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GASTROINTESTINAL, HEPATOBILIARY, AND PANCREATIC PATHOLOGY
Nicotine Promotes Cholangiocarcinoma Growth in
Xenograft Mice
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Nicotine, the main addictive substance in tobacco, is known to play a role in the development and/or
progression of a number of malignant tumors. However, nicotine’s involvement in the pathogenesis of
cholangiocarcinoma is controversial. Therefore, we studied the effects of nicotine on the growth of
cholangiocarcinoma cells in vitro and the progression of cholangiocarcinoma in a mouse xenograft
model. The predominant subunit responsible for nicotine-mediated proliferation in normal and cancer
cells, the a7 nicotinic acetylcholine receptor (a7-nAChR), was more highly expressed in human chol-
angiocarcinoma cell lines compared with normal human cholangiocytes. Nicotine also stimulated the
proliferation of cholangiocarcinoma cell lines and promoted a7-nAChRedependent activation of pro-
liferation and phosphorylation of extracellular-regulated kinase in Mz-ChA-1 cells. In addition, nicotine
and PNU282987 (a7-nAChR agonist) accelerated the growth of the cholangiocarcinoma tumors in our
xenograft mouse model and increased fibrosis, proliferation of the tumor cells, and phosphorylation of
extracellular-regulated kinase activation. Finally, a7-nAChR was expressed at significantly higher levels
in human cholangiocarcinoma compared with normal human control liver samples. Taken together,
results of this study suggest that nicotine acts through a7-nAChR and plays a novel role in the
pathogenesis of cholangiocarcinoma. Furthermore, nicotine may act as a mitogen in cholestatic liver
disease processes, thereby facilitating malignant transformation. (Am J Pathol 2017, 187: 1093e1105;
http://dx.doi.org/10.1016/j.ajpath.2017.01.011)
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Tobacco is the leading cause of preventable death worldwide,
contributing to the deaths of 6 million people per year.1

Tobacco has a known role in the development of a number
of malignant tumors, including lung, esophageal, and
pancreatic cancers.2e4 However, there is conflicting evidence
as to whether tobacco plays a role in the development and/or
progression of cholangiocarcinoma (CCA).5e9

Nicotine is the main addictive substance in tobacco and has
profound effects on mood, appetite, and task performance.10

Nicotine is a tertiary amine that consists of a pyridine and
pyrrolidine ring, which is rapidly absorbed through epithelial
barriers before entering the bloodstream.11e13 After entering
the bloodstream, nicotine circulates throughout the body,
binding to cells that express nicotinic acetylcholine receptors
stigative Pathology. Published by Elsevier Inc
(nAChRs), including cholangiocytes.11e13 Out of the 17
different nAChRs subunits identified, a7-nAChR is the
predominant subunit responsible for nicotine-mediated
proliferation in normal and cancer cells.14,15 Stimulation
of a7-nAChR triggers an influx of calcium that
activates downstream signaling mechanisms, including
. All rights reserved.
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phosphorylation of extracellular-regulated kinase (p-ERK),
which promotes cell proliferation.16

CCA is an aggressive tumor that arises from the epithelial
cells that line the biliary tree.17,18 CCA comprises approx-
imately 10% to 15% of total liver tumors and increases in
incidence every year.17 The increase in incidence observed
with CCA can be partially attributed to the fact that
preexisting liver disease, including primary biliary cirrhosis
(PBC), primary sclerosing cholangitis (PSC), and graft-
versus-host disease, is a risk factor for the development of
CCA.19 Because of a lack in the understanding of the
molecular mechanisms that regulate CCA growth, surgical
resection is generally the only viable treatment option;
however, most tumors are inoperable.18,20 Therefore, gain-
ing a full understanding of the risk factors and determining
the molecular mechanisms that regulate CCA growth are
essential for the development of more treatment options for
patients with CCA. Our aim was to evaluate the effects of
nicotine on CCA proliferation and in CCA development and
growth in a xenograft mouse model.
Materials and Methods

Cell Culture

The normal human intrahepatic biliary epithelial cell
(HIBEpiC) line was obtained from ScienCell Research
Laboratories (Carlsbad, CA) and cultured according to the
vendor’s instructions. The extrahepatic cell line Mz-ChA-1
was a gift from Dr. J. Gregory Fitz (UT Southwestern,
Dallas, TX) and cultured as previously described.21 The
intrahepatic cell lines HuCC-T1 and CCLP1 were a gift
from Dr. Anthony J. Demetris (University of Pittsburgh,
Pittsburgh, PA) and cultured as previously described.22,23
Table 1 Patient Characteristics

Characteristic Healthy (n Z 1) CCA (n Z 11)

Patients, n (%)
Male 1 4 (36.4)
Female 7 (63.6)

Age in years, means � SEM
Male 44 76.5 � 3.5
Female 58.6 � 4.1

CCA, cholangiocarcinoma.
Assessment of a7-nAChR Expression in Normal Human
Cholangiocytes and CCA Cell Lines

Immunofluorescence
Cells were seeded at 10,000 cells per well into six-well plates
that contained sterile coverslips and allowed to adhere over-
night. Cells were washed once in cold phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde in PBS,
permeabilized in PBS that contained 0.2% Triton X-100, and
blocked with 5% bovine serum albumin for 1 hour at room
temperature. a7-nAChR antibody (1:100, ab10096) (Abcam,
Cambridge, MA) was added to the coverslips, and incubated
at 4�C overnight (24 hours). Cells were washed 3 � 10
minutes in PBSwith 0.2%TritonX-100, and aCy2 anti-rabbit
secondary antibody was used (1:50) (Jackson ImmunoR-
esearch Laboratories, West Grove, PA). Cells were washed
again and mounted onto microscope slides with ProLong
Gold Antifade that contained DAPI as a counterstain
(Molecular Probes, Eugene, OR). Negative controls were
processed similarly with the omission of the a7-nAChR
1094
antibody. Sections were visualized using an Olympus IX-71
inverted confocal microscope.

FACS Analysis
The expression of a7-nAChR in normal human chol-
angiocytes (HIBEpiC) and the CCA cell lines was evaluated
with a BD Accuri C6 Flow Cytometer (BD Biosciences, San
Jose, CA). Briefly, 10,000 cells were used to determine the
protein expression levels. The cells were fixed in 4% para-
formaldehyde and then incubated with the selected primary
antibody followed by incubation with Molecular Probes
secondary antibody (Alexa Fluor 488 or 350), corresponding
to the primary antibody species. The labeled cells were
evaluated and the fluorescence-activated cell sorting (FACS)
data were analyzed with C6Flow software version 1.0.264.21
(BD Biosciences).

Assessment of Nicotine’s Effect on Proliferation by MTS
Assay

Normal human cholangiocytes (HIBEpiC) and the CCA cell
lines were treated at 37�C for 48 hours with 0.2% bovine
serum albumin (basal) or nicotine (5, 10, 15, and 20 mmol/L)
before evaluation of cell proliferation with the CellTiter96
Cell Proliferation Assay (Promega, Madison, WI). Previous
studies have used similar dosage ranges for in vitro studies
with nicotine.14,24e26 Briefly, cells were seeded (7000 cells
per well) onto 96-well plates in complete medium and
allowed to adhere overnight at 37�C. Cells were then serum
starved in medium that contained 0.5% fetal bovine serum for
24 hours, washed twice with 1� PBS; eight replicates were
subsequently treated with dimethyl sulfoxide (vehicle) or
different agents. Cells were incubated for 48 hours with the
respective treatments, at which time 10 mL of Cell Titer 96
was added to each well. Absorbance at 490 nm was deter-
mined with a microplate reader (Spectra Max 3400, Molec-
ular Devices, Sunnyvale, CA). Absorbance is directly
correlated to the number of viable cells.27

Silencing of a7-nAChR Expression in Mz-ChA-1 Cells

Mz-ChA-1 cells were transfected with a SureSilencing
shRNA plasmid with a scrambled sequence (vector) that does
not match any mammalian gene or a7-nAChR sequence
(KR06841) (Qiagen, Duesseldorf, Germany). The plasmid
contains a marker for G418 (Geneticin) resistance. Clones
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were cultured in media that contained 5 mmol/L of Geneticin
for 2 weeks. Surviving clones were picked and seeded into
plates and were maintained in media that contained 1 mmol/L
Geneticin. A total of four clones were evaluated by RT-PCR
to verify the knockdown of the a7-nAChR gene. The RNeasy
mini kit (Qiagen, Valencia, CA) was used to extract mRNA
according to the manufacturer’s instructions. The iScript
cDNA Synthesis Kit (170-8891; Bio-Rad, Hercules, CA) was
used for cDNA synthesis according to the manufacturer’s
instructions. RT-PCR was performed using the iTaq
Universal SYBR Green Supermix (172-5121; Bio-Rad)
according to the manufacturer’s instructions. Human
a7-nAChRespecific (PPH22901B) and glyceraldehyde-3-
phosphate dehydrogenaseespecific (PPH00150F) primers
(Qiagen) were used. RT-PCR was performed with an ABI
Prism 7900HT system using a two-step PCR program set at
95�C for 10 minutes, then 40 cycles of 95�C for 15 seconds,
and 60�C for 1 minute. A DDCT analysis was performed
comparing the a7-nAChR knockdown clone to the vector-
only control. The knockdown of a7-nAChR in Mz-ChA-1
cells treated with control and a7-nAChR shRNA was also
evaluated by FACS for a7-nAChR expression as described
earlier. The strongest knockdown (clone 3) was used in for
the evaluation of proliferation by MTS assay and ERK 1/2
activity enzyme-linked immunosorbent assays (ELISAs).
Evaluation of the Effect of a7-nAChR on Proliferation
and p-ERK Activation in Mz-ChA-1 Cells

Immunofluorescence
Mz-ChA-1 cells were seeded at 10,000 cells per well into
six-well plates that contained sterile coverslips and allowed
to adhere overnight. Cells were treated with 10 mmol/L
nicotine and fixed at 0, 3, and 10 minutes after starting
treatment. Immunofluorescence was performed as described
above with the following exceptions: p-ERK 1/2 antibody
(4370S; 1:200; Cell Signaling Technology, Danvers, MA)
and Cy3 anti-rabbit secondary antibody (1:50; Jackson
ImmunoResearch Laboratories) were used.

Western Blotting
Mz-ChA-1 cells were treated with 10 mmol/L nicotine and
10 mmol/L PNU282987 (a7-nAChR specific agonist; Tocris
Bioscience, Bristol, UK)28 in the presence or absence of 1
nmol/L a7-nAChR antagonist a-bungarotoxin (Tocris
Bioscience)28 for 5 minutes and p-ERK 1/2 (Cell Signaling
Technology), total ERK 1/2 (Cell Signaling Technology),
Figure 1 a7 nicotinic acetylcholine receptor (a7-nAChR) expression in
normal human cholangiocytes and cholangiocarcinoma (CCA) cell lines. A: The
expression ofa7-nAChR in the normal human intrahepatic biliary epithelial cell
(HIBEpiC) line and three human CCA cell lines, Mz-ChA-1, HuCCT-1, and CCLP-1,
was verified by immunofluorescence. Green: a7-nAChR; blue: DAPI. B: The
expression levels of a7-nAChR significantly increase in the human CCA lines
compared with the HIBEpiC line evaluated by fluorescence-activated cell
sorting. *P < 0.05 versus HIBEpiC. Original magnification, �100.
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Figure 2 Dose-dependent effects of nicotine on normal normal human intrahepatic biliary epithelial cell (HIBEpiC) and cholangiocarcinoma (CCA) cell line
proliferation. Nicotine (0, 5, 10, 15, and 20 mmol/L) stimulates the proliferation of normal human cholangiocytes (HIBEpiC) and the three CCA cell lines at 48
hours of incubation evaluated by MTS proliferation assay. Data are expressed as means � SEM. n Z 4 experiments. *P < 0.05 versus 0 mmol/L nicotine.

Martínez et al
and b-actin (loading control; Santa Cruz Biotechnology,
Santa Cruz, CA) expression was evaluated by immuno-
blotting as previously described.29

MTS Proliferation Assay
Proliferation was evaluated as described earlier. Briefly,
control shRNA- and a7-nAChR shRNAetransfected
Mz-ChA-1 cell lines were incubated in the presence or
absence of 10 mmol/L nicotine for 48 hours.

ELISA
To evaluate the effect of a7-nAChR knockdown on p-ERK,
cells were treated with 10 mmol/L nicotine for 0, 2, 5, and 10
minutes. A cell-based ELISA for p-ERK and total ERK was
performed on cell extracts according to the manufacturer’s
instructions (KCB1018) (R&D Systems, Minneapolis, MN).

In Vivo Experiments

Treatment Schedule
All animal experimentswere performed according to protocols
approved by the Baylor Scott & White Health Institutional
Animal Care and Use Committee. Male BALB/c nude
mice (Taconic Farms, Hudson, NY) were maintained in a
temperature-controlled environment (20�C to 22�C)with a 12-
hour light/dark cycle and with free access to standard mouse
chowanddrinkingwater.Mz-ChA-1cells (5� 106) suspended
in 0.2 mL of extracellular matrix gel were injected s.c. into the
1096
right and left rear flanks of the nude mice. Seven days after the
injections, tumor establishment was verified by measuring the
volume of each tumor (tumor volume was approximately
5 mm3), and the mice were divided into the following groups:
thefirst group (nZ 6, control) received regular drinkingwater,
the second group (n Z 6, 50 mmol/L nicotine) received
drinkingwater that contained 50mmol/L nicotine, and the third
group (n Z 6, 200 mmol/L nicotine) received drinking water
with 200 mmol/L nicotine. Previous studies have used this
dosage range for studies in nude mice with xenografts.30e32

The dose of nicotine used is within the range of daily nico-
tine intake in heavy smokers.33 In a separate set of experiments,
the mice were divided into two groups: the first group (nZ 6,
control) received 0.9% saline i.p. every other day, and the
second group (n Z 6, experimental) received 1 mg/kg of
PNU282987 i.p.34 every other day.Beginningwith thefirst day
of treatment, tumor volume was measured biweekly
throughout the treatment period using an electronic caliper.
Tumor volume was determined as follows: [tumor volume
(mm3)Z 0.5� length (mm) � width (mm) � height (mm)].
Thirty-eight days after beginning treatment, the mice

were anesthetized with 50 mg/kg of sodium pentobarbital
(i.p.) and sacrificed according to institutional guidelines. At
this time, tumors were harvested and prepared for formalin
fixation and paraffin embedding or lyzed for protein or
mRNA purification. For formalin-fixed, paraffin-embedded
tumors, the tumors were fixed in 10% buffered formalin
overnight before embedding in low-temperature paraffin and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Evaluation of a7 nicotinic acetylcholine receptor (a7-nAChR)edependent activation of prolif-
eration and phosphorylation of extracellular-regulated kinase (p-ERK) in response to nicotine. A: Nicotine (10
mmol/L) stimulates an increase in p-ERK immunoreactivity evaluated by immunofluorescence at 3 and 10 mi-
nutes. Blue indicates the DAPI-stained nuclei; red, p-ERK.B:Nicotine (10mmol/L) and PNU282987 (10mmol/L)
treatment for 5 minutes stimulates an increase in p-ERK 1/2 expression evaluated by immunoblotting, which is
blocked by 1 nmol/L a7-nAChR antagonist a-bungarotoxin. C: Silencing of a7-nAChR in Mz-ChA-1 cells was
verified by real-time PCR. D: Silencing of a7-nAChR in Mz-ChA-1 cells was verified by fluorescence-activated cell
sorting.E: Silencing ofa7-nAChR prevents nicotine (10mmol/L)einduced activation of p-ERKby enzyme-linked
immunosorbent assay. F: Silencing of a7-nAChR significantly inhibits nicotine (10 mmol/L)einduced prolif-
eration evaluated byMTS proliferation assay. Data are expressed asmeans� SEM (C andD). nZ 6 (C, E, F); nZ
3 (D). *P< 0.05 versus control shRNA; yP< 0.05 versus corresponding control shRNA at 2, 5, and 10 minutes.
Original magnification, �100. t-ERK, total extracellular-regulated kinase.

Nicotine-Induced Xenograft Growth
processed for slide preparation. Tumor sections (4 mm thick)
were used for hematoxylin and eosin (H&E) staining, Sirius
Red staining, and immunohistochemistry (IHC).

H&E Staining
Tumor structure was evaluated using the H&E stain. The
slides were deparaffinized, rehydrated, and stained with
Harris Hematoxylin Solution (Sigma-Aldrich, St. Louis,
MO) for 1 minute and counterstained with Eosin Y Solution
(Fisher Scientific, Kalamazoo, MI). H&E-stained tumor
sections were evaluated for necrosis, surrounding inflam-
mation, and fibrosis by a hepatopathologist masked to all
mouse data (Baylor Scott & White Health, Temple, TX).

Sirius Red Staining
Tumors were stained with PicroSirius Red Stain to assess
collagen accumulation. Slideswere deparaffinized, rehydrated,
stained with Weigert’s Iron Hematoxylin Solution (Sigma-
Aldrich) for 10 minutes, counterstained with PicroSirius Red
Solution (1.3% picric acid; Sigma-Aldrich) (0.001% Direct
Red 80; Sigma-Aldrich) for 1 hour, and rinsed in 0.5% acetic
acid. Sirius Red staining in light microscopy images was
The American Journal of Pathology - ajp.amjpathol.org
quantitated in a coded fashion using ImageJ version 1.51j
(NIH, Bethesda, MD; http://imagej.nih.gov/ij).35

IHC in Xenograft Tumors
Tumors from each group of mice (nZ 3) were evaluated for
the expression of CK-19, a7-nAChR, S100A4, Ki-67, and
p-ERK by IHC. The heat-mediated antigen retrieval step
was performed using an antigen unmasking solution (Vector
Laboratories, Burlingame, CA) and a modified microwave
protocol to heat the solution. Briefly, after deparaffinization
and rehydration, the slides were placed into a glass Coplin
jar that contained the antigen unmasking solution that was
diluted according to the manufacturer’s instructions. The
Coplin jar was placed into a beaker that contained 500 mL
of water and covered in plastic wrap and microwaved on full
power for 2.5 minutes followed by 10 minutes at 20%
power. The Coplin jar that contained the slides was then
removed from the beaker and allowed to sit at room
temperature for 20 minutes before the tissues were fixed.
Vectastain ABC kits (rabbit: PK-4001; goat: PK-4005;
Vector Laboratories) were used for blocking, secondary
antibodies, and avidin/biotinylated enzyme complex. The
1097
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Figure 4 Effect of nicotine administration on cholangiocarcinoma
xenograft tumor volume and Ki-67 expression. A: Nicotine administration
(50 and 200 mmol/L) stimulates a significant increase in tumor volume
compared with control treatment. B: Nicotine administration (50 and
200 mmol/L) increases Ki-67 (cellular marker of proliferation) immunore-
activity in tumor sections compared with control treatment by immuno-
histochemistry. C: Nicotine administration (50 and 200 mmol/L) increases
the number of Ki-67epositive cells. Data are expressed as means � SEM
(A and C). n Z 6 mice per treatment group (2 tumors per mouse)
(A); n Z 3 tumors (6 images of each tumor) (C). *P < 0.05 versus control.
Original magnification, �40 (B).
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following primary antibodies and conditions were used:
CK-19 (ab52625, 1:200 dilution, 2 hours of incubation at
room temperature), a7-nAChR (ab10096, 1:100 dilution, 2
hours of incubation at room temperature), S100A4 (13018S,
1:1000 dilution, 2 hours of incubation at room temperature),
Ki-67 (ab15580, 1:200 dilution, 1 hour of incubation at
room temperature), p-ERK (4370S, 1:150 dilution, 19 hours
of incubation at 4�C) (Abcam and Cell Signaling Technol-
ogy). A peroxidase substrate kit (SK-4100; Vector Labo-
ratories) was used for antigen labeling. After antigen
labeling, tissue sections were counterstained with Harris
Hematoxylin Solution (Sigma-Aldrich). Quantification of
Ki-67 immunoreactivity was assessed in a coded fashion by
counting the number of Ki-67epositive nuclei per tumor
section image (n Z 3 tumors per group; six images per
tumor). Quantification of S100A4 and p-ERK 1/2 immu-
noreactivity was assessed in a coded fashion per tumor
section image (n Z 3 tumors per group; six images per
tumor) using ImageJ software.35,36 a7-nAChR, CK-19, and
S100A4 expression levels were evaluated by real-time PCR
as previously described.14

Evaluation of a7-nAChR Expression in Human CCA
Tissues

Human Tissue Array
The expression of a7-nAChR was evaluated in
commercially available tissue array (ab17820; Abcam,
http://www.abcam.com/cholangiocarcinomas-paired-with-
normal-liver-tissues-in-triplicates-126-samples-11mm-set-1-
ab178201.html, last accessed December 29, 2016). The
array is a CCA/paired normal tissue array that contains one
normal adjacent normal liver tissue paired with two tumor
tissue cores from each patient. IHC was performed as
described earlier for the xenograft tumors. Semiquantitative
analysis was performed in a blind fashion (J.G.), using the
following variables: staining intensity was assessed on a
scale of 1 to 4 (1, no staining; 4, intense staining) and the
abundance of positively stained cells was given a score of 1
to 5 (1, no cells stained; 5, 100% stained). The staining
index was then calculated by the staining intensity multi-
plied by the staining abundance that gave a range of 1 to 20.

Human CCA Samples
RNA isolated from 11 CCA samples and one normal human
liver were obtained from Dr. P. Invernizzi (Humanitas
Research Hospital, Rozzano, Italy) under a protocol approved
by the Ethics Committee by the Humanitas Research Hospital;
the protocol was reviewed by the US Department of Veterans
Affairs Institutional Review Board and Research and Devel-
opment Committee. The protocol was approved by the Texas
A&M Health Science Center Institutional Review Board. The
tumor samples are described in Table 1. From these samples,
the mRNA expression of a7-nAChR (NM_000746) and
glyceraldehyde-3-phosphate dehydrogenase (NM_002046)
was evaluated by real-time PCR using human primers
1098
purchased from Qiagen. The RNA was reverse transcribed
using the Reaction Ready First Strand cDNA synthesis kit
(Qiagen). SYBR Green PCRmaster mix (Qiagen) was used in
the experimental assay. Real-time RT-PCR was performed
with an ABI Prism 7900HT System using a two-step PCR
cycling program at 95�C for 10 minutes followed by 40 cycles
of 95�C for 15 seconds and 60�C for 1 minute. A DDCT

analysis was performed using normal human liver sample as
the control.
Statistical Analysis

All data are expressed as means � SEM. Differences
between groups were analyzed by the unpaired t-test when
two groups were analyzed and by the U-test and Kruskal-
Wallis H test when more than two groups were analyzed,
followed by an appropriate post hoc test. P < 0.05 was
considered significant.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Characterization of the cholangiocarcinoma
(CCA) tumors from the xenograft mice. A: The expression of
the a7 nicotinic acetylcholine receptor (a7-nAChR) in the
CCA tumors from the xenograft mice was verified by immu-
nohistochemistry (IHC). CK-19 (cholangiocyte-specific
marker) expression was verified by IHC. CCA tumor histo-
logic features were evaluated by hematoxylin and eosin
(H&E) staining. Inflammatory infiltrates are indicated by
arrows. B: a7-nAChR expression levels evaluated by real-
time PCR were found to be increased in xenograft tumors
treated with nicotine (50 and 200 mmol/L) compared with
control. CK-19 expression levels evaluated by real-time PCR
were unchanged among the treatment groups. Data are
expressed as means � SEM. n Z 6 (B). *P < 0.05 versus
control treatment. Original magnification, �40.

Nicotine-Induced Xenograft Growth
Results

a7-nAChR Expression in Normal Human Cholangiocytes
and CCA Cell Lines

a7-nAChR was expressed in the normal human chol-
angiocyte cell line (HIBEpiC) and the three CCA cell lines
(Mz-ChA-1, HuCCT-1, and CCLP-1) by immunofluores-
cence (Figure 1A). a7-nAChR expression was confirmed by
FACS analysis, which revealed a significant increase in the
a7-nAChR in Mz-ChA-1, HuCCT-1, and CCLP-1
compared with HIBEpiC (Figure 1B).

Nicotine Stimulates Cell Proliferation and p-ERK
Activation

To determine the effect of nicotine on cholangiocytes, pro-
liferation was evaluated by MTS assay in normal human
cholangiocytes and the CCA cell lines. Nicotine induced a
significant increase in the proliferation of the HIBEpiC and
CCA lines, Mz-ChA-1, HuCCT-1, and CCLP-1 at 48 hours
(Figure 2). Since the ERK 1/2 signaling pathway has been
implicated as the key pathway regulating proliferation of
normal and CCA cells,14,37e39 the effect of nicotine on
The American Journal of Pathology - ajp.amjpathol.org
ERK 1/2 phosphorylation was explored. There was no
significant p-ERK activation in Mz-ChA-1 cells before
stimulation with nicotine (Figure 3A). p-ERK activation
was increased 3 minutes after stimulation with nicotine and
continued until 10 minutes after nicotine addition
(Figure 3A). a7-nAChRedependent p-ERK 1/2 was evalu-
ated by Western blotting for p-ERK 1/2. There was an
increase in p-ERK 1/2 in Mz-ChA-1 treated with
nicotine and a specific agonist for a7-nAChR, PNU282987,
which was blocked by a specific antagonist for a7-nAChR
(a-bungaratoxin) (Figure 3B). To verify that nicotine-
induced proliferation and p-ERK activation was dependent
on a7-nAChR, we used shRNA to knockdown the expression
of a7-nAChR in Mz-ChA-1 cells. We verified that
the expression of a7-nAChR was knocked down by RT-PCR
and FACS (Figure 3, C and D). We found that there was a
significant reduction in nicotine-induced proliferation in
Mz-ChA-1 cells silenced for a7-nAChR (Figure 3E). As
expected, there was no difference in p-ERK activation in the
a7-negative cells compared with the vector control cells
before nicotine addition. However, 2, 5, and 10 minutes after
stimulation with nicotine, there was a significant decrease in
p-ERK activation in a7-nAChRetransfected cells compared
with vector control cells (Figure 3F).
1099
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Effect of Nicotine on Tumor Proliferation in Vivo

The Mz-ChA-1 cell line was chosen for its ability to grow
tumors in xenograft animals.40,41 During the early time
points of the experiment (from 0 to 20 days), all the
treatment groups experienced a similar increase in tumor
volume. By day 20 the tumors from the 200 mmol/L
nicotine treatment group began to increase in volume more
quickly than the other treatment groups, and this trend
continued throughout the treatment period (until day 38)
(Figure 4A). Ki-67 IHC was used to assess proliferation in
the tumor cells. Tumor sections from the nicotine-treated
mice (50 and 200 mmol/L) had significantly more
Ki-67epositive cells than the untreated control mice
(Figure 4, B and C), which is consistent with increased
tumor size.
Characterization of CCA Xenograft Tumors a7-nAChR
and CK-19 Expression

a7-nAChR was expressed at similar levels in the tumors
from all three treatment groups (Figure 5). Tumors from all
three treatment groups were found to be composed primarily
of cholangiocytes based on CK-19 (cholangiocyte-specific
marker) immunoreactivity (Figure 5A). The expression of
a7-nAChR and CK-19 was also confirmed by real-time
PCR. There was a significant increase in a7-nAChR
expression in the nicotine-treated xenograft mice
A

B

C D

s

(50 µmol/L) (200 µmol/L) (50 µmol/L) (

1100
(Figure 5B). CK-19 expression was unchanged among the
treatment groups.

CCA Xenograft Tumors Have Increased Fibrosis and
S100A4 Expression

On the basis of histopathologic evaluation of H&E-stained
tumor sections, we found more surrounding inflammation
and fibrosis extending into the tumor in the tumors from
the nicotine-treated animals compared with the untreated
controls (Figure 5). Fibrosis in the tumors was then eval-
uated by PicroSirius Red staining to assess collagen
accumulation. There was a significant increase in collagen
accumulation in the tumors from the nicotine-treated ani-
mals compared with the untreated controls (Figure 6,
A and C). S100A4 has recently been found to be elevated
in CCA tissues and may be a prognostic marker for
CCA.42e44 There was a significant increase in S100A4-
positive staining in the tumors from the nicotine-treated
animals compared with the untreated controls (Figure 6,
B and D).

CCA Xenograft Tumors Have Increased p-ERK 1/2
Activation

The effect of nicotine on p-ERK 1/2 activation in the tumor
sections was assessed by p-ERK 1/2 IHC. There was an
increase in p-ERK 1/2epositive staining in the tumors from
200 µmol/L)

Figure 6 Effect of nicotine administration of tumor
fibrosis and S100A4 expression in cholangiocarcinoma
(CCA) tumors from nicotine-treated xenograft mice. A and
C: Nicotine administration (50 and 200 mmol/L) signifi-
cantly increases fibrosis in the CCA tumors from xenograft
mice evaluated by PicroSirius Red staining. B and D:
Nicotine administration (50 and 200 mmol/L) stimulates
the expression of the epithelial-mesenchymal transition
marker (EMT), S100A4, in the CCA tumors from xenograft
mice evaluated by immunohistochemistry. Data are
expressed as means � SEM (C and D). n Z 3 tumors
(6 images of each tumor) (C and D). *P < 0.05 versus
control treatment. Original magnification, �40 (A and B).
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Figure 7 Effect of nicotine administration on phosphorylation of
extracellular-regulated kinase 1/2 (p-ERK 1/2) expression levels in chol-
angiocarcinoma tumors from nicotine-treated xenograft mice. Nicotine
stimulates a significant increase in p-ERK 1/2 immunoreactivity. Data are
expressed as means � SEM. n Z 3 tumors (6 images of each tumor).
*P < 0.05 versus control treatment. Original magnification, �40.

Nicotine-Induced Xenograft Growth
the nicotine-treated animals compared with the untreated
controls (Figure 7).

PNU282987, a7-nAChR Agonist, Increases CCA
Xenograft Tumor Growth, Fibrosis, and p-ERK 1/2
Expression

During the early time points of the experiment (from 0 to
20 days), the treatment groups experienced a similar
A B

C
D

-67

Figure 8 Effect of PNU282987 administration on cholangiocarcinoma (CCA) x
and Ki-67 expression. A: PNU282987 administration stimulates a significant incre
a7-nAChR in the CCA tumors from the xenograft mice was verified by immunohisto
proliferation) immunoreactivity in tumor sections compared with control treatme
real-time PCR were increased in xenograft tumors treated with PNU282987 compare
positive cells. Data are expressed as means � SEM. n Z 6 mice per treatment grou
E). *P < 0.05 versus control. Original magnification, �40 (B and C).
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increase in tumor volume. By day 18 the tumors from the
PNU282987 treatment group began to increase in volume
more quickly than the control treatment group, and this
trend continued throughout the treatment period (until
day 32) (Figure 8A). A7-nAChR expression was evaluated
by IHC and real-time PCR (Figure 8, B and D). There was a
significant increase in a7-nAChR expression in the
PNU282987-treated xenograft tumors compared with
control (Figure 8D). Ki-67 IHC was used to assess prolif-
eration in the tumor cells. Tumor sections from the
PNU282987-treated mice had significantly more Ki-
67epositive cells than the untreated control mice (Figure 8,
C and E), which is consistent with increased tumor size.
There was a significant increase in collagen accumulation in
the tumors from the PNU282987-treated animals compared
with the controls (Figure 9, A and C). There was an increase
in p-ERK 1/2epositive staining in the tumors from the
PNU282987-treated animals compared with the untreated
controls (Figure 9, B and D). Finally, there was an increase
in the S100A4 expression in the PNU282987-treated
xenograft tumors (Figure 9E).
Expression of a7-nAChR in Human CCA Tumors

Finally, the expression of a7-nAChR in human CCA tumors
was assessed by IHC. A7-nAChR expression was found to
be significantly elevated in human CCA samples compared
with nonmalignant paired liver samples (Figure 10A). The
expression levels did not vary by grade. Lastly, we
-
–

E

enograft tumor volume and a7 nicotinic acetylcholine receptor (a7-nAChR)
ase in tumor volume compared with control treatment. B: The expression of
chemistry. C: PNU282987 administration increases Ki-67 (cellular marker of
nt by immunohistochemistry. D: a7-nAChR expression levels evaluated by
d with control. E: PNU282987 administration increases the number of Ki-67
p (2 tumors per mouse) (A); n Z 3 tumors (6images of each tumor) (D and
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Figure 9 Effect of PNU282987 administration on
tumor fibrosis and phosphorylation of extracellular-
regulated kinase 1/2 (p-ERK 1/2) and S100A4 expression
in cholangiocarcinoma (CCA) tumors from xenograft mice.
A and C: PNU282987 administration significantly increases
fibrosis in the CCA tumors from xenograft mice evaluated
by PicroSirius Red staining. B and D: PNU282987 admin-
istration stimulates a significant increase in p-ERK 1/2
immunoreactivity. E: PNU282987 administration stimu-
lates the expression of the epithelial-mesenchymal tran-
sition marker, S100A4, in the CCA tumors from xenograft
mice evaluated by real-time PCR. Data are expressed as
means � SEM. n Z 3 tumors (6 images of each tumor).
*P < 0.05 versus control treatment. Original magnifica-
tion, �40 (A and B).
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evaluated the expression of a7-nAChR in normal and
human CCA tumor samples by real-time PCR. There was a
significant increase in a7-nAChR mRNA levels in tumors
from all three CCA grades compared with the normal con-
trol (Figure 10B).
Discussion

Although there is conflicting evidence as to whether tobacco
plays a role in the development and/or progression of CCA,
the involvement of nicotine in this process likely represents
a more complicated scenario involving comorbid condi-
tions, such as PBC, PSC, and alcoholism. Research suggests
that the past or current use of nicotine is a risk factor in the
progression of cholestatic liver diseases.5e8,45e47 In addi-
tion, long-term nicotine use in patients with PSC is a risk
factor for the development of hepatobiliary cancers,
including CCA.5e8,45e47 Taken together, the results of these
studies suggest that smoking may worsen pathologic liver
conditions and predispose patients to malignant trans-
formation. We previously found that nicotine has direct
physiologic consequences on biliary epithelia, including
intracellular signaling, proliferation, and production of
profibrogenic components.14 In this study, we further
explored the effects of nicotine on CCA cells both in vitro
1102
and in vivo in a mouse xenograft model. We also evaluated
the expression of a7-nAChR in human CCA samples.
Here, we found that CCA cell lines express higher levels

of a7-nAChR compared with the normal human chol-
angiocyte cell line HIBEpiC. The pentameric form of
a7-nAChR is known to play a role in cell proliferation and
pathogenesis in several diseases.15 Nicotine stimulated the
proliferation of CCA cell lines and the normal chol-
angiocyte line in vitro in a dose-dependent manner, which
was partially blocked by silencing of a7-nAChR. Moreover,
we found that nicotine and a specific a7-nAChR agonist
(PNU282987) increases p-ERK 1/2 activation, which was
partially blocked by a7-nAChR silencing. These results
suggest that nicotine acts through a7-nAChR to stimulate
the proliferation and the p-ERK 1/2 signaling pathway,
which is known to stimulate cholangiocyte proliferation,
hyperplasia, and malignancy.48e50 Therefore, it is possible
that nicotine acts as a mitogenic factor in pathogenesis of
PBC and PSC to potentiate malignant transformation.
In the in vivo studies, we examined the morphologic

features of cholangiocyte xenograft tumors, including
cellular composition, inflammation, fibrosis, and S100A4
expression. First, we verified that the xenograft tumors
were mostly composed of cholangiocytes by IHC for
CK-19, a cholangiocyte-specific marker. Second, H&E-
stained tumor sections were evaluated for the extent of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 10 Evaluation of a7 nicotinic acetyl-
choline receptor (a7-nAChR) in human chol-
angiocarcinoma (CCA) samples. A: a7-nAChR
immunoreactivity significantly increases in human
CCA samples compared with nonmalignant controls
in a commercially available tissue array. There is a
significant increase in the staining index in human
CCA samples compared with nonmalignant controls.
B: a7-nAChR expression levels are significantly
elevated in 11 human CCA samples by real-time PCR.
Data are expressed as means � SEM (A and B).
nZ 42 paired cases (A); nZ 4 for each sample (B).
*P < 0.05 versus nonmalignant control; yP < 0.05
versus normal human control liver sample. Original
magnification, �40.

Nicotine-Induced Xenograft Growth
surrounding inflammation and fibrosis. Both surrounding
inflammation and fibrosis extending into the tumor
increased with increasing nicotine concentration. The
extent of fibrosis was further evaluated by PicroSirius Red
staining. Collagen deposition increased in the CCA tumors
of the nicotine-treated xenograft mice compared with the
untreated controls. We previously observed that nicotine
stimulates fibrosis in the livers of normal rats, and it is well
known that fibrosis is one of the consequences of chronic
inflammation associated with many liver diseases,
including PBC, PSC, and alcoholic liver disease.14 The
expression levels of S100A4 were also evaluated in the
xenograft tumors, and there was a significant increase in
S100A4 expression levels in the nicotine-treated xenograft
mice compared with the untreated controls. Recent studies
have found that S100A4 is elevated in CCA tissues and
may be a prognostic marker for CCA.42e44 Maternal
nicotine exposure induces lung injuries and fibrosis in rat
offspring, which was associated with increased S100A4.51

The increase of S100A4 in the tumors of nicotine-treated
xenograft mice suggests that nicotine exposure may stim-
ulate the progression of CCA.

In addition to tumor morphologic features, nicotine
stimulated the growth of CCA in our xenograft model.
In addition, there was a significant nicotine-dependent
increase in proliferation of the tumor cells, which is
consistent with our in vitro observations. As expected,
a7-nAChR is expressed in the CCA tumors in our
xenograft mice from all treatment groups. The increase in
proliferation observed in the CCA tumors of the nicotine-
treated xenograft mice is likely due to the nicotine-
dependent activation of a7-nAChR. Therefore, because
we observed that the nicotine-dependent activation of
The American Journal of Pathology - ajp.amjpathol.org
p-ERK in Mz-ChA-1 cells was dependent on a7-nAChR,
we examined the activation of p-ERK in the CCA tumors
by IHC. Consistent with the in vitro results, there was a
dose-dependent increase in p-ERK activation in the CCA
tumors of the nicotine-treated xenograft mice. To confirm
the role of the a7-nAChR in nicotine-induced xenograft
tumor growth and p-ERK 1/2, mice with xenograft tumors
were treated with a specific agonist for a7-nAChR receptor,
PNU282987. PNU282987 stimulated tumor growth and the
p-ERK expression levels. These findings indicate that the
activation of a7-nAChR plays an important role in the
regulation of tumor growth and the downstream activation
of ERK 1/2, which has been found to play a role in CCA
growth in other studies.52

Finally, we verified that a7-nAChR is expressed in
normal human liver tissue and CCA tissue and significantly
elevated in CCA samples. Therefore, it is a reasonable
assumption that nicotine-dependent activation of a7-nAChR
in humans may promote the development and/or progres-
sion of CCA. However, the exact role of nicotine in this
process, and specifically the signaling pathways involved,
remains to be explored.

In summary, the results of this study indicate that nicotine
stimulates CCA proliferation in vitro, which is likely the
result of the a7-nAChRedependent activation of p-ERK. In
addition, nicotine accelerated the growth of the CCA tumors
in our in vivo xenograft model and increased fibrosis, pro-
liferation of the tumor cells, and p-ERK activation.
Together, these findings suggest that nicotine participates in
cholangiocarcinogenesis. In conclusion, our findings outline
a novel role for nicotine in the progression of CCA growth
and that nicotine use should be carefully considered when
dealing with patients at risk for developing CCA.
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