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Abstract

Cholangiocarcinoma (CCA), a devastating malignancy originating from the bile ducts, is of significant clinical importance
due to its rising incidence and poor prognosis. Quinones as being naturally occurring compounds and their frequent utility
in anticancer drug development studies seem to be potential sources for the discovery of new chemotherapeutics. In this
study, a synthetic naphthoquinone derivative newly synthesized and previously published by our group, named as MK13,
has been tested against intrahepatic-CCA (iCCA) cell lines (CCLP1 and HUCCT1). Cell viability was measured with the
MTT assay at the doses of 1.56-50 uM for 48 h treatment. Cell death was showed both morphologically with fluorescent
double staining and biochemically with flow cytometry analysis of phosphatidylserine translocation. Oxidative stress and
DNA damage were also measured with flow cytometry and gene expressions were interpreted via qPCR analysis. MK13
resulted in a strong reduction (about 80%) in viability, especially against CCLP1 cells when compared with doxorubicin.
Cell death resulted from apoptosis was shown to be triggered by severe DNA damage that is independent of oxidative stress.
Apoptosis was confirmed at molecular level with the upregulation of BAX, a pro-apoptotic BH-3 only protein, and DR5, a
cell surface death receptor. MK13 seems to be a promising anticancer compound against iCCA and deserves further atten-
tion for in vivo proof-of-concept studies.
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Introduction

Cholangiocarcinoma (CCA) is a malignant tumor originat-
ing from the epithelial cells of the bile ducts. It is a highly
aggressive adenocarcinoma of the hepatobiliary system
and represents the second most prevalent primary liver
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cancer, accounting for approximately 15% of primary liver
malignancies worldwide [1, 2]. CCA is classified into three
primary anatomical types: intrahepatic-(iICCA), perihilar,
and distal forms—collectively known as extrahepatic CCA
(eCCA). Intrahepatic-CCA arises within the liver, perihi-
lar CCA occurs at the hepatic hilum where the bile ducts
exit the liver, and distal CCA develops outside the liver [3].
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This classification holds clinical significance, as it directly
influences diagnostic approaches, treatment strategies, and
patient outcomes.

Epidemiological studies indicate that the global incidence
and mortality rates of CCA, particularly iCCA, are steadily
increasing, underscoring the growing clinical burden of this
malignancy [4—6]. iCCA is frequently diagnosed at advanced
stages, which limits treatment options and contributes to its
poor prognosis. When compared with many other malig-
nancies, iCCA exhibits significantly lower survival rates.
Although median survival varies by subtype and disease
stage, most patients experience an overall survival of less
than two years, primarily due to delayed diagnosis [7-9].
In fact, five-year survival rates rarely exceed 30 % in most
cases [10].

Current treatment options for CCA include surgical resec-
tion, chemotherapy, and radiotherapy. Surgery remains the
only potentially curative intervention; however, due to late-
stage diagnosis, fewer than 30% of patients present with
resectable tumors [11]. As a result, surgery is often not
feasible and, even when performed, is associated with high
recurrence rates [12]. For patients with unresectable tumors,
chemotherapy remains the primary treatment strategy and
may help delay disease progression. Commonly used agents
include gemcitabine, cisplatin, oxaliplatin, and 5-fluoroura-
cil, with the gemcitabine—cisplatin combination being the
most widely adopted regimen. However, the clinical efficacy
of these treatments is limited, and overall survival rarely
exceeds 1 year [13]. In addition, these therapies are fre-
quently associated with significant adverse effects, including
nausea, fatigue, and myelosuppression. Despite their rou-
tine use, current chemotherapeutic options are insufficient
to achieve meaningful long-term outcomes, underscoring
the urgent need for more effective and targeted therapeutic
approaches [14]. The absence of reliable early diagnostic
markers and a lack of molecularly tailored therapies further
highlight the necessity for innovative research to improve
outcomes in CCA. These challenges collectively underscore
the urgent need for novel, mechanism-based therapeutic
strategies.

In response to the limited success of conventional thera-
pies in treating CCA, there is growing interest in identify-
ing novel therapeutic compounds that can selectively target
tumor cells and overcome resistance mechanisms. Natu-
rally occurring bioactive molecules have gained attention
in this context due to their structural diversity and pharma-
cological potential. Among them, naphthoquinones (NQs)
stand out as a particularly promising class of compounds
for anticancer drug development. NQs are a diverse group
of molecules characterized by a naphthalene ring bearing
two adjacent carbonyl groups. These secondary metabo-
lites are found in a wide range of natural sources, including
plants, fungi, and bacteria, where they often serve protective
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functions in host defense [15]. Their fused aromatic core and
redox-active carbonyl moieties confer significant chemical
reactivity and contribute to a broad spectrum of biologi-
cal effects. Although traditionally used in herbal medicine,
NQs have gained renewed interest in modern biomedical
research, particularly in the field of oncology [16]. In cancer
research, NQs have attracted attention for their ability to
disrupt essential cellular processes. Several quinone-based
agents—such as Adriamycin (doxorubicin), Mitomycin C,
and Daunomycin—are already used in clinical oncology.
These compounds exert their antitumor effects through
mechanisms such as oxidative stress induction, inhibition
of topoisomerase II, and activation of apoptotic pathways
[17-19]. These multifaceted actions impair cancer cell pro-
liferation and survival, positioning NQs as compelling can-
didates for targeted cancer therapies. Previous studies by our
research group have also explored the anticancer activity of
various synthetic NQ derivatives, further reinforcing their
therapeutic relevance [20, 21].

Recent literature highlights the growing interest in NQs
and related quinone derivatives as potential treatments for
CCA. Several studies have shown that these compounds,
many of which are naturally derived, can inhibit cancer cell
proliferation, induce apoptosis, and modulate key signaling
pathways involved in tumor progression and resistance. For
example, plumbagin, a plant-derived NQ, has demonstrated
efficacy in preclinical CCA models by targeting critical
molecular pathways [22]. Similarly, rhinacanthin-C, a natu-
ral product isolated from Rhinacanthus nasutus, significantly
inhibited proliferation, migration, and invasion through
suppression of MAPK signaling and NF-«xB activity, and
downregulation of MMP-2 expression [23]. Hypocrellin A,
a fungal perylenequinone, exhibited potent cytotoxic effects
by concurrently modulating the PI3K-AKT-mTOR, MAPK,
and STAT?3 pathways, reflecting a multitargeted mechanism
of action [24]. Thymoquinone, a bioactive constituent of
Nigella sativa, induced mitochondrial dysfunction, G2/M
cell cycle arrest, and apoptosis, along with a reduction in
mitochondrial membrane potential and cytochrome c release
[25, 26]. In another study, a naturally occurring anthraqui-
none derivative shikonin reduced cell viability and induced
apoptosis by upregulating caspase-3 and caspase-8, further
supporting the relevance of this compound class as anti-
cancer agents [27]. Together, these findings emphasize the
therapeutic potential of natural quinone-based molecules in
CCA by targeting multiple oncogenic pathways and disrupt-
ing mechanisms essential for cancer cell survival. As con-
ventional treatment options continue to offer limited clinical
benefit, these compounds represent promising candidates for
the development of more effective and targeted therapies.

Building on the promising potential of naturally occur-
ring NQs, recent efforts have focused on developing syn-
thetic derivatives with improved anticancer properties. Our
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research group has previously reported the synthesis and
structural characterization of several 1,4-naphthoquinone-
based compounds, including MK 13, which was obtained via
a nucleophilic displacement reaction [28—30]. Although ear-
lier studies established the chemical properties and potential
anticancer activity of MK13, its biological activity had not
yet been explored in the context of CCA. In this study, we
investigated for the first time the anticancer effects of MK13
on iCCA cells, with a focus on elucidating its mechanism
of action. Our findings reveal that MK13 induces apoptosis
through DNA damage in a ROS-independent manner, high-
lighting its potential as a promising candidate for further
preclinical development.

Materials and methods
Cell culture

Human intrahepatic-cholangiocarcinoma (iCCA) cell lines
HUCCTI1 and CCLP1 were cultured with RPMI 1640
medium (Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and 1% penicillin—streptomycin. Cells
were incubated at 37 °C and 5 % CO, condition. When they
reached 80% confluency cells were collected with 0.5%
trypsin—EDTA (Gibco, USA) for subculturing and seeding.
These cell lines were authenticated with STR profiling.

Cytotoxicity and growth rate measurements

Cells were seeded into 96-well culture plates at a density
of 5 x 10° cells per well and incubated overnight to allow
attachment. The following day, cells were treated with vary-
ing concentrations of MK13 (1.56-50 uM) or doxorubicin
(DOX, Adriamycin, Pfizer) at doses ranging from 0.06 to
2 ug/mL using twofold serial dilutions. According to Pfizer
(n.d.), doxorubicin reaches peak plasma concentrations of
approximately 1 pM following intravenous administration
[31]. Therefore, 1 pg/mL was selected as the clinically rel-
evant concentration, while 2 ug/mL was used to represent a
suprapharmacological dose [32]. After 48 h of treatment, cell
viability was assessed using the MTT assay (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (BioBasic,
Canada). Briefly, a 5 mg/mL MTT stock solution was added
to each well to achieve a final concentration of 10% (v/v),
and plates were incubated to allow formazan crystal for-
mation. Crystals were subsequently solubilized overnight
using 10% SDS with 0.01 M HCL. To evaluate cell prolif-
eration, an additional 96-well plate was seeded under the
same conditions, and a parallel MTT assay was performed
prior to treatment (time zero, T,). These initial absorbance
values were used for growth rate normalization as previously

described [33]. Absorbance was measured at 570 nm using
the LumiStar Omega spectrophotometer (BMG Labtech).

Morphological evaluations with fluorescent staining

To investigate the mode of cell death induced by MK13,
cells were stained with the nuclear dyes Hoechst 33342
and propidium iodide (PI) (BioLegend, USA). Cells were
treated with the ICsq concentration of MK13, and double
staining was performed at 12, 24, and 48 h post-treatment, as
previously described [34]. Briefly, the culture medium was
removed from each well, and a staining solution containing
30 uM Hoechst 33342 and 1 pg/mL PI in PBS was added.
Plates were incubated at room temperature for 15 min.
Stained cells were visualized using a Zeiss Axio Observer
fluorescence microscope, and images were captured with
Zen Blue 3.11 Software.

Flow cytometry analyses

To elucidate the cellular mechanisms underlying MK13-
induced cytotoxicity, flow cytometric analyses were con-
ducted. CCLP1 cells were seeded in 6-well plates at a den-
sity of 3 x 10° cells per well and treated the following day
with the ICy, concentration of MK13. After 12 and 24 h of
exposure, cells were harvested and subjected to multipara-
metric flow cytometry using the Guava Muse Cell Analyzer.
The following assay kits were employed according to the
manufacturer’s protocols: Annexin V & Dead Cell Kit (Cat.
No. MCH100105) for apoptosis detection, Oxidative Stress
Kit (Cat. No. MCH100111) for intracellular ROS measure-
ment, and YH2AX Activation Kit (Cat. No. FCCS025153)
for assessing DNA double-strand break formation.

Gene expression analysis with qPCR

CCLPI cells were seeded on 6-well plates and the next
day treated with ICy, dose and harvested for RNA isola-
tion after 6 h of treatment with the MK13. Cellular RNA
was isolated by using the NucleoSpin RNA Mini kit (MN
Macherey-Nagel, Germany). Isolated RNA quality and quan-
tity was measured by Nanodrop (Invitrogen, USA) and 1
microgram of each total RNA sample was used for cDNA
synthesis with the iScript cDNA Synthesis Kit (BioRad,
USA). For the gene expression analysis, qPCR method
was used, 10 ng cDNA was used as template for each reac-
tion that contains QuantiNova Syber Green Mix (Qiagen,
Germany) and Applied Biosystem QuantStudio (Thermo
Fisher Scientific, USA) device was used. Sample setup and
analysis were accomplished using the macro file for each
gene panel with the Light-Cycler 480 Software 1.5. Results
were analyzed by using AACT method. GAPDH was used
as a housekeeping gene and fold change of expression was
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calculated according to it. Selected genes were classified
into three groups as prosurvival genes (AKTI, AKT2F,
BAG4, BCL2, BCL2L2, BCLI10, BCLXL, BIRC3, BIRC4,
BIRCS, BIRC6, BMII, CDC2, CDC20, CDK4, CDC25A,
CDK2, MDM?2, MCLI, NEK2, GRB2), pro-apoptotic genes
(APAF1, BAD, BAX, BCLAF1, BAK1, BID, BIK, BIM, BMF,
BNIPI, CASP2, CASP3, CASP4, CASP6, CASPS, CASP9,
DR4, DR5, HRK, NOXA, FAS, PUMA RIPK2, XPA) and cel-
lular stress-related genes (BAG3, BECN1, BNIP2, BNIP3,
BNIP3L, CAT, ERCCI, ERCC3, GADD45A, GPX1, GSTPI,
LIG4, MUTYH, NFKB, OGG1, PRDXI, RAD51, RAD52,
SOD1, XRCC)5).

Statistical analysis

Two-way ANOVA was used for comparing the viabil-
ity results with the control group. All statistical analyses
were conducted using GraphPad Prism 9.4.1. Data for each
independent replicate are presented as mean + standard
deviation.
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Fig. 1 MKI13 has a cytotoxic effect on both cell lines as dose depend-
ent manner. CCLP1 and HUCCT1 cells were treated with differential
doses of either MK13 or DOX. MTT viability assay was conducted
after 48 h treatment. Viability and growth gate was calculated as
percentage as compared to untreated control cells. Data were visu-
alized and analyzed with GraphPad Prisim 9.4.1. a, b Viability and
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Results

MK13 has a selectively effective on DOX-responsive
cell line CCLP1

To evaluate the anticancer potential of the MK13 com-
pound, a dose-response analysis was conducted using
the MTT viability assay at concentrations ranging from
1.56 to 50 uM (Fig. 1a). The results demonstrated that
both cell lines responded to MK13, albeit with distinct
sensitivities. HUCCT1 cells exhibited a gradual decline
in viability with increasing doses, whereas CCLP1 cells
showed a sharp decrease even at lower concentrations.
Interestingly, at higher doses (25-50 uM), both cell lines
exhibited a similar reduction in viability, approximately
80%. In the case of CCLPI, slight increase in cell viabil-
ity at higher doses may be attributed to three potential
factors. First, MK13 might exhibit reduced solubility at
elevated concentrations, which could limit its membrane
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growth rate graphs of MK13. ¢, d Viability and growth rate graphs of
doxorubicin (DOX). Results are shown as the means and error bars
indicate standard deviation of three biological replicates, each has
triple technical replicates. Single asterisk (*) denotes the significance
of comparison between untreated and treated groups at p <0.0001
according to two-way ANOVA analysis
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permeability. Second, MK13 itself may directly reduce
MTT, (without needing dehydrogenase activity for reduc-
tion), thus leading to assay interference [35]. However,
these effects were not observed for HUUCT cells. This
discrepancy suggests a third explanation: that prolonged
exposure to slightly elevated concentrations may trigger
stress-adaptive responses in CCLP1, promoting increased
proliferation despite treatment. Alternatively, intracel-
lular aggregation of the compound at high doses might
prevent its interaction with cellular targets which hinders
compound from exerting its toxicity [36]. In addition to
these, those results may be an artifact. However, even
though they are artifacts, they do not make a confounding
effect. Thus, although MK13 exhibited strong cytotoxic
effects within the 3—12 uM range, higher concentrations
may have activated specific adaptation mechanisms. These
types of response patterns are referred to as nonmono-
tonic dose—response curves, often characterized by distinct
response phases such as the biphasic pattern observed in
CCLP1 [37]. This biphasic behavior was also evident in
the growth rate profile (Fig. 1b). Overall, CCLP1 cells
were significantly more sensitive to MK13, exhibiting
markedly lower ICsy and GIsq values (1.02 + 0.03 uM
and 0.64 + 0.07 uM, respectively), nearly ten-fold lower
than those observed in HUCCT1 (7.97 + 0.95 uM and 5.88
+ 1.14 uM) (Table 1).

Doxorubicin (DOX), a well-established chemotherapeu-
tic quinone widely used in clinical practice, served as the
positive control. The results demonstrated that HUCCT1
cells were relatively less sensitive to DOX as compared to
CCLP1 cells (Fig. lc, d). Notably, even at a suprapharma-
cological concentration (2 pg/mL), more than a quarter of
the HUCCT]1 cells remained viable. The growth curve of
HUCCTT1 cells did not decline below the cytotoxic thresh-
old, whereas CCLP1 cells exhibited a similar trend but
showed a significant decrease in viability at concentrations
above 0.5 pg/mL. IC5, and Gl doses for DOX was calcu-
lated similar for HUCCT (4.94 + 1.46 pg/mL and 0.10 +
0.02 pg/mL) and CCLP1 (4.67 + 1.11 pg/mL and 0.06 +
0.01 pg/mL) while ICy,, TGI and LD5;, doses of HUCCT
were above 2 pg/mL (Table 2).

Table 1 Calculated doses for iCCA cell lines treated with MK13 for
48 h

MK13 (uM) HUCCTI CCLP1
ICs, 7.97+0.95 1.02+£0.03
ICy, 44.90+0.27 5.98+4.61
Gly, 5.88+1.14 0.64+0.07
TGI 27.18+0.95 1.29+0.14
LD, 45.03+2.29 3.83+221

Table 2 Calculated doses for iCCA cell lines treated with DOX for
48 h

DOX (ug/mL) HUCCT1 CCLPI

ICs, 4.94+1.46 4.67+1.11
1Cy, >2 42.30+6.40
Gl 0.10+0.02 0.06£0.01
TGI >2 0.64+0.06
LDy, >2 1.25+0.33

Overall, these data indicate that DOX-responsive CCLP1
cells are significantly more sensitive to MK13 treatment.
Therefore, subsequent mechanistic and biochemical analyses
were conducted on only this cell line.

MK13 triggers apoptotic cell death on both cell line

A morphological evaluation was conducted to investigate
MK13-induced cell death using a fluorescence-based stain-
ing approach. To assess the mode of cell death, CCLP1
and HUCCTT1 cells were treated with corresponding I1Cs
concentrations of MK13 for 48h. Fluorescent staining was
performed at multiple time points (12, 24, and 48h) to exam-
ine the time-dependent response. Two nuclear fluorescent
dyes, Hoechst 33342 and propidium iodide (PI), were used
to differentiate apoptotic and necrotic nuclear morphologies.
Hoechst 33342 is a membrane-permeable dye that stains all
nuclei, while PI is impermeable to intact membranes and
thus only stains nuclei of cells with compromised membrane
integrity. Consequently, PI-positive nuclei indicate necrotic
or late-stage apoptotic cells (secondary necrotic cells). Dur-
ing apoptosis, the chromatin condenses, and the nucleus
either shrinks as a whole or fragmented. A cell exhibiting
both PI positivity and pyknotic or fragmented morphology
suggests the progression into secondary necrosis/late-stage
apoptosis observed in vitro when efferocytosis is absent [38,
39].

MK13 treatment of CCLP1 cells led to a time-dependent
increase in pyknotic nuclei, indicating apoptotic cell death.
Nuclear fragmentation, or karyorrhexis, was also observed.
In addition, a marked reduction in cell confluence was noted
over time following MK13 treatment as compared to con-
trol cells (Figs. 2, 3). Fluorescence microscopy confirmed
that MK13 induces apoptotic cell death, as evidenced by
the increasing number of pyknotic nuclei over time and the
corresponding decrease in total cell number. After 24 h of
treatment, secondary necrosis was observed, indicated by
PI-positive pyknotic nuclei. In contrast, the mode of cell
death in HUCCT1 cells appeared to differ from that happens
in CCLPI cells. Although pyknotic nuclei were present, sec-
ondary necrosis—marked by membrane disruption and PI
uptake—was largely absent. Most cells remained in early
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Fig.2 Apoptotic nuclear morphology was observed after MK13
treatment of CCLP1 cells. CCLP1 cells were treated with 1Cy, dose
of MKI13 and stained with Hoechst 33342 and PI double fluores-
cent dyes after 12-24-48 h. Images taken with Zeiss Axio Observer
10 x objective, and the yellow framed images taken with 40 X objec-

stages of apoptosis, with only a small proportion progress-
ing to secondary necrosis (Fig. 3). In summary, MK13 was
shown to induce apoptotic cell death in both cell lines at ICo
concentrations in a time-dependent manner, with notable dif-
ferences in the extent of secondary necrosis between CCLP1
and HUCCT]1 cells.

Apoptosis triggered by MK13 is caused by DNA
Damage which is independent of oxidative stress

Flow cytometry analysis was performed to elucidate the cel-
lular responses to MK13 treatment. Cells were treated with
ICs concentration, and apoptotic progression was assessed
at 12 and 24 h, the time points previously shown to exhibit
apoptotic features via fluorescence microscopy (Fig. 2).
To ensure consistency, the same population of cells was
divided appropriately for each flow cytometry assay. Phos-
phatidylserine translocation analysis via annexin V-FITC
staining revealed that approximately one-fourth of the cell
population had progressed to late apoptosis, while the total
proportion of apoptotic cells exceeded 50% after 12 h of
treatment (Fig. 4a), consistent with the observations from
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24h MK13 ICy

tive then analyzed with Zen Blue 3.11 Software. Short arrows point
early apoptotic nuclei evident with PI negativity and pyknosis; long
arrows point late apoptotic nuclei evident with PI positivity with pyk-
nosis. Blue: Hoechst 33342 dye, red: PI

48h MK13 ICy

nuclear staining (Fig. 2). Although no significant increase
in total apoptotic cell count was observed between 12 and
24h, nearly all dead cells at both time points were Annexin
V-FITC-positive, indicating the phosphatidylserine translo-
cation. This suggests that MK13 does not induce uncon-
trolled or primary necrotic cell death but rather initiates
a regulated apoptotic pathway. Therefore, the apoptotic
nuclear morphology identified by fluorescence microscopy
was corroborated by biochemical analysis, supporting the
conclusion that MK 13 induces apoptotic cell death.

NQ derivatives are commonly associated with rapid reac-
tive oxygen species (ROS) generation and thereby DNA
damage [40—42]. To explore whether these mechanisms
contribute to MK13-induced cytotoxicity, oxidative stress
and DNA damage levels were assessed via flow cytometry.
ROS analysis demonstrated no significant increase follow-
ing MK13 treatment either at 12 or 24 h (8.47% and 5.84%,
respectively; Fig. 4b). In contrast, DNA damage, as indi-
cated by the phosphorylation of histone H2AX (yH2AX),
progressively increased from 22.6% at 12 h to 36.9% at 24 h
(Fig. 4c). These results suggest that MK13-induced DNA
damage is not driven by oxidative stress but may instead
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Fig.3 Apoptotic nuclear morphology was observed after MK13
treatment of HUCCT1 cells. HUCCTT1 cells were treated with ICy,
dose of MK13 and stained with Hoechst 33342 and PI double fluores-
cent dyes after 12-24-48 h. Images taken with Zeiss Axio Observer
10 x objective, and the yellow framed images taken with 40 X objec-

result from a direct interaction between MK 13 and DNA,
potentially through the formation of DNA crosslinks.

Pro-apototic and prosurvival genes are
differentially regulated after MK13 exposure

To assess gene expression changes following MK13 treat-
ment, quantitative PCR (qPCR) analysis was performed.
Target genes were categorized into three groups: prosur-
vival, pro-apoptotic, and cellular stress-related genes.
Cells were treated with the ICs, concentration of MK13
for 6h, after which gene expression levels were analyzed
(Fig. 5a). The results showed that most prosurvival genes
were downregulated following MK13 treatment. In con-
trast, several pro-apoptotic genes responded, even after
this relatively short exposure. Among the upregulated
genes were APAF1, PUMA, NOXA, BAX, and notably DR5
that are all well-known apoptosis-inducers, while CASP2,
CASP6, CASPS, BCLAF1, BID, and BIK were downregu-
lated (Fig. 5b). Genes associated with oxidative stress did
not show significant changes upon MK 13 exposure. Simi-
larly, most DNA damage repair genes—ERCC3, XRCCS5,

24h MK131ICyo

tive then analyzed with Zen Blue 3.11 Software. Short arrows point
early apoptotic nuclei evident with PI negativity and pyknosis; long
arrows point late apoptotic nuclei evident with PI positivity. Blue:
Hoechst 33342 dye, red: PI

48h MK13ICyo

RADS51, and RAD52—remained unaffected, except for
ERCCI, which showed a measurable response (Fig. 5c¢).
In summary, MK13 treatment led to early transcriptional
changes favoring apoptosis. BAX and DR5 were identi-
fied as the most prominently upregulated genes, sug-
gesting their potential involvement in MK13-induced
apoptotic signaling. In contrast, CASP8 mRNA was sig-
nificantly downregulated following treatment. Given that
caspase-8 and DRS5 are both indispensable components
of the extrinsic apoptosis pathway—with DRS serving
as a death receptor and caspase-8 functioning as a key
initiator caspase—we further examined caspase-8 protein
expression to assess activation status. Since caspases are
activated through proteolytic cleavage rather than solely
transcriptional regulation, western blot analysis was per-
formed. Notably, caspase-8 protein was undetectable in
both MK13-treated and control groups, suggesting a lack
of involvement of the extrinsic pathway in this context
(Supplementary Material). These findings support the
hypothesis that MK 13 induces apoptosis through a cas-
pase-8—independent mechanism, likely involving the
intrinsic (mitochondrial) apoptotic pathway.
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Fig.4 Apoptotic cell death triggered by MK13 treatment was asso-
ciated with DNA damage. CCLP1 cells were treated with ICy, dose
of MK13 for 12-24 h of incubation. After treatment, cells were har-

Discussion

CCA remains a highly aggressive malignancy with limited
therapeutic options and poor clinical outcomes, urging the
need for novel treatment strategies. NQ derivatives have
attracted considerable interest due to their diverse antican-
cer mechanisms, including the induction of apoptosis and
oxidative stress. In this study, we investigated the antican-
cer potential of MK13, a naphthoquinone-based compound,
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vested and analyzed with Guava MUSE Cell Analyzer flow cytometry
for a phosphatidylserine translocation, b oxidative stress, ¢ H2AX
activation

in intrahepatic-CCA (iCCA) using two cell lines: CCLP1
and HUCCT1. Both cell lines responded to MK13 treat-
ment, although CCLP1 cells were significantly more sensi-
tive in terms of viability reduction and growth inhibition
(Fig. 1). This selective cytotoxicity was particularly evident
at lower concentrations (1.56—12.5 uM) and was reflected
in the ICsy and Glsy values. Notably, when compared with
doxorubicin—a clinically used chemotherapeutic agent—
MK13 exhibited superior efficacy in CCLP1 cells. Although
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Fig.5 Differential gene expression analysis with qPCR. CCLP1
cells were treated with MK13 ICy, dose for 6 h then total RNA was
extracted and used for cDNA synthesis. The analyzed genes were
divided into three major groups according to their biological func-
tion: a prosurvival genes, b pro-apoptotic genes, ¢ cellular stress-
related genes. Data were visualized with GraphPad Prisim 9.4.1. Bar
graphs depict the mean of the fold change while error bars indicate

doxorubicin reduced viability in both cell lines, HUCCT1
cells remained relatively resistant, with over 25% viability
even at a suprapharmacological dose of 2 pg/mL. In contrast,
MK13 induced potent cytotoxicity specifically in CCLP1
cells, which also exhibited sensitivity to doxorubicin, imply-
ing its strong efficacy in the treatment-responsive iCCA
model. The recent studies increasingly highlight the ther-
apeutic relevance of quinones in CCA treatment. Several
quinone derivatives, including plumbagin, rhinacanthin-C,
hypocrellin A, thymoquinone, and shikonin, have demon-
strated notable anticancer effects by suppressing prolifera-
tion and inducing apoptosis in CCA models [22-27]. In this
context, MK13 showed promising efficacy particularly in a
doxorubicin-sensitive CCA cell line, further reinforcing the
therapeutic potential of quinones in CCA treatment.

Based on this differential sensitivity, subsequent mecha-
nistic experiments were performed primarily in CCLP1
cells. Nuclear staining with Hoechst 33342 and propidium
iodide (PI) revealed hallmark features of apoptosis, includ-
ing chromatin condensation and pyknosis, following MK13
treatment at the ICsq dose (Fig. 2). Moreover, the number
of apoptotic and PI-positive nuclei increased over time, sug-
gesting progression toward secondary necrosis, a phenom-
enon consistent with apoptotic cell death in vitro [38, 39].
These morphological findings were further corroborated
by flow cytometry analysis demonstrating phosphatidyl-
serine externalization (Fig. 4a), confirming MK13-induced
apoptosis.

The distinct origins and clinical backgrounds of CCLP1
and HUCCT1 cells are likely to contribute to their differen-
tial drug responses. CCLP1 cells were derived from a pri-
mary intrahepatic-cholangiocarcinoma in a patient who had
previously received 5-fluorouracil and leucovorin treatment,
while HUCCTT1 cells originated from a moderately differ-
entiated intrahepatic bile duct adenocarcinoma suggesting a
more aggressive and treatment-naive tumor phenotype [43,
44]. At the molecular level, one of the key distinguishing

the standard deviation. Single data points were represented on the
bars while each biological replicate has two technical replicates. The
fold change was calculated using AACT method and GAPDH was
used as housekeeping gene. Genes that have>2-fold change were
excepted as upregulated whereas the ones that have <1/2-fold change
were excepted as downregulated

features is their TP53 mutation profiles. CCLP1 harbors a
nonsense R306X mutation, introducing a premature termina-
tion codon that triggers nonsense-mediated mRNA decay,
resulting in functional loss of p53 tumor suppressor activity
[40, 41]. In contrast, HUCCT1 carries the R175H missense
mutation, a well-characterized gain-of-function (GOF) alter-
ation [42]. This mutation not only disrupts wild-type p53
function but also confers oncogenic properties, including
impaired G2/M checkpoint regulation, resistance to apopto-
sis, and increased genomic instability [45—47]. In addition,
p53R17H acts in a dominant-negative manner, suppressing
transcription of canonical p53 target genes such as BAX,
PUMA, NOXA, BCL2, and CDKNIA (p21) [48].

Beyond TP53, other molecular differences may also influ-
ence drug sensitivity. These include variations in apoptotic
signaling pathways, antioxidant capacity, and drug efflux
transporter activity. For example, HUCCT]1 cells harbor an
activating KRAS mutation, which further amplifies onco-
genic signaling via the MAPK and PI3K pathways. This
constitutive KRAS activity has been associated with resist-
ance to certain targeted therapies, particularly those acting
upstream (e.g., EGFR inhibitors), and may contribute to the
elevated survival capacity and reduced drug sensitivity [49,
50]. Together, these intrinsic differences may explain the
observed selectivity of MK13, and further transcriptomic
or proteomic profiling of these cell lines could provide
deeper insights into the mechanisms underlying their dis-
tinct responses.

NQs are widely known to exert anticancer effects primar-
ily through the induction of oxidative stress by elevating
intracellular ROS levels, as demonstrated by compounds
like plumbagin and other synthetic derivatives [51-56].
However, in this study, MK13 did not induce significant
ROS accumulation in CCLP1 cells, even at ICy, concentra-
tion (Fig. 4b), suggesting a ROS-independent mechanism
of cytotoxicity. In contrast, an unpublished study by our
group showed a nearly tenfold ROS increase in CCLP1 cells
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treated with another synthetic NQ derivative, highlighting
the compound-specific variation among NQs. The modest
ROS elevation observed with MK13 was thus considered
biologically nonsignificant in the context of apoptosis. On
the other hand, MK13-treated CCLP1 cells exhibited clear
signs of DNA damage, evidenced by increased y-H2AX
phosphorylation over time as detected by flow cytometry
(Fig. 4c). This finding aligns with previous studies showing
that many NQs can directly induce DNA damage [57]. Given
the lack of ROS elevation, it is plausible that MK 13 causes
DNA damage through direct nuclear interaction, similar to
the action mechanism of the quinone-based chemotherapeu-
tic agent DOX [58]. Further supporting this, we observed
upregulation of GADD45A, a key genotoxic stress responder
that plays a critical role in DNA damage repair and cell cycle
arrest. GADDA45A is known to interact with central regula-
tory proteins such as p53 and PCNA, thereby influencing
the cellular response to DNA damage and stress [59]. Its
expression has been linked to both enhanced and reduced
chemosensitivity, depending on the context; for instance,
GADDA45A downregulation was associated with increased
cisplatin sensitivity in melanoma [60]. In our case, although
GADD45A upregulation supports the presence of DNA
damage, the lack of change in the expression of other DNA
repair-related genes suggests a partial or inadequate DNA
repair response. Lastly, the p53 mutation status of CCLP1
cells provides important context for their heightened drug
sensitivity. These cells harbor a truncating R306X muta-
tion, leading to a complete loss of functional p53 protein
[40, 41]. As p53 is essential for coordinating the DNA dam-
age response, its truncation in CCLP1 cells (R306X) likely
contributes to the accumulation of unrepaired DNA lesions.
This loss-of-function mutation renders CCLP1 cells highly
sensitive to MK13, with pronounced DNA damage observed
even at low doses [45, 46].

Among the apoptosis-related genes analyzed, DR5 (Death
Receptor 5) emerged as one of the most strongly upregu-
lated genes following MK13 treatment, alongside the pro-
apoptotic gene BAX (Fig. 5b). DRS is a crucial component of
the extrinsic apoptosis pathway, mediating apoptotic signals
via death ligand binding and subsequent formation of the
death-inducing signaling complex (DISC). This upregulation
suggests that, in addition to activating the intrinsic pathway,
evidenced by BAX upregulation and BCL2 downregulation,
MK13 may also sensitize cells to extrinsic apoptotic stimuli
[48, 51, 52]. A similar observation was reported in a study
using DOX in lung and colorectal cancer cell lines, where
DRS expression was upregulated following treatment, and
its combination with a DRS agonist significantly enhanced
cytotoxic activity [61, 62]. Additional studies have shown
that DRS upregulation can potentiate the apoptotic response
of cancer cells to various therapeutic agents. For example,
gefitinib, an EGFR inhibitor, has been demonstrated to
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increase DRS expression, thereby enhancing the sensitiv-
ity of non-small cell lung cancer (NSCLC) cells to extrin-
sic apoptosis. This effect is closely associated with BAX
activation, leading to augmented apoptotic signaling [63].
Similarly, the combination of the triterpenoid pristimerin
with taxol has been shown to induce cell death in cervi-
cal cancer cells through a mechanism involving both DR5
upregulation and BAX activation, underscoring the intercon-
nected roles of these pathways in mediating drug response
[64]. Moreover, the expression of DR5 has been correlated
with the efficacy of chemotherapy in NSCLC patients, where
high levels of DRS and its interaction with c-FLIP proteins
were associated with improved drug-induced apoptosis [65,
66]. This suggests that DRS not only serves as a marker for
drug response but also plays an active role in mediating the
apoptotic effects of chemotherapeutic agents through path-
ways involving BAX. Thus, MK13 may not only promote
activation of the intrinsic apoptotic pathway leading to cell
death, but also potentially sensitize CCLP1 cells to external
stimuli, increasing the likelihood of engaging the extrinsic
apoptotic pathway under appropriate conditions.

However, when analyzing the expression profile in more
detail, we observed a notable downregulation of caspase-8
(CASPS8) at the gene expression level following MK13
treatment. Caspase-8 is a key initiator caspase required
for extrinsic apoptosis via DRS signaling; it is responsi-
ble for initiating the caspase cascade upon recruitment to
the DISC [67]. Since caspases are tightly regulated at the
post-translational level, changes in mRNA expression may
not accurately reflect their functional activity. Therefore,
despite observing a downregulation of CASPS transcripts,
we aimed to assess whether caspase-8 was present or acti-
vated at the protein level. To this end, we performed a west-
ern blot analysis after 6 and 12 h of treatment with MK13
at ICy, concentration, focusing on both full-length and
cleaved caspase-8. Surprisingly, no caspase-8 protein was
detectable at either point, not even in the untreated control
group, suggesting that caspase-8 is either not expressed or
post-translationally silenced in CCLP1 cells (Supplementary
Material). Moreover, BID, a BH3-only Bcl-2 family protein
that serves as a crucial link between extrinsic and intrin-
sic apoptosis, was also found to be transcriptionally down-
regulated (Fig. 5b). Under normal conditions, caspase-8
cleaves BID into truncated BID (tBID), which translocate
to mitochondria to amplify apoptosis via mitochondrial outer
membrane permeabilization and BAX/BAK activation. The
downregulation of both CASP8 and BID suggests that not
only is the extrinsic apoptotic pathway inactive, but also
that crosstalk to the intrinsic pathway is compromised. DR5
upregulation may serve more as a stress marker rather than
a functional pro-apoptotic trigger [67, 68]. In contrast, the
observed upregulation of PUMA, NOXA, and BAX, along-
side the downregulation of the antiapoptotic gene BCL2,
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indicates activation of the intrinsic apoptotic pathway via a
caspase-8-independent mechanism. As p53-regulated BH3-
only proteins, PUMA and NOXA antagonize antiapoptotic
Bcl-2 family members, promoting BAX activation and mito-
chondrial outer membrane permeabilization [69, 70]. These
findings suggest that intrinsic apoptosis may still be engaged
through direct mitochondrial signaling, even in the absence
of functional extrinsic input. These results support the con-
clusion that MK13-induced apoptosis in CCLP1 cells pro-
ceeds independently of DR5—CASP8-BID signaling, and is
likely driven predominantly through the intrinsic, mitochon-
drial pathway via BAX activation and BCL2 suppression.

In conclusion, this study highlights the anticancer poten-
tial of MK13 as a potent inducer of intrinsic apoptosis, pri-
marily through the induction of severe DNA damage. The
apoptotic response appears to be driven by mitochondrial
signaling, independent of ROS accumulation or canonical
extrinsic pathway activation. Future studies should be con-
ducted to evaluate the compounds in vivo antitumoral activ-
ity and therapeutic responsiveness.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12032-025-02927-7.
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