1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Lett. Author manuscript; available in PMC 2018 February 01.

-, HHS Public Access
«

Published in final edited form as:
Cancer Lett. 2017 February 01; 386: 179-188. doi:10.1016/j.canlet.2016.11.025.

Inhibition of the apelin/apelin receptor axis decreases
cholangiocarcinoma growth

Chad Hall9, Laurent Ehrlich®d, Julie Venter®, April O’Brien?, Tori White?, Tianhao Zhou®®,
Tien DangP, Fanyin MengP, Pietro Invernizzil, Francesca Bernuzzi!, Gianfranco
Alpini&b.cd Terry C. Lairmored, and Shannon Glaserab.c*

aResearch, Central Texas Veterans Health Care System, Temple, TX 76504, USA

bBaylor Scott & White Digestive Disease Research Center, Scott & White, Temple, TX 76504,
USA

¢Scott & White Medical Center, Department of Medicine, Temple, TX 76508, USA
dScott & White Medical Center, Department of Surgery, Temple, TX 76508, USA
®Texas A&M University Health Science Center, Temple, TX 76504, USA

fCenter for Autoimmune Liver Diseases, Humanitas Clinical and Research Center, Rozzano, Italy

Abstract

Purpose—Cholangiocarcinoma (CCA) is a malignancy of the biliary epithelium that is
associated with low five-year survival. The apelin receptor (APLNR), which is activated by the
apelin peptide, has not been studied in CCA. The purpose of this study is to determine if inhibition
of the apelin/APLNR axis can inhibit CCA growth.

Methods—Immunohistochemistry, rtPCR, immunofluorescence, flow cytometry, and ELISA was
used to measure APLNR expression in human CCA cells and tissues. Mz-ChA-1 cells were
treated with increasing concentrations of apelin and ML221, an APLNR antagonist. Expression of
proliferative and angiogenic genes were measured via rtPCR. /n vivo, Mz-ChA-1 cells were
injected into the flanks of nu/nu mice, which were treated with ML221 (150 pg/kg) via tail vein
injection.

Results—Expression of the apelin/APLNR axis was increased in CCA. /n vitro, CCA
proliferation and angiogenesis was inhibited by ML221 treatment. ML221 treatment significantly
decreased tumor growth in nu/nu mice.

Conclusion—The apelin/APLNR axis regulates CCA proliferation and angiogenesis. Inhibition
of the apelin/APLNR axis decreases tumor growth in our xenograft model. Targeting APLNR
signaling has the potential to serve as a novel, tumor directed therapy for CCA.
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Introduction

Cholangiocarcinoma (CCA) is a malignancy that arises from the intrahepatic or extrahepatic
biliary epithelium. It is the second most common primary liver cancer and accounts for
approximately 15% of liver cancers worldwide [1]. In the United States, the incidence of
CCA is approximately 1.6 cases per 100,000 people; however, the incidence in some Asian
countries is much higher [2]. Risk factors strongly associated with cholangiocarcinoma
development include Primary Sclerosing Cholangitis (PSC), choledochal cysts,
hepatolithiasis, liver cirrhosis, thorotrast, and Opisthorcosis viverrini infection [3]. Despite
multidisciplinary treatment strategies, overall 5-year survival rates for resectable intrahepatic
CCA tumors remains between 30 and 35% [4]. Developing novel, tumor specific therapies
for cholangiocarcinoma could broaden the scope of current treatment strategies and provide
the necessary adjuncts to improve long-term survival.

Apelin is a bioactive peptide and endogenous ligand for the APJ receptor (APLNR), a
member of the G protein coupled receptor family that shares a similar sequence as the
angiotensin type-1 receptor (AT1) [5]. Early studies demonstrated that the apelin/APLNR
receptor axis plays a significant role in blood pressure regulation and cardiovascular disease
by regulating angiogenesis and the response of endothelial cells to hypoxic injury [6-9].
APLNR signaling is also essential for embryonic angiogenesis and has been shown to
regulate blood vessel diameter [8,10].

More recent studies have shown that the apelin/APLNR axis also regulates angiogenesis and
growth of certain malignancies, potentially serving as a novel therapeutic target [5,11].
Additionally, apelin has been shown to promote lymphangiogenesis and lymph node
metastasis, further emphasizing its importance in cancer physiology [12]. Berta et al.
demonstrated that apelin expression is up regulated in human non-small cell lung cancer,
expression is associated with poor overall survival, and apelin stimulates tumor growth and
microvessel densities in their /n vivo model [13]. Additionally, an apelin/APLNR autocrine
loop has been identified in colon adenocarcinoma tumors that regulates tumor growth, but is
inhibited by administration of an APLNR antagonist [14]. Within the liver, Muto et al.
demonstrated that the apelin-APLNR system induces hepatocellular carcinoma angiogenesis
[15].

In this study we present the novel findings that the apelin/APLNR axis is up regulated in
CCA cells lines and human CCA tissues. We demonstrate that apelin promotes CCA
proliferation and angiogenesis, a process that is inhibited by co-treatment with an APLNR
antagonist. Additionally, we show that CCA growth is inhibited /in vivo by intravenous
administration of ML221, an apelin receptor antagonist, in our nu/nu mouse xenograft
model.
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Materials and methods

Materials

Reagents were purchased from Sigma (St. Louis, MO) unless otherwise indicated. The
rabbit polyclonal apelin receptor (APLNR) antibody was purchased from Thermo Fisher
Scientific (Waltham, MA). Anti-rabbit secondary antibodies used for immunoblots were
purchased from Li-cor (Lincoln, NE). Alexa Fluor® 488 secondary antibodies used in flow
cytometry were purchased from Jackson ImmunoResearch (West Grove, PA). The apelin
receptor ligand, Pyr-Apelin-13 (2420), and the receptor antagonist, ML 221 (4748), were
purchased from Tocris Pharmaceuticals (Avon-mouth, Bristol, UK) [16]. Antibodies for p-
ERK (4370) and t-ERK (4695) were purchased from Cell Signaling (Danvers, MA).

Expression of apelin and APLNR in human CCA tissues

Cell lines

Immunohistochemistry (IHC) was used to evaluate the expression of APLNR in human non-
malignant and CCA tissue samples. CCA tissue arrays and normal human liver slides were
purchased from abcam® (Cambridge, MA). Expression of APLNR in CCA tissues was
compared with tissues biopsied from adjacent non-malignant liver. The tissues were stained
with rabbit polyclonal APLNR antibody using a 1:200 dilution. The rabbit 1gG Vectastain®
ABC Kit from Vector Laboratories, INC. (Burlingame, CA) was used for secondary
staining. Light microscopy and IHC observations were taken with a BX-40 light microscope
(Olympus) (Tokyo, Japan).

Apelin and APLNR gene expression was also measured by real-time PCR (rtPCR) from
mMRNA isolated from several human CCA tumors compared to non-malignant liver tissue.
The human samples were obtained from Dr. Pietro Invernizzi (Humanitas Research Hospital,
Rozzano, Italy) under a protocol approved by the Ethics Committee of the Humanitas
Research Hospital; the protocol was reviewed by the Veterans’ Administration IRB and
R&D Committee. The use of human tissue was also approved by the Texas A&M HSC
Institutional Review Board.

The study was performed in six human CCA cell lines of different origin: Mz-ChA-1,
TFK-1, SG231, CCLP-1, HuCC-T1, and HuH-28. The human intrahepatic CCA cell lines
CCLP-1, HUCC-T1 and SG231 were a gift of Dr. A. J. Demetris of University of Pittsburgh
(Pittsburgh, PA) [17-19]. The human extrahepatic CCA line, Mz-ChA-1, was a gift from Dr.
G. Fitz (UT Southwestern Medical Center, Dallas, TX) [20]. The human intrahepatic biliary
cell line, HUH-28 and the human extrahepatic biliary TFK-1 cells were obtained from the
Cancer Cell Repository (Tohoku University, Japan); the cell lines were maintained as
described [21-23]. The human immortalized, nonmalignant, cholangiocyte cell line, H69
[24,25], was obtained from Dr. G. J. Gores, Mayo Clinic, MN. Human hepatocytes were
purchased from ScienceCell (Carlsbad, CA).

Expression of APLNR in non-malignant and CCA cell lines

APLNR expression was evaluated by immunofluorescence in H69 control chol-angiocytes
and Mz-ChA-1 cells. Approximately 200,000 cells were plated on coverslips in a 6-well
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plate and grown 24-48 h until ~75% confluent. Mounted cells were fixed, washed, and
incubated with primary antibody diluted 1:200 in 1% donkey serum overnight at 4 °C. Cells
were incubated with AlexaFluor488 species appropriate secondary antibody (Jackson
Immuno) diluted 1:100 in 1% donkey serum. Finally, coverslips mounted on slides with
DAPI (Invitrogen) and imaged with a confocal microscope (Olympus FluoView 500 laser
scan microscope with DP70 digital camera, Tokyo, Japan).

Measurement of APLNR expression was also performed using flow cytometry as described
[26]. H69 and selected CCA cells were isolated, resuspended and incubated with slow
agitation for 15 min at room temperature with anti-APLNR antibody at a dilution of 1:100.
Then Alexa Fluor® 488 conjugated secondary antibody was added to suspension at a
dilution of 1:50 and cells were incubated with slow agitation for 15 min at room temperature
in the dark. Cells incubated without antibody or with only Alexa Fluor® 488 conjugated
secondary antibody were used as negative controls. Cells were analyzed using
(FACSCalibur, Becton Dickinson, San Jose, CA), with CellQuest Pro 5.2 software. At least
10,000 events in the light scatter (SSC/FSC) were acquired. The expression of apelin
receptor was identified and gated on FL1-A/Count plots. The relative quantity of the selected
protein (mean selected protein fluorescence intensity) was expressed as mean FL1-A
(samples)/mean FL1-A (secondary antibodies only).

Expression of apelin in supernatant of non-malignant and CCA cell lines

Apelin levels measured from supernatant (incubated for 48 h at 37 °C) from H69 and
selected CCA cell lines using the Apelin-36 (human) EIA Kit according to the
manufacturer’s instructions (Phoenix Pharmaceuticals, INC.). Undiluted samples (50 mL)
were prepared in triplicates according to the protocol. Absorbance O.D. was measured at
450 nm on a microplate spectrophotometer (VersaMax, Molecular Devices, Sunnyvale, CA).
The PRISM® software (GraphPad) was used to prepare the standard curve and to calculate
the concentration of apelin in each sample. Data is expressed as an average concentration +
SEM.

Treatment of CCA with apelin and APLNR antagonist

Mz-ChA-1 cells were cultured in 250 mL flasks until 90% confluent and transferred to 6
well plates with an equal number of cells in each well. Cells were cultured for 24 h under
normal conditions with 5% serum media and then grown in serum free media for an
additional 24 h. Cells were then treated with increasing concentrations of apelin (5, 10, 15
uM) and ML221 APLNR antagonist (7.5, 10, 15 uM) over various time points using
standard solutions of 1 mM and 100 pM, respectively. To confirm our findings in Mz-ChA-1
cells, H69 cholangiocytes and additional CCA cell lines (HuH-28 and SG231) were treated
with 10 pM of ML221 over 24 h. Human hepatocytes were also cultured as previously
described and treated with 10 uM of apelin for 24 h. Cells were collected following
treatment using TrypLE solution (Gibco®) and used for RNA isolation.

Expression of angiogenic and proliferative markers

Total RNA was isolated from treated CCA cells using the RNeasy Plus Micro Kit (Qiagen)
(74034) according to protocol’s instructions. rtPCR analysis [27] was used to determine the
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effects of apelin and ML221 treatment on CCA cells. cDNA was created from 1200 pg of
total RNA using iScript™ Reverse Transcription Supermix for rtPCR (Bio Rad). RtPCR was
performed using human apelin primers (Qiagen) [28] and SYBR Green PCR Master Mix
(SABiosciences) on the Agilent Technologies Mx3005P rtPCR system. Proliferation was
evaluated by rtPCR using human primers for PCNA and Ki-67 (Qiagen). Markers of
angiogenesis were measured using human primers (Qiagen) for vascular endothelial growth
factor-A (VEGF-A), vascular endothelial growth factor-C (VEGF-C), angiopoietin 1
(Ang-1), and angiopoietin 2 (Ang-2). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, the housekeeping) primers (Qiagen) [29] were used for relative control. A AACt
(delta delta of the threshold cycle) analysis was performed using H69 as the control sample
[30]. Data is expressed as relative mRNA levels + SEM.

Wound-healing assay

H69, HuccT, and Mz-ChA-1 cells were grown in a 6-well flask until 200% confluence was
achieved. Cells were incubated at 37 °C in 5% albumin media and treated with 10 pM of
ML221 or left untreated as a control. Using a 19G needle and 20-L pipette tip, a wound
was made through the cell monolayer. Serial images were obtained at time 0, 3, 6, 12, 24
and 48 h under light microscopy. Wound-healing was evaluated by measuring the total
surface area of the image covered by the cells. Thus, as the cells began to migrate, the
percentage of cell surface area increased. Measurements of control and ML221 treated cells
were recorded as triplicates.

Invasion assay

H69, HuccT, and Mz-ChA-1 cells were grown in a 6-well flask until 60% confluence was
achieved. Cells were incubated at 37 °C in 5% albumin media and treated with 10 uM of
ML221 for 24 h or left untreated as a control. Cells were collect and transferred to the QCM
ECMatrix Cell Invasion Assay chamber purchased from EMD Millipore (Billerica, MA).
Invasion assay was conducted in aforementioned cell lines according to the assay’s protocol.

In vivo studies

Male BALBI/c eight week old nude (nu/nu) mice were kept in a temperature and light
controlled environment with free access to drinking water and rodent chow [31]. Three
million Mz-ChA-1 cells were suspended in extracellular matrix gel and subcutaneously
injected into the rear flanks of these nude mice. Mice were treated with ML221 (150 pg/kg)
[32] 3x weekly via tail vein injection for 4 weeks. Tumor growth was measured three times
a week using an electronic caliper, and volume was determined as follows: tumor volume
(mm3) = length (mm) x width (mm) x height (mm). Tumors were allowed to grow until the
maximum allowable tumor burden was reached, as set forth by the Baylor Scott & White
Healthcare IACUC tumor burden policy. After 4 weeks of treatment, mice were euthanized
with sodium pentobarbital (50 mg/kg i.p.). Hematoxylin and eosin (H&E) staining was
performed using an H&E stain kit purchased from ScyTek Laboratories, INC. Tumors were
confirmed to be primarily CCA cells by positive IHC staining and immunoblots for
cytokeratin-19 (CK-19), a cholangiocyte specific marker [33]. IHC and immunoblots were
used to demonstrate expression of APLNR, p-ERK and t-ERK. Alpha tubulin was used as a
relative control using a mouse monoclonal anti-alpha tubulin antibody purchased from
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abcam. Markers of proliferation (PCNA, Ki-67), angiogenesis (VEGF-A, VEGF-C, Ang-1,
and Ang-2) and tumor progression (Vimentin, MMP-9, MMP-3) (Qiagen) were measured
via rtPCR using the aforementioned protocol.

Statistical analysis

All data are expressed as mean + SEM. Differences between groups were analyzed by
Student’s unpaired t-test when two groups were analyzed and ANOVA when more than two
groups were analyzed, followed by an appropriate post hoc test. P < 0.05 was considered to
be statistically significant.

Results

Expression of apelin and APLNR is increased in human CCA tissues

IHC images show positive staining and up-regulation of APLNR in CCA tissue compared to
non-malignant liver tissue (Fig. 1A). Semi-quantitative analysis of CCA tissues in the tissue
array shows significantly increased expression of APLNR in CCA tumors compared to non-
malignant liver sections (Fig. 1A). In liver sections from benign samples, IHC demonstrated
positive APLNR staining in cholangiocytes but minimal staining in hepatocytes
(Supplementary Fig. 1A). RtPCR for APLNR (Fig. 1B) in human CCA tumors shows a
significant up-regulation of gene expression in seven of eleven human CCA tumors. APLNR
expression was up regulated in two other CCA tumors but failed to reach statistical
significance (Fig.1B). Apelin expression was quantified by rtPCR in four of the same CCA
tumor samples as previously shown in Fig. 1B. Apelin gene expression was significantly up
regulated in all four CCA tumors (Fig. 1C).

Expression of APLNR and apelin is increased in CCA cell lines

Immunofluorescence demonstrated that H69 cholangiocytes Mz-ChA-1 CCA cells express
APLNR (Fig. 2A). Flow cytometry confirmed that APLNR expression is increased in CCA
cells compared to H69 cells (Fig. 2B). Apelin secretion from CCA cells was identified by
ELISA and found to be up regulated compared to non-malignant H69 cells (Fig. 2C).

Apelin promotes CCA proliferation and angiogenesis in vitro

Proliferation (PCNA, Ki-67) and angiogenesis (VEGF A, Ang 1, Ang 2) markers in
MzChA-1 CCA cells demonstrated a dose dependent response to treatment with apelin and
APLNR antagonist (Fig. 3A-B). Apelin significantly increased expression of PCNA and
Ki-67 compared to untreated cells at 5 and 10 pM, but this was not seen with a 15 uM
treatment. ML221 treatment of 7.5, 10 and 15 pM significantly decreased PCNA and Ki-67
expression (Fig. 3A). Treatment of Mz-ChA-1 cells with 5, 10 and 15 uM of apelin for 24 h
resulted in increased expression of angiogenesis factors (VEGF-A, VEGF-C, Ang-1, and
Ang-2). Whereas, treatment of Mz-ChA-1 cells with 7.5, 10 and 15 pM ML221 for 24 h
significantly decreased expression of VEGF-A, Ang-1 and Ang-2 (Fig. 3B). VEGF-C
expression was increased in Mz-ChA-1 cells following ML221 treatment, but these results
were not statistically significant. Treatment of human hepatocytes with apelin did not
significantly alter expression of Ki-67 or PCNA (Supplementary Fig. 1B).
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ML221 decreases Mz-ChA-1 cell migration

Results of the wound-healing assay in control and ML221 treated Mz-ChA-1 cells is shown
in Fig. 3C. The percentage of cell surface coverage significantly increased in untreated cells
at 6 h compared to ML221 treated cells. This difference became more pronounced at 12, 24,
and 48 h. Near complete healing of the wound was seen at 48 h in the untreated Mz-ChA-1
cells, whereas, the ML221 treated cells showed minimal change in the percentage of cell
surface coverage. Treatment of Mz-ChA-1 cells with ML221 did not significantly change
cell invasion compared to untreated controls (Fig. 3D).

Wound-healing and cell invasion assays were repeated in H69 and HuccTcells treated with
ML221. In H69 cells, ML221 significantly decreased wound-healing over 24 h, but
statistical significance was lost at 48 h (Supplementary Fig. 2A). There was a trend towards
decreased cell invasion in H69 cells using the cell invasion assay (P = 0.07) (Supplementary
Fig. 2B). In HuccT cells, ML221 significantly inhibited wound-healing over 48 h compared
to untreated cells (Supplementary Fig. 2C). HuccT cell invasion did not significantly change
with ML221 treatment (Supplementary Fig. 2D).

APLNR antagonist inhibits proliferation and angiogenesis in HuH-28 and SG231 cells

Control H69 human cholangiocytes and additional CCA cell lines (HuH-28 and SG231)
were treated with 10 pM of ML221 for 24 h. H69 cells demonstrated increased expression of
Ki-67, but significantly decreased expression of angiogenic factors (VEGF-A, VEGF-C,
Ang-1 and Ang-2) (Fig. 4A). HuH28 cells treated with ML221 showed significantly
decreased expression of Ki-67, as well as VEGF-A, VEGF-C, Ang-1 and Ang-2 (Fig. 4B).
ML221 treatment also decreased expression of these factors in SG231 cells (Fig. 4C).

APLNR antagonist inhibits CCA tumor growth in vivo

Tumor growth was significantly decreased in mice treated with APLNR antagonist
compared to untreated control mice (Fig. 5A). Average tumor volumes in the treatment and
control groups were recorded prior to each ML221 treatment and results are shown in Fig.
5B. Tumors in mice treated with ML221 were significantly smaller compared to the tumors
in the untreated control mice. H&E staining was performed on paraffin embedded tumors
that were collected from the control and ML221 treated mice. H&E staining confirmed that
the xenograft tumors histologically resembled CCA (Fig. 5C). We did not identify any
significant side effects of the ML221 treatments, but one mouse in the control group did
have to be placed on medical watch due to excessive weight loss (15% of original body
weight).

Immunoblots were performed on protein isolated form control and ML221 treated Mz-
ChA-1 tumors (Fig. 6A). Control and ML221 treated tumors showed similar expression of
CK-19. There was decreased expression of p-ERK and t-ERK in ML221 treated tumors.
Control and ML221 treated Mz-ChA-1 tumors demonstrated positive CK-19 (Fig. 6B) and
APLNR staining (Fig. 6C). RtPCR confirmed decreased gene expression of proliferative
markers (PCNA, Ki-67), angiogenic factors (VEGF-A, VEGF-C, Ang-1, Ang-2), and
markers of tumor progression (Vimentin, MMP-9, MMP-3) in tumors treated with ML221
compare to untreated controls (Fig. 6D).
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Discussion

Our results demonstrate the novel finding that the apelin/APLNR receptor axis participates
in an autocrine/paracrine feedback loop to regulate cholangiocarcinoma growth and
angiogenesis. Inhibition of APLNR signaling with an APLNR antagonist (ML221)
significantly inhibited tumor growth in our xenograft model using human Mz-ChA-1 CCA
cells. These results suggest that targeting the apelin/APLNR axis may provide new, tumor
directed therapies to enhance CCA treatment strategies by inhibiting CCA tumor growth.

These results further show that the apelin receptor and its cognate peptide ligand, apelin, are
important for tumor growth and angiogenesis. Sorli et al. demonstrated that apelin is a potent
activator of neoangiogenesis, which in turn regulates tumor growth, using mouse mammary
carcinoma cell clones (TS/A-apelin) [11]. Their data from a human cancer-profiling array
shows that the apelin gene is expressed in a variety of benign and malignant tissues,
however, the frequency of gene up regulation was high in carcinomas of the colon, skin and
pancreas [11]. They did not see an increase of apelin gene expression in tumors of liver
origin, however, carcinomas of the pancreatic head and extrahepatic CCA share similar
features, including embryologic origin and several phenotypic characteristics [34].

Our /n vitro data showed significant up regulation of apelin and APLNR in intrahepatic and
extrahepatic cell lines. Not all tumors in our CCA tissue array showed increased APLNR
expression and the array did not make a distinction between intrahepatic or extrahepatic
tumors, so we are unable to determine whether or not expression of APLNR is dependent on
tumor location. More research about the heterogeneity of apelin and APLNR expression in
CCA is needed to determine if anatomical location changes expression of this axis, which
would further impact potential therapeutic strategies. Furthermore, in normal liver samples
APLNR expression was primarily located in cholangiocytes. Our CCA tissue array staining
suggests that hepatocyte APLNR expression also increases in the presence of an adjacent
CCA tumor. It is possible that the tumor microenvironment promotes up regulation of the
apelin/APLNR axis; however, additional studies are needed to investigate these findings.
These results parallel other studies in which hepatic APLNR expression is minimal in
normal conditions but significantly up regulated in the setting of liver fibrosis and cirrhosis
[35].

The physiologic conditions and signaling mechanisms that regulate apelin secretion and
APLNR expression in malignant tissues appear to be multifactorial. Previous studies have
shown that hyperplastic and neoplastic cholangiocytes secrete a variety of hormones,
peptides, and growth factors that help regulate cell proliferation [36]. Hypoxia appears to be
a major factor in tumor angiogenesis by increasing expression of VEGF and hypoxia-
inducible factor (HIF) [5,37]. Similarly, Heo et al. demonstrated that apelin expression was
significantly up regulated under hypoxic conditions in oral squamous cell carcinoma, which
correlated with increased cell proliferation and migration [38]. Additionally, high levels of
serum apelin in gastric and esophageal cancer patients correlates with high levels of C-
reactive protein, indicating that apelin may be involved in the systemic inflammatory
response of certain malignancies [39]. Studies in chronic liver diseases have also shown that
hypoxia and inflammatory conditions are capable of inducing apelin expression, which
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creates an angiogenic and fibroproliferative response [40]. Additionally, Wan et al.
demonstrated that apelin is a target gene for microRNA-224 (miR-224) and that low
miR-224 levels correlates with elevated apelin levels in prostate cancer tissues, which is
associated with increased cancer progression, advanced stage, and decreased disease-free
survival [41].

Benign and malignant cholangiocytes proliferate in response to numerous peptides,
hormones, and growth factors during normal physiologic conditions and in response to
biliary injury [2,36]. Activation of the PKA/Src/MEK/ERK1/2 phosphorylation cascade is a
common pathway that promotes cholangiocyte proliferation [42]. ERK1/2 signaling has also
been implicated in the proliferation and autophagy of lung adenocarcinoma cells when
stimulated with apelin [43]. Additionally, apelin-mediated ERK signaling has also been
shown to regulate cardiomyocyte hypertrophy and to activate the expression of inflammatory
cytokines in microglial cells [44,45]. Our results show that ML221 treatment decreased Mz-
ChA-1 tumor expression of p-ERK and t-ERK, indicating that this pathway may become
less active with ML221 treatment.

Previous studies have demonstrated that apelin’s involvement in cell proliferation is not
limited to the ERK1/2 phosphorylation cascade. Masri et al. demonstrated that apelin
induces a time-dependent phosphorylation of p70S6K, which is associated with transduction
of PI3K and ERK phosphorylation cascades [46]. More recent studies have shown that
apelin-mediated activation of PI3K/Akt is associated with proliferative and anti-apoptotic
properties [47]. Zeng et al. demonstrated that apelin is neuroprotective by inhibiting
apoptosis in cortical neurons via phosphorylation of Akt and ERK1/2 [48]. Additionally,
apelin has been shown to stimulate proliferation and inhibit apoptosis in mouse osteoblasts
via activation of INK and PI3K/AKT signaling pathways [49]. APLNR signaling has also
been shown to induce nitric oxide synthase in endothelial cells and decrease intracellular
reactive oxygen species, however, it is unclear if these signaling properties also help regulate
cell proliferation [47].

Our data shows that ML221 treatment decreased expression of angiogenic factors in a dose-
dependent response. Angiogenesis has been considered critical to for the development and
progression of CCA [50]. In recent studies, tumor-associated angiogenesis and
lymphangiogenesis has been implicated in intrahepatic and hilar CCA disease progression,
lymph node metastases, and overall prognosis [51-53]. Furthermore, microvascular density
has been shown to significantly decrease 5-year survival rates [51]. Additionally,
angiogenesis was linked to a poor prognosis in patients with node-negative intrahepatic
cholangiocarcinoma [54]. These studies emphasize why targeting the mechanisms of
angiogenesis and neovascularization in CCA, such as the apelin/APLNR axis, may help
improve long-term survival.

The results of our /n vivo experiments provide promising evidence that the apelin/APLNR
axis is implicated in CCA growth and that targeting this axis with a receptor specific
antagonist may help develop effective, tumor directed therapies. Not only do we show
decreased proliferation and angiogenesis in ML221 treated tumors, but we also demonstrate
decreased expression of vimentin, MMP-9 and MMP-3. Previous studies in CCA have
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shown that vimentin expression is induced by epithelial-mesenchymal transition (EMT) and
is associated with progressive tumor growth and a poor prognosis [55]. MMP-9 and MMP-3
have also been implicated in cancer proliferation, angiogenesis and the induction of EMT
[56].

These results are similar to previously mentioned studies in lung and colon cancer [14,43].
We did not identify any side effects to ML221 treatment in our xenograft model, however,
since apelin signaling also regulated blood pressure and cardiac activity, it is possible
significant side effects could develop in more advanced therapeutic trials. Furthermore,
apelin signaling has been shown to be organ protective in specific circumstances such as
cardiac ischemia/reperfusion injury and hemorrhagic shock [57,58]. Additionally, Chen et
al. demonstrated that intranasal apelin treatment following an ischemic stroke was
neuroprotective and induced angiogenesis in mice [59]. Additional studies focusing on dose
optimization and potential systemic side effects are necessary to determine if the therapeutic
benefits of an APLNR antagonist outweigh the potential risks.

This study does have some limitations to address. The amount of human data in this study is
limited due to the availability of human tissues in our laboratory. Our data suggests that not
all CCA tumors over-express apelin and its receptor. We are unable to make accurate
predictions into the percentage of CCA tumors that over-express components of the apelin
signaling pathway. The potential therapeutic benefit of an APLNR antagonist is tumor
specific and may not be applicable to all patients with CCA. Additionally, our /n vivo studies
in immunocompromised mice provide a useful model, however, there is a degree of
variability in tumor measurements and drug administration due to technical error. We
attempted to minimize this error by having one person perform all measurements and
treatments throughout the study period. Also, the design of our xenograft model allowed for
frequent tumor measurements and ease of tumor collection, however, ML221 dosing,
administration frequency, and treatment efficacy have to be considered in other models.
Additionally, we only used one cell line to conduct our /n vivo experiments. Our experience
has shown that Mz-ChA-1 cells produce the most reliable tumors in our xenograft model and
we have not been able to consistently grow tumors using other cell lines [27,60-63].

In conclusion, the apelinf/APLNR axis regulates CCA growth and angiogenesis. Inhibition of
apelin signaling with ML221, an APLNR antagonist, significantly inhibited tumor growth in
our xenograft model using nu/nu mice. An APLNR antagonist may serve as a novel, tumor-
directed, treatment strategy to limit tumor neo-vascularization and subsequent disease
progression, however, additional studies are needed to determine its therapeutic potential.
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Fig. 1.

A: Positive APLNR staining by IHC in four human CCA tissues (bottom row) compared to
adjacent non-malignant liver tissues (top row). Semiquantitative analysis of IHC images
shows significantly increased expression of APLNR in CCA tissues compare to non-
malignant liver tissues (n = 18). Table 1: Corresponding patient demographics and tumor
grade from patients included in IHC images. B: APLNR gene expression is increased by
rtPCR in human CCA tissues (n = 3). Patient samples are labeled as G = tumor grade,
followed by the patient age. C: Apelin gene expression is increased by rtPCR in human CCA
tissues (n = 3). Patient samples are labeled as G = tumor grade, followed by the patient age
(* =P <0.05).
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Fig. 2.
A: APLNR is expressed in H69 control cholangiocytes (top row) and Mz-ChA-1

cholangiocarcinoma cells (bottom row) shown by immunofluorescence. B: APLNR
expression is significantly increased in CCA cell lines compared to benign cholangiocytes
(H69) shown by flow cytometry (n = 3). C: ELISA results show that Apelin is secreted from
CCA cells in higher concentrations than benign cholangiocytes (H69) (n = 3) (* = P < 0.05).
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Fig. 3.
A: Apelin treatment promotes Mz-ChA-1 gene expression of Ki-67 and PCNA (left),

whereas, ML221 treatment decreases Mz-ChA-1 gene expression of Ki-67 and PCNA in a
dose dependent manner (n = 5) via rtPCR. B: Gene expression of angiogenic factors (VEGF-
A, Ang-1, and Ang-2) is increased when Mz-ChA-1 cells are treated with increasing
concentrations of apelin (left), whereas, gene expression is decreased with increasing
concentrations of ML221, an APLNR antagonist (right) (n = 5) via rtPCR. C: 10 pM of
ML221 treatment significantly decreases cell proliferation and migration at 6, 12, 24, and 48
h during wound-healing assay (* = P < 0.05). D: Mz-ChA-1 cell invasiveness did not
significantly change following treatment with 10 uM of ML221 for 24 h compared to
untreated control cells.
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A: Treatment of benign human cholangiocytes (H69) with 10 pM of ML221 over 24 h
increased Ki-67 gene expression, but significantly decreased expression of angiogenic
factors (VEGF-A, VEGF-C, Ang-1, and Ang-2) via rtPCR. B. Treatment of HuH-28
cholangiocarcinoma cells with 10 uM of ML221 over 24 h significantly decreased Ki-67
gene expression, as well as angiogenic factors (VEGF-A, VEGF-C, Ang-1, and Ang-2) via
rtPCR. C. Treatment of SG231 cholangiocarcinoma cells with 10 uM of ML221 over 24 h
significantly decreased Ki-67 gene expression, as well as angiogenic factors (VEGF-A,
VEGF-C, Ang-1, and Ang-2) via rtPCR.
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A: Parenteral administration of ML221 in nu/nu mice decreases Mz-ChA-1 tumor size
(bottom row) compared to untreated control tumors (top row). B: Mz-ChA-1 tumor volume
significantly increases in untreated control tumors (n = 9) compared to ML221 treated
tumors (n = 12). C: H&E staining of control (left) and ML221 treated (right) Mz-ChA-1

tumors isolated from nu/nu mice.
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A: Immunoblots of protein isolated from control and ML221 treated Mz-ChA-1 tumors
shows expression of CK-19. p-ERK and t-ERK expression is decreased in ML221 treated
Mz-ChA-1 tumors compared to untreated Mz-ChA-1 tumors. B: Control and ML221 treated
Mz-ChA-1 tumors demonstrate positive staining for CK-19, a cholangiocyte specific marker,
shown by IHC. C: IHC shows positive staining for APLNR in control and ML221 treated
Mz-ChA-1 tumors. D. Mz-ChA-1 tumors treated with ML221 demonstrated decreased gene
expression of proliferative markers (PCNA, Ki-67), angiogenic factors (VEGF-A, VEGF-C,
Ang-1, and Ang-2), and markers of tumor progression (Vimentin, MMP-9, MMP-3) via
rtPCR.
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