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Background: Breast cancer is a leading cause of death and one of the most common fatal medical conditions in the world. Chemical
compounds of various types have been identified in the Red Sea marine sponge Xestospongia testudinaria, including sterol esters,
sterols, indole alkaloids, and brominated polyunsaturated fatty acids. These compounds have demonstrated promising biological
features, which in cludes anti-inflammatory, cancer preventive, and antioxidant capacities.

Methods: The cytotoxic potential of Xestospongia testudinaria was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay and morphological alterations in MCF-7 cell line. Furthermore, the flow cytometry was also utilized to
assess apoptosis and identify changes in the cell cycle; besides, cell migration was assessed by scratch wound-healing assay.
Results: A significant dose-dependent decrease in the percentage of MCF-7 cell viability was observed with ICso 39.8 ug/mL.
Functional studies were performed on MCF-7 to show that Xestospongia testudinaria raises apoptotic cell death and induces growth
arrest at the G1/GO while inhibiting cell migration in scratch assay.

Conclusion: These results demonstrated that Xestospongia testudinaria extract has an inhibitory effect on breast cancer cells
proliferation, migration and induce apoptosis. Thus, it holds great promise as a potential treatment for breast cancer.

Keywords: Red Sea sponge, Xestospongia testudinaria, breast cancer cell lines, cytotoxic activity

Introduction

Cancer is the second fastest-growing cause of death in approximately 185 countries, accounting for over 10 million
deaths." It is anticipated that the incidence of cancer will persistently increase in the forthcoming decades as a result of
shifts in population demographics. By the year 2040, it is projected that there will be approximately 16.3 million cancer-
related deaths and an additional 27.5 million new cases of cancer worldwide.> The diagnosis rate for breast cancer is the
highest among all types of cancer in Saudi Arabia.>” Chemotherapy is currently commonly used in conjunction with
surgery, radiation, and other cancer treatments, though these procedures have not always resulted in the best results.*>
The development of innovative anticancer drugs has gained importance because the currently available cancer
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medications are expensive and have limited selectivity.® In search for novel anticancer chemicals, a wide variety of
natural resources, including marine organisms, have been considered.

Marine sponges (phylum Porifera) have been reported to be an abundant source of biologically active substances with
various biological properties, making them crucial lead compounds for drug development.” These organisms are
classified as one of the most primitive and ancient species found in various oceanic environments. They possess
exceptional resilience in the face of challenging conditions, including low temperatures, high pressure, varying salinity
levels, and predatory threats. Sponge defence mechanisms have evolved over thousands of years by producing secondary
metabolites that aid in their defence against harmful bacteria, algae, fungi, and other potential predators.® The research of
the sponge Xestospongia Testudinaria secondary metabolites (family Petrosiidae), frequently referred to as barrel
sponges has been repeated in many parts of the world since the 1970s when marine natural compounds research
began.® These secondary metabolites contain a variety of chemical substances such as isoquinoline, quinones, sterols,
brominated polyacetylenic acids, macrocyclic quinolizidines, pyridoacridine alkaloids, and esters.” We focused on the
Red Sea species, Xestospongia testudinaria because previous studies had shown the remarkable bioactivities of the crude
extract, which included antimicrobial, cytotoxic, anti-inflammatory, vasodilatation, immunomodulatory, antioxidant,
inhibition of HIV protease, cardiotonic stimulation, insecticidal activity, and antiplasmodial activity.”'* In keeping
with the ongoing focus in finding possible marine-derived bioactive chemicals for treating modern illnesses like cancer,
the Red Sea sponge Xestospongia testudinaria’s cytotoxic potential was carefully examined. Our team discovered
complete alcoholic extracts and n-hexane fraction of the extracts of the sponge X. testudinaria were cytotoxic to
human liver cancer cell line (HepG-2), metastatic cervical cancer (HeLa), and human medulloblastoma-derived cell
line (Daoy)."? The objective of this study was to investigate the potential anticancer properties of the methanol-based
extract derived from the Red Sea Marine Sponge X. festudinaria. Specifically, the study aimed to assess the extract’s
ability to inhibit the proliferation and migration of the MCF-7 cell line, a malignant strain associated with breast cancer.
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The findings of this research could provide valuable insights into the potential therapeutic application of the extract for
breast cancer treatment.

Materials and Methods

Sponge Material

The SCUBA divers collected the sponge by hand from Abulat Island off Al-Lith (N019056°31.6”, E040008°17.3”) in the
Red Sea, Saudi Arabia, at a depth of between 17 and 21 metres. After collection, the sponge was immediately kept on ice
and then frozen until it was processed. Professor Rob van Soest of the Naturalis Biodiversity Center in the Netherlands
determined that the sponge was a specimen of the Xestospongia testudinaria genus. One of the samples of the sponge
was kept in the Red Sea Marine Invertebrates Collection at King Abdulaziz University, and it had the number DY-12
associated with it, while another sample was kept in the Naturalis Biodiversity Center’s collections under the collection
number RMNH Por. 9176. The sponge’s detailed description had already been published.’

Extraction and Isolation

To extract the sponge’s biological compounds, the researchers freeze-dried it and crushed the lyophilized material (52 g).
They then extracted it three times at room temperature with a mixture of MeOH-CH2CI2 (1:1) totalling 300 mL. After
vacuum evaporation, the combined extracts were concentrated for further testing in biological systems.

Cell Viability Assay

The effect of the organic extract of X. festudinaria or a single compound on cell viability of MCF-7 was evaluated by
MTT assay (Solarbio, Beijing, China). Briefly, MCF-7 cells (3x10° cells/well) were plated overnight in a 96-well plate to
ensure adhesion, then the cells were exposed to the extract of X. testudinaria (7.8-15.5-31.25-62.5-125 ng/pL) or purified
compounds (labelled 1-15) (3, 6, 12, 25, 50 uM) and 0.5% DMSO as a vehicle control, for 48h. For 3T3 cells, complete
DMEM media were used for culturing and 3x10° cells/well was the density of cells as well. After incubating at 37°C for
4 hours, 100 pL of the 5 mg/mL MTT solution was added to every single well. The supernatant was then discarded, and
100 uL of DMSO was added to each well and incubated there for 10 minutes at 37 °C. Absorbance at 490 nm was
measured using a microplate reader (BioTek, Winooski, VT, USA), and OD values was used to calculated cell viability
(%). Using the GraphPad 9.0 software (GraphPad Software Inc., California, United States), we were able to calculate the
half-maximal inhibitory concentration (IC50). MCF-7 cells were acquired from the American Type Culture Collection
(ATCC,USA) and 3T3 cells from kerafast, USA.

Cell Apoptosis Assay

Following the manufacturer’s instructions, the PI/Hoechst 33342 apoptosis detection kit (Solarbio, China) was used to
measure apoptosis, and a FACSAria III flow cytometer was used to collect 10,000 events (BD, Bioscience, San Jose, CA,
USA). The MCF-7 cells were treated with IC50 concentration (39.8 ug/mL) for 48h before performing apoptosis assay.
Apoptotic percentage was calculated by summing of early (Hoechst PI") and late apoptotic (Hoechst PI") cells.

Cell Cycle Assay

Following a treatment of X. testudinaria extract on MCF-7 cells for a period of 48 h, the cells were washed with
phosphate-buffered saline (PBS). After that, the cells were fixed using 70% pre-cold ethanol overnight, washed with PBS
and then incubated with 100 uLL RNase A for 30 min at 37°C. Subsequently, 400 puL propidium iodide (PI) were added to
the cells and incubated for 30 min in the dark at 4°C. All procedures were conducted according to the protocol from the
DNA Content Quantitation kit (Solarbio, Beijing, China) by acquiring 10,000 events using FACSAria III flow cytometer.

Cell Scratch-Wound Healing Assay
Each well of the six-well plates was seeded with approximately 25x10° MCEF-7 cells, and they were given the night to
adhere. Mitomycin C (5 g/mL; Roche, Germany) was applied to the cells for two hours to prevent them from
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proliferating. A scratch was drawn vertically at the center of the well and then the wounded cells’ monolayer was
photographed at Oh, 24h and 48 h in both groups. Wound healing gap was measured using image J (LOCI, University of
Wisconsin).

Evaluation of Mitochondrial Membrane Potential (JC-1 Assay)

After trypsinization, the cells were counted prior to dilution with serum-containing culture medium (DMEM, 10% heat-
inactivated FBS, 1% antibiotics, and 1% L-glutamine). Cells were seeded at a density of 1.5x105 cells per mL, and 1 mL
was added to a 24-well plate. The plate was then incubated for 24 hours at 37 °C, with 5% CO2 and 95% relative
humidity. After the incubation period, the supernatant was carefully aspirated, and treatment at IC50 concentration was
applied; each experiment included wells for negative and positive controls.

Mediums were removed from wells and washed twice with PBS before adding 500 pL serum-free culture medium
and 500 pL of JC-1 dyeing working solution to each well, then incubated for 20 min at 37 °C. JC-1 accumulates within
fully functional mitochondria and generates J-aggregates (red colour), and the colour of the dye shifts from red to green if
the mitochondrial membrane potential is depolarized. The supernatant was discarded and then washed twice with a JC-1
dyeing buffer. Finally, 1 mL of serum-free culture medium was added to each well before obtaining images with a Leica
fluorescence microscope. The captured images were processed using Imagel.

Reverse Transcriptase and Quantitative PCR

Following the manufacturer’s instructions, total RNA was extracted using the miRNeasy Mini kit (catalogue number
217004) purchased from Qiagen in Hilden, Germany. The NanoDrop™ spectrophotometer was used to measure the
RNA'’s concentration and purity. The QuantiTect Reverse Transcription Kit with the catalogue number 205311 from
Qiagen in Hilden, Germany, was utilised for the synthesis of cDNA. qPCR reactions were performed using Real-time
PCR SYBR Green 1 kit (Cat no. SR1110, Solarbio, China). Each PCR reaction was carried out in triplicates in a 96-well
plate using qPCR thermocycler for 40 cycles (Applied Biosystem). Relative amounts of cDNA were normalised to the
internal control GAPDH. The RT-qPCR data was analysed to obtain the relative gene expression of the targeted genes
and the corresponding controls in each experiment using the 2—AACt method. Primers for MMP2, MMP9 and house-
keeping gene GAPDH (macrogen) primers are MMP2 Forward 5’-CCGTCGCCCATCATCAAGTTC-3" Reverse 5’-
GCAGCCATAGAAGGTGTTCAGG-3> MMP9 Forward 5’-TGGTCCTGGTGCTCCTGGTG-3" Reverse 5°-GCT
GCCTGTCGGTGAGATTGG-3> GAPDH Forward 5’-TTCCTACCCCCAATGTATCCG-3’ Reverse 5’-CCA
CCCTGTTGCTGTAGCCATA-3".

Statistical Analysis

The data are presented as the mean with standard deviation (SD). In statistical analyses, the differences between control
(DMSO) and organic extract of X. testudinaria were compared using the Student’s t-test. The GraphPad Prism 9.0
software (GraphPad, San Diego, CA, USA) was used to perform the calculations. A p-value of less than 0.05 was
considered to be the threshold for a statistically significant result. Statistical significance is indicated as * P<0.05, **
P<0.01, *** P<0.001 **** P<0.0001. There was a total of three separate experiments conducted for each possible
outcome.

Results
The Effect of X. testudinaria Extract on MCF-7 Cell Morphology and Cell Proliferation

Phase contrast microscopy was employed to observe the MCF-7 cells after exposure to either dimethyl sulfoxide
(DMSO) or various concentrations of the extract derived from X. testudinaria. The cells were cultured for a duration
of 24 hours. The results indicated a notable reduction in cell numbers when compared to the control group. The observed
cellular manifestations included stress-induced phenotypes such as cellular shrinkage and disruptions in the cell
membrane, ultimately resulting in cell death (Figure 1A). The MCF-7 cells were treated with the extract of
X. testudinaria at various concentrations (7.8-15.5-31.25-62.5-125 ng/uL) for 48 h demonstrated concentration
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Figure | The morphological changes and cytotoxic IC50 in X. testudinaria treated MCF-7 cells. (A) displays the morphological changes of MCF-7 cells treated with either
DMSO or X. testudinaria for 24 hours, as seen under a phase-contrast microscope at a magnification of 40x. (B) shows the effect of various concentrations of
X. testudinaria on MCF-7 cells and 3T3 cells for 48 hours, with data from three replicates shown as mean * SD (n=3).

dependent on decrease in cell proliferation (Figure 1B, left panel). The ICs, for the time point 48 h was calculated as 39.8
ug/mL. Moreover, the extract of X. testudinaria showed no significant inhibitory effect on normal cells 3T3 even at the
highest concentration (Figure 1B, right panel).

Extract of X. testudinaria Increases Apoptosis and G1/G0O Cell Cycle Arrest in MCF-7
Cell Line

To elucidate the mechanism by which the extract of X. festudinaria enhances cytotoxicity in MCF-7 cell line, apoptosis
and cell cycle analysis were assessed by flow cytometry. A viable dose of 39.8 ug/mL of extract corresponding to ICs, for
MCF-7 cells was selected for the assays. Figure 2A and B depict the results of the experiment, demonstrating that
treatment with the specified concentration of extract led to a significant increase in MCF-7 apoptosis (3.7-fold, p =
0.0002) after 48 hours of treatment, as compared to the control group. Furthermore, the treatment with the extract
resulted in a substantial augmentation of G1/GO cell cycle arrest in the MCF-7 cells, as depicted in Figure 3A and B.

Extract of X. testudinaria Inhibits MCF-7 Migration

MCEF-7 cells were treated with 39.8 ug/mL of the extract from X. festudinaria reduced cell migration at 24h (p < 0.001)
and 48h (p < 0.001, Figure 4A and B) compared to controlled sample. Moreover, RT-PCR results showed significant
decrease in MMP-2 and MMP-9 mRNA expression levels (P<0.0001 and P<0.05 respectively, Figure 4C) in MCF-7 cells
due to the effect of X. festudinaria.

The Effect of X. testudinaria on Mitochondrial Membrane Potential

The potential mitochondrial membrane potential was evaluated using a fluorescence microscope and the JC-1 staining
technique to validate cytotoxicity data. Cells were stained with JC-1 dye that aggregates within active mitochondria and
emits red fluoresces. Cells treated with X. festudinaria exhibited a significant decrease in red/green fluorescence intensity
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Figure 2 The effect of X. testudinaria on apoptosis in MCF-7 cells. (A) shows cell apoptosis profile analyzed by PI staining and Hoechst 33342. (B) shows a quantitative
comparison of early and late apoptosis percentages. ***, P < 0.001 vs control group.

compared to the negative control (p < 0.01). As observed from the image, X. festudinaria induced depolarization of the
mitochondrial membrane with emitted green fluorescence (Figure SA and B).

The Effect of the Pure Compounds Isolated from the Extract of X. testudinaria on
MCF-7 Cell Survival

The cells MCF-7 were treated, separately, with 11 out of 15 compounds purified previously from the sponge
X. testudinaria."® To assess the impact of individual compounds (C) on cell survival, a range of concentrations (3, 6,
12, 25, 50 uM) were employed to treat the cells for a duration of 48 hours. There was no effect on cell survival of MCF-7
on all studied concentrations of the 11 compounds (Figure 6). Compounds number 5, 6, 8 and 12 (structures are not
shown) were not tested due to the lack of enough materials (Table 1).

Discussion

Breast Cancer, a highly significant global health concern, has garnered substantial research interest aimed at revealing its
complicated characteristics and identifying novel molecules for efficacious therapeutic interventions. Numerous drug
discovery initiatives are currently prioritizing the investigation of natural products that possess abundant molecular
scaffolds known for their successful utilization in the development of anti-cancer agents.'* Marine sponges, classified
under the Phylum Porifera, are recognized as the most ancient multicellular organisms and represent a highly valuable
reservoir of pharmaceutical prospects.'® Despite their sessile lifestyle and typically soft bodies, marine sponges excel at
producing cytotoxic secondary metabolites. This allows them to gain an advantage in the competitive struggle for space
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Figure 3 The effect of X. testudinaria on the cell cycle of MCF-7 cells. (A) shows the cell cycle distribution profiles of MCF-7 cells treated with X. testudinaria for 48 hours,
determined by flow cytometry using Pl. (B) demonstrates the proportion of cells in each phase of the cell cycle that are present in each group, with data from three
replicates shown as mean * SD (n=3). ns, P > 0.05. **, P < 0.01. **, P < 0.001 vs control group.

A Oh 24 h 48 h B
57 - - Y ‘- u‘» ‘.“ E
Q g
2 :
(a )y g
&
.g MMP-9
g 5 g‘.s
] H L. -
3 :
3 Eus ?n.s
= F H
. £ £
x * DMSO X.Testudinaria ° DMSO X.Testudinaria

Figure 4 Effect of X. testudinaria on the migration of MCF-7 cells. (A) shows the cell scratch-wound areas observed at 0, 24, and 48 hours. (B) displays the quantitative
comparison of the wound gap at these time points. (C) shows the mRNA level of MMP-2 and MMP-9 normalized to control GAPDH mRNA, as detected by RT-gPCR. ns,
P > 0.05. %, P < 0.05. ¥, P < 0.001. ***¥ P < 0.0001 vs control group.

on the limited substrate of a reef by slowing the growth of neighboring organisms through reduced cell division.'®
Therefore, in the case of sponges, the cytotoxicity of the compounds can serve as a reliable indicator of their potential to
proliferate in coral habitats and subsequently hinder the growth of cancer cells. These characteristic holds promise for the
development of novel drugs.'” The process of developing anticancer drugs commences with the evaluation of the
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Figure 5 Effect of X. testudinaria on mitochondrial membrane potential. (A) displays decline of the membrane potential of the mitochondria after exposure to DMSO,
X. testudinaria for 48 hours at a magnification of 40x. (B) shows a quantitative analysis of the ratio of the red fluorescent intensity to the green fluorescent intensity, with the
results expressed as the mean + SD of triplicates. **, P < 0.01 vs control group.

cytotoxicity of screening compounds against various cancer cell lines. This approach is considered optimal for treating
cancer, as the objective is to selectively eliminate tumour cells while preserving the viability of normal cells.'® The genus
Xestospongia (family Petrosiidae) is represented in the Red Sea and have numerous secondary metabolites such as
isoquinoline, sterols, brominated polyacetylenic acids, macrocyclic quinolizidines, pyridoacridine alkaloids, quinones,
and esters.®

Our group has found that the combined effect of alcohol and n-hexane X. festudinaria extracts exhibited significant
cytotoxic effects on various cancer cell lines, including human cervical tumors (HeLa), human liver cancer (HepG-2),
and human medulloblastoma (Daoy)." In this particular study, our focus was on examining the bioactivity of the organic
extract derived from the Red Sea sponge X. festudinaria. We specifically aimed to assess its impact on the MCF-7 breast
cancer cell line, with a particular emphasis on its anti-proliferation effects. Additionally, we sought to identify the specific
compound within X. festudinaria that is responsible for its efficacy by isolating and investigating a total of 11
compounds.

The extract derived from X. testudinaria exhibits a significant impact on both the morphology and proliferation of
MCF-7 cells when compared to cells that have not been subjected to any treatment. The proliferation of the MCF-7 cell
line exhibited a gradual decrease from day 0 to day 2, with an observed IC50 value of 39.8 ug/mL. This indicates the
biological cytotoxic effect on cell proliferation which agrees with a previous study done on Hella cell line using
X. testudinaria extract.'® Furthermore, it was observed that the extracts derived from X. festudinaria exhibit
a significant capacity to induce apoptosis in MCF-7 cells that were subjected to treatment, as compared to the cells
that were not treated. The aforementioned discovery indicates the potential role of X. festudinaria extract in modulating

the apoptosis pathway.
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Figure 6 The cytotoxicity of MCF-7 after treatments of various concentrations of individual compounds obtained from X. testudinaria for 48 hours. Data from three

replicates shown as mean * SD (n=3).

Furthermore, the administration of X. testudinaria extract resulted in a notable augmentation of G1/GO cell cycle
arrest in MCF-7 cells that were subjected to treatment, as compared to cells that were not treated. Previous studies have
established that cellular response to gamma irradiation or chemotherapeutic agents results in the induction of G1/G0O
phase arrest. This regulatory process is mediated by the p53 protein and ultimately results in apoptosis.’**! Our finding
suggested that the extracts of X. testudinaria has a critical role in controlling G1/GO cell cycle arrest.

Table | Structures and Names of Tested Compounds

No. of Name Structure
Compound
1 Maleimide-5-oxime "

H
2 2-methylmaleimide-5-oxime

CHs
HO‘NéqLO
H
(Continued)
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Table 1 (Continued).

No. of Name Structure
Compound
3 Tetillapyrone uo
HO A CHs
RO Y ‘
07707 “oH
4 5-(6-amino-3H-imidazo[4,5-b]pyridin-3-yl)-2-(hydroxymethyl) o
tetrahydrofuran-3-ol WL
7 Xestosterol
7
9 Xestosterol ester of 181-bromooctadeca-7|E,91E-diene-71,151-diynoic .
acid —H )
g k>
10 Xestosterol ester of 16-bromo-(7E, | | E,|5E)-hexadeca-7,1 |,|5-triene
-5,13-diynoic acid . )::tgjf)k(\
11 Brominated acetylenic fatty acid derivatives, (5E, | |E, 15E, | 9E)-20- -
bromoeicosa-5,11,15,19-tetraene-9, 1 7-diynoic acid 2 A COOH
7
BN 1
13 |8-bromooctadeca-(9E, | 7E)-diene-7, | 5-diynoic acid -
NN NN COOH
13
14 |8-bromooctadeca-(9E, | 3E, | 7E)-triene-7, | 5-diynoic acid
N D COOH
B NN
14
15 16-bromo-(7E, | | E,I5E)-hexadeca-7,1 I,I5-triene-5, | 3-diynoic acid
// COOH
// B R
Br S 15
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Cell migration is considered a hallmark of cancer metastasis.>> The migration analysis study elucidated inhibition of
treated MCF-7 cells migration significantly compared to control during different endpoint times. Matrix metalloprotei-
nases 2 (MMP-2) and (MMP-9) degrade the extracellular matrix, which has a major impact on cell invasion and
migration in both pathological and physiological conditions.”*** Additionally, MDA-MB-231 and MCF-7 cells and
breast cancer tissue samples showed significantly higher levels of MMP-2 and MMP-9 when compared to normal tissues
and normal cells.'®' It is clear from our study that X. testudinaria extract regulates the cell migration pathway by
decreasing the expression level of MMP-2 and MMP-9 which are involved in the migration process.

Mitochondrial membrane potential in MCF-7 cells after treatment with X. testudinaria was analysed using the
fluorescent dye JC-1, which aggregates into healthy mitochondria. Red fluorescence is diminished because JC-1 dye is
redistributed throughout the cell rather than accumulating at the mitochondria during the mitochondrial collapse in
apoptotic cells. We confirmed this by observing a reduction in the intensity of the red fluorescence, which indicates that
the mitochondrial membrane potential was disturbed by the X. festudinaria extract.

Pure pharmaceutical compounds that are manufactured on an industrial scale or extracted from botanical sources are often
selected based on their potent efficacy against specific diseases in humans.>* Nevertheless, the level of activity exhibited by the
isolated compounds from X. festudinaria at proportional concentrations is significantly lower compared to that of the unrefined
extract. The occurrence of positive interactions among various components within the whole plant extracts may provide an
explanation for the observed phenomenon of crude extracts being more efficacious than isolated constituents when administered
at comparable doses. There is often scientific proof of synergistic effects, although the precise underlying mechanisms remain to
be fully understood. The literature has extensively documented the existence of synergistic effects among various constituents of
extracts, demonstrating their efficacy not only in anti-cancer activity but also in other pharmacological activities.”> The efficacy of
the X testudinaria extract surpasses that of an isolated compound when administered at an equivalent dosage. Further
investigation is necessary in order to validate if there is of synergy, enhanced bioavailability, cumulative effects, or additive
properties.

Conclusions

In conclusion, X. testudinaria extract shows potential inhibition in cancer cell line growth and migration capability. To date, no
other report has reported cytotoxicity of X. festudinaria extract to the MCF-7 cells. A future direction for this study should be
to investigate more bioactivity involvement of X. testudinaria extract in the critical cancer pathogenesis and signalling
pathway. Additionally, it is imperative to conduct additional research in order to examine the potential of combining pure
compounds in clinical trials, with the aim of further evaluating the effectiveness and safety of the X. testudinaria extract.
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