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Abstract. Cholangiocarcinoma (CCA) is a severe cancer with 
poor prognosis. The aim of the present study was to explore 
the expression of argininosuccinate synthetase (ASS), as 
well as the possibility of using pegylated arginine deiminase 
(ADI‑PEG20) for the treatment of CCA. ASS expression was 
determined in CCA specimens from 40 patients in Thailand. 
Immunohistochemical detection of ASS and determina-
tion of the proliferative index, Ki‑67, were carried out in 
paraffin‑embedded sections of these specimens, as well as 
in two CCA cell lines, HuCCA and RmCCA‑1, derived from 
CCA samples from patients in Thailand. In total, ~45% of 
the CCA specimens had low ASS expression, and the level 
of expression was significantly negatively associated with 
cell differentiation (P<0.05) and Ki‑67 expression (P<0.05). 
The level of ASS expression in tumor cells was significantly 
lower than that in non‑tumor cells (1.3‑fold, P<0.05). The 
HuCCA cell line had significantly lower levels (P<0.05) of 
ASS expression at the mRNA and protein levels relative to 
those of normal human immortalized fibroblast cells (BJ‑1). 
By contrast, the RmCCA‑1 cell line showed no significant 
difference. In addition, the effects of ADI‑PEG20 on growth 

inhibition, apoptosis and cell cycle arrest were determined 
in HuCCA and RmCCA‑1 cells. ADI‑PEG20 treatment 
reduced cell viability and cell proliferation in the two CCA 
cell lines, though it had no effect in immortalized BJ‑1 cells. 
Furthermore, ADI‑PEG20 treatment significantly increased 
G0/G1 cell cycle arrest in HuCCA, though not in RmCCA‑1 
cells. ASS silencing in the RmCCA‑1 cell line significantly 
enhanced its sensitivity to ADI‑PEG20 treatment. Results 
from the in vitro study demonstrated that ADI‑PEG20 has 
antitumor activity against CCA with low ASS expression.

Introduction

Liver cancer is the fifth and seventh most common malignancy 
in men and women, respectively. Approximately 85% of all 
cases occur in developing countries (1). Cholangiocarcinoma 
(CCA) is the second most common type of liver cancer. 
It accounts for 15% of all primary liver cancers, and 3% of 
all gastrointestinal tumors worldwide (2,3). There are two 
types of CCA. Intrahepatic CCA is highly malignant and 
its incidence is increasing worldwide. Extrahepatic CCA 
is less malignant and more stable in incidence  (4). While 
CCA is uncommon in the United States and Europe, it 
is very common in Thailand and other Southeast Asian 
countries. The overall incidence of CCA in the USA is 
2.9 cases/100,000 patients (4), while in the North and Northeast 
regions of Thailand it is 30.9 cases/​100,000 patients (5). Liver 
fluke (Opisthorchis viverrini) is a well‑established contribu-
tory factor to CCA in Thailand. Chronic inflammation induced 
by liver fluke infection causes malignant transformation of 
the bile duct (6). The primary treatment for CCA is surgical 
resection. However, patients often present at a late stage, which 
makes surgical resection much more difficult. Despite this 
difficulty, 25% of these cases undergo the procedure success-
fully (5,7). The 5‑year patient survival rates are 20‑32% for 
intrahepatic CCA and 30‑42% for extrahepatic CCA (8). This 
difference is most likely due to microscopic metastatic lesions 
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and the frequency of positive surgical margins (9). Despite 
extensive research and various new treatment modalities, such 
as immunotherapy or signal transduction inhibitors that have 
been developed to treat tumors, these have not been effective 
in CCA treatment. Thus, other novel modalities of treatment 
are needed. In this study, we have explored a new direction 
for treating CCA by targeting the metabolic vulnerability of 
the disease.

In intrahepatic CCA, tumor cells proliferate rapidly (10) 
and thus require significant amounts of amino acids, such 
as arginine, to support their growth. Advanced malignan-
cies, including: hepatocellular carcinoma (HCC), melanoma, 
prostate cancer, pancreatic cancer, mesothelioma, renal cell 
carcinoma, sarcoma, and small cell lung cancer, are defi-
cient in argininosuccinate synthetase (ASS) expression, the 
rate‑limiting enzyme in arginine synthesis (11). Generally, 
arginine is synthesized from citrulline through two‑step 
reactions catalyzed by ASS and argininosuccinate lyase (12). 
Tumor cells that have low ASS expression are unable to synthe-
size arginine and must depend on extracellular arginine (13). 
Thus, arginine becomes an essential amino acid. Depletion 
of arginine in the extracellular environment can be achieved 
by the arginine deiminase (ADI) enzyme  (14), a bacterial 
enzyme which degrades arginine to citrulline. Pegylated 
ADI has been created by conjugating ADI with polyethylene 
glycol (ADI‑PEG20) to improve its half‑life and to suppress its 
immunogenicity. Treatment of arginine auxotrophic cancers 
with ADI‑PEG20 can result in tumor cell death due to lack 
of ASS (11,15). Several phase I/II clinical trials have demon-
strated promising clinical benefits with low toxicity when 
using ADI‑PEG20 to treat patients with ASS‑deficient cancers, 
such as HCC, metastatic melanoma, and mesothelioma (16). A 
Phase III clinical trial was undertaken to treat HCC patients 
with ADI‑PEG20  (11). As reported at ASCO  2016, the 
randomized trial showed no overall survival benefit linked to 
ADI‑PEG20 treatment compared to placebo; however, some 
patients appeared to benefit from the treatment.

This study aimed to investigate the expression of ASS in 
intrahepatic CCA, and to explore whether ADI‑PEG20 could 
be useful for CCA treatment. We determined the levels of ASS 
expression at both the mRNA and protein level and assessed 
cell proliferation via Ki‑67 expression in CCA specimens from 
Thai patients. We also used two CCA cell lines derived from 
Thai patients as in vitro models to test the inhibitory effect of 
ADI‑PEG20 and correlate with ASS expression. Silencing of 
ASS expression was also carried to further confirm that ASS 
expression is a key determinant for the antitumor effect of 
ADI‑PEG20.

Materials and methods

Patients and tissue samples. A total of 40 CCA patients, 
comprising of 24 males and 16 females with a median age of 
60 years (range 48‑73 years) was recruited for this study. All 
cases underwent surgical resection. The clinicopathological 
features of the patients were collected including gender, age, 
type of CCA, histopathological differentiation, TNM staging, 
lymphovascular invasion, perineural invasion and viral hepa-
titis status. Information regarding liver fluke infection was 
obtained from questionnaires. Only 2 cases were reported. 

No specific test for liver fluke infection was performed. 
Paraffin‑embedded tissues representing 40 CCA patients, 
38 of which were intrahepatic CCA and 2 of which were peri-
hilar CCA cases, were obtained from Chulabhorn hospital, and 
from Srinagarind hospital, which is affiliated to Khon Kaen 
Medical University. The histological types of the CCA tissues 
were classified according to the World Health Organization 
classification (17). This study was conducted according to the 
Helsinki declaration for international health research, and 
was approved by the Human Research Ethics Committee of 
Chulabhorn Research Institute, Bangkok, Thailand (project 
no. 013/2559 on 17 August 2016). All the subjects gave written 
informed consent for participation prior to enrollment in the 
study.

Cell culture and treatment. Two human CCA cell lines 
(RmCCA‑1 and HuCCA) and a human fibroblast cell line 
(BJ‑1) were used in this study. The RmCCA‑1 and HuCCA 
cell lines were established from intrahepatic CCA specimens 
derived from Thai patients. The characterization of these two 
cell lines has previously been published (18,19). These CCA 
cell lines were maintained in DMEM media supplemented 
with 10% FBS and Penicillin/Streptomycin. The cells were 
obtained from the Chulabhorn Research Institute, Thailand. 
BJ‑1 cells were obtained from the ATCC. The BJ‑1 cells were 
maintained on EMEM supplemented with 10% FBS and 
Penicillin/Streptomycin.

For ADI‑PEG20 treatment, cells were seeded and 
allowed to attach overnight at 37˚C, then treated for 3 days 
with 0.1 µg/ml of ADI‑PEG20 (kindly provided by Polaris 
Pharmaceuticals Inc., San Diego, CA, USA). Controls did not 
receive ADI‑PEG20.

For treatment with arginine‑free medium, the medium was 
prepared as described in Savaraj et al (20) with minor modifi-
cations. Briefly, the medium was pretreated with 0.1 µg/ml of 
ADI‑PEG20 for 3 days prior to use.

Where ASS siRNA treatment is indicated, cells were 
pretreated with 50 nM of either pooled non‑target scramble 
control siRNA (siNT) or 3 unique 27mer siRNA obtained 
from OriGene Technologies, Inc. (Rockville, MD, USA; cat. 
no. SR300322). The transfection was accomplished using 
INTERFERin (Polyplus‑transfection, New York, USA) 
according to the manufacturer's protocol. After 3 days of 
siRNA transfection with/without ADI treatment, cells were 
harvested and assayed for ASS expression by western blot, 
and for study of growth inhibition or apoptotic effect of 
ADI‑PEG20 treatment.

Immunohistochemistry. The ASS expression level and Ki‑67 
proliferation index were determined for paraffin‑embedded 
CCA tissues (3‑µm sections). Sections were de‑paraffinized in 
xylene and washed sequentially with 100% and 95% ethanol. 
Endogenous peroxidase activity was blocked by incubating 
slides in 3% hydrogen peroxide for 20 min at room tempera-
ture. Antigen retrieval was carried out with target retrieval 
solution (Dako; Agilent Technologies, Inc., Santa Clara, 
CA, USA) for 20 min at 90˚C, followed by the blocking of 
non‑specific binding with the biotin blocking system (Dako; 
Agilent Technologies, Inc.) for 10 min. The primary antibodies 
used were anti‑ASS (mouse monoclonal, 1:100 dilution; 
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BD Biosciences, Franklin Lakes, NJ, USA) and anti‑Ki‑67 
(MIB‑1, mouse monoclonal, 1:100 dilution; Dako; Agilent 
Technologies, Inc.). Sections were incubated with primary 
antibodies overnight at room temperature in a moist chamber. 
Subsequently, the sections were washed 3 times in PBS and 
incubated with biotinylated anti‑mouse immunoglobulins 
(Dako; Agilent Technologies, Inc.) for 15 min, followed by 
incubation with streptavidin peroxidase conjugate (Dako; 
Agilent Technologies, Inc.) for 15 min. The color reaction was 
developed with Liquid DAB Substrate‑Chromogen (1:50 v/v; 
Dako; Agilent Technologies, Inc.). The sections were coun-
terstained with hematoxylin, dehydrated with graded ethanol 
and mounted with Cytoseal‑60. For the negative controls, the 
primary antibody was replaced with antibody diluent at the 
appropriate dilution.

Slides were viewed by a pathologist using an Axio Imager 
Z2 Microscope (Zeiss GmbH, Jena, Germany) equipped 
with a HXG40c Baumer digital camera and the HistoFAXS® 
Version 4.1 (TissueGnostics GmbH, Vienna, Austria) image 
analysis system. In the same tissue sections, the tumor areas 
were selected and identified from the invasive areas, whereas 
the surrounding non‑tumor areas were selected from those in 
the vicinity of the tumor areas but with apparent normal cells. 
At least 4 different regions of tumor and non‑tumor areas were 
selected for each specimen.

ASS expression in CCA specimens was classified as low or 
high according to a previous report (21). Briefly, IHC analysis 
of ASS and Ki‑67 expression in CCA specimens was deter-
mined by HistoFAXS software Version 4.1 and viewed at 100x 
magnification. The measurement parameters included mean 
intensity and percentage of stained cells. For ASS expression, 
the mean intensity of ASS in tumor areas was normalized 
to the mean intensity of ASS expression in non‑tumor areas 
from the same specimen. The mean ASS expression ratio 
(tumor/non‑tumor areas) from 40 patients was 0.77, where 
levels below or above 0.77 were classified as low‑ or high‑ASS 
expression, respectively. For Ki‑67 expression in each spec-
imen, the mean intensity and percentage of stained cells was 
determined from at least 4 different regions of tumor areas.

In situ immunocytochemistry. All cell lines were seeded and 
allowed to attach overnight at 37˚C on chamber slides. After 
treatment for 3 consecutive days, cells were fixed on a permea-
bilized membrane by incubation with 95% ethanol for 10 min, 
followed by incubation in antibody diluent (Dako; Agilent 
Technologies, Inc.) for 10 min. The immunocytochemical 
detection of ASS and Ki‑67 was performed as described for 
immunohistochemical detection.

Western blot analysis. Cells for total cell lysate production 
were harvested using a cell‑scraper in cold PBS. Cell were 
lysed with RIPA buffer (Cell Signaling Technology, Inc., 
Danvers, MA, USA) plus protease inhibitor cocktail (EMD 
Millipore, Billerica, MA, USA), passed several times through 
a 23G needle, and centrifuged as previously described (14). 
For each cell lysate, the protein concentration was determined 
using the Bio‑Rad Protein Assay (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA), according to the manufacturer's protocol. 
Twenty micrograms of protein was electrophoresed on 12% 
polyacrylamide gels containing sodium dodecyl sulfate and 

transferred to a nitrocellulose membranes by electro‑blotting 
(GE Healthcare Life Sciences, Little Chalfont, UK). The 
membrane was then washed and incubated with monoclonal 
antibodies against ASS (1:1,000; BD Biosciences). Detection 
of ASS expression was done using an ECL Western Blotting 
Detection kit (GE Healthcare Life Sciences), according to 
the manufacturer's instructions. Expression was normalized 
to internal controls, using a mouse antibody against β‑actin 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany).

Gene expression analysis by reverse transcription‑quan‑
titative polymerase chain reaction (RT‑qPCR). Total RNA 
was extracted from the cells using a PerfectPure RNA 
Cultured Cell kit (5 PRIME, Hamburg, Germany) according 
to the manufacturer's instructions. One‑step RT‑qPCR was 
performed with a LightCycler 480 (Roche Diagnostics GmbH, 
Mannheim, Germany). Briefly, RNA (20 ng) was mixed with 
1X Quantitect SYBR Green RT‑PCR Master Mix (Qiagen 
GmbH, Hilden, Germany), 0.2 µl QuantiTect RT mix (Qiagen 
GmbH) and ASS primers (forward: 5'‑GAG​GAT​GCC​TGA​
ATT​CTA​CA‑3' and reverse: 5'‑GTT​GGT​CAC​CTT​CAC​
AGG‑3') in a total volume of 20 µl. The RT‑qPCR conditions 
were as follows: 50˚C for 20 min, 95˚C for 15 min followed 
by 45 cycles of: 95˚C for 15 sec, 58˚C for 20 sec and 72˚C 
for 30 sec. Expression of ASS was quantified using the ΔΔCq 
method and normalized to GAPDH (forward primer: 5'‑TCT​
TCC​AGG​AGC​GAG​ATC​C‑3' and reverse primer: 5'‑TTG​TCA​
TGG​ATG​ACC​TTG​GC‑3').

Growth inhibitory assay. Cell viability was determined by 
3‑(4,5‑dimethylthiazol‑2yl)‑2,5‑diphenyl tetrazolium bromide 
(MTT) assay. Cells treated with ADI‑PEG20 (0.05‑1 µg/ml) 
were incubated with 20 µl MTT (5 mg/ml in PBS) at 37˚C for 
4 h. The medium was then removed and 200 µl dimethylsulf-
oxide (DMSO) was added to each well followed by incubation 
for 5 min at room temperature. Viability was assessed using 
a microplate reader (SoftMax Pro; Molecular Devices, 
Sunnyvale, CA, USA) at 570 nm. Relative cell viability was 
determined and expressed as percentage of control.

Apoptosis assay. The percentage of cells undergoing apoptosis 
after ADI‑PEG20 treatment was determined using the Muse™ 
Annexin V and Dead Cell kit (EMD Millipore). Treated and 
control cells were collected in medium containing 1% FBS, 
mixed with the Muse Annexin V and Dead Cell Reagent and 
incubated in the dark at room temperature for 30 min according 
to the kit instructions. The percentage of apoptotic cells was 
determined using a Muse Cell Analyzer (EMD Millipore).

Cell cycle analysis. Cell cycle arrest was determined using 
the Muse™ Cell Cycle kit (EMD Millipore), according to the 
manufacturer's instructions. Briefly, control and treated cells 
were fixed with ice‑cold 70% ethanol at ‑20 ̊ C for 3 h, washed 
with PBS and stained with PI/RNAse reagent for 30 min. The 
percentage of cells in each phase of the cell cycle was analyzed 
using a Muse Cell Analyzer (EMD Millipore).

Statistical analysis. Data were expressed as the mean ± SE. 
All statistical analyses were performed using the Stata soft-
ware package (version 10.0; StataCorp LP, College Station, 
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TX, USA). A paired t‑test was used to compare the immuno-
histochemistry data for ASS expression between non‑tumor 
and tumor cells. The Chi‑square test was used to determine 
differences between categorical variables. For the in vitro 
study, the Student's t‑test was used to compare the two sets 
of data and analysis of variance was used to compare >3 
sets of data using the Bonferroni test for post hoc analysis. 
Pearson's correlation was used to assess correlation between 
proliferation and expression level of ASS or CCA stage.

Results

Immunohistochemical analysis of ASS expression in CCA 
specimens and its relationship to clinicopathological 
parameters. In order to investigate whether CCA may be 
an arginine auxotrophic cancer, the levels of ASS expres-
sion in 40 human CCA specimens were determined using 
immunohistochemistry. Our results showed that the intensity 
of cytoplasmic ASS staining in cancer cells was much lower 
than in the surrounding non‑tumor liver cells in specimens 
from CCA patients (Fig. 1A‑C). The level of ASS expres-
sion, quantified as the relative intensity of ASS staining, is 
summarized in Table I. In CCA, the mean intensity of ASS 
staining in tumor cells was 1.3‑fold lower than for non‑tumor 
cells (33.56 vs. 44.23, P<0.05). The mean of the ASS expres-
sion ratio (tumor/non‑tumor) in CCA was 0.77. In an attempt 
to assess the association of ASS expression and clinicopatho-
logical features of CCA, the level of ASS expression stratified 
by the level below or above the mean intensity ratio was 
arbitrarily categorized as low‑ or high‑ASS expressed groups, 
respectively (a ratio above 0.77 was categorized as high; a ratio 
lower than 0.77 was categorized as low). As shown in Table II, 
approximately 45% of the CCA samples were classified as 
the low ASS‑expressed group. It is interesting to note that the 
level of ASS expression showed a significant association with 
cell differentiation in CCA (P=0.030) (Table II), and was also 
associated with poor pathological features of CCA (Fig. 1D‑F). 
However, no association between the level of ASS expression 
and gender, age, viral hepatitis status, lymphovascular inva-
sion, lymph node metastasis, or TNM stage was observed. 
These results suggest that a reduction of ASS expression could 
potentially be a molecular marker for potential CCA treatment 
by arginine deprivation.

Histologic correlation of Ki‑67 expression in CCA. The Ki‑67 
proliferative index is widely used as a prognostic marker in 
many types of cancers. To assess the associations between 
Ki‑67 and the histopathological parameters of CCA, immuno-
histochemical staining for Ki‑67 was performed in 40 human 
CCA specimens. As shown in Fig. 2A, the mean intensities 
of Ki‑67 staining for stages 2, 3, and 4 were 49.97, 55.52 and 
62.69, respectively. An increased expression of Ki‑67 was 
positively correlated with advanced stage CCA specimens 
(r=0.678, P<0.05; Fig. 2A). In line with the mean intensity of 
Ki‑67, the mean percentage of Ki‑67 stained cells was also 
positively correlated with advanced stage CCA specimens 
(r=0.781, P<0.05) as shown in Fig. 2B. In addition, the ratio 
of ASS expression was negatively correlated (P<0.05) with 
the mean level of Ki‑67 intensity (r=‑0.395; Fig. 2C) and 
percentage of stained cells (r=‑0.346; Fig. 2D).

In vitro study to characterize the level of ASS expression in 
human CCA cell lines and their responses to ADI‑PEG20 
treatment
Level of ASS expression in human CCA cell lines. Basal 
expression of ASS in RmCCA‑1 and HuCCA cells was deter-
mined at both the protein and mRNA levels in relation to that 
in non‑cancer cells (BJ‑1). As shown in Fig. 3A, immunoblot 
detection of the ASS protein in various cell lines showed 
that relative ASS protein expression was significantly lower 
in HuCCA cells (0.61‑fold, P<0.05), but slightly higher in 
RmCCA‑1 cells (1.04‑fold, P>0.05), compared to that in BJ‑1 
cells. The cytoplasmic staining of the ASS protein by in situ 

Figure 1. Immunohistochemical detection of ASS expression in 
paraffin‑embedded sections. Paraffin‑embedded sections of samples from 
40 CCA patients were subjected to immunohistochemical detection of 
ASS expression. The cytoplasmic staining of ASS was performed using 
3,3'‑diaminobenzidine in CCA specimens. (A) The intensity of ASS staining 
in tumor cells (indicated by T) was decreased when compared with non‑tumor 
(normal) cells (indicated by NT). The enlarged images (magnification, x100) 
of stained (B) non‑tumor (ASS expression=44.23) and (C) tumor cells (ASS 
expression=33.56) are also presented. Levels of ASS expression in cells 
that are (D) well, (E) moderately and (F) poorly differentiated. The ASS 
expression was highest in well‑differentiated CCA (ASS expression=37.56) 
followed by moderately‑differentiated CCA (ASS expression=33.47) and 
poorly‑differentiated CCA (ASS expression=28.70). Scale bars, 100 µm. 
CCA, cholangiocarcinoma; ASS, argininosuccinate synthetase.

Table I. Immunohistochemical detection of ASS expression in 
CCA specimens derived from Thai patients.

	 Level of ASS expression
CCA specimens	 (Arbitrary unit)

Tumor tissue	 33.56±2.44a

	 32.57 (3.99‑87.87)
Surrounding non‑tumor tissue	 44.23±2.27
	   42.89 (22.69‑86.58)
Ratio (tumor/non‑tumor)	 0.77±0.04
	 0.84 (0.11‑1.23)

The values are expressed as the mean ± standard error, and as the 
median (min‑max). aP<0.05 vs. surrounding non‑tumor tissue. CCA, 
cholangiocarcinoma; ASS, argininosuccinate synthetase.
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immunocytochemistry in all cell lines showed the same trend 
as that determined by immunoblotting (RmCCA‑1> BJ‑1> 
HuCCA) (Fig. 3B). In addition, the expression levels of the 
ASS protein in all cell lines correlated with the level of ASS 
mRNA (Fig. 3C).

Effect of ADI‑PEG20 treatment on cell viability and cell 
proliferation of human CCA cell lines. In order to investigate 
whether there is an association between the expression of ASS 
and sensitivity to arginine deprivation caused by ADI‑PEG20 
treatment, the dose‑response to ADI‑PEG20‑induced growth 
inhibition in CCA cell lines was determined. ADI‑PEG20 
treatment significantly inhibited growth of RmCCA‑1 and 
HuCCA cells by decreasing both the percentage of viable 
cells (Fig. 4) and the proliferative activity as determined by 
Ki‑67 expression (Fig. 5). As shown in Fig. 4, a statistically 
significant decrease in cell viability in both RmCCA‑1 and 
HuCCA cells after ADI‑PEG20 treatment was observed in a 
dose‑dependent manner. However, only a slight decrease in 
cell viability was found in normal immortalized cells (BJ‑1). 
Subsequent to ADI‑PEG20 treatment, a significant reduction in 
Ki‑67 expression was observed in HuCCA (1.3‑ and 1.4‑fold at 

0.1 and 1.0 µg/ml, respectively) and RmCCA‑1 cells (1.2‑fold 
at 1.0 µg/ml) (P<0.05; Fig. 5A). A significant reduction in 
the percentage of Ki‑67 stained cells (P<0.05) was found 
in ADI‑PEG20‑treated HuCCA (2‑ and 2.2‑fold at 0.1 and 
1.0 µg/ml, respectively) and RMCCA‑1 (1.4‑fold at 1.0 µg/ml) 
cells as shown in Fig. 5B. As expected, these results suggested 
that the HuCCA cell line, which has low ASS expression, is 
more sensitive to ADI‑PEG20 treatment. On the other hand, 
ADI‑PEG20 treatment had no effect on BJ‑1 cells, even 
though the BJ‑1 cell line expressed ASS at a lower level than 
RmCCA‑1 cells. This is not surprising, since tumor cells grow 
rapidly and require more arginine than normal immortalized 
cells. Intracellular arginine supply through the urea cycle is 
inadequate to support rapid proliferation; therefore, RmCCA‑1 
cells grow more slowly and have lower Ki‑67 levels.

Effect of ADI‑PEG20 treatment on cell cycle arrest and 
apoptosis in human CCA cell lines. We further determined 
whether growth inhibition resulting from ADI‑PEG20 was the 
consequence of cell cycle arrest and/or apoptotic cell death. 
Cell cycle analysis was performed using propidium iodide 
staining, which corresponds to the DNA content of the cells. 

Table II. Association between the level of ASS and clinicopathological features of CCA.

	 ASS expression ratioa

	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	 Patients (n)	 Low (n)	 High (n)	 P‑value

All cases	 40	 18	 22	‑
Sex				    0.154
  Male	 24	 13	 11	
  Female	 16	 5	 11	
Age (years)				    0.057
  <60	 20	 12	 8	
  ≥60	 20	 6	 14	
Viral status (Hepatitis B or C)				    0.949
  Yes	 18	 8	 10	
  No	 22	 10	 12	
Cell differentiation				    0.030
  Well	 22	 8	 14	
  Moderately	 13	 5	 8	
  Poorly	 5	 5	 0	
Lymphovascular invasion				    0.900
  Yes	 33	 15 	 18 	
  No	 7	 3	 4	
Lymph node metastasis				    0.775
  Yes	 19	 9	 10	
  No	 21	 9	 12	
TNM stage				    0.673
  I‑II	 3	 1	 2	
  III‑IV	 37	 17	 20	

aThe mean of ASS expression ratio (0.77) was used to separate the cases into 2 groups; Low or high ASS expressed‑groups, which have 
ASS expression ratio below or above the mean, respectively. CCA, cholangiocarcinoma; ASS, argininosuccinate synthetase; TNM, 
tumor‑node‑metastasis.
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As shown in Fig. 6A, treatment with ADI‑PEG20 in HuCCA 
cells significantly decreased population of cells in the S and 
G2/M phases, while it increased accumulation of cells in the 
G0/G1 phase, suggesting G0/G1 arrest in HuCCA cells treated 
with ADI‑PEG20. However, such effect was not observed in 
RmCCA‑1 cells treated with ADI‑PEG20 (Fig. 6B).

The induction of apoptotic cell death by ADI‑PEG20 was 
assessed using Annexin V staining, which is an apoptosis 
marker. As shown in Fig. 6C, an increase in apoptotic cell popu-
lation was observed in HuCCA cells treated with ADI‑PEG20 
treatment, whereas RmCCA‑1 cells displayed only a slight 
increase in the number of apoptotic cells upon ADI‑PEG20 
treatment. The results showed that HuCCA cells, which have 
low ASS expression, are more sensitive to ADI‑PEG20 treat-
ment when compared to RmCCA‑1 cells, which have a higher 
level of ASS expression. These results suggest that the efficacy 
of ADI‑PEG20 treatment in CCA cells depends on the level of 
ASS expression.

Effect of ADI‑PEG20 treatment on ASS knockdown RmCCA‑1 
cells. To further confirm that the levels of ASS expression is 
an important contributory factor to ADI‑PEG20 sensitivity, 
we knocked down ASS expression in RmCCA‑1 cells using 
siRNA and determined the sensitivity to ADI‑PEG20 in these 
transfectants. As shown in Fig. 7B, ADI‑PEG20 treatment 
decreased the viability of RmCCA‑1siASS cells (20% reduction) 
with no effect on the viability of RmCCA‑1 cells treated with 
pooled non‑target scramble control siRNA (RmCCA‑1siNT 
cells). This data suggests that silencing of ASS increases 
sensitivity of these cells to ADI‑PEG20 treatment.

Results of a fluorescence-activated cell sorting analysis of 
cellular apoptosis on ADI‑PEG20‑treated HuCCA, RmCCA‑1, 
RmCCA‑1siNT and RmCCA‑1siASS cells are shown in Fig. 7C. 
Treatment with ADI‑PEG20 did not significantly induce apop-
tosis in either the HuCCA or RmCCA‑1 and RmCCAsiNT cell 
lines, while using arginine‑free medium slightly increased the 

Figure 2. Expression of Ki‑67 in CCA specimens stratified by TNM stage and its correlation with ASS expression. Paraffin‑embedded sections of samples from 
CCA patients were subjected to immunohistochemical detection of proliferative activity by using the Ki‑67 labeling index. The correlations are shown between: 
The intensity of Ki‑67 and (A) the TNM stage of CCA in patients, and (C) ASS expression, as well as between the percentage of Ki‑67 stained cells and (B) the 
TNM stage of CCA in patients and (D) ASS expression. CCA, cholangiocarcinoma; ASS, argininosuccinate synthetase; TNM, tumor‑node‑metastasis.

Figure 3. Level of ASS expression in human CCA cell lines. ASS protein 
levels in HuCCA, RmCCA‑1 and BJ‑1 cells were determined by (A) western 
immunoblotting and (B) in situ immunocytochemistry. (C) The expression 
of ASS mRNA was determined by reverse transcription‑quantitative poly-
merase chain reaction. For western blot analysis, the expression of actin was 
used as the loading control. Data are presented as the mean ± standard error 
of three independent experiments. *P<0.05 vs. BJ‑1 cells. CCA, cholangiocar-
cinoma; ASS, argininosuccinate synthetase; DAB, 3,3'‑diaminobenzidine.
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percentage of apoptotic cells in both HuCCA and RmCCA‑1 
cells, as well as its non‑target transfectants. However, treat-
ment with ADI‑PEG20 significantly induced apoptosis in 
RmCCA‑1siASS cells (25%) while treatment with arginine‑free 
medium increased the apoptotic cells to 45%. The increase in 
cell death using arginine‑free medium is most likely due to 
the fact that the arginine‑free duration was longer, while treat-
ment with ADI‑PEG20 results in a gradual loss of arginine. 
Taken together, our results strongly suggest that ADI‑PEG20 

treatment could be a potential therapy for CCA patients with 
low ASS expression.

Discussion

Depleting arginine to halt tumor growth was first exploited to 
treat cancer a decade ago, but the approach has never made it 
to clinical trials due to the lack of a suitable enzyme to degrade 
arginine  (16). In the past few years, ADI‑PEG20, a new 
generation of pegylated ADI, has entered into clinical trials. 
Antitumor response following administration of ADI‑PEG20 
has been observed primarily in tumors with low or no ASS 
expression  (11,22). However, re‑expression of the enzyme 
has been shown, both in vitro and in vivo, to contribute to 
ADI‑PEG20 resistance, especially in melanoma (23‑25). ASS 
expression is known to be positively regulated by c‑Myc and 
negatively regulated by HIF‑1α (25). Epigenetic regulation is 
also important depending on tumor type (23).

At present, there is no data on ASS expression in CCA. 
In this study, we demonstrated that 45% of CCA samples 
showed relatively low ASS protein expression in tumor cells. 
Low levels of ASS expression were significantly associated 
with unfavorable histopathologic differentiation, but not with 
gender, age, viral hepatitis, lymphovascular invasion, lymph 
node metastasis or TNM stage. Similar to this finding, it has 
been shown that in human pancreatic cancer (26), HCC, myxo-
fibrosarcoma and bladder cancer, decreased ASS expression 
correlated with histopathological grading (27). For instance, a 
1.29‑fold reduction of ASS expression in tumor cells of HCC 
specimens was associated with poor tumor differentiation (21). 
However, there was no association found between ASS expres-
sion and histopathological characteristics of tumors in a cohort 
study of lung cancer patients (27). The differences among the 
reports could be due to the different methods used for quan-
titation. In our study, we quantitated the ASS expression in 
tumor cells by comparing it with that in the adjacent normal 
cells in the same slides, thus, avoiding the variations created 
by staining in different batches.

Ki‑67 has been used as a proliferative indicator in many 
types of cancers, such as breast cancer, lymphoma and renal 
carcinoma as well as CCA (28,29). Upregulation of Ki‑67 
has been shown to be associated with poorly differentiated 

Figure 4. Effects of ADI‑PEG20 treatment on cell death in human CCA cell lines. HuCCA, RmCCA‑1 and BJ‑1 cells were treated with ADI‑PEG20 
(0.05‑1 µg/ml) for 3 days. The percentage of viable cells was determined by MTT assay. Data are presented as the mean ± standard error of three independent 
experiments. *P<0.05 vs. control. ADI‑PEG20, pegylated arginine deiminase.

Figure 5. Effect of ADI‑PEG20 treatment on Ki‑67 expression in human 
CCA cell lines. HuCCA and RmCCA‑1 cells were treated with 0.1 or 
1 µg/ml ADI‑PEG20 for 3 days. The proliferation activity was determined 
using the Ki‑67 labelling index. In situ immunocytochemical detection was 
used to determine Ki‑67 intensity and the percentage of Ki‑67 stained cells. 
Histogram plots present the (A) intensity of Ki‑67 and (B) percentage of 
Ki‑67 stained cells in either the control or ADI‑PEG20‑treated HuCCA and 
RmCCA‑1 cells. The data are presented as the mean ± standard error of three 
independent experiments. *P<0.05 vs. control. CCA, cholangiocarcinoma; 
ADI‑PEG20, pegylated arginine deiminase.
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tumors, advanced stage disease, poor prognosis, and decreased 
survival rates in CCA patients (28,30,31). In line with previous 
findings, our study showed a significant association between 
increased expression of Ki‑67, either as intensity or percentage 
of Ki‑67 stained cells, in addition to advanced stage disease 
in CCA samples. Additionally, in CCA samples the level of 
ASS expression was found to be inversely correlated with 
the proliferative activity, as determined by Ki‑67 expression. 
Overall, low ASS expression could be associated with poorer 
clinicohistopathological findings and a higher Ki‑67 prolifera-
tive index in CCA samples (32,33).

In summary, this is the first report to show a variation 
in ASS expression in CCA. In 45% of CCA cases, low 
ASS expression was associated with poorly differentiated 
cells and more aggressive tumors (33,34). In addition, the 

in vitro study confirmed that low ASS expression in CCA 
cells was important for the efficacy of ADI‑PEG20 treat-
ment of CCA. This group of CCA patients with low ASS 
expression may be amenable to treatment with arginine 
deprivation. Even though this treatment may not eliminate 
the tumor cells, it will halt their proliferation. In other tumor 
types, a combination of ADI‑PEG20 with chemotherapeutic 
agents has been shown to improve its therapeutic efficacy 
with no overt toxicity (35). Thus, combination treatments 
employing ADI‑PEG20 with chemotherapeutic agents that 
have shown some activity against CCA, such as gemcitabine 
or cisplatin/oxaliplatin, may produce a higher response 
rate and improve overall survival in patients with this 
disease (35‑37).

Figure 6. Effect of ADI‑PEG20 treatment on cell cycle arrest and induction of 
apoptosis in human CCA cell lines. HuCCA and RmCCA‑1 cells were treated 
with 0.1 µg/ml ADI‑PEG20 for 3 days. Fluorescence‑activated cell sorting 
analysis was performed to determine the percentage of cells in each phase of 
the cell cycle (G0/G1, S and G2/M phase) in (A) HuCCA and (B) RmCCA‑1 
cells, and (C) the number of apoptotic cells in HuCCA and RmCCA‑1 cells. 
The data are presented as the mean ± standard error of three independent 
experiments. *P<0.05 vs. control. CCA, cholangiocarcinoma; ADI‑PEG20, 
pegylated arginine deiminase.

Figure 7. Effect of arginine deprivation using ADI‑PEG20 treatment 
or arginine‑free medium in ASS knockdown human CCA cell lines. 
(A)  Immunoblot analysis of ASS protein levels in HuCCA, RmCCA‑1, 
RmCCA‑1siNT and RmCCA‑1siASS with or without treatment with 0.1 µg/ml 
ADI‑PEG20 for 3 days. (B) The growth inhibitory effect of ADI‑PEG20 
using MTT assay in HuCCA, RmCCA‑1, RmCCA‑1siNT and RmCCA‑1siASS 
cells. (C)  The percentage of apoptotic cells as determined by fluores-
cence‑activated cell sorting analysis following treatment with ADI‑PEG20 
for 3 days or culturing in arginine‑free medium for 3 days in HuCCA, 
RmCCA‑1, RmCCA‑1siNT and RmCCA‑1siASS cells. The data are presented 
as the mean ± standard error of three independent experiments. ***P<0.001 
vs. control. CCA, cholangiocarcinoma; ASS, argininosuccinate synthetase; 
ADI‑PEG20/ADI, pegylated arginine deiminase; si‑, small interfering; NT, 
non‑target scramble control.
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