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The incidence of metastatic breast cancer (MBC) is increasing and the ther-

apeutic arsenal available to fight it is insufficient. Brain metastases, in par-

ticular, represent a major challenge for chemotherapy as the impermeable

nature of the blood–brain barrier (BBB) prevents most drugs from target-

ing cells in the brain. For their ability to transpose biological membranes

and transport a broad spectrum of bioactive cargoes, cell-penetrating pep-

tides (CPPs) have been hailed as ideal candidates to deliver drugs across

biological barriers. A more ambitious approach is to have the CPP as a

drug itself, capable of both killing cancer cells and interacting with the

blood/brain interface, therefore blocking the onset of brain metastases.

vCPP2319, a viral protein-derived CPP, has both properties as it: (a) is

selective toward human breast cancer cells (MDA-MB-231) and increases

cell stiffness compared to breast epithelial cells (MCF 10A) hindering the

progression of metastases; and (b) adsorbs at the surface of human brain

endothelial cells potentially counteracting metastatic cells from reaching

the brain. Overall, the results reveal the selective anticancer activity of the

peptide vCPP2319, which is also able to reside at the blood–brain interface,

therefore counteracting brain penetration by metastatic cancer cells.

Introduction

Breast cancer is the most frequently diagnosed cancer

and the leading cause of cancer-related death among

women, in more than 100 countries worldwide [1].

Extensive screening programs and improvements in the

therapeutic management of the systemic disease

contributed to the increase of the median survival of

women diagnosed with metastatic breast cancer

(MBC) [2-4]. However, MBC incidence is increasing

and, as it remains incurable, more patients will keep

succumbing to this disease [2,5]. The most frequent
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metastatic sites in MBC are lungs, brain, bones and

liver [3]. First-line therapies for MBC rely on

chemotherapy, which can be partially effective toward

metastases development in bones, soft tissues and vis-

cera [2]. Yet, most of these drugs show an insufficient

selectivity–that leads to unspecific cell targeting and

drastic side-effects–and very poor penetration in the

central nervous system (CNS) due to the impermeabil-

ity of the blood–brain barrier (BBB) [2,6-8]. Therefore,

there is an urgent need to develop more effective

strategies to control MBC progression.

Cell-penetrating peptides (CPPs) are small molecules

of 4–40 amino acid residues with the ability to enter

cells using different membrane translocation mecha-

nisms [9]. These peptides promote intracellular effects

either by themselves or by delivering conjugated bioac-

tive cargoes, such as small RNA or DNA oligomers,

other peptides, proteins, plasmids, antibodies or

nanoparticles [9-11]. CPPs are thus considered as

prime candidates for the development of new drugs or

drug-delivery systems (DDS) [12,13]. In fact, there are

several examples of the application of CPPs in DDS

development for cancer treatment [13], including the

use of CPPs conjugated with doxorubicin to transpose

the BBB or to penetrate breast cancer cells [14-18].

Considering the potential impact in cancer treatment,

it is of paramount importance to characterize the

pharmacokinetics and pharmacodynamics of CPPs as

potential drugs or drug delivery applications [13], or a

combination of both.

Viruses have emerged as important tools in the fields

of nanoengineering and nanomedicine for their natural

ability to transport cargoes into cells. Our group had

previously used a viral protein database to search for

new potential CPPs [19]. A group of CPP candidates

was selected and tested experimentally, resulting in a

set of six CPPs with high percentage of cell internaliza-

tion (> 73%) [19]. In the present work, the hemolytic

activity of the CPPs was studied in parallel with their

anticancer activity toward several breast cancer cell

lines, one epithelial breast cell line, and one fibroblast

cell line. This screening showed that vCPP2319, a

cationic peptide derived from the capsid protein of the

Torque teno douroucouli virus [19,20], was the best

candidate for drug development strategies as it was the

most efficient regarding toxicity toward cancer cells. In

subsequent assays, the effect of this peptide in cells

from tissues relevant to the development of drugs tar-

geted to MBC–namely a breast cancer cell line, a

breast epithelial cell line, and one cell line derived from

primary cell cultures of the brain endothelium–was
unraveled. vCPP2319 has selective anticancer activity

and the potential to strengthen the protection of the

blood–brain interface against the invasion of brain by

metastatic cancer cells.

Results

Anticancer and hemolytic activity of CPPs

The in vitro activity of all peptides was initially studied

toward two triple-negative breast cancer (TNBC) cell

lines (MDA-MB-231 and BT-20), two HER2+ breast

cancer cell lines (BT-474 and SKBR3), one human

healthy epithelial breast cell line (MCF 10A), and one

fibroblast cell line (Hs68). Cell lines were exposed to

increasing concentrations of peptides for 24 h and cell

viability was assessed by quantifying the metabolic

conversion of resazurin to resorufin through fluores-

cence intensity using the CellTiter-Blue® assay

(Table 1). Upon incubation with TNBC cell lines, the

lowest IC50 values were obtained with vCPP0769 and

vCPP2319; vCPP0769 showed an IC50 of 9.0 � 0.1 µM
and 3.5 � 1.5 µM toward MDA-MB-231 and BT-20,

respectively; vCPP2319 showed an IC50 of

4.5 � 0.1 µM and 4.2 � 2.2 µM toward MDA-MB-231

and BT-20, respectively. Concerning HER2+ cancer

cell lines, vCPP2319 revealed the highest effectiveness,

with an IC50 of 15.7 � 1.5 µM and 14.1 � 0.1 µM
toward BT-474 and SKBR3, respectively. The

Table 1. Cytotoxicity of peptides toward human cell lines. Cultures from different cell lines were incubated with various peptide

concentrations ranging from 0.01 to 100 µM, for 24 h. Percentage of cell viability was detected using the CellTiter®-Blue assay.

IC50 (µM)

MDA-MB-231 BT-20 BT-474 SKBR3 MCF 10A Hs68

vCPP0275 > 100 44.8 � 1.1 > 100 34.0 � 1.0 > 100 > 100

vCPP0417 > 100 > 100 > 100 > 100 > 100 > 100

vCPP0667 > 100 88.8 � 1.0 92.8 � 1.1 71.2 � 1.1 > 100 > 100

vCPP0769 9.0 � 0.1 3.5 � 1.5 37.5 � 1.7 21.1 � 2.0 55.4 � 1.7 53.4 � 0.7

vCPP1779 > 100 > 100 > 100 > 100 > 100 > 100

vCPP2319 4.5 � 0.1 4.2 � 2.2 15.7 � 1.5 14.1 � 1.0 16.7 � 1.3 10.8 � 0.3
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remaining CPPs demonstrated an IC50 > 20 µM for all

the breast cancer cells lines used in this study. All the

CPPs were also tested toward MCF 10A cells and

Hs68 fibroblasts. The IC50 obtained for vCPP0769 and

vCPP2319 with MCF 10A cells were 55.4 � 1.7 and

16.7 � 1.3 µM, respectively. The incubation of Hs68

with vCPP0769 or vCPP2319 revealed IC50 of

53.4 � 0.7 and 10.8 � 0.2 µM, respectively. For both

healthy cell lines MCF 10A and Hs68, the remaining

CPPs showed no toxicity up to 100 µM.
The hemolytic properties of peptides were tested in

human red blood cells (RBCs). The peptides

vCPP0275, vCPP0417, vCPP0667, and vCPP1779 were

not hemolytic up to 100 µM (Fig. 1 and Table 2). The

maximum hemolysis obtained at this concentration

was observed with vCPP0275 (14.6 � 0.9%).

vCPP0769 and vCPP2319 demonstrated mild hemoly-

tic activity with HC50 of 93.7 � 1.1 µM and

44.8 � 1.0 µM, respectively, which contrasts with the

result obtained with the gold standard hemolytic pep-

tide melittin that shows an HC50 of 5.7 � 1.1 µM.
Circular dichroism (CD) was used to further investi-

gate the hypothesis that differential hemolytic activity is

caused by differences in secondary structure. Despite the

differences in the hemolytic activity, the spectra of all

peptides were characteristic of random-coil conformation

in aqueous solution, in the absence or in the presence of

liposomes with different lipid compositions (Fig. S1).

Following the initial screening of the CPPs,

vCPP2319 was selected to proceed with this study along

with the cell lines MDA-MB-231 and MCF 10A. Con-

sidering the challenge posed by TNBC and the fact

vCPP2319 has a more powerful activity against this

cancer subtype, we decided to unveil the peptide’s mode

of action in TNBC breast cancer cells. From the two

TNBC cell lines used in the initial screening, MDA-

MB-231 was used to proceed with this study, since it is

considered a gold standard TNBC model used in pre-

clinical research and its phenotype is highly metastatic

and more aggressive than that of BT-20 [21]. MCF 10A

cells were used as an healthy counterpart [22,23]. The

cytotoxic activity was confirmed for vCPP2319 toward

MDA-MB-231 and MCF 10A cells using a different

assay and the refined IC50 values are in agreement with

those in the initial screening, again showing that

vCPP2319 has selective anticancer activity as its IC50 is

significantly lower for MDA-MB-231 than MCF 10A

cells. To increase data precision and robustness, the

cytotoxic activity of vCPP2319 was once more investi-

gated in vitro using the two selected breast cell lines,

this time using more data points in a specific range of

concentrations for MDA-MB-231 cells. Cell viability

assays were performed by exposing the cells to a range

of different peptide concentrations for 24 h and quanti-

fying the metabolic conversion of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

salt (MTT) to formazan through UV-Vis electronic

absorption. The dose–response curves obtained are pre-

sented in Fig. 2A,B. The IC50 determined for vCPP2319

was 5.2 � 0.3 µM for MDA-MB-231 and 18.2 � 0.8 µM
for MCF 10A cells.

vCPP2319 interaction with breast cell membranes

and cell internalization

To evaluate the morphological and topographical

effect of vCPP2319 in both MDA-MB-231 and MCF

10A cells and gain insights on the peptide mode of

action, images of untreated and treated cells were

acquired using atomic force microscopy (AFM), at the

IC50 determined for each cell line. Representative

height images (C and E) and respective 3D projections

Fig. 1. Toxicity of peptides toward RBCs. A suspension of RBCs

(0.25%, v/v) was incubated with various concentrations of peptides

(ranging from 0.01 to 100 μM). Percentage of hemolysis was

detected by absorbance of hemoglobin released into the

supernatant. Melittin was included as a positive control for

hemolysis. Error bars refer to the standard deviation obtained from

different experiments, performed in different days with

independent blood samples (n = 3 for all vCPP peptides and n = 2

for melittin).

Table 2. Hemolytic activity of the peptides. HC50 was defined as

the concentration of peptide causing 50% hemolysis on

erythrocytes. Hmax was defined as the percentage (%) hemolysis

of erythrocytes at the highest concentration tested (100 µM).

Peptide HC50 (µM) Hmax (%)

vCPP0275 > 100 14.6 � 0.9

vCPP0417 > 100 7.9 � 0.8

vCPP0667 > 100 12.0 � 0.4

vCPP0769 93.7 � 1.1 56.2 � 1.5

vCPP1779 > 100 7.2 � 0.4

vCPP2319 44.8 � 1.0 61.8 � 2.0

Melittin 5.7 � 1.1 105.8 � 1.6
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(D and F) are shown in Fig. 2. AFM images show

intact MDA-MB-231 cells with filopodia and pseu-

dopodia, which are associated with highly invasive

behavior [24,25]. These structures were not observed in

MCF 10A cells. In the presence of vCPP2319, MDA-

MB-231 showed nuclear collapse concomitant with the

appearance of several vesicular bodies, cell shrinkage,

and detectable cytoskeleton. In treated MCF 10A cells,

there is a considerable level of cell shrinkage and loss

of nuclear structure.

Cell height profiles were obtained from AFM images

for both cell lines. Cell surface roughness (Rms) was

determined for MDA-MB-231, in the absence and pres-

ence of the peptide. The same analysis was not possible

for MCF 10A cells treated with vCPP2319 due to cell

damage. Cell height profiles were in agreement with the

morphological alterations observed in the AFM images

(Fig. S2A,B) for both cell lines treated with the peptide.

No significant changes were obtained for the values of

cell height or Rms values in MDA-MB-231-treated cells

compared to untreated controls (Fig. S2C,D).

To investigate the hypothesis of cell membrane

crossing by vCPP2319 and its activity on an intracellu-

lar target, we decided to study the peptide-membrane

interaction and evaluate membrane integrity. To unveil

peptide interaction with breast cancer and healthy cell

membranes, the zeta potential of the cells was deter-

mined by electrophoretic light scattering and changes

in the membrane dipole potential were studied using

4-(2-[6-(dioctylamino)-2-naphthalenyl]ethenyl)-1-(3-

sulfopropyl)pyridinium inner salt (di-8-ANEPPS) fluo-

rescence spectroscopy (Fig. 3A–F). This fluorescent

membrane probe inserts in the outer leaflet of cell

membranes and becomes sensitive to variations in the

dipole potential formed by the alignment of the lipid

head groups and water molecules [26]. Cell membrane

dipole potential variations caused by the peptide are

reported by the spectral shifts of the membrane-

inserted di-8-ANEPPS [26]. No significant changes

were detected in zeta potential values for MDA-MB-

231 and MCF 10A cells after 30 min incubation with

vCPP2319 (Fig. 3A,B), in agreement with the high

Fig. 2. Cytotoxic activity of vCPP2319 and evaluation of the morphological/topographical effect on human breast cancer and healthy cells.

The in vitro cytotoxic activity of vCPP2319 against MDA-MB-231 (A) and MCF 10A cells (B) was studied. AFM representative height images

and 3D projections are shown for MDA-MB-231 (C and D, respectively) and for MCF 10A cells (E and F, respectively) in the absence and

presence of vCPP2319, at the IC50 obtained for each cell line. Error bars in A and B refer to the standard deviation obtained from three

different experiments (n = 3), performed in different days with independently grown cell cultures. Scale bar represents 20 μm.
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Fig. 3. vCPP2319 interaction with human breast cell membranes. Zeta potential measurements of MDA-MB-231 (A) and MCF 10A (B) cells

were performed in the absence (n = 13 and n = 8, respectively) and presence of vCPP2319, at increasing peptide concentrations (n = 2).

The cell membrane dipole potential perturbation by vCPP2319 was studied by fluorescence spectroscopy using the fluorescent dye di-8-

ANEPPS (C–F). The differential spectra were obtained by subtracting the normalized excitation spectra (to the integrated spectrum area) of

the membrane-inserted di-8-ANEPPS in the absence of vCPP2319 from the normalized excitation spectra of the membrane-inserted di-8-

ANEPPS in the presence of vCPP2319. A smoothened version of each differential spectrum is showed in each condition for clarity (C and

E). The variation of the normalized excitation intensity ratios (Rnorm) with the increase in peptide concentration is also presented for MDA-

MB-231 (D) and MCF 10A (F) cells (n = 2). This ratio enables for a better evaluation of the magnitude of membrane dipole potential

perturbation. LDH activity was assessed in medium samples collected from untreated and treated MDA-MB-231 (G) and MCF 10A (H) cells

(n = 2). Error bars refer to the standard deviation. Significance was assessed by ANOVA followed by Tukey’s (for zeta potential data) or

Dunnett’s post-test. *P-value ≤ 0.05; **P-value ≤ 0.01.
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ability of the peptide to internalize cells [19]. The dif-

ferential spectra and normalized intensity ratios

(Rnorm) of di-8-ANEPPS obtained after 15 min incuba-

tion with the peptide are shown in Fig. 3C–F. The

presence of vCPP2319 significantly perturbs the mem-

brane dipole potential of MCF 10A cells, causing a

red shift in the excitation spectra of the probe and a

significant decrease in the Rnorm. In contrast,

vCPP2319 does not perturb the membrane dipole

potential of MDA-MB-231 cells. Eventual vCPP2319-

caused permeation of cell membranes was evaluated

by extracellular lactate dehydrogenase (LDH) activity

assay. After 15-min incubation of MDA-MB-231 and

MCF 10A cells with vCPP2319, the LDH activity in

cell culture medium was not significant, in contrast

with the results obtained with cell culture medium

samples collected from melittin or Triton X-100-

treated cells (Fig. 3G,H). It is worth mentioning that

15 min is long enough for cell damage to occur, prior

to peptide internalization, as interaction between pep-

tides and cell membrane occurs very rapidly [13,27].

As a final confirmation of cell membrane transloca-

tion by vCPP2319, we performed measurements of 5

(6)-carboxyfluorescein (CF)-labeled peptide internaliza-

tion in cells using flow cytometry combined with con-

focal microscopy imaging. Figure 4A,D–show flow

cytometry results obtained with CF-vCPP2319-treated

MDA-MB-231 and MCF 10A cells, respectively; fluo-

rescence intensity variation over time is represented in

Fig. 4C,F. Internalization occurs in 15 min for both

cell lines. The results also reveal differences in the fluo-

rescence intensity decay with time: for treated MDA-

MB-231 the fluorescence intensity decreases slowly

during 24 h while for treated MCF 10A the decay is

complete in 6 h. Confocal imaging (Fig. 4B,E) are in

line with the results observed in flow cytometry. In

both cell lines, it is possible to observe the presence of

CF-vCPP2319 (yellow) inside the cells after 15 min. In

treated MDA-MB-231, vCPP2319 accumulates inside

the cells until 6 h of incubation; at 24 h the levels of

internalized peptide decrease and are comparable to

those obtained at 1 h. However, in treated MCF 10A,

the peptide accumulates inside the cells until 1 h of

incubation and the fluorescence intensity decreases

thereafter. This difference between vCPP2319

accumulation inside MDA-MB-231 and MCF 10A

cells suggests different modes of action which is in line

with vCPP2319 selectivity for cancer cells.

vCPP2319 effect on breast cells biomechanics

The force spectroscopy capability of the AFM equip-

ment (AFM-FS) was used to analyze live MDA-MB-

231 and MCF 10A cells treated with vCPP2319 at

5.2 µM in terms of their biomechanical properties, by

acquiring force curves, using the Quantitative Imaging

(QI™) mode. The force-displacement curves were con-

verted into force-distance (f-d) curves and then cor-

rected for offset and tilt. The Hertz/Sneddon model

was applied to the extended segment of the f-d curves

to obtain the Young’s modulus. Figure 5A,B–show the

distribution of the Young’s modulus values obtained

from areas of 10 × 10 µm of the nuclear regions of

MDA-MB-231 and MCF 10A cells. The distribution

of the relative frequencies shows that, in both cases,

the majority of the Young’s modulus values obtained

range from 1 to 100 kPa (82.9% and 83.5% for

MDA-MB-231 and MCF 10A, respectively). However,

in the case of MDA-MB-231 cells, these values are

homogeneously distributed in the interval while for

MCF 10A cells most of the values are within 1–
10 kPa. The treatment of both cell lines with

vCPP2319 had a significant impact on the distribution

of the Young’s modulus obtained. Treated MDA-MB-

231 cells show an increase of Young’s modulus values

in the range 10–100 kPa, suggesting that the treatment

with the peptide resulted in stiffer cells. Conversely,

MCF 10A cells treated with vCPP2319 exhibited a dis-

tribution of Young’s modulus that slightly shifted to

smaller values. Yet, most of the Young’s modulus val-

ues of treated MCF 10A cells remain in the 1–10 kPa

range.

Live imaging of whole cells was performed with the

same cell cultures in order to qualitatively evaluate the

effect of the peptide in cell morphology and topogra-

phy, complementing the experiments performed with

fixed cells (Fig. 2C–F). Live cell imaging has the

advantage of eliminating artifacts associated with cell

fixation [28,29]. Representative AFM height images

and 3D projections obtained with live MDA-MB-231

Fig. 4. vCPP2319 internalization in human breast cells. Flow cytometry and confocal microscopy were used to evaluate the internalization of

the 5(6)-carboxyfluorescein-labelled vCPP2319 (yellow) in MDA-MB-231 (A and B) and MCF 10A (D and E) cells. Cell nucleus (blue) was

stained with Hoechst 33342, and cell membranes (red) were stained with CellMask™ Deep Red. The fluorescence intensity of the 5(6)-

carboxyfluorescein-labeled vCPP2319 is also represented as function of time for treated MDA-MB-231 and MCF 10A cells (C and F,

respectively). Error bars in C and F refer to the standard deviation obtained from three different experiments (n = 3), performed in different

days with independently grown cell cultures. Scale bar represents 20 μm.
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and MCF 10A cells are shown in Fig. 5C–F. In

untreated live MDA-MB-231 cells it was possible to

observe cytoskeletal structures mainly at the cell edges,

while in treated MDA-MB-231 small round-shaped

irregularities were observed in thinner areas of the cells

and no cytoskeletal structures were discernible. In

untreated live MCF 10A cells it was not possible to

observe the nucleoli as in fixed cells (Fig. 2E,F) and

some cytoskeletal structures were observed. The mag-

nitude of the cell damage observed in MCF 10A cells

treated with 18.2 µM did not allow performing live cell

imaging. Therefore, live cell images of treated MCF

10A cells were performed at 5.2 µM, the IC50 obtained

for MDA-MB-231 cells. Despite the difference in

image resolution obtained from fixed and live cell

imaging, it was possible to observe a lesser extent of

cell shrinkage in live MCF 10A cells treated with

5.2 µM than that observed in fixed MCF 10A cells

treated with 18.2 µM.
Confocal microscopy images were acquired for both

cell lines treated with increasing vCPP2319 concentra-

tions to evaluate the peptide’s effect in structural ele-

ments of the cytoskeleton, namely vimentin and actin.

Representative images are shown Fig. 6A,C. From the

Fig. 5. Effect of vCPP2319 on cell biomechanics assessed through AFM. Cell cultures from both cell lines were treated with 5.2 μM of

vCPP2319, and live cells were analyzed in terms of their biomechanical properties using QITM mode to obtain force curves from 10 × 10 μm
areas scanned over the nucleus. Young’s modulus values were obtained from force curves using the Hertz/Sneddon fit. The distribution of

the Young’s modulus is displayed for MDA-MB-231 (A) and MCF 10A (B) cells untreated (n = 3 and n = 4, respectively) and treated with

vCPP2319 (n = 3 and n = 2, respectively). The Mann–Whitney test was applied to the comparison between distributions obtained for

treated and untreated samples from each cell line, and the level of significance was ****(P-value < 0.0001) in each case. Live imaging of

whole cells (100 × 100 μm) was performed also using QITM mode for untreated and treated MDA-MB-231 and MCF 10A cells.

Representative height images (C and D) and 3D projections (E and F) for untreated and treated cells are exhibited for MDA-MB-231 and

MCF 10A cells. Scale bar represents 10 μm in C–Control; and 20 μm in the C–vCPP2319 5.2 μM–and D.
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Fig. 6. Impact of vCPP2319 on MDA-MB-231 and MCF 10A cytoskeleton studied by confocal microscopy. Vimentin filaments (red) and

actin fibers (green) were stained with Vimentin Monoclonal Antibody (V9) eFluor 660 and CellMask& Green Actin Tracking Stain,

respectively. Cell nucleus (blue) were stained with Hoechst 33342. Images were obtained for both cells lines with increasing peptide

concentrations (A and C), and corrected total cell fluorescence (CTCF) intensity was calculated for vimentin and actin in MDA-MB-231 (B)

and MCF 10A (D) cells (n = 3). Error bars refer to the standard deviation. One-way ANOVA followed by Tukey’s multiple comparison test

was applied to infer on data significance. *P-value ≤ 0.05; **P-value ≤ 0.01; ***P-value ≤ 0.001; ****P-value ≤ 0.0001. Scale bar represents

20 μm.
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acquired images, we calculated the corrected total cell

fluorescence (CTCF) intensity for vimentin and actin

and the results are shown in Fig. 6B,D. The results

revealed higher levels of vimentin and actin in MDA-

MB-231 cells in comparison with MCF 10A cells. This

observation is in line with other studies that demon-

strated that vimentin is overexpressed in several types

of cancer and its overexpression is associated with

increased invasion and migration of breast cancer cells

[30,31]. Nonetheless, in both cell lines a well-organized

cytoskeleton was observed, with an abundant presence

of actin fibers in the cells’ periphery and vimentin

encircling the nucleus, but more widely distributed in

MCF 10A cells. In treated MDA-MB-231 the CTCF

intensity values for vimentin and actin decreased with

the increase in peptide concentration (Fig. 6B). In con-

trast, in treated MCF 10A cells there is only a signifi-

cant decrease in CTCF intensity values for vimentin

and actin at the highest peptide concentration tested

(18.2 µM) (Fig. 6D). Therefore, vCPP2319 impacts

selectively on breast cancer cells cytoskeleton, as sug-

gested by alteration in the Young’s modulus values

after peptide treatment and also by the AFM imaging

of live and fixed cells in the presence of the peptide.

vCPP2319 activity in primary cells derived from

the blood–brain barrier

As breast cancer brain metastases are a major chal-

lenge in the clinics, the development of new therapeu-

tic strategies to selectively target breast cancer brain

metastases is urgent. Therefore, the cytotoxic activity

of vCPP2319 was studied in primary human brain

microvascular endothelial cells (HBMEC). MTT cell

viability assays revealed an IC50 of 16.2 � 1.4 µM for

vCPP2319 toward HBMEC (Fig. 7A). To explore the

biomedical potential of vCPP2319, further studies with

HBMEC were carried at the IC50 obtained with

MDA-MB-231 cells.

In order to study the activity of the peptide in this

cell line, measurements of zeta potential were performed

(Fig. 7B) along with monitorization of cell membrane

dipole potential variations through di-8-ANEPPS fluo-

rescence in the absence and presence of vCPP2319 (Fig.

S3). Zeta potential measurements of HBMEC treated

with 5.2 µM of vCPP2319 showed a significant increase

from −11.6 � 0.7 to −5.6 � 0.4 mV. Such an increase

in zeta potential values suggests that vCPP2319 accu-

mulates on the surface of the cells. Nevertheless, no sig-

nificant shifts were obtained in the differential spectra

obtained for the cells with incorporated di-8-ANEPPS

dye in the presence of vCPP2319 (see Fig. S3). There-

fore, despite the adsorption of the peptide in the surface

of brain microvascular endothelial cells, vCPP2319 did

not cause significant variations on the membrane dipole

potential of these cells, meaning it did not perturb the

membrane extensively.

Morphological and topographical alterations in

HBMEC caused by vCPP2319

The effect of vCPP2319 in the morphology and topog-

raphy of HBMEC was studied to evaluate the extent

of the cellular damage at the IC50 determined with

MDA-MB-231 cells. AFM imaging was performed

with untreated and treated cells and representative

height images, 3D projections and height profiles are

Fig. 7. Cytotoxic activity and membrane effect of vCPP2319 in

primary cell line from brain endothelium. The cytotoxic activity (A)

of vCPP2319 toward HBMEC was evaluated (n = 4). Zeta potential

measurements were performed in HBMEC treated with vCPP2319

at 5.2 μM (B) (n = 2). Error bars refer to the standard deviation

obtained from different experiments, performed in different days

with independently grown cell cultures. Significance was assessed

by the unpaired t-test. **P-value ≤ 0.01.
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shown in Fig. 8. Cell surface roughness was also stud-

ied. The values in the cytoplasm and the nucleus were

normalized to the control and compared. The study of

the maximum cell height was also performed, but no

significant variations were observed between untreated

and treated cells (Fig. S4).

Qualitative image analysis (Fig. 8A,B) revealed a

mild effect on treated cells’ topography, while cell

morphology did not seem to be critically affected. In

treated HBMEC, it is possible to observe irregularities

in the cytoplasm and nucleus. Quantitative analysis

(Fig. 8C) for its part revealed that, at 5.2 µM and after

24 h incubation with vCPP2319, the HBMEC cyto-

plasm surface roughness is altered.

Discussion

Clinical decisions in breast cancer treatment depend

on the presence/absence of three main different

markers: endocrine receptors for estrogen (ER) and

progesterone (PgR), and aberrant human epidermal

growth factor receptor 2 (HER2) expression [32].

TNBC lacks all three markers, which are used as

molecular targets in chemotherapeutic strategies. This

breast cancer subtype has a very aggressive clinical

profile, often associated with very poor prognosis

[32,33]. Local and distant relapse with the presence of

visceral and/or brain metastases are frequent in TNBC

patients [33]. Considering the challenge that TNBC

poses in the clinic, two TNBC cell lines were used in

this study–MDA-MB-231 and BT-20. Nevertheless,

since the risk of brain metastases is also higher in

HER2+ patients when compared with breast cancer

patients with a luminal phenotype [3], two HER2+
breast cancer cell lines were also included–BT-474 and

SKBR3.

Due to their characteristics, CPPs are considered

prime candidates for DDS development and some

Fig. 8. vCPP2319 effect on the morphology

and topography of HBMEC. AFM was used

to image untreated and treated HBMEC.

Representative height images and 3D

projections are shown (A and B,

respectively). Representative height profiles

and normalized cell roughness (n = 3 for

control and n = 2 for cells treated with

vCPP2319) are also represented (C). Error

bars refer to the standard deviation. One-

way ANOVA followed by Tukey’s multiple

comparison test was applied to infer on

data significance. *P-value ≤ 0.05. Scale bar

represents 20 μm.
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applications of these peptides include BBB-level activity

and breast cancer cell penetration [13-18]. As the com-

bination of anticancer activity with BBB-targeting is of

paramount importance to tackle the challenges of MBC

treatment, we were prompted to study the anticancer

activity of a set of potent CPPs. A recent study per-

formed in our lab with CPPs showed that they are

likely to act as antimicrobial peptides (AMPs) [20],

which raises the hypothesis of their activity also as anti-

cancer peptides (ACPs) because the CPP, AMP, and

ACP functionalities are interconnected [7,11,34,35]. In

particular, the ability of some CPPs to exhibit anti-

cancer activity has been reported before [36,37].

An initial screening of the CPPs toward the previ-

ously mentioned cell lines, in parallel with a healthy

epithelial breast cell line–MCF 10A–and human fibrob-

lasts–Hs68–revealed vCPP0769 and vCPP2319 with the

highest anticancer activity and selectivity toward TNBC

cell lines. Interestingly, these two CPPs are also the

ones with the most prominent AMP activity, which fur-

ther supports the AMP/CPP activity correlation [20].

The hemolysis assays revealed that vCPP0769 and

vCPP2319 were hemolytic only at high concentrations,

with HC50 above 40 μM. Despite the differences in the

hemolytic activity, all CPPs displayed spectra character-

istic from a random coil conformation, which showed

no relationship between these two features. Since

vCPP2319 was the only CPP that revealed a promising

anticancer activity toward TNBC and HER2+ cell lines,

and the lowest IC50 was obtained to TNBC, this CPP

was selected to proceed with this study. Moreover, the

HC50 (44.8 µM) is much higher than the IC50 (5.2 µM),
which enables the use of a wide range of vCPP2319

concentrations that are not toxic to RBCs.

To gain insights on vCPP2319 mode of action in

human breast cells, AFM imaging of both breast can-

cer and healthy cells was performed at the respective

IC50. Due to its high resolution, AFM is a reference

technique for the detection of changes in cell morphol-

ogy and topography [38-40]. Overall, AFM images of

treated breast cells showed intact cell membranes and

structural alterations that suggest an intracellular tar-

get at variance with its mode of action as AMP [20].

Moreover, peptide-induced cell shrinkage in both cell

lines could be related to cell death by apoptosis [41]

and the appearance of vesicular bodies in MDA-MB-

231 treated with vCPP2319 could be related to the for-

mation of apoptotic bodies. Despite the structural

alterations observed in peptide-treated cells, no signifi-

cant changes were obtained for the cell surface rough-

ness or maximum height values, which suggests that

the cytoskeleton did not collapse and kept modulating

cell morphology and topography [42].

Following the hypothesis of cell membrane crossing

by vCPP2319 and activity in an intracellular target,

the peptide-membrane interaction and membrane

integrity were investigated. Zeta potential measure-

ments revealed a net anionic cell surface charge of

MDA-MB-231, which is typical of cancer cells due to

the accumulation of phosphatidylserine (PS) in the

outer leaflet of the cell membrane, overexpression of

O-glycosylated mucins, glycosaminoglycans (GAGs)

and the presence of high level of sialic acid (SA) resi-

dues [34,43]. For MCF 10A cells, zeta potential was

similar to that of MDA-MB-231 cells; in this case,

sialomucins may contribute to the negative values

[38,44]. The anionic surface charge reported for both

cell lines contributes to the electrostatic attraction of

vCPP2319, which is cationic. When the accumulation

of cationic peptides occurs at the cell membrane, the

net anionic cell surface charge increases toward neu-

trality [38,45], which was not the case. The results

show that there is no accumulation of peptide in the

surface of cells, retention in the interior of membranes

or translocation to the cell cytoplasm being valid

hypotheses. Nonetheless, di-8-ANEPPS differential flu-

orescence excitation spectra show that MDA-MB-231

has no perturbation of the membrane dipole potential,

at variance with MCF 10A. Altogether, these observa-

tions reveal that cancer cells do not retain the peptide

in the membrane whereas non-cancer cells do. Interest-

ingly, LDH activity assays revealed that neither MDA-

MB-231 nor MCF 10A cells treated with vCPP2319

were leaking intracellular content and, therefore, their

membrane integrity was not compromised [46,47].

These results are deemed important because they show

that the selective toxicity of vCPP2319 toward cancer

cells reflects penetration and activity in the cytoplasm.

To confirm cell membrane translocation by vCPP2319,

flow cytometry combined with confocal microscopy

was used to investigate CF-labeled peptide internaliza-

tion in both cell lines. The low peptide concentration

used (1 µM) assures minimal cell damage. The results

show that after 15 min vCPP2319 is already internal-

ized in both cell lines and it resides longer inside breast

cancer cells when compared to healthy epithelial cells,

hence contributing to the peptides’ selectivity. Overall,

the results clearly show that vCPP2319 internalizes

breast cells but has increased selectivity toward breast

cancer cells as it resides for a longer period inside

MDA-MB-231 than MCF 10A cells.

The key role of cell biomechanics in tumor progres-

sion has been highlighted over the past decades

[48,49]. ACPs, like AMPs, are expected to act by mul-

titargeting different macromolecular structures rather

than specific intracellular receptors [7]. Cell shape and
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mechanical deformation are thus markers of both

intracellular activity and anticancer potential. Specifi-

cally, the cytoskeleton and its molecular components

are of particular importance because they critically

influence, not only cell mechanics, but also the interac-

tions with the surrounding environment [49]. The abil-

ity of a molecule to modulate cell biomechanical

properties may thus contribute to hinder metastatic

cancer progression [50]. The effect of vCPP2319 in the

biomechanics of both cell lines was evaluated using

live cells and AFM-FS. The results revealed significant

alterations in the distributions of the Young’s modulus

obtained for treated MDA-MB-231 and MCF 10A

cells. The treatment of MDA-MB-231 cells with

vCPP2319 led to an increase in cell stiffness reported

by the shift of the Young’s modulus distribution

toward higher values. The increase in cell stiffness

could be associated with structural alterations in the

cytoskeleton [51] and/or a result of apoptosis [49].

MCF 10A cells treated with vCPP2319 at 5.2 μM
showed a mild decrease in the Young’s modulus which

translates in a slight decrease in cell stiffness. The dif-

ferential action of vCPP2319 on cancer and non-

cancer cells is striking, in line with the differential

action detected before on cell membrane interaction

and cell penetration. To further ascertain potential

structural alterations in the cytoskeleton suggested by

the shifts in the Young’s modulus values and AFM

imaging of fixed and live cells, confocal microscopy

was used to image MDA-MB-231 and MCF 10A cells

with stained actin and vimentin, which are two compo-

nents of the cytoskeleton with critical motile and struc-

tural functions [49]. Actin participates in a wide

variety of cellular processes, such as cell motility–as it

constitutes the lamellipodia, filopodia and invadopo-

dia–adhesion, differentiation, division and membrane

organization [50,52]. Vimentin is associated with the

acquisition of a migratory and invasive phenotype by

tumor cells, and it is commonly used as an epithelial-

mesenchymal transition (EMT) marker [53,54]. Inter-

estingly, vimentin overexpression is found in several

tumor types and it correlates with aggressiveness and

poor prognosis [31,54]. The treatment of MDA-MB-

231 cells led to a notable decrease in the fluorescence

intensity associated with actin and vimentin while trea-

ted MCF 10A cells only showed a significant decrease

with the highest peptide concentration. The difference

in the extent of vCPP2319 impact on the cytoskeleton

supports the selective anticancer activity of the pep-

tide. More importantly, when in presence of applied

strain, vimentin disruption hinders cells’ compressibil-

ity [55,56]. This supports the correlation between the

results obtained for the Young’s modulus values and

the confocal microscopy since MDA-MB-231 cell trea-

ted with vCPP2319 became stiffer and showed a

decrease in the fluorescence intensity associated to

vimentin. Overall, the effect of vCPP2319 in breast

cancer cells cytoskeleton strongly suggests that the

metastization process of these cells is compromised

due to disruption of the actin cytoskeleton and vimen-

tin intermediate filaments. Moreover, the loss of these

cytoskeleton components could be a result of proteoly-

sis induced by caspases during cell apoptosis, which is

associated with cell retraction, as observed in AFM

images (Fig. 2C–F) [54,57]. Additionally, there are

numerous round-shaped structures surrounded by

vimentin in MDA-MB-231 cells treated with 18.2 µM
of vCPP2319. Vimentin staining at the site of apop-

totic bodies formation was observed before [58].

Lastly, the impact of vCPP2319 is notorious in MDA-

MB-231 at 5.2 µM, while at the same concentration

and for MCF 10A, the peptide had no significant

impact on the cells’ cytoskeleton.

The BBB is the CNS protective barrier with a very

predominant role in modulating the brain microenvi-

ronment [59]. The brain endothelium differs from the

peripheral endothelium mainly due to the abundant

presence of tight junctions [59,60]. Given our interest

in studying the antimetastatic breast cancer action of

vCPP2319, we decided to address the interaction of

this peptide with brain endothelial cells, as these cells

are key to brain penetration by cancer cells [61]. The

impact of vCPP2319 toward the BBB was evaluated

using primary HBMEC. We decided to use a cell line

derived from primary cell cultures for toxicity studies,

since the morphology and physiology of these cells

better resembles the ones found in vivo [62]. The IC50

of vCPP2319 in HBMEC revealed similar toxicity of

the peptide for HBMEC and MCF 10A. The pro-

nounced difference between the IC50 values obtained

for this peptide toward breast cancer cells and the

healthy cell lines used in this study shows selectivity

toward cancer cell lines and reveals an overall poten-

tial safety profile for therapeutic applications. Zeta

potential measurements of HBMEC revealed a net

negative surface charge, consistent with previous find-

ings [63]. However, zeta potential measurements of

HBMEC treated with vCPP2319 at 5.2 μM resulted in

a significant increase in the zeta potential of the cell

surface toward neutrality, showing peptide accumula-

tion at the cells’ surface. Because it was not possible to

detect significant membrane dipole potential alter-

ations, it is possible to conclude that even though

vCPP2319 accumulate on HBMEC surface, it does not

insert and reside in the membrane of these cells. The

qualitative and quantitative analysis of AFM images
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obtained from treated HBMEC revealed that the cyto-

plasm surface roughness is altered. Whether such alter-

ation is due to peptide clustering on the membrane or

cytoskeleton rearrangements cannot be conclusively

established. However, alterations in the cytoskeleton

would strongly impact cell viability, which is not the

case. In general, vCPP2319 revealed a mild impact on

primary endothelial cells from the BBB, being retained

at the surface of HBMEC with few alterations in cells’

morphology and topography.

In summary, vCPP2319, with demonstrated cell

internalization ability [19], acts selectively as an ACP

in breast cancer cells. It acts intracellularly without

causing membrane structural damages nor membrane

permeation. Further studies of this peptide activity

revealed a mild effect on the topography of human

brain microvascular endothelial cells, relevant for

brain targeting by metastatic cancer cells. However,

vCPP2319 adsorbed to the surface of these cells, which

was not observed with breast cancer cells. vCPP2319

can also hinder breast cancer metastases formation by

modulating cell biomechanics. Treatment of breast

cancer cells with vCPP2319 led to an increase in cell

stiffness, which hampers cell deformation and hence

should prevent metastases development and/or pro-

gression. In conclusion, vCPP2319 is a unique drug

that combines anticancer action with BBB targeting so

that extra brain protection is conferred, and thus it is

a promising candidate for drug development for meta-

static breast cancer treatment.

Materials and methods

Reagents

Fmoc-protected amino acids, Fmoc-Rink amide (MBHA)

resin, 2-(1H-benzotriazol-1-yl)-1, 1, 3, 3–tetramethyluronium

hexafluorophosphate (HBTU), and N-hydroxybenzotriazole

(HOBt) were from Iris Biotech (Marktredwitz, Germany).

HPLC-grade acetonitrile (ACN), peptide-synthesis grade N,

N-dimethylformamide (DMF), dichloromethane, N,N-

diisopropylethylamine (DIEA), N,N-diisopropylcarbodiimide,

trifluoroacetic acid (TFA), and triisopropylsilane (TIS) were

from Carlo Erba (Sabadell, Spain). 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), cholesterol (ChoI), egg

sphingomyelin (SM), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE), and 1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-L-serine (POPS) were purchased from

Avanti Polar Lipids (Alabaster, AL, USA). Dulbecco’s Mod-

ified Eagle Medium (DMEM), heat-inactivated fetal bovine

serum (FBS), penicillin and streptomycin solution, and tryp-

sin (TrypLE Express enzyme) were obtained from Life Tech-

nologies (Carlsbad, CA, USA). Mammary Epithelial Basal

Medium (MEBM) and SingleQuots hydrocortisone, bovine

pituitary extract (BPE), recombined human epidermal growth

factor (rhEGF), and recombinant human insulin were pur-

chased as the clonetics MEGM™ BulletKit™ from Lonza,

Ltd. (Basel, Switzerland). Endothelial Cell Medium was pur-

chased as a kit from Innoprot (Bizkaia, Spain), along with

Primary Cells Detach Kit and fibronectin. Eagle’s Minimum

Essential Medium (EMEM), McCoy’s 5A medium, cholera

toxin from Vibrio cholera, trypsin inhibitor from Glycine max

(soybean), glutaraldehyde solution (50% in water), dimethyl

sulfoxide (DMSO) for cell culture, di-8-ANEPPS probe and

lactate dehydrogenase activity assay kit were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Uvasol® DMSO (spec-

trophotometric grade) was purchased from Merck (Darm-

stadt, Germany). MTT was purchased from Invitrogen™
(Carlsbad, CA, USA).

Peptide synthesis

vCPP0275 (KKRYKKKYKAYKPYKKKKKF-amide), vC

PP0417 (SPRRRTPSPRRRRSQSPRRR-amide), vCPP0667

(RPRRRATTRRRITTGTRRRR-amide), vCPP0769 (RRL

TLRQLLGLGSRRRRRSR-amide), vCPP1779 (GRRGPRR

ANQNGTRRRRRRT-amide), vCPP2319 (WRRRYRRWR

RRRRQRRRPRR-amide), and CF-vCPP2319 (CF- WRRR

YRRWRRRRRQRRRPRR-amide) were synthesized in a

Prelude instrument (Gyros Protein Technologies, Tuczon, AZ,

USA) running Fmoc (FastMoc) SPPS protocols at 0.1 mmol

scale on a Fmoc-Rink-amide ChemMatrix resin (Table 3). Side

chain functionalities were protected with tert-butyl (Glu, Ser,

Thr, Tyr), NG-2,2,4,6,7- pentamethyldihydrobenzofuran-5-

sulfonyl (Arg), and Nα-tert-butoxycarbonyl (Trp) groups.

Eight-fold excess of Fmoc-L-amino acids and HBTU, in

the presence of double molar amount of DIEA, was used

for the coupling steps, with DMF as solvent. After chain

assembly, full deprotection and cleavage were carried out with

a 94 : 2.5 : 2.5 : 1 (% v/v) mixture of TFA : H2O : DODT :

TIS for 90 min, at room temperature. The CF-vCPP2319

peptide was similarly synthesized, except that 5(6)-

carboxyfluorescein (CF) was coupled manually in a four-fold

excess in the presence of an equivalent of DIPCDI in DMF

to the deprotected N-terminus prior to full deprotection

and cleavage. After synthesis completion, the peptide was

fully deprotected and cleaved with a 94 : 2.5 : 2.5 : 1 (% v/

v) mixture of TFA : H2O : DODT : TIS for 90 min, at

room temperature. Peptides were isolated by precipitation

with cold diethyl ether and centrifugation at 4000 g, 4 °C for

20 min, taken up in H2O and lyophilized. Analytical

reversed-phase high-performance liquid chromatography

(RP-HPLC) was performed on a Luna C18 column

(4.6 mm × 50 mm, 3 µm) (Phenomenex, Torrance, CA,

USA). Linear gradients of solvent B (0.036% TFA in ACN)

into solvent A (0.045% TFA in H2O) were used at a flow

rate of 1 mL�min−1 and with UV detection at 220 nm.

Preparative HPLC runs were performed on a Luna C18 col-

umn (21.2 mm × 250 mm, 10 µm) (Phenomenex) using linear
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gradients of solvent B (0.1% TFA in ACN) into solvent A

(0.1% TFA in H2O) at a flow rate of 25 mL�min−1 and with

UV absorption detection at 220 nm. Fractions of adequate

HPLC homogeneity and with the expected mass were com-

bined and lyophilized. LC-MS was performed in a LC-MS

2010EV instrument (Shimadzu, Kyoto, Japan) fitted with an

XBridge C18 column (4.6 mm × 150 mm, 3.5 µm) (Waters,

Cerdanyola del Valles, Spain), eluting with linear gradients

of formic acid/ACN (0.08% v/v) into formic acid/H2O

(0.1% v/v) over 15 min at 1 mL�min−1. Peptide stock solu-

tions (0.5 or 1 mM) in filtered H2O or PBS were stored at

−20 °C.

Lipid vesicle preparation

Large unilamellar vesicles (LUVs) (100 nm diameter) were

prepared in 10 mM sodium phosphate (75.4 mM Na2HPO4,

24.6 mM NaH2PO4, pH 7.4), as described previously [64].

Briefly, lipids were dissolved in spectroscopy-grade chloro-

form and mixed as required to prepare defined lipid com-

positions. The solvent was removed under a nitrogen

stream to yield a lipid film which was left to dry under vac-

uum, overnight. The film was hydrated with 10 mM sodium

phosphate (75.4 mM Na2HPO4, 24.6 mM NaH2PO4, pH

7.4); upon agitation and eight freeze–thaw cycles, suspen-

sions of multilamellar vesicles (MLVs) were obtained. The

MLVs were extruded through polycarbonate filters (100 nm

pore size) eight times to obtain LUVs. Different lipid com-

positions were used in this study: POPC, POPC : ChoI (8 :

2), and POPC : SM : POPE : POPS : ChoI (4.35 :4.35 : 1 :

0.3 : 1).

Circular dichroism

Circular dichroism (CD) spectra of the different peptides

were acquired in a J-815 spectropolarimeter (Jasco, Tokyo,

Japan) at 25 °C in the 190–260 nm wavelength range, with

a bandwidth of 1 nm and a scan speed of 50 nm�min−1,

using a 0.1 cm quartz cell. Samples containing 50 µM pep-

tides with or without liposomes with different compositions

(2 mM final lipid concentration) were analyzed. The final

spectra for each peptide were the average of three consecu-

tive scans per sample after subtraction of buffer baselines.

Results were expressed as mean residue ellipticity ([θ]MRW)

(deg�cm−2�dmol−1), as follows:

½θ�MRW ¼ θObs �MRW

10dc

where θObs is the observed ellipticity in degrees, MRW is

the mean residue weight, d is the cell path length, and c is

the peptide mass concentration.

Hemolytic activity

Human blood samples were obtained from healthy donors

with written informed consent. RBCs isolation followed a

protocol described elsewhere [65]. Briefly, human blood

samples were centrifuged at 1000 g for 10 min at 4 °C,
washed three times, and resuspended in phosphate-buffered

saline (PBS) (1×, pH 7.4) at 0.25% (v/v). Then, RBC sus-

pensions were incubated with increasing peptide concentra-

tions (0.01–100 µM) for 24 h at 37 °C with gentle agitation,

in a 96-well round-bottomed plate (Corning, New York,

NY, USA). After incubation, the plate was centrifuged at

1000 g for 5 min at 4 °C. The supernatants were trans-

ferred to a 96-well flat-bottomed plate (Corning) and the

presence of hemoglobin was measured by absorbance at

415 nm using the Infinite® M200 Tecan microplate reader

(Männedorf, Zurich, Switzerland). PBS without peptide

and Triton X-100 at 1% (v/v, in H2O) were used as nega-

tive and positive controls for hemolysis, respectively. The

well-known hemolytic peptide melittin was included as a

positive control for peptide-induced hemolysis. Hemolytic

activity (%) was determined using the following equation:

Hemolytic activity ð%Þ ¼
AbsorbanceSamples with peptide �AbsorbanceNegative control

AbsorbancePositive control �AbsorbanceNegative control
� 100

HC50 values were determined using the GRAPHPAD PRIM

7.0 software (San Diego, CA, USA) through non-linear

regression of a log(inhibitor) vs. normalized response

Table 3. Peptides used in this study.

Peptide Amino acid sequence

Mass (Da)

Calculated; found HPLC tR (min)a Purity (%)b

vCPP0275 KKRYKKKYKAYKPYKKKKKF-amide 2679.3; 2679.5 5.5 99.2

vCPP0417 SPRRRTPSPRRRRSQSPRRR-amide 2545.8; 2544.4 5.8 98.9

vCPP0667 RPRRRATTRRRITTGTRRRR-amide 2578.4; 2579.1 6.2 99.4

vCPP0769 RRLTLRQLLGLGSRRRRRSR-amide 2505.9; 2506.1 5.6 99.2

vCPP1779 GRRGPRRANQNGTRRRRRRT-amide 2476.4; 2476.8 5.1 99.5

vCPP2319 WRRRYRRWRRRRRWRRRPRR-amide 3178.7; 3179.8 6.9 99.1

CF-vCPP2319 CF-WRRRYRRWRRRRRWRRRPRR-amide 3536.1; 3537.8 7.8 98.1

aSee experimental method for details; bPeptide purity was estimated by peak integration of the analytical HPLC chromatograms.

1617The FEBS Journal 289 (2022) 1603–1624 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

F. D. Oliveira et al. The antimetastatic activity of vCPP2319



equation to the experimental data. Experiments were per-

formed on different days using independent human blood

samples.

Cell culture

Human breast cell lines MDA-MB-231 (ATCC® HTB-

26™), BT-20 (ATCC® HTB-19™), BT-474 (ATCC® HTB-

20™), SKBR3 (ATCC® HTB-30™), MCF 10A (ATCC®

CRL-10317™) and human fibroblasts Hs68 (ATCC® CRL-

1635™) were purchased from American Type Culture Col-

lection (ATCC) (Manassas, VA, USA). Primary human

brain microvascular endothelial cells (HBMEC) were pur-

chased from Innoprot. The TNBC cell lines MDA-MB-231

and BT-20 were cultured as a monolayer in DMEM and

EMEM media, respectively. The HER2+ cell lines BT-474

and SKBR3 were cultured as a monolayer in EMEM and

McCoy’s 5A media, respectively. The human fibroblasts

Hs68 were cultured as a monolayer in DMEM medium. All

the above-mentioned media were supplemented with 10%

FBS, and 1% penicillin/streptomycin (Gibco/Thermo Fisher

Scientific, Waltham, MA, USA). MCF 10A breast epithelial

cells were cultured as a monolayer in MEBM supplemented

with SingleQuots, cholera toxin (100 ng�mL−1), and 1%

penicillin-streptomycin, according to ATCC instructions.

HBMEC were cultured in T-flasks coated with fibronectin

(2 µg�cm−2) using endothelial cell basal medium with 5%

FBS, 1% penicillin–streptomycin and 1% endothelial cell

growth supplement. All cell cultures were maintained at

37 °C and 5% CO2, in a humidified atmosphere.

Cell proliferation

CellTiter-Blue® assay

Peptide cytotoxicity against a panel of human cell lines was

determined using CellTiter-Blue® cell viability assay (Pro-

mega, Madrid, Spain), according to the manufacturer’s

instructions. Briefly, MDA-MB-231, BT-20, BT-474,

SKBR3, MCF 10A, and Hs68 cells were allowed to grow

until 80% confluence in a 75-T-flask under standard condi-

tions. Cells were then carefully detached and seeded at

1.0 × 105 cell�mL−1, 1.5 × 105 cell�mL−1, 3.0 × 105

cell�mL−1, 1.5 × 105 cell�mL−1, 4.0 × 105 cell�mL−1, and 1.5

× 105 cell�mL−1, respectively, in 96-well flat-bottomed

plates, of 100 µL per well volume (Corning). After 24 h,

medium was removed, cells were washed twice with PBS

and incubated with 100 µL of previous diluted peptides in

complete serum-free medium (range 0.01–100 µM) for an

additional 24 h in a humidified atmosphere of 5% CO2 at

37 °C. Then, 20 µL of CellTiter-Blue® Reagent was added

to each well and incubated for 3 h under the same condi-

tions. Fluorescence intensity was measured with λexc =
560 nm and λem = 590 nm in an Infinite® M200 Tecan

microplate reader. Medium without peptides and 1%

Triton X-100-containing medium were used as positive con-

trols (100% cell viability) and negative controls (0% cell

viability), respectively. Cell viability (%) was determined by

the following expression:

Cell Viability ð%Þ ¼

FluorescencePeptide � treated cells � FluorescenceNegative control

FluorescencePositive control � FluorescenceNegative control
� 100

IC50 values were determined using the GRAPHPAD PRIM

7.0 software through non-linear regression of a log(in-

hibitor) vs. normalized response equation to the experimen-

tal data. Experiments were performed on different days

using independent cell cultures.

MTT assay

An MTT cell viability assay was also used to evaluate the

cytotoxic activity of vCPP2319 toward human breast cell lines

MDA-MB-231 and MCF 10A, and primary human brain

microvascular endothelial cells–HBMEC. Briefly, MDA-MB-

231 were seeded at 3.0 × 104 cells�mL−1 and MCF 10A and

HBMEC were seeded at 5.0 × 105 cell�mL−1 into 96-well flat-

bottomed plates with a 100 µL per well volume. After 24 h

incubation, cells were washed once with PBS and complete

serum-free media with different vCPP2319 concentrations was

added in a volume of 100 µL per well. The tested concentra-

tions ranged between 0.01–40 µM for MDA-MB-231 cells,

0.01–100 µM for MCF 10A cells, and 0.01–60 µM for

HBMEC. Following a 24 h incubation period with the pep-

tide, 10 µL of a 5 mg�mL−1 solution of MTT was added to

each well and allowed to incubate for 2 h in plates with

MDA-MB-231 and MCF 10A and for 4 h in plates with

HBMEC. Finally, the media containing the peptide and MTT

was removed from each well, and 150 µL of spectrophotomet-

ric grade DMSO was added to each well, to dissolve the

resulting formazan crystals. Absorbance was measured at

540 nm [66] in a Tecan Infinite® F500 microplate reader.

Positive controls (100% cell viability) were performed by

adding serum-free medium to untreated cells. Negative con-

trols (0% cell viability) were performed by adding serum-

free medium with 20% DMSO to MDA-MB-23 cells and

HBMEC and 30% DMSO to MCF 10A cells. Cell viability

(%) was determined as:

Cell viability ð%Þ ¼ Absorbancepeptide treated cells

Absorbanceuntreated cells
� 100

and cell death (%) as:

Cell death ð%Þ ¼ 100� Cell viability ð%Þ:
IC50 values were assessed using GRAPHPAD PRIM 6.0 soft-

ware package through non-linear regression of a log(in-

hibitor) vs. normalized response equation to the
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experimental data. The experiments were performed on dif-

ferent days with independently grown cell cultures.

Zeta potential measurements

Cells were harvested from confluent cell cultures by

trypsinization, washed, resuspended in PBS buffer, and

diluted to final a concentration of 1.0 × 105 cell�mL−1 for

MDA-MB-231 and MCF 10A cells and 2.5 × 105 cell�mL−1

for HBMEC. Cell suspensions with vCPP2319 were prepared

at the following concentrations: 1.0, 5.2, and 20.0 µM for

MDA-MB-231 cells; 2.5, 18.2, and 40.0 µM for MCF 10A

and 5.2 µM for HBMEC. Samples with and without

vCPP2319 were loaded into disposable zeta cells with gold

electrodes and allowed to equilibrate for 30 min at 37 °C.
Each experiment consisted of a set of 15 measurements with

40 subruns performed on a Malvern Zetasizer Nano ZS (Mal-

vern, UK), at a constant voltage of 40 V, with a 90 s pause

between measurements. The complete experiment was carried

out at least two times using independent cellular suspensions

and a control (untreated cells) was performed each day.

Fluorescence spectroscopy with di-8-ANEPPS

Confluent cell cultures were trypsinized, cells were resus-

pended in PBS, diluted to 1.5 × 106 cell�mL−1, and incu-

bated for 1 h with 30 µM of di-8-ANNEPS with constant

rotation, at room temperature. The cells were washed to

remove non-incorporated di-8-ANEPPS and diluted to a

final concentration of 5.0 × 105 cell�mL−1. Cell membrane

dipole potential variations were examined through di-8-

ANEPPS excitation spectrum shifts in the presence of

vCPP2319 after 10–15 min incubation. Di-8-ANEPPS fluo-

rescence excitation spectra were collected on an Edinburgh

FLS920 spectrofluorimeter (Livingston, UK) in the absence

and presence of vCPP2319. In order to prevent membrane

fluidity artifacts, the emission wavelength (λem) was set to

670 nm [67] and individual spectra were retrieved between

380 and 580 nm for untreated and treated cells. Excitation

spectra were corrected for background intensity. Each spec-

trum was normalized to the respective integrated spectrum

area. The differential excitation spectra of the dye in each

cell line in the presence of vCPP2319 were obtained by sub-

tracting the normalized excitation spectrum of the probe in

the cells without the peptide from the normalized excitation

spectra of the probe in the presence of vCPP2319. [26] To

quantify di-8-ANEPPS spectral shifts, excitation intensity

ratios (R) were calculated using the relationship

R ¼ ð∑Iexc ð425�435 nmÞÞ=ð∑Iexc ð505�515 nmÞÞ and normalized

to the control R (untreated cells). Normalized (Rnorm)

intensity ratios were used as a quantitative parameter of di-

8-ANEPPS spectral shifts, which correlates with variations

in cell membrane dipole potential. This experiment was

repeated on two different days using independently grown

cell cultures.

LDH activity assay

MDA-MB-231 and MCF 10A cells were seeded at

1.0 × 105 cell�mL−1 into a 96-well plate, with a volume of

100 µL per well, and incubated for 24 h. After media

removal, cells were washed once with PBS and then incu-

bated with different concentrations of vCPP2319, in

DMEM without phenol red, in a volume of 100 µL per

well, for 15 min, at 37 °C. The plates were centrifuged at

271 g or 174 g for MDA-MB-231 or MCF 10A cells,

respectively, at 4 °C, and the supernatants were collected

and kept on ice. The collected samples were centrifuged at

10 000 g at 4 °C for 15 min. The supernatants were col-

lected and loaded into non-treated 96-well plates, with a

50 µL per well volume. The LDH activity assay kit was

used following the manufacturer’s instructions. Briefly, a

master mix was prepared with LDH assay buffer and LDH

substrate mix and added to the previously loaded samples

in a 1 : 1 ratio. The plates were incubated for 2 min at

37 °C and sample absorbance was measured at 450 nm

every 5 min for at least 1 h, at a constant temperature, to

monitor the enzymatic conversion of NAD+ into NADH.

LDH activity was determined using the following

expression:

LDH activity ¼
nmole NADH generated between Tinitial and Tfinal

ðReaction TimeÞ � V

�Sample Dilution Factor

where Reaction Time corresponds to Tfinal – Tinitial (min)

and V is the volume of sample added (mL). NADH stan-

dard curves and LDH positive controls were included in

every plate and performed in each experiment. Negative

controls were performed with supernatants collected from

non-treated cells. Positive controls were performed with

supernatants collected from cells treated with melittin at 20

or 40 µM and Triton X-100 at 0.25% or 0.5%, for MDA-

MB-231 or MCF 10A cells, respectively. Sample handling

was performed in a cold chamber to assure the lowest pos-

sible enzyme activity before assay initiation. Experiments

were repeated into two different days, using independently

grown cell cultures.

Flow cytometry

MDA-MB-231 and MCF 10A were seeded 5.0 × 104/

300 µL and 1.0 × 105/300 µL, respectively, in 24-well flat-

bottomed plates (Corning) for 24 h. Then, the medium was

removed and cells were washed twice with PBS and once

with medium, and incubated for different time-points (15,

60, 360, and 1440 min) with CF-vCPP2319, at a final con-

centration of 1 µM in a humidified atmosphere of 5% CO2

at 37 °C. Finally, cells were collected and washed twice

with PBS. The fluorescence intensity of 10 000 cells was
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analyzed with a BD LSRFortessa X-20 flow cytometer.

The mean fluorescence of samples was obtained by sub-

tracting the autofluorescence of cells. All experiments were

performed in duplicates in three independent days.

Confocal microscopy

Cell internalization

MDA-MB-231 and MCF 10A cells were seeded 5.0 × 104/

200 µL and 1.0 × 105/200 µL, respectively, on an ibiTreat-

coated 8-well µ-slide (Ibidi, Bayern, Germany) for 24 h.

Then, cells were washed carefully twice with 1× PBS and

once with medium, and incubated for different time-points

(15, 60, 360, and 1440 min) with CF-vCPP2319, at a final

concentration of 1 µM in a humidified atmosphere of 5%

CO2 at 37 °C. Nucleus and cell membrane were stained

with Hoechst 33342 (Sigma-Aldrich) and CellMask™ Deep

Red (Thermo Fisher), respectively. After the incubation

period, cells were washed twice with PBS, and both the

nucleus and the membrane dye were added to cells at a

final concentration of 5 µg�mL−1 for 15 min at 37 °C.
Finally, cells were washed twice with PBS and imaged

immediately.

The acquisition was made on a confocal point-scanning

Zeiss LSM 880 microscope (Carl Zeiss, Oberkochen, Ger-

many) equipped with an alpha Plan-Apochromat X 63 oil

immersion objective (1.40 numerical aperture). Diode 405-

30 laser was used to excite Hoechst 33342, argon laser in

the 488-nm line to excite CF-vCPP2319, and HeNee633 to

excite CellMask™ Deep Red. In the normal acquisition

mode, × 0.6 zoom images were recorded at 4096 × 4096

resolution. ZEN software was used for image acquisition

and FIJI software [68] was used for image processing. At

least five total images were acquired in three independent

replicates.

Vimentin and actin distribution

MDA-MB-231 and MCF 10A cells were seeded 5.0 × 104/

200 µL on an ibiTreat-coated 8-well µ-slide (Ibidi) for 24 h.

Then, cells were washed carefully three times with PBS and

incubated for 24 h with CF-vCPP2319 in complete serum-

free media in a humidified atmosphere of 5% CO2 at

37 °C. The final CF-vCPP2319 concentrations tested were

as follows: 1, 5.2, and 20 µM for MDA-MB-231 and 1, 5.2,

and 18.2 µM for MCF 10A cells. The cells were washed

three times with PBS and actin filaments were live stained

with CellMask™ Green Actin Tracking Stain (Thermo

Fisher) (1×) in DMEM without phenol, for 30 min, in a

humidified atmosphere of 5% CO2 at 37 °C. After washing

the cells three times with PBS, paraformaldehyde 3.75% in

PBS was added to the cells followed by 10 min room tem-

perature incubation. The cells were again washed three

times with PBS and then incubated for 1 h with PBS with

1% BSA and 0.2% Triton X-100, at room temperature.

After three washes with PBS, Vimentin Monoclonal Anti-

body (V9) eFluor660 (Thermo Fisher) was added to the

cells at a final concentration of 5 µg�mL−1 in PBS with 1%

BSA, and incubated for 1 h, at room temperature. The cells

were again washed three times with PBS, and the cells’

nucleus was stained with Hoechst 33342 (Sigma-Aldrich)

(1 : 2000), for 10 min at room temperature. Finally, cells

were washed three times with PBS and imaged.

The acquisition was made on a confocal point-scanning

Zeiss LSM 880 microscope (Carl Zeiss) equipped with an

alpha Plan Apochromat X 63 oil immersion objective (1.40

numerical aperture). Diode 405-30 laser was used to excite

Hoechst 33342, argon laser in the 488-nm line to excite

CellMask™ Green Actin Tracking Stain, and HeNee633 to

excite Vimentin Monoclonal Antibody (V9) eFluor 660. In

the normal acquisition mode, ×0.60 zoom images were

recorded 4096 × 4096 resolution. ZEN software was used

for image acquisition and FIJI software was used for image

processing. At least 12 images were acquired in three inde-

pendent replicates.

To compare the fluorescence intensities of the different

cytoskeleton probes within MDA-MB-231 and MCF 10A

cells, we calculated the corrected total cell fluorescence

(CTCF) intensity using the following equation:

CTCF ¼ Integrated Density� ðArea of selected cell

�Mean fluorescence of background readingsÞ

Atomic force microscopy (AFM)

Cell imaging

Cells were seeded into 40-mm tissue culture dishes (TPP,

Trasadingen, Switzerland) in 2 mL at concentrations of

1.0 × 104 cell�mL−1 for MDA-MB-231 cells and HBMEC

and 1.0 × 105 cell�mL−1 for MCF 10A cells and allowed to

grow for 24 h. After washing the cells with PBS, complete

serum-free medium with vCPP2319 was added to a final

volume of 1 mL. Control cells were prepared with serum-

free medium only. Following a 24 h incubation, the cells

were washed three times with PBS, three times with sterile

milli-Q water, and incubated with 1% glutaraldehyde for

10 min, at room temperature. The glutaraldehyde solution

was then removed, and the cells were washed with PBS,

sterile milli-Q water, and finally air-dried. AFM images

were performed using a JPK NanoWizard® II for MDA-

MB-231 and MCF 10A cells and a JPK NanoWizard® 4

(Berlin, Germany) for HBMEC. The equipment was

mounted on a Zeiss Axiovert 200 inverted microscope (Carl

Zeiss). The AFM head was equipped with a 15 µm z-range

linearized piezoelectric scanner and an infrared laser.

Uncoated silicon ACL cantilevers from Applied

NanoStructures (Mountain View, CA, USA) with typical
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resonance frequencies of 145–230 or 160–225 kHz and an

average spring constant of 45 or 36–90 N�m−1 were used

for breast and brain cell lines, respectively. Images were

obtained using intermittent contact mode and contact

mode. Scan speeds ranged between 0.1 and 0.4 Hz and

total scan areas of 100 × 100 µm were imaged with a

512 × 512 pixel resolution.

Height profiles of the cells were acquired by drawing a

cross section using the JPK SPM Data Processing version

4.2.61 or 6.0.55. For MDA-MB-231 and MCF 10A cells,

10 treated cells and 10 untreated were analyzed. For

HBMEC, 11 treated cells and 13 untreated cells were ana-

lyzed. The surface roughness was defined as the root-mean-

square roughness (Rms) and it was obtained from AFM

height images using Gwyddion software version 2.24 [69].

Rms values were calculated for the nucleus and cytoplasm

areas, from square areas of 2.5 × 2.5 µm. Within each cell,

one Rms value is calculated for each cellular component

(nuclei and cytoplasm) as the result of the average of the

Rms values obtained from five square areas. The final Rms

value is the result of the average of a total of at least five

cells (treated and untreated). Cells were observed and

imaged through at least two different days using indepen-

dent grown cultures.

Force spectroscopy (AFM-FS)

Indentation experiments were performed on live MDA-

MB-231 and MCF 10A cultures prepared as described

above. The cell culture medium was removed after the 24 h

incubation with vCPP2319, and the cells were kept in PBS

buffer at room temperature, after washing. A JPK Nano-

Wizard® 4 mounted on a Zeiss Axiovert 200 inverted

microscope was used to acquire force-distance curves using

QI™ mode. The cantilevers used in the experiment were

qp-BioAC-50 with resonance frequency ranging from 24 to

36 kHz and force constant ranging between 0.03 and

0.09 N�m−1 (CB3). The calibration was performed through

contact-free method. QI™ mode settings are described as

follows: Z-length was 2500 nm, Z-range was 15 µm, speed

was 300.0 µm�s−1, and setpoint was defined as 0.6 and

0.7 nN for MDA-MB-231 and MCF 10A cells, respec-

tively. Areas of 10 × 10 (in nuclear area) or 100 × 100 µm
were scanned with a 256 × 256 pixel resolution. Hertz/

Sneddon model was fitted to the extended segment of the

obtained force-distance curves obtained from the

10 × 10 µm areas to calculate the Young’s modulus. The

distribution of the Young’s modulus values obtained corre-

spond to the distribution of values collected from 11

untreated and 13 treated cells for MDA-MB-231 and 13

untreated and 10 treated cells for MCF 10A. This experi-

ment was repeated on different days using independently

grown cell cultures. QI™ mode results in large datasets

since one force curve is acquired per pixel (256 × 256 pixel

resolution means 65 536 force curves per cell) and, if fitted

successfully, each force curve will result in a Young’s mod-

ulus value. These large datasets required a trimming pro-

cess to reduce the amount of data and then applying a

statistical test to compare the two groups of Young’s mod-

uli (untreated and treated cells). Datasets were trimmed by

prune row analysis and reduced by a factor of 100, result-

ing in 100 × smaller datasets, which were then compared

for each cell line. Scanned areas of 100 × 100 µm were

qualitatively analyzed as live images of treated and

untreated cell lines.

Statistical analysis

Excell 2002 (Microsoft, Redmond, WA, USA) and GRAPH-

PAD PRIM 6.0 and 7.0 software packages were used to pro-

cess quantitative data. Pairwise significances were assessed

using one-way ANOVA followed by Tukey’s or Dunnett’s

multiple comparison test, and Mann–Whitney or unpaired

t-tests.
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69 Nečas D & Klapetek P (2012) Gwyddion: an open-

source software for SPM data analysis. Cent Eur J Phys

10, 181–188.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
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