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Chromomycin A3 suppresses cholangiocarcinoma growth
by induction of S phase cell cycle arrest and suppression
of Sp1-related anti-apoptotic proteins
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Abstract. Cholangiocarcinoma (CCA) is a cancer of biliary
epithelium. Late diagnosis and resistance to conventional
chemotherapy are the major obstacles in CCA treatment.
Increased expression of anti-apoptotic proteins are observed
in CCA, which might confer chemoresistance. Thus, modula-
tions of anti-apoptotic proteins leading to apoptotic induction
is the focus of this study. Chromomycin A3 (CMA3), an
anthraquinone glycoside-mithramycin A analog, was
selected. CMA3 strongly binds to GC-rich regions in DNA,
where specificity protein 1 (Spl), a common transcription
factor of apoptosis-related proteins, is preferentially bounded.
The effects of CMA3 on anti-proliferation, cell cycle arrest
and apoptosis induction in CCA cells were demonstrated by
MTT assay, flow cytometry and western blot analysis. The
results showed CMA3 suppressed cell proliferation in vitro
in the nM range. At low doses, CM A3 inhibited cell cycle
progression at S phase, while it promoted caspase-dependent
apoptosis at higher doses. CM A3 induced effects of apoptosis
were through the suppression of Spl-related anti-apoptotic
proteins, FADD-like IL-1B-converting enzyme-inhibitory
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protein, myeloid cell leukemia-1, X-linked inhibitor of apop-
tosis protein, cellular inhibitor of apoptosis and survivin. The
anti-CCA effects of CMA3 were confirmed in the xenograft
mouse model. CMA3 retarded xenograft tumor growth.
Taken together, CMA3 induced apoptosis in CCA cells
by diminishing the Spl-related anti-apoptotic proteins is
demonstrated. CM A3 might be useful as a chemosensitizing
agent.

Introduction

Cholangiocarcinoma (CCA) is a malignancy of biliary epithe-
lium, which is the second most common primary liver cancer
worldwide. The global incidence of CCA is <6/100,000 people
but it is 85/100,000 people in Northeastern Thailand (1),
where the high prevalence of the carcinogenic liver fluke,
Opisthorchis viverrini, infection is reported (2). Nonetheless,
mortality rates of intrahepatic CCA have also increased in other
continents (3). CCA is a devastating cancer in that patients are
often diagnosed at a late stage when complete resection is not
a curative option (4). CCA is well known for the low response
to currently available chemotherapy (5). The effectiveness of
available pharmacological treatments is limited by several
mechanisms of chemoresistance (5,6).

The resistance to chemotherapy is a major challenge in CCA
treatment. The common mechanisms of CCA chemoresistance
are i) reduced intracellular drug concentration, ii) altered drug
metabolism, iii) changed drug targets, iv) enhanced DNA
repair, v) changes in cancer microenvironment and vi) altered
balance between survival and apoptotic signals (5). The
present authors have previously reported increased expression
of the specific adenosine triphosphate binding cassette (ABC)
transporter superfamily member; ABCCI, in CCA and its
contribution to worse prognosis (7), but the clinical benefits
of an ABCCI inhibitor are yet to be proven. The disturbance
of pro- and anti-apoptotic signals and the potential in CCA
treatment were focused on in the current study.
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The increased anti-apoptotic proteins, such as B-cell
lymphoma 2 (Bcl-2), B-cell lymphoma-extra-large (Bcl-xL),
cellular inhibitor of apoptosis (cIAP) (8), FADD-like
IL-1B-converting enzyme-inhibitory protein (FLIP) (9),
myeloid cell leukemia-1 (Mcl-1), X-linked inhibitor of apop-
tosis protein (XIAP) (10,11) and survivin (12) in CCA cells
have been previously reported and these contribute to
apoptotic evasion. On the contrary, suppression of selected
anti-apoptotic proteins induce apoptosis and suppress CCA
growth in vivo (8-10,12). The increased expression of multiple
anti-apoptotic proteins usually occurred simultaneously.
Therefore, this study aimed to find an FDA-approved agent
that could downregulate anti-apoptotic proteins.

A number of anti-apoptotic genes (e.g. Mcl-1, survivin and
XIAP) are under the regulation of specificity protein 1 (Spl)
transcription factor (13). Spl binds to GC-rich sequences on
their promoters and promotes transcription (13). Even though
Spl is highly controlled during development, over-expression
of Spl is often reported in cancers and contributes to poor
prognosis (14,15). Thus, suppression of Spl or interference
of Spl binding to a target promoter is considered a novel
strategy for cancer treatment (13,16). According to current
understanding, among FDA-approved anti-cancer agents,
mithramycin A (MTA) is a selective Spl inhibitor, which
suppresses Spl-related anti-apoptotic gene expression and
induces caspase-dependent apoptosis (17,18). There are
reports, however, that chromomycin A3 (CMA3), an MTA
analog, possesses higher DNA binding capacity and has
demonstrated similar effects on neurons (19,20). Therefore,
CMA3 might exhibit potent Spl-related gene suppression.
CMA3 was selected for the current studies.

CMAZ3 is an anthraquinone glycosidic antibiotic, produced by
Streptomyces griseus (21). The anti-cancer effects of CM A3 have
been proposed since the 1960s (22,23). Side effects of CMA3
in advanced breast cancers have interrupted that use (24) but it
is widely used for DNA staining (25). DNA binding ability of
CMAZ3 has been elucidated; CM A3 binds to a GC-rich sequence
at a minor groove and inhibits DNA replication and transcrip-
tion (26). It has been reported that CM A3 induced cervical cancer
cell apoptosis but the underlying mechanism is still obscure (27).
Therefore, the anti-CCA potentials of CM A3 and its effects on
Spl-related anti-apoptotic proteins were focused on.

Materials and methods

Cell lines and cell culture. A total of three CCA cell lines,
KKU-055, KKU-100 and KKU-213, were established as previ-
ously described (28). Cells were obtained from the Japanese
Collection of Research Bioresources Cell Bank. Cells were
maintained in Dulbecco's modified Eagle's medium (Wako
Pure Chemical Industries, Ltd.) containing 10% fetal bovine
serum (HyClone; GE Healthcare), 100 U/ml penicillin and
100 pug/ml streptomycin. CCA cells were cultured in a humidi-
fied incubator at 37°C with 5% CO,.

Reagents and antibodies. CMA3 was purchased from
Abcam, MTA was from Sigma-Aldrich; Merck KGaA,
MTT and propidium iodide (PI) were from Sigma-Aldrich;
Merck KGaA, RNase A was from Takara Bio, Inc., and
Pacific Blue™ Annexin V was from BioLegend, Inc.
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Sources of antibodies were as follows: Rat anti-Hsc70 (1B5
clone; cat. no. ADI-SPA-815B) monoclonal antibody (mAb)
was from EnZo Life Sciences, Inc.; rabbit anti-Bim (C34C5
clone; cat. no. 2933) mAb, rabbit anti-cleaved caspase-3
(Aspl75; 5A1E clone; cat. no. 9664) mAb, rabbit anti-cleaved
caspase-8 (Asp391; 18C8 clone; cat. no. 9496) mAb and rabbit
anti-cleaved caspase-9 (Asp315; DSI9E clone; cat. no. 20750)
mADb, horseradish peroxidase (HRP)-linked anti-rabbit IgG
(cat. no. 7071), and HRP-linked anti-mouse IgG (cat. no. 7076)
were from Cell Signaling Technology, Inc.; mouse anti-FLIP
short and long forms (FLIPg, ; G-11 clone; cat. no. sc-5276)
mAb, mouse anti-Mcl-1 (22 clone; cat. no. sc-12756) mAbD,
mouse anti-Noxa (114C307 clone; cat. no. sc-56169) mAbD,
mouse anti-survivin (D8 clone; cat. no. sc-17779) mAb, rabbit
anti-clAP2 (H-85 clone; cat. no. sc-7944) polyclonal anti-
body (pAb), rabbit anti-Spl (PEP 2 clone; cat. no. sc-59) pAb,
and rabbit anti-XIAP (H-202 clone; cat. no. sc-11426) pAb,
were from Santa Cruz Biotechnology, Inc.; mouse anti-BAX
(2D2 clone; cat. no. 633601) mAb was from Biolegend, Inc;
mouse anti-a-smooth muscle actin (a-SMA; 1A4 clone;
cat. no. M0851) mAb, and rabbit anti-rat (cat. no. P0450) pAb
were from Dako; Agilent Technologies, Inc.; mouse anti-cyto-
keratin (AE1&AE3 clone; cat. no. 313M) cocktail was from Cell
Marque™ (Sigma-Aldrich; Merck KGaA); rabbit anti- cytoker-
atin 19 (CK19; cat. no. HPA002465) was from Sigma-Aldrich
(Merck KGaA); rabbit anti-BAX (E63 clone; cat. no. ab32503)
PADb, and rabbit anti-caspase-9 (cat. no. ab2014) pAb were from
Abcam and the rabbit anti-Ki-67 (30-9 clone; cat. no. 790-4286)
mAb was from Ventana Medical Systems, Inc.

Tetrazolium dye MTT assay. The anti-proliferative effects
of CMA3 on KKU-055, KKU-100 and KKU-213 CCA cells
were determined by MTT assay. CCA cells were seeded at
4x10° cells per well into a 96-well plate. At 24 h after seeding,
CMA3 or MTA were added at different concentrations (0, 2.5,
5, 10, 20, 40, 80 and 160 nM for CMA3 and 0, 12.5, 25, 50,
100 and 200 nM for MTA) and cells were incubated for 24 and
48 h. MTT solution was added to obtain a final concentration
of 0.5 mg/ml. Then formazan crystals were dissolved by acidi-
fied isopropanol (0.04 N HCl in isopropanol). The absorbance
was measured at 570 nm using a microplate reader (iMark;
Bio-Rad Laboratories, Inc.). The data were analyzed using
the GraphPad Prism 8 (GraphPad Software, Inc.). The optical
densitys,, of the control was set to 100%.

Cell cycle analysis. Cells were treated at indicated concentra-
tions of CMA3 for 24 h. After that cells were harvested and
fixed with cold 70% ethanol overnight at 4°C. Before analysis,
cells were washed with PBS and incubated with 0.1 mg/ml of
RNase A at 37°C for 1 h, followed by PI staining (50 pug/ml)
at 4°C for 30 min in the dark. Samples were analyzed by
LSR II flow cytometer (BD Biosciences; Becton, Dickinson
and Company) and data were analyzed by FlowJo software
version 10.4 (Tree Star, Inc.).

Annexin V binding assay. Cells were treated with various
concentrations of CMA3 for 24 h. Then cells were collected
and incubated with Pacific Blue™ Annexin V at room
temperature for 30 min in the dark. PI was added at the final
concentration of 1 pg/ml before flow cytometry analysis.
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Annexin V and PI-stained cells were determined by flow
cytometry. Annexin V-bound and PI-stained cells were
analyzed by FlowJo software.

Western blot analysis. KKU-213 cells were treated with
CMA3 at indicated concentrations and times. Protein lysate
was prepared as described elsewhere (29). Protein concentra-
tions were determined by the bicinchoninic acid protein assay
(Thermo Fisher Scientific, Inc.). A total of 20 ug of protein
was separated by SDS-PAGE (10-15%) and transferred to a
PVDF membrane (GE Healthcare Japan). The membrane
was blocked with 5% skim milk in Tris-buffered saline
containing 0.1% Tween-20 (TBST) at room temperature for
30 min and was incubated with specific primary antibodies
(1:1,000) at 4°C overnight. Membranes were washed with
TBST 3 times prior to the incubation with the corresponding
HRP-conjugated secondary antibody (1:2,000) for 1 h at room
temperature. Signals were detected using Chemi-Lumi One
Super reagents (Nacalai Tesque, Inc.) and visualized by
ImageQuant LAS 4000 system (GE Healthcare Japan). The
quantitative analyses of blots were quantified by Image J (30).
Hsc70 was used as an internal control.

Reverse-transcriptase-polymerase chain reaction (RT-PCR).
KKU-213 cells were treated with 40 nM CMA3 or 200 nM
MTA for 0, 6, 12, 18 and 24 h. RNA preparation and RT-PCR
were performed as previously described (31). Gene expression
was presented as relative expression (fold, control at 0 h=1).
The oligonucleotide primers used in this study were previously
reported elsewhere; Mcl-1 (32), XIAP (33), B-actin (34).

CMA3 toxicity testing. To demonstrate the toxic effects of
CMA3 in the mouse model, a total of eight 6-8 week-old
male Balb/c Rag-2/Jak3 double deficient mice (35) were
randomly separated into 4 groups (n=2/group; body weight
~22-25 g/mouse); group 1 was intravenously injected with a
vehicle, dimethyl sulfoxide (DMSO) once a week, group 2
was injected with 0.1 mg/kg CMA3 once a week, group 3 was
injected with 0.1 mg/kg CMA3 twice a week and group 4 was
injected with 0.5 mg/kg CMA3 once a week. The vehicle or
CMA3 was given for 3 weeks. The toxicity was monitored by
observation of the general appearance and determination of
the body weight.

Xenograft mouse model. KKU-213 cells (1x10° cells/site)
were subcutaneously injected into both flanks of 6-8 week-old
male Balb/c Rag-2/Jak3 double deficient mice. At 3 days after
CCA injection, 14 mice were randomly divided into 2 groups
(n=7/group; body weight ~22-25 g/mouse). CMA3 was admin-
istered to the treatment group at 0.5 mg/kg intravenously, once
a week for 3 weeks. DMSO was given to the control group.
Body weight and tumor volume were monitored every 3 days.
On day 22, mice were sacrificed and tumors were collected for
the immunohistochemistry staining.

Mice were housed and monitored in the animal research
facility according to the institutional guidelines. All proto-
cols were approved by the Institutional Animal Care and
Use Committee of Kumamoto University. All of the animal
experiments were conducted according to the Fundamental
Guidelines for Proper Conduct of Animal Experiment and
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Related Activities in Academic Research Institutions under
the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology, Japan. In brief, mice
were housed in a strictly control environment (22+2°C,
50+10% humidity and 12-h light/dark cycle). Food and
water were provided ad libitum. Health and behavior of
those mice were monitored every 3 days to evaluate humane
endpoints. If mice showed loss of appetite, severe weight
loss (>20% of the original weight) or signs of pain associ-
ated behavior, mice would be euthanized using isoflurane.
Death was verified as follows: Lack of respiration, heartbeat
and corneal reflex. A total of 5% inhaled isoflurane was
used as an anesthetic.

Immunohistochemistry. Paraffin embeded xenograft tumor
tissues were prepared according to a standard protocol (36)
and sectioned at 3-ym thickness. Expression of cytokeratin,
Ki-67 and a-SMA were detected using BenchMark XT
automated staining system (Ventana Medical Systems, Inc.).
EZ prep, Cell conditioning (CC1) and Inhibitor CM (Ventana
Medical Systems, Inc.) were used according to manufacturer's
protocol. Images were taken by an Eclipse Ni-E light micro-
scope (Nikon Corporation) using NIS Elements D software
version 4.5 (Nikon Corporation). Ki-67 positive nuclei per
cytokeratin areas were quantified by Imagel] (n=4/group,
3 images/tumor).

Caspase-9, CK19 and Bax expression was determined
by immunohistochemistry as previously described (37). The
caspase-9 or Bax-positive areas were determined by Imagel
(n=5/group, 5 images/tumor). The expression of caspase-9 or
Bax was presented as the marker-positive area/CK19-positive
nuclei/cancer area.

Statistical analysis. The data are presented as the mean =+ stan-
dard deviation from three independent experiments unless
otherwise specified. The statistical differences between the
control and experimental groups were determined by Student's
t-test. For CM A3 toxicity testing, mean percentage of body
weights among the groups were analyzed using one-way
analysis of variance with Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.
Statistical analyses were performed using the GraphPad Prism
software version 8 (GraphPad Software, Inc.) and SPSS soft-
ware version 19.0 (IBM, Corp.).

Results

CMA3 and MTA inhibit CCA cell proliferation. Effects
of CMA3 and the prototype drug, MTA, on cell prolif-
erations of 3 CCA cell lines, KKU-213, KKU-055 and
KKU-100, were determined by MTT assay. Cells were
treated with increasing concentrations of CMA3 or MTA
for 24 and 48 h. The dose-response curves revealed CMA3
and MTA suppressed CCA cell proliferation in dose- and
time-dependent manners (Fig. 1). The half maximal inhibi-
tory concentrations (ICs,) of CMA3 on KKU-213 at 24 and
48 h were 22.48+4.08 and 9.79+1.15 nM; ICy,, of KKU-055
were 21.14+2.24 and 13.34+1.28 nM; and IC,,, of KKU-100
were 30.52+2 .91 and 14.74+1.34 nM. The 1Cs,, of MTA were
higher than those of CMA3; IC,,, of KKU-213 at 24 and 48 h
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Table I. IC,, of CMA3 and MTA for three CCA cell lines at 24 and 48 h.

CMA3 MTA
Cell lines 24 h 48 h 24 h 48 h
KKU-213 22.48+4.08 9.79+1.15 >200 46.08+1.63
KKU-055 21.14+£2.24 13.34+1.28 >200 76.44+11.70
KKU-100 30.52+2.91 14.74+1.34 >200 104.77+4 .22

IC,,, are presented as the mean + standard deviation (in nM). ICs, half maximal inhibitory concentrations; CMA3, Chromomycin A3; MTA,

mithramycin A.
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Figure 1. CMA3 and MTA inhibit CCA cell proliferation in dose- and time-dependent manners. Anti-proliferative effects of CMA3 and MTA on three CCA
cell lines were determined by MTT assay. KKU-213, KKU-055 and KKU-100 were treated with increasing concentrations of CMA3 (0, 2.5, 5, 10, 20, 40, 80
and 160 nM) or MTA (0, 12.5, 25, 50, 100 and 200 nM) for (A) 24 and (B) 48 h. Data are represented as the mean + standard deviation from three independent
experiments. The statistical significances of each cell line compared with the control are shown as follows: ‘P<0.05, “P<0.01 and ““P<0.001 vs. 0 nM for
KKU-213 cells; “P<0.05, #P<0.01 and ##P<0.001 vs. 0 nM for KKU-005 cells; **P<0.01 and ***P<0.001 vs. 0 nM for KKU-100 cells. CMA3, chromomycin A3;

MTA, mithramycin A; CCA, cholangiocarcinoma.

were >200 and 46.08+1.63 nM; 1C,,, of KKU-055 were >200
and 76.44+11.70 nM; and ICs,, of KKU-100 were >200 and
104.77+4.22 nM (Table I).

CMA3 promotes S phase arrest in KKU-213 and KKU-055.
CMA3 is a DNA-binding agent that binds to DNA at a minor
groove and inhibits DNA replication and transcription (26). To
verify the effects of CM A3 on cell cycle distribution, KKU-213
and KKU-055 were treated with 0, 2.5, 5,and 10 nM CMA3 for
24 h. Cells were stained with PI and the cell cycle distributions
were analyzed by flow cytometry. The results showed increased
concentrations of CMA3 significantly increased cells in the
S phase. Fig. 2A shows the representative histograms. CMA3
caused the accumulation of cells in S phase, while the reduc-
tion of cells in G1 phase was observed (Fig. 2A). A total of
42.5+1.7, 45.8+0.9, 50.4+5.9 and 62.8+2.4% of KKU-213 and
50.0£2.6, 53.2+1.9, 64.9+8.1 and 74.6+3.3% of KKU-055 were
in S phase of the cell cycle when cells were treated with 0, 2.5,
5, and 10 nM CMA3 (P<0.05 and P<0.001; Fig. 2B).

CMAS3 induces caspase-dependent apoptosis in CCA cells.
To investigate the effect of CMA3 on apoptotic induction,

Annexin V/PI staining was performed in KKU-213, KKU-055
and KKU-100 cells after treatment with 0, 10, 20 and 40 nM
of CMA3 for 24 h. Annexin V and PI stained cells were evalu-
ated by flow cytometry. Annexin V-positive and PI-negative
cells were early apoptotic cells, whereas Annexin V and PI
double-positive cells were late apoptotic. The percentages
of early and late apoptotic cells were dramatically increased
when cells were treated with higher concentrations of CMA3
(Fig. 3A). The percentages of Annexin V-positive cells were
quantified by combining of percentages of early and late apop-
totic cells and are presented in Fig. S1A and B (P<0.05). The
results showed increased percentages of apoptotic cells in all
three CCA cell lines in a dose-dependent manner. To elucidate
the mechanism of CMA3-induced apoptosis, caspase activa-
tions were investigated. Caspase-8, -9 and -3 were selected to
be the representatives of the extrinsic, intrinsic and common
apoptotic pathways (38). The results demonstrated CMA3
induced caspase-dependent apoptosis in KKU-213 through
both extrinsic (cleaved caspase-8), intrinsic (cleaved caspase-9)
and eventually common (cleaved caspase-3) pathways in dose-
and time-dependent manners (Fig. 3B and 3C). Similar results
of CMA3-induced caspase-dependent apoptosis were observed
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Figure 2. CMA3 promotes S phase arrest in CCA cells. (A) Representative flow cytometric profiles of KKU-213 and KKU-055 are demonstrated. Cells were
treated with indicated concentrations of CMA3 (0-10 nM) for 24 h. DNA content was determined using propidium iodide staining and the distribution of the
cell cycle was assessed by flow cytometry. (B) The graph represents the percentage of cells in each phase of cell cycle. The mean + standard deviation from
three independent experiments are demonstrated. "P<0.05 and ““P<0.001 vs. 0 nM for S phase. CMA3, Chromomycin A3; CCA, cholangiocarcinoma.

in KKU-055 (Fig. S2A and B). Increased cleaved caspase-8,
-9 and -3 levels were observed when cells were treated with
10-20 nM CMA3, with the highest levels observed following
12 h of 20 nM CMA3 treatment.

CMA3 downregulates Spl-related anti-apoptotic proteins
in KKU-213 and KKU-055. CMA3 is a structural analog
of MTA. GC-rich, Spl/Sp3-specific binding of MTA and
CMAJ3 are established in neurons (20). Moreover, the roles
of MTA on inhibition of Spl binding to the X/AP promoter
and caspase-dependent apoptosis induction have been demon-
strated in various cancer cells (17). Functions of CMA3 on
Spl-related anti-apoptotic protein expression were of interest.
Spl-related anti-apoptotic proteins including FLIP, cIAP2,
Mcl-1, survivin and XTAP were selected (13,39,40). The results
showed FLIP,, cIAP2, Mcl-1, survivin and XIAP were reduced
in KKU-213 cells treated with 40 nM CMA3 (Fig. 4A).
CMA3 treatment had no effects on either Spl or Spl-related

Bcl-2 family pro-apoptotic proteins, e.g., Bcl-2-associated
X-protein, Bax, Bcl-2-like protein 11, Bim and Noxa (Fig. 4B
and 4C). The quantitative analysis of Spl, Spl-related proteins
was reported in Fig. 4D. Similar effects of CMA3-suppressed
Spl-related anti-apoptotic proteins were observed in KKU-055
when treated with 20 nM CMA3 (Fig. S2C). The inhibitory
effects of CMA3 and MTA on Mcl-1 and XIAP expression
were confirmed by RT-PCR. KKU-213 cells were treated with
40 nM CMA3 or 200 nM MTA for the indicated times and
then the expression levels of Mcl-1 and XIAP were measured.
The results showed CMA3 and MTA efficiently inhibited
Mcl-1 and XIAP expression and the reductions of expression
were observed at 6 h onward. Moreover, CMA3 possessed a
stronger effect on Mcl-1 expression (Fig. S3).

CMA3 suppresses CCA growth and induces apoptosis in
the xenograft mouse model. To determine the therapeutic
potential of CMA3 on CCA in vivo, KKU-213 cells were
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Figure 3. CMA3 induces caspase-dependent apoptosis in CCA. (A) CCA cells were treated with indicated concentrations of CMA3 for 24 h. Then cells were
stained with Annexin V/PI and apoptotic cells were analyzed by flow cytometry. A representative image from three independent experiments is shown. The
caspase activations in KKU-213 are demonstrated by western blotting. (B) Cells were treated with various concentrations of CMA3 for 24 h and (C) cells were
treated with 40 nM of CMA3 for indicated times. Intensities of protein bands were normalized with Hsc70 and compared with those without CMA3 (0 nM
or 0 h, intensity=1). The normalized intensities of caspase expression from three independent experiments were shown. CMA3, Chromomycin A3; CCA,
cholangiocarcinoma; PI, propidium iodide.
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injected subcutaneously into flanks of Balb/c RJ mice. Mice
were randomly assigned to the control and CMA3-treated
groups and the treatments were given for 3 weeks. No notice-
able toxicity of CMA3 was observed during the experiment
(Fig. S4C), which corresponded with the results of the CMA3
toxicity test (Fig. S5). Tumor volumes were measured. The
results demonstrated that on day 22, the tumor volumes of
the treatment group were significantly smaller than those of
the control group (P<0.001; 178.3+89.4 vs. 476.0+174.7 mm?,
Fig. 5A). All mice were subsequently euthanized and xeno-
graft tumors were weighed. The average tumor weights
of the CMA3-treated group were significantly decreased
compared with control (P<0.05; 0.34+0.22 vs. 0.56+0.20 g;
Fig. S4A and B). Moreover, when tumors were removed, they
were then examined for the densities of cancer and stromal cell
compartments. Ki-67 was used as proliferative marker, while
pancytokeratin and a-SMA were used as epithelial (CCA)
and active stromal markers. Ki-67 nuclei/cytokeratin-positive
areas were assessed and compared between groups. The results
demonstrated that the Ki-67/cytokeratin-positive areas were
smaller in the CMA3-treated group when compared with the

control group [P<0.001; 1.02+0.17 vs. 0.75+0.15 nuclei/arbi-
trary units (AU); Fig. 5B]. Representative images of Ki-67,
pancytokeratin and a-SMA staining are shown in Fig. 5C.

The effects of CMA3 on the apoptotic proteins, caspase-9
and Bax, were determined in xenograft tumors. The results
revealed that CMA3 treatment potentiated caspase-9 and Bax
expression (Fig. 5D). The expression of caspase-9 and Bax in
the CMA3-treated group were significantly increased compared
with DMSO-treated control; caspase-9 expression were 3.25+1.10
vs. 2.14+0.76 in control and Bax were 3.60+0.95 vs. 2.86+1.16 in
control (P<0.05 and P<0.001; AU/cells/field; Fig. S6).

Discussion

CCA is an aggressive cancer, in which patients are often
diagnosed at the advanced stages and curative surgery is
not an option (4). Several chemotherapies have been tried to
improve the clinical outcome (41). Nevertheless, the efficacies
of the treatments are restricted by CCA chemoresistance (5).
Increased expression of multiple anti-apoptotic proteins
including Bcl-2, Bcl-xL, FLIP, cIAP, Mcl-1, survivin and
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XIAP have been reported accompanied by acquired chemore-
sistance (8-12,42). The potential role of anti-apoptotic protein
modulation on CCA treatment was demonstrated in the present
study using CMA3 as a candidate. CM A3 effectively inhib-
ited CCA cell proliferation in the nanomolar ranges and the
effects were stronger than the prototype drug, MTA. The DNA
binding property of CMA3 (19) contributed to cell cycle arrest
in the S phase in doses lower than ICs,. That CM A3 promoted
CCA apoptosis was demonstrated. This was partially proven
through Spl-related anti-apoptotic protein suppression, e.g.,
FLIP, cIAP2 Mcl-1, survivin and XIAP, and caspase activa-
tion. The benefit of CMA3 treatment on CCA was established
in a xenograft model. Suppression of CCA growth was demon-
strated histologically and grossly. To the best of the authors'
knowledge, this is the first study to demonstrate Spl-related
anti-apoptotic protein suppression leading to apoptotic induc-
tion and suppression of tumor growth by CMA3.

The anti-cancer effects of CMA3 were previously reported
in cancer (23,24,27). CMA3 has been tried in a phase 1
clinical trial in patients with breast cancer, Hodgkin's disease,
lung adenocarcinoma, melanoma and rhabdomyosarcoma
but the results were inconsistent in tolerable doses and side
effects (23,24). The suspected toxicity might have led to
2 patient deaths (24), however, it has been put to an alterna-
tive use as DNA staining dye (25). Currently, the repurposing
program in oncology has provided an opportunity for previ-
ously tested agents such as CM A3 (43). The anti-proliferation
of CMA3 was previously reported in cervical cancer cells,
MEI180 and HeLa (27). It is worth mentioning that the stronger
effects of CM A3 were observed in the current study. The ICs,

in cervical cancer cells were 4-10 times higher. The differ-
ences could be affected by the different assessments; ATP
quantitation, as reported by Miller et al (27) and mitochondrial
enzyme activity in the present study. This requires further
attention and was beyond the scope of this study.

The roles of CMA3 in CCA inhibition have been explored.
CCA cells treated with CMA3 were accumulated at the
S phase of the cell cycle. The effects of CM A3 on the cell cycle
have never been reported to the best of our knowledge. There
is a report that chromomycin A2, a CMA3 analog, inhibits the
melanoma cell cycle at the GO/G1 phase (44). This effect was
related to the induction of cyclin D1 and D3 and the suppression
of cyclin A2 and B1. By comparison, no significant alteration
was observed in CMA3 treated melanoma. The discrepancy
of CMA analogs on the cell cycle might be due to the DNA
binding specificities (20). The functions of CM A3 in cell cycle
control in cancer require further investigation. CMA3-induced
CCA apoptosis was demonstrated in the present study. CMA3
induced phosphatidylserine exposure and caspase-8, -9, and
-3 activations. CMA3-promoted caspase-3/7 activation was
previously demonstrated in cervical cancer (27). CMA3
activated caspase-8, -9 and -3-related apoptotic induction was
observed in MTA-treated cervical cancer (18). Activations
of both extrinsic and intrinsic apoptotic pathways were first
demonstrated in the current study, to the best of our knowledge.

Mechanisms in which CMA3-induced apoptosis were
proposed to be Spl-related based on the mechanism of
the structurally related agent, MTA (17,18). Spl-related
anti-apoptotic proteins; FLIP, cIAP2, Mcl-1, survivin and
XIAP, were selected candidates (13,39,40). The results showed
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CMA3 suppressed certain Spl-related anti-apoptotic proteins.
These alterations were not observed in Spl and Spl-related
pro-apoptotic proteins; Bax, Bim, and Noxa. The inhibitory
effects of CMA3 and MTA on Spl-related anti-apoptotic
gene expression were confirmed by determination of Mcl-1
and XJAP mRNA expression in CMA3- or MTA-treated
KKU-213. The results corresponded to the previous report
that CMA3 possesses stronger DNA binding activity than
MTA (19,20). The potent inhibition was observed on Mcl-1
expression. It is worth mentioning that the expression of X/IAP
in CMA3-treated KKU-213 rebounded to the original state at
24 h. The differential effects of CMA3 on Mcl-I and XIAP
promoter bindings and expression require further investigation.
The effects of MTA on XIAP suppression were demonstrated
in renal carcinoma (Caki), colon cancer (HT29), breast cancer
(MDA321), prostate cancer (PC3) and astroglioma (U87) (17).
The similar effects of MTA and CMA3 on XIAP expression
were proposed through the inhibition of Spl binding on the
promoter. The role of MTA on Spl expression at mRNA and
protein levels were previously reported in cervical cancer cells,
HEp-2 and KB, (18) but it was not observed in the current study.
This might be due to the higher concentrations (IC;,-ICy, vs.
IC, in this study) and the longer treatments (48 vs. 24 h in
this study) than in the other studies. Longer treatments with
higher drug concentrations might possess a stronger effect on
Spl suppression.

Anti-CCA effects of CMA3 were supported by the
xenograft model. Treatment with intravenous CMA3 to
CCA-bearing mice inhibited tumor growth by inhibition of
cell proliferation. Lower densities of Ki-67-positive CCA cells
were observed in the treatment group. It is worth mentioning
that larger nuclei were observed in the treatment group consis-
tent with S phase arrest observed in the cell cycle analysis. The
growth inhibitory effects of CMA3 in vivo were partly due to
apoptosis induction. Increased caspase-9 and Bax expression
in CMA3-treated tumors was demonstrated in the present
study. Only 3 doses of CM A3 were administered to mice and
no observable toxicity was noticed. Therefore, these results
confirmed the potent anti-CCA effect of CMA3. The toxicity
of CMA3 is of concern. From in vivo toxicity testing in the
current study, no obvious effects were observed in mouse
general well-being and body weights. In vitro toxicity testing
using peripheral blood mononuclear cells or other normal cell
types and the comparative study of CMA3 and MTA effects
in vivo are required prior to a trial in patients. It is not possible
in the current study due to limited resources.

The anti-cancer effect of CMA3 on CCA is summarized
in Fig. 6. The proposed mechanism of how CMA3 inhibited
CCA was through selective DNA binding, which resulted in 2
outcomes; i) inhibition of DNA replication, which later causes
S phase arrest; ii) reductions of Spl-related anti-apoptotic
proteins (e.g., FLIP, cIAP2, Mcl-1, survivin and XIAP), which
cause an imbalance between pro-apoptotic and anti-apoptotic
signals, and subsequently promotes caspase activation and
apoptotic induction. No significant alterations of Spl and
Spl-related pro-apoptotic proteins (e.g., Bax, Bim and Noxa)
were observed in the current study. Altogether, the underlying
mechanism in which CMA3-induced CCA apoptosis through
alleviation of Spl-related anti-apoptotic proteins was demon-
strated for the first time in the current study. The mechanistic

SARANARUK et al: CHROMOMYCIN A3 SUPPRESSES GROWTH AND INDUCES APOPTOSIS IN CCA

studies using an Spl reporter assay or immunoprecipitation
might directly establish the effects of CMA3 and require
further investigations. This may attenuate the chemoresis-
tance of CCA to currently available chemotherapeutic drugs.
The adjunct treatment with CMA3 or CM A3 derivatives might
be a novel strategy for CCA treatment.
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