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Abstract

Metachromin C was first isolated from the marine sponge Hippospongia metachromia and has been
reported to possess potent cytotoxicity against leukemia cells. However, its antitumor activity and
possible mechanisms in pancreatic cancer remain unclear.

The effects of Metachromin C on cell viability were estimated using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. The compound demonstrated a cytotoxic effect on
four pancreatic cancer cell lines (PANC-I, BxPC-3, MiaPaCa-2, and AsPC-1). The significant S phase
arrest observed with Metachromin C treatment suggests its impact on DNA replication machinery.
Metachromin C might interfere with the binding of Topoisomerase | (TOPO I) to DNA, inhibit TOPO |
activity, prevent DNA relaxation, cause DNA damage, and consequently activate the DNA repair
pathway. Additionally, anti-migration and anti-invasion abilities of Metachromin C were confirmed using
the transwell assay. It also inhibited angiogenesis in human endothelial cells by reducing cell proliferation,
migration, and disrupting tube formation. Moreover, Metachromin C dose-dependently inhibited the
growth of intersegmental vessels, subintestinal vessels, and the caudal vein plexus in a zebrafish embryo
model, confirming its inhibitory effect on new vessel formation in vivo. Taken together, Metachromin C
could not only inhibit the growth of pancreatic cancer cells but also act as an anti-angiogenic compound
simultaneously.
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Introduction

Pancreatic cancer, one of the most aggressive
cancers, is often referred to as the "king of cancers"
due to its difficulty in early detection, lack of effective
screening  methods, and  poor  prognosis.
Approximately half of the cases are diagnosed at an
advanced or metastatic stage [1]. Pancreatic ductal

adenocarcinoma (PDAC) is the most common type of
pancreatic cancer [2]. It primarily affects individuals
aged 60 years and older, with men being more
susceptible. High-risk factors include a family genetic
history, chronic pancreatitis, diabetes, obesity,
smoking, and alcohol consumption [3].
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Currently, chemotherapy remains the mainstay
of treatment for pancreatic cancer, with Gemcitabine
being the standard first-line treatment for advanced
cases. While Gemcitabine is effective in improving
survival rates, it also induces resistance, limiting its
efficacy [4, 5]. In recent years, the combination drug
FOLFIRINOX (comprising 5-fluorouracil (5-FU),
leucovorin, irinotecan, and oxaliplatin) has become
the gold standard for pancreatic cancer treatment,
significantly improving overall survival (11.1 months)
compared to Gemcitabine (6.8 months) [6, 7].
However, the high toxicity of FOLFIRINOX limits its
availability to patients, highlighting the urgent need
for new treatment options [8]. Cell proliferation is
crucial for growth, development, and regeneration in
eukaryotes and is regulated by ‘'cell cycle
checkpoints" to ensure proper cell division. These
mechanisms protect DNA replication and mitosis [9].
Cancer cells often have defects in genes related to the
cell cycle, leading to uncontrolled proliferation and
tumor growth. Many antitumor agents block cell cycle
progression by causing DNA damage or acting as cell
cycle checkpoint inhibitors [10-12]. DNA damage
responses (DDR) is a group of cellular mechanisms
responsible for detecting and repairing DNA damage
to maintain genome integrity and stability. In
response to DNA damage, various signaling
pathways are activated, including DNA repair, DNA
damage checkpoints, transcription reactions, and
apoptosis [13, 14].

TOPO (Topoisomerases) I activity refers to the
enzymatic function of DNA topoisomerase I, an
essential enzyme in mammals that plays a critical role
in DNA replication, transcription, chromosome
segregation, and recombination. [15, 16]. They
eliminate DNA supercoiling by creating single-strand
(type I) or double-strand breaks (type II) [17, 18].
Rapidly dividing cancer cells require high levels of
TOPO activity, making topoisomerases targets for
cancer therapy [19, 20]. Camptothecin (CPT), isolated
from the Chinese tree Camptotheca acuminata, inhibits
TOPO I activity but has limited clinical use due to
poor water solubility and side effects [21, 22].
Derivatives like Topotecan and Irinotecan, approved
by the FDA, are used to treat recurrent ovarian cancer
and small-cell lung cancer [23]. TOPO I inhibitors also
play a role in antiangiogenic processes, inhibiting
tumor growth by reducing vascular endothelial
growth factor (VEGF) production [24-26].

Solid tumors larger than 1-2 mm?® require
angiogenesis for growth. Neovascularization
supports tumor growth by supplying oxygen and
nutrients and providing a pathway for metastasis [27,
28]. Anti-angiogenic therapy, such as Bevacizumab,
an FDA-approved VEGF antagonist, disrupts the

tumor vascular system and is used to treat colorectal
and lung cancers [29-35].

Natural products, particularly marine-derived
substances, have high biological activity, including
antibacterial, anti-inflammatory, and anticancer
properties [36-38]. Metachromin C, a sesquiterpenoid
quinone  first isolated from Hippospongia
metachromia in 1989, has shown potent effects on
leukemia cells but lacks extensive anticancer research
[39-41]. This study aims to evaluate the anticancer
efficacy of Metachromin C in pancreatic cancer and
investigate its mechanism of action.

Materials and Methods

Cell culture and metachromin C treatment

The four human pancreatic cancer cell lines used
in the experiment (PANC-1, BxPC-3, AsPC-1, and
MIA PaCa-2) and one human umbilical vein
endothelial cell line (HUVEC) were purchased from
the Bioresource Collection and Research Center
(BCRC, Hsinchu, Taiwan). The immortalized human
pancreatic duct epithelial cells (hTERT-HPNE E6/E7)
were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). PANC-1 and
MIA PaCa-2 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S). BxPC-3 and AsPC-1
cells were cultured in RPMI-1640 medium containing
10% FBS, 1% P/S, and 1% sodium pyruvate. HUVEC
were cultured in EGM-2 medium (EGM-2 Endothelial
Cell Growth Medium-2 Bullet Kit, purchased from
Lonza) coated with 0.1% gelatin (ES-006-B,
Sigma-Aldrich) and supplemented with 2% FBS and
endothelial cell growth supplement (ECGS, CC-4176,
Lonza). The hTERT-HPNE E6/E7 cells were cultured
in the recommended complete growth medium,
which included 5% FBS, 75% DMEM without glucose
(D-5030, Sigma-Aldrich), 25% Medium M3 Base
(M300F-500, Incell Corp), 10 ng/ml human
recombinant EGF, 5.5 mmol/L D-glucose (1 g/L), and
750 ng/ml puromycin. In the experiments, HUVEC
from passages 2 to 6 were used. All cells were
cultured in a 37°C incubator with 5% CO2.
Metachromin C, provided by Professor Chih-Chuang
Liaw from the Department of Marine Biotechnology
and Resources at National Sun Yat-sen University, has
a molecular weight of 358.21, is dissolved in DMSO,
and has a stock concentration of 40 mM. Before use,
the Metachromin C stock solution was diluted to the
desired concentration in the culture medium.

Cell viability assay
MTT Assay: Cell viability was assessed using the

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
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zolium bromide) assay to evaluate the effects of
Metachromin C. PANC-1, BxPC-3, AsPC-1, MIA
PaCa-2, and hTERT-HPNE E6/E7 cells were seeded in
96-well plates at a density of 5x10° cells per well and
treated with varying concentrations of Metachromin
C for 24, 48, and 72 h. Subsequently, the cells were
incubated with a 0.5 mg/ml MTT solution (97062-376,
VWR life science) at 37°C. After 1 h of incubation, the
medium was removed, and 100 pl of DMSO was
added to each well to dissolve the formazan crystals.
Cell viability was determined by measuring the
absorbance at 595 nm using a microplate reader
(Molecular Devices).

BrdU Assay: Bromodeoxyuridine (BrdU) is a
thymidine analog that is incorporated into newly
synthesized DNA during the S-phase of the cell cycle.
By using an anti-BrdU antibody, proliferating cells
can be detected through an ELISA-based assay. The
HUVEC cells were seeded at a density of 2 x 10* cells
per well in 96-well plates and treated with the
specified concentrations of Metachromin C for 24 h.
Following the instructions provided by the BrdU Cell
Proliferation Assay Kit (2752, Sigma-Aldrich),
absorbance was measured at 450 nm using a
microplate reader (Molecular Devices).

Click-iT EdU Assay: The EdU assay was
conducted using the Click-iT EdU imaging kit
(C10339, Invitrogen) with Alexa Fluor 594 Azides (red
fluorescence). According to the manufacturer's
instructions, HUVEC cells were seeded at a density of
5 x 10% cells per well on round coverslips in 24-well
plates and treated with the specified concentrations of
Metachromin C for 24 h. Two hours before the end of
the treatment, half of the medium was replaced with
an EdU labeling medium. After incubating the plates
at 37°C for 2 h, cells were fixed and permeabilized.
The medium was removed, and 1 ml of PBS
containing 3.7% paraformaldehyde (30525-89-4,
Sigma-Aldrich) was added, incubating at room
temperature for 15 min. The fixative was then
removed, and cells were washed with 1 ml of PBS
containing 3% BSA. After removing the wash
solution, 1 ml of PBS containing 0.5% Triton X-100
was added, and cells were incubated at room
temperature for 20 min. The permeabilization buffer
was removed, and cells were washed twice with 1 ml
of PBS containing 3% BSA. Finally, 0.5 ml of Click-iT
reaction cocktail was added, ensuring it covered the
coverslip evenly, and incubated in the dark for 30
min. The reaction cocktail was then removed, and
cells were washed once with PBS containing 3% BSA.
For mounting, 10 pl of mounting medium with DAPI
was placed on a microscope slide, and the coverslip
with cells was placed on the mounting medium. The
cells were then observed under a fluorescence

microscope.

Cell cycle analysis

Thymidine was used to synchronize cells in the
G1 phase. Briefly, PANC-1 and BxPC-3 cells were
seeded at a density of 5 x 105 cells in 6 cm culture
dishes. They were then treated with varying
concentrations of Metachromin C for 48 h. The cells
were harvested using 0.05% Trypsin-EDTA and
centrifuged at 1300 rpm for 10 min to remove the
supernatant. The cells were washed with PBS and
resuspended. They were then fixed in 70% ethanol
overnight. The next day, the fixed cells were washed
with PBS and incubated in a solution containing 50
pg/ml RNase A, 40 pg/ml propidium iodide (PL
40017, Biotium), and PBS at 37°C with gentle shaking
at 50 rpm for 1 h in the dark. Finally, cell cycle
distribution was analyzed using a BECKMAN
COULTER Cytomics™ FC500 Flow Cytometer and
CXP analysis software.

DNA binding assay

Calf thymus DNA absorption titration study: To
visualize the binding mode between CT DNA and the
target compound Metachromin C, absorption studies
were carried out. In the current study, we predict the
binding fashion as to whether CT DNA binds with the
compound in an intercalative or groove manner. A
stock solution of CT DNA (3 mM) was prepared in a
10 mM Tris-HCI buffer solution at a pH of 7.2 since a
more acidic pH environment is likely to denature the
CT DNA strands. A UV analysis for free CT DNA was
done before the experiment which showed two bands
at 260 and 280 nm (A260 and A280) and their ratio
corresponded to 1:9:1 which indicated that the CT
DNA was sufficiently free of protein. The title
compound was taken in a mixture of 5 % DMSO and
95 % Tris-HCI buffer medium and the titration was
done by fixing the concentration of the compound (2.0
uM) while adding CT DNA in an incremental manner
(5- 30 pM). Emission Spectral Studies: A competitive
binding with Ethidium Bromide (EB). To further
understand the binding nature of CT DNA to
Metachromin C, emission spectral studies were
performed. The CT DNA and EB were pretreated 2 h
before the start of the experiment. The emission
wavelength was fixed at 510 nm and the fluorescence
intensity pattern was seen at 615 nm.

Topo | mediated DNA relaxation assay

The assay was performed using a TopoGen
human topoisomerase [ assay kit (TG1015-1A,
TopoGEN). Following the manufacturer’s protocol, a
standard relaxation reaction mixture (20 pl) was
prepared containing Topo I reaction buffer (10 mM
Tris-HCI pH 7.9, 1 mM EDTA, 0.15 M NadCl, 0.1%
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BSA, 0.1 mM Spermidine, 5% glycerol), 1l of pHOT1
(supercoiled plasmid DNA), 1 unit of human Topol
(Topogen, USA) and indicated concentrations of
Metachromin C were incubated at 37°C for 30 mins.
Reactions were terminated by adding 4 pl of 5X stop
buffer (0.125% bromophenol blue, 25% glycerol, 5%
Sarkosyl). The relaxed DNA products were analyzed
via electrophoreses through 1% agarose gel in 1IX TAE
buffer at 2.5V /cm for 2 h. The relaxed pHOT1 (marker
DNA) was loaded as a relaxed DNA reference. The
gel was stained with ethidium bromide and
photographed using the Luminescence image system.

Single-cell gel electrophoresis (SCGE)

The SCGE, also known as the comet assay, is
used to detect DNA damage at the level of individual
cells. PANC-1 and BxPC-3 cells were seeded at a
density of 1.5 x 105 cells in 6-well plates and treated
with the specified concentrations of Metachromin C.
For the alkaline electrophoresis positive control
group, cells were treated with 100 pM Camptothecin
(S1288, Selleck Chemicals) for 24 h, and for the neutral
electrophoresis positive control group, cells were
treated with 200 pM Hydrogen peroxide (H2O», 31642,
Honeywell) at 4°C for 30 min. Cells were then
collected, washed, and centrifuged. The supernatant
was removed, and the cells were resuspended in
Dulbecco’s  phosphate-buffered saline  (DPBS,
3-05K29-1, BioConcept). A 1% normal melting point
agarose (NMP) solution was prepared and heated in a
microwave for 2 min. An 85 pl aliquot of the 1% NMP
was placed on a slide, covered with a coverslip to
form a transparent gel, and allowed to dry. After
drying, the coverslip was removed. A 0.5% low
melting point agarose (LMP) solution was prepared
and heated in a microwave for 2 min. A 10 pl aliquot
of the cell suspension was mixed with 75 pl of 0.5%
LMP and placed on the slide containing the 1% NMP.
A coverslip was placed over the mixture, and once
dried, the coverslip was removed. The slides were
placed flat in freshly prepared lysis solution (2.5 M
NaCl, 100 mM EDTA-2Na, 10 mM Tris, and 1% Triton
X-100, pH 10) at 4°C for 1 h to remove cell membranes
and proteins. The slides were gently removed from
the lysis solution and placed in an electrophoresis
tank containing alkaline (200 mM NaOH and 1 mM
EDTA, pH > 13) or neutral (89 mM Tris, 89 mM boric
acid, and 2 mM EDTA, pH 7) electrophoresis buffer at
4°C for 10 min to allow DNA unwinding. The
electrophoresis tank was then moved to an ice box
and electrophoresis was performed using alkaline
(30V, 15 min) or neutral (21V, 45 min) conditions.
After electrophoresis, the slides were immersed in
neutralization buffer at 4°C for 5 min, then
dehydrated in methanol for 5 min and air-dried. The

slides were stained with 40 pl of the nucleic acid stain
PI and observed under a fluorescence microscope.
Images were analyzed using Image] with the
OpenComet plugin, quantifying the tail length of 50
cells per group.

Immunofluorescence (IF)

PANC-1 and BxPC-3 cells were seeded at a
density of 5x104 cells per well on round coverslips in
24-well plates and treated with the specified
concentrations of Metachromin C for 48 h. After
removing the medium, the cells were fixed with 3.7%
paraformaldehyde, washed twice with 3% BSA, and
permeabilized with 0.5% Triton X-100. The cells were
then washed twice with 3% BSA. Primary antibodies
prepared in 3% BSA were added and incubated
overnight at 4°C in the dark. The following day, the
cells were washed with PBS, and the corresponding
secondary antibodies prepared in 3% BSA were added
and incubated at room temperature for 2 h. The cells
were then washed for 5 min with PBS, mounted with
a mounting medium containing DAPI (P36931,
Invitrogen), and kept at 4°C in the dark. The slides
were observed the next day using a fluorescence
microscope.

Western blotting

Cells were lysed in RIPA lysis buffer containing
protease and phosphatase inhibitors. The cell lysates
were centrifuged at 13,000 rpm for 30 min at 4°C, and
the supernatant was collected as the total cell lysate.
Total protein concentration was quantified using the
Bio-Rad Protein Assay Kit. Depending on the
molecular weight of the target proteins, proteins were
separated by SDS-PAGE using an appropriate gel
concentration and then transferred to a
polyvinylidene difluoride (PVDF) membrane. The
membrane was blocked with 5% non-fat milk or 5%
BSA for 1 h. Target proteins were detected by
incubating the membrane overnight at 4°C with the
following  primary  antibodies:  anti-p-ATM,
anti-p-ATR, anti-p-p53, anti-p-BRCA1, anti-p-chkl,
anti-p-chk2, and anti-p-Histone H2A.X (all at 1:1000
dilution, from Cell Singling Technology). Anti-p-actin
(1:5000, from Santa Cruz Biotechnology, Santa Cruz,
CA, USA) was used as a loading control. The
membrane was then washed with Tris-buffered saline
containing Tween 20 (TBST) and incubated for 1 h at
room temperature with horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz
Biotechnology) against the primary antibodies.
Protein expression was detected using an enhanced
chemiluminescent (ECL, PI34096, Thermo Scientific)
reagent substrate and visualized with a
chemiluminescence/fluorescence imaging system.
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Transwell migration and invasion assay

In the migration assay, 2 x 10* cells/well were
seeded into the upper chamber of Transwell inserts
(8.0 um, 353097, Corning), with different
concentrations of Metachromin C and DMSO as the
vehicle control prepared in a serum-free medium. The
lower chamber was filled with medium containing
10% FBS, serving as a chemoattractant. After an 8 h
incubation, cells that had migrated through the
membrane were stained and counted. The Transwell
inserts were removed, the medium in the wells was
discarded, and the cells were washed twice with PBS.
The cells were then fixed and permeabilized with 10%
Triton X-100 and 4% paraformaldehyde for 30 min,
followed by staining with 0.1% crystal violet for 30
min. The non-migrated cells on the upper surface
were gently wiped off with a cotton swab, and the
migrated cells were counted under a microscope. For
the invasion assay, the upper chamber of the
Transwell was coated with Matrigel to mimic the in
vitro environment of invasive cancer cells degrading
and penetrating the extracellular matrix (ECM)
barrier. The Matrigel stock solution (22 mg/ml,
354262, Corning) was diluted to a 300 pg/ml coating
solution in a serum-free medium. Using pre-cooled
pipettes and tips, 100 pl of the diluted Matrigel
coating solution was carefully added to the Transwell
inserts. The plates with Matrigel-coated inserts were
incubated at 37°C for 2 h. Then, 2 x 10* cells/well
were seeded into the wupper chamber of the
Matrigel-coated Transwell inserts, with different
concentrations of Metachromin C and DMSO as the
vehicle control prepared in a serum-free medium. The
lower chamber was filled with medium containing
10% FBS. After a 24-hour incubation, cells that had
invaded through the Matrigel were stained and
counted.

Tube formation assay

Growth Factor Reduced (GFR) Matrigel (354230,
Corning) were added to a 96-well plate, ensuring the
Matrigel was evenly distributed in the wells, and
incubated at 37°C for 30 min to allow the Matrigel to
solidify. Different concentrations of Metachromin C
and DMSO as a control group were prepared in 100 pl
of medium. A mixture of 1.5%104 cells/well and the
drugs were then seeded onto the Matrigel-coated
96-well plate and incubated at 37°C for 24 h. The
results were immediately observed wunder a
microscope, followed by fixation and staining. Cells
were fixed with 100 pl of 4% paraformaldehyde at
room temperature for 15 min, the fixative was
removed, and cells were washed twice with DPBS.
Subsequently, cells were stained with 100 pl of 0.1%
crystal violet at room temperature for 30 min, washed

twice with DPBS, and observed under a microscope.
HUVEC cells were seeded onto a Matrigel-coated
96-well plate and incubated at 37°C for 8 h to allow
tube formation, simulating pre-existing vessels in the
human body. The formed tubes were then treated
with different concentrations of Metachromin C and
DMSO as a control group, incubated at 37°C for 6 h,
and observed under a microscope. Vascular images
were analyzed using Wimasis software (Onimagin
Technologies SCA, Cordoba, Spain).

Zebrafish maintenance

The transgenic zebrafish Tg (flil: EGFP) fish line
was obtained from the Taiwan Zebrafish Core Facility
at the National Health Research Institute and
maintained at the Zebrafish Core Facility at
Kaohsiung Medical University. The fishline was
Artemia and maintained on a 14h light/10h dark
cycle at 28.5°C. The embryos were collected by
mating the zebrafish. The collected embryos were
maintained in egg water in an incubator at 28.5 °C. All
zebrafish experiments were performed in an
association for Assessment and Accreditation of
Laboratory Animal Care International
(AAALAQ)-accredited Zebrafish Core Facility,
Kaohsiung Medical University, Kaohsiung, Taiwan.

Zebrafish angiogenesis assay

At 15 h post-fertilization (hpf), zebrafish
embryos were treated with the specified
concentration of Metachromin C and simultaneously
administered N-phenylthiourea (PTU) to inhibit
melanin pigmentation in the embryos. At 30 hpf,
Pronase (9036-06-6, Roche) was used for 5 min to
soften the chorion until it detached. The embryos
were then immobilized in 3% methylcellulose on
concave slides, and a drop of 0.01% Tricaine (A5040,
Sigma-Aldrich) anesthetic was added to anesthetize
them for 3-5 min. The embryos were then transferred
to a fluorescence microscope for observation and
imaging. After imaging, the embryos were placed
back into a 24-well plate and observed again at 3 days
post-fertilization (dpf). Imaging was performed using
a modular stereo microscope for fluorescence imaging
(MZ10F, Leica, Singapore) equipped with a LEICA
1.0x lens (10445930, Leica, Singapore) and Metavue
software (version 7.8.0.0).

Statistical analysis

In this study, experimental data were presented
as Mean * standard deviation (SD), except for the
Comet assay, which is presented as Mean + mean of
standard error (SEM). A paired Student's t-test was
used to calculate whether the differences between the
control and experimental groups were statistically
significant. The levels of significance were indicated
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as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

Results

Metachromin C causes stagnation and
subsequent inhibition of growth in pancreatic
cancer cells in the S phase

The chemical structure of Metachromin C is
shown in Figure 1 A. The effect of Metachromin C on
cell viability in PDAC cell lines (PANC-1, BxPC-3,
MIA PaCa-2, and AsPC-1) was determined using the
MTT assay. Metachromin C was tested at
concentrations of 2.5, 5, 10, 20, and 40 pM, with DMSO
as the experimental control group, over treatment
periods of 24, 48, and 72 hours. The results showed
that Metachromin C significantly inhibited cell
viability in a dose- and time-dependent manner (Fig.
1B, C, D, and E). The IC50 values for Metachromin C
were 16.9 pM, 9.2 pM, and 8.2 pM for BxPC-3 cells;
16.2 pM and 14.1 pM for MiaPaCa-2 cells; and 24.5 pM
and 13.3 pM for AsPC-1 cells. To confirm whether
Metachromin C is also cytotoxic to normal pancreatic
cells (Fig. 1 F), MTT assays were performed using the
normal pancreatic ductal cell lines hTERT-HPNE
E6/E7. Metachromin C only slightly inhibits cell
activity in normal pancreatic cells. Gemcitabine-
sensitive BxPC-3 and resistant PANC-1 cell lines were
selected as cell models for subsequent experiments.
To further investigate the possible mechanism of
Metachromin C in pancreatic cancer cell growth, we
analyzed its effect on PANC-1 and BxPC-3 cell cycle
progression (Fig. 2 A). The two cell lines were
synchronized in the Gl phase by bithymidine
blockade, treated with Metachromin C for 48 hours,
and the distribution of cell cycle stages was analyzed
by flow cytometry. The results showed a significant
increase in the proportion of PANC-1 and BxPC-3
cells in the S phase after treatment with Metachromin
C compared to the control group (Fig. 2 B). These
results suggest that Metachromin C inhibits cell cycle
progression by blocking pancreatic cancer cells in the
S phase, resulting in inhibited cell growth.

Metachromin C inhibits topoisomerase |
activity and induces DNA single-strand breaks

The S phase of the cell cycle is when DNA
replication occurs. Metachromin C induces pancreatic
cancer cells to arrest in the S phase, prompting
investigation into its effect on DNA replication
mechanisms. Topoisomerases play an essential role in
DNA replication. We performed a molecular docking
strategy and we identified the potential binding site of
Metachromin C with TOPO 1, showing that it might
compete with the DNA binding site of TOPO1 (Fig.
S1). Determine whether Metachromin C can bind to

DNA by using a DNA binding assay (Fig. S2). The
results show that Metachromin C can bind to DNA
via intercalation mode. To confirm whether
Metachromin C can inhibit TOPO I activity, we
performed a Topo I assay in a cell-free system (Fig. 3).
Purified human topoisomerase I enzyme was used to
examine the relaxation of supercoiled plasmid DNA
(pHOT1), with camptothecin (CPT) as a positive
control. The results showed that Metachromin C
inhibited Topo 1 enzyme activity, preventing the
conversion of supercoiled DNA to a relaxed form
(lanes 9-10) (Fig. 3A). TOPO 1 causes single-strand
DNA (ssDNA) breaks, while TOPO II causes
double-strand DNA (dsDNA) breaks. The comet
assay was used to detect ssDNA and dsDNA breaks.
Metachromin C at concentrations of 2.5 and 40 pM,
with DMSO as the control, was tested for 24 hours
using alkaline and neutral comet assays (Fig. 3B).
DNA tailing was observed in the alkaline comet assay
but not in the neutral comet assay, suggesting that
Metachromin C causes single-strand DNA breaks.
These results suggest that Metachromin C inhibits
TOPO I function, leading to DNA single-strand
fragmentation.

Long-term treatment of metachromin C
transforms single-strand breaks into toxic
double-strand breaks and activates DNA
repair mechanisms

Unrepaired single-strand breaks (SSBs) can lead
to double-strand breaks (DSBs) when cells undergo
DNA replication. To evaluate whether long-term
treatment with Metachromin C causes more lethal
damage, we conducted comet assays with PANC-1
and BxPC-3 cells treated for 24, 48, and 60 hours. In
PANC-1 cells, double-strand breaks were observed at
60 hours of treatment (Fig. 4 A), while in BxPC-3 cells,
double-strand breaks were observed at 48 hours (Fig.
4 A). The presence of yH2AX, a DNA damage marker,
was significantly induced after 48 hours of
Metachromin C treatment in PANC-1 and BxPC-3
cells, indicating DNA damage (Fig. 4 B). Western blot
analysis showed that Metachromin C induced the
expression of DNA repair proteins (ATM, ATR, p53,
BRCA1, ChK, ChK2) after 48 hours of treatment (Fig. 4
C). These results suggest that prolonged Metachromin
C treatment leads to severe double-strand breaks and
activates DNA repair pathways.

Metachromin C inhibits the proliferation,
migration, and tube-forming ability of
HUVEGC:s without affecting pre-existing blood
vessels

Tumor endothelial cells exhibit high TOPO 1
activity, and Metachromin C, as a TOPO I inhibitor,
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was tested for its effect on endothelial cells. The BrdU
and EdU assays showed that Metachromin C reduced
HUVEC cell proliferation in a dose-dependent
manner (Fig. 6 A, and B). Transwell migration assays
indicated that Metachromin C decreased HUVEC
migration ability (Fig. 6 C). In vitro tube formation
assays showed that Metachromin C inhibited the
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formation of tubular structures at higher doses (10
pM) (Fig. 6 D). However, Metachromin C did not
affect pre-existing tubular structures, suggesting its
selective effect on newly forming blood vessels (Fig. 6
E). These results indicate that Metachromin C exhibits
anti-angiogenic properties by hindering HUVEC
proliferation, migration, and tube formation.
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Figure 1. Metachromin C inhibits cell viability in pancreatic cancer cells while having a limited effect on normal pancreatic cells. (A) Chemical structure of
Metachromin C. MTT assay demonstrated that Metachromin C inhibits the viability of (B) pancreatic cancer PANC-1, (C) BxPC-3, (D) MIA PaCa-2, (E) AsPC-1 cells, and (F)
normal human pancreatic duct epithelial \TERT-HPNE E6/E7 cells in a dose- and time-dependent manner. Data were shown with mean + standard deviation (SD) (n=6). * p <
0.05, ** p < 0.01, ** p < 0.001.
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Figure 2. Effects of Metachromin C on cell cycle distribution in pancreatic cancer cells. (A) PANC-1 and BxPC-3 cells were treated with 2.5, 5, 10, 20, and 40 yM
Metachromin C for 48 h, stained with propidium iodide, and analyzed for cell cycle distribution by flow cytometry. (B) Data quantification plots represent the percentage of cells
in the G1, S, and G2/M phases of the cell cycle. Data were shown with mean * SD (n=3). * p < 0.05, ** p < 0.01, ** p < 0.001.

Anti-angiogenic effect of metachromin C on
genetically transgenic zebrafish in vivo

The anti-angiogenic potential of Metachromin C
was tested using transgenic zebrafish Tg (flilla: EGFP)

(Fig. 6 A). Survival analyses showed that
Metachromin C was non-toxic at concentrations of 1
and 2 pM (Table 1). Treatment of 15 hours
post-fertilization (hpf) zebrafish embryos with
Metachromin C was found to reduce the number of
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complete intersegmental vessel (ISV) connections to
the dorsal longitudinal anastomotic vessel (DLAV)
while increasing the number of defective ISV
connections to the myoseptum (Fig. 6 B). Meanwhile,
Metachromin C reduced the area of the caudal vein
plexus (CVP) and inhibited CVP formation (Fig. 6 C).
Following culture to 3 days post-fertilization (dpf),
Metachromin C was observed to decrease the number
of vascular intersection points and the length of the
subintestinal vessels (SIVs), as well as diminish the
growth of SIV branch vessels (Fig. 6 D). These results
suggest that Metachromin C inhibits angiogenesis in
vivo in a zebrafish model.

Metachromin C exerts anti-metastatic
potential by inhibiting the migration and
invasion ability of pancreatic cancer cells

Angiogenesis contributes to cancer metastasis,

A

Supercoiled DNA - +
Topoisomerasel - +
Camptothecin - -
Metachromin C (upM) - -~

Relaxed DNA

Supercoiled DNA ——

B LCC604

and pancreatic cancer is highly aggressive with strong
metastatic capacity. The transwell assay was used to
study cell migration and invasion after Metachromin
C treatment. PANC-1 (20 and 40 pM) and BxPC-3 (5
and 10 pM) cells were treated, and significant
inhibition of migration (Fig. 5 A, and B) and invasion
(Fig. 7 A, and B) was observed. These results suggest
that Metachromin C can inhibit the metastatic
potential of pancreatic cancer cells.

Table 1. Effect of Metachromin C on zebrafish embryonic
mortality.

Average Survival Rate of Embryos (%)

Treatment duration DMSO Metachromin C
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Figure 3. Metachromin C inhibited topoisomerase | activity and induced DNA single-strand breaks (SSBs). Detection of topo I-mediated supercoiled pHOT
DNA relaxation in a cell-free system. Lane 1, Relaxed DNA marker; Lane 2, Supercoiled pHOT-1 DNA was incubated with topoisomerase I; Lane 3: Supercoiled pHOTI DNA
alone; Lane 4, Supercoiled pHOT-1 DNA was incubated with topoisomerase | combined 100 yM Camptothecin (CPT, topoisomerase | inhibitor as positive control); Lane 5,
Supercoiled pHOT-1 DNA was incubated with topoisomerase | combined DMSO (solvent control); Lane 6-10, Supercoiled pHOT-1 DNA was incubated with topoisomerase |
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combined 2.5, 5, 10, 20 and 40 yM Metachromin C. (B) PANC-1 and BxPC-3 cells were exposed to Metachromin C (2.5 and 40 uM) for 24 h, and DNA damage was evaluated
with alkaline and neutral comet assays. DMSO was used as the negative control, and 100 pM CPT and 200 uM hydrogen peroxide (H20O2) were used as positive controls in
alkaline and neutral electrophoresis, respectively. Comet tail length was calculated to assess DNA damage. Data were shown with mean # standard error of the mean (SEM)
(n=50). PANC-1, * p < 0.05, ¥ p < 0.01, *** p < 0.001; BxPC-3, # p < 0.05, ## p < 0.01, ### p < 0.001.
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Figure 4. Prolonged treatment of Metachromin C made SSBs convert to toxic double-strand breaks (DSBs) and activated DNA repair machinery.
PANC-1 cells were exposed to Metachromin C (2.5 and 40 pM) for 24, 48, and 60 h, and DNA damage was evaluated with alkaline and neutral comet assays. BxPC-3 cells were
exposed to Metachromin C (2.5 and 40 puM) for 24 and 48 h, and DNA damage was evaluated with alkaline and neutral comet assays. DMSO was used as the negative control and
200 uM H,O; was used as the positive control in alkaline and neutral electrophoresis, respectively. Comet tail length was calculated to assess DNA damage. Data were shown
with mean * SEM (n=50). * p < 0.05, ** p < 0.01, *** p < 0.001. (B) PANC-1 and BxPC-3 cells were co-stained with yH2AX and EdU after Metachromin C treatment for 48 h and
observed in a confocal microscope. The merged picture showed the overlapping of yH2AX and EdU in PANC-1 indicating DNA damage occurred while cells were undergoing

DNA replication. (C) Western blots of indicated proteins were performed on whole-cell extracts from PANC-1 and BxPC-3 cells 48 h after treatment with Metachromin C (2.5,
5, 10, 20, and 40 pM ). Actin provides the loading control.
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Figure 5. Metachromin C exhibits anti-proliferative effects on HUVEC, impeding their migration and tube-forming capabilities, while having no impact
on pre-existing blood vessels formed by HUVEC. BrdU incorporation measured by ELISA in HUVEC following 24 h treatment with the indicated dose of Metachromin C.
(B) The EdU stain assay was employed to detect EdU-positive cells embedded in red fluorescent protein. The count of red fluorescent EdU-positive cells was observed using an
inverted fluorescence microscope. DAPI-stained cell nuclei (in blue) were utilized as a background stain to determine the percentage of EdU-positive cells and node cells. (C)
Transwell-migration assay of HUVEC was conducted to investigate cell migration after indicated concentrations of Metachromin C treatment for 8 h. The migrated cells were
stained with crystal violet and counted by Image). Cell migration rate was normalized with the DMSO control group. (D) Different concentrations of Metachromin C were mixed
with HUVEC cells and then inoculated onto matrigel for a 24 h incubation period. The tubular structures formed by HUVEC were observed under an inverted microscope (40%
magnification; scale bar = 250 pm), and the total tube length was quantified using Wimasis software, along with the measurement of the number of branch points. Additionally,
the tubular structures of HUVEC were visualized under an inverted microscope (100% magnification; scale bar = 250 pm) following crystal violet staining. (E) Different
concentrations of Metachromin C were added after tubes were established on matrigel for 8 h, and incubated for another 6 h. Tubular structures were observed by inverted
microscope (40% magnification; scale bar = 250 um). Data were shown with mean * SD (n=3). * p < 0.05, ** p < 0.01, ** p < 0.001.
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Figure 6. Metachromin C inhibited the angiogenesis in zebrafish embryos. Transgenic zebrafish Tg (flila: EGFP) expresses green fluorescent protein in endothelial
cells. Zebrafish embryos 15 h after fertilization were treated with different concentrations of Metachromin C (1 and 2 pM) for 15 h, with DMSO as a control group, and observed
using a dissecting fluorescence microscope (scale bar = 0.5 mm). (B) Schematic illustrating the blood vessel arrangement in zebrafish. Vascular standards showing intact (To
DLAV) and defective (To myoseptum) intersegmental vessels (ISVs) in zebrafish. Development of zebrafish ISVs under the influence of different concentrations of Metachromin
C at 30 h post-fertilization (hpf). Statistical graph showing the number of intact (To DLAV) and defective (To myoseptum) ISVs vessels in zebrafish. (C) The position of the caudal
vein plexus (CVP) in zebrafish is shown, and the red dotted line represents the calculated domain of the CVP area. Development of zebrafish CVP under different concentrations
of Metachromin C at 30 hpf. Statistical graph showing the relative area of the zebrafish CVP. (D) Quantitative standards for subintestinal vessels (SIVs) in zebrafish are shown, with
red asterisks representing branch point locations of vascular connections of SIVs. At 3 days post-fertilization (dpf), the development of zebrafish SIVs was evaluated following
exposure to different concentrations of Metachromin C. Statistical graph showing the number of branch points of SIVs in zebrafish and quantification of vessel length of SIVs in
zebrafish using Image ] software, the statistical graph showing the length of SIVs. Data were shown with mean * SD (n=10). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 7. The anti-metastatic potential of Metachromin C by inhibiting the migration and invasion ability of pancreatic cancer cells. Transwell-migration
assay of PANC-1 and BxPC-3 was conducted to investigate cell migration after indicated concentrations of Metachromin C treatment for 8 h. The migrated cells were stained
with crystal violet and counted by Image]. Cell migration rate was normalized with the DMSO control group. (B) Cell invasion was detected by Matrigel transwell-invasion assay.
PANC-1 and BxPC-3 cells were treated with Metachromin C at indicated concentrations for 24 h. The invaded cells were stained by crystal violet and counted by Image]. Cell
invasion rate was normalized with the DMSO control group. (C) Data were shown with mean + SD (n=3). * p < 0.05, ** p < 0.01, *** p < 0.001.

Discussion

Based on our previous research, Metachromin C
was found to be the most potent and lowest IC50
among dozens of natural compounds against
pancreatic cancer cell lines. Metachromin C is a
natural product derived from the marine sponge
Hippospongia metachromia. This study showed that
Metachromin C could inhibit the proliferation of
pancreatic cancer cells, and its anti-cancer mechanism
was to induce DNA single-strand fragmentation by
inhibiting TOPO I activity, which in turn led to cell
cycle arrest in the S phase. In addition, under the

long-term effect of Metachromin C, the single-strand
break changes to a more severe double-strand break,
and then activates the DNA repair reaction, which
eventually causes cell death. Similarly, Metachromin
C can inhibit the migration and invasion of pancreatic
cancer cells. Finally, in the angiogenesis model,
Metachromin C inhibits the proliferation, migration,
and tube-forming ability of HUVECs, and blocks the
growth of blood vessels in zebrafish (Fig. 8). These
results suggest that Metachromin C may have
potential applications as a TOPO I inhibitor in cancer
therapy, as well as anti-angiogenic effects.
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Figure 8. Schematic diagram of molecular mechanisms underlying the inhibitory effect of Metachromin C on pancreatic cancer and angiogenesis.

Natural products are chemicals produced by
living organisms that have pharmacological or
biological activity and play an important role in the
treatment of human diseases. To date, about 80% of
approved cancer chemotherapy drugs are derived
from natural compounds [42]. However, 70% of the
Earth's surface is covered by water, the vast majority
of which is oceans, providing a diverse biodiversity.
Sponges are the richest source of natural marine
compounds of all marine organisms, accounting for
30% of all natural marine products found to date [43].
Sponge products have a high chemical diversity,
containing alkaloids, terpenoids, peptides, poly-
ketones, steroids, macrolides, and other compounds,
and have a variety of biological activities such as
antibacterial, anticancer, antifungal, anti-HIV, and
anti-inflammatory [44]. In this study, Metachromin C,
as a marine natural product, showed anti-cancer
activity against pancreatic cancer cells and did not
have much effect on normal pancreatic cells, and
inhibited the newly formed blood vessels in the
anti-angiogenesis effect, without affecting the
pre-existing  blood  vessels, indicating that
Metachromin C can reduce the occurrence of side
effects and has the potential to be used as a precursor
to anti-cancer chemotherapy drugs.

Metachromin C causes pancreatic cancer cell
damage and cell cycle arrest by inhibiting the activity
of TOPO [, but its anti-angiogenesis effect is not clear.
In this study, we demonstrated that Metachromin C
can inhibit the vascular growth of zebrafish ISVs,
CVPs, and SIVs in vivo, and also can inhibit
angiogenesis in vitro, inhibiting the proliferation,

migration, and tube formation of HUVEC cells.
Among a variety of pro-angiogenesis factors, VEGF
has been recognized as a key factor involved in tumor
angiogenesis, which is mainly secreted by tumor cells,
has high specificity for endothelial cells, and plays an
important regulatory role in tumor angiogenesis by
binding to its receptor VEGFR2 on endothelial cells,
so VEGF/VEGFR2 is a target of anti-angiogenic
therapy [45]. Tumor cells induce a large number of
HIF-1a manifestations in response to hypoxia, which
in turn activates the activation of the VEGF/ VEGFR2
pathway and promotes the occurrence of angio-
genesis [46]. However, continuous anti-angiogenesis
therapy increases tumor hypoxia and leads to
increased performance of HIF-la, which in turn
promotes the production of pro-angiogenesis genes
and causes tumor resistance to anti-angiogenesis
therapy [47]. According to the literature, Magnolol
inhibits hypoxia-induced HIF-a expression and VEGF
secretion by competing with VEGF for binding to
VEGFR?2, resulting in attenuation of kinase activity in
its downstream pathway [48]. However, the
mechanism of Metachromin C on hypoxia-induced
HIF-1a expression and VEGF/VEGFR2 signaling
pathway against angiogenesis still needs to be further
explored.

Rapidly proliferating cancer cells require
frequent DNA replication and transcription, which
depend on TOPO I and II to unwind supercoiled
DNA, resulting in higher enzyme expression [49]. In
contrast, normal cells only require TOPO during
certain cell cycle phases, leading to lower expression
[50]. In pancreatic cancer, over half of the cases show
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TOPO 1 overexpression [51]. Metachromin C
selectively inhibits TOPO in cancer cells, reducing
effects on normal cells and potentially lowering
treatment side effects.

DNA damage occurs during the normal
metabolism of cells or is caused by environmental
factors and is divided into two types: endogenous
damage and exogenous damage. When DNA is
damaged, cells initiate specific DNA damage
responses (DDRs), including base excision repair
(BER), nucleotide excision repair (NER), homologous
recombination (HR), non-homologous end ligation
(NHE]) and mismatch repair (MMR), among others,
send signals to repair damaged DNA and prevent
irreversible damage caused by accumulated DNA
damage. Activation of the DNA repair response
causes various repair proteins (ATM, ATR, ChK1/2,
BRCA1, WEE1, P53, p21, Cyclin B, CDC25C, and
CDK1) to aggregate at the site of DNA damage for
repair and arrest cell cycle progression until the
damage is restored, activating the mechanism of cell
death if the damage cannot be repaired [52]. The
laboratory results found that in pancreatic cancer
cells, Metachromin C can inhibit cell growth, arrest
the cell cycle in the S phase, and induce DNA damage
to initiate DNA repair pathways, activating a series of
DNA repair-related proteins (including ATM, ATR,
P53, BRCA1, ChK1 and ChK2), which means that
cancer cells try to repair damaged DNA, but it may
not be enough to repair completely, and the damage
cannot be recovered, which may cause cell death. In
the treatment of cancer, such as chemotherapy and
radiation therapy, cancer cells are induced to die by
causing DNA damage. However, damaged cancer
cells can initiate DNA repair pathways to resist
chemotherapy drugs during treatment. Therefore, the
combination of DNA repair pathway inhibitors and
chemotherapeutic agents may improve the efficacy of
chemotherapeutic agents on cancer cells [53, 54]. Poly
ADP-ribose polymerase (PARP) is a DNA repair
enzyme that plays a key role in the BER, HR, and
NHE] repair pathways. When PARP activity is
inhibited, the BER function cannot perform repair,
resulting in the transformation of the irreparable
single-strand break into a double-strand break due to
the collision of replication forks, and the continuous
accumulation of double-strand breaks cannot be
accurately repaired by the HR pathway (for tumors
with BRCA gene defects, HR repair-related proteins
cannot be manufactured), resulting in cell death. For
example, Olaparib, an FDA-approved PARP inhibitor
for the adjuvant treatment of breast cancer patients
with BRCA mutations who have received
chemotherapy, has been found to have 8.8 and 7.1
percent higher rates of non-invasive disease survival

and three-year distant recurrence-free survival
compared with placebo in adjuvant treatment with
olaparib, which may reduce recurrence and
metastasis in breast cancer patients [55]. BRCA
mutations have been identified as risk factors for
breast and ovarian cancer, and germline mutations
occur in approximately 10 to 20 percent of patients
with pancreatic cancer, with BRCA mutations being
the most common [56]. The FDA has approved
olaparib as maintenance therapy for patients with
pancreatic cancer with metastatic and BRCA
mutations, and clinical trials have found that adjuvant
olaparib is associated with 3.6 months higher
progression-free survival than placebo [57]. In DNA
damage, double-strand breaks are the main fatal
damage leading to cell death, and DNA-dependent
protein kinase (DNA-PK) can participate in the repair
of double-strand breaks through the NHE] repair
pathway. According to the literature, the activity of
DNA-PK plays a role in resistance to radiotherapy
and chemotherapy. DNA-PK inhibitors, including
NU7026 [58], NU7441 [59], 1C87361 [60], and M3814
[61], have been developed to inhibit the repair
pathway of the double-strand break and increase the
sensitivity of cancer cells to radiation therapy and
chemotherapy. According to the literature, the
combination of the DNA-PK inhibitor M3814 with
type 2 TOPO inhibitors, including doxorubicin,
etoposide, and pegylated liposomal doxorubicin, has
enhanced the efficacy of type 2 TOPO inhibitors in
mouse xenograft ovarian cancer models [61]. Previous
laboratory results have found that Metachromin C can
inhibit the growth of pancreatic cancer cells and cause
DNA damage to initiate DNA repair pathways, which
may allow pancreatic cancer cells to repair damaged
DNA, leading to the possibility that pancreatic cancer
cells may become resistant to Metachromin C.
Therefore, if Metachromin C is combined with DNA
repair pathway inhibitors, it may make pancreatic
cancer cells with damaged DNA unable to repair,
resulting in more fatal damage, and ultimately cause
pancreatic cancer cells to die, assisting Metachromin
C in inhibiting the growth of pancreatic cancer cells.
According to the literature, the emergence of
resistance to TOPO I inhibitors is often accompanied
by an increase in the performance of TOPO II. Since
both TOPO I and TOPO 1II are good targets for
anti-cancer, inhibition of both may increase the
activity of the compound to inhibit TOPO, causing
permanent DNA damage and cell death [62].
Therefore, dual inhibitors of TOPO I and TOPO II
have significant therapeutic advantages over single
TOPO inhibitors. In 1993, Riou et al. proposed that
Intoplicine can inhibit both TOPO I and TOPO II,
which can help improve anticancer activity against a
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variety of cancers [63]. Wang et al. and He ef al.
synthesized the Ruthenium complex, which has been
shown to inhibit the activity of TOPO I and TOPO I,
and inhibit the growth of cervical cancer cells and
liver cancer cells [64, 65]. Oxocrebanine is a dual
TOPO I/1I inhibitor that inhibits the growth of breast
cancer cells by inducing DNA damage, autophagy,
and mitotic arrest [66]. In this study, Metachromin C
was simulated by molecular docking, and
Metachromin C was shown to inhibit the activity of
TOPO I by DNA relaxation assay. Therefore, further
verification is needed to determine whether
Metachromin C can have the effect of TOPO I/1I dual
inhibitors.
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