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Abstract
PURPOSE:We investigated the antitumor effect of the casein kinase II (CK2) inhibitor CX-4945 on cholangiocarcinoma
(CCA). METHODS: We assessed the effect of CX-4945 alone and/or in combination with gemcitabine and cisplatin
on cell viability, colony formation, and apoptosis of CCA cell lines and on in vivo growth of HuCCT1 xenografts.
RESULTS: CX-4945 dose-dependently decreased viability of HuCCT1, EGI-1, and Liv27 and decreased phospho-AKT/
total AKTandphospho-PTEN/total PTEN ratios. CX-4945 significantly increasedcaspase 3/7 activity in a dose- and time-
dependentmanner. CX-4945 significantly enhanced the effect of gemcitabine or cisplatin onHuCCT1, EGI-1, and Liv27
cells and inhibited the phosphorylation of DNA repairing enzymes XRCC1 and MDC1. Further, CX-4945 alone
significantly inhibited growth of HuCCT1mouse xenograft tumors. CombiningCX-4945with gemcitabine and cisplatin
was more potent than CX-4945 alone or gemcitabine/cisplatin. The effect of CX-4945 on cell proliferation, apoptosis,
the PI3K/AKT pathway, and DNA repair was confirmed in the mouse xenografts. CONCLUSION: CX-4945 has an
antiproliferative effect on CCA and enhances the effect of gemcitabine and cisplatin through its inhibitory effect on the
PI3K/AKT pathway and DNA repair.
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holangiocarcinoma (CCA) is a highly lethal cancer that arises from
e biliary tract epithelium either within the liver (intrahepatic), at the
er hilum (perihilar), or within the distal extrahepatic bile ducts
istal). Worldwide, CCA is the second most common primary liver
alignancy after hepatocellular carcinoma. The incidence of
trahepatic CCA increased from 0.07 case per 100,000 in 1973 to
73 case per 100,000 in 2010 [1]. Most CCA patients are diagnosed
late stages and are not eligible for the only potentially curative
erapies, resection and transplantation. In addition, the standard
emotherapy regimen of gemcitabine and cisplatin is suboptimal in
olonging survival of CCA patients. Thus, there is an urgent need to
velop novel more effective therapies against CCA.
Casein kinase II (CK2) is a serine/threonine-selective protein
nase that is a tetramer of two alpha and two beta subunits. CK2 is
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portant in different cellular processes, including cell proliferation,
ll apoptosis, DNA repair, and cell cycle control [2]. Increased CK2
tivity has been implicated in neoplastic transformation and
gressive cell proliferation [3,4]. High CK2 expression has been
tected in 66% of CCA tissues and was associated with higher TNM
age, histological grade, and poorer overall survival [5]. CK2 has also
en detected in the plasma of patients with CCA and can potentially
used as a biomarker for diagnosis [6]. CX-4945 is a potent and
ghly selective inhibitor of CK2 [7]. CX-4945 has shown antitumor
tivity against other human solid cancer cells such as breast cancer
], pancreatic adenocarcinoma [4], and ovarian carcinoma [8].
The phosphatidylinositol 3-kinase (PI3K)/AKT pathway is a key
thway in multiple vital cellular processes of various cancers
cluding CCA [9,10]. Previous studies on other cancer cell types
ve shown that CX-4945 has antiproliferative effects through
hibiting the PI3K/AKT pathway, specifically reducing CK2-
ediated AKT [4,11,12] and phosphatase and tensin homolog
TEN) phosphorylation [12,13]. Phosphorylation of PTEN results
its stability from proteasomal degradation and leads to

cumulation and functional inactivation of PTEN; therefore,
hibition of PTEN phosphorylation unmasks its tumor suppressor
fects.
XRCC1 and MDC1 are DNA repair enzymes that play essential
les in single-strand break (SSB) and double-strand break (DSB)
pair, respectively [4]. CK2 has been shown to be a key contributor
the DNA repair response mediated through XRCC1 and MDC1
ovarian cancer cell lines [4].
In the present study, we hypothesized that CX-4945 exerts an
tineoplastic effect on CCA by inhibiting the PI3K/AKT pathway
d investigated whether CX-4945 has synergistic or additive effects
hen combined with standard gemcitabine/cisplatin chemotherapy
d whether this effect is mediated through inhibiting the DNA
pair response activated by the DNA-damaging agents gemcitabine
d cisplatin. Finally, we explored the effects of CX-4945 in the
uCCT1 xenograft model.

aterials and Methods

eagents
Crystal violet and β-actin antibody were obtained from Sigma.
emcitabine and cisplatin were purchased from Mayo Pharmacy.
ntibodies against P-AKT (S437) (#4060), AKT (#9272), and P-
TEN (#9551) were purchased from Cell Signaling. Antibodies
ainst P-AKT (S129) (#ab133458) and PTEN (#ab32199) were
rchased from AbCam. Antibodies against CK2 (#2656) and
ospho-CK2 (#8738) were purchased from Cell Signaling. Cell
ounting Kit-8 (CCK-8) was purchased from Dojindo Laboratories
ockville, MD). CX-4945 was a gift from Senhwa Biosciences.

ell Culture
The HuCCT1 and EGI-1 cell lines were obtained from the Japanese
ollection of Research Bioresources and the German Collection of
icroorganisms and Cell Cultures, respectively. Liv27 is a novel
tient-derived intrahepatic CCA cell line established in our laboratory.
uCCT1 and EGI-1 were cultured in RPMI 1640 with 10% FBS and
penicillin-streptomycin. Liv27 was cultured in DMEM/F12 media

pplemented with 5% platelet lysate, 0.2% heparin, 1 μg/ml insulin,
393 μg/ml dexamethasone, and 1% penicillin-streptomycin. All cells
ere maintained at 37°C in the presence of 5% CO2.
ell Viability Assay
HuCCT1, EGI-1, and Liv27 cells were plated in quadruplicate in
-well plates at a density of 2000, 4000, and 4000 cells per well,
spectively according to the growth characteristics of each cell line.
fter 24 hours, the cells were treated with CX-4945 for 24, 48, and/or
hours. For the combination experiments, cells were incubated for
hours and treated withCX-4945 (0, 2.5, 5, 7.5, 10, 15, 20 μM) and

mcitabine (0, 10, 25, 50, 75, 100 nM) or cisplatin (0, 1, 2.5, 5, 7.5,
μM) for 72 hours. Cell viability after treatment was assessed using

CK-8 assays. The combination index (CI) was calculated using the
hou Talalay technique to determine whether CX-4945 has synergistic
additive effects when combined with gemcitabine or cisplatin.

olony Formation Assay
Cells were plated at 500 cells per well in a 6-well plate. After
hours, CX-4945 was added, and cells were incubated for 10 days.

ells were then fixed with methanol-acetic acid (3:1) solution and
ained with 0.5% crystal violet. The number of colonies, defined as
0 cells/colony, was counted manually by light microscopy.

aspase 3/7 Assay
HuCCT1, EGI-1, and Liv27 cells were plated in quadruplicate in
-well plates. After 24-hour incubation, the cells were treated with
X-4945 for 24, 48, and 72 hours, then Caspase 3/7 assay reagent
as added to each well (ratio of 1:4), and immunofluorescence was
easured (excitation and emission wavelengths of 485 and 530 nm,
spectively).
ShRNA Mediated Knockdown of DNA Repairing Enzymes. To
oduce the XRCC1 and MDC1 knockdown CCA cells, we used a
KO.1 lentiviral vector containing a short hairpin RNA (shRNA). The
RCC1 and MDC1 shRNA constructs were obtained from Sigma
ldrich (MISSION TRC shRNA and targeted the 5′ coding region of
e human XRCC1 and MDC1 messenger RNAs). To produce
RCC1- or MDC1-depleted CCA cells, five XRCC1 and MDC1
RNA constructs were tested, and the construct providing the most
bust knockdown was used (MISSION TRC shRNA
RCN0000007913 for XRCC1 and TRCN0000018853 for
DC1). The shRNA constructs have the following hairpin sequences:

XRCC1, CCGGCCAGTGCTCCAGGAAGATATACTCGAG
TATATCTTCCTGGAGCACTGGTTTTT;
MDC1, CCGGCCTTCTATCAAGCCAACCGTTCTCGA
GAACGGTTGGCTTGATAGAAGGTTTTT.

The nontarget shRNA control plasmid DNA is provided as 10 μg of
asmid DNA in Tris-EDTA buffer at a concentration of 500 ng/μl.
RNA-expressing retroviruses were produced by cotransfection of the
troviral plasmids psPAX2 and pMD2 at a ratio of 4:3:1 retrospectively.
uCCT1 and EGI-1 cells were infected with shRNA viral supernatant
ong with 8 μg/ml polybrene (American Bioanalytical, Natick, MA) for
hours followed by a 72-hour selection with 1 μg/ml puromycin
ediatech) to eliminate uninfected cells.Wewere unable to successfully

tablish XRCC1 or MDC1 knockdown Liv27 cells because they were
t viable.

estern Immunoblotting
Western immunoblotting was used to assess the effects of CX-4945
the PI3K/AKT pathway and DNA repair enzymes in CCA cells and
nograft tissues. Protein lysates were prepared using the Phospho-Safe
ll extraction buffer (Novagen, Germany) according to the
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anufacturer's protocol. Equivalent amounts of protein were separated
a 4%-15% Tris-HCl gel and transferred to PVDF membranes.

embranes were blocked with 5% BSA and incubated overnight with
imary antibody against P-AKT (S129) (1:1000), P-AKT (S473)
:2000), AKT (1:1000), P-PTEN (1:1000), PTEN (1:500), P-mTOR
:1000), mTOR (1:1000), P-p70 S6K (1:1000), p70 S6K (1:1000), P-
K2 (1:1000), CK2 (1:1000), P-MDC1 (1:250), MDC1 (1:250), P-
RCC1 (S485/T488) (1:1000), P-XRCC1 (S518/T519/T523)
:1000), XRCC1 (1:1000), or β-actin (1:5000). Blots were then
cubated with secondary antibodies conjugated with horseradish
roxidase, and signals were visualized using the HyGLO HRP
tection kit. β-Actin was measured as the loading control. Quantitation
the signal was performed using ImageJ software.

Vivo Efficacy Studies
Six- to 8-week-old female athymic nude mice were used. Animals
ere maintained under clean room conditions in sterile filter top cages.
nimals received sterile rodent chow and water ad libitum. All animal
otocols were approved by the Institutional Animal Care and Use
ommittee at the Mayo Clinic (#A17215-15). We selected the
uCCT1 CCA cell line for this study because CK2 was highly
pressed in this cell line [14]. Xenografts were initiated by subcutaneous
jection of HuCCT1 cells with 2 × 106 cells per 200 μl Matrigel
jection volume 200 μl) into the right flank area of each mouse.
umor volume and body weight were recorded every 3 days. Tumor
lume was calculated using the equation: volume = L × S2/2 (L and S
present the longest and the shortest diameter of the tumor,
spectively). When tumors reached a volume of 100-200 mm3, the
ice were randomized into 4 groups of 15 mice: 1) group 1: control;
group 2: treated with gemcitabine and cisplatin; 3) group 3: treated
ith CX-4945; and 4) group 4: treated with CX-4945, gemcitabine,
d cisplatin. Drugs were administered in the following manner:
mcitabine, 15 mg/kg diluted in 0.1 ml saline intraperitoneal injection
P) biweekly for 3 weeks; cisplatin, 4 mg/kg diluted in 0.1 ml saline IP
eekly for 3 weeks; CX-4945, 100 mg/kg diluted in 0.2 ml 25 mM
aH2PO4 buffer by oral gavage twice daily biweekly for 5 weeks.
oses were determined and modified based on previous experiments
d pharmaceutical company recommendations. Tumor sizes and
ouse weights were compared between the four groups. Animals were
thanized 35 days after administration of each drug; tumors were
sected and subjected to Ki-67 and TUNEL assays. The treatment
riod was recommended by the drug company which developed the
ug of interest to avoid mouse intolerance and side effects.

munohistochemistry and Terminal Deoxynucleotidyltransferase
TP Nick-End Labeling (TUNEL) Assay on Mouse Xenograft

umors
Xenografts from euthanized mice were fixed in 4% paraformaldehyde
r 48 hours, embedded in paraffin, and sectioned into 5.0-μm slices.
umor tissues from six mice randomly selected from each group were
ctioned and stained with hematoxylin and eosin (H&E) or by
munohistochemical staining for Ki67. The TUNEL assay was
rformed to assess apoptosis.
Tissue sectioning and immunohistochemical staining were per-
rmed at the Pathology Research Core at Mayo Clinic using the Leica
ond RX stainer (Leica, Buffalo, IL). Formalin-fixed, paraffin-
bedded tissues were sectioned at 5 μm. IHC staining was performed
line; tissue slides were dewaxed using Bond Dewax (Leica). Slides for
i-67 stain were retrieved for 20 minutes using Epitope Retrieval 2
DTA; Leica). The Ki-67 (Clone EP5; Epitomics, #AC-0009)
tibody used to stain these samples is a rabbit monoclonal and was
luted in Background Reducing Diluent (Dako, Carpinteria, CA) to
400. Primary antibody incubation was for 15 minutes.
The fluorescent TUNEL assay on xenografts (In situ cell death
tection kit; Roche Applied Science) was performed on paraffin-
bedded liver tissue sections. Briefly, paraformaldehyde-fixed,
raffin-embedded xenograft sections were deparaffinized and
drated. The TUNEL assay was then performed using the
anufacturer's protocol, and tissue slices were mounted with
oLong Gold antifade reagent with DAPI (Invitrogen). Apoptotic
lls were quantified by counting TUNEL-positive nuclei in 5
ndom microscopic fields (63×) using the LSM780 confocal
icroscope (Zeiss, Jena, Germany).

ort Tandem Repeat (STR) Genotyping of CCA Cell Lines
Seventeen STR loci plus the gender-determining locus, Amelogenin,
ere amplified using the commercially available GenePrint 10 system
om Promega. The cell line sample was processed using the Applied
iosystems 3730XL Genetic Analyzer. Data were analyzed using
eneMapper ID-X software (Applied Biosystems–ThermoFisher
ientific, Waltham, MA). Appropriate positive and negative controls
ere run and confirmed for each sample submitted (GENEWIZ
uotation Number: AW1408181).

atistics
Data are expressed as the mean ± standard error of the mean
EM) from at least three independent experiments. All statistical
sts were performed using GraphPad Prism 5.0. Differences between
oups were compared using an unpaired two-tailed t test. The tumor
owth curves were compared using a nonlinear comparison of curves.
rvival curves were compared using the log-rank test. P b .05 was
nsidered statistically significant.

esults

ffect of CX-4945 on CCA Cell Viability
Treatment of the HuCCT1 cell line with CX-4945 for 24, 48, and
hours showed time-dependent inhibition of cell viability.

reatment with CX-4945 for 72 hours significantly inhibited
ability of HuCCT1, EGI-1, and Liv27 cells in a dose-dependent
anner with IC50 of 7.3, 9.5, and 9.4 μM, respectively (Figure 1A).

ffect of CX-4945 on Apoptosis
To further characterize CX-4945–induced cytotoxicity, caspase 3/7
tivity wasmeasured after cells were treated byCX-4945 for 24, 48, and
hours. At 24 hours, CX-4945 does not increase caspase 3/7 activity
all three cell lines even at high doses (e.g., 20 μM). At 48 hours, only
gher doses (≥10 μM for HuCCT1 and Liv27 and ≥7.5 μM for EGI-
significantly enhanced apoptosis of HuCCT1, EGI-1, and Liv27 cells
b .05). At 72 hours, however, lower doses significantly enhanced
optosis of all three cell lines (≥2.5 μM forHuCCT1, ≥5 μM for EGI-
and Liv27) (P b .05) (Figure 1B). These findings were confirmed
ing a DAPI staining assay and fluorescence microscopy to assess
orphologic changes of apoptosis (data not shown).

ffect of CX-4945 on Colony Formation Ability of CCA Cells
Next, we assessed the effect of CX-4945 on colony formation.
reatment with CX-4945 for 10 days significantly reduced the colony-
rming ability ofHuCCT1 and EGI-1 cells in a dose-dependentmanner
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Figure 1. CX-4945 decreases cell viability of HuCCT1, EGI-1, and Liv27 CCA cell lines in dose-dependentmanner (IC50 of 7.3, 9.5, and 9.4 μM,
respectively) (A). CX-4945, only at higher doses and longer exposure, increases caspase 3/7 activity of all three cell lines (B). CX-4945
significantly decreased the colony-forming ability of HuCCT1 and EGI-1 cells (IC50 of 3.8 and 1.6 μM, respectively) (C).
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ith an IC50 of 3.8 and 1.6 μM, respectively (Figure 1,C andD). These
sults confirm that treatment with CX-4945 inhibits CCA cell colony
rmation in a dose-dependent manner.

X-4945-induced inhibition of CK2
As expected, CX-4945 significantly inhibited CK2 phosphorylation
all three CCA cells in a dose-dependent manner. For example, at the
5-μM dose, CX-4945 decreased P-CK2/total-CK2 ratio by 27%,
%, and 25% in HuCCT1, EGI-1, and Liv27 cells, respectively
b .05). At higher doses (e.g., 10 μM), CX-4945 decreased the

-CK2/total-CK2 ratio by 96%, 99%, and 94% in HuCCT1, EGI-1,
d Liv27 cells, respectively (P b .05) (Supplementary Figure 1, A and
). These findings confirm that CX-4945 inhibits CK2 in CCA cells.

ffect of CX-4945 on Cellular Signaling Pathways
Treatment of HuCCT1 cells with CX-4945 inhibited AKT
osphorylation at positions S129 and S473 in a dose-dependent
anner with a P-AKT/total-AKT ratio reduction of 98% (P = .004)
d 75% (P = .0002), respectively, at the 2.5-μM dose (Figure 2, A
d B). Similarly, profound reductions of the P-AKT/total-AKT ratio
ere achieved by treatment of EGI-1 cells. Treatment of the Liv27
ll line, which was established from a CCA known to bear an
tivating mutation in the PIK3CA gene, resulted in a less profound
duction in the P-AKT/total-AKT ratio at the 2.5-μM dose,
ggesting that the PIK3CA mutation may render this cell line
rtially resistant to the effects of PI3K/AKT pathway inhibition.
Treatment of HuCCT1 cells with CX-4945 inhibited the phospho-
TEN/Total PTEN ratio by 48% at the 2.5-μM dose (P = .006)
igure 2,A andC). Similarly, PTEN phosphorylation was inhibited by
milar percentages in EGI-1 cells (Figure 2, A andC). Interestingly, for
iv27 cells, the observed reduction in phospho-PTEN was accompa-
ed by a corresponding reduction in total PTEN levels, suggesting that
certain contexts CX-4945 may also act through mechanisms that
ppress total PTEN protein levels.
To determine whether downstream elements of the PI3K/AKT
gnaling pathway are modulated upon treatment with CX-4945, we
sessed the effect of CX-4945 on mTOR and p70 S6K molecules. In
uCCT1 and Liv27 cells, only higher doses of CX-4945 (7.5 and
μM) inhibited the phospho-mTOR/TotalmTOR ratio (33.7%and
.3% for HuCCT1 and 10.2% and 26.6% for Liv27, respectively)
b .05) (Supplementary Figure 1, A and B). In EGI-1 cells, on the
her hand, the effect of CX-4945 on phospho-mTOR/Total mTOR
tio was paradoxical with ratio increased by 17% when cells were
eated with 2.5 μM (Supplementary Figure 1, A and B). Similarly,
ly higher doses of CX-4945 (7.5 and 10 μM) inhibited phospho-p70
K/total p70 S6K ratio in HuCCT1 and Liv27 cells (by 22.1% and
.4% inHuCCT1, 17% and 71.9% in Liv27, respectively) (P b .05).
EGI-1 cells, this ratio was increased with treatment with CX-4945

atio increased by almost nine-fold when cells treated with CX-4945
5 μM) (Supplementary Figure 1, A and B).
Overall, these findings suggest that inhibition of PI3K/AKT
thway by CX-4945 at least partially mediates the antineoplastic
fect of CX-4945 in CCA cells.

dditive Effect of CX-4945 with Gemcitabine or Cisplatin
All three CCA cells were treated with a range of doses of CX-4945
d of gemcitabine or cisplatin (Supplementary Figures 2, 3, and 4). In
uCCT1 cells, treatment with gemcitabine 10 nM combined with 5

Image of Figure 1
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Figure 2. CX-4945 treatment of HuCCT1, EGI-1 and Liv27 decreases phosphorylation of Akt (A and B) and of PTEN (only in HuCCT1 and
EGI-1 cells) (A and C).
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7.5 μM CX-4945 reduced cell viability by an additional 15%
b .001, CI = 0.86) or 25% (P b .001, CI = 0.86), respectively,
mpared to the effect of gemcitabine alone (Figure 3A). Treatment
ith 1 μM cisplatin combined with 5 or 7.5 μM CX-4945 also
duced cell viability of HuCCT1 by an additional 20% (P b .001, CI
1) or 35% (P b .001, CI ≈ 1), respectively, compared to the effect of
splatin alone (Figure 3A).
Similarly, in EGI-1 cells, the combination of 10 nM gemcitabine
ith 5 or 7.5 μM CX-4945 decreased cell viability by an additional
% (P b .001, CI = 0.9) or 40% (P b .001, CI ≈ 1), respectively,
mpared to gemcitabine alone (Figure 3B). Correspondingly,
mbination of 1 μM cisplatin with 5 or 7.5 μMCX-4945 decreased
ll viability by an additional 25% (P b .001, CI ≈ 1) or 35%
b .001, CI = 0.98), respectively, compared to cisplatin alone
igure 3B).
However, consistent with the relative resistance of Liv27 to CX-4945,
e effect of CX-4945 was less prominent in Liv27. Combination of
nM gemcitabine with 5 or 7.5 μMCX-4945 decreased cell viability
only 7% (P b .05, CI ≈ 1) or 16% (P b .001, CI ≈ 1), respectively,
mpared to gemcitabine alone (Figure 3C). Combination of 1 μM
splatin with 5 or 7.5 μM CX-4945 decreased cell viability by 12%
b .05, CI ≈ 1) or 15% (P b .05, CI ≈ 1), respectively, compared to

splatin alone (Figure 3C).
Given that, for all cell lines and drug combinations, the CI falls
tween 0.8 and 1.2, these results show that CX-4945 has an additive
ather than synergistic) effect when combined with either gemcita-
ne or cisplatin in HuCCT1, EGI-1, and Liv27 cells with variable
ditional effects, particularly on the Liv27 cell line.

NA-Effect of CX-4945 on DNA-Repairing Enzymes
Since gemcitabine and cisplatin both act by inducing DNA
mage, we hypothesized that the additive effect of CK2 inhibition
CX-4945 with gemcitabine and cisplatin may be associated with

hibition of the DNA repair response (through XRCC1 and MDC1)
these agents.
In HuCCT1 cells, 10 μM CX-4945 significantly inhibited the
osphorylation of XRCC1 (at S485/T488 and S518/T519/T523) and
DC1 compared to control, decreasing P-XRCC1 (S485/T488)/
RCC1, P-XRCC1 (S518/T519/T523)/XRCC1, and P-MDC1/
DC1 ratios by 69% (P = .02), 71% (P = .008), and 59.6% (P =
05), respectively (Figure 4). In 10 nM gemcitabine–treated HuCCT1
lls, the ratios were 74%, 105%, and 93.2%, respectively. These ratios
ere significantly inhibited after adding 10 μM CX-4945 by 31.9%
= .007), 43.8% (P = .004), and 11.3% (P = .0008), respectively.
reating HuCCT1 cells with 1 μM cisplatin increased P-XRCC1
485/T488)/XRCC1, P-XRCC1 (S518/T519/T523)/XRCC1, and P-
DC1/MDC1 ratios by 38.2% (P = .01), 30.9% (P = .01), 9.3%
= .01), respectively, compared to control, consistent with activation of
NA repair pathways. Adding 10 μM CX-4945 to cisplatin decreased
e ratios by 83.9%, 108.6%, and 67.4% compared to control,

Image of Figure 2
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Figure 3. CX-4945 enhances the cytotoxic effect of gemcitabine (Gem) or cisplatin (Cis) in HuCCT1 (A), EGI-1 (B), and LIV27 (D) cells with
IC50 range between 0.8 and 1.2, indicating an additive effect.
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spectively, showing that CX-4945 is able to abrogate the DNA repair
sponse induced by cisplatin (Figure 4).
In EGI-1 cells, 10 μM CX-4945 significantly inhibited the
osphorylation of both XRCC1 and MDC1 compared to control,
creasing the percentages of P-XRCC1 (S485/T488)/XRCC1, P-
RCC1 (S518/T519/T523)/XRCC1, and P-MDC1/MDC1 ratios by
.1% (P = .01), 38.9% (P = .07), and 49.3% (P = .08), respectively
igure 4). In a difference from the response of HuCCT1 cells to
mcitabine, treatment of EGI-1 cells with 10 nM gemcitabine induced
RCC1 and MDC1 phosphorylation compared to control, increasing
e P-XRCC1 (S485/T488)/XRCC1, P-XRCC1 (S518/T519/T523)/
RCC1, and P-MDC1/MDC1 ratios by 82% (P = .001), 26.7% (P =
9), and 40.1% (P = .05), respectively, compared to control. This
tivation was blocked by 10 μMCX-4945, which decreased the same
tios by 55.8% (P = .03), 46.8% (P = .04), and 121.4% (P = .006),
spectively (Figure 4). Similarly, treating EGI-1 cells with 1 μM
splatin increased P-XRCC1 (S485/T488)/XRCC1, P-XRCC1 (S518/
519/T523)/XRCC1, and P-MDC1/MDC1 ratios by 53.1% (P =

Image of Figure 3
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Figure 4. CX-4945 significantly inhibits the phosphorylation of the DNA-repairing enzymes XRCC1 and MDC1.
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06), 71% (P = .007), and 53.5% (P = .0003), respectively,
mpared to control. Adding 10 μM CX-4945 to cisplatin decreased
e ratios by 124.4% (P = .001), 68.7% (P = .01), and 4.5% (P =
3), respectively (Figure 4). Interestingly, CX-4945 had clearly
fferent relative effects on the P-XRCC1 (S485/T488)/XRCC1,
-XRCC1 (S518/T519/T523)/XRCC1, and P-MDC1/MDC1 ratios
the context of gemcitabine versus cisplatin treatment, with the largest
hibitory effect on the P-MDC1/MDC1 ratio in the context of
mcitabine treatment, while in the context of cisplatin treatment, the
XRCC1 (S485/T488)/XRCC1 ratio was the most profoundly
fected (Figure 4).
After treatment of Liv27 cells, neither gemcitabine nor cisplatin
oduced substantial increases in the P-XRCC1 (S485/T488)/XRCC1,
XRCC1 (S518/T519/T523)/XRCC1, and P-MDC1/MDC1 ratios;
herwise, regarding the effect of CX-4945 on theDNA repair enzymes,
e obtained similar results: 10 μM CX-4945 decreased P-XRCC1
485/T488)/XRCC1, P-XRCC1 (S518/T519/T523)/XRCC1, and
MDC1/MDC1 ratios by 68% (P = .01), 50.7% (P = .002), and
.9% (P = .01), respectively, compared to control (Figure 4). After
mcitabine treatment, P-XRCC1 (S485/T488)/XRCC1, P-XRCC1
518/T519/T523)/XRCC1, and P-MDC1/MDC1 ratios were
4.8% (P = .01), 65% (P b .001), and 106.7% (P = .07), respec-
ely, compared to control. In the context of gemcitabine treatment,
μM CX-4945 inhibited gemcitabine-induced phosphorylation of
RCC1 (P = .003) compared to control. Similarly, cisplatin did not
crease the phosphorylation of XRCC1 and MDC1 compared to
ntrol, producing ratios of 96% (P = .11), 79.3% (P = .08), and
.7% (P = .007), respectively, compared to control. However, adding
X-4945 to cisplatin inhibited the phosphorylation of XRCC1 and
DC1 significantly by ratios of 84% (P = .002), 27.5% (P = .08), and
.9% (P = .005), respectively (Figure 4).
To validate that CX-4945 enhances the effect of gemcitabine
d cisplatin through inhibiting DNA repairing enzymes, we
ocked down XRCC1 and MDC1 using shRNA and assessed
spase 3/7 activity in HuCCT1 and EGI-1 cells (Supplementary
gure 5). XRCC1 knockdown was associated with 0.36- and 0.63-
ld increase in caspase 3/7 activity in HuCCT1 and EGI-1 cells,
spectively (P b .05). MDC1 knockdown, on the other hand, was
sociated with decrease (0.3- and 0.2-fold in HuCCT1 and EGI-1,
spectively) (P b .05) in caspase 3/7 activity (Supplementary Figure
A and B).
Overall, these finding suggest that CX-4945 inhibits the DNA
pair response induced by gemcitabine or cisplatin through its
own effect of inhibiting the activation of DNA-repairing enzymes
articularly XRCC1) but also demonstrate that there is substantial
CA cell variability in the DNA repair response to gemcitabine or
splatin as well as in the responsiveness of the DNA repair enzyme
paratus to CX-4945.
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Figure 5. CX-4945 reduces tumor growth compared to control (A) and enhances the effect of the standard therapy, gemcitabine (Gem) and
cisplatin (Cis), on tumor growth (A and D). CX-4945 also improves survival of mice when added to gemcitabine and cisplatin (B). CX-4945
significantly decreasesCCAcell proliferation in xenografts compared to the control (P b .0001) and gemcitabine and cisplatin (P = .02) (C and
E). CX-4945 in combination with gemcitabine and cisplatin decreases cell proliferation compared to gemcitabine and cisplatin (P b .0001)
(C and E). CX-4945 increases apoptosis in xenografts compared to control and gemcitabine/cisplatin (C and E).
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ffect of CX-4945 Alone on Growth of HuCCT1 Xenograft
umors
To determine whether the additive effect of CX-4945 with
mcitabine or cisplatin in vitro could be translated into increased
titumor efficacy in vivo, we tested these combinations in a
nograft model. For this purpose, we selected the HuCCT1 model
cause it is aggressively tumorigenic and allows us to investigate Ki-
/TUNEL staining as pharmacodynamic biomarkers of combina-
on activity in tumors. Also, as mentioned above, HuCCT1 is
sociated with high expression of CK2. At day 34 of treatment,
mors implanted in CX-4945–treated mice had significantly less
mor volume than control mice, with mean tumor volumes of
4.5 ± 499.4 mm3 versus 1423.3 ± 1043.7 mm3, respectively
b .0001 for comparison of the curves) (Figure 5, A and D).
andard treatment with combination gemcitabine and cisplatin was
gnificantly more potent than CX-4945 alone (P .0001) (Figure 5,
and D). Survival curves showed a trend towards improved survival
ssessed by number of mice with tumor volume b500 mm3) in mice
eated with CX-4945 alone compared to controls (P = .13) (Figure
). The body weights of the mice treated with CX-4945 alone were

ot different from those of controls.
ffect of CX-4945 in Combination with the Standard Therapy
HuCCT1 Xenograft Model
As expected, gemcitabine and cisplatin significantly inhibited
mor growth (P b .0001) (Figure 5, A and D). Combining CX-
45 with gemcitabine and cisplatin (group 4) showed a more potent
fect on tumor growth than gemcitabine and cisplatin (group 2)
ith mean tumor volumes of 421.2 ± 112.8 mm3 vs 657.1 ±
6.3 mm3, respectively, P b .0001) (Figure 5, A and D). Survival
rves showed significantly improved survival in group 4 compared to
oup 1 (P b .001) and group 2 (P = .02) (Figure 5B). At the end of
e experiment (day 34), six out of seven (85%) mice alive in group 4
d tumor volumes less than 500 mm3 versus three out of nine
3%) of the mice alive in group 2. These results indicate that CX-
45 exerts an anticancer effect on CCA in vivo and enhances the
fect of standard therapy with gemcitabine and cisplatin. The body
eights of mice in group 4 were not different from weights of mice in
oup 2. Cisplatin treatment is known to be associated with decreased
dy weight of treated animals. In the gemcitabine- and cisplatin-
eated groups, body weights of the mice declined compared to
ntrols, while the body weights of mice treated with CX-4945 alone
d not show a significant decline. Body weights of mice treated with
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Figure 6. CX-4945 treatment in xenograft tissues was associated with inhibition of AKT pathway and DNA-repairing enzymes compared to
control or standard therapy, gemcitabine (Gem) and cisplatin (Cis).
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splatin recovered rapidly after suspension of cisplatin treatment
weeks after starting the treatments).

alidation of CX-4945 Effect on Cell Proliferation and
poptosis in Xenograft Model
H&E staining of xenografts from each group showed similar
oderately differentiated adenocarcinoma (Figure 5C). Tumor staining
ing the Ki-67 assay showed decreased CCA cell proliferation in
nografts from mice treated with CX-4945 alone compared to the
ntrol group (P b .0001) as well as mice treated with gemcitabine and
splatin (P = .02) (Figure 5, C and E). In mice treated with CX-4945
combination with gemcitabine and cisplatin, cell proliferation was

gnificantly decreased compared to mice treated with gemcitabine and
splatin (P b .0001). However, there was no statistically significant
fference in inhibition of cell proliferation between mice treated with
X-4945 alone and those treated with CX-4945 in combination with
mcitabine and cisplatin (P = .14).
TUNEL staining assays showed significantly increased apoptosis
mice treated with CX-4945 compared to controls (P = .0004) and
ice treated with gemcitabine and cisplatin (P = .003) (Figure 5, C
d E). Apoptotic activity in tumors from mice treated with CX-
45 in combination with gemcitabine and cisplatin was signifi-
ntly increased compared to controls (P = .0003) or mice treated
ith gemcitabine and cisplatin (P = .003); however, there was no
gnificant difference compared to CX-4945–treated tumors (P = .6)
igure 5, C and E).
ffect of CX-4945 on the PI3K/AKT Pathway and DNA-
epairing Enzymes In Vivo
We showed above that CX-4945 inhibited the PI3K/AKT pathway
d theDNA repair enzymes XRCC1 andMDC1 in three different cell
es. These findings were confirmed in the HuCCT1 xenograft model.
reatment with CX-4945 alone significantly inhibited AKT (at S129
d S473) and PTEN phosphorylation compared to controls and
mors from mice treated with gemcitabine and cisplatin. CX-4945
duced P-AKT (S129)/AKT and P-AKT (S473)/AKT ratios by 55%
= .004) and 26% (P = .003), respectively, compared to control.
milarly, CX-4945 reduced the P-PTEN/PTEN ratio by 34% (P =
002) compared to control. Gemcitabine and cisplatin did not
gnificantly inhibit phosphorylation of AKT (S129) or PTEN
mpared to control. However, they did inhibit the phosphorylation
AKT at S473, reducing the P-AKT (S473)/AKT ratio by 20% (P =
09). The combination of CX-4945 with gemcitabine and cisplatin
nificantly decreased the phosphorylation of AKT (S129), AKT
473), and P-PTEN compared to control by 55%, 40.1%, and 25.4%
values of .002, .03, and .01, respectively). However, this decrease was
t significantly larger than the decrease produced by CX-4945 alone
values of .98, .42, and .87, respectively), suggesting that the effect is
ainly mediated by CX-4945 rather than by gemcitabine and cisplatin
igure 6, A and B).
Treatment with gemcitabine and cisplatin did not significantly
ter the phosphorylation of XRCC1 (S485/T488), XRCC1 (S518/
519/T523), or MDC1 in HuCCT1 mouse xenografts compared to

Image of Figure 6
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ntrol with P-XRCC1 (S485/T488)/XRCC1, P-XRCC1 (S518/
519/T523)/XRCC1, and P-MDC1/MDC1 ratios of 83% ± 26.2%,
% ± 16.6%, and 85% ± 47.5% (P values of .22, .24, and .1,
spectively). Also, treatment with CX-4945 alone did not significantly
hibit phosphorylation of XRCC1 (S485/T488) and XRCC1 (S518/
519/T523) compared to control [P-XRCC1 (S485/T488)/XRCC1
tio = 80.5% ± 27% and P-XRCC1 (S518/T519/T523)/XRCC1
tio = 75% ± 36.6%; P values of .18 and .2, respectively). However,
X-4945 did significantly inhibit phosphorylation of MDC1 compared
control (P-MDC1/MDC1 ratio = 44.6% ± 19.6%, P = .001).

reatment with CX-4945, gemcitabine, and cisplatin significantly
hibited the phosphorylation of XRCC1 (S485/T488) and XRCC1
518/T519/T523) compared to treatment with gemcitabine and
splatin [P-XRCC1 (S485/T488)/XRCC1 ratio = 39.8% ± 14.8%,
-XRCC1 (S518/T519/T523)/XRCC1 ratio = 61.5% ± 14%;
b .05]; however, it did not significantly inhibit the phosphorylation
MDC1 compared to CX-4945 alone (P-MDC1/MDC1 ratio =
.5% ± 28%, P = .1) (Figure 6, A and B).

TR Profile of CCA Cells (Supplementary Table 1)
The submitted sample Liv27 profile did not exactly match any cell
e within the Deutsche Sammlung von Mikroorganismen und
ellkulturen GmbH (DSMZ) database. The profiles for EGI-1
atched the equivalent genotyping profile for EGI-1 in the DSMZ
tabase (DSMZNo. 385). The profiles forHuCCT1 alsomatched the
uivalent genotyping profile for HuCCT1 in the DSMZ database
SMZ cell No. JCR30425 and RCB 1960).

iscussion
levated activity of CK2 has been associated with progression of
fferent cancers [2,15]. High CK2 expression has been detected in
%ofCCA tissues andwas associatedwithmore aggressive disease and
orer overall survival [5]. CX-4945, a potent CK2 inhibitor, was
eviously studied as a therapeutic agent in different malignancies such
hematologic malignancies [16]; pancreatic adenocarcinoma [4];
arian cancer [8]; and lung [17], head and neck [11,18], and breast
9] cancers. CX-4945 exerts its effects mainly through blocking the
tion of CK2 on different components of the PI3K/AKT pathway,
rticularly inhibiting phosphorylation of the AKT and PTEN
olecules [4]. The PI3K/AKT pathway plays an important role in
e aggressiveness of cholangiocarcinoma [10], and it has been
plicated in the pathogenesis of this cancer [20]. Other studies have
own that increased levels of phosphorylated AKT were present in
80% and N60% of extrahepatic [21] and intrahepatic [22,23] CCAs,
spectively. In the present study, we confirmed that CX-4945, via
hibiting CK2, significantly inhibits the cell viability of HuCCT1,
GI-1, and Liv27 CCA cells (Figure 1A). CX-4945 also significantly
hibited the colony-forming ability of both HuCCT1 and EGI-1 cells
igure 1, C and D). The effect of CX-4945 on colony-forming ability
Liv27was not assessed due to the fact that these cells did not show any
ility to form colonies. Although CX-4945 alone significantly
hibited tumor volumes in mice compared to control, there was no
provement in mice survival after 34 days of treatment (Figure 5, A
d B). We found that CX-4945 inhibited the PI3K/AKT pathway
rough inhibition of AKT phosphorylation (at both S129 and S473),
nd thus decreasing its effect) and PTEN phosphorylation (rendering
TEN active, blocking PIP3 formation and therefore inhibiting the
KT pathway) in three CCA cell lines (Figure 2, A-C) as well as in a
CA xenograft model (Figure 6). The net effect of dephosphorylating
e AKT molecule is a decrease in CCA cell proliferation. The effect of
X-4945 onAKTdownstream elementsmTORand p70 S6Kwas only
ticed in HuCCT1 and Liv27 and only with higher doses (7.5 and
μM), confirming that other molecules can be modulated and
ntribute to the antineoplastic effect of CX-4945.
Even though previous studies have shown that CK2 inhibition
duced apoptosis in various cancer cells [24–26], we found that CX-
45 increases caspase 3/7 activity in a dose- and time-dependent
anner, with lower doses and shorter exposure time leading to no
crease in apoptosis (Figure 1B). In mice experiment, we showed
at CX-4945 significantly inhibited HuCCT1 cell proliferation and
creased apoptotic activity compared to control. This suggests that,
low doses (and probably shorter time exposure), CX-4945 inhibits
CA cell viability primarily through inhibition of cell proliferation
ther than by inducing apoptosis.
Our in vivo study confirmed that combining CX-4945 with both
mcitabine and cisplatin produced more antitumor efficacy against
uCCT1 xenografts than either the combination of gemcitabine and
splatin or CX-4945 alone (Figure 5). At the doses given, CX-4945
one was less effective than the combination of gemcitabine and
splatin. Combination therapy with all three agents (gemcitabine +
splatin + CX4945) significantly improved mouse survival compared
gemcitabine and cisplatin (P = .02). However, CX-4945 alone did
t improve mouse survival compared to control.
Since CX-4945 blocks CK2 which is involved in many physiological
thways, we were concerned that it would cause severe adverse effects
the body; however, in our in vivo experiment, weight loss was
imarily attributable to the combination of gemcitabine and cisplatin;
ter stopping gemcitabine and cisplatin (on day 21), mouse weights in
ose groups recovered rapidly and became comparable to mouse
eights in groups not receiving gemcitabine and cisplatin. Therefore,
e weight loss in group 4 was likely due to the adverse effect of
mcitabine and cisplatin, particularly cisplatin, which has been
ported to induce significant weight loss [27]. These findings suggest
at CX-4945might be a safe and relatively nontoxicmedication for use
humans.
Gemcitabine and cisplatin, the standard chemotherapy for CCA,
e well-described DNA-damaging agents that have shown efficacy
ainst a variety of cancers. The limited effect of gemcitabine and
splatin against different cancers has been reported to be partially due
activation of DNA repair mechanisms in cancer cells [27–31].

ombining a DNA damaging-agent with a DNA repair inhibitor can
eoretically present an effective approach in treating cancers.
RCC1 and MDC1 are key CK2-dependent mediators of the SSB
d DSB repair machinery, respectively [8]. Blocking the effect of
RCC1 and MDC1 by CX-4945, a CK2 inhibitor, was confirmed as
e mechanism of action behind the synergistic effect of CX-4945
ith gemcitabine or cisplatin in ovarian cancer cells [8]. In this study,
e showed that CX-4845 has an additive effect when combined with
ther gemcitabine or cisplatin in three different CCA cells. Our data
ggest that CK2 might represent a rational therapeutic target that
n be inhibited in combination therapy with other agents against
CA. Using Western immunoblotting, we showed that blocking
K2 with CX-4945 inhibited phosphorylation of both XRCC1 (at
85/T488 and S518/T519/T523 sites) and MDC1, blocking their
ility to repair SSB and DSB induced by either gemcitabine or
splatin. In mouse experiments, we confirmed that CX-4945 also
ocks the effects of XRCC1 and MDC1 on DNA repair (Figure 6).
dditionally, XRCC1 knockdown was associated with increased
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spase 3/7 activity in all three cell lines as compared to MDC1
ockdown which was associated with paradoxical small decrease in
spase activity (Supplementary Figure 5). These findings suggest that
e additive effect of CX-4945 with the standard treatment might be
plained by the inhibiting effect of CX-4945 on DNA repairing
zymes, particularly XRCC1.
In conclusion, we have demonstrated that targeting CK2 with
X-4945 has an antineoplastic effect and can enhance the effect of
mcitabine and/or cisplatin against CCA in vitro and in vivo
rough targeting the PI3K/AKT pathway and the DNA repair
zymes XRCC1 and MDC1. Given the demonstrated safety of
X-4945 in initial human studies, these preclinical data may
stify clinical studies of CX-4945 or other CK2 inhibitors in
CA in combination with gemcitabine and cisplatin. A phase I/II
ndomized clinical trial is actively ongoing at different national
d international institutions (including all three Mayo Clinic
cations) to evaluate the effect of CX-4945 on patients with CCA
ith promising preliminary data.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2018.09.005.
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