Asian Pacific Journal of Tropical Biomedicine 2026; 16(12): 527-536

527

s iampaciticyournallots

“Troplesl Blowedictog
b
g 12
¥ 202
il 2026+

Original Article

Asian Pacific Journal of Tropical Biomedicine

apjtb.org

doi: 10.4103/apjtb.apjth_366_26

Cristazine inhibits HPV —positive cervical cancer cells via inducing caspase—dependent

apoptosis

Mi Jeong ]01’2, Jeong Gyu Kim', Seung Hyun Yoo', Cha Young Kim’, Jong—Oh Kim1M, Gun—Do Kim'"™

'Department of Microbiology, Pukyong National University, Busan 48513, Republic of Korea

*Institute of Sustainable Earth and Environment Dynamics, Pukyong National University, Busan, 48513, Republic of Korea

*Biological Resource Center, Korea Research Institute of Bioscience and Biotechnology, Jeongeup 56212, Republic of Korea

ABSTRACT

Objective: To determine whether cristazine inhibits HPV-positive
cervical cancer cells and to elucidate its underlying mechanisms.
Methods: HeLa cells were treated with varying concentrations
of cristazine, and cell viability, intracellular ROS, apoptosis, and
apoptosis-related gene and protein expression were assessed using
WST-1, DCF-DA flow cytometry, Annexin V-FITC/PI staining,
quantitative RT-PCR, and Western blotting. Additionally, CaSki and
SiHa cells were evaluated in viability assays, with selected ROS and
apoptosis measurements performed in CaSki cells.

Results: After 24 h of treatment, cristazine reduced HeLa cell
viability with an ICs, of 0.223 uM and increased intracellular
ROS and apoptotic populations. Caspase inhibition substantially
restored viability and reduced apoptosis. Cristazine also increased
TP53, CDKNIA, BAX, BCL2, and CASP3 expression, and reduced
HPV18 E6/E7 expression. Additionally, Western blotting showed
upregulated p53, p21 and Bax/Bcl-2 ratio, and increased cleavage
of caspases-3, -8, -9, and -12 and PARP after cristazine treatment.
DAPI staining showed chromatin condensation, while wound
healing assays demonstrated reduced wound closure following
cristazine treatment.

Conclusions: Cristazine suppresses cervical cancer cell growth via
coordinated ROS-associated, p53-driven, and caspase-dependent
apoptotic signaling, highlighting its potential as a marine-derived

anticancer candidate that warrants further investigation.
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1. Introduction

Cancer involves uncontrolled cell cycle progression and evasion

of apoptosis. Inducing apoptosis and blocking the cell cycle
are promising strategies for cancer prevention and treatment[1].
Cervical cancer remains a major global health issue, with persistent
infection by high-risk human papillomavirus (HPV) being a primary
causative factor. Recent clinical and molecular studies highlight
that HPV oncoproteins, particularly E6 and E7, play a significant
role in disrupting tumor suppressor networks and cell cycle
regulation[2-5]. Natural products are continuously being studied as
potential sources of anticancer compounds, including substances
that regulate apoptosis and oxidative stress[6-8]. Since the present
study focused on a limited cell model and did not directly verify p53
phosphorylation or HPV dependence, these mechanisms should be

interpreted as associations rather than established causal pathways.

Summary

Question: Does cristazine suppress HPV-positive cervical cancer
cells and what is the underlying mechanism of its anti-proliferative
action?

Findings: Cristazine inhibits cervical cancer cells by increasing
ROS and promoting caspase-dependent apoptosis.

Meaning: Cristazine exerts anti-proliferative effects against
cervical cancer cells by triggering caspase-dependent apoptosis,
positioning it as a promising marine-derived lead compound for

future therapeutic development.
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Apoptosis, or programmed cell death, is critical for suppressing
tumor growth and removing abnormal cells, and cancer cells often
evade this process[9.10]. This evasion frequently involves abnormal
caspase activity[10], which disrupts apoptosis|11]. Caspases are key
for cancer development, progression, and therapy[11]. Reactive
oxygen species (ROS) can act as signaling molecules, but increased
concentrations can promote cellular stress and apoptosis[12.13]. Some
anticancer drugs increase ROS to trigger oxidative stress in cancer
cells[14]. Higher ROS levels are closely linked to caspase activation
and apoptosis[13]. Regulating ROS is therefore important for cancer
treatment.

Marine flora has long been used in medicine in regions such
as India, China, and Europe, and seaweed has been part of diets
in China and Japan since ancient times. Polyketides, made by
bacteria, fungi, and plants, have diverse physiological activities
and are potential drug candidates[15]. Marine fungi are known
sources of structurally diverse secondary metabolites with
biological activity[16.17]. Chaetomium sp. produces various bioactive
metabolites, and cristazine is a dioxopiperazine alkaloid isolated
from the mudflat-sediment-derived fungus Chaetomium cristatum
(C. cristatum)[18]. Previous studies have shown that cristazine
exhibits cytotoxic and apoptotic activity in A431 cancer cells[19,20],
but the molecular responses associated with its effects on HPV-
positive cervical cancer cells have not yet been fully elucidated.
Accordingly, this study evaluated the effects of cristazine on cell
viability and apoptosis of cervical cancer, focusing particularly on
ROS accumulation, HPV18 E6/E7 expression, p53-related proteins,

and caspase activation.

2. Methods

2.1. Sample preparation

Cristazine, previously isolated from C. cristatum, was kindly
provided by Professor Son as a purified powder and stored at —80 °C
until use[19]. In brief, C. cristatum, isolated from Suncheon Bay
sediments, was cultured in seawater-based medium for three weeks.
The culture was extracted with CH,Cl,-MeOH, and the crude
extract was fractionated by silica gel and ODS chromatography.
Final purification by HPLC afforded cristazine as a colorless solid.
It was dissolved in dimethyl sulfoxide and diluted to the desired
concentrations. The final dimethyl sulfoxide concentration was

maintained below 0.1%.

2.2. Cell culture

The human cervical adenocarcinoma cell line HeLa was purchased
from the American Type Culture Collection (VA, USA). CaSki and
SiHa cervical carcinoma cell lines were obtained from the Korean
Cell Line Bank (Seoul, Korea). HeLa and SiHa cells were cultured
in Dulbecco’s Modified Eagle’s medium (Corning, NY, USA)
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supplemented with 10% fetal bovine serum (Corning, NY, USA)
and 1% penicillin-streptomycin (Corning, NY, USA), whereas
CaSki cells were maintained in RPMI 1640 medium. All cells were
maintained at 37°C in a humidified incubator with 5% CO,. CaSki
and SiHa cells were included in the initial viability comparison
to determine whether the response to cristazine extended beyond
HeLa cells; selected ROS and apoptosis assays were subsequently
performed in CaSki cells, while detailed mechanistic analyses were

focused on HeLa cells, which showed the clearest response.

2.3. Cell viability assay

HeLa cells were seeded at 1 x 10° cells/mL in a 96-well plate
(SPL, Gyeonggi-do, Republic of Korea) and treated with various
concentrations of cristazine (0-1.2 uM) for 12, 24 or 48 h. CaSki
and SiHa cells were seeded under the same conditions and treated
with varying concentrations of cristazine (0-1.2 uM) for 24 h. After
treatment, the medium was replaced, and WST-1” reagent (Daeil
Lab Service, Seoul, Republic of Korea) was added to each well.
The cells were incubated for an additional 3 h, and absorbance was
measured at 460 nm using an ELISA reader (Molecular Devices,
San Jose, CA, USA). To assess caspase-dependent cell death, HeLa
cells were co-treated with the Z-VAD-FMK (10 uM; V116; Sigma-
Aldrich, St Louis, MO, USA), and cell viability was measured using

the same method.

2.4. Flow cytometric analysis

HeLa and CaSki cells were plated in a 6-well plate and treated
with cristazine (0.1 and 0.5 uM) for 24 h. Apoptosis was analyzed
using the BD Pharmingen™ FITC Annexin V Apoptosis Detection
Kit II (BD Biosciences, CA, USA) according to the manufacturer’s
instructions. To detect intracellular ROS, cells were stained with
DCEF-DA (Sigma-Aldrich) and analyzed as previously described|21].
Apoptotic populations and geometric mean ROS intensity were
quantified using a BD FACSverse™ flow cytometer and analyzed
with BD FACSuite™.

2.5. Western blotting

HeLa cells were cultured in a 100 mm dish (SPL) and treated with
cristazine (0.1 and 0.5 uM) for 24 h. The cells were lysed using
PRO-PREP protein extraction solution (iNtRON Biotechnology,
Gyeonggi-do, Republic of Korea). Equal amounts of protein
were separated using 12% SDS-PAGE (Bio-Rad, CA, USA) and
electro-transferred onto a nitrocellulose membrane (PALL Life
Sciences, Pensacola, FL, USA). The membranes were blocked
with 5% skim milk in PBST and incubated overnight at 4 °C with
primary antibodies. For Cell Signaling Technology antibodies, the
catalog numbers and manufacturer-recommended Western blot
dilutions were as follows: p53 (cat. no. 9282, 1:1000), p21 (cat.
no. 2947, 1:1000), Bax (cat. no. 5023, 1:1000), Bcl-2 (cat. no.
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2870, 1:1000), cleaved caspase-8 (cat. no. 9496, 1:1000), cleaved
caspase-9 (cat. no. 20750, 1:1000), cleaved caspase-3 (cat. no.
9661, 1:1000), cleaved PARP (Asp214; cat. no. 5625, 1:1000),
DFF45/DFF35 (cat. no. 9732, 1:1000), cleaved DFF45 (Asp224;
cat. no. 9731, 1:1000), GAPDH (cat. no. 2118, 1:1000), and B-actin
(cat. no. 4970, 1:1000). Caspase-12 was detected using an Abcam
antibody (cat. no. ab62484; 1:1000). HRP-conjugated secondary
antibodies were used according to the manufacturer’s instructions.
Detection was performed using Amersham ECL Advance Western
Blotting Detection Kit and Hyperfilm ECL (GE Healthcare,
Buckinghamshire, UK) or ChampChemi (Korea Lab Tech, Republic

of Korea). Band intensities were quantified using ImagelJ.

2.6. Quantitative real-time PCR (qRT-PCR)

HeLa cells were cultured in a 6-well plate and treated with
cristazine (0.1 and 0.5 uM) for 24 h. Total RNA was extracted
using the yesR™ Total RNA Extraction Kit (GenesGen, Busan,
Republic of Korea), and 1 pg of RNA was reverse-transcribed using
AccuPower” RT premix (Bioneer, Daejeon, Republic of Korea)
under the following conditions: 42°C for 1 h, 95°C for 5 min, then
held at 4°C. qRT-PCR was performed using the Prime Q-Master
Mix with SYBR Green I (GenetBio, Daejeon, Republic of Korea) on
a QuantStudio 6 Flex Real-Time PCR system (Thermo Fisher Scientific,
Waltham, MA, USA). The primer sequences are listed in Supplementary
Table[22]. The PCR cycling conditions were: 95 °C for 10 min; 40 cycles
of 95°C for 15 s, 60°C for 30's, 72°C for 30 s; 95°C for 15 s; followed
by a melting curve analysis from 60°C to 95°C. Gene expression was
normalized to that of GAPDH using the comparative threshold cycle
method (27*).

2.7. DAPI staining

HeLa cells were cultured on coverglass-bottom dishes (SPL) with
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cristazine (0.1 and 0.5 uM) for 24 h. Then, the cells were treated
with DAPI (Sigma-Aldrich) in MeOH for 15 min at 37°C, and then
the cells were washed with 1 x PBS. Stained cells were mounted
using ProLong™ Gold Antifade Mountant (Life Technologies,
NY, USA) and observed under a Nikon ECLIPSE 50i microscope
equipped with a CCD camera (Nikon, Tokyo, Japan). Images were
captured and processed with High-Content Analysis Software
(Cambridge Healthtech Ins., MA, USA).

2.8. Wound healing assay

HeLa cells were grown in a 6-well cell culture plate to 100%
confluence. The confluent cells were carefully scratched with sterile
tips, and any cellular debris was removed. The wounded monolayer

was incubated in the presence of 0.1 and 0.5 uM of cristazine for 24 h.

2.9. Statistical analysis

Data are expressed as mean + standard deviation (SD) from at least
three independent experiments. Statistical analyses were conducted
using one-way analysis of variance (ANOVA) with Dunnett’s
post hoc test or two-way ANOVA with Tukey’s post hoc test using
GraphPad Prism 9.0 (GraphPad, La Jolla, CA, USA). Differences

were considered significant at P < 0.05.

3. Results

3.1. Cristazine inhibits cervical cancer cell proliferation

To evaluate the effect of cristazine on cervical cancer cell
proliferation, a WST-1 assay was performed. HeLa cells were treated
with different concentrations of cristazine for 24 h, and viability

decreased in a concentration-dependent manner (P < 0.05 vs. control,
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Figure 1. Cristazine reduces the viability of cervical cancer cells. (A) HeLa cells were treated with increasing concentrations of cristazine (0-1.2 uM) for 12-

48 h. (B) CaSki and SiHa cells were treated with increasing concentrations of cristazine (0-1.2 uM) for 24 h. Cell viability was assessed using a WST-1 assay

and expressed as the percentage of viable cells relative to untreated controls. Data are expressed as mean + SD of three independent experiments performed in

triplicate. P < 0.05, “P < 0.001 vs. control.
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Figure 1A). The ICs, of cristazine was 0.223 uM in HeLa cells.
Similarly, the inhibitory response was also observed at 12 and 48
h (Figure 1). For comparison, the HPV16-positive cervical cancer
CaSki and SiHa cells were used, and concentration-dependent
inhibition was also observed in CaSki cells (P < 0.001 vs. control,
Figure 1B). Based on these results, HeLa cells were used as the
primary model for subsequent mechanism analysis, and CaSki cells
were used for selective confirmation analysis.

To determine whether caspase activity is involved in the reduction
of cell viability, HeLa cells were co-treated with cristazine and the
pan-caspase inhibitor Z-VAD-FMK. Co-treatment with Z-VAD-
FMK significantly increased cell viability compared to cristazine
alone at 0.1 uM (P < 0.05) and 0.5 pM (P < 0.001). At 0.5 uM
cristazine, cell viability was reduced to less than 10%, whereas co-
treatment with Z-VAD-FMK increased viability to approximately
90% (Figure 2). These results support a substantial contribution of

caspase activity to cristazine-associated cytotoxicity.

sk

o
150 = mm Cristazine only
® s wm Cristazine+Z-VAD-FMK

. T

£ 100 1

£

Z

<

S

T 50+

O

0- B
0 0.1 0.5
Concentration (LM)

Figure 2. Caspase inhibition partially rescues cell viability. HeLa cells were
treated with cristazine (0.1 or 0.5 uM) in the presence or absence of the pan-
caspase inhibitor Z-VAD-FMK (10 uM) for 24 h. Cell viability was measured
by WST-1 assay and is expressed as a percentage relative to the untreated
control cells. Data are expressed as mean + SD of three independent
experiments. P <0.05, P <0.001.
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3.2. Cristazine increases intracellular ROS levels in Hela
cells

To assess intracellular ROS, DCF-DA staining followed by flow
cytometry was performed. Cristazine significantly increased ROS
levels in HeLa cells in a concentration-dependent manner (P < 0.001
vs. control, Figure 3). A similar increase was observed in CaSki
cells (P <0.001 vs. control, Figure 4A). Because all measurements
were performed 24 h after treatment, the results only demonstrate an

association between cristazine exposure and ROS accumulation.

3.3. Cristazine modulates the expression of apoptosis—related
genes

To identify transcriptional changes associated with cristazine
treatment, apoptosis-related genes in HeLa cells were analyzed
after 24 h (Figure 5). Cristazine increased the expression of TP53,
CDKNIA, BAX, BCL2, and CASP3, although the magnitude of
these changes differed among the genes. Cristazine also decreased
the expression of HPV18 E6/E7. These coordinated changes are
consistent with a shift toward a pro-apoptotic transcriptional profile.
However, because additional pS3 target genes such as PUMA and
NOXA and p53 phosphorylation were not assessed in this study,
these transcriptional changes cannot be taken as definitive evidence

of p53 pathway activation.

3.4. Cristazine induces caspase—dependent apoptosis and
inhibits cell migration

To determine whether cristazine-induced cell death was associated
with apoptosis, Annexin V-FITC/PI staining and Western blotting
were performed on HeLa cells (Figures 6 and 7). Treatment with
0.5 uM cristazine increased early and late apoptotic populations
to 27.85% and 22.74%, respectively, compared with 3.46% and
9.85% in control cells. Z-VAD-FMK reduced the early and late
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Figure 3. Cristazine increases intracellular reactive oxygen species (ROS) levels. (A) HeLa cells were incubated with cristazine (0.1 or 0.5 uM) for 24 h, then

stained with dichlorodihydrofluorescein diacetate (DCF-DA). Intracellular ROS levels were quantified using flow cytometry. (B) Bars represent mean + SD of

three independent experiments. P < 0.001 vs. control.
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Figure 4. Cristazine regulates intracellular ROS levels and caspase-related apoptosis in CaSki cells. (A) CaSki cells were incubated with cristazine (0.1
or 0.5 puM) for 24 h, then stained with DCF-DA. Intracellular ROS levels were quantified using flow cytometry. Data are presented as mean + SD of three
independent experiments. P < 0.001 vs. control. (B) Annexin V-FITC/PI staining of CaSki cells treated with cristazine (0.1 or 0.5 uM) for 24 h in the presence

or absence of Z-VAD-FMK (10 uM).
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Figure 5. Cristazine regulates apoptosis-related gene expression. HeLa cells were treated with cristazine (0.1 or 0.5 uM) for 24 h. Total RNA was extracted
and analyzed via quantitative real-time PCR. The mRNA levels of the indicated genes [TP53, CDKNIA (p21), BAX, BCL2, CASP3, and HPV E6/E7] were
normalized to those of GAPDH and are expressed as fold change relative to the untreated cells. Bars represent mean + SD of three independent experiments.

'P<0.05, P <0.001.
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apoptotic populations to 3.30% and 9.16%, respectively, supporting  cleaved PARP, and cleaved DFF45 were also upregulated (Figure
a significant caspase-dependent component. CaSki cells also showed 7). Moreover, cristazine treatment increased Bax protein expression,
a similar apoptosis-associated response in the selected assays (Figure =~ whereas Bcl-2 protein levels remained relatively unchanged at 0.1
4B). Western blotting showed that cristazine treatment increased ~ pM and decreased at 0.5 uM cristazine. Accordingly, the Bax/Bcl-2

cleavage of caspases-3, -8, -9, and -12. The expression levels of p53,  ratio was increased in a concentration-dependent manner, from 0.195
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Figure 6. Cristazine induces apoptosis in HeLa cells. (A) Annexin V-FITC/PI staining of HeLa cells treated with cristazine (0.1 or 0.5 pM) for 24 h. (B)
Representative graph showing populations of normal viable, early-apoptotic, and late-apoptotic cells. Cells were treated with cristazine in the presence or
absence of Z-VAD-FMK (10 uM).
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Figure 7. Cristazine regulates apoptosis-related protein. (A-C) Western blot analysis of HeLa cells treated with cristazine (0.1 or 0.5 uM) for 24 h. GAPDH or

B-actin served as a loading control. Bar graphs are presented as mean = SD of three independent experiments. "P < 0.05, P < 0.001.
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in control cells to 0.274 and 0.958 following treatment with 0.1 and
0.5 pM cristazine, respectively. The significant increase in the Bax/
Bcl-2 ratio coincides with a transition to a cell death-promoting
balance. Nuclear changes were observed via DAPI staining under
a microscope. As the concentration of cristazine increased, the
nucleus shrunk and chromatin was condensed. To investigate the
effect of cristazine on HeLa cell motility, a wound-healing assay was
performed. Compared with the control group, cristazine treatment

significantly reduced wound healing (P < 0.05, Figure 8).

4. Discussion

This study shows that cristazine, a dioxopiperazine alkaloid derived
from C. cristatum, exerts potent anticancer activity against HPV18-
positive cervical cancer HeLa cells. Cristazine reduced cell viability
in a concentration-dependent manner, with an IC;, of 0.223 uM at 24
h, and induced a pronounced apoptotic response. The involvement
of caspases was demonstrated by the significant recovery of cell
viability and reduction of apoptotic populations following treatment
with the pan-caspase inhibitor Z-VAD-FMK. These results were
further supported by increased cleavage of caspases-3, -8, -9, and
-12 and PARP. These converging results indicate that caspase-

dependent apoptosis is a major mechanism underlying cristazine-
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induced cytotoxicity in HeLa cells.

Cristazine also markedly increased intracellular ROS levels in
HeLa cells, and a similar increase was observed in CaSki cells.
Excessive ROS accumulation can promote cancer cell death through
oxidative damage and activation of apoptotic signaling|12-14,23-25].
In the present study, ROS elevation occurred alongside increased
apoptosis and the activation of various caspases, which supports
the close association between oxidative stress and the apoptotic
response to cristazine. ROS can also interact with p53-p21 signaling,
which is relevant to the simultaneous increase of 7P53 and CDKNIA
observed after cristazine treatment[12,26-29]. Thus, these findings
suggest that ROS-related signaling is involved in cristazine-induced
apoptosis, while the precise upstream mechanism of ROS needs to
be elucidated through further research.

A particularly important finding is that the Bax/Bcl-2 ratio increased
in a concentration-dependent manner. The ratio of protein expression
increased from 0.195 in untreated cells to 0.274 and 0.958 following
treatment with 0.1 and 0.5 pM cristazine, respectively. Interestingly,
Bax and Bcl-2 showed different patterns at the mRNA and protein
levels. Although cristazine treatment upregulated both Bax and
Bcl-2 mRNA transcription, the latter showed a more pronounced
increase. In contrast, Western blot analysis demonstrated increased
Bax protein expression, whereas Bcl-2 protein levels remained

relatively unchanged. Consequently, the Bax/Bcl-2 protein ratio
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Figure 8. Effects of cristazine on chromatin condensation and wound closure. (A) HeLa cells were treated with cristazine (0.1 or 0.5 uM) for 24 h, stained with

DAPI, and observed under an immunofluorescence microscope (<1000 magnification). (B) HeLa cells were scratched and cultured with cristazine (0.1 or 0.5

uM) for 24 h and photographed under an inverted microscope (x40 magnification). The wound rate at 24 h is presented as mean = SD of three independent

experiments. P < 0.05.
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shifted toward a pro-apoptotic balance. This discrepancy between
transcript and protein levels may reflect post-transcriptional or post-
translational regulation of Bcl-2. Since Bax promotes mitochondrial
outer membrane permeability, while Bcl-2 acts as an anti-apoptotic
regulator, this increase indicates a clear shift toward promoting
apoptosis. This interpretation aligns with the increased activation
of caspase-9 and caspase-3 and PARP cleavage. In addition, the
activation of caspase-8 and caspase-12 suggests that cristazine
is involved in multiple apoptotic signaling pathways[30-32]. The
agreement between the Bax/Bcl-2 ratio, Annexin V/PI staining,
Z-VAD-FMK inhibition, and apoptotic protein cleavage provides
strong evidence for a potent caspase-dependent apoptotic response.

These findings further implicate p53-related signaling in the
response to cristazine. Cristazine increased TP53, CDKNIA (p21)
and BAX expression, and reduced HPV18 E6 and E7 expression.
HPV E6 promotes p53 degradation through the E6-E6AP ubiquitin-
proteasome pathway, thereby suppressing p53-dependent tumor-
suppressor functions[6,33,34]. Accordingly, the decrease in HPV18 E6
expression together with increased total p53 and p21 is consistent
with attenuation of HPV-related p53-related signaling inhibition.
The coordinated changes in E6/E7, p53, p21, Bax, and Bcl-2 provide
a consistent molecular framework for the apoptotic phenotype
observed after cristazine treatment.

Although the present data support involvement of p53-related
signaling, phospho-p53 (Serl5) was not measured; therefore, the
increase in total p53 and p21 cannot be interpreted as direct evidence
of p53 activation via Serl5 phosphorylation. Similarly, PUMA and
NOXA were not investigated; however, the increase in the Bax/
Bcl-2 ratio and the activation of caspase-9 and caspase-3 provide
functional evidence for mitochondrial apoptotic signaling. Future
studies incorporating analysis of p53 phosphorylation and additional
p53 target genes will further elucidate the molecular pathways
linking cristazine treatment to apoptosis execution.

The reduction of HPV18 E6/E7 expression is particularly relevant
to the biological characteristics of HPV-associated cervical cancer.
Natural compounds such as curcumin, epigallocatechin gallate,
resveratrol, and berberine have been reported to suppress HPV
oncogene expression and influence tumor-suppressor signaling in
cervical cancer models[35-38]. The ability of cristazine to induce ROS
production, shift the Bax/Bcl-2 balance toward pro-apoptosis, and
trigger caspase-dependent cell death—even at low concentrations
in HeLa cells—collectively supports its further exploration as a
potential therapeutic agent against HPV-driven cervical cancer.

CaSki and SiHa cells were included in the viability analysis to
determine whether the growth-inhibitory effect observed in HeLa
cells also occurred in other HPV-positive cervical cancer cell lines.
The subsequent mechanistic analyses were focused on HeLa because

it showed the clearest and most consistent response, allowing for
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the detailed characterization of ROS generation, apoptosis, gene
expression, and apoptotic protein activation. CaSki also showed
increased ROS and an apoptotic response, supporting the relevance
of cristazine activity beyond a single cell line. In contrast, the weaker
response in SiHa suggests that cellular environment influences
sensitivity to cristazine. Differences in HPV genotype, viral copy
number or integration, and basal signaling networks may contribute
to these differences and further research is required[39.40].

An HPV-negative cervical cancer model would provide an
additional criterion for determining whether the response
to cristazine is influenced by the HPV-associated molecular
environment. Although this study did not include HPV-negative
models, the current results establish potent anticancer and
apoptotic effects in HPV-positive cervical cancer models and show
simultaneous changes in HPV18 E6/E7 and p53-related signaling
in HeLa cells. Future comparisons with HPV-negative models will
help determine whether HPV status and cytogenetic background
modulate cristazine sensitivity.

The Annexin V-FITC/PI results further support the finding that the
primary mechanism of cristazine-induced cell death is apoptosis. The
small Annexin V/PI* population in untreated control cells, which
represents baseline necrosis or spontaneous cell death, appeared only
infrequently and was not considered as treatment-induced necrosis.
Cristazine increased both early and late apoptotic populations,
whereas Z-VAD-FMK markedly reduced these populations. A
proportion of Pl-positive cells was also present in untreated control
cells, which may reflect basal non-viable cells or cell damage
incurred during sample preparation. The key observation was the
increase in the number of apoptotic cells upon cristazine treatment,
which was abrogated following caspase inhibition. Together with
the molecular findings, these results support apoptosis rather than
nonspecific loss of cell integrity as a major mechanism of cristazine-
induced cytotoxicity.

Collectively, our results showed that cristazine induces apoptosis
in HPV18-positive HeLa cells via ROS-mediated repression of
viral oncogenes and reactivation of p53-driven apoptotic signaling.
However, whether ROS directly targets HPV18 E6/E7 transcription
or acts through upstream redox-sensitive regulators remains an
open question. Addressing this, along with comparative studies in
HPV-negative models, will be critical to delineate the HPV-specific
contribution. Nevertheless, the present findings establish cristazine
as a marine-derived compound with translational potential against

HPV-associated cervical cancer.
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Supplementary Table. Primers used for qRT-PCR.

Gene Forward Reverse

GAPDH AGGTCGGAGTCAACGGATTTG GTGATGGCATGGACTGTGGT

TP53 GTTTCCGTCTGGGCTTCTTG CCTGGGCATCCTTGAGTTCC
CDKNIA (p

2) CTCAGAGGAGGCGCCAT GGGCGGATTAGGGCTTCC

BCL2 GGATTGTGGCCTTCTTTGAG CAGCCAGGAGAAATCAAACAG
BAX CCAAGAAGCTGAGCCAGTGT CAGCCCATGATGGTTCTGAT
CASP3 GGAAGCGAATCAATGGACTCTGG | GCATCGACATCTGTACCAGACC
HPVI8 E6 | ACCCTACAAGCTACCTGATCT ACCTCTGTAAGTTCCAATACTGTC

HPVI8 E7

AATTCCGGTTGACCTTCTATGT

GGCTGGTAAATGTTGATGAT
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