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Abstract: We investigated the anticancer mechanism of a chloroform extract of marine sponge
(Haliclona fascigera) (sample C) in human breast adenocarcinoma (MCF-7) cells. Viability analysis
using MTT and neutral red uptake (NRU) assays showed that sample C exposure decreased the
proliferation of cells. Flow cytometric data exhibited reactive oxygen species (ROS), nitric oxide (NO),
dysfunction of mitochondrial potential, and apoptosis in sample C-treated MCF-7 cells. A qPCR array
of sample C-treated MCF-7 cells showed crosstalk between different pathways of apoptosis, especially
BIRC5, BCL2L2, and TNFRSF1A genes. Immunofluorescence analysis affirmed the localization of p53,
bax, bcl2, MAPKPK?2, PARP-1, and caspase-3 proteins in exposed cells. Bioassay-guided fractionation
of sample C revealed Neviotin A as the most active compound triggering maximum cell death in
MCE-7, indicating its pharmacological potency for the development of a drug for the treatment of
human breast cancer.

Keywords: marine natural product; sponge; apoptosis; anticancer drug; Neviotin A; cell death; ROS;
breast cancer

1. Introduction

Of the Earth’s surface, 70% is covered by the world’s oceans, and 95% of the oceans’
tropical biosphere contains extraordinary diversity in both macro and microscopic organ-
isms [1,2]. It has been estimated that nearly 1 x 10° unicellular and 1 x 10° multicellular
organisms, including plants and animals, are accommodated in the oceans [3]. In particular,
marine reefs represent a densely crowded ecosystem, providing shelter to >1000 species/m?;
consequently, fierce competition for food and space exists among its inhabitants [2]. Such
conditions have compelled organisms to evolve biochemical and physiological mechanisms
for producing secondary metabolites for protection, reproduction, communication, and
infection [4].

The adapted organisms generally produce alkaloids, polypeptides, terpenoids, sugars,
shikimic acid derivatives, and a range of further metabolites, commonly subsumed as
marine natural products (MNPs) [5]. In the quest for safe and effective pharmaceutical
drugs, people rely on natural resources; nearly 50% of drugs are either extracted from
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natural resources or synthesized using natural products as a starting framework. During
the span of a thousand years, these natural products possessed unique chemical properties
that proceeded to gain drug-like properties [6]. More than 30,000 natural products from
marine resources have been isolated so far, exemplifying the importance of the marine
biosphere as a reservoir of bioactive compounds that offer varying types of active drugs [7].
In view of the growing demand for mining and data sharing of MNPs, a comprehensive
database has recently been developed that contains information about over 30,000 MNPs [7].
Exploration of the marine world has led to the discovery of several approved anticancer
drugs, including cytarabine, ecteinascidin 743, brentuximab vedotin, dolastatin 10, and
didemnin B [6,8]. Recent approaches have unraveled the efficacy of marine peptides or
small peptides as novel therapeutic candidates for antimicrobial and cancer therapy [8-11].
Nanoparticles developed through green approaches by using bioactive marine compounds
have opened a new therapeutic avenue for the delivery of cancer drugs and their antitumor
properties [12-14]. In 2023, the American Cancer Society expected 1,958,310 new cases of
cancer that could cause 609,820 deaths (male and female); within this estimation, 300,590
new cases of breast cancer could account for 43,700 deaths [15]. In this line, marine peptides
(hemiasterlin and eribulin mesylate) are approved by the US FDA for the treatment of
breast cancer [8,16,17].

During the last 50 years, marine sponges have been regarded as goldmines owing to
their diverse range of secondary metabolites. More than 5300 MNPs have been discovered
in sponges, and many more are added every year [18]. In 2016, 224 new marine compounds
were reported from sponges compared to 291 in 2015 [19]. Consequently, sponges have
great potential to provide therapeutic remedies against varying diseases [20]. Plakdiepox-
ide isolated from the Chinese sponge Plakortis simplex was found to activate PPAR-« and
PPAR-7 selectively and may be considered the lead for the treatment of type II diabetes [21].
The two novel scalarane sesterterpenoids isolated from sponge (Carteriospongia sp.) induced
apoptotic cell death by inhibiting topoisomerase Ila expression, mitochondrial membrane
potential, heat shock protein 90, and ROS formation in leukemia (Molt 4) cells [22]. A crude
extract of sponge (Phorbas sp.) exhibited the presence of eight new sesterterpenoids found
to activate HIV proviral gene expression via induction of protein kinase C signaling [23].
The natural isolates of callipeltins C and H from sponge (Latrunculia sp.) exhibited their
anticancer activity by inhibiting the growth of HeLa cells, indicating their low dose range
(15%) bioactivity was due to low levels (~15%) of callipeltins [24]. Pyrroloiminoquinone
metabolites from Latrunculia sp. inhibit angiogenesis in HCT116 colon cancer cells via
induction of hypoxia-inducible factor-la (HIF-1a) [25]. Nrf2-mediated antioxidant im-
provement in neuronal cells (SHSY5Y) has been found in the extracts of marine sponge
Zyzzya sp. [26]. DNA methyltransferase 1-targeted apoptosis has been reported for isostularin-3
isolated from sponge (Aplysina aerophoba), rendering it a new anticancer drug [27]. A549
lung cells exposed to extracts of Haliclona sp. exhibited apoptosis induction via the JNKp53
pathway and caspase-8 activation [28]. In the same line, brominated acetylenic hydrocarbon
isolated from Haliclona sp. exhibited anticancer effects against MCF-7 cells [29]. Wild-type
p53 and p53 knockout HCT116 cells, when exposed to extracts of sponge (Lipastrotethya
sp.), exhibited apoptotic cell death in the wild type, while the knockout cells demonstrated
autophagy induction, showing reductions in mTOR, Bcl-2 and increased levels of Beclin-1
and LC3-II protein [30]. Despite the diversity of bioactive compounds in marine sponges,
especially the marine sponges from the Red Sea, they are rarely explored for retrieving
anticancer compounds that can kill breast cancer cells (MCE-7). In this line, we found
a single report in which three acetylenic brominated derivatives isolated from Haliclona
sp. of the Red Sea, Jeddah, Saudi Arabia, showed cytotoxic effects in MCEF-7 cells [29].
However, solely based on the cytotoxicity screening tests, the isolated compounds were
attributed as anticancer entities, while no evidence of the mechanism of anticancer effects
has been specified. To plug the data gap, our novel study provides a mechanism-based
anticancer investigation in breast cancer cells (MCF-7) using Neviotin A isolated from
the chloroform extract (sample C) of Haliclona fascigera from the Red Sea, Saudi Arabia.
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We used a transcriptomic approach to compare the roles of sample C and Neviotin A to
decipher information on the activation of genes belonging to nine biological pathways,
which play a pivotal role in triggering anticancer effects in MCF-7. Herein, we describe the
anticancer potential of a chloroform extract of the marine sponge Haliclona fascigera (sample
C) and Neviotin A in MCF-7 cells by measuring the (i) inhibition of cell proliferation
and intracellular ROS production; (ii) cell cycle dysregulation and induction of apoptosis;
(iii) transcriptome analysis using an array of 84 genes; (iv) translational activation of apop-
totic proteins; and (v) the bioassay-guided fractionation of the extract and the identification
of the most active compound.

2. Results
2.1. Cell Viability Analysis

Haliclona fascigera, collected from Yanbu, Red Sea, Saudi Arabia, was extracted with
chloroform from the freeze-dried material to afford sample C. The obtained extract showed
promising results in the MTT assay: after 24 h of exposure with varying concentrations
(10, 25, and 50 pg/mL) of sample C, MCF-7 cell populations declined to 9.3%, 16.1%, and
25.1% (Figure 1B). The NRU assay also exhibited cytotoxicity in MCEF-7 cells with increasing
concentrations of sample C. After 24 h of incubation, 10, 25, and 50 ug/mL sample C
induced 9.7%, 19%, and 29% reductions in the viability of cells, respectively (Figure 1B).
Dimethyl sulfoxide (DMSO, 0.3%) as vehicle control showed no signs of cytotoxicity, and
the cell population was found to be 98.5%.

2.2. Intracellular ROS generation

The representative flow cytometric peaks of sample C-treated MCF-7 cells exhibited
a concentration-dependent shift in the DCF fluorescence on a logarithmic scale, which
indicated strong ROS generation in cells (Figure 1C(a)). Quantitative analysis of sample C
(10, 25, and 50 pg/mL)-treated cells exhibited significant 139%, 213%, and 270% increases
in ROS over control (Figure 1C(b)).

2.3. Cell Cycle Deregulation by Sample C

The representative cell cycle images exhibited concentration-dependent cell death
in the sample C-treated MCE-7 cells (Figure 2A). The average data showed a signifi-
cant increase in the apoptotic peak (subG1) at all tested concentrations. Compared to
0.61 £ 0.25% of background apoptotic cells in the control, sample C exposure of 10, 25, and
50 pug/mL showed significant 3.93 £ 0.96%, 21.26 £ 1.27%, and 62.6 + 1.32% apoptotic
cells (Figure 2B). The G1 and S phases gradually diminished with increasing concentrations.
At the highest concentration of 50 pg/mL, a marginal but significant G2/M arrest was
also observed, showing 21.9 £ 1.12% of cells in this phase. Flow cytometric analysis of
apoptosis and necrosis in MCF-7 cells exposed to 50 pg/mL of sample C and Neviotin A
(the most active compound, isolated and purified from sample C fractions 21-23, described
in Section 2.4 below) exhibited 35.5% and 23.5% cells in the late apoptotic phase (upper
right quadrant) (Figure 2C,D). Relatively necrotic cell death (upper left quadrant) in MCF-7
cells was not prominent after sample C and Neviotin A exposure (Figure 2C,D).

2.4. Bioassay-Guided Fractionation of Sample C

In order to identify the active principal(s) of sample C, a part of the extract (52.5 mg)
was subjected to silica gel column chromatography for bioassay-guided fractionation using
a Reveleris X2 flash system (Biichi, Switzerland) with a gradient of n-hexane to ethyl acetate
(0% to 100% in 25 min) to methanol (in 5 min to 100%; kept for 10 min). The eluate was
monitored using an evaporative light scattering detector (ELSD) and collected according
to peak detection into 75 test tubes (Figure 3A). The contents of tubes 1-10, as well as
tubes 28-36, 37-40, 41-57, and 58-75, were combined to provide a total of 22 subfractions.
Since tubes 21, 22, and 23 contained the major peak of the total ion chromatogram (TIC)
of the liquid chromatography-mass spectrometry (LC-MS) analysis (ESI, negative modus)
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(Figure S3), fraction 21 was submitted for biological evaluation and fractions 22 and 23
were used for structure elucidation.
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Figure 1. Chloroform extract (sample C) of a marine sponge (Haliclona fascigera) caused cytotoxi-
city and elevated the ROS level in MCE-7 cells. (A) Morphology and location details of Haliclona
fascigera collected from the coastal area of the Red Sea, Yanbu, Saudi Arabia. (B) Effect of sample
C on cell proliferation of MCF-7 cells after 24 h. Sample C induced a concentration-dependent
reduction in MCF-7 survival analyzed using an MTT assay (* p = 0.0290, *** p = 0.0007, **** p < 0.0001,
ns = nonsignificant) and NRU assay (* p = 0.0021, ** p = 0.0053, *** p = 0.0002, *** p < 0.0001,
ns = nonsignificant). Each histogram is the mean £ SD of three experiments performed in tripli-
cate wells. (C) (a) Representative flow cytometric peaks of DCF fluorescence recorded in sample
C-treated MCF-7 cells show a greater shift on the logarithmic scale, indicating higher ROS gener-
ation in cells after 24 h of exposure. (C) (b) Each histogram in the inset is the mean 4 SD of DCF
fluorescence recorded in three experiments carried out in duplicate wells (** p = 0.0088, *** p = 0.0001,
*** p < 0.0001). ANOVA one-way, post-hoc Tukey’s multiple comparisons test, MnIX: mean intensity.
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Figure 2. Sample C and Neviotin A (the most active compound, isolated and purified from sample
C fractions 21-23, described in Section 2.4 below) triggered apoptotic cell death in MCF-7 cells.
(A) Representative flow cytometric images of the MCF-7 cell cycle show an increase in the subGl1
apoptotic peak after 24 h exposure with sample C. (B) Effect of sample C on the different phases of
the MCEF-7 cell cycle after 24 h of exposure to sample C. Each histogram represents the mean + SD
from three independent experiments. SubGl1 (* p = 0.0150, *** p < 0.0001), G1 (*** p = 0.0001,
*** p < 0.0001, ns = nonsignificant), S (*** p = 0.0005 and 0.0001, **** p < 0.0001, ns = nonsignificant),
G2M (** p = 0.0008 and 0.0001, **** p < 0.0001, ns = nonsignificant) (ANOVA one-way, post-hoc
Tukey’s multiple comparisons test). G1, S, and G2M represent the percentages of cells in the normal
phases of the cell cycle, and subG1 represents the percentage of cells that underwent apoptosis.
(C,D) Bivariate flow cytometric analysis of sample C- and Neviotin A-treated MCF-7 cells. The dot
plots in different panels exhibit the percent distribution of live (lower left quadrant), early apoptotic
(lower right quadrant), late apoptotic (upper right quadrant), and necrotic (upper left quadrant)
MCF-7 cells appeared after 24 h exposure to sample C and Neviotin A at increasing concentrations.

Biological evaluation of fractions 1-10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 28-36,
37-40, 41-57, and 58-75 was achieved by measuring cell death (subG1) in MCF-7 cells using
flow cytometry. MCF-7 cells in the subG1 phase (50 ng/mL) revealed not a single active
principle but the presence of several active fractions like tubes 13, 18, or 25. A maximum of
apoptotic cells with 27.0 &= 5.0% MCEF-7 cells in the subG1 phase was found for fraction 21
(Figure 3B). LC-MS analysis of the combination of fractions 22 and 23 revealed a molec-
ular weight of 506 deduced from the observed ions with m/z 551.6 [M + formate]~ and
1011.7 [2M-H]~. The recorded 1D- and 2D-nuclear magnetic resonance (NMR) spectra in
CDCl; and DMSO-d; enabled the identification of the compound as Neviotin A [31,32] with
an unclear relative configuration (Table S1 and Figures S4-510). The nuclear Overhauser
effect spectroscopy (NOESY) spectrum (measured in CDCl3) revealed a correlation from
H-5 to OH-3 (0 5.05 ppm; 6y 3.19 ppm) displaying the ax-eq substitution of hydroxyl
groups adjacent to the carbonyl group in ring A; from H-3 to CH3-24 (6 1.21 ppm); from
CH3-25 (611 1.32 ppm) to H-7; and from H-7 to CH3-27 (6 1.32 ppm). Considering that
no NOE was observed from H-7 to CH3-26 (6y 0.68 ppm), substitution at ring A-B fusion
was assigned as trans. Additional NOE from CHj3-26 to H-11 and a lack of NOE from H-11
to CH;3-27 and from CH3-27 to H-14 resulted in establishing the relative configuration of
ring A/B/C as 35% 55%, 65%, 7R*, 10R*, 11R*, 145*. Efforts to determine the relative configu-
ration of rings D and E, including the use of a recorded rotating frame Overhauser effect
spectroscopy (ROESY) spectrum and using another NMR-solvent (DMSO-dy), failed due to
overlapping NMR signals and therefore left a remaining ambiguity of signal assignments.
Nevertheless, to establish the absolute configuration of the molecule part consisting of three
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rings (A/B/C), electronic circular dichroism along with quantum chemical calculation was
applied. To reduce the time of calculation, rings D and C were truncated and replaced by a
methyl group, also considering the change of priority at C-10 and C-14. Conformational
analysis and subsequent geometry optimization and minimization at DFT/wb97xd/6-
31g(d,p)/CPCM/acetonitrile level resulted in two dominant conformers with populations
of 52 and 48% (Figure S10). Further simulation of electronic circular dichroism (ECD) spec-
tra at the TD-DFT/cam-b3lyp/6-31+g(d,p)/ CPCM/acetonitrile level and its comparison
with experimentally obtained ECD spectrum in acetonitrile revealed an opposite ECD
spectrum, resulting in the unambiguous determination of the absolute configuration of the
chiral carbons of ring A/B/C as 3R, 5R, 6R, 7S, 10S, 115, 14R, as shown in Figure 3C,D.
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Figure 3. Bioassay-guided fractionation of sample C exhibited Neviotin A, causing greater cell death
in MCF-7 cells. (A) ELSD chromatogram of the bioassay-guided fractionation of sample C. (B) Effect of
the obtained fractions on MCF-7 apoptotic phase, analyzed in terms of subG1 peak in flow cytometry
(50 ug/mL, n = 2, data shown as mean =+ SD). (C) Chemical structure and absolute configuration of
rings A/B/C of 3R, 5R, 6R, 75, 10S, 115, 14R Neviotin A. (D) Comparison of calculated (reduced
molecule, rings D and E replaced by a methyl group) and experimental ECD spectra of Neviotin A.

2.5. Effect of Sample C and Neviotin A on the Apoptotic Pathway

MCF-7 cells exposed to sample C (25 pg/mL) for 24 h exhibited transcriptomic al-
terations in apoptosis pathways. RT? profile PCR array data are expressed as the fold
changes in expression obtained by comparing sample C-treated cells with untreated control.
Among the array of 84 genes, a total of 14 genes were significantly upregulated in the
sample C-exposed cells (Supplementary Table S2). Among the upregulated genes are AKT1,
BAX, BCL2L1, BCL2L2, BIRC5, CD70, CRADD, CYCS, DIABLO, IGFIR, LTBR, TNFRSF10B,
TNFRSF1B, and TNFRSF21. The 12 downregulated genes (fold change > 1.2) in sample C
include ABL1, BAG3, BCL2A1, BID, CASP2, CASP6, FADD, FAS, NOL3, NFKB1, TNFRSF1A,
and TP73. Heat maps of all upregulated and downregulated genes and scatterplots are
shown in Figure 4A(a,b).
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Figure 4. Sample C and Neviotin A caused transcriptomic changes in MCF-7 cells. qPCR array of
human apoptosis signaling pathway genes in MCF-7 cells exposed to (A) sample C (25 ug/mL) and
(B) Neviotin A (25 nug/mL) for 24 h. (a,c) Heat maps of all genes analyzed in MCF-7 cells exposed to
sample C and Neviotin A. Red boxes are upregulated genes, and green boxes are downregulated
genes. Expression of some genes was not detected in the analysis, shown as gray square boxes
in the heat maps. (b,d) Scatterplots depicting the upregulation and downregulation of genes at
the threshold value of >1.2-fold after exposure with sample C and Neviotin A. The list of genes
upregulated and downregulated in the above analysis is listed in Supplementary Table S2.

Correspondingly, MCF-7 cells exposed to Neviotin A (25 ug/mL) for 24 h exhibited
(fold change > 1.2) upregulation of 39 genes and downregulation of 27 genes
(Supplementary Table S2). The upregulated genes were ABL1, AIFM1, BAG3, BAKI,
BCL2A1, BCL2L10, BCL2L11, BID, BIRC2, BIRC3, BIRC5, BIRC6, BRAF, CASP1, CASP10,
CASP4, CASP7, CASP9, CD27, CD40LG, CIDEA, CYCS, DFFA, FAS, GAAD45A, HRK, IL10,
LTA, NOD1, PYCARD, RIPK2, TNFRSF10A, TNFRSF11B, TNFSF10, TNFSF8, TP53BP2,
TP73, TRADD, and TRAF3. The genes downregulated by Neviotin A were AKT1, APAF1,
BAD, BAX, BCL2, BCL2L1, BNIP2, BNIP3, BNIP3L, CASP2, CD40, CD70, CIDEB, DAPK1, DI-
ABLO, FADD, IGF1R, LTBR, NFKB1, TNF, TNFRSF10B, TNFRSF1A, TNFRSF1B, TNFRSF21,
TNFRSF25, TRAF2, and XIAP. The heat maps of all upregulated and downregulated genes
and the scatterplot obtained from Neviotin A-exposed MCF-7 are shown in Figure 4B(c,d).

2.6. Translational and Transcriptional Activation of Apoptotic Proteins

The fluorescent signal of apoptotic proteins (p53 and bax) in MCF-7 cells exposed to
25 ug/mL of sample C and Neviotin A was considerably high in the cytoplasm (Figure 5).
Also, the fluorescence signals of MAPKPK?2, caspase 3, and PARP-1 in sample C- and
Neviotin A-treated cells showed cytoplasmic localization and the intensity of fluorescence
was fairly consistent throughout a cell population. Remarkably, nucleolar localization of
PARP-1 was observed in both sample C- and Neviotin A-treated cells (Figure 5).

Quantification of p53, bax, and caspase 3 genes using real-time PCR analysis also showed
upregulation in sample C- and Neviotin A-treated cells. Compared to untreated control,
MCEF-7 exposed to 25 pug/mL of sample C showed 1.7-fold, 6.3-fold, and 1.7-fold upregulation
of p53, bax, and caspase 3 genes (Figure 6). Neviotin A (25 png/mL)-exposed cells induced
1.4-fold, 5.7-fold, and 1.3-fold upregulation of p53, bax, and caspase 3 genes, respectively.
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Figure 5. Sample C and Neviotin A activated the apoptotic proteins in MCF-7 cells. Immunofluores-
cence images showing the translational activation of apoptotic proteins in MCF-7 cells exposed to
sample C (25 ng/mL) and Neviotin A (25 ng/mL) for 24 h. All images were captured using a high-
resolution 1.5-megapixel CCD color camera (Nikon DS-Ril, Japan). The fluorescence of DAPI and
FITC was analyzed at the following excitation (340-380 nm) and emission (435-485 nm) bandwidths.
The fluorescence of Texas Red was analyzed at excitation (540-580 nm) and emission (600-660 nm)
bandwidths. Images were merged using Nikon image analysis software.
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Figure 6. Sample C and Neviotin A changed the expression of apoptotic genes in MCF-7 cells. gPCR
expression of some selected genes of apoptosis shows the upregulation of mRNA transcripts in
MCE-7 cells exposed to sample C (25 pg/mL) and Neviotin A (25 pg/mL) for 24 h. **** p < 0.0001
(two-way ANOVA, Sidak’s multiple comparison test).

3. Discussion

For several decades, marine natural products have been an invaluable source of thera-
peutic agents. The structural diversity of compounds isolated from marine organisms, espe-
cially sponges, serves as a privileged scaffold in the development of therapeutic agents [33].
Marine organism-derived anticancer drugs, viz., Ara-C and Halaven, specifically target the
signaling intermediates in apoptosis-inducing pathways, known to modulate the process
of carcinogenesis [34-36]. Extracts Haliclona sp. from North Carolina and Iran exhibited
antibacterial and antifungal effects [37,38]. Bioassay-guided fractionation of Haliclona sp.
extracts from Indonesia yielded papuamine and haliclonadiamine, which showed cyto-
toxicity and apoptosis in MCF-7, LNCap, Caco-2, and HCT-15 cells [39]. In spite of this,
the anticancer effects of bioactive compounds isolated from the Red Sea Haliclona sp. is
still obscure. The significance of our study is that it provides pathway-based information,
especially from the perspective of mechanistic inhibition of breast cancer cells. In this
line, we collected the marine sponge (Haliclona fascigera), prepared its chloroform extract
(sample C), and evaluated its anti-breast cancer potency using MCE-7 cells that showed
cytotoxicity, ROS generation, mitochondrial dysfunction, transcriptomic alterations, and
cell death. Subsequently, we performed the bioassay-guided fractionation of sample C
(Figure 7). Instead of an MTT-based data comparison, we have implemented a sensitive
flow cytometric data comparison approach. In order to achieve this task, this study was
planned to perform bioassay-guided fractionation to isolate bioactive compounds. In this
correlation, we found the highest cell death in fraction 21 of the sample C extract and
successfully isolated neviotine A from it. Consequently, we provided a broader picture
of anticancer effects, starting with the crude extract (sample C) and ending with its most
bioactive compound, i.e., Neviotin A.

In this study, the MCF-7 cell line was used due to its estrogen and progesterone
receptor-positive properties. In addition, MCF-7, being a luminol A molecular subtype, is
noninvasive, poorly aggressive, and has low metastatic potential [40-43]. These charac-
teristics of MCF-7 cells have made them an appropriate cell line for breast cancer studies
globally, including studies pertaining to anticancer drugs that have resulted in more practi-
cal knowledge for patient care relative to other breast cancer lines [40,44].

Cell proliferation endpoints (MTT and NRU) were achieved by initially exposing the
cells to sample C. MTT and NRU exhibited a significant reduction in cell survival at all
tested concentrations. Moreover, the NRU assay showed a higher effect on cell viability and
indicated greater lysosomal damage. Cell survival data are in line with earlier studies, which
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have also demonstrated cytotoxicity by the extracts of Haliclona sp. [28,29,39]. Alterations
in the delicate membranes of lysosomes may provoke their fragility, which affects the
uptake and binding of neutral red dye, possibly by reducing the cellular lysosomal acid
phosphatase activity [45]. Destabilization of lysosomes has been considered an earlier
event in mitochondrial toxicity; simultaneously, intracellular ROS has been linked to
aggravate such defects, causing the loss of mitochondrial membrane potential [46,47].
ROS at the physiological level effectively coordinates the regulation of lysosomes and
mitochondria. While a higher ROS level is detrimental for cells owing to the reality that
mitochondrial dysfunction damages the architecture of lysosomes [48,49]. Hence, we
quantitated ROS generation in sample C-treated MCE-7 cells to ascertain its role as an
oxidative stressor. Flow cytometric data showed an enhanced level of ROS generation
at all concentrations, affirming that sample C encompasses active principles harboring
ROS-generating capabilities to kill MCF-7 cells. The higher propensity for ROS generation
is in accordance with a greater ROS level and oxidative stress in glioma cells exposed to
the extract of a marine sponge (Polymastia janeirensis) [50]. Moreover, ROS act as a potent
stimulus for the induction of apoptosis in cells. Especially when cells are under stress,
ROS lead to cell death via the extrinsic or intrinsic pathway (mitochondrial) [51]. In this
connection, ROS-induced killing of cancer cells mainly relies on oxidative stress-dependent
apoptotic cell death [52].

Henceforth, we separately analyzed sample C and its silica gel chromatography
fractions for apoptosis induction in MCEFE-7 cells. Due to the large number of fractions,
it would not have been possible for us to compare 20 fractions with sample C in each
experiment. Hence, we only evaluated the cell cycle analysis of all fractions and compared
it with sample C. We found a concentration-dependent increase in the flow cytometric
subG1 apoptotic peak in sample C as a whole. Also, a reasonable increase in the subG1 peak
was recorded for its fractions, especially fraction 21, which provoked maximum apoptosis
in the MCF-7 cells. The patterns of cell death indicated the possible role of apoptotic
pathways, prompted by functional alterations of mitochondria and lysosomes [53,54]. It
has been suggested that lysosomal membrane damage, as observed in the NRU assay, is
known to release lysosome protease into the intracellular spaces, which affects adjacent
cells and triggers cell death [55]. Sample C (50 ng/mL) treatment showed apoptosis (subG1)
and G2/M arrest. Also, fraction 21 demonstrated higher apoptosis (subG1), which was
confirmed as Neviotin A, specifying the fact that a common signal has been sent to prevent
the damaged cells from further replication and to eliminate them [56]. It is known that
cellular DNA repair mechanisms are highly conserved, and extensive DNA damage may
lead to cell cycle arrest and cell death [57]. In these connections, bivariate flow cytometric
analysis between sample C and Neviotin A was carried out to validate the activity of
fraction 21, as well as to specify the type of cell death (i.e., apoptotic or necrotic). The
annexin V-PE and 7-ADD data explicitly showed an early and late apoptotic effect in MCF-7,
while the signal for necrosis was very weak after sample C and Neviotin A exposure. The
annexin V*-PE cells in the lower right quadrant that appeared at all treated concentrations
signified the breakage of the plasma membrane and externalization of phosphatidylserine
(PS) due to the loss of membrane assembly, an indicator of early apoptosis. On the other
hand, significant annexin V*—PE and 7-ADD™ cells in the upper right quadrant suggest
the partial loss of cell membrane integrity in MCF-7 cells, eventually causing cell death
due to late apoptosis but not necrosis [58]. Overall, cumulative analysis of bivariate data
exhibits 51.16% cell death by sample C and 34.15% cell death by Neviotin A. These results
are in agreement with the observed activity in other subfractions of sample C (Figure 3B),
suggesting the presence of further active constituents in the chloroform extract. A possible
justification for the greater cell death found in sample C could be due to the additive
effects of other active fractions like 13, 18, or 25. Nonetheless, Neviotin A alone contributed
substantially to the observed overall cell death when compared to sample C. Moreover,
sample C and Neviotin A were analyzed for the activation of key apoptotic proteins. MCF-7
cells showed enhanced cytoplasmic localizations of p53, bax, bcl2, and MAPKPK?2, which
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indicated the translational activation of apoptotic proteins as a consequence of sample C
and Neviotin A exposure. During DNA damage, p53 is activated and translocated to the
nucleus, where it can induce proapoptotic gene expression and accelerate the process of
cell death [59]. Translational upregulation of p53 entails an impairment of cellular repair
machinery, leading to the initiation of an apoptotic process to prevent the subsequent
passage of mutations to other cells. On the other hand, mitochondrial toxicity observed
in the MTT assay shows considerable importance as an early apoptotic event. The main
intrinsic apoptotic pathway is characterized by mitochondrial dysfunction and activation of
caspases [60]. The cytoplasm and nucleus of MCEF-7 cells exhibited localization of PARP-1
after sample C and Neviotin A exposure, indicating its hyperactivation. PARP-1 is a nuclear
protein attributed to participating in the DNA repair and protein modification processes
through quick binding with the nicks and breaks in the damaged DNA. It is evidenced that
higher levels of DNA damage in cells successively cause immense poly(ADP-ribosyl)ation
by PARP-1, which leads to the activation of cell death [61]. Hence, it can be contemplated
that sample C and Neviotin A exposure induced heavy DNA damage that was far beyond
the repair capacity of MCF-7 cells to rescue them from cell death. On the other hand,
MCEF-7 cells exposed to sample C and Neviotin A showed caspase-3 localization in the
cytoplasm. Caspase-3 plays a crucial role in intensifying apoptotic signaling via indirect
or direct stimulation of downstream caspases [62]. Being a key player in orchestrating
the apoptosis process, caspase-3 activation has been rendered a point of no return in the
cascade of apoptotic signaling [63,64]. Relative to sample C, Neviotin A-treated MCF-7 also
demonstrated a comparable effect by activating the apoptotic proteins, indicating its key
role in executing the cell death process.

To unravel the role of sample C and Neviotin A in the induction of human apoptosis
genes, we performed qPCR array experiments. The red and green boxes in the heat maps
generated from sample C- and Neviotin A-treated MCF-7 cells exhibit the upregulation
and downregulation of several genes. Although some genes were not expressed, they
are shown as gray square boxes. The onset of apoptotic cell death in different cell types
has been profoundly coupled with extrinsic and intrinsic pathways, a process in which
impairment of mitochondrial functionality is deeply involved [65]. The extrinsic pathway is
primarily instigated by the transmembrane death receptors belonging to the tumor necrosis
factor (TNF) receptor gene superfamily (TNFRSF) [66]. Activation of key genes in TNFRSF
is associated with the recruitment of FADD, dimerization of the death effector domain,
and procaspase 8. The initiator caspase 8 stimulates caspase 3 to eventually trigger the
extrinsic apoptotic pathway [66,67]. In the JPCR array, sample C- and Neviotin A-exposed
MCEF-7 cells showed upregulation of TNFRSF10B, TNFRSF1B, TNFRSF21, TNFRSF10A,
TNFRSF11B, TNFSF10, TNFSF8, LTBR, and TRAF. The proteins encoded by these genes are
members of the TNF superfamily. Moreover, copious amounts of non-receptor-mediated
stimuli, including free radicals, DNA damage, and toxins, have been attributed to initiating
the intrinsic apoptotic pathway [67]. The intrinsic pathway is principally governed by
the members of the BCL-2 family, which is closely associated with the integrity of the
mitochondrial outer membrane [67]. Similar to our data, TNFRSF10B, TNFRSF1B, and
TNFRSF21 genes were also upregulated in Jurkat E6-1 cells upon treatment with alkaloids
extracted from Tribulus terrestris [68].

The damaged membrane leaks the apoptogenic factors (CYCS, DIABLO) into the
cytoplasm, which, in association with others, activates the cascade of caspases to trigger
apoptosis [69]. In this connection, sample C- and Neviotin A-exposed MCEF-7 cells exhibited
the upregulation of CYCS, BCL2L1, BCL2L2, BCL2L10, BCL2L11, BCL2A1, and DIABLO
genes, thus affirming the inception of an intrinsic apoptotic pathway. Taken together, it
can be speculated that sample C and Neviotin A trigger apoptosis in MCF-7 cells via both
extrinsic and intrinsic pathways. These observations are parallel to the previous findings on
the apoptotic gene expressions in in vitro and in vivo test models infected with HIV, which
exhibited enhanced expression of genes pertaining to extrinsic, intrinsic, and executioner
pathways [70,71].
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Figure 7. Flowchart of the working mechanism of sample C and Neviotin A. Illustration showing the
overall working protocol implemented for the preparation of chloroform extract (sample C) from
marine sponge (Haliclona fascigera) and bioassay-guided fractionation for the isolation, purification,
and structure analysis of Neviotin A, the most active fraction. Different biological assays were
performed to evaluate the anti-breast cancer potential of sample C and Neviotin A.

Apart from the upregulation of the above TNF receptor family genes by sample C,
Neviotin A exposure also upregulated FAS, TRADD, RIPK2, and TRAF3 genes in MCF-
7 cells. Ample evidence indicates that the upregulation of signal transducers has the
ability to induce cell death due to their overexpression [72-77]. Together, FAS and TNFR1
have their conserved death domains in the cytoplasmic tails, which liaise with protein—
protein interactions [78,79] and allow for the recruitment of other death domain-containing
proteins, including FADD, TRADD, or RIP [72-77]. Comparatively, the TNFR2 cytoplasmic
tail has exhibited its interaction with TRAF, leading to the activation of NFKB and the
TNEFR superfamily [76,80-82]. Hence, it can be hypothesized that Neviotin A-induced
cell death in MCF-7 also encompasses additional signaling molecules using the FADD,
TRADD, or RIP receptors. Furthermore, sample C-exposed cells exhibited upregulation of
BIRCS5. Correspondingly, Neviotin A-treated cells upregulated BIRC2, BIRC3, BIRC5, and
BIRC6 genes. These genes are members of the inhibitors of apoptosis (IAPs) family. BIRCS5,
unlike other IAPs, has functions to regulate mitosis and inhibit cell death. Consequently,
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its marked upregulation correlates with tumor resistance to chemotherapy [83,84]; hence,
the BIRC) gene is a promising target for anticancer interventions [85-87]. The upregulation
of BIRC family genes in MCF-7 cells clearly suggests that the inhibition threshold to control
apoptosis was surpassed, eventually causing cell death. MCF-7 showed the upregulation
and downregulation of fewer genes after sample C exposure. Relatively, MCF-7 cells treated
with the purified and most active principle (i.e., Neviotin A) displayed stimulation of
numerous genes. Therefore, the strong anticancer property of sample C can be attributed to
Neviotin A. Such variations may be related to the coexistence of several active constituents
in sample C, which may have interfered with the functionality of other genes. However,
Neviotin A exposure presented a wider magnitude of activated genes, whose functions
were unmasked in the cells. It can be summarized that the apoptotic potential of sample C
and Neviotin A was far beyond the capacity of MCE-7 cells to rescue them from cell death.
A previous study on Neviotin A isolated from the marine sponge Siphonochalina siphonella
also demonstrated its antiproliferative effects in cancer cell lines, including MCE-7 [32].

We performed bioinformatic analysis to identify the miRNA regulators in MCF-7
cells targeting the upregulated and downregulated genes after sample C and Neviotin A
exposure. The miRNA-gene interaction map of sample C-treated cells showed 326 miR-
NAs were involved in the upregulation of genes (Figure S11A, left panel; Supplementary
Table S3), while 164 miRNAs targeted the downregulated genes in MCF-7 exposed to
sample C (Figure S11A, right panel; Supplementary Table S3). In the case of Neviotin A,
260 miRNAs targeted the upregulated genes in cells (Figure S11B, left panel; Supplementary
Table 54). A total of 509 miRNAs were involved in the downregulation of genes in MCF-7
cells exposed to Neviotin A (Figure S11B, right panel; Supplementary Table S4). The role
of miRNA can be understood by the fact that a single miRNA can control several target
genes. On the other hand, multiple miRNAs can control a single target gene. Similar to
our finding, an environmental pollutant (zearalenone)-exposed Leydig cell line (TM3) also
demonstrated the potential connection of the miRNA-gene network under toxicological
repercussions in exposed cells [88]. Hence, it can be argued that the interdependency of the
miRNA-gene network plays a crucial role in the functional operation of allied pathways.
Our bioinformatic data provide a theoretical basis for this assumption. Hence, the apoptotic
pathway in MCF-7 after sample C and Neviotin A exposure is not only restricted to gene
regulation; a variety of miRNA-regulated networks are also involved, which are deemed to
have been thoroughly investigated.

4. Materials and Methods
4.1. General

High-performance liquid chromatography with photodiode array detection (HPLC-
DAD) analysis was conducted on an Agilent HP1100 system (Waldbronn, Germany)
equipped with an autosampler, DAD, and column thermostat. For high-performance
liquid chromatography with electrospray mass spectrometry (HPLC-ESIMS) experiments,
the instrument was connected to an Esquire 3000 plus (Bruker Daltonics, Bremen, Germany)
ion trap using electrospray ionization (ESI). LC parameters: stationary phase: Phenomenex
MAX-RP 5 pm, 4.6 x 150 mm; mobile phase: A = H,O + 0.9% formic acid + 0.1% acetic
acid, B = acetonitrile + 0.9% formic acid + 0.1% acetic acid; gradient: 0 min: 2% B; 30 min:
98% B; 45 min: stop; temp.: 30 °C, flow: 1 mL/min inj. vol.: 10 uL, sample conc.: extract
5 mg/mL; fractions 1 mg/mL in MeOH. MS parameter: split, 1:5; ESI, negative mode;
spray voltage, 4.5 kV; dry temperature, 325 °C; drying gas flow rate, 8.00 L/min; nebulizer
gas, 30 psi; mode, scan range: m/z 100-1200. One- and two-dimensional NMR experiments
were recorded on a Bruker Avance II 600 spectrometer (Bruker) operating at 600.19 MHz
(*H) and 150.91 MHz (*3C) at 300 K (chemical shifts & in ppm, coupling constants J in Hz),
with deuterated chloroform (CDCl; or DMSO-d) as solvent.
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4.2. Collection of Sponge

Sponge (Haliclona fascigera) was collected from the Red Sea coral reefs at a depth
of 12 m around 7 km offshore (N23° 54.682, E38° 09.130) from Yanbu Industrial Park,
Yanbu, Saudi Arabia (Figure 1A). The sponge was identified as Haliclona fascigera by the
Environmental Control Department, Royal Commission for Jubail and Yanbu, Saudi Arabia.
All samples were kept frozen at —20 °C until extraction.

4.3. Extract Preparation and Activity-Guided Isolation

The freeze-dried sample C (2.0 g) was powdered, extracted with chloroform
(3 x 50 mL) each time for 24 h at room temperature, and filtered through Whatman No. 1
filter paper. Obtained filtrates were combined and evaporated to complete dryness under
reduced pressure by using Biichi Rotavapor (Model R-215) at 40 °C, yielding 386 mg of
crude extract named sample C. The dried sample C was redissolved in DMSO and used for
evaluating its cytotoxicity against MCF-7 cells (a detailed method is presented below). The
preliminary screening of the extract showed significant activity, which prompted activity-
guided isolation of the active principal(s). Therefore, a small amount of the chloroform
extract (52.5 mg) was suspended in 3 mL of n-hexane and mixed with 500 mg of silica gel
(40-60 pm). The dried sample was transferred into a 3 g solid loader of a Reveleris X2 flash
system (Btichi, Switzerland) and fractionated over a 4 g HP silica column (20 pm) using a
gradient of n-hexane to ethyl acetate (0% to 100% in 25 min) to methanol (in 5 min to 100%;
kept for 10 min). The applied flow rate was set to 5 mL/min. The eluate was monitored by
ELSD (setting: high sensitivity, threshold 20 mV, high slope detection) and automatedly
collected according to peak detection into 75 test tubes. The fractions were evaporated
to dryness overnight at room temperature in a hood and analyzed using HPLC/MS. The
fractions were pooled according to the results of the LC MS analysis into 21 fractions. The
analysis of tubes 21, 22, and 23 showed the presence of a single and identical compound.
Therefore, tube 21 was used for bioassay studies, while tubes 22 and 23 were combined
(6.12 mg) and subjected to further analysis (1D-, 2D- NMR, and LC-MS) for structure eluci-
dation, which enabled the identification of the compound as Neviotin A, with an unclear
stereochemistry. In order to simulate ECD spectra, the 3D structure of the relevant part of
the isolated compound (described in Figure 3) was subjected to Schrodinger MacroModel
9.1 (Schrodinger, LLC, New York, NY, USA) to perform conformational analysis using OPLS-
3 force filed in the gas phase. The number of steps was set high enough to include all the
important conformers. The conformers obtained (seven conformers in total) at the energy
window of 5 Kcal-mol~! optimized at the DFT/wb97xd/6-31g(d,p)/CPCM/ acetonitrile
level of theory using Gaussian 16. Vibrational frequencies were calculated at the same
level, and no imaginary frequencies were observed. In total, two dominant conformers
were obtained with populations of 52 and 48% (Figure S1). UV and ECD simulations were
performed by implementing TD-DFT/cam-b3lyp/6-31+g(d,p) /CPCM/ acetonitrile, and
the curves obtained were extracted by SpecDis v.1.7 software with a half-band of 0.4 eV. No
UV correction was required. The spectrum obtained was compared to the experimental
spectrum recorded in acetonitrile with the Jasco J-1500 instrument (Easton, MD, USA).

4.4. Cell Culture and Cell Proliferation Assays

Sample C-induced proliferation inhibition of MCF-7 cells was analyzed using MTT
and NRU assays. The rationale for the selection of concentrations was based on a wide
screening of proliferation inhibition in MCF-7 cells, ranging from low to high (10, 25, 50,
100, 250, 500, and 1000 pg/mL) concentrations of Haliclona fascigera extracted with ethanol,
chloroform, or water. Based on the highest proliferation inhibition by the chloroform extract
(sample C) in MTT and NRU assays, the following sublethal concentrations (10, 25, and
50 ng/mL) were selected for further experiments (Figure S52). Hydrogen peroxide (H,O»)
(250 uM), as a positive control, was used to separately expose MCF-7 cells for 24 h at 37
°C in a CO; (5%) incubator. As a negative control, MCF-7 cells were treated separately
with DMSO (0.3%) present in the highest concentration of sample C (50 pg/mL) under
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identical conditions [58]. On the other hand, MCF-7 cells were grown for 24 h at 37 °C
in a COy (5%) incubator with 10, 25, and 50 nug/mL of sample C in a 96-well plate. After
exposure, MTT dye (5 mg/mL) was added to each well and incubated for 4 h at 37 °C,
followed by absorbance measurement at 550 nm on a microplate reader (Multiskan EXx,
Thermo Scientific, Vantaa, Finland). The NRU assay was carried out by adding neutral
red dye (50 pg/mL) to each well, followed by incubation for 3 h. Cells were washed off
rapidly with a solution containing 1% calcium chloride and 0.5% formaldehyde. A mixture
of acetic acid (1%) and ethanol (50%) was added to each well and incubated for 20 min at
37 °C. The aqueous medium was carefully aspirated, and 200 pL of DMSO was added to
each well, followed by an absorbance measurement at 550 nm [58].

4.5. Flow Cytometric Quantitation of ROS

MCE-7 cells exposed to 10, 25, and 50 pg/mL of sample C for 24 h were detached
using trypsin EDTA (0.25%). Cells were spun down at 3000 rpm for 3 min and washed
twice with cold phosphate buffer saline (PBS), followed by the resuspension of cells in
500 pL of Ca?* and Mg?*-free PBS containing 5 uM of fluorescent dye (DCFH-DA) dye.
All cells were incubated for 60 min at 37 °C in the dark, followed by washing with PBS.
The fluorescence of DCF was recorded upon excitation at 488 nm in the FL1 Log channel
through a 525 nm bandpass filter on a Beckman Coulter flow cytometer (Coulter Epics
XL/XI-MCL, Beckman Coulter, Inc., Brea, CA, USA) [89].

4.6. Cell Cycle Dysregulation

Sample C treated (10, 25, and 50 ug/mL) MCF-7 cells were trypsinized and centrifuged
at 3000 rpm for 5 min. Ice-cold 70% ethanol (500 uL) was added to fix the cells in each tube
and left for 1 h at 4 °C. Cells were spun down at 3000 rpm for 5 min and washed twice with
PBS. Cell pellets were suspended in PBS containing 0.1% Triton X-100, 50 pg propidium
iodide (PI)/mL, and 50 ug/mL RNase A for 1 h at 30 °C in the dark. Propidium iodide
(PI) fluorescence from 10,000 events was acquired on a flow cytometer through the FL4
Log channel via a 675 nm bandpass filter. The data were analyzed using Coulter Epics
XL/XL-MCL, System II Software, Version 3.0. Cell cycle deregulation with all fractions
(1-10,11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 24, 25, 26, 27, 28-36, 37-40, 41-57, 58-75) from
sample C was separately analyzed by following the above method [89].

4.7. Apoptosis and Necrosis Analysis

MCEF-7 cells were separately treated with sample C (10, 25, and 50 pg/mL) and
Neviotin A (isolated and purified from sample C) (10, 25, and 50 ng/mL) for 24 h at 37 °C.
Post-exposure cells were harvested and processed according to the manufacturer’s protocol
(Annexin V Apoptosis Kit PE # 736518, Beckman Coulter, Inc., Brea, CA, USA). Briefly,
cells were washed twice with ice-cold PBS and pelleted at 3000 rpm for 4 min. Pellets
were resuspended at a density of 1 x 10° cells/mL in 1x binding buffer. Cell suspension
(100 pL) from each concentration was separately incubated on ice for 15 min with annexin
V-PE (10 pL) in the dark, followed by the addition of 7-AAD (10 uL) and 1x binding buffer
(380 pL) in all tubes. Cells were kept on ice and analyzed within 30 min after staining.
Fluorescence from 10,000 events was recorded on the flow cytometer through channels FL2
Log AnnexinV-PE (570 nm) and FL3 Log 7-AAD (585 nm) [58].

4.8. Transcriptome Analysis by qPCR Array

Sample C and Neviotin A induced transcriptional changes in the human apoptosis
genes, which were analyzed using a qPCR array. In brief, RNA was isolated from sample
C (25 ug/mL)- and Neviotin A (25 pg/mL)-exposed MCEF-7 cells using a commercially
available kit (RNeasy Mini Kit, Cat. No. 74106, Qiagen, Hilden, Germany). Purification
of RNA was performed using the PureLink™ RNA Mini kit (Thermo Fisher Scientific,
Waltham, MA, USA) by Invitrogen® automated system, and its purity was verified on a
Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA
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synthesis was performed using 1 pg of total RNA by the RT? First Strand Kit (Cat. No.
33040, Qiagen, Germantown, MD, USA). Expressional changes in the 84 genes responsible
for human apoptosis were quantified using the 96-well format of the RT? Profiler™ PCR
Array (Cat. No. PAHS-012F-24, SABiosciences Corporation, Frederick, MD, USA). cDNA
equivalent to 1 pg of total RNA was used for each array. The array plates were run on
Roche® LightCycler® 480 (Roche Diagnostics, Rotkreuz, Switzerland) following the recom-
mended cycling programs. Online software from SABiosciences Corporation, Frederick,
MD, was used to analyze the expression data. Sample C and Neviotin A expression results
were normalized to the average Ct values of five housekeeping genes (ACTB, B2M, GAPDH,
HPRT1, and RPLPO) expressed with respect to the untreated control. RT-PCR array data
were evaluated from at least three independent experiments, and the resultant 2~ 2ACt
values were combined to calculate the average fold regulation values. Online bioinformatic
tools from Qiagen (Gene Globe) were used for developing the fold change scatter plots,
heat maps, and miRNA network [89,90].

4.9. Immunofluorescence Analysis

MCEF-7 cells at a density of 1 x 10* cells/well were independently exposed to sample
C (25 pg/mL) and Neviotin A (25 pg/mL) in 16-well Nunc glass chamber slides for
24 h. The media were discarded, and cells were fixed with 70% chilled methanol at
—20 °C for 20 min, followed by washing with PBS. Cells were further incubated with 5%
BSA for 1 h, followed by washing with PBS. Primary antibodies anti-p53 (Cat. no. sc-6243),
anti-bax (Cat. no. sc-526), anti-bcl2 (Cat. no. sc-783), anti-MAPKPK2 (Cat. no. sc-7871),
anti-PARP-1 (Cat. no. sc-25780), anti-caspase 3 (Cat. no. sc-7148) (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) at the recommended dilution of 1:50 were added in separate
wells of control and treated cells and allowed to incubate for 1 h at room temperature.
After the incubation, all primary antibodies were discarded, and cells were washed five
times with a mixture of 1% BSA and 0.001% Triton-X solution. Cells were then incubated
with the recommended dilution (1:100) of secondary antibody (goat anti-rabbit IgG-TR Cat.
No. sc-2780). In the case of caspase 3, cells were incubated with a 1:100 dilution of goat
anti-rabbit IgG-FITC (Cat. No. sc-2012) (Santa Cruz Biotechnology Inc., USA) for 1 h at
room temperature in the dark, followed by a thorough washing of cells with PBS. Nuclear
staining was carried out by adding 300 nM of 4’,6-diamidino-2-phenylindole (DAPI) for
5 min, followed by washing with PBS. Cells were then overlaid with Prolong Gold Antifade
Mountant (Cat. No. P36930, Thermo Fisher, Carlsbad, CA, USA) and covered with a
coverslip. The immunofluorescence of proteins was captured by the use of a fluorescence
microscope (Nikon Eclipse 80i, Minato-ku, Tokyo, Japan) [91].

4.10. Transcriptional Upregulation of Apoptotic Genes

Real-time PCR expression of some selected genes (p53, bax, and caspase 3) from sam-
ple C (25 ug/mL)- and Neviotin A (25 pg/mL)-treated MCEF-7 cells was carried out to
validate the immunofluorescence data [89]. In brief, RNA isolation, purification, and
quantitation were performed as described above. The first-strand cDNA synthesis was
performed using 1 pg of total RNA and 100 ng of oligop (dT)12-18 primer and MLV
reverse transcriptase (GE Health Care, UK) following the manufacturer’s protocol. The
following set of primers were used for p53 (5" FCCCAGCCAAAGAAGAAACCA-3, 5
R-TTCCAAGGCCTCATTCAGCT-3'), bax (5 F-TGCTTCAGGGTTTCATCCAG-3/, 5 R-
GGCGGCAATCATCCTCTG-3'), caspase 3 (5' FFACATGGCGTGTCATAAAATACC-3/, 5
R-CACAAAGCGACTGGATGAAC-3'), HPRT (5" F-CCACTCCTCCACCTTTGAC-3, 5’
R-ACCCTGTTGCTGTAGCCA-3'). Normalization of the gene expression was performed
using HPRT as an internal housekeeping gene. LightCycler® 480 was used to measure the
fluorescence of SYBR Green I Master (Cat. No. 04707516001, Roche Diagnostics, Switzer-
land). A typical PCR mixture (20 uL) contained 10 puL of gPCR GreenMaster, 2.5 uL of
100 ng of cDNA, and 7.5 pmol of each primer. Instrument conditions were kept as follows:
initial heat-denaturing step at 95 °C (ramp rate 4.4 °C/s) for 10 min; 45 cycles at 95 °C
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for 20 s (ramp rate 4.4 °C/s); annealing at 58 °C for all the primers for 20 s (ramp rate
2.2 °C/s); and product elongation and signal acquisition (single mode) at 72 °C for 20 s
(ramp rate 4.4 °C/s). A template for negative control was used as water, and amplifications
were included with each PCR run. Fold changes in the gene were analyzed using the
2-8ACt method.

4.11. Statistical Analysis

Statistical significance was determined using GraphPad Prism 9 by performing normal-
ity (Shapiro-Wilk) and equal variance (Brown-Forsythe) tests with a subsequent ANOVA
(one-way) post-hoc (Tukey’s multiple comparisons) test at p < 0.05. ANOVA (two-way)
was performed using Sidak’s multiple comparisons test.

5. Conclusions

We found that Haliclona fascigera extract (sample C) at low concentrations has the
potential to induce transcriptomic alterations and cell death in MCF-7 cells. The MTT and
NRU data clearly demonstrated that sample C provoked cytotoxicity after 24 h of exposure.
The treated cells exhibited oxidative stress, manifested as ROS generation. Flow cytometric
data elucidated that sample C can trigger cell death exclusively by apoptosis but not by
necrosis. The highest percentage of cell death induced by the bioactive fraction (21) of
sample C, identified as Neviotin A, can be attributed to possessing anticancer properties.
However, components other than Neviotin A may also play a synergistic role in triggering
cell death in MCF-7 cells, which warrants future studies. Transcriptome analysis revealed
the crosstalk between different apoptotic pathways, especially the genes encoding functions
in apoptosis and cell death. We provide novel information on the fact that Haliclona fascigera
extract exhibits anticancer properties against breast cancer via the activation of BIRCS,
AKT1, MAPK, and TNFRSF1A genes. Neviotin A from Haliclona fascigera extract could be
utilized for the future development of a chemotherapy drug for breast cancer. Nonetheless,
to understand the related biological meaning, translational analysis and antitumor studies
of Neviotin A are warranted in suitable in vitro and in vivo test models.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28176289 /51, Figure S1: Population of the conformers
obtained at wb97xd/6-31g(d,p)/CPCM/acetonitrile. Figure S2: Screening of Haliclona fascigera
extracts on cell proliferation of MCF-7 cells after 24 h. Figure S3; TIC of the LC-MS analysis (ESI,
negative modus) of sample C (5 mg/mL) and selected subfractions of sample C (each 1 mg/mL).
Figure S4; 1H—NMR—spectrum in CDCl3. Figure S5; BBCarbon NMR spectrum in CDCl;3. Figure S6;
COSY-spectrum in CDCl3. Figure S7; HSQC-spectrum in CDCl;. Figure S8; HMBC-spectrum in
CDCl;. Figure S9; NOESY-spectrum in CDCl3. Figure S10; TOCSY-spectrum in CDClj3.Table S1:
NMR data of Neviotin A measured in CDCl3 or DMSO-dg. Figure 511; miRNAs-gene network map.
Table S2: List of genes up- and downregulated in qPCR array. Tables S3 and S4: Number of miRNAs
targeting an individual gene in sample C and Neviotin A-exposed MCF-7 cells.

Author Contributions: Conceptualization, Q.S. and A.A.A.-K,; Data curation, Q.S.,S.S.,, M.A,,S.A,,
M.AS., J.A.,, M.E, RW. and EM.A.-S.; Formal analysis, Q.S., S.S. and H.S.; Funding acquisition,
A.A.A-K,; Investigation, Q.S., S.S., A.J.A.-R. and H.S.; Methodology, Q.S., S.S.,, M.A., S.A., M.A.S.
and MLE; Project administration, Q.S. and A.A.A.-K.; Resources, S.S., AJ.A-R., H.S. and A A A-K,;
Software, EM.A.-S.; Supervision, A.J.A.-R., H.S. and A.A.A.-K; Validation, Q.S., S.S. and M.A.;
Visualization, H.S. and A.A.A-K,; Writing—original draft, Q.S., S.S. and S.A.; Writing—review and
editing, Q.S. and S.S. All authors have read and agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deputyship for Research & Innovation,
Ministry of Education in Saudi Arabia for funding this research. (IFKSURC-1-3202).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data are provided in this manuscript.


https://www.mdpi.com/article/10.3390/molecules28176289/s1
https://www.mdpi.com/article/10.3390/molecules28176289/s1

Molecules 2023, 28, 6289 18 of 21

Acknowledgments: The authors extend their appreciation to the Deputyship for Research & Innova-
tion, Ministry of Education in Saudi Arabia for funding this research (IFKSURC-1-3202).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1. Sarfaraj, H.M.; Sheeba, F; Saba, A.; Khan, M. Marine natural products: A lead for Anti-cancer. Indian J. Geo-Mar. Sci. 2012,
41, 27-39.

2. Van Minh, C.; Van Kiem, P; Dang, N.H. Marine natural products and their potential application in the future. ASEAN J. Sci.
Technol. Dev. 2005, 22, 297-311. [CrossRef]

3.  Burgess, ].G. New and emerging analytical techniques for marine biotechnology. Curr. Opin. Biotechnol. 2012, 23,29-33. [CrossRef]

4. Williams, D.H.; Stone, M.J.; Hauck, P.R.; Rahman, S.K. Why Are Secondary Metabolites (Natural Products) Biosynthesized? J. Nat.
Prod. 1989, 52, 1189-1208. [CrossRef]

5. Firn, RD,; Jones, C.G. Natural products—A simple model to explain chemical diversity. Nat. Prod. Rep. 2003, 20, 382-391.
[CrossRef]

6. Hussain, A.; Bourguet-Kondracki, M.-L.; Majeed, M.; Ibrahim, M.; Imran, M.; Yang, X.-W.; Ahmed, I.; Altaf, A.A.; Khalil,
A.A; Rauf, A,; et al. Marine life as a source for breast cancer treatment: A comprehensive review. Biomed. Pharmacother. 2023,
159, 114165. [CrossRef]

7. Lyu, C; Chen, T; Qiang, B.; Liu, N.; Wang, H.; Zhang, L.; Liu, Z. CMNPD: A comprehensive marine natural products database
towards facilitating drug discovery from the ocean. Nucleic Acids Res. 2021, 49, D509-D515. [CrossRef]

8.  Ahmed, S.; Mirzaei, H.; Aschner, M.; Khan, A.; Al-Harrasi, A.; Khan, H. Marine peptides in breast cancer: Therapeutic and
mechanistic understanding. Biomed. Pharmacother. 2021, 142, 112038. [CrossRef]

9.  Zhang, Q.-T; Liu, Z.-D.; Wang, Z.; Wang, T.; Wang, N.; Wang, N.; Zhang, B.; Zhao, Y.-F. Recent Advances in Small Peptides of
Marine Origin in Cancer Therapy. Mar. Drugs 2021, 19, 115. [CrossRef]

10. Su, B.-C,; Hung, G.-Y,; Tu, Y.-C.; Yeh, W.-C.; Lin, M.-C.; Chen, J.-Y. Marine Antimicrobial Peptide TP4 Exerts Anticancer Effects on
Human Synovial Sarcoma Cells via Calcium Overload, Reactive Oxygen Species Production and Mitochondrial Hyperpolarization.
Mar. Drugs 2021, 19, 93. [CrossRef]

11. Hsu, H.-C.; Chen, M.-H.; Yeh, M.-L.; Chen, W.-]. Antibacterial and Anticancer Activities of Pleurocidin-Amide, a Potent Marine
Antimicrobial Peptide Derived from Winter Flounder, Pleuronectes americanus. Mar. Drugs 2022, 20, 519. [CrossRef] [PubMed]

12.  Sachdeva, B.; Sachdeva, P; Negi, A.; Ghosh, S.; Han, S.; Dewanjee, S.; Jha, S.K.; Bhaskar, R.; Sinha, ] K.; Paiva-Santos, A.C.;
et al. Chitosan Nanoparticles-Based Cancer Drug Delivery: Application and Challenges. Mar. Drugs 2023, 21, 211. [CrossRef]
[PubMed]

13.  Gonzalez-Ballesteros, N.; Maietta, I.; Rey-Méndez, R.; Rodriguez-Argtielles, M.C.; Lastra-Valdor, M.; Cavazza, A.; Grimaldi,
M.; Bigi, F; Simon-Vazquez, R. Gold Nanoparticles Synthesized by an Aqueous Extract of Codium tomentosum as Potential
Antitumoral Enhancers of Gemcitabine. Mar. Drugs 2023, 21, 20. [CrossRef] [PubMed]

14. Kruk, K.; Winnicka, K. Alginates Combined with Natural Polymers as Valuable Drug Delivery Platforms. Mar. Drugs 2023, 21, 11.
[CrossRef]

15. American Cancer Society. Cancer Facts & Figures 2023. American Cancer Society, 2023. Available online: https:
/ /www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics /annual-cancer-facts-and-figures /20
23/2023-cancer-facts-and-figures.pdf (accessed on 22 August 2023).

16. Ghareeb, M.A.; Tammam, M. A ; El-Demerdash, A.; Atanasov, A.G. Insights about clinically approved and Preclinically investi-
gated marine natural products. Curr. Res. Biotechnol. 2020, 2, 88-102. [CrossRef]

17.  Wang, E.; Sorolla, M.A.; Gopal Krishnan, P.D.; Sorolla, A. From Seabed to Bedside: A Review on Promising Marine Anticancer
Compounds. Biomolecules 2020, 10, 248. [CrossRef]

18. Faulkner, D.J. Marine natural products. Nat. Prod. Rep. 2002, 19, 1-49. [CrossRef]

19. Blunt, JW,; Copp, B.R; Keyzers, R.A.; Munro, M.H.G.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep. 2017, 34, 235-294.
[CrossRef]

20. Sipkema, D.; Franssen, M.C.R.; Osinga, R.; Tramper, J.; Wijffels, R.H. Marine sponges as pharmacy. Mar. Biotechnol. 2005,
7,142-162. [CrossRef]

21. Chianese, G.; Yu, H.-B.; Yang, F.; Sirignano, C.; Luciano, P; Han, B.-N.; Khan, S.; Lin, H.-W.; Taglialatela-Scafati, O. PPAR
Modulating Polyketides from a Chinese Plakortis simplex and Clues on the Origin of Their Chemodiversity. J. Org. Chem. 2016,
81, 5135-5143. [CrossRef]

22. Lai, K.-H.; Liu, Y.-C,; Su, J.-H.; El-Shazly, M.; Wu, C.-F; Du, Y.-C,; Hsu, Y.-M.; Yang, ].-C.; Weng, M.-K.; Chou, C.-H.; et al.
Antileukemic Scalarane Sesterterpenoids and Meroditerpenoid from Carteriospongia (Phyllospongia) sp., Induce Apoptosis via
Dual Inhibitory Effects on Topoisomerase IT and Hsp90. Sci. Rep. 2016, 6, 36170. [CrossRef] [PubMed]

23. Wang, M,; Tietjen, I.; Chen, M.; Williams, D.E.; Daoust, J.; Brockman, M.A.; Andersen, R.]. Sesterterpenoids Isolated from the

Sponge Phorbas sp. Activate Latent HIV-1 Provirus Expression. J. Org. Chem. 2016, 81, 11324-11334. [CrossRef] [PubMed]


https://doi.org/10.29037/ajstd.167
https://doi.org/10.1016/j.copbio.2011.12.007
https://doi.org/10.1021/np50066a001
https://doi.org/10.1039/b208815k
https://doi.org/10.1016/j.biopha.2022.114165
https://doi.org/10.1093/nar/gkaa763
https://doi.org/10.1016/j.biopha.2021.112038
https://doi.org/10.3390/md19020115
https://doi.org/10.3390/md19020093
https://doi.org/10.3390/md20080519
https://www.ncbi.nlm.nih.gov/pubmed/36005521
https://doi.org/10.3390/md21040211
https://www.ncbi.nlm.nih.gov/pubmed/37103352
https://doi.org/10.3390/md21010020
https://www.ncbi.nlm.nih.gov/pubmed/36662193
https://doi.org/10.3390/md21010011
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2023/2023-cancer-facts-and-figures.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2023/2023-cancer-facts-and-figures.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2023/2023-cancer-facts-and-figures.pdf
https://doi.org/10.1016/j.crbiot.2020.09.001
https://doi.org/10.3390/biom10020248
https://doi.org/10.1039/B009029H
https://doi.org/10.1039/C6NP00124F
https://doi.org/10.1007/s10126-004-0405-5
https://doi.org/10.1021/acs.joc.6b00695
https://doi.org/10.1038/srep36170
https://www.ncbi.nlm.nih.gov/pubmed/27796344
https://doi.org/10.1021/acs.joc.6b02312
https://www.ncbi.nlm.nih.gov/pubmed/27768313

Molecules 2023, 28, 6289 19 of 21

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.
48.

49.

Kikuchi, M.; Konno, H. Cytotoxic evaluation of natural and synthetic callipeltins: A revision of cytotoxicity of callipeltin B. Biosci.
Biotechnol. Biochem. 2016, 80, 1066-1069. [CrossRef] [PubMed]

Goey, AK.L,; Chau, C.H,; Sissung, TM.; Cook, K.M.; Venzon, D.J.; Castro, A.; Ransom, T.R.; Henrich, C.J.; McKee, T.C.; McMahon,
J.B.; et al. Screening and Biological Effects of Marine Pyrroloiminoquinone Alkaloids: Potential Inhibitors of the HIF-1o/p300
Interaction. J. Nat. Prod. 2016, 79, 1267-1275. [CrossRef] [PubMed]

Alonso, E.; Alvarino, R.; Leirés, M.; Tabudravu, ].N.; Feussner, K.; Dam, M.A.; Rateb, M.E.; Jaspars, M.; Botana, L.M. Evaluation
of the Antioxidant Activity of the Marine Pyrroloiminoquinone Makaluvamines. Mar. Drugs 2016, 14, 197. [CrossRef]

Florean, C.; Schnekenburger, M.; Lee, ].-Y.; Kim, K.R.; Mazumder, A.; Song, S.; Kim, J.-M.; Grandjenette, C.; Kim, J.-G.; Yoon,
A.-Y,; et al. Discovery and characterization of Isofistularin-3, a marine brominated alkaloid, as a new DNA demethylating agent
inducing cell cycle arrest and sensitization to TRAIL in cancer cells. Oncotarget 2016, 7, 24027-24049. [CrossRef]

Bae, W.; Lim, HK,; Kim, K.M.; Cho, H.; Lee, S.Y,; Jeong, C.-S.; Lee, H.-S,; Jung, ]. Apoptosis-Inducing Activity of Marine Sponge
Haliclona sp. Extracts Collected from Kosrae in Nonsmall Cell Lung Cancer A549 Cells. Evid.-Based Complement. Alternat. Med.
2015, 2015, 717959. [CrossRef]

Alarif, WM.; Abdel-Lateff, A.; Al-Lihaibi, S.S.; Ayyad, S.-E.N.; Badria, FA. A New Cytotoxic Brominated Acetylenic Hydrocarbon
from the Marine Sponge Haliclona sp. with a Selective Effect against Human Breast Cancer. Z. Naturforsch. C Biosci. 2013,
68, 70-75. [CrossRef]

Choi, K.; Lim, HK.; Oh, S.R.; Chung, W.-H.; Jung, J. Anticancer Effects of the Marine Sponge Lipastrotethya sp. Extract on
Wild-Type and p53 Knockout HCT116 Cells. Evid.-Based Complement. Alternat. Med. 2017, 2017, 7174858. [CrossRef]

Carmely, S.; Kashman, Y. Neviotine-A, a new triterpene from the Red Sea sponge Siphonochalina siphonella. J. Org. Chem. 1986,
51, 784-788. [CrossRef]

Angawi, RF; Saqer, E.; Abdel-Lateff, A.; Badria, FA.; Ayyad, S.-E.N. Cytotoxic neviotane triterpene-type from the red sea sponge
Siphonochalina siphonella. Pharmacogn. Mag. 2014, 10, S334-S341. [CrossRef] [PubMed]

Beesoo, R.; Neergheen-Bhujun, V.; Bhagooli, R.; Bahorun, T. Apoptosis inducing lead compounds isolated from marine organisms
of potential relevance in cancer treatment. Mutat. Res.-Fundam. Mol. Mech. Mutagen. 2014, 768, 84-97. [CrossRef] [PubMed]
Schumacher, M.; Kelkel, M.; Dicato, M.; Diederich, M. Gold from the sea: Marine compounds as inhibitors of the hallmarks of
cancer. Biotechnol. Adv. 2011, 29, 531-547. [CrossRef]

Gerwick, W.H.; Moore, B.S. Lessons from the Past and Charting the Future of Marine Natural Products Drug Discovery and
Chemical Biology. Chem. Biol. 2012, 19, 85-98. [CrossRef] [PubMed]

Mayer, A.M.; Glaser, K.B.; Cuevas, C.; Jacobs, R.S.; Kem, W.; Little, R.D.; McIntosh, ].M.; Newman, D.].; Potts, B.C.; Shuster, D.E.
The odyssey of marine pharmaceuticals: A current pipeline perspective. Trends Pharmacol. Sci. 2010, 31, 255-265. [CrossRef]
Hoppers, A.; Stoudenmire, J.; Wu, S.; Lopanik, N.B. Antibiotic activity and microbial community of the temperate sponge,
Haliclona sp. J. Appl. Microbiol. 2015, 118, 419-430. [CrossRef]

Nazemi, M.; Alidoust Salimi, M.; Alidoust Salimi, P.; Motallebi, A.; Tamadoni Jahromi, S.; Ahmadzadeh, O. Antifungal and
antibacterial activity of Haliclona sp. from the Persian Gulf, Iran. J. Mycol. Med. 2014, 24, 220-224. [CrossRef]

Yamazaki, H.; Wewengkang, D.S.; Kanno, S.; Ishikawa, M.; Rotinsulu, H.; Mangindaan, R.E.; Namikoshi, M. Papuamine and
haliclonadiamine, obtained from an Indonesian sponge Haliclona sp., inhibited cell proliferation of human cancer cell lines. Nat.
Prod. Res. 2013, 27, 1012-1015. [CrossRef]

Shirazi, FH.; Zarghi, A.; Ashtarinezhad, A.; Kobarfard, F.; Nakhjavani, M.; Anjidani, N.; Zendehdel, R.; Arfaiee, S.; Shoeibi, S.;
Mohebi, S. Remarks in Successful Cellular Investigations for Fighting Breast Cancer Using Novel Synthetic Compounds; INTECH Open
Access Publisher: Rijeka, Croatia, 2011.

Holliday, D.L.; Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011, 13, 215. [CrossRef]

Gest, C.; Joimel, U.; Huang, L.; Pritchard, L.-L.; Petit, A.; Dulong, C.; Buquet, C.; Hu, C.-Q.; Mirshahi, P; Laurent, M.; et al. Rac3
induces a molecular pathway triggering breast cancer cell aggressiveness: Differences in MDA-MB-231 and MCF-7 breast cancer
cell lines. BMC Cancer 2013, 13, 63. [CrossRef]

SErban, C.; Anca Maria, C.; Marius, R. The Story of MCF-7 Breast Cancer Cell Line: 40 years of Experience in Research. Anticancer
Res. 2015, 35, 3147-3154.

Sweeney, E.E.; McDaniel, R.E.; Maximov, P.Y,; Fan, P.; Jordan, V.C. Models and mechanisms of acquired antihormone resistance
in breast cancer: Significant clinical progress despite limitations. Horm. Mol. Biol. Clin. Investig. 2012, 9, 143-163. [CrossRef]
[PubMed]

Liu, H,; Tang, S.; Zheng, X.; Zhu, Y.; Ma, Z.; Liu, C.; Hecker, M.; Saunders, D.M.; Giesy, ].P.; Zhang, X.; et al. Bioaccumulation,
biotransformation, and toxicity of BDE-47, 6-OH-BDE-47, and 6-MeO-BDE-47 in early life-stages of zebrafish (Danio rerio). Environ.
Sci. Technol. 2015, 49, 1823-1833. [CrossRef] [PubMed]

Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1-13. [CrossRef]

Zhao, M.; Antunes, F; Eaton, ].W.; Brunk, U.T. Lysosomal enzymes promote mitochondrial oxidant production, cytochrome c
release and apoptosis. Eur. J. Biochem. 2003, 270, 3778-3786. [CrossRef] [PubMed]

Todkar, K.; lamathi, H.S.; Germain, M. Mitochondria and Lysosomes: Discovering Bonds. Front. Cell Dev. Biol. 2017, 5, 106.
[CrossRef]

Demers-Lamarche, J.; Guillebaud, G.; Tlili, M.; Todkar, K.; Bélanger, N.; Grondin, M.; Nguyen, A.P.; Michel, J.; Germain, M. Loss
of Mitochondrial Function Impairs Lysosomes. J. Biol. Chem. 2016, 291, 10263-10276. [CrossRef]


https://doi.org/10.1080/09168451.2016.1148581
https://www.ncbi.nlm.nih.gov/pubmed/26923922
https://doi.org/10.1021/acs.jnatprod.5b00846
https://www.ncbi.nlm.nih.gov/pubmed/27140429
https://doi.org/10.3390/md14110197
https://doi.org/10.18632/oncotarget.8210
https://doi.org/10.1155/2015/717959
https://doi.org/10.1515/znc-2013-1-210
https://doi.org/10.1155/2017/7174858
https://doi.org/10.1021/jo00356a003
https://doi.org/10.4103/0973-1296.133292
https://www.ncbi.nlm.nih.gov/pubmed/24991112
https://doi.org/10.1016/j.mrfmmm.2014.03.005
https://www.ncbi.nlm.nih.gov/pubmed/24685981
https://doi.org/10.1016/j.biotechadv.2011.02.002
https://doi.org/10.1016/j.chembiol.2011.12.014
https://www.ncbi.nlm.nih.gov/pubmed/22284357
https://doi.org/10.1016/j.tips.2010.02.005
https://doi.org/10.1111/jam.12709
https://doi.org/10.1016/j.mycmed.2014.03.005
https://doi.org/10.1080/14786419.2012.688050
https://doi.org/10.1186/bcr2889
https://doi.org/10.1186/1471-2407-13-63
https://doi.org/10.1515/hmbci-2011-0004
https://www.ncbi.nlm.nih.gov/pubmed/23308083
https://doi.org/10.1021/es503833q
https://www.ncbi.nlm.nih.gov/pubmed/25565004
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1046/j.1432-1033.2003.03765.x
https://www.ncbi.nlm.nih.gov/pubmed/12950261
https://doi.org/10.3389/fcell.2017.00106
https://doi.org/10.1074/jbc.M115.695825

Molecules 2023, 28, 6289 20 of 21

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.
60.
61.

62.
63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Conte da Frota, M.L.; Braganhol, E.; Delgado Canedo, A.; Klamt, F; Apel, M.A.; Mothes, B.; Lerner, C.; Oliveira Battastini, A.M.;
Henriques, A.T.; Fonseca Moreira, J.C. Extracts of marine sponge Polymastia janeirensis induce oxidative cell death through a
caspase-9 apoptotic pathway in human U138MG glioma cell line. Investig. New Drugs 2009, 27, 440-446. [CrossRef]

Azad, N,; Iyer, A.K.V. Reactive Oxygen Species and Apoptosis. In Systems Biology of Free Radicals and Antioxidants; Laher, 1., Ed.;
Springer: Berlin/Heidelberg, Germany, 2014; pp. 113-135.

Neumann, C.A ; Fang, Q. Are peroxiredoxins tumor suppressors? Curr. Opin. Pharmacol. 2007, 7, 375-380. [CrossRef]

Nicoletti, I.; Migliorati, G.; Pagliacci, M.C.; Grignani, F; Riccardi, C. A rapid and simple method for measuring thymocyte
apoptosis by propidium iodide staining and flow cytometry. J. Immunol. Methods 1991, 139, 271-279. [CrossRef]

Ravi, S.; Chiruvella, K.K.; Rajesh, K.; Prabhu, V.; Raghavan, S.C. 5-Isopropylidene-3-ethyl rhodanine induce growth inhibition
followed by apoptosis in leukemia cells. Eur. J. Med. Chem. 2010, 45, 2748-2752. [CrossRef] [PubMed]

Leist, M.; Jaatteld, M. Four deaths and a funeral: From caspases to alternative mechanisms. Nat. Rev. Mol. Cell Biol. 2001,
2,589-598. [CrossRef] [PubMed]

Lee, S.H.; Kim, D.K; Seo, Y.R.; Woo, K.M.; Kim, C.S.; Cho, M.H. Nickel (II}-induced apoptosis and G2/M enrichment. Exp. Mol.
Med. 1998, 30, 171-176. [CrossRef] [PubMed]

Saquib, Q.; Al-Khedhairy, A.A.; Siddiqui, M.A.; Abou-Tarboush, EM.; Azam, A.; Musarrat, J. Titanium dioxide nanoparticles
induced cytotoxicity, oxidative stress and DNA damage in human amnion epithelial (WISH) cells. Toxicol. Vitr. 2012, 26, 351-361.
[CrossRef]

Saquib, Q.; Musarrat, J.; Siddiqui, M.A.; Dutta, S.; Dasgupta, S.; Giesy, J.P.; Al-Khedhairy, A.A. Cytotoxic and necrotic responses
in human amniotic epithelial (WISH) cells exposed to organophosphate insecticide phorate. Mutat. Res./Genet. Toxicol. Environ.
Mutagen. 2012, 744, 125-134. [CrossRef]

Sheikh, M.S.; Fornace, A.]., Jr. Role of p53 family members in apoptosis. J. Cell. Physiol. 2000, 182, 171-181. [CrossRef]

Porter, A.G.; Janicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99-104. [CrossRef]

Hong, S.J.; Dawson, T.M.; Dawson, V.L. PARP and the Release of Apoptosis-Inducing Factor from Mitochondria. In Poly(ADP-
Ribosyl)ation; Biirkle, A., Ed.; Springer: Boston, MA, USA, 2006; pp. 103-117.

Kruidering, M.; Evan, G.I. Caspase-8 in Apoptosis: The Beginning of “The End”? IUBMB Life 2000, 50, 85-90. [CrossRef]
Janicke, R.U.; Sprengart, M.L.; Wati, M.R.; Porter, A.G. Caspase-3 is required for DNA fragmentation and morphological changes
associated with apoptosis. J. Biol. Chem. 1998, 273, 9357-9360. [CrossRef]

Green, D.R.; Amarante-Mendes, G.P. The Point of No Return: Mitochondria, Caspases, and the Commitment to Cell Death. In
Apoptosis: Mechanisms and Role in Disease; Kumar, S., Ed.; Springer: Berlin/Heidelberg, Germany, 1998; pp. 45-61.

Letai, A.G. Diagnosing and exploiting cancer’s addiction to blocks in apoptosis. Nat. Rev. Cancer. 2008, 8, 121-132. [CrossRef]
Locksley, R.M.; Killeen, N.; Lenardo, M.J. The TNF and TNF receptor superfamilies: Integrating mammalian biology. Cell 2001,
104, 487-501. [CrossRef] [PubMed]

Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495-516. [CrossRef] [PubMed]

Basaiyye, S.S.; Naoghare, PK.; Kanojiya, S.; Bafana, A.; Arrigo, P.; Krishnamurthi, K.; Sivanesan, S. Molecular mechanism of
apoptosis induction in Jurkat E6-1 cells by Tribulus terrestris alkaloids extract. . Tradit. Complement. Med. 2018, 8, 410—419.
[CrossRef] [PubMed]

Packham, G.; Stevenson, FK. Bodyguards and assassins: Bcl-2 family proteins and apoptosis control in chronic lymphocytic
leukaemia. Immunology 2005, 114, 441-449. [CrossRef]

Genini, D.; Sheeter, D.; Rought, S.; Zaunders, J.J.; Susin, S.A.; Kroemer, G.; Richman, D.D.; Carson, D.A.; Corbeil, J.; Leoni, L.M.
HIV induces lymphocyte apoptosis by a p53-initiated, mitochondrial-mediated mechanism. FASEB J. 2001, 15, 5-6. [CrossRef]
[PubMed]

Corbeil, J.; Sheeter, D.; Genini, D.; Rought, S.; Leoni, L.; Du, P; Ferguson, M.; Masys, D.R.; Welsh, ].B.; Fink, ].L.; et al. Temporal
gene regulation during HIV-1 infection of human CD4" T cells. Genome Res. 2001, 11, 1198-1204. [CrossRef]

Chinnaiyan, A.M.; O'Rourke, K.; Tewari, M.; Dixit, V.M. FADD, a novel death domain-containing protein, interacts with the death
domain of Fas and initiates apoptosis. Cell 1995, 81, 505-512. [CrossRef]

Boldin, M.P.; Varfolomeev, E.E.; Pancer, Z.; Mett, I.L.; Camonis, ].H.; Wallach, D. A novel protein that interacts with the death
domain of Fas/APOL1 contains a sequence motif related to the death domain. J. Biol. Chem. 1995, 270, 7795-7798. [CrossRef]
Hsu, H.; Huang, J.; Shu, H.-B.; Baichwal, V.; Goeddel, D.V. TNF-dependent recruitment of the protein kinase RIP to the TNF
receptor-1 signaling complex. Immunity 1996, 4, 387-396. [CrossRef]

Hsu, H.; Xiong, J.; Goeddel, D.V. The TNF receptor 1-associated protein TRADD signals cell death and NF-«B activation. Cell
1995, 81, 495-504. [CrossRef]

Hsu, H.; Shu, H.-B.; Pan, M.-G.; Goeddel, D.V. TRADD-TRAF2 and TRADD-FADD interactions define two distinct TNF receptor
1 signal transduction pathways. Cell 1996, 84, 299-308. [CrossRef] [PubMed]

Stanger, B.Z.; Leder, P; Lee, T.-H.; Kim, E.; Seed, B. RIP: A novel protein containing a death domain that interacts with Fas/APO-1
(CD95) in yeast and causes cell death. Cell 1995, 81, 513-523. [CrossRef] [PubMed]

Itoh, N.; Nagata, S. A novel protein domain required for apoptosis. Mutational analysis of human Fas antigen. J. Biol. Chem. 1993,
268,10932-10937. [CrossRef] [PubMed]

Tartaglia, L.A.; Ayres, T.M.; Wong, G.H.; Goeddel, D.V. A novel domain within the 55 kd TNF receptor signals cell death. Cell
1993, 74, 845-853. [CrossRef] [PubMed]


https://doi.org/10.1007/s10637-008-9198-0
https://doi.org/10.1016/j.coph.2007.04.007
https://doi.org/10.1016/0022-1759(91)90198-O
https://doi.org/10.1016/j.ejmech.2010.02.054
https://www.ncbi.nlm.nih.gov/pubmed/20236736
https://doi.org/10.1038/35085008
https://www.ncbi.nlm.nih.gov/pubmed/11483992
https://doi.org/10.1038/emm.1998.25
https://www.ncbi.nlm.nih.gov/pubmed/9873840
https://doi.org/10.1016/j.tiv.2011.12.011
https://doi.org/10.1016/j.mrgentox.2012.01.001
https://doi.org/10.1002/(SICI)1097-4652(200002)182:2&lt;171::AID-JCP5&gt;3.0.CO;2-3
https://doi.org/10.1038/sj.cdd.4400476
https://doi.org/10.1080/713803693
https://doi.org/10.1074/jbc.273.16.9357
https://doi.org/10.1038/nrc2297
https://doi.org/10.1016/S0092-8674(01)00237-9
https://www.ncbi.nlm.nih.gov/pubmed/11239407
https://doi.org/10.1080/01926230701320337
https://www.ncbi.nlm.nih.gov/pubmed/17562483
https://doi.org/10.1016/j.jtcme.2017.08.014
https://www.ncbi.nlm.nih.gov/pubmed/29992112
https://doi.org/10.1111/j.1365-2567.2005.02117.x
https://doi.org/10.1096/fj.00-0336fje
https://www.ncbi.nlm.nih.gov/pubmed/11099484
https://doi.org/10.1101/gr.180201
https://doi.org/10.1016/0092-8674(95)90071-3
https://doi.org/10.1074/jbc.270.14.7795
https://doi.org/10.1016/S1074-7613(00)80252-6
https://doi.org/10.1016/0092-8674(95)90070-5
https://doi.org/10.1016/S0092-8674(00)80984-8
https://www.ncbi.nlm.nih.gov/pubmed/8565075
https://doi.org/10.1016/0092-8674(95)90072-1
https://www.ncbi.nlm.nih.gov/pubmed/7538908
https://doi.org/10.1016/S0021-9258(18)82075-0
https://www.ncbi.nlm.nih.gov/pubmed/7684370
https://doi.org/10.1016/0092-8674(93)90464-2
https://www.ncbi.nlm.nih.gov/pubmed/8397073

Molecules 2023, 28, 6289 21 of 21

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.
91.

Rothe, M.; Sarma, V.; Dixit, V.M.; Goeddel, D.V. TRAF2-mediated activation of NF-kappa B by TNF receptor 2 and CD40. Science
1995, 269, 1424-1427. [CrossRef]

Cheng, G.; Baltimore, D. TANK, a co-inducer with TRAF2 of TNF-and CD 40L-mediated NF-kappaB activation. Genes Dev. 1996,
10, 963-973. [CrossRef]

Lee, S.Y.; Lee, S.Y,; Kandala, G.; Liou, M.L.; Liou, H.C.; Choi, Y. CD30/TNF receptor-associated factor interaction: NF-kappa B
activation and binding specificity. Proc. Natl. Acad. Sci. USA 1996, 93, 9699-9703. [CrossRef]

Chawla-Sarkar, M.; Bae, S.I; Reu, EJ.; Jacobs, B.S.; Lindner, D.J.; Borden, E.C. Downregulation of Bcl-2, FLIP or IAPs (XIAP and
survivin) by siRNAs sensitizes resistant melanoma cells to Apo2L/TRAIL-induced apoptosis. Cell Death Differ. 2004, 11, 915-923.
[CrossRef]

Nomura, T.; Yamasaki, M.; Nomura, Y.; Mimata, H. Expression of the inhibitors of apoptosis proteins in cisplatin-resistant prostate
cancer cells. Oncol. Rep. 2005, 14, 993-997. [CrossRef]

Li, F; Yang, ].; Ramnath, N.; Javle, M.M.; Tan, D. Nuclear or cytoplasmic expression of survivin: What is the significance? Int. .
Cancer 2005, 114, 509-512. [CrossRef]

Hinnis, A.R.; Luckett, ].C.A.; Walker, R.A. Survivin is an independent predictor of short-term survival in poor prognostic breast
cancer patients. Br. ]. Cancer 2007, 96, 639-645. [CrossRef]

Altieri, D.C. Validating survivin as a cancer therapeutic target. Nat. Rev. Cancer 2003, 3, 46-54. [CrossRef] [PubMed]

Wang, M.; Wu, W,; Li, L.; He, ].; Huang, S.; Chen, S.; Chen, J.; Long, M.; Yang, S.; Li, P. Analysis of the miRNA Expression Profiles
in the Zearalenone-Exposed TM3 Leydig Cell Line. Int. ]. Mol. Sci. 2019, 20, 635. [CrossRef] [PubMed]

Saquib, Q.; Al-Khedhairy, A.A.; Ahmad, J.; Siddiqui, M.A.; Dwivedi, S.; Khan, S.T.; Musarrat, J. Zinc ferrite nanoparticles activate
IL-1b, NFKB1, CCL21 and NOS2 signaling to induce mitochondrial dependent intrinsic apoptotic pathway in WISH cells. Toxicol.
Appl. Pharmacol. 2013, 273, 289-297. [CrossRef]

Gene Globe (Qiagen). Available online: https://geneglobe.qiagen.com/sa/ (accessed on 22 August 2023).

Al-Salem, A.M.; Saquib, Q.; Siddiqui, M.A.; Ahmad, J.; Wahab, R.; Al-Khedhairy, A.A. Organophosphorus flame retardant
(tricresyl phosphate) trigger apoptosis in HepG2 cells: Transcriptomic evidence on activation of human cancer pathways.
Chemosphere 2019, 237, 124519. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.7544915
https://doi.org/10.1101/gad.10.8.963
https://doi.org/10.1073/pnas.93.18.9699
https://doi.org/10.1038/sj.cdd.4401416
https://doi.org/10.3892/or.14.4.993
https://doi.org/10.1002/ijc.20768
https://doi.org/10.1038/sj.bjc.6603616
https://doi.org/10.1038/nrc968
https://www.ncbi.nlm.nih.gov/pubmed/12509766
https://doi.org/10.3390/ijms20030635
https://www.ncbi.nlm.nih.gov/pubmed/30717214
https://doi.org/10.1016/j.taap.2013.09.001
https://geneglobe.qiagen.com/sa/
https://doi.org/10.1016/j.chemosphere.2019.124519
https://www.ncbi.nlm.nih.gov/pubmed/31549646

	Introduction 
	Results 
	Cell Viability Analysis 
	Intracellular ROS generation 
	Cell Cycle Deregulation by Sample C 
	Bioassay-Guided Fractionation of Sample C 
	Effect of Sample C and Neviotin A on the Apoptotic Pathway 
	Translational and Transcriptional Activation of Apoptotic Proteins 

	Discussion 
	Materials and Methods 
	General 
	Collection of Sponge 
	Extract Preparation and Activity-Guided Isolation 
	Cell Culture and Cell Proliferation Assays 
	Flow Cytometric Quantitation of ROS 
	Cell Cycle Dysregulation 
	Apoptosis and Necrosis Analysis 
	Transcriptome Analysis by qPCR Array 
	Immunofluorescence Analysis 
	Transcriptional Upregulation of Apoptotic Genes 
	Statistical Analysis 

	Conclusions 
	References

