. 4c). Low expression levels of BIRC could be related to a
decrease in CCA cell proliferation rates at 24, 48, and 72 h after

Fig. 3 The expressions of
CYP19A1, ERα, ERβ, and
GPR30 in cholangiocyte
(MMNK1) and CCA (KKU-100
and KKU-213) cell lines. a
Relative CYP19A1 mRNA ex-
pression levels detected by real-
time PCR. *P value < 0.05 com-
pared to MMNK1. b CYP19A1,
ERα, ERβ, and GPR30 protein
expressions detected by immuno-
cytochemistry. Positive staining
results were represented in brown
color
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re-seeding (Fig. 4d). However, adding exogenous estradiol to the
culture media could restore the reduction of proliferative activity
of CYP19A1-knockdown-KKU213 cells (Fig. 4e). On the other
hand, siCYP19A1 treatment significantly could reduce the mi-
gration activity of cancer cells at 12 h after re-seeding (Fig. 4f, g).
However, the reduced migration activity was rescued by adding
external estradiol, as evidence by an increase in the number of
migrated cells in scramble- or siCYP19A1-treated cells as shown
in Fig. S1 (see Supporting Information). Thus, our results con-
firm that CYP19A1 increases estrogen generation, which leads
to the upregulation of the estrogen response and results in CCA
progression with aggressive clinical outcomes.

Effects of CYP19A1 Inhibitors on Cell Viability of CCA
Cell Lines

The effects of exemestane and letrozole on cell viability of
two different CCA cell lines, i.e., CYP19A1-low-KKU-100
and CYP19A1-high-KKU-213, were investigated. The
selected cell lines were treated with various concentra-
tions of exemestane or letrozole for 48 h. The results
showed that the calculated IC50 (mean ± SD) of
CYP19A1 inhibitors for KKU-213 were 5.36 ± 2.68 μM of
exemestane and 42.00 ± 16.35 μM of letrozole which
are more sensitive than those of KKU-100 with IC50

Fig. 4 Effect of CYP19A1 silencing on KKU-213 CCA cell proliferation
and migration between cells transfected with siCYP19A1 or scramble. a
Expression levels of CYP19A1 protein (brown staining) in cells treated
with siCYP19A1 or scramble. b Relative CYP19A1 mRNA expression
levels (mean ± SD) detected by real-time PCR. c Relative BIRC5 mRNA
expression levels (mean ± SD) analyzed by real-time PCR. d Cell viabil-
ity assays (represented as fold change ± SD relative to scrambled control)

in cells treated with siCYP19A1 or scramble. e Effect of 17β-estradiol on
cell viability, represented as relative percentage ± SD, analyzed using
MTT assay at 48 h post treatment. f Effect of siCYP19A1 on the cell
migration expressed as a percentage ofmigrated cells (mean ± SD) at 12 h
post migration and g hematoxylin staining of migrated cells (red-purple
color) at 12 h post migration. *P value < 0.05 compared to a scramble
control (b–d, f). Scale bars are equal to 50 μm
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76.42 ± 12.11 μM of exemestane and 125.59 ± 31.64 μM
of letrozole (Fig. 5). These results suggest that both
CYP19A1 inhibitors are more effective in suppressing
cell viabilities of CYP19A1-high-KKU-213 cells than those
of CYP19A1-low-KKU-100 cells.

Discussion

Estrogen receptors and estrogen responsive proteins play im-
portant roles in CCA progression via induction of cell prolif-
eration, cell invasion, and angiogenesis [12–14]. Moreover,
serum estrogen levels of male CCA patients were significantly
higher than in healthy male subjects [12]. The present results
demonstrated that CYP19A1 was overexpressed in CCA cells

compared with that in normal bile duct cells in the
adjacent normal tissues. The majority of CCA patients
have high expression levels of CYP19A1 and estrogen
receptors (ERα, ERβ, and/or GPR30). A positive corre-
lation between the expression levels of CYP19A1 and
estrogen receptors was observed. These results suggest
that overexpressed CYP19A1 may upregulate the estro-
gen production by converting androgen to estrogen
resulting in high concentrations of estrogen in CCA
cells. These processes promote the induction of estrogen
responses of CCA cells and could be, at least in part, a
possible cause of elevated serum estrogen levels of CCA
patients.

CYP19A1 overexpression is involved in the progression of
various types of estrogen-related cancers such as breast, lung,
and bladder cancers [18–20, 22]. In the present study, overex-
pression of CYP19A1 was significantly correlated with met-
astatic status of CCA patients. CYP19A1 may promote CCA
progression through induction of cell invasion and migration.
This finding was further confirmed by the knockdown of
CYP19A1 in CCA cell lines using specific siRNA.
CYP19A1 silencing significantly reduced the cell migration
activity of CCA cell lines. The reduction of cell migration
activity was rescued by adding external estradiol to the cell
culture media. Related to this, the expression of CYP19A1 in
CCA tissues was not significantly correlated with poor
prognosis in general. However, statistically significant
correlation was observed in male CCA patients. These
findings suggested that CYP19A1 is involved in CCA
progression and is associated with aggressive clinical
outcomes, especially in male CCA patients. Furthermore,
CYP19A1 expression was positively correlated with GPR30
expression. GPR30 modulates both genomic transcrip-
tional action and rapid non-genomic action of estrogen
[28] and is involved in progression of estrogen-related
cancers such as breast, endometrium, and ovarian can-
cers through the activations of EGFR/MAPK and PI3K/
Akt signaling pathways [29–31]. Since the EGFR/MAPK and
PI3K/Akt signaling pathways are implicated in the progres-
sion of CCA [16, 32, 33], the activation of GPR30 by estrogen
is associated with CCA progression via modulation of EGFR/
MAPK and PI3K/Akt signaling pathways.

Since overexpression of CYP19A1 has been reported in
estrogen-related cancers and CYP19A1 inhibitors including
anastrozole, letrozole, and exemestane are currently in clinical
use for breast cancer treatment [34], exemestane is known to
reduce cell viability of breast cancer cells via activation of
mitochondrial-mediated apoptosis and induction of autophagy
[35]. This compound also inhibited tumorigenic properties
and caused morphological changes of non-small cell lung
cancer cell lines [22, 23]. On the other hand, letrozole could
reduce tumor size and induce apoptosis of ER-positive breast
cancer cells both in vitro and in vivo [20]. Additionally,

Fig. 5 Effect of exemestane (a) and letrozole (b) on cell viability of CCA
cell lines. The percentage of relative cell viabilities (mean ± SD) was
investigated by MTT assay in KKU-100 and KKU-213 treated with var-
ious concentrations of exemestane or letrozole for 48 h. *P value < 0.05
compared to KKU-100 at the same concentrations. #P value < 0.05 com-
pared to 0 μM of drug in each cell type
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plasma estrogen levels of postmenopausal women with
breast cancer were downregulated by CYP19A1 inhibi-
tors [36, 37]. In the present study, two CYP19A1 inhib-
itors, exemestane and letrozole, could suppress cell pro-
liferation of both high- and low-CYP19A1-expressing
CCA cell lines. Drug sensitivities of the cell lines were
related to the basal level of CYP19A1 expression.
Similarly, silencing of CYP19A1 using specific siRNA re-
duced cell proliferation of CCA cells via downregulation of
BIRC5 which is an anti-apoptotic gene. This result was con-
sistent with BIRC5 being known as an estrogen-inducible
gene in human ovarian and breast cancer cells [38, 39].
Moreover, BIRC5 expression was associated with devel-
opment and poor prognosis of CCA [40, 41], suggesting
its anti-apoptotic role in CCA. Interestingly, the reduc-
tion of cell proliferation by siCYP19A1 was rescued by
the addition of exogenous estradiol. Therefore, in the
case of CCA, it could be suggested that CYP19A1 pro-
moted CCA cell proliferation and inhibited cell apoptosis via
estrogen-related pathways.

Based on the aforementioned findings, we propose possi-
ble mechanisms by which CYP19A1 and downstream
estrogen-related proteins can cause CCA progression
(Fig. 6). Briefly, the overexpression of CYP19A1 permits el-
evated conversion of androgen to estrogen, resulting in accu-
mulation of estrogen in cancer cells and high serum estrogen
levels. High estrogen levels can cause aberrant estrogen-ER
interactions, which in turn can trigger the expressions of
estrogen-responsive genes via activating nuclear estrogen re-
ceptor (ER) and/or membrane receptor (GPR30) signaling

cascade and promoting ER/GPR30-dependent transcription
factor changes in response to estrogen, leading to CCA pro-
gression with aggressive clinical outcomes. Therefore,
CYP19A1 inhibitors could be applied for the targeted therapy
of CCA.
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