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Abstract: The marine environment is a promising source of natural products with possible pharma-
cological applications. In this sense, marine microorganisms, especially marine fungi, can produce
bioactive compounds with various therapeutic properties. Colorectal cancer (CRC) represents a major
health problem worldwide, since the treatments used to date are not capable of improving patient
survival; that is why natural compounds from marine fungi offer a promising alternative. This study
focused on evaluating the antitumor and antioxidant activity of fractions derived from the marine
fungi E. maritima and P. lilacinum in two CRC cell lines T84 and SW480. Fractions Fr-EM6, Fr-EM7,
Fr-EM8 and Fr-PLMOH-3 demonstrated potent cytotoxic activity in tested CRC cell lines with no
activity in the non-tumor line. In particular, the Fr-PLMOH-3 fraction from P. lilacinum showed
significant antiproliferative effects on T84 and SW480 cell lines and exhibited a greater cytotoxic effect
on cancer stem cells compared to tumor cells. Furthermore, the Fr-EMS fraction from E. maritima
demonstrated a strong antioxidant capacity. These findings highlight the potential of compounds of
marine origin as effective and selective antitumor agents for the treatment of CRC. Further studies are
needed to explore the underlying mechanisms and potential clinical applications of these bioactive
fractions and compounds.

Keywords: colorectal cancer; marine fungi; natural products; antitumoral; antioxidant

1. Introduction

The marine environment represents a poorly investigated and highly promising source
of natural products with potential pharmacological use [1]. Among these marine microor-
ganisms there are cyanobacteria, diatoms, bacteria, and fungi that are powerful producers
of bioactive compounds and exhibit extensive chemical variability and complexity, in-
cluding alkaloids, polyketides, terpenes, peptides and carbohydrates [2]. In this field of
research, marine fungi have attracted increasing attention in recent years due to their ability
to produce therapeutic compounds with antifungal, antiviral, antibacterial, antioxidant,
and antitumor properties [3]. More specifically, some marine fungi such as Acremonium sp.,
Acrocalymma sp., Acrocalymma Africana and Acrocalymma medicaginis significantly reduced
tumor growth. Specifically, Acremonium sp. decreased the proliferation capacity of lung,
skin and breast cancer cell lines by 85% to 97% [4]. In addition, secondary metabolites
from Aspergillus sp., Penicillium sp. and Paradendryphiella sp. showed promising results
in colorectal cancer (CRC). Specifically, Paradendryphiella sp. derivatives reached an ICsg
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of 25.7 nM in the HCT116 CRC cell line [5]. Likewise, natural compounds derived from
Penicillium sclerotiorum decreased cell migration and cell proliferation in both HCT116 and
LOVO CRC cell lines [6]. Marine fungi of the genus Purpureocillium and Emericellopsis stand
out among the potential sources of bioactive compounds. The fungus formerly known as
Paecilomyces lilacinus, now named P. lilacinum, found in marine sediments with low oxygen
and few nutrients, is an entomopathogenic endophytic filamentous fungus [7]. This is also
a well-known biocontrol fungus used against several plant pathogens in agriculture [8].
Fungi of the genus Emericellopsis, including the marine species E. maritima, are a group of
20 species. Interestingly, these fungi produce peptides such emericellipsin A, isolated from
E. alkaline, which shows cytotoxic activity against cancer cells including melanoma (B16
cells), breast cancer (MCF-7 and MDA.MB-231 cells) and CRC (HCT-116 cells) [9].

In this context, marine microorganisms have been explored as a source of new ther-
apeutic biomolecules that may be effective against CRC [10,11], the third most frequent
tumor in the world, with an estimated increase in malignancy of 60% by 2030 [12]. Despite
advances in the physiopathology of this tumor, which have determined the three precursor
pathways for CRC lesions, chromosomal instability (70-90% of cases), serrated neoplasm
(10-20% of cases) and microsatellite instability (2-7% of cases), there have been no signifi-
cant advances in therapy in recent years. Currently, the curative treatment for patients with
non-metastatic CRC is usually surgical resection. However, in more advanced stages of
the disease, such as stage III or stage IV (metastatic), adjuvant chemotherapies are used to
reduce recurrences and improve quality of life [13,14]. The most commonly used drugs
are 5-fluorouracil and capecitabine, often combined with leucovorin or oxaliplatin [15].
However, chemotherapy is not entirely effective and shows serious limitations, such as
drug resistance, non-specificity, and side effects that frequently lead to abandonment of
treatment [16]. Therefore, it is essential to discover and develop new therapeutic and
antitumor agents that are effective and safe, with greater selectivity in their cytotoxicity.
Concretely, the discovery of complex molecules with interesting biological properties, in-
cluding antitumor activity, highlights the enormous potential of marine microorganisms to
obtain highly valuable bioactive compounds to prevent or treat cancer with less toxicity
than other types of drugs [17,18].

The main objective of our study was to carry out an in vitro evaluation of the antitumor
activity of several fractions and compounds derived from two marine fungi, E. maritima
and P. lilacinum. Our results show that some of these samples exhibited cytotoxic potential
against CRC cells, which may be of great interest for developing new therapeutic strategies
for this type of tumor.

2. Materials and Methods
2.1. Fungal Material

E. maritima and P. lilacinum were isolated from sediment samples collected along an
intertidal gradient of the Bay of Cadiz (Cadiz, Spain). Conidial stock suspensions of these
strains are maintained viable in 80% glycerol at —40 °C.

2.2. General Experimental Procedures

One- and two-dimensional NMR spectra were recorded on Agilent 500 and 600 MHz
spectrometers with SiMey as the internal reference. NMR assignments were made using a
combination of 1D and 2D techniques and by comparison with those made for previously
described compounds, where appropriate. TLC was performed on Merck Kiesegel 60
F»54, 0.25 mm thick. Silica gel 60 (70-230 mesh, Merck) was used for column chromatog-
raphy. HPLC was performed with a Merck-Hitachi LaChrom apparatus equipped with a
UV-vis detector (L. 4250) and a differential refractometer detector (RI- 7490) and an Elite
LaChrom-Hitachi apparatus equipped with a differential refractometer detector (R1-2490).
LiChroCART LiChrospher Si 60 (5 pm, 250 mm x 4 mm) and LiChroCART LiChrospher Si
60 (10 pm, 250 mm X 10 mm) columns were used for isolation experiments.
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2.3. Media and Culture Conditions

The fungal strains were grown in 500 mL Erlenmeyer flasks containing rice solid
medium (80 g white rice per 100 mL of water; ingredients were soaked overnight before
autoclaving) [19].

Flasks were inoculated with 750 pL of a conidial suspension of the fungi and main-
tained at static conditions at 24-26 °C under artificial light (daylight lamp) for 40 days.

2.4. Extraction and Isolation of Fractions and Compounds

The rice broths (16 flasks) of the fungal strains were extracted with EtOAc. Organic
extracts were washed with HyO and then treated with dry Nap;SO, to remove water. Subse-
quently, the solvent was evaporated at reduced pressure to yield crude extracts as yellow
oils, 4.197 g from E. maritima and 0.582 g from P. lilacinum. Attending to the low weight
of the extract from P. lilacinum, the rice broth was also extracted with methanol, affording
0.418 g. The crude extracts obtained were subjected to column chromatography (CC) over
silica gel using an increasing gradient of EtOAc in n-hexane and then MeOH:EtAcO 1:9
(v/v) to give eight fractions (Fr-EM1 to Fr-EMS for E. maritima and Fr-PL1 to Fr-PLS8 for P.
lilacinum). All the fractions were studied by 'H-NMR analysis to determine which ones
were the most interesting for further purification. The MeOH extract obtained from P.
lilacinum was resuspended in MeOH-H,O (7:3, v/v, 50 mg/mL), transferred onto RP-18
cartridges preconditioned with MeOH-H,O (7:3, v/v, 1 mL) and eluted with 10 mL of the
same solvent, 10 mL of MeOH, and 10 mL of a solution of CHCI3:MeOH 1:1 (v/v). This
procedure yielded three fractions of 254.01 mg (Fr-PLMOH-1), 83.17 mg (Fr-PLMOH-2)
and 50.46 mg (Fr-PLMOH-3). On the other hand, the fraction Fr-EM3 (425.16 mg) was
subdivided into two identical fractions for further purification. One subfraction was sub-
jected to CC using Hex:EtAcO 7:3 (v/v) as eluent to yield seven fractions (Fr-EMCC-3.1 to
Fr-EMCC-3.7). The remaining subfraction was purified by semipreparative HPLC, using
Hex:EtAcO 8:2 (v/v) as eluent and a flow of 2.5 mL min ~ !, to afford the compounds 1
(0.69 mg), 2 (0.83 mg) and 3 (0.74 mg).

2.5. Cell Culture

Cell lines were purchased from the American Type Culture Collection (ATCC, USA).
The non-tumoral cell line CCD18 and two human colon adenocarcinoma cell lines (T84 and
SW480) were cultured using Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich,
Madrid, Spain) supplemented with fetal bovine serum (FBS) (10%) and antibiotic mixture
(1% of penicillin—streptomycin (Sigma-Aldrich, Madrid, Spain)). Cells were maintained in
an incubator at 37 °C and a 5%-CO, humidified atmosphere.

2.6. Cytotoxicity Assay

Cells were seeded in 48-well plates at a density of 5 x 10° cells per well for the T84
and SW480 lines with 300 pL of complete DMEM medium. Of all obtained fractions from
E. maritima (Fr-EM) and P. lilacinum (Fr-PL) (see previously), only the following could
be adequately resuspended and tested: Fr-EM5, Fr-EM-3.3, Fr-EMCC-3.2, Fr-EM6, Fr-
EMCC-3.4, Fr-EMCC-3.6, Fr-EMCC-3.7, Fr-EM7, Fr-EMS, Fr-P15 y, and Fr-PLMOH-3. In
addition, the three isolated compounds (1, 2, and 3) could also be assayed. Both fractions
and isolated compounds were dissolved in DMSO. For the cell viability study an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed 12 h
after the end of treatment. Each well was incubated for 2.5 h with 20 uL of MTT. Finally,
the medium was discarded, and formazan crystals were dissolved with 25 uL of Sorensen’s
glycine buffer (glycine 0.1M, NaCl 0.1M, pH:10.5 with 0.1 NaOH) plus 200 pL of dimethyl
sulfoxide (DMSO). The same assay was carried out for the solvent DMSO (0.1-250 pg/mL).
Optical density was measured at 570 nm with a reference wavelength of 690 nm in an
EX-Thermo Multiskan spectrophotometer (Waltham, MA, USA).
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2.7. Cell Cycle Assay

Cells were seeded in 6-well plates at a density of 1 x 10° for the T84 and SW480 cell
lines. To synchronize the cell cycle twenty-four hours later, when cells were attached, the
culture medium was removed and replaced with serum-free DMEM. Then, culture cells
were exposed to fresh supplemented DMEM medium containing the respective treatment.
After 48 h, cells were fixed with cold 70% ethanol (4 °C, 30 min). After centrifugation,
the pellets were processed with PI/RNAse Solution (Immunostep, Salamanca, Spain). All
samples were analyzed with FACScan (Becton Dickinson, Franklin Lakes, NJ, USA).

2.8. Cancer Stem-Like Cell (CSC) Isolation and Characterization

The SW480 cell line was selected to obtain CSCs due to its higher yield based on our
experience of CRC cell lines [20]. Accordingly, supplemented (2 mM glutamine, 4 ng/mL
bFGEF, 10 ng/mL EGF, insulin (10 pg/mL), transferrin (5.5 pg/mL), and sodium selenite
(5 ng/mL)) serum-free RPMI-1640 medium was used to culture SW480 in an incubator
at 37 °C in a 5%-CO, humidified atmosphere for eight days. On the fourth day, attached
cells were removed and fresh culture medium was added. RNA extraction was carried
with an RNeasy Mini Kit following the manufacturer’s instructions (Qiagen, MD, USA) to
analyze the expression of CD44, CD24, NANOG, SOX2, CD133, OCT4, and the GADPH
housekeeping gene (Table S1). This expression was analyzed by real-time PCR using the
Taq Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) on a
StepOnePlus Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA). Using
the 2(—AACH) method, relative expression levels were calculated.

2.9. Antioxidant Capacity Using HyO;

To test the antioxidant activity, the T84 human CRC cell line was selected. Cells were
seeded in 96-well plates at a density of 2.5 x 10* cells/well with supplemented DMEM.
Serum-free DMEM was added after 24 h replacing supplemented DMEM. One day later,
0.1 and 0.05 pg/mL of Fr-EM8 and Fr-PLMOH-3 were added for one more day. New fresh
serum-free medium was added, and the appropriate wells were treated for 6 h with 1.2 and
1.3 mM of H,O,. For the cell viability study, an MTT assay was performed in the same way
described previously for the cytotoxicity assay.

2.10. Antioxidant Capacity Using ABTS

To measure the total antioxidant capacity, an ABTS assay using 2,2’-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) was conducted following the methodology described
by Miller and Miller [21].

A standard solution of gallic acid (0-60 mg /L) was mixed with 6 uL of each compound
sample (Fr-EM8: 1180 ug/mL; Fr-PLMOH-3: 336 ug/mL) and 294 uL of ABTS (500 uM/L)
and incubated for 5 min. The optical density was measured at 620 nm (Mul-tiskan™ FC,
Thermo Fisher Scientific, Waltham, MA, USA). For the blank measurement water was used.
The results are expressed as ng of GAE (gallic acid equivalent)/mg of sample.

2.11. Statistical Analysis

All the results are expressed as mean =+ standard deviation (SD) of three replicates.
Statistical analysis was performed using Student’s ¢-test (SPSS v.15, SPSS, Chicago, IL, USA).
Statistical significance was considered at p < 0.05.

3. Results
3.1. Isolated Fractions and Compounds from Marine Fungi

Of the obtained fractions from marine fungi, only eleven (nine fractions from E.
maritima and two from P. lilacinum) could be adequately resuspended and tested in CRC
cell lines. In addition, three known compounds (metabolites) with eremophilene skeleton
were isolated and identified from the rice extract of E. maritima, isopetasone (1) [22], 3-
epiisopetasol (2) [23] and 1a-hydroxydehydrofukinone (3) [24] (Figure 1). The structures
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of these compounds were determined by detailed analyses of their NMR spectra and
comparisons with previously published data (Figures S1-57). It is worth noting that
compounds 1, 2 and 3 were isolated for the first time from an E. maritima strain. Due to the
low amounts of compounds obtained, not all in vitro assays could be carried out.

OH
@) 0] - o)

A X 2

1 2 3

Figure 1. Structures for isopetasone (1), 3-epiisopetasol (2) and 1a-hydroxydehydrofukinone
(3) isolated from Emericellopsis maritima.

3.2. In Vitro Cytotoxicity of Fractions and Compounds from Marine Fungi

As shown in Table 1, a variable degree of cytotoxicity in the fractions from marine-
derived fungi was detected in the CRC cell lines. In fact, the SW480 tumor cell line exhibited
higher sensitivity to most treatments, showing lower ICsy values than the T84 cell line.
Only compound 2 showed greater activity against T84 cells (ICsy 44.47 nug/mL) than
SW480 cells (ICsp 66.35 ug/mL). It is necessary to underline the potent antitumor effect
observed in T84 and SW480 cell lines after exposure to Fr-PLMOH-3 from P. lilacinum (ICs:
11.31 ug/mL in T84 and 6.4 pg/mL in SW480). The remaining fractions tested showed
less antiproliferative effects in T84 and SW480 cell lines, such as fraction Fr-EMCC-3.7
(ICs0: 56.3 and 23.2 pg/mL in T84 and SW480 cells, respectively) and fraction Fr-EM8
(ICs0: 71, 7 and 38.3 ug/mL in T84 and SW480 cells, respectively), both obtained from E.
maritima. Finally, other fractions, such as Fr-EMCC-3.2 and Fr-EMCC-3.6, also obtained
from E. maritima, showed poor results. In view of the excellent antiproliferative results for
Fr-PLMOH-3 from P. lilacinum against CRC, this fraction was tested in the non-tumorigenic
colon cell line CCD18. Interestingly, as shown in Figure S8, the Fr-PLMOH-3 ICsj value
obtained for CCD18 cells reached very high concentrations (close to 100 pg/mL), which
would imply a selective action against tumor cells. In addition, compounds 1 and 3 from E.
maritima exhibited potent antiproliferative activity in SW480 cells, showing ICs( values of
24.15 and 14.46 ug/mL, respectively. Due to the low quantities of the compounds obtained,
these samples could not be assayed in CCD18 cells. All cytotoxic graphics are shown in
Figures S9 and S10.

Table 1. ICs5 values of fractions and compounds from marine-derived fungi in T84 and SW480 CCR
cell lines.

Sample T84 ICsp (ug/mL) SW480 IC5p (ug/mL)
Fr-EM5 147.1 £+ 0.033 65.0 £ 0.039
Fr-EM3.3 58.90 £+ 0.023 27.94 £ 0.073
Fr-EMCC-3.2 206.7 £ 0.022 125.3 + 0.019
Fr-EM6 91.6 £+ 0.048 48.2 +0.029
Fr-EMCC-3.4 84.0 + 0.075 75.2 + 0.047
Fr-EMCC-3.6 114.7 + 0.086 106.5 4+ 0.051
Fr-EMCC-3.7 56.3 £+ 0.053 23.2 £ 0.039
Fr-EM7 93.8 + 0.022 51.1 + 0.054
Fr-EM8 71.7 + 0.036 38.3 £ 0.027
Fr-PL5 88.4 £+ 0.052 41.4 4+ 0.008

Fr-PLMOH-3 11.3 +0.041 6.4 + 0.016

1 24.75 4+ 0.150 24.15 4+ 0.065
2 4447 +0.112 66.35 £+ 0.030
3 32.06 £ 0.082 14.46 + 0.058
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3.3. Cell Cycle Modulation by Marine-Derived Fungus Fractions

As shown in Figure 2, cell cycle analysis of T84 and SW480 CRC cell lines after fraction
exposure (ICsp) showed significant changes. Concretely, T84 cells showed modulation in all
phases of the cell cycle after treatment with the fractions Fr-EMCC3.2, Fr-EM6, Fr-EMCC-
3.4, Fr-EM7, Fr-EMS8 and Fr-PL5. By contrast, Fr-EM5 only induced significant changes
in the T-84 G2/M phase. In addition, Fr-EM5, Fr-EMCC-3.2, Fr-EMCC-3.4, Fr-EM7 and
Fr-EM8 modulated the cell cycle in SW480 cells, highlighting the induction of a significant
decrease in the S phase and G2/M phase due to Fr-EM8 and a significant increase in the
S phase due to Fr-PLMOH-3. However, no data indicating clear cell cycle arrest were
detected in either case compared to control.
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Figure 2. Cell cycle modulation by fractions from the fermentation broth of marine-derived fungi
Emericellopsis maritima and Purpureocillium lilacinum. (A) T84 cell cycle after exposure to ICs fractions.
(B) SW480 cell cycle after exposure to ICsy compounds. Data are represented as mean =+ standard
deviation of triplicate cultures. Significant differences between treated and non-treated cells are
represented by: GO0/G1 cell cycle phase * p < 0.05; S cell cycle phase " p < 0.05; G2/M cell cycle phase
#p <0.05.

3.4. Antiproliferative Activity of Marine-Derived Fungus Fractions against Cancer Stem Cells

To characterize CSC obtained from SW480 cells, a qPCR study was carried out. As
shown in Figure 3A, a high expression of specific CSC markers, such as CD44, CD24,
NANOG, SOX2, CD133 and OCT4 was detected in CSCs. SW480 CSCs were exposed
to those fractions that showed higher antiproliferative activity against SW480 cells and
significant variation in cell cycle phases (Fr-EM6, Fr-EM7, Fr-EM8 and Fr-PLMOH-3)
(Figure 3B). Interestingly, Fr-PLMOH-3 reduced the ICs by half in CSCs compared to
SW480 tumor cells (from 12.26 to 6.53 pg/mL). In addition, fractions Fr-EM6 and Fr-EM7
were also able to induce a decrease in CSCs’ ICyj relative to SW480 cells (from 62.89 to
43.36 ng/mL and from 55.96 to 43.68 pg/mL respectively), but the difference was not
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statistically significant. Fr-EMS8 not only does not improve the effect in this type of cell, but
it was less effective (increasing from 58.54 to 66.25 nug/mL).
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Figure 3. Analysis of CSCs from SW480. (A) Characterization of CSCs by RT-PCR. (B) Cytotoxicity
assay of CSCs exposed to fractions from the fermentation broth of the marine-derived fungi Emeri-
cellopsis maritima and Purpureocillium lilacinum. Cytotoxicity is expressed as relative proliferation
of CSCs vs. SW480 cells. Data are represented as mean =+ standard deviation of triplicate cultures.

*p <0.05.

3.5. Antioxidant Activity of Marine-Derived Fungus Fractions

Figure 4 displays the results of testing the antioxidant capacity of selected fractions
(Fr-EM8 and Fr-PLMOH-3). To carry out this assay, we selected the T84 cell line. Cells were
exposed to oxidative stress using H,O, as a free radical generator. Notably, fraction Fr-EM8
exhibited the highest antioxidant capacity. As shown in Figure 44, this fraction significantly
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modulated ICsg values for HyO; at both 0.05 and 0.1 ng/mL doses. By contrast, fraction
Fr-PLMOH-3 did not exhibit significant antioxidant capacity (Figure 4B). To complement
these studies, an ABTS analysis was performed for Fr-EMS8 and Fr-PLMOH-3, revealing
that Fr-EMS8 exhibited a value of 18.95 ug AG/mL, whereas Fr-PLMOH-3 showed a value
of 332.53 ug AG/mL (Figure 4C).
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Figure 4. Analysis of the antioxidant activity of fractions from the fermentation broth of the marine-
derived fungi Emericellopsis maritima and Purpureocillium lilacinum. Antioxidant activity of fractions
Fr-EMS8 (A) and Fr-PLMOH-3 (B) using H,O; as a free radical generator. (C) Uptake/retention of
free radicals using ABTS. Data are expressed as mean + SD of at least three replicates. Significant
differences are represented by * p < 0.05.

4. Discussion

The high mortality rates associated with CRC despite recent advances in chemotherapy
and prevention show that current treatments remain ineffective. This may be due to the
low selectivity of the drugs against tumor cells, their side effects, and the development of
multiresistant phenotypes. This is why it is increasingly necessary to develop therapeutic
alternatives that improve both the treatment and prevention of this type of tumor as well
as to improve existing chemotherapeutic agents. In this context, fungi of marine origin are
being studied, since therapeutic agents and bioactive compounds can be isolated from them
for use against CRC [2], including the genera Emericellopsis and Purpureocillium [25,26].

In this context, a cell viability analysis was conducted on different mixtures of pure
compounds (1-3) and mixtures of compounds (fractions) derived from E. maritima and
P. lilacinum species against CRC cell lines. Previous studies reported low ICsy values
(<20 ng/mL) for compounds of these two genera [25,27]. Kil et al. performed cytotoxicity
analysis using lung, breast, liver and skin cancer cell lines with two compounds derived
from Emericellopsis spp., JF72 and AF71. Interestingly, both metabolites induced high
percentages of inhibition in all cell lines tested, although these authors did not indicate ICs
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values. Relevant results in terms of cytotoxicity have also been reported for Purpureocillium
spp., whose effect has been tested on triple-negative breast cancer cells [28]. These findings
were consistent with results obtained for compounds 1 (24.75 and 24.15 ug/mL in T84 and
SW480 cell line respectively) and 3 (32.06 and 14.46 pg/mL in T84 and SW480 cell line
respectively) and the Fr-PLMOH-3 fraction (11.3 and 6.4 pg/mL in T84 and SW480 cell
lines, respectively). Concretely, this fraction was tested on the non-tumor cell line CCD18,
displaying a low antiproliferative activity compared to tumor cell lines (ICsp > 100 pg/mL).
This fact could indicate a possible selective effect against tumor cells, since, following [29],
an antitumor agent should be more cytotoxic for cancer cell lines than non-tumorigenic
ones. Recently, bengamide, a natural product isolated from marine sponges of the Jaspidae
family, also showed a significant antiproliferative effect in several CRC cell lines, without
inducing any cytotoxicity in normal cells (blood cells) [30]. Furthermore Phi et al. [31] tested
bengamide analogs in six tumor cell lines, including breast and hepatocellular carcinoma,
obtaining low ICs values. This promising result supports the need for future studies to
elucidate the antitumor action of fungal compounds.

Although cell cycle studies have not detected data indicating clear cell cycle arrest in
either case compared to control, uncontrolled cell cycle progression and evasion of apoptosis
are common events in cell development in CRC. G0/G1 arrest occurs with other compounds
derived from marine fungi that exhibit cytotoxic activity, like norsolorinic acid isolated
from Aspergillus nidulans, with a reported 10% increase in the G0/G1 phase in T24 human
bladder cancer cells after exposure to norsolorinic acid (ICsp) [32]. Steroid derivatives of
Penicillium granulatum are also capable of inhibiting cell proliferation through an arrest
in this phase of the cycle, with an increase in the GO/G1 percentage of between 10-11%
in the A549 lung cancer cell line [33]. In addition, sesquiterpenoid compounds derived
from Aspergillus ochraceus can arrest the cell cycle at the G0/G1 phase at a concentration of
1 uM and induce delayed apoptosis after a 72 h treatment of the renal carcinoma cell line
786-O [34]. These data support those obtained for the fractions Fr-EMCC-3.2, Fr-EMCC-3 4,
Fr-EM7 and Fr-EMS, which presented changes in their cell cycle phases with respect to the
control in both the T84 and SW480 cell lines. There is a well-known connection between
apoptosis induction or facilitation and the capacity for cell cycle modulation by some active
biomolecules [35]. Apoptosis can be generated by an arrest in the G2/M phase, as Hnit
et al. [36] demonstrated in prostate cancer cells, where prevention of phase change in the
cell cycle triggers apoptosis. Moreover, Astuti et al. [37] showed a significant relationship
between apoptosis-mediated cell death and cell cycle arrest in the S phase in breast tumor
cells exposed to an extract of the fungus Aspergillus sp. However, despite the clear cell cycle
effect of our fractions, their mechanisms of action are not completely diluted, so future
assays will be necessary.

On the other hand, the search for antioxidant compounds in marine fungi is increas-
ingly significant, and they can inactivate reactive oxygen and nitrogen species, preventing
various degenerative diseases and cancer [38]. The antioxidant activity that has been ob-
tained for the Fr-EMS fraction is correlated with other isolated compounds derived from
Emericellopsis spp., JE72 and AF71 that present DPPH scavenging activity values between
70 and 80% [4].

Finally, cancer stem cells (CSCs) play a fundamental role in the development and
metastasis of CRC, as well as being responsible for resistance to treatment [39]. There are
very few articles that have studied compounds derived from marine fungi in tumor stem
cells. [40] used terrein, a metabolite obtained from the fermentation broth of Aspergillus
terreus, against CSCs from the SKOV3 ovarian cancer cell line, significantly reducing the
viability of these cells compared to cisplatin. Secondary metabolites derived from the
marine fungus Paradendryphiella salina have been analyzed in the breast cancer MCF7 cell
line and its stem cell-like MCF7-Sh-WISP2, showing a significant reduction in its ICsg
from 0.4 pg/mL in the tumor cell line to 0.2 ug/mL in the cancer stem-like line [41]. In
this context, the fraction Fr-PLMOHS3 was able to reduce the ICsy value by half in CSCs
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compared with SW480 tumor cells (from 12.26 to 6.53 ug/mL), being a promising fraction
for future studies.

5. Conclusions

In conclusion, this article highlights the potential of marine-derived fungi in the search
for new therapeutic agents against CRC, one of the main causes of cancer death in the
world. Our study demonstrated that compounds and fractions of the marine fungi E.
maritima and P. lilacinum possess strong cytotoxic activity against both T84 and SW480
CRC cell lines. Interestingly, this activity was selective against CRC tumor cells. Among
these fractions, Fr-PLMOH-3 stands out, which showed the lowest ICs,. Furthermore, our
article explored the impact of these marine-derived compounds on cancer stem cells (CSCs)
responsible for tumor growth, metastasis, and resistance to conventional treatments. Our
findings reveal that the Fr-PLMOH-3 fraction exhibits promising antiproliferative effects
against CSCs, which could open up new avenues for CRC-targeted therapy. Furthermore,
the antioxidant activity observed in Fr-EMS8 suggests a potential role of marine fungi in
combating oxidative stress, a factor that contributes to the development and progression of
CRC. In a broader context, this research highlights the vast and underexplored potential
of the marine environment as a source of new therapeutic molecules for CRC and other
cancers. As the need for more effective and selective anticancer agents continues to grow,
marine-derived compounds represent a promising area of exploration that could lead to
the development of safer and more efficient treatments for CRC.
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Purpureocillium lilaci-num. DMSO was used as a solvent for all samples. Data are represented
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Emericellopsis maritima. DMSO was used as solvent for all samples. Data are represented as
mean + standard deviation of triplicate cultures.
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