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Abstract

Aim: Evaluate the selective cytotoxic effect of the palindromic sequence RWQWRWQWR and its analogues
obtained by replacement of L-amino acids by D-amino acids or the functionalization by adding the RGD
(integrin ligand motif) to the peptide.

Methods: Peptides were obtained by SPPS, characterized by RP-HPLC and ESI-QTOF and its biological
activity was evaluated using MTT assays. Evaluation of mechanism associated to the cytotoxic effect were
carried out by flow cytometry, RT-qPCR, wound healing, transwell and zymography.

Results: The peptides with replacements of D-amino acid showed a lesser cytotoxic effect against breast
cancer cell lines, regardless it was one or several residues modified which suggested a possible specific
interaction between the peptide and the cancer cell membrane besides its initial electrostatically contact.
On the other hand, addition of the RGD sequence to the palindromic peptide in the N-terminal end resulted
in a greater cytotoxic effect against cell lines derived from the three mainly diagnosed breast cancer
molecular subtypes. An approximation on mechanisms associated to this effect was evaluated on MCF-7
cells, it shows that the peptide induced apoptosis by activating intrinsic and extrinsic pathway, which
correlates with the possibility of a specific interaction, and induces mitochondrial depolarization with
release of oxygen reactive species. Also, this peptide induces a reduction in migration and invasion
associated with a diminish in metalloprotease 9 activity and a lesser release of IL-6, [L-10 and arginase
cytokines.

Conclusions: Our results suggest that this promising peptide can be considered for preclinical evaluation in
the development of drugs to treat breast cancer and thus mitigate the impact of this disease.

© The Author(s) 2024. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution
and reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the
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Graphical abstract. Proposed mechanism of action of peptide 14 (RGD-Ahx-RWQWRWQWR) in MCF-7 cells. Created by
BioRender.com
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Introduction

Despite all efforts to reduce breast cancer incidence and mortality worldwide in the past few decades, to
2022 is still the second most diagnosed cancer with 2,308,931 new cases reported and, the fourth deadliest
cancer with 669,418 deaths registered [1]. Breast cancer is a heterogenous disease that encompasses
dissimilar clinical presentations, trajectories, and outcomes; this cancer is grouped in four intrinsic
subtypes (luminal A, luminal B, HER2-enriched, and basal-like) mainly differenced by the expression of
membrane receptors among other 50 genes used in this classification; nowadays, typification is key to
determine the therapeutic approach to each case [2].

Luminal A tumours are the most common, approximately 40% of diagnoses are typified in this
category, they have genetic expression of oestrogen receptor (ER), progesterone receptor (PR), and lack of
significant expression of human epidermal growth factor receptor 2 (HER2). Luminal B is the second most
diagnosed subtype, accounting for more than 20% of new cases, these tumours are also ER+ and PR+ but
have a higher expression of HER2, cell-cycle and proliferative related genes. The third most frequent
subtype is basal-like, 15 to 20% of breast malignancies belong to this group characterized by the absence of
ER, PR and HER2, with high expression of proliferation and cell adhesion genes [3, 4].

Although different therapeutic approaches are needed for each subtype, most patients are treated with
systemic therapies to induce cell death and reduce tumour size, either as neoadjuvant or adjuvant therapy.
These treatments have a major drawback which is the fact that they lack the selectivity required to only
affect cancer cells inducing deleterious outcomes on non-cancerous cells and therefore side effects on
patients like fatigue, alopecia, cytopenia, fibromyalgia, neurocognitive dysfunction, cardiomyopathy, second
cancers, early menopause, and psychosocial affections among others [5, 6].
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Peptides are a promising option for developing new treatments against breast cancer. Anti-cancer
peptides (ACPs) are more selective for cancer cells, offer greater options for drug delivery, versatility in the
suitability of the dosage form, have a broad spectrum of action and may induce fewer adverse effects. Some
ACPs exert their effect through several pathways, which makes them less likely to induce resistance [7, 8].
Another great advantage is their ease of synthesis since they can be obtained with high purity and are
therefore considered innocuous molecules. They also allow versatility in the optimization process, since the
existing synthetic methods let them be modified in specific sites of the sequence, change of L-amino acids to
D-amino acids, functionalization with peptides, proteins, carbohydrates, lipids, etc.

Lactoferricin B (LfcinB) is a 25 amino acid peptide derived from bovine lactoferrin, which have had
activity against different types of cancer such as colorectal, oral, breast, cervix, lung, and leukaemia [9]. The
six amino acid sequence RRWQWR is known as the minimal activity motif, and short peptides derived from
it have shown higher activity than LfcinB [10]. The palindromic sequence RWQWRWQWR and its analog
RRWQWRWQWR have shown lower ICs, than the minimal motif and the LfcinB against MCF-7 and MDA-
MB-231 breast cancer cell lines with minimum cytotoxic effect on red blood cells, fibroblast and MCF-12
cells [11].

To improve the anticancer activity of the palindromic peptide, two approaches were carried out: the
first one consisted in changing totally or partially the L-amino acids by D-amino acids (Table 1). This
approach seeks to maintain the cytotoxic effect against cancer cells and increase resistance to proteolytic
degradation. The following changes were made: Each L-amino acid was changed by the respective D-amino
acid, all L-Trp were changed by D-Trp, all L-Arg by D-Arg, all L-GIn by D-GIn and all L-amino acids of the
sequence were changed by D-amino acids.

Table 1. Peptides derived from RWQWRWQWR ('R5R®R) sequence containing D-aminoacids. Characterization by RP-HPLC
and ESI-QTOF MS, and cytotoxic effect against breast cancer cells and non-cancerous fibroblast primary cell culture

Code  Sequence RP-HPLC ESI-MS (M?) IC,,, pg/mL (uM)

tz (min) Purity (%) Theoretical Exp. MCF-7 Fibroblasts
'R°R°R  RWQWRWQWR 6.3 92 1,485.75 1,485.88 120 (81) > 200 (135)*
1 ‘RWQWRWQWR 5.9 99 1,485.76 1,485.77 >200(135)* > 200 (135)*
2 R'WQWRWQWR 6.7 94 1,485.76 1,485.77 >200(135)*  >200 (135)*
3 RW!QWRWQWR 5.9 99 1,485.76 1,485.76 >200 (135)*  >200 (135)*
4 RWQ'WRWQWR 6.5 95 1,485.76 1,485.77 >200 (135)*  >200 (135)*
5 RWQW'RWQWR 5.9 95 1,485.76 1,485.77 >200(135)* > 200 (135)*
6 RWQWR*WQWR 6.1 89 1,485.76 1,485.77 >200(135)*  >200 (135)*
7 RWQWRW'QWR 6.1 100 1,485.76 1,485.77 >200(135)*  >200 (135)*
8 RWQWRWQ*WR 6.3 98 1,485.76 1,485.77 >200(135)*  >200 (135)*
9 RWQWRWQWR 6.3 99 1,485.76 1,485.77 >200 (135)*  >200 (135)*
10 ‘RWQW'RWQW'R 54 94 1,485.76 1,485.77 >200(135)*  >200 (135)
11 RWQ'WR*WQ*WR 6.5 99 1,485.76 1,485.77 >200(135)*  >200 (135)
12 RW!QWRW?QWR 5.6 99 1,485.76 1,485.77 >200(135)*  >200 (135)*
13 RWQWR'W!Q'WR 6.4 90 1,485.76 1,485.77 >200 (135)* > 200 (135)*

R, W, °Q indicate the position of D-Arg, D-Trp and D-GIn, respectively. *: IC,, could not be reached at the evaluated
concentrations; ESI-MS: electrospray ionization mass spectrometry; IC,: half maximal inhibitory concentration; M?: corresponds
to monoisotopic mass; RP-HPLC: reversed-phase high-performance liquid chromatography; ts: retention time

The second approach was to incorporate the RGD or DGR sequence to increase the cytotoxic effect and
selectivity for breast cancer cells. This tripeptide has been used as a radiotracer to target breast cancer cells
due to its affinity to the integrin av33, usually overexpressed in this kind of tumours [12]. We explored the
effect of the addition of the sequence in the C, N-terminal or both against MCF-7, BT-474, MDA-MB-231 and
MDA-MB-468 cells belonging to the three most diagnosed subtypes of molecular breast cancer.
Functionalization on the N-terminal exert cytotoxic activity against all cell types evaluated, being MCF-7
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cells the most affected by it. In these luminal A cells, the functionalized peptide RGD-Ahx-RWQWRWQWR
induced apoptosis with release of reactive oxygen species along with the diminish of invasiveness and
migration of cells.

Materials and methods
Fmoc/tBu solid phase peptide synthesis

Briefly, 200 mg of Merck’s rink amida resin (0.046 mEq/g) was swollen and solvated as stipulated by the
manufacturer. The resin was then treated with piperidine solution (5% in DMF), twice, to get the free amine
group. Then the coupling of the first amino acid from the C-terminal end of the sequence was carried out,
and the formation of the peptide bond was confirmed by Kaiser test. These deprotection and coupling
processes were repeated until the peptide sequence was completed. Finally, the peptide was cleaved from
the resin and the side chains were deprotected using a cocktail that contained TFA, water and TIS.

Purification by solid phase extraction

Supelclean™ LC-18 SPE solid phase extraction columns of 5 g were activated with 30 mL of methanol,
30 mL of Solvent B (TFA 0.05 % in ACN) and equilibrated with 30 mL Solvent A (TFA 0.05 % in water). The
peptide dissolved in Solvent A (150 mg/mL) was seeded on the column and eluted by a step gradient with
increasing concentrations of Solvent B, the fractions were collected and analyzed by RP-HPLC, then the
fractions with higher chromatographic purity were pooled and lyophilized [13].

Analysis by mass spectrometry

Peptides (10 pg/mL) were analyzed on a Bruker Impact II LC Q-TOF MS spectrometer equipped with an ESI
ionization source operated in positive mode. The chromatographic conditions were Intensity Solo C18
column (2.1 x 100 mm, 1.8 um, Bruker), at a temperature of 40°C and a flow of 0.250 mL/min. Solvent A
[H,0-Formic acid (FA) 0.1%], Solvent B (ACN-FA 0.1%). Elution gradient 5/5/95/95/5/5% Solvent B in
0/1/11/13/13.1/15 min. The ESI source conditions were: ionization energy 500V, capillary 4,500V,
nebulizer 1.8 bar, dry nitrogen gas 8.0 L/min, temperature 220°C. Auto MS/MS scanning mode with
spectral range 20-1,000 m/z and spectral rate 2 Hz and collision energy of 5.0 eV.

Cytotoxic effect in vitro

The cytotoxic effect of the peptides was evaluated depending on the stage against 4 lines derived from
breast cancer, each belonging to a molecular subtype, or 1 mammary epithelial cell line and 1 primary
fibroblast culture; to determine the selectivity of each peptide. Each peptide was evaluated in triplicate at
times of 2, 24, and 48 h of incubation and concentrations of 6.25, 12.5, 25, 50, 100 and 200 pg/mL. Once the
time had elapsed, 10 pL of MTT was added to each well and incubated for 4 h, then the medium was
removed, 100 pL of sterile DMSO was added and incubated for 40 min at 37°C to solubilize the crystals of
formazan and read absorbance at 570 nm. Based on the cell viability results, the peptide with the highest
cytotoxicity and selectivity was selected to carry out the preliminary study of the mechanism of action.
Three technical replicates were carried out.

Primary culture of human fibroblasts was isolated from foreskin in the Cellular and Molecular
Physiology Laboratory of the Department of Medicine of the Universidad Nacional de Colombia.

The cell lines MDA-MB-468 (basal A triple-negative breast adenocarcinoma cell line), MDA-MB-231
(basal B triple-negative breast adenocarcinoma cell line), MCF-7 (metastatic breast adenocarcinoma cell
line type luminal A), and BT-474 (ductal carcinoma cell line invasive luminal B) were used as models of
each of the most prevalent molecular subtypes of breast cancer.

Hemolysis

Blood obtained from a healthy volunteer, peripheral blood was extracted by venipuncture, centrifuged at
800 g for 15 min at 10°C, and washed three times with 0.9% saline solution. A sample of red blood cells
with a 4% hematocrit was prepared in saline solution. In a 96-well U-shaped box, 100 uL per well was
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transferred and 100 pL of the reconstituted peptide in 0.9% saline solution was added (400, 200, 100, 50
and 25 pg/mL); each peptide was evaluated in triplicate at an incubation time of 2 h at 37°C. After the time,
the box was centrifuged at 800 g for 5 min, 100 pL of supernatant was transferred to a flat-bottomed 96-
well box and absorbance was read at 540 nm. Saline solution (0.9%) was used as a negative control and
Tween 20 was used as a positive control. Three technical replicates were carried out. The percentage of
hemolysis was calculated according to the following equation:

ABS treatment — ABS negative control

H lysis % = x 100
emolysis % ABS positive control — ABS negative control

Apoptosis/necrosis assessment

MCF-7 cells were seeded in 24-well dishes at a rate of 15 x 10* cells/well and treated with peptide
reconstituted in not supplemented medium for a final concentration of the ICs,. Cells were harvested and
transferred to 2 mL conical centrifuge tubes, centrifuged at 300 g for 5 min, the supernatant was discarded
and resuspended in 400 uL of staining buffer solution with the fluorochromes of Millipore Muse™ Annexin
V & Dead Cell Kit (1X annexin V binding buffer, 0.5 uL of FITC annexin V and 0.5 pL of 7-AAD per 5 x 10°
cells). The cells with the fluorochromes were incubated in the dark for 15 min at 37°C, then centrifuged at
300 g for 10 min, resuspended in 200 pL of 1 mM PBS and analyzed by flow cytometry in the Guava® Muse®
Cell Analyzer. As an apoptosis control, the cells were treated with 4% formaldehyde and as negative control
cells without treatment [14]. Cell-based experiments were repeated in two independent experiments
performed in technical triplicates (n = 3).

Assessment of mitochondrial permeability

The cells were seeded in 24-well dishes at a rate of 15 x 10* cells/well, once adhered the culture medium
was replaced with 200 pL of the medium supplemented with 10% FBS plus 200 pL of the peptide
reconstituted in not supplemented medium, for a final concentration of 1C5,. They were washed with PBS
and stained with 100 pL of the working solution of the BD Pharmingen™ MitoScreen JC-1 commercial kit
(1:100 solution of JC1 reconstituted in DMSO: buffer assay 1X) for 20 min at 37°C. They were then washed
twice with the assay buffer provided in the kit and resuspended in 100 pL of this for reading in the BD
Accuri™ C6 cytometer, detecting the emission of the monomeric form at 527 nm and that of the aggregates
at 590 nm. Negative control: labeled untreated cells, positive control: cells treated with actinomycin
10 pg/mL for 24 h or 4% formaldehyde [14]. Cell-based experiments were repeated in two independent
experiments performed in technical triplicates (n = 3).

Evaluation of reactive oxygen species

The cells were cultured and treated as in the previous item. After 2 and 24 h of treatment, the medium was
removed, the cells were harvested, transferred to a microcentrifuge tube and resuspended in assay buffer
at a rate of 1 x 10° cells/mL. Of this suspension, 10 uL was transferred to a tube. Microcentrifuge and 190
uL of Muse® Oxidative Stress working solution was added, it was incubated at 37°C for 30 min and reading
was performed on the Guava Muse® cytometer. The assay was performed in biological duplicate, as a
negative control: labeled untreated cells and as a positive control: cells treated with 4% formaldehyde [15].
Cell-based experiments were repeated in two independent experiments performed in technical triplicates
(n=3).

Evaluation of cytokine secretion

The cells were cultured, harvested and treated as in the previous item. After 2 and 24 h of treatment, the
supernatants were recovered and stored at -20°C until analysis. In 1.5 mL tubes, 25 pL of assay buffer, 25
uL of supernatant from each treatment and 25 pL of the bead premix included in the LEGENDplex™ Human
Macrophage/Microglia Panel kit were added, incubated in the dark for 2 h, centrifuged at 1,050 rpm, then
the supernatant was removed, and the pellet was washed with washing buffer. Detection antibodies (25 pL)
were added to the pellet and it was incubated for 1 h in the dark. Subsequently, 25 pL of SA-PE was added
and the incubation continued for an additional 30 min. After the time, it was centrifuged at 1,050 rpm, the
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supernatant was removed, washed with washing buffer and resuspended in 150 pL of washing buffer.
Cytometry analysis was performed on the Cytek Aurora device to determine the secretion of IL-12p70,
TNF-q, IL-6, IL-4, IL-10, IL-1B, arginase, TARC, IL-1RA, IL-12p40, IL-23, IFN-y and IP-10 (B9). For this, use
was made of the proposed template and software proposed in the LEGENDplex™ Human
Macrophage/Microglia Panel kit [16]. Cell-based experiments were performed in technical duplicates (n =
2).

Wound-healing test

Cells at 70-80% confluency were subcultured in 24-well dishes at a rate of 3 x 10° cells/well, for 12 h until
adherence. The medium was then removed and 100 pL of unsupplemented RPMI was added to synchronize
the culture for 12 h. With the tip of a micropipette, the monolayer was broken vertically along the well, the
unsupplemented medium was removed and medium with 5% SFB (negative control), medium with 20%
SFB (positive control) or peptide at the concentrations of IC5g, 0.5 IC5y and 2 ICs, dissolved in medium with
5% SFB was added. In the microscope, 4 photographs were taken from different fields that allowed the
entire length of the wound to be covered; and this process was repeated at 2, 12, 24 and 48 h of incubation,
since it was made by triplicate twice, a total of 24 microphotographs per treatment were analyzed. Using

Image], the lesion area was calculated after the different time periods and compared with that at time 0
[17].

Migration test

Breast cancer-derived cells were cultured in the upper well of 12-well plates with 8 um pore transwell at a
density of 15 x 10* cells/well in 100 pL of serum-free medium. In the lower wells, the controls and
treatments with the peptide (IC5y) were added in a final volume of 600 pL; the transwell was placed over
the lower well containing the stimulus and migration was allowed by incubating at 37°C for 2, 12 and 24 h.
After time, the medium and stimuli were removed and 600 uL of 4% paraformaldehyde solution was added
to the lower well for 15-30 min to allow the cells to fix on the membrane of the upper well.
Paraformaldehyde was recovered and 600 pL of a 0.5% crystal violet solution in methanol was added to the
lower well, staining for 15-30 min. The solution was removed and the transwells were washed with water
and cotton swabs; 1 mL of water was added to the lower wells and 100 pL to the upper wells. Under the
microscope, the cells in each well were counted and 5 microphotographs were taken per membrane for a
total of 10 microphotographs related to each treatment and time evaluated. The membranes were removed
and placed in a microcentrifuge tube where 100 pL of 10% acetic acid solution was added to dissolve the
stain and determine the absorbance at 570 nm in a microplate reader. The percentage of cell migration for
each well was determined by dividing the number of cells that were counted in the transwell by the initial
number of cells seeded [18]. Cell-based experiments were performed in technical duplicates (n = 2).

Invasion test

Using pre-cooled material, 100 uL of a solution containing Geltrex® (Invitrogen), covering buffer and cell
maintenance medium were deposited in each transwell, allowed to gel overnight at 37°C in an incubator
and then the same assay process as migration previously described was carried out [18]. Cell-based
experiments were performed in technical duplicates (n = 2).

Zymography

The cells derived from breast cancer were cultured in 24-well plates at a rate of 15 x 10* cells/well. Once
adhered, the culture medium was replaced with 200 pL of the medium supplemented with 10% FBS plus
200 pL of the peptide reconstituted in medium without supplement for a final concentration of ICs,. After 2
and 24 h of treatment, the supernatants were recovered and stored at —20°C until analysis. Denaturing
electrophoresis of the supernatants was performed with a 10% separation gel supplemented with 0.05%
gelatin and a 4% concentrating gel at 25 mA for 2.5 h. Following this, the gel was washed three times with
Triton™ X-100 3% and three times with distilled water. It was incubated in gelatinase activation buffer for
30 min at room temperature and for 14 h at 37°C. Subsequently, it was stained with Coomassie blue in
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MeOH/acetic acid for 3 h, washed 3 times with hot water (40-70°C) for 10 min each and then with
decolorizing solution of acetic acid, methanol, and water (1:3:6) until visualized. Cell-based experiments
were performed in technical duplicates (n = 2).

Galleria mellonela in vivo assay

Galleria mellonella larvae (supplied by Perkin SAS) were placed in sterile glass Petri dishes at a rate of 10
larvae per dish. The prolegs of the larva were cleaned with a swab and 70% hypochlorite, then 10 pL of
peptide were inoculated at concentration of 800 pg/mL in 0.9% saline solution, in the last right proleg. The
treatment group was made up of 10 larvae and 2 replicates were made. As a control, 10 uncleaned larvae
were used, as an absolute control, 10 larvae that were cleaned were used, and as an inoculation control, 10
larvae were inoculated with 0.9% saline solution. The larvae were incubated at 37°C and monitored for
10 days. Viability data were analyzed using Kaplan Meyer curves. The protocol used was implemented by
the Human Proteomics and Mycoses Laboratory, under the principles and standards of the ethics
committee for the care and use of animals, decreed by the institutional ethics committee of the Pontificia
Universidad Javeriana.

Statistical analysis

Using the GraphPad Prism 4 program, comparisons within a treatment group were made using a one-way
ANOVA or between treatments using two-way ANOVA, followed by Tukey’s multiple comparisons test.
Differences are considered significant at p < 0.05.

Results
Peptide synthesis

Peptides were synthetized by SPPS-Fmoc/tBu, purified and characterized by RP-HPLC and ESI-QTOF MS.
The synthesis of the palindromic peptide (*R°R°R) and its analogs (peptides 1 to 13) presented no
difficulties and was similar to that of the original palindromic peptide. All peptides showed high purity
(between 89-100%) and the expected mass corresponded to the theoretical mass in all cases.
Chromatographic profiles showed that diasteromer peptides 2, 4, 11 and 13 had higher t; (retention time)
than the original palindromic peptide, while peptides 1, 3, 5-7, 10 and 12 had lower tg, suggesting that
some diasteromer peptides interact to a greater or lesser extent with the stationary phase even though they
all have the same number of positively charged (Arg), hydrophobic (Trp) and polar uncharged (GIn) amino
acids. When L-Arg was changed by D-Arg, peptides 1 and 5 showed similar tg and lesser than peptides 9 and
13, suggesting that the change of L-Arg by D-Arg in position nine or in all positions of the sequence induced
conformational changes that affect the interaction with stationary phase.

The tripeptide RGD and/or DGR was added either on the N-terminal end, on the C-terminal end or in
both ends, of the 'R°R°R and the R'R°R°R peptides. All synthetic processes were viable, peptides with
purities greater than 90% were obtained and the experimental masses corresponded to the expected mass
values of each peptide, in all cases (Table 2). When comparing with the synthetic processes of the 'R°R°R it
was evident that the addition of the RGD or DGR motif to the sequence did not affect it and that the
inclusion at the N or C-terminus did not induce changes in the t; of the molecules, indicating that the
polarity was not significantly affected.

Cytotoxic effect against breast cancer cell lines

Effect of all peptides including the original sequences 'R°R°R and R'R°RR were evaluated against breast
cancer derived cell line MCF-7 and, primary cell culture of fibroblast and red blood cells to assess the
selectivity of each peptide. The results show that neither the diasteroisomers nor enantiomer exert the
same or greater cytotoxicity against breast cancer cells MCF-7 meaning that the stereochemistry of the
palindromic sequence is critical to its activity (Table 1).
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Table 2. Peptides derived from RWQWRWQWR (1R5R9R) sequence containing RGD or DGR motifs. Characterization by RP-
HPLC and ESI-QTOF MS, and cytotoxic effect against breast cancer cells and non-cancerous fibroblast primary cell culture

Code Sequence RP-HPLC ESI-MS (M) I1C4y, g/mL (uM)

t; (min) Purity (%) a b MCF-7 Fibroblasts
'R°R°R RWQWRWQWR 6.3 92 1,485.75 1,485.88 120 (81) > 200 (135)*
14 RGD-X-RWQWRWQWR 6.3 92 1,928.21 1,928.48 27 (14) 108 (56)
15 RWQWRWQWR-Ahx-RGD 6.3 96 1,928.21 1,928.46 >200 (104)* > 200 (104)*
16 RGD-X-RWQWRWQWR-X-RGD 6.1 84 2,369.69 2,368.99 >200(84)* >200 (84)"
17 DGR-X-RWQWRWQWR-X-RGD 6.0 99 2,369.69 2,369.67 >200(84)* >200 (84)"
18 DGR-X-RWQWRWQWR-X-DGR 6.1 95 2,369.69 2,369.80 >200(84)¢ >200 (84)*
R'R°R°R RRWQWRWQWR 6.2 93 1,631.87 1,641.88 112 (68) > 200 (121)*
19 RGD-X-RRWQWRWQWR 6.2 95 2,084.39 2,084.62 82(39) 195 (94)
20 RRWQWRWQWR-Ahx-RGD 6.2 98 2,084.39 2,084.62 >200(96)* >200 (96)*
21 RGD-X-RRWQWRWQWR-X-RGD 6.6 97 252588 2,525.42 >200(79)* >200 (79)*
22 DGR-X-RRWQWRWQWR-X-RGD 6.2 95 2,525.88 2,525.95 >200(79)* >200 (79)*
23 DGR-X-RRWQWRWQWR-X-DGR 6.2 98 2,525.88 2,426.321 >200(79)* > 200 (79)*

*: 1C,, could not be reached at the evaluated concentrations; a: theoretical; b: experimental monoisotopic mass in uma; ESI-MS:
electrospray ionization mass spectrometry; IC,,: half maximal inhibitory concentration; RP-HPLC: reversed-phase high-
performance liquid chromatography; tg: retention time

Table 3. Cytotoxic and selective effect of RWQWRWQWR peptide and peptides functionalized with the RGD motif

Code Peptide IC5, pg/mL (uM) Selectivity index Hemolysis (%)*
MCF-7 Fibroblasts

'R°R°R RWQWRWQWR 120 (81) >200 (135)* >1.6 6.7

14 RGD-Ahx-RWQWRWQWR 27 (14) 108 (56) 4.0 7.1

R'R°R°'R  RRWQWRWQWR 112 (68) > 200 (121)* >1.8 6.4

19 RGD-Ahx-RRWQWRWQWR 82(39)  195(94) 2.4 2.0

® Percentage of hemolysis calculated at the maximum concentration (200 pg/mL). *: IC,, could not be calculated because at the
maximum concentration, there was no reduction in viability by 50%; IC,,: half maximal inhibitory concentration

Regarding the peptides containing the RGD motif, when it was added at the C-terminal end the analog
peptides 15-18 and 20-23 did not present a significant cytotoxic effect, indicating that the incorporation of
this motif at that end induced the loss of the cytotoxic activity of the sequence in MCF-7 cells,
demonstrating that they are not viable as activity enhancers (Table 2). Contrary to this, when the RGD motif
was added only at the N-terminal end, the cytotoxic effect against MCF-7 cells was significantly increased
compared to its original peptide. Peptides 14 and 19 presented a significant lower IC5y (14 and 39 uM
respectively) compared to that of the 'R°R°R or its analog sequence R'R°R°R.

About selectivity, 14 and 19 peptides did not generate significant hemolysis in red blood cells, while in
fibroblasts these peptides (IC5o = 56 and 94 puM respectively) showed a cytotoxic effect greater than that
evidenced by the non-functionalized sequences. However, when calculating the selectivity index, peptides
14 and 19 showed selectivity index higher than 1, which indicates that the peptide does discriminate
normal cells from cancerous cells (Table 3).

Taking into consideration that peptide 14 is the sequence with the lowest IC;, against MCF-7 and with
the highest selectivity index, its cytotoxic activity was evaluated at times of 2, 24 and 48 h against cell lines
derived from different molecular subtypes of breast cancer: MCF-7 (luminal A subtype), BT-474 (luminal B
subtype), MDA-MB-468 (triple negative subtype A) and MDA-MB-231 (triple negative subtype B).

To compare the overall cytotoxic activity of the functionalized peptide 14 and the original palindromic
sequence, the IC3, values obtained for each time point and cell line evaluated are shown in Figure 1. This
information allows us to determine that both peptides evaluated have a cytotoxic effect at short times,
which does not vary significantly over time, being only dependent on the increase in concentration.
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Figure 1. Effect on viability in MCF-7, BT-474, MDA-MB-231 and MDA-MB-468 breast cancer-derived cells, and primary
fibroblast culture of the peptide palindromic peptide (RWQWRWQWR) and the 14 peptide (RGD-Ahx-RWQWRWQWR) at 2, 24
and 48 h of activity (n = 3)

BT-474 and MDA-MB-231 cell lines were less sensitive to the treatment of both peptides, so they did
not generate a 50% decrease in cell viability. In these cases, functionalization with the tripeptide, although
it maintained the cytotoxicity of the palindrome, did not significantly increase it. In MDA-MB-468 cells, an
increase in the cytotoxic effect was evident compared to the palindrome, generating a cytotoxic effect at
lower concentrations of the peptide with IC5y of 22, 18 and 10 uM for 2, 24 and 48 h, respectively. Similarly,
against MCF-7, the functionalized peptide exerted a greater cytotoxic effect with ICs, of 14, 24 and 29 uM at
2, 24 and 48 h, respectively. Furthermore, there were no significant differences at the times evaluated,
suggesting that the peptide exerts a rapid and long-lasting cytotoxic effect in both cell lines (Figure S1 and
S2).

The primary culture of fibroblasts after 2 h of peptide activity denotes a decrease in cellular
metabolism that reduces its viability nearly by 50%, however, after 24 h this effect on cellular metabolism
is minor, since viability was close to 80%. Finally, 48 h after treatment with the peptide, the cells have
recovered their normal activity, which means that the peptide may cause a temporary effect over cell
metabolism that is overcome later by the cell regaining its normal function.

This information allows us to determine that both peptides evaluated have a cytotoxic effect at short
times, which does not vary significantly over time, being only dependent on the increase in concentration.
The functionalized peptide decreased the cell viability of all cell types evaluated at least at one time of
activity. In all cases, this peptide decreased the IC;y values, indicating that the addition of the RGD
tripeptide increased the cytotoxic effect of the palindromic sequence.

Mechanisms associated with cytotoxic effects

Flow cytometric assays with annexin V/7-AAD were performed to establish the type of cell death induced in
MCF-7. Cells were treated for 2 or 24 h with peptide 14 at the IC5, concentration (14 puM). After 2 h of
treatment, 43% of the cell population is alive and in the remaining 57% a significant cytotoxic effect of the
peptide is observed (Figure 2C), which is mainly mediated by apoptotic events, evidencing an increase in
labeling with annexin V (Figure 2B) that denotes a movement in the population towards quadrants Q2 and
Q3 (Figure 2A). Of these events, 19% correspond to unique labeling with annexin V and, therefore, cells in
early apoptosis. Thirty-seven percent of the events present double labeling with both annexin V and 7-AAD,
establishing them as a population in late apoptosis; and only 1% of the population presented labeling with
7-AAD indicating necrosis because of the action of the peptide.

Similarly, when the cells were treated with the peptide 14 for 24 h, a significant decrease in the
percentage of live cells significantly mediated by apoptotic events was also evident (Figure 2). In this case,
16% of the population was associated with early apoptotic events and 9% with late apoptotic events,
indicating that the peptide exerts changes in the cells that allow for induction of apoptosis in the population
after 24 h.

To confirm apoptotic events, the activation of caspases (Figure 3) and the depolarization of the
mitochondrial membrane (Figure 4) were determined. In Figure 3 Panel A, the population that moves
towards the Q1 quadrant is less than 1%, indicating, consistent with the test in Figure 2, that less than 1%
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Figure 2. Flow cytometry assay for the determination of apoptosis/necrosis in MCF-7 cells treated for 2 and 24 h with the IC,, of
the peptide 14. (A) Representative dot plots of the treatments in the 7-AAD and annexin V channels. Q1: events in necrosis, Q2:
events in late apoptosis, Q3: early apoptosis and Q4: living events. Apoptosis control: formaldehyde 4%, necrosis control:
ethanol 50%, negative control: RPMI 1640 medium. (B) Representative histograms of the change in fluorescence of the
treatments evaluated. (C) Bar graph of the percentage of events related to live cells, in early, late apoptosis or necrosis in each
of the treatments (n = 3), two-way ANOVA with Tukey’s multiple comparisons. Significant differences between the living (blue),
early apoptosis (red), late apoptosis (gray) and dead (black) groups are denoted. For those with the same letter, the difference
between the means is not statistically significant. If they have different letters, they are significantly different. Apop: apoptosis;
Form: formaldehyde

of the MCF-cells 7 suffers death events due to necrosis/permeabilization of the cell membrane at both times
evaluated. In turn, after 2 h of treatment with the peptide 14, there is a significant activation of caspases in
27% of the cell population, of these, 12% are cells still alive while 15% are dead cells, which indicates a
greater population in late rather than early apoptosis events, data that correlate with those previously
shown in Figure 2. Likewise, 24 h post-treatment with the peptide, significant caspase activation is
maintained in 21% of the population; correlating with previous results where apoptotic events are still
observed at this time point (Figure 2).

Regarding the depolarization of the mitochondrial membrane, in Figure 4 Panel B it is observed how
treatment with peptide 14 for 2 and 24 h generated a decrease in fluorescence in the YEL channel (yellow)
indicating a significant mitochondrial depolarization of the treated cells. Such depolarization is
characterized in living cells and does not present significant differences at the two times evaluated,
indicating that this population of cells is in early apoptosis processes.

To corroborate that the cells have entered into apoptotic processes, Figure 5 shows the change in the
relative expression of anti- and pro-apoptotic genes after 2 and 24 h of treatment with the peptide 14.
Regarding the anti-apoptotic genes Bcl-2 and Surivivin, a trend of decreased expression is evident 2 h post-
stimulus, which would induce an increase in cell apoptosis correlated with what is evident in Figure 2. After
24 h its expression is regulated, returning to its basal state, which could be evidence of a response by the
cells to avoid the cytotoxic effect.

Regarding pro-apoptotic genes, differences are noted in the response at different times. After 2 h of
treatment, a significant increase in the expression of Caspase 8 was evident, this could indicate that part of
the caspase activation (Figure 3) is given by the initiation of the extrinsic apoptosis cascade induced by a
mechanism not yet described. Associated to it, Caspase 8 can participate in the activation of the intrinsic
pathway through cleavage of Bid that with Bax would promote mitochondrial depolarization. The genes
responsible for encoding both proteins are significantly upregulated indicating the need of these molecules
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Figure 3. Flow cytometry assay for the determination of caspase activation in MCF-7 cells treated for 2 and 24 h at the IC,,
concentration of the peptide 14. (A) Representative dot plots of the treatments. Q1: cell death events, Q2: caspase activation
events in dead cells, Q3: caspase activation in living cells, and Q4: living events. Apoptosis control: Form (formaldehyde) 4%,
and negative control: RPMI 1640 medium. (B) Representative histograms of the change in fluorescence of the treatments
evaluated. (C) Bar graph of the percentage of events related to living cells, caspase activation or dead cells in each of the
treatments (n = 3), two-way ANOVA with Tukey’s multiple comparisons. Significant differences between the living (blue),
caspase positive (red), caspase positive and dead (gray) and dead (black) groups are denoted. For those with the same letter,
the difference between the means is not statistically significant. If they have different letters, they are significantly different
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Figure 4. Flow cytometry assay for mitochondrial membrane depolarization in MCF-7 cells treated with peptide 14 at IC,,
concentration for 2 and 24 h. (A) Representative dot plots of treatments. Q1: cell death events, Q2: mitochondrial depolarization
events in dead cells, Q3: mitochondrial depolarization in living cells, Q4: living cells with polarized mitochondria. Apoptosis
control: Form (formaldehyde) 4%; negative control: RPMI 1640 medium. (B) Representative histograms showing fluorescence
change of evaluated treatments. (C) Bar graph depicting percentage of events related to living polarized cells, cells with
depolarized mitochondria, or necrosis in each treatment (n = 3). Analysis: two-way ANOVA with Tukey’s multiple comparisons.
Significant differences between the polarized cells (blue), living cells with depolarized mitochondria (red), dead cells with
depolarized mitochondria (gray) and dead (black) groups are denoted. For those with the same letter, the difference between
the means is not statistically significant. If they have different letters, they are significantly different

Explor Drug Sci. 2024;2:369-88 | https://doi.org/10.37349/eds.2024.00052 Page 379



A Bcl-2 Survivin

1.5q 2.0

1.549
1.0

Control
1.04

Fold exchange

Etoposide
057 0.54 Peptide 14
*
0.0H—————| 00—
2h 24 h 2h 24 h
B Caspase 8 Caspase 3 Caspase 9 Apaf-1 Bid Bax PUMA
o * * - - -

80 wxn %28 204 8 8 . 8 . 144 kK

607 100 104 * 10
o 40+ 50 - 6 6 6 *
® 20T 5T -
c 3 *
© 6-
<= 4 *
g 1.54 4 4 4

2 3+ -

2 1.01 4
= 1 27 2 2 2 5

0.5 14

0.0 } { o+ } { o } { o } { o f { o } { o i i

2h 24h 2h 24h 2h 24 h 2h 24h 2h 24h 2h 24h 2h 24h

Figure 5. Bar plot of the change in the relative expression of (A) anti-apoptotic and (B) pro-apoptotic genes in MCF-7 cells
treated for Zgrld 24 h with the IC,, of the peptide 14 (n = 2). One-way ANOVA with Tukey multiple comparisons (* p <0.05, * p
< 0.01 and p < 0.001) related to control at each time point. Positive control: cells with medium and negative control:
etoposide 150 uM

to continue with the apoptotic process, which would lead to the release of Apaf-1 that together with
Caspase 9 would form the apoptosome an involve also the activation of Caspase 3.

After 24 h of treatment with the peptide 14, Caspase 8 returns to its basal expression, probably
because the peptide is no longer found in the culture medium to keep this pathway active. While Caspase 3
presents a significant increase in its expression correlated with the tendency to increase in Bid and Caspase
9 and the significant increase in Bax and Apaf-1. This could be a response to the initial effect of the peptide
that, as a secondary pathway, induced the intrinsic apoptosis pathway and thus prolonged its effect.

Figure 6 Panel A shows how after treatment at 2 and 24 h with the peptide 14, an increase in
fluorescence is generated, which indicates an increase in the production of reactive oxygen species by the
cells. In Panel B it is evident that the peptide induces significant activation of reactive oxygen species, 2 h
post-treatment 24% of the population increases reactive oxygen species production and 24 h later 17% of
the population is still positive.

A | col . ROS | ROS B
|‘ olor ampl -(%) | +(%) a b b b
100 =
| Live 959 | 4.1
|| O Form 4% 821 | 17.9 ST
® 77
| Peptide 14 at Zh 81 19 = ROS pos
e
| Peptide 14 at 24h | 71.4 | 28.6 S 50+ ROS neg
o
‘ /‘J 25 =1
W i / 0 T T

T T
T g T T T Live Form 4% Peptide 14 2h Peptide 14 24h
0 10° 10°

RED-HLin :: Red Fluorescence (RED-HLIn)

Figure 6. Flow cytometry assay for the determination of the presence of reactive oxygen species (ROS) in MCF-7 cells treated
for 2 and 24 h with the IC,, of the peptide 14. (A) Representative histograms of the change in fluorescence of the treatments
evaluated. Positive control: Form (formaldehyde) 4%, and negative control: RPMI 1640 medium. (B) Bar graph of the
percentage of events with ROS production in each of the treatments (n = 3), two-way ANOVA with Tukey’s multiple
comparisons. Significant differences between the negative ROS release (blue) and positive ROS release (red) groups are
denoted. For those with the same letter, the difference between the means is not statistically significant. If they have different
letters, they are significantly different
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To determine other effects associated with the cytotoxic effect induced by peptide 14, the wound-
healing test was carried out. Figure 7 Panels A and B show that after 12 h in the cells without treatment
(control), there is a significant wound closure in 10%, and at 24 h this closure was 15%. With the positive
control, it was observed that wound closure was significant at 12 h with 15% and at 24 h the wound had
closed at 20%. Contrary to these results, after 12 and 24 h of treatment with the peptide 14 the wound area
decreased by 1% and 2%, respectively, which is not significantly different from the negative control,
indicating that the peptide decreases collective cell migration.
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Figure 7. Effect of the IC;, of the peptide 14 on MCF-7 cell migration. (A) Representative 20x photomicrographs of the wound
area after 2, 12 and 24 h of treatment. (B) Bar graph of % wound area after 2, 6, 12 and 24 h of treatment (n = 2). (C)
Representative 40x photomicrographs of the transwell membrane with migrating cells after 2, 12 and 24 h of treatment (n = 2).
(D) Bar graph of the relative percentage of cells on the membrane after 2, 12 and 24 h of treatment based on crystal violet
gb*s*orbance at 570 nm (n = 2). One-way ANOVA with Tukey’s multiple comparisons. *p<0.05 " p<0.01, " p<0.001and

p < 0.0001 related to control at each time point. Positive control: cells with RPMI 1640 medium supplemented with 20%
FBS, negative control: cells with RPMI 1640 medium supplemented with 5% FBS

This effect on migration was corroborated by a transwell migration assay (Figure 7 Panels C and D),
where it was shown that from 2 h of treatment of the cells with the peptide 14 and up to 24 h later, the
migratory capacity of the cells decreased significantly when compared with that of the basal state (control)
or against the positive migration control (medium with 20% FBS).

Figure 8 shows the effect of peptide 14 on the invasion of MCF-7 cells after 24 h of treatment. In Panel
A it is evident that the peptide significantly reduces cell invasion and in Panel B we corroborate this
information with the count of cells per visual field that are crossing the membrane showing that this
peptide can diminish the ability of the cells to become motile and to navigate through the extracellular
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matrix. In order to determine if this effect on invasion was mediated by the proteolytic activity of matrix
metalloproteases (MMPs), more specifically MMP2 and MMP9, the zymography presented in Figure 8
(Panels C and D) was performed, where it is observed that there is no decrease in pro-MMP2 activity when
the cells were treated for 24 h with the peptide 14. On the other hand, a decrease in pro-MMP9 was
observed, which could be related to the lower invasive capacity of the cell.
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Figure 8. Effect of the IC,, of peptide 14 on the invasion of MCF-7 cells after 24 h of treatment. (A) Bar g’[aph of the P*ercentage
gi*cells on the merp’grgne after 24 h of treatment. One-way ANOVA with Tukey’s multiple comparisons. * p < 0.05, =" p < 0.01,

p <0.001 and p < 0.0001 related to control group (n = 2). (B) Representative 40x photomicrographs of the membrane
with migrating cells after 24 h of treatment. Positive control: cells with RPMI 1640 medium supplemented with 20% FBS and
negative control: cells with RPMI 1640 medium supplemented with 5% FBS (n = 2). (C) Gelatinase zymography. Lane 1: control
(RPMI 1640 medium FBS 5%), 2: etoposide 150 uM, 3: peptide 14 at IC,,, 4: FBS and 5: trypsig D. Graphi*ci representa}ct,icgn of
the relativ%gg‘tivity of gelatinase MMP9. One-way ANOVA with Tukey’s multiple comparisons. ~ p < 0.05, *" p < 0.01, p <
0.001 and p < 0.0001 related to control group (n = 2)

To evaluate if the peptide 14 would also have an immunomodulatory activity the cytokine release
profile of MCF-7 cells was assessed. Figure 9 shows the change in the release of cytokines induced by
treatment with peptide for 2 and 24 h. A significant decrease in the expression of IL-6 and IL-10 can be
seen, as well as a downregulation of arginase. The other cytokines evaluated did not have any significant
changes or patterns between treatment and not treated cells. The decrease in the release of these 3
cytokines suggests that the peptide 14 maintains part of the immunomodulatory capacity that had been
reported by the whole lactoferrin protein.

The results obtained here allowed us to determine that the peptide 14 induces in MCF-7 cells the
decrease in cell viability associated with apoptotic events, these events occur due to the activation of both
the intrinsic and extrinsic pathways of the apoptosis. The activation of caspases, the overexpression of pro-
apoptotic genes and the release of reactive oxygen species characterized this programmed cell death.
Furthermore, it was evidenced that the peptide exerts, as an associated mechanism, the decrease in the
collective and single migration capacities of the cells; and the cell invasion capacity related to the decrease
in MMP9 activity. In turn, it induced a significant decrease in the expression of IL-6, IL-10 and arginase;
cytokines involved in migration and invasion processes.

To evaluate the toxicity that the peptide 14 exerts in a living organism with an innate immune system
at physiological temperature. The Galleria mellonella larvae were inoculated with the peptide at a
concentration of 800 pg/mL, corresponding to 30 times the ICs, value determined in the MTT assays for the
MCF-7 cell line. The survival of each of the individuals was monitored daily for 10 days (Figure 10),
showing that at the concentration evaluated the survival was 90% or higher during this period; therefore, it
was not possible to determine the lethal dose 50 (LDsy) under the test conditions. The dose evaluated in
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Figure 10. Survival curve (Kaplan Meier) of Galleria mellonella larvae treated with the peptide 14 at 40 mg/kg reconstituted in
saline solution (SS) (n = 10, with two biological replicates)

this model was 40 mg/kg, which indicates that the LDs, is above this value, classifying the peptide as
moderately toxic. Considering that there was no mortality greater than one larva per trial, it is important to
highlight that the peptide does not induce acute cytotoxicity in this model, nor an exacerbated immune
response.

Discussion

The palindromic sequence RWQWRWQWR (*R°R°R) was designed from sequence RRWQWR. This peptide
has shown antibacterial activity in Gram-positive and Gram-negative strains, as well as anticancer activity
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in breast and colon cancer cells. The action mechanism proposed for LfcinB in bacteria is based in an initial
electrostatic interaction between the positively charged side chain (Arg) and the molecules negatively
charged in bacterial surface. This interaction allows that the side chain of Trp interact with the lipid layer of
membrane, inducing membrane disruption and/or internalization of the peptide to act in target in
cytoplasm or nucleus [8, 9]. In a similar way, LfcinB interacts with the molecules negatively charged on
cancer cell surface due to the impaired phospholipid in the external cell membrane and a higher expression
of O-glycosylated mucins. The electrostatic interaction between the peptide and cell surface could be
unspecific allowing that the peptide interact selectively with cancer cells.

Here in, we have found that when a D-amino acid independently of the residue (Arg, Trp or Gln) and/or
its position in the sequence changed one L-amino acid, the cytotoxic effect in MCF-7 cells decreased
significantly. When the L-Arg was replaced by D-Arg, the net charge of the peptide was not modified. In
similar way when the respectively L-amino acid was changed by D-Trp or D-GIn the hydrophobicity or
polarity was unmodified. The change of any L-amino acid by its D-amino acid did not affect the net charge,
polarity, and hydrophobicity, only changed one chiral center. Added, when “*°L-Arg, *’L-GIn or >*%8L-Trp
were changed simultaneously by the respective D-amino acids their net charge, polarity and hydrophobicity
were not affected, only three, two or four chiral centers were modified, respectively. In these cases, the
cytotoxic effect on MCF-7 cells was also lost. These results suggested that the interaction cell-peptide
involved in the cytotoxic effect could be related with an electrostatic interaction that is unspecific and
allows the peptide reach the cell surface and, another interaction, similar to receptor-ligand which could be
specific and require interaction between the side chain of the L-amino acid of peptide and sidechains of L-
amino acids of the receptor.

Besides that, functionalization with the RGD motif in the N-terminal exerts a greater cytotoxic effect in
all breast cancer cell lines evaluated suggesting it has an effect on different molecular subtypes, even
though the response differed among them. Lines BT-474 and MDA-MB-231 were less sensitive to treatment.
In the case of the luminal B subtype, functionalization with the tripeptide, although it maintained the
cytotoxicity of the palindrome, did not significantly increase it. This could be due to the fact that this cell
line expresses the avf33 integrin to a lesser extent [19], the effect being related to the sequence derived of
LfcinB more than with the guide tripeptide.

In the MDA-MB-468 and MCF-7 cells treated with peptide 14, an increase in the cytotoxic effect was
evident compared those treated with peptide 'R°R°R, generating a cytotoxic effect at lower concentrations
of the peptide and without significant variations at the three times evaluated, determining that the peptide
14 exerts a rapid and long-lasting cytotoxic effect. Both lines overexpress the avf33 integrin [19, 20]
suggesting that the recognition of the RGD tripeptide by this receptor favours the cytotoxic effect of the
peptide 14.

As a control, a primary culture of fibroblasts extracted from the foreskin of a newborn was chosen.
These cells have a higher expression of the av3 integrin, allowing us to identify the effect of the addition of
the RGD motif on non-cancerous cells. It was evident that after 2 h there of treatment is a decrease in
cellular metabolism that reduces its viability by 50%, however, after 24 h this effect on cellular metabolism
is minor since viability was close to 80% and finally, 48 h after treatment with the peptide, the cells have
recovered their normal activity. This suggests an initial effect similar to that of cancer cells, the peptide fails
to induce death in fibroblasts, only to decrease their metabolism.

The type of death exerted by the peptide 14 was evaluated in MCF-7, showing that it mostly induces an
apoptotic event associated with the activation of caspases and depolarization of the mitochondrial
membrane. Both processes have been previously observed in other cell lines, such as Jurkat derived from
leukaemia, treated with LfcinB, which after 2 h of treatment with 200 pg/mL of this 25 amino acid peptide
induced apoptosis in 80% of the cell population, generating caspase activation in only 20% [21, 22]. The 13-
residue, peptide 14, at the same treatment time (2 h) but at a 7-fold lower concentration, induced similar
effects in the breast cancer-derived MCF-7 cell line. Furthermore, it has been reported that other short
peptides derived from LfcinB that contain the minimal motif have also induced cell death by apoptosis in
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other cell lines derived from oral cancer, colon cancer and breast cancer, suggesting that peptides derived
from LfcinB induce cell death by apoptosis in a similar manner to LfcinB.

In addition, the overexpression of Caspase 8, Bid, Bax at 2 h of treatment and of Apaf-1, Caspase 9 and 3
at 24 h of treatment was characterized, confirming the apoptotic process. Changes in the relative
expression of genes at short times have been characterized in other cell types under pro-apoptotic stimuli.
It has been shown that the transcription of genes involved in apoptosis begins from 1 h post-stimulus, and
even some genes such as PUMA present a peak increase in relative expression at 2.5 h that decreases at
later times [23]. In MCF-7 changes in the expression of Bax and Bcl-2 have been determined from 6 to 24 h
post-stimulus [24].

The activation of Caspase 8 and Caspase 9 indicates that the peptide 14 causes the activation of both
apoptotic pathways. This dual process was evidenced by flow cytometry in MCF-7 cells treated with the
dimeric peptide (RRWQWR-Nal-KKLG),-K-Ahx derivative of LfcinB [25] and in Jurkat cells by western-blot
when treated with LfcinB [21]. These results reinforce the hypothesis that peptides derived from LfcinB
that contain the minimal activity motif share mechanism(s) of action that involve both the intrinsic and
extrinsic pathways of apoptosis to exert their cytotoxic effect. In addition, it correlates with our results on
D-amino acid modifications, where a possible specific interaction is needed to activate the apoptotic
extrinsic pathway, this item needs to be studied in depth to fully unveil the mechanism of action of the
peptide 14.

The results on cell migration and invasion are of great interest since in previous reports LfcinB has not
generated a decrease in invasion processes in MCF-7 [26]. Our results suggest that peptide 14 derived from
the palindrome, possibly also induces other mechanisms of action associated with the cytotoxic effect
different from those described for LfcinB.

Considering that LFB, the protein from which this synthetic peptide is derived, is characterized by
having an immunomodulatory effect, we evaluated whether this peptide would retain it. Here we reported
a decrease in IL-6, [L-10 and arginase related to peptide 14, which correlates with a decrease in migration
and invasion. Decreases in IL-6 expression have been reported in in vivo assays in which mice with induced
mammary tumours were treated with LFB nanoparticles [27], suggesting that both this 13-residue peptide
and the complete protein exert immunomodulatory effects on this cytokine. In a similar way to what was
seen with the peptide 14; in A549 cells derived from lung cancer, it has been observed that in both in vivo
and in vitro assays, treating them with LFB induces a decrease in expression of these cytokines related to
the inhibition of tumour growth [28].

The decrease in the release of these cytokines and arginase suggests that the peptide 14 maintains part
of the immunomodulatory capacity that has been previously described for the protein, at least against
cancer-derived cells. This is in line with what is evidenced in cells derived from colon cancer and leukaemia,
where peptides containing the minimal activity motif can exert a cytotoxic effect through more than one
mechanism of action [28-30] and it is necessary to evaluate this topic in greater depth.

In conclusion, peptide 14 induces death in MCF-7 cells, which does not significantly compromise the
cell membrane but rather triggers cellular apoptotic events by activation of both the intrinsic and extrinsic
pathways. This was evidenced by a significant increase in the transcript of Caspase 8 and 9 together with
other pro-apoptotic genes, the activation of these caspases by flow cytometry, the depolarization of the
mitochondrial membrane, and the release of reactive oxygen species. In turn, it was observed that the
peptide decreases the migration and invasion capacity of cells and the release of interleukins associated
with the autoregulated signalling of these processes.

These results suggest that peptide 14 can be considered a promising molecule for the future
development of an anticancer therapy based on peptide sequences.
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