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Abstract

Antimicrobial peptides (AMPs) are natural bioactive peptides produced by all organisms—
from plants to insects, microbes and animals—and constitute a first line of defense. As
they exhibit a broad spectrum of activity (antibacterial, antiviral, antifungal, antiparasitic,
anticancer), strong efforts are being made to integrate AMPs into clinical use. AMPs are
also being investigated as anticancer agents to overcome the side effects and/or resis-
tance associated with current chemotherapies. In this context, we identified the natural
AMP chionodracine from a new biological source: an Antarctic fish. Starting from the
fragmentation of a chionodracine mutant peptide, a rational modular design approach
was applied to develop three very short peptides (Pep-A, Pep-B and Pep-C), which were
further modified with an N-terminal myristic acid lipid tail. The anticancer activity of the
three N-myristoylated short peptides (Myr-A, Myr-B and Myr-C) was explored against
the human cervical cancer HeLa cell line. The rationale behind this study is based on
the previously reported antifungal activity of these myr peptides and on their ability to
interact selectively with biological membrane-mimicking synthetic phospholipids without
being particularly hemolytic or cytotoxic towards normal cells. We first demonstrated
that myr peptides had cytotoxic activity against HeLa cells (IC50 from 32 to 47 µM) but
spared healthy primary human fibroblasts, whereas the corresponding non-myr peptides
failed to kill cancer cells. The peptide with no hemolytic activity and a low IC50, labeled
Myr-B, was selected for subsequent analyses. Lactate dehydrogenase (LDH) assay and scan-
ning electron microscopy (SEM) analysis revealed membrane damage and predominantly
necrotic cell death in HeLa cells exposed to IC50 doses of the Myr-B peptide, compared
with cells treated with Pep-B. To thoroughly investigate the molecular effects of Myr-B
in HeLa cells, we employed high-resolution label-free shotgun quantitative proteomics
coupled with bioinformatics. Our results showed that exposing HeLa cells to Myr-B led
to the under-expression of proteins belonging to the “apoptosis- and splicing-associated
protein complex”, potentially influencing the alternative splicing process and consequently
leading to a possible susceptibility to programmed cell death. These findings indicate that
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modifying natural AMPs may be a promising strategy for developing selective anticancer
drugs and pinpoint Myr-B as an interesting target for future studies.

Keywords: antimicrobial peptide; anticancer activity; N-myristoylated peptide; label-free
proteomics; bioinformatics

1. Introduction
Antimicrobial peptides (AMPs) are natural bioactive peptides produced by all organ-

isms as key innate immune components able to defend them against a broad spectrum of
pathogens (bacteria, viruses, fungi and parasites) [1]. AMPs include peptides from various
sources in the natural environment: in particular, marine and terrestrial animals are consid-
ered an important reservoir of active AMPs [2]. Interestingly, the innate immune system
of organisms such as fish or insects, living in different but hostile high-microbial-load
environments, significantly relies on AMPs [2]. Unlike insects, which lack an adaptive
innate immune system and use AMPs as the primary and most important effectors of their
immune system, most fish AMPs also act as modulators of adaptive immunity [3,4].

Moreover, AMPs can be classified based on their amino acid composition, charge,
structures and biological activities [5]. Their variability in origin (from plants to insects,
microbes and animals), mode of action (from membrane disruption to intracellular target-
ing) and activity (antibacterial, antiviral, antifungal, antiparasitic, anticancer) make AMPs
useful in a variety of fields, from biotechnology to pharmaceutics. AMPs are primarily
known for their antibacterial action: they exhibit a broad spectrum of activity against
several non-human pathogens, thus generating considerable interest in their potential
applications in agriculture, animal health and food preservation. Specifically, AMPs could
play a key role in counteracting pathogens that affect plant and livestock health and food
safety, thus improving agricultural productivity and sustainability [6]. On the other hand,
AMPs represent a promising therapeutic option against multidrug-resistant infections due
to their unique ability to combat human pathogenic microorganisms [7,8]. Their mode of
action involves destabilizing, disintegrating or forming pores in the microbial membrane,
with little chance of the pathogens developing resistance [9]. Non-membranolytic mecha-
nisms acting via cellular targets are less studied but still relevant: some AMPs can cross
the membrane, penetrate the cell and interact with DNA/RNA to inhibit protein synthesis
and with intracellular proteins/enzymes to block cellular replication [10,11]. AMPs could
therefore replace or be used in synergistic combinations with conventional antibiotics,
counteracting antimicrobial resistance, which represents a global health crisis [12,13].

AMPs have also been investigated as anticancer agents capable of overcoming the main
limitations of current cancer therapies. Cancer remains one of the most life-threatening
diseases worldwide and is characterized by the uncontrolled growth and proliferation of
abnormal cells following the accumulation of genomic and molecular alterations, including
inherited mutations, epigenetic changes and DNA damage caused by harmful agents [14].
Although conventional cancer therapies (chemotherapy, radiotherapy and surgery), which
have been significantly improved and integrated with new approaches, remain the main-
stay treatment for many types of cancer, some biomedical needs in cancer management
remain unmet. Conventional chemotherapy, however, affects normal cells, causing toxic
side effects that severely compromise patients’ immune systems and organs [15]. In addi-
tion, following an initial positive response to chemotherapy, a resistance to treatment may
unfortunately develop due to the high adaptability of cancer cells through the following
main mechanisms: (i) genomic instability leading to the formation of clones with varying
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sensitivities to drugs; (ii) epigenetic reprogramming altering gene expression and inducing
phenotypic plasticity; (iii) alteration of drug efflux and metabolism modifying pharmacoki-
netics and bioavailability; (iv) escape from cell death (apoptosis resistance) and/or immune
evasion; and (v) metabolic reprogramming promoting cancer cell survival under stress
conditions and during chemotherapy [16–19]. These key mechanisms are responsible for
cancer progression, recurrence and poor patient prognosis [20]. These challenges highlight
the urgent need to investigate new therapeutic molecules that are selective towards target
cancer cells and are thus likely capable of reducing the side effects of chemotherapy and/or
overcoming the phenomenon of tumor resistance [21,22]. Cationic AMPs have received
widespread attention as anticancer peptides (ACPs) because of their ability to selectively
interact with the negatively charged surfaces of cancer cell membranes, with mechanisms
of action that significantly reduce the likelihood of cancer cells developing resistance [5,23].
Similarly to AMPs’ action on bacterial membranes, ACPs disrupt cancer cell membranes by
forming pores through the barrel-stave model, toroidal model or carpet model, thus leading
to cell lysis and death [2]. The membrane-lytic effect of ACPs is likely enhanced by the spe-
cific composition and characteristics of cancer cell membranes compared to those of normal
cells [24]. Unlike healthy cell membranes, cancer cells exhibit the following specific mem-
brane characteristics that may increase their vulnerability to ACPs: (i) increased negative
charge (presence of phosphatidylserine, O-glycosylated mucins and heparin sulfate on the
outer leaflets of the plasma membrane); (ii) increased membrane fluidity (reduced choles-
terol levels); and (iii) increased surface area (abundant filopodia and microvilli) [25,26]. In
addition to membrane-disruptive mechanisms, ACP action in cancer cells can be mediated
by intracellular targets, thus inducing tumor apoptosis and necrosis, regulating tumor
angiogenesis and immunity and inhibiting tumor cell growth and motility [2]. Several
ACPs from different sources have been proven to interact with cancer cell membranes
and/or regulate intracellular signaling pathways, such as LL-37, defensins and lactoferricin
from mammals; magainin 2 from amphibians; melittin, cecropins and AMP fractions from
insects [4,26–29]. Marine AMPs, such as fish-derived pardaxin and epinecidin-1, have also
been shown to possess anticancer properties [30,31]. Moreover, ACPs can be synthetically
produced, as with SVS-1, KLAK and D-K6L9 peptides, and therefore rationally modified to
enhance their cancer target specificity [32,33]. In this study, we selected Antarctic fishes as
an ACP source. Living in a very extreme environment, these species have evolved specific
adaptations and produce bioactive molecules, including AMPs, that can differ significantly
from those isolated from fish inhabiting temperate waters [34–36].

In particular, we focused on a natural AMP called chionodracine (Cnd) from the
Antarctic icefish Chionodraco hamatus [34,37]. Based on its scaffold, we successfully de-
signed peptide mutants effective against human pathogens [38]. In particular, the natural
peptide Cnd sequence (22 amino acids) was modified by increasing the number of charged
residues. One of the mutants, named KHS-Cnd, in which histidines and serines were all
replaced by lysines, was highly active against ESKAPE bacteria [39], whereas shorter forms
derived from it with an N-terminal lipid tail of myristic acid were active against fungal
pathogens [40]. Myristoylation is one of the most commonly used modifications for enhanc-
ing the biological activity of natural AMPs [41]. To the best of our knowledge, families of
frequently myristoylated (myr) AMPs with enhanced anticancer activity include cecropin
derivatives, such as the CM4 peptide, or defensin fragments, while PMAP peptides are
the most well-known antibacterial myr AMP [42–44]. Unlike these existing myr AMPs,
KHS-Cnd-derived myr peptides, considered here, were developed using a rational modular
design approach starting from the fragmentation of parent AMPs, thus obtaining three
very short (11 amino acids) but potent antifungal lipopeptides, labeled Myr-A, Myr-B and
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Myr-C. Notably, the corresponding non-myr peptides (Pep-A, Pep-B and Pep-C) showed
little antifungal activity [40].

In this study, we investigated the anticancer potential of these short KHS-Cnd-derived
myr peptides compared to the action of the corresponding non-lipidated peptides. The
rationale for focusing on the anticancer activity of these myr peptides is based on previous
findings showing their ability to interact with synthetic biological membranes containing
negative charges by adopting an extended conformation parallel to the lipid surface. They
are therefore potentially selective towards cancer membranes, as they have also shown
low cytotoxicity and low hemolysis against human fibroblasts and rabbit erythrocytes,
respectively [40].

First, we determined their cytotoxicity against the HeLa cancer cell line and tried to
evaluate the modifications caused in cell membranes and the type of induced cell death.
Next, to assess their selectivity, the cytotoxic effect was also evaluated against two types
of primary human fibroblasts. Moreover, an additional cancer cell line, namely Caco-2
cells, was tested to evaluate the cancer cell specificity of the Myr-B peptide, selected as
the best-performing/most promising ACP against HeLa cells. Finally, we performed a
label-free quantification (LFQ) proteomics analysis to deepen our understanding of the
molecular changes produced as a result of the interaction of the peptide with the HeLa
cancer cell membrane. Our results highlight that modifying natural AMPs may be a
promising strategy for developing selective ACPs and provide additional evidence on the
physiological response of cancer cells “attacked” by AMPs.

2. Results
2.1. Cytotoxic Effect of Lipopeptides on Human Cancer Cells

The cytotoxic effect of N-myristoylated (Myr-A, Myr-B and Myr-C) and corresponding
non-myristoylated (Pep-A, Pep-B and Pep-C) peptides was evaluated against the human
cervical cancer HeLa cell line using the MTT assay after 3 h and 24 h of exposure to
increasing peptide concentrations (0, 2.5, 7.5, 22.5 and 50 µM). Based on their predicted
ability to interact with negatively charged cell membranes [40], their cytotoxicity was
assessed over a short period of time (3 h) and after one cell cycle (24 h) to evaluate rapid
and acute effects, respectively, thus avoiding any potential loss of peptide stability over
time due to the degradative action of proteases in the cell culture medium. Overall, the
bar graphs show a dose-dependent decrease in HeLa cell viability after 3 h and 24 h
exposure to myr peptides (Figure 1a–c). Sodium azide (NaN3), widely used to induce
mitochondrial dysfunction and cytotoxicity in cell viability assays [45,46], was employed as
a positive control for cell death at a high concentration (2% w/v) to ensure the maximum and
reproducible loss of cell viability through the rapid arrest of cellular metabolic activity [47].
Moreover, pairwise comparisons against untreated HeLa cells (negative control) showed
statistically significant differences after 3 h and 24 h exposure only at concentrations of
22.5 µM and 50 µM for all three myr peptides (Figure 1a–c and Supplementary Table S1).
In particular, the cell viability of HeLa cells at 3 h and 24 h exposure to myr peptides
at a concentration of 22.5 µM ranged between 64% and 79% compared to the negative
control, whereas, at a peptide concentration of 50 µM after 3 h of exposure, cell viability
reached values of 44%, 45% and 20% for Myr-A, Myr-B and Myr-C, respectively. A similar
statistically significant trend was confirmed after 24 h of exposure to all three myr peptides
at a 50 µM concentration, thus highlighting the strong cytotoxic effect on HeLa cells at the
highest tested dose.
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Figure 1. The cytotoxic effect of N-myristoylated peptides against human cervical cancer HeLa cells.
Cell viability was assessed using MTT assay for HeLa cell line after 3 h and 24 h of incubation with
N-myristoylated Myr-A (a), Myr-B (b) and Myr-C (c) peptides and corresponding non-myristoylated
Pep-A (d), Pep-B (e) and Pep-C (f) ones. Data are expressed as a percentage of viable cells in
the presence of different peptide concentrations (2.5–50 µM) compared to untreated HeLa cells
(negative control). Positive control represents cells treated with 2% NaN3. Untreated cells serve
as negative control. All experiments were performed using two independent replicates, each with
at least three repeats. Statistical significance was assessed using one-way ANOVA followed by
Dunnett’s post hoc test (GraphPad Prism 11.0). Difference from the negative control was considered
statistically significant as follows: * adjusted p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001;
**** p-value < 0.0001.

As for non-myr peptides, pairwise comparisons against the negative control showed
no statistically significant differences in the cell viability of HeLa cells after 3 h of exposure
to all peptide concentrations (Figure 1d,e and Supplementary Table S1). Overall, the 3 h
exposure of HeLa cells to non-myr peptides did not result in any cytotoxic effect, even
at the highest doses of all peptides, whereas a statistically significant proliferative effect
was observed after 24 h of exposure to all concentrations of non-myr peptides, except for
22.5 µM and 50 µM of Pep-B (Figure 1d,e).

To assess whether the observed cytotoxic activity of myr peptides may be selective for
cancer cells, normal human cell lines represented by human primary fibroblasts FB789 and
human primary dermal fibroblasts (HDFs) were treated with the same procedure used for
HeLa cells. The bar graphs in Figures 2 and 3 show the cell viability of FB789 and HDF,
respectively, after 3 h and 24 h exposure to the three N-myr and corresponding non-myr
peptides at the same concentrations tested against HeLa cells. In particular, at 22.5 and
50 µM, Myr-A, Myr-B and Myr-C peptides did not exhibit the cytotoxicity observed for
cancer cells. The lowest percentage of FB789 cell viability was observed after 3 h of exposure
to 22.5 and 50 µM Myr-B (75% and 79%, respectively) compared to the negative control
(Figure 2a–c and Supplementary Table S2). At this treatment time, in fact, a slight dose-
dependent effect for all three myr peptides was evident, although not always statistically
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significant (Figure 2a–c and Supplementary Table S2). After 24 h of exposure, however,
no dose-dependent cytotoxic effect was observed, thus confirming the data previously
reported by Bugli and colleagues, who did not consider the early exposure time (3 h) [40].

Figure 2. The cytotoxic effect of N-myristoylated peptides against primary human FB789 fibrob-
lasts. Cell viability was assessed using the MTT assay for the FB789 cell line after 3 h and 24 h of
incubation with N-myristoylated Myr-A (a), Myr-B (b) and Myr-C (c) peptides and corresponding
non-myristoylated Pep-A (d), Pep-B (e) and Pep-C (f) ones. Data are expressed as the percentage of
viable cells in the presence of different peptide concentrations (2.5–50 µM) compared to untreated
FB789 cells (negative control). Positive control represents cells treated with 2% NaN3. Untreated cells
serve as negative control. All experiments were performed using two independent replicates, each
with at least three repeats. Statistical significance was assessed using one-way ANOVA followed by
Dunnett’s post hoc test (GraphPad Prism 11.0). Difference from the negative control was considered
statistically significant as follows: * adjusted p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001;
**** p-value < 0.0001.

Moreover, at 3 h and 24 h, FB789 cells treated with non-myr peptides did not show
any statistically significant cytotoxic effect. Even at the highest tested dose, for all peptides,
the cell viability was >90% (Figure 2d,e).

In addition to FB789 cells, we also tested the cytotoxicity of myr and non-myr peptides
against HDF cells, representing other normal primary fibroblasts from a different tissue
than FB789. Regarding HDF cell viability after 3 h and 24 h of peptide exposure, no
percentage values lower than 87% were found for any of the six studied peptides (Figure 3
and Supplementary Table S3), thus confirming the selective action of myr peptides against
HeLa cells.

As reported in Table 1, the calculated IC50 values for the HeLa cells of all myr pep-
tides at both exposure time points were close to the highest tested dose or between the
concentrations of 22.5 µM and 50 µM. Specifically, Myr-A exhibited the highest IC50 values,
followed by Myr-B and then Myr-C (Table 1).
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Table 1. N-myristoylated Myr-A, Myr-B and Myr-C peptide IC50 values for human cervical cancer
HeLa cells after 3 h and 24 h of treatment.

IC50 (µM Mean ± SD)

Peptide 3 h 24 h

Myr-A 45.73 ± 13.73 47.36 ± 0.75
Myr-B 38.50 ± 3.85 41.72 ± 11.34
Myr-C 33.68 ± 3.46 32.12 ± 0.30

Figure 3. The cytotoxic effect of N-myristoylated peptides against primary human fibroblasts
(HDF). Cell viability was assessed using the MTT assay for the HDF cell line after 3 h and 24 h of
incubation with N-myristoylated Myr-A (a), Myr-B (b) and Myr-C (c) peptides and corresponding
non-myristoylated Pep-A (d), Pep-B (e) and Pep-C (f) ones. Data are expressed as a percentage of
viable cells in the presence of different peptide concentrations (2.5–50 µM) compared to untreated
FB789 cells (negative control). Positive control represents cells treated with 2% NaN3. Untreated cells
serve as negative control. All experiments were performed using two independent replicates, each
with at least three repeats. Statistical significance was assessed using one-way ANOVA followed by
Dunnett’s post hoc test (GraphPad Prism 11.0). Difference from the negative control was considered
statistically significant as follows: **** adjusted p-value < 0.0001.

However, in our previous study [40], 50 µM Myr-C peptide showed a 28.5% hemolytic
effect on rabbit erythrocytes, while, at the same concentration, the Myr-A and Myr-B
peptides had a hemolytic effect of less than 7% [40]. Therefore, the hemolysis data, to-
gether with the data on cell viability, led to the selection of the Myr-B lipopeptide for
subsequent analyses, as it is less hemolytic than Myr-C and more cytotoxic than Myr-A
against HeLa cells.

Firstly, the cytotoxicity of the Myr-B peptide, selected as the most effective/promising
ACP in HeLa cells, was evaluated on an additional cancer cell line, namely human colon
cancer Caco-2 cells. As reported in Figure 4a, the MTT assay showed a dose-dependent
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decrease in Caco-2 cell viability after 3 h and 24 h of exposure to the Myr-B peptide.
As for the corresponding non-myr peptide, pairwise comparisons against the negative
control showed no statistically significant differences in the viability of Caco-2 cells after
either 3 h or 24 h of exposure to Pep-B at all concentrations considered (Figure 4b and
Supplementary Table S4). Conversely, pairwise comparisons against untreated Caco-2 cells
(negative control) showed statistically significant differences in cell viability after 3 h of
exposure to all Myr-B concentrations and the same after 24 h, except for the lowest Myr-B
dose tested (2.5 µM, Supplementary Table S4). Specifically, Caco-2 cell viability after 3 h
of exposure to the Myr-B peptide at increasing concentrations (2.5–50 µM) ranged from
79% to 53% compared to the negative control, whereas, after 24 h of exposure, cell viability
ranged from 100% to 55%. As expected, the Myr-B peptide IC50 values (48.88 ± 0.86 µM
and 51.07 ± 0.13 µM) calculated for Caco-2 cells after 3 h and 24 h of exposure, respectively,
were higher than those determined for HeLa cells. By testing an additional cancer cell line,
we observed that HeLa cells are more sensitive to the Myr-B peptide than Caco-2 cells, thus
highlighting a cancer cell type-specific selectivity for the chosen ACP.

Figure 4. The cytotoxic effect of Myr-B peptide against human colon cancer Caco-2 cells. Cell viability
was assessed using the MTT assay for the Caco-2 cell line after 3 h and 24 h of incubation with
N-myristoylated Myr-B peptide (a) and corresponding non-myristoylated Pep-B peptide (b). Data
are expressed as a percentage of viable cells in the presence of different peptide concentrations
(2.5–50 µM) compared to untreated Caco-2 cells (negative control). Positive control represents cells
treated with 2% NaN3. Untreated cells serve as negative control. All experiments were performed
using two independent replicates, each with at least three repeats. Statistical significance was assessed
using one-way ANOVA followed by Dunnett’s post hoc test (GraphPad Prism 11.0). Difference from
the negative control was considered statistically significant as follows: ** adjusted p-value < 0.01;
**** p-value < 0.0001.

2.2. Assessment of Myr-B Peptide-Induced Cell Membrane Damage and Morphological Changes on
Human Cancer Cells

To evaluate the consequences of the cytotoxicity induced by the Myr-B peptide, we
selected different methodologies able to provide information on cell membrane damage
(loss of barrier function) and morphological changes (structural alterations). First, the
activity of the enzyme lactate dehydrogenase (LDH) released into the cell culture medium
was measured as an indicator of impaired cell membrane integrity. Although the LDH
assay is not specific for either apoptosis or necrosis—the major processes of cell death—in
combination with other methods, it can be useful for detecting necrotic cells, whose key
feature is the damage of the cell membrane [48]. After the 3 h exposure of HeLa cells
to the IC50 dose of the Myr-B peptide (38 µM), LDH levels increased significantly, with
a value almost twice that measured in the untreated cells (negative control, Figure 5a
and Supplementary Table S5). The levels of LDH in the culture medium did not differ
significantly between 38 µM Pep-B-treated and untreated cells, confirming that the HeLa
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cell membrane was damaged after exposure to the Myr-B peptide, but not after treatment
with the corresponding unmodified peptide (Figure 5a).

Figure 5. Evaluation of Myr-B peptide-induced death of human cervical cancer HeLa (a) and colon
cancer Caco-2 (b) cells. Cell membrane integrity was assessed through lactate dehydrogenase (LDH)
release from untreated HeLa or Caco-2 cells (negative control) after 3 h exposure of HeLa and Caco-2
cells to their respective IC50 doses of Myr-B peptide (38 µM and 50 µM, respectively) and from HeLa
or Caco-2 cells treated with a lysis solution to release all LDH (positive control). The exposure to Pep-
B was carried out under the same conditions as the corresponding treatment with the Myr-B peptide
for each cancer cell line. Statistical significance was assessed using one-way ANOVA followed by
Dunnett’s post hoc test (GraphPad Prism 11.0). Difference from the negative control was considered
statistically significant as follows: * adjusted p-value < 0.05; *** p-value < 0.001; **** p-value < 0.0001.

In contrast, after the 3 h exposure of Caco-2 cells to the IC50 dose of the Myr-B peptide
(50 µM), LDH levels in the culture medium did not differ significantly from those measured
in either untreated cells (negative control) or in 50 µM Pep-B-treated Caco-2 cells (Figure 5b
and Supplementary Table S5). This latter result showed that the Myr-B peptide does not
impair the integrity of the Caco-2 cell membrane, unlike HeLa cells, thus confirming the
susceptibility of HeLa cells to Myr-B, likely determined through the different modes of
peptide–membrane interaction.
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To assess Myr-B peptide-induced effects on cell morphology, scanning electron mi-
croscopy (SEM) analysis was performed on human cervical cancer HeLa cells. These cells
were exposed for 3 h to 38 µM Myr-B peptide and compared to untreated cells (negative
control), Pep-B-treated cells and those treated with 2% NaN3 (positive control, Figure 6).

Untreated HeLa cells appeared as spindle-shaped cells with a series of cytoplasmic
protrusions (Figure 6a,b). After 3 h of exposure to 38 µM Myr-B peptide, HeLa cells exhib-
ited morphological changes, including a slightly rounded shape due to cell swelling and a
reduction/absence of protrusions (Figure 6c,d). Moreover, HeLa cells treated with Myr-B
showed severely damaged membranes with leakage of intracellular material. In contrast,
HeLa cells treated for 3 h with 38 µM Pep-B peptide maintained a similar morphology to
that of untreated cells (Figure 6e,f), with slight differences in cell surfaces compared to the
negative control. However, these Pep-B-induced alterations were not comparable to those
induced by the corresponding myr peptide and did not lead to cell death, as confirmed by
the cytotoxicity data. Hence, the SEM analysis of HeLa cells treated with the Myr-B peptide
revealed an advanced state of necrosis compared to the negative control, although not as
extensive as in the positive control (Figure 6g,h).

To further evaluate the specific selectivity of the Myr-B peptide towards HeLa cells,
SEM analysis was also performed on human colon cancer Caco-2 cells to thoroughly explore
Caco-2 cell membrane integrity, as suggested by the relative LDH assay. To achieve this,
Caco-2 cells were exposed for 3 h to the IC50 dose of the Myr-B peptide and compared
with untreated cells (negative control), 50 µM Pep-B-treated cells and those treated with 2%
NaN3 (positive control, Figure 7).

Untreated Caco-2 cells showed the characteristic morphology of immature epithelial
cells not yet fully polarized but perfectly adherent: lamellipodia and thin filopodia were
evident at the cell margins, indicating proliferative activity and a dynamic reorganization
of the cortical cytoskeleton (Figure 7a). Furthermore, as shown in the magnified image in
Figure 7b, the surface of the negative control appeared finely granular, with short cytoplas-
mic protrusions irregularly distributed and likely attributable to immature microvilli or
membrane microextensions.

After 3 h of exposure to 50 µM of the Myr-B and Pep-B peptides, both treated Caco-
2 cells showed morphological changes on their surface compared with untreated cells
(Figure 7c–f), mainly associated with a reduction in protrusions, sporadic blebbing and
a slight loss of adhesion, which were in no way comparable to those observed in the
highly necrotic positive control (Figure 7g,h). The reduction in superficial protrusions
was certainly more evident in the Caco-2 cells treated with Myr-B rather than the Pep-
B peptide. Interestingly, unlike Myr-B-treated HeLa cells, Caco-2 cells showed no cell
membrane damage nor any leakage of intracellular material after exposure to Myr-B, in
perfect agreement with the LDH data.

2.3. Label-Free Proteomics of Human Cancer HeLa Cells Treated with Myr-B Peptide

To evaluate the broader impact of Myr-B and Pep-B on the HeLa cell proteome, we
performed a label-free quantification (LFQ) proteomics analysis. Following appropriate
filtering and data processing, we identified approximately 4200 proteins in the global LC-
MS/MS dataset that included the sample replicates of the three studied groups: 38 µM Myr-
B- or Pep-B-treated cells for 3 h and control (CTRL) cells. Partial Least Squares Discriminant
Analysis (PLS-DA) demonstrated a clear separation of the three groups along the selected
principal components, showing a variance of 5.1% and 4.8% for components 1 and 2,
respectively (Figure 8a). The PLS-DA model was validated through cross-validation and
demonstrated a discrete predictive ability (Q2 = 0.39), good fitness (R2 = 1.0) and an
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accuracy of 0.8. Moreover, the top 20 features contributing to group variance were identified
from the PLS-DA loadings (Figure 8a).

Figure 6. Scanning electron microscopy (SEM) analysis of Myr-B peptide-induced effects on human
cervical cancer HeLa cells. SEM micrographs (acquired and processed using JEOL inTouchScope
Interface software, https://www.jeol.com/products/scientific/sem/JSM-IT510.php, access date: 23
April 2026) of untreated HeLa cells (negative control) (a,b), HeLa cells after 3 h exposure to 38 µM
Myr-B (c,d) and 38 µM Pep-B (e,f) and HeLa cells treated with 2% NaN3 (positive control) (g,h). Mag-
nification and scale bars = (a–d) 1500× and 10 µm, respectively; (e–h) 10,000× and 1 µm, respectively.
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Figure 7. SEM analysis of Myr-B peptide-induced effects on human colon cancer Caco-2 cells. SEM
micrographs (acquired and processed using JEOL inTouchScope Interface software) of untreated
Caco-2 cells (negative control) (a,b), Caco-2 cells after 3 h exposure to 50 µM Myr-B (c,d) and 50 µM
Pep-B (e,f) and Caco-2 cells treated with 2% NaN3 (positive control) (g,h). Magnification and scale
bars = (a–d) 1500× and 10 µm, respectively; (e–h) 10,000× and 1 µm, respectively.
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Figure 8. Proteomic analysis of human cervical cancer HeLa cells treated with Myr-B and Pep-B
peptides. Biplot of PLS-DA showing group separation and the top 20 feature loadings contributing
to the variance along the principal components were obtained using MetaboAnalyst 6.0 (a). The
selected proteins were clustered in a heatmap according to their LFQ values in the three experi-
mental conditions; boxes were used to highlight different abundance patterns in Myr-B and Pep-B
samples (b). Volcano plot analysis was performed with GraphPad Prism 11.0 using multiple unpaired
t-tests with Welch correction to identify differentially regulated proteins, with a relative PPI network
and functional enrichment determined using Metascape for the Myr-B vs. CTRL (c,d), Pep-B vs.
CTRL (e,f) and Myr-B vs. Pep-B (g,h) comparisons, respectively. Differential proteins were selected
with a difference cutoff ± 0.2 and −log10 p-value > 2.

https://doi.org/10.3390/ijms27093918

https://doi.org/10.3390/ijms27093918


Int. J. Mol. Sci. 2026, 27, 3918 14 of 26

The LFQ abundance profiles of these 20 proteins were further analyzed through hierar-
chical clustering. As shown in Figure 8b, the selected proteins displayed distinct abundance
patterns in Myr-B- and Pep-B-treated cells, suggesting that they significantly contribute
to the observed proteomic differences. Notably, several of these proteins, such as BSG,
CDC37, CTNNBL1, IGF1R and NUP98, are functionally linked to processes governing
signal transduction, RNA metabolism, nucleocytoplasmic transport and translational con-
trol, including species with recognized roles in cancer-associated regulatory networks.
This functional convergence supports the biological relevance of the clustering output,
suggesting a coherent molecular variation associated with peptide treatment.

Quantitative volcano plot analysis revealed a subset of 139 significantly regulated pro-
teins in the Myr-B vs. CTRL comparison, with 79 of them being upregulated and 60 being
downregulated (Figure 8c and Supplementary Table S6). These proteins formed a protein–
protein interaction (PPI) network, enriching processes related to mitochondrial translation,
protein folding, RNA processing and apoptotic pathways (Figure 8d). In contrast, Pep-
B-treated cells showed 184 differentially abundant proteins compared with the CTRL,
including 93 up- and 91 downregulated species (Figure 8e and Supplementary Table S7).
PPI and functional enrichment analysis highlighted the effects on RNA processing, anti-
inflammatory response and mitochondrial metabolism, including translation, oxidative
phosphorylation (OXPHOS) and ATP production (Figure 8f). Finally, a direct compari-
son of Myr-B and Pep-B treatments identified 128 differential proteins, of which 80 were
more abundant and 48 were less abundant in Myr-B relative to Pep-B (Figure 8g and
Supplementary Table S8). Functional enrichment revealed pathways shared by both pep-
tides, particularly those associated with mitochondrial translation and OXPHOS (Figure 8h).
This approach enabled a preliminary characterization of differentially expressed proteins
across the three experimental groups. Importantly, as these candidate proteins were not
derived from multiple-testing-corrected analyses, they should be interpreted as exploratory
and hypothesis-generating.

To further dissect similarities and differences in the proteomic responses to the
two peptides, we carried out a multi-comparison analysis. While overlaps were observed
among the differential protein lists from the three pairwise comparisons, both at the gene
and at the enriched ontology levels (Figure 9a,b), these qualitative intersections were not in-
dicative of common regulatory trajectories (Figure 9c and Supplementary Table S9), whereas
quantitative correlation analyses uncovered distinct proteomic profiles. Indeed, as shown
in Figure 9d, Pearson correlation between the differential proteomes of Myr-B vs. CTRL
and Pep-B vs. CTRL revealed only a limited correlation (Pearson R = 0.56, p < 1 × 10−10),
supporting the idea that the two peptides modulate cellular pathways through largely
distinct mechanisms. Notably, heatmap visualization of enriched biological processes
across the three comparisons identified a subset of terms shared by both treatments, mainly
related to RNA metabolism, translation and transport. In contrast, Pep-B selectively im-
pacted pathways involved in miRNA biogenesis, rRNA maturation and tRNA processing,
whereas Myr-B uniquely enriched functions linked to cell death control (Figure 9e). Of
particular relevance, enrichment of the ASAP (apoptosis- and splicing-associated protein)
complex was accompanied by the coherent down-modulation of its three core subunits
(RNPS1, ACIN1 and SAP18) in Myr-B-treated cells relative to the controls (Figure 9f). To
statistically validate the selective under-expression of ASAP components in Myr-B-treated,
but not in Pep-B-treated, HeLa cells, we performed an ANOVA-based multiple comparison
against control cells. As already demonstrated, all members (ACIN1, RNPS1 and SAP18)
consistently showed reduced levels in Myr-B-treated samples based on LFQ intensities
(Figure 9g).
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Figure 9. Bioinformatic and multi-comparison analysis of proteomics data. Circos plots were used to
identify overlaps between genes (a) and shared ontology terms (b) in the three pairwise comparisons.
Venn analysis was performed to capture qualitative differences or similarities in the hits identified
through proteomics data analysis (c). Pearson correlation analysis was carried out using the difference
values for Myr-B vs. CTRL and Pep-B vs. CTRL comparisons to calculate the correlation R value (d).
Heatmap of enriched ontology terms across input gene lists from Myr-B, Pep-B and CTRL conditions,
colored according to p-values (top 20 clusters); blank cells indicate a lack of enrichment for that term
in the corresponding gene list (e). Heatmap of LFQ intensity values of the core members of the ASAP
complex in CTRL and Myr-B cell replicates was obtained by applying unit variance scaling to rows
and correlation distance and average linkage to both rows and columns (f). Statistical validation of
ASAP complex member under-expression in Myr-B-treated samples. Two-way ANOVA was used
for multiple comparisons based on the Tukey test (GraphPad Prism 11.0). * Adjusted p-value < 0.05;
** p-value < 0.01; ns: not significant (g).

3. Discussion
While conventional chemotherapy targeting/killing fast-growing cancer cells contin-

ues to be the main strategy for cancer management, the development of next-generation
anticancer drugs capable of overcoming the limitations of traditional cancer therapies
related to toxicity and drug resistance represents a priority at present. Current treatments,
in fact, are non-specific, as their mechanisms of action do not discriminate against other fast-
growing cells, thus affecting not only cancer cells but also healthy ones [49]. In addition, the
development of tumor resistance, classified as intrinsic (or primary) or acquired chemore-
sistance based on the occurrence timeline, is a major obstacle in cancer therapy. These forms
of resistance are driven by various and complex molecular mechanisms, among which
genetic/epigenetic factors or escape from apoptotic programmed cell death represent only
some of the underlying causes [50–52].

In light of these issues, discovering new therapeutic options that specifically target can-
cer cells while sparing normal cells is a key global health mission. In this context, exploring
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different anticancer options, including small-molecule targeted drugs such as peptides, is
emerging as a significant research field [53]. Anticancer peptides (ACPs) are peptide-based
anticancer agents generally composed of 5–50 amino acids that are mostly cationic and am-
phipathic [5]. Several ACPs have been developed based on natural antimicrobial peptides
(AMPs), since some AMPs also exhibit anticancer properties [54]. The first advantage of
designing ACPs is that their production uses well-established solid-phase peptide synthesis
methods [55]. Chemical modifications (amino acid incorporation/substitution, cyclization,
PEGylation and lipidation) are well-documented for these molecules and are available
for enhancing their pharmacokinetics and stability [56]. Moreover, when designing new
ACPs, it is necessary to consider that the mechanisms underlying their biological activity
significantly depend on various parameters such as size, length, net charge, amino acid
composition, hydrophobicity, amphiphilicity, secondary structures and oligomerization
state [57,58]. On the other hand, the composition and features of the target membrane
(lipids, cholesterol, charge, fluidity) also influence bioactivity by dictating the modalities of
peptide interaction and the possible penetration and disruption of cell membranes [59,60].
Most ACPs, especially cationic and membrane-active ones, act through membrane dis-
ruption [2]. However, other ACPs, usually highly charged peptides, exhibit anticancer
properties through the mediation of intracellular targets without necessarily inducing
membrane disruption [2]. Although the mechanisms of action may differ for each ACP,
this can be considered an advantage because it reduces the likelihood of developing re-
sistance. Indeed, a recent work reviewed 21 AMPs with anticancer activity derived from
fish, including peptide families like hepcidins, piscidins and pardaxin, as having high
potential for targeting cancer cells [61]. To achieve this goal, AMPs must have the right
combination of characteristics, including cytotoxicity against cancer cells without affecting
normal healthy cells.

Accordingly, in this study, we explored the potential anticancer activity of the myris-
toylated (myr) lipopeptides Myr-A, Myr-B and Myr-C, along with their corresponding
unmodified peptides Pep-A, Pep-B and Pep-C. Both myr and unmodified peptides were
derived from the peptide KHS-Cnd, a mutant of the natural peptide chionodracine isolated
from an Antarctic fish [34,37]. The choice of these lipopeptides was driven by our previous
studies showing their ability to selectively interact with biological membrane-mimicking
synthetic phospholipids, without being particularly cytotoxic to primary human fibrob-
lasts or hemolytic against rabbit erythrocytes [40]. The length and saturation of the lipid
moiety are key determinants of lipopeptide activity: optimal activity has typically been
observed for saturated acyl chains, such as myristic acid (C14:0), which provide a balance
between membrane affinity and biological selectivity [62]. Increasing the chain length has
been reported to enhance hydrophobicity, which can lead to peptide aggregation, reduced
selectivity and increased cytotoxicity. On the other hand, unlike saturated chains, which
enhance peptide insertion and membrane destabilization, unsaturated ones, not adopting a
linear conformation, reduce packing within the membrane lipid bilayer, thereby decreasing
membrane-disruptive effects [63].

Notably, this study demonstrated that all myr peptides possessed a strong cytotoxic
effect on HeLa cells at the highest tested doses (22.5 and 50 µM). Similar data on HeLa cells
have been reported in the case of the cationic peptide LevHemB1, a novel AMP derived
from the hemocyanin of Litopenaeus vannamei, which was cytotoxic at a concentration of
50 µM against the HeLa cell line, resulting in a cell viability percentage of approximately
30% [64]. The same effect was not observed in the normal liver cell line THLE-3, for which
the viability percentage using the peptide at 50 µM did not drop below 70% [64].

Moreover, the exposure of HeLa cells to non-myr peptides did not result in any
cytotoxic effect, even at the highest doses. Interestingly, adding myristic acid to the N-
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terminus of peptides caused them to acquire antitumoral activity, which was in line with a
study conducted by Li and colleagues [42], demonstrating that the CM4 peptide (an AMP
isolated from the hemolymph of the silkworm Bombyx mori), following myristoylation, had
an increased anticancer activity against the breast cancer cell lines MCF-7, MDA-MB-231
and MX-1. Hence, myristoylation appeared to increase CM4 peptide anticancer activity
through a stronger cell membrane interaction and by targeting mitochondria [42]. Unlike
our non-myr peptides, which are short, highly flexible and only weakly active, the non-myr
CM4 is a longer, well-structured peptide adopting a stable amphipathic α-helix and is
intrinsically bioactive. This structural organization allows CM4 to interact with the cancer
cell membrane through electrostatic interactions involving positively charged residues,
although its ability to penetrate into cells has only been enhanced by myristoylation [42].
Conversely, for KHS-Cnd-derived peptides, the lipid moiety is essential for conferring
biological activity, thus promoting membrane association, which appears to resemble the
main mechanism of action. Consistent with this, previous molecular dynamics simulations
in membrane models (POPC and POPC/POPG) have shown that Myr-B adopts an extended
conformation parallel to the lipid surface, with its charged residues interacting with lipid
phosphate groups. This membrane-associated conformation, which differs from that of
Pep-B, provides the structural basis leading to the hypothesized stronger interaction with
cancer cell membrane and the potential penetration properties of Myr-B [40].

As for the cancer cell specificity of lipopeptides, in line with the cytotoxic data of Bugli
and colleagues [40], all myr peptides that we tested at the highest doses against primary
human fibroblasts FB789 did not show the cytotoxicity observed for HeLa cells. Moreover,
FB789 cells treated with non-myr peptides did not exhibit any significant cytotoxic effect,
even at the highest tested dose, thus supporting the key role of N-myristoylation for the
anticancer activity of peptides. To strengthen this data, all myr and unmodified peptides
were also tested against another normal cell line, namely human dermal fibroblasts (HDFs).
Notably, HDF cell viability did not show percentage values lower than 87% for any of the
six studied peptides, thus confirming the selective action of myr peptides against HeLa cells.
Among these lipopeptides, Myr-B was less hemolytic than Myr-C based on our previous
data [40] and more cytotoxic than Myr-A against HeLa cells, as herein reported. Therefore,
it was selected for further analyses aimed at evaluating the morphological/cellular and
molecular signatures underlying the anticancer activity of Myr-B at the IC50 dose. Notably,
this concentration was selected to study the biological processes and molecular pathways
influenced by the peptide, thus avoiding the off-target effects and toxicity that emerge at
the highest tested dose.

When exposed to HeLa cells at the IC50 dose, Myr-B impaired their cell membrane
integrity, as documented by the elevated LDH release into the cell culture medium, and
consequently induced necrosis, as shown by cell swelling, plasma membrane ruffling
and rupture, causing the leakage of intracellular material. Interestingly, we observed that
HeLa cells appeared more sensitive to the Myr-B peptide than Caco-2 cells, likely due
to differences in membrane composition and organization between the two cell types.
Notably, the lipopeptide did not induce necrosis in Caco-2 cells, as no evidence of cell
membrane damage or leakage of intracellular contents was detected following treatment.
These findings suggest that the biological effects of the Myr-B peptide are influenced by the
cellular context and may depend on distinct modes of peptide–membrane interaction that
elicit different cellular responses.

Unlike apoptosis, all the characteristics observed in Myr-B-treated HeLa cells resemble
uncontrolled and non-programmed cell death, usually induced by harmful agents causing
chemical and/or physical damage [2]. However, cell death by necrosis in HeLa cells is
in line with the expected membranolytic activity of the Myr-B peptide, which has been
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previously reported to underlie its antifungal action [40] and which has been tested here,
for the first time, against cancer cells. Moreover, this is also consistent with the literature
data showing the regulation of tumor necrosis by ACPs exhibiting membrane-disruptive
mechanisms, such as lactoferrin B-derived peptide, mellitin and cathelicidin [65–67]. How-
ever, previous studies have not always distinguished between necrosis and necroptosis or
immune cell death, which generally occurs when apoptosis is inhibited and can trigger
molecular signaling cascades with potential anticancer effects that are capable of killing
treatment-resistant cells [68].

Consistently, morphological analysis alone does not define cell death, and ACPs are
known to activate a series of underlying molecular mechanisms. To thoroughly investigate
the effects induced by Myr-B at the IC50 dose in HeLa cells, we used high-throughput
proteomics, thus contributing to an emerging field of research [69]. Although there are hun-
dreds of studies describing the phenotypic effects of AMPs on cancer cells, the subset that
has used unbiased and hypothesis-free proteomic approaches to determine the underlying
molecular changes is currently very limited [70,71].

Taking advantage of shotgun LFQ proteomics combined with multiple statistical and
bioinformatic analyses, distinct protein expression profiles were identified in association
with each treatment condition: Myr-B- or Pep-B-treated cells. Searching for distinct pro-
teomic signatures, multivariate analysis further revealed that Myr-B and the corresponding
non-myr Pep-B modulate cellular pathways through distinct mechanisms. Bioinformatic
enrichment showed functions perturbed by both peptide treatments but also some peptide-
specific regulations. Pep-B mainly affected pathways involved in miRNA biogenesis,
rRNA maturation and tRNA processing, with no evidence of cell death. Although the
modulation of RNA networks has been widely explored in the context of anticancer strate-
gies and innovative therapeutics [72–75], our data may suggest a general RNA metabolic
adaptation in HeLa cells supported by Pep-B. In contrast, Myr-B treatment enriched a
unique functional term, specifically the ASAP complex, which is composed of three core
proteins: RNA-binding protein with serine-rich domain 1 (RNPS1), apoptotic chromatin
condensation inducer 1 (ACIN1) and Sin3-associated protein of 18 kDa (SAP18). Together,
these proteins form a functional module-interfacing post-transcriptional RNA regulator
and programmed cell death pathway [76]. The ASAP complex is known to bind to RNA
in a sequence-independent manner and is recruited to the exon junction complex (EJC),
a messenger ribonucleoprotein complex involved in post-transcriptional regulation [77].
The three ASAP subunits (ACIN1, RNPS1 and SAP18) have been individually implicated
in transcriptional regulation, pre-mRNA splicing and mRNA quality control [77]. Other
studies suggest that the ASAP complex is involved in regulating both mRNA processing
(splicing) and programmed cell death; in fact, it acts by inhibiting splicing mediated by
other factors and accelerating cell death, disassembling after inducing apoptosis [76,78].
However, the mechanism of action for the ASAP complex remains to be fully understood,
particularly whether its components play their regulatory role on RNA processing and
apoptosis individually or as subunits of the complex. In our study, differential proteomics
revealed that exposing HeLa cells to Myr-B resulted in the under-expression of all three core
ASAP complex proteins (RNPS1, ACIN1, SAP18). This under-expression may reflect either
a decreased stability of the complex under Myr-B treatment or an active downregulation
of its components as part of the peptide’s mechanism of action, thereby tilting regulatory
networks towards cell fate decisions that differ from those initiated by Pep-B. Interestingly,
this finding resonates with the concept that perturbations in splicing-associated regulatory
complexes can have broad consequences for both RNA processing and apoptotic suscep-
tibility. Specifically, Michelle and colleagues reported increased levels of pro-apoptotic
regulators such as Bcl-x, Bim and Mcl1 after the depletion of ASAP components through
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RNA interference [79]. Given that the deregulation of RNA processing and splicing ma-
chinery is increasingly recognized as a hallmark of cancer vulnerability and a fertile ground
for therapeutic intervention [80–82], the ability of Myr-B to modulate this axis is espe-
cially intriguing. Proteomic analysis carried out here provides a valuable starting point
for establishing a broader molecular framework for understanding the anticancer poten-
tial of the Myr-B peptide and formulating mechanistic hypotheses that can guide future
investigations. In particular, the ASAP complex, as a reasonable intracellular target of
Myr-B, warrants further investigation to determine whether the under-expression of its
main proteins correlates with an impaired alternative splicing, which could consequently
lead to a susceptibility to programmed cell death as a likely secondary stress response
rather than as a direct mechanism. However, these observations should be considered
preliminary, particularly in light of the apparent discrepancy between the proteomic find-
ings and LDH/morphological results observed in HeLa cells. Therefore, any mechanistic
interpretation based on the proteomic data should be considered exploratory and requires
further functional validation to define the sequence of cell death pathways.

In conclusion, we demonstrated that the lipid modification of Pep-B profoundly
reshapes the regulatory landscape engaged by the treatment, with a more specific effect on
cancer cells in terms of the mechanism of Myr-B action. In particular, myristoylation helps
the peptide to penetrate and modify/damage the membrane of HeLa cancer cells, to induce
cell death predominantly by necrosis, as confirmed by our morphological/cellular analysis,
and to cause an intracellular proteomic perturbation. This study indicated that combining
the rational modular design of a natural AMP from a new biological source with peptide
modification through N-myristoylation is a promising strategy for developing selective
ACPs, making the Myr-B peptide an attractive anticancer drug for future investigations.

4. Materials and Methods
4.1. Peptides

The peptides were designed by Bugli et al. [40] and have the following sequences:
Pep-A (WFGKLYRGITK), Pep-B (WRGITKVVKKV) and Pep-C (WVVKKVKGLLK). These
three peptides were conjugated at the N-terminal with myristic acid (Myr), a saturated
fatty acid with the chemical formula CH3(CH2)12COOH, yielding the three corresponding
lipopeptides: Myr-A (Myr-WFGKLYRGITK), Myr-B (Myr-WRGITKVVKKV) and Myr-C
(Myr-WVVKKVKGLLK). All peptides were synthesized with a purity greater than 98% and
were provided by CASLO Aps (Kongens Lyngby, Denmark). Prior to use, each peptide was
dissolved in sterile, filtered AccuGENE™ water (Lonza, Basel, Switzerland), and peptide
concentrations were determined by measuring the absorbance at 280 nm using a Jasco
V-630 spectrophotometer (Jasco International Co., Ltd., Tokyo, Japan).

4.2. Cell Cultures

The primary human FB789 fibroblast and primary human dermal fibroblasts (HDFs)
were cultured at 37 ◦C with 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 1% (w/v) glutamine and 1% (w/v)
penicillin–streptomycin [83,84]. The human cervical cancer HeLa cell line (ATCC CCL-2)
was cultured under the same conditions (37 ◦C, 5% CO2), but in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% (v/v) FBS, 1% (w/v) glutamine,
1% (w/v) penicillin–streptomycin, and 0.2% (w/v) NaHCO3 [85]. The human colon cancer
Caco-2 cell line (ATCC HTB-37) was cultured in DMEM supplemented with 10% (v/v) FBS,
1% (w/v) glutamine, 1% (w/v) penicillin–streptomycin, 1% Non-Essential Amino Acids and
1% sodium pyruvate and maintained at 37 ◦C in a humidified incubator with 5% CO2 [86].
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4.3. Cytotoxicity Assay

Cells were seeded into a 96-well flat-bottom plate (at a density of 104 cells per well in
100 µL of the medium) and incubated at 37 ◦C with 5% CO2 for 24 h. After this incubation,
the medium was removed, and fresh medium containing the peptides at concentrations of
2.5, 7.5, 22.5 and 50 µM was added. The cells were then incubated at 37 ◦C with 5% CO2 for
3 h or 24 h. Following this, the medium was removed, and 100 µL of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (0.5 mg/mL) was added to each
well for 3 h. The MTT solution was then removed, and 100 µL of dimethyl sulfoxide
(DMSO) was added to dissolve the formazan crystals formed at the bottom of the wells. To
ensure complete dissolution, the plate was incubated at 37 ◦C for 15 min. Absorbance was
measured at 595 nm using an Epoch2 microplate spectrophotometer (BioTek, Winooski,
VT, USA). Cell viability was expressed as the percentage of viable cells at each peptide
concentration relative to untreated cells (negative control). The positive control consisted
of cells grown in the absence of peptides but in the presence of 2% (w/v) NaN3. The
cytotoxicity assay was performed on at least two biological replicates, each repeated in
quintuplicate. Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s post hoc test (GraphPad Prism 11.0).

4.4. LDH Measurement

Cells were seeded on 96-well plates at a density of 104 cells per well in 100 µL of
the medium and, after overnight incubation, were treated with 38 µM Myr-B or Pep-B
for 3 h. LDH release was determined using the CyQUANT™ LDH Cytotoxicity Assay
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol. Absorbance
was subsequently measured at 490 nm and 600 nm using an Epoch2 microplate reader
(BioTek, Winooski, VT, USA). The LDH assay was performed on at least two biological
replicates, each repeated in quintuplicate. Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s post hoc test (GraphPad Prism 11.0).

4.5. Scanning Electron Microscopy (SEM)

Cells were seeded on sterile glass coverslips inserted in 24-well cell culture plates at
a density of 6 × 104 cells per well in 100 µL of the medium. The cells were cultured at
37 ◦C with 5% CO2 for 24 h and treated with 38 µM Myr-B or Pep-B for 3 h. Negative
control (untreated cells) was carried out by adding fresh medium, whereas positive control
was obtained by treating cells with 2% (w/v) NaN3. Then, the cells were washed two
times with PBS and fixed using 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M
cacodylate buffer, pH 7.2, at 4 ◦C for 3 h. After three washes with cacodylate buffer, the
samples underwent dehydration by gradually increasing the concentration from 10% to
100% of ethanol solutions. After dehydration, the samples were dried using a Critical Point
Dryer (CPD Emitech K850, Quorum Technologies Ltd., Kent, UK). Once dried, the samples
were mounted on cylindrical aluminum stubs using conductive carbon adhesive tape,
coated with gold using MED10 Sputtering (Balzers Union, Balzers, Liechtenstein) and then
examined using a Jeol JSM 6010LA (Tokyo, Japan) at an accelerating voltage of 5 kV. Image
acquisition and processing were performed using the inTouchScope Interface software.

4.6. Untargeted Proteomics and Bioinformatics Data Analysis

Proteomes were extracted from HeLa cells treated with the two peptides and the
untreated control. Protein digestion was performed through on-filter proteolysis using
S-Trap™ micro-spin columns (Protifi, Huntington, WV, USA) as published [87]. Peptide
mixtures were analyzed through liquid chromatography–tandem mass spectrometry (LC–
MS/MS) using an Orbitrap Exploris 240 coupled with a Vanquish Neo UHPLC system (both
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Thermo Fisher Scientific, Waltham, MA, USA). Instrument parameters for LC–MS/MS
analysis followed the configuration reported in a previous publication [88]. Each condition
consisted of n = 4 biological replicates, and each sample was analyzed by LC–MS/MS in
technical duplicates. The resulting .raw files were processed using the label-free quantifica-
tion (LFQ) approach within the MaxQuant (v2.7.0.0) platform. Protein identification was
performed against the UniProt human proteome database (UP000005640; 20,402 canonical
proteins, downloaded in February 2025) using the Andromeda search engine, applying a
1% false discovery rate (FDR) at both protein and peptide levels. Subsequent data normal-
ization and elaboration procedures were carried out in Perseus (v2.1.3.0) [89]. Common
contaminants, reverse hits and peptides identified solely by site modification were removed.
Proteins were retained only if their identification was supported by at least one unique
peptide. LFQ intensities were log2-transformed, and missing values were imputed using
random numbers drawn from a Gaussian distribution (width = 0.3; downshift = 1.8). The
protein matrix was exported and used for further statistical and bioinformatics analyses.

Partial Least Squares Discriminant Analysis (PLS-DA) was first performed to detect
possible outliers using MetaboAnalyst 6.0. After the identification of one outlier, the biplot
of PLS-DA and the relative loadings (top 20 features) were obtained to analyze the degree
of separation among groups and the features explaining the obtained variance [90,91].
Furthermore, the performance of the PLS-DA model was estimated through the 5-fold
cross-validation method by calculating the fitness (R2), predictive ability (Q2) and accuracy
of the model [92]. Heatmaps and hierarchical clustering of the top-selected features were
generated using the ClustVis web tool, applying unit variance scaling to rows and correla-
tion distance and average linkage to both rows and columns [93]. Differential expression
between pairwise conditions was assessed using GraphPad Prism 11.0 through multiple
unpaired t-tests with Welch correction. Proteins were considered significantly varied using
a nominal p-value threshold of 0.01 (−log10 p-value > 2), combined with a difference
cutoff < −0.2 (downregulated) or >0.2 (upregulated). The use of nominal p-values rather
than multiple-testing-adjusted values was motivated by the exploratory nature of this study
and by the limited sample size. In such contexts, stringent multiple-testing corrections
can be excessively conservative and may fail to detect true positives, potentially masking
biologically relevant but moderate protein abundance changes [94]. The features identified
in this work may therefore be useful and can be explored in future studies. Metascape
was used to generate protein–protein interaction (PPI) networks, and gene ontology (GO)
enrichment analysis was applied to the network to extract biological meanings from the
network component, where the best p-value for non-redundant terms was retained. Over-
laps between gene lists were visualized using circos plots [95]. Pearson correlation analysis
was performed using SRplot through correlation of the difference value lists of Myr-B vs.
CTRL and Pep-B vs. CTRL comparisons.

Multiple comparison analysis was performed with GraphPad Prism 11.0 using
two-way ANOVA with Tukey correction to statistically compare and validate abundance
differences in the ASAP complex members in Myr-B samples versus Pep-B and CTRL
samples. Adjusted p-values were considered significant if at least lower than 0.05.
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