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Brevinin-2R1 semi-selectively kills cancer cells by a
distinct mechanism, which involves the
lysosomal-mitochondrial death pathway
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Abstract
Brevinin-2R is a novel non-hemolytic defensin that was isolated from the skin of the frog Rana ridibunda. It
exhibits preferential cytotoxicity towards malignant cells, including Jurkat (T-cell leukemia), BJAB (B-cell lymphoma), HT29/219, SW742 (colon carcinomas), L929 (fibrosarcoma), MCF-7 (breast adenocarcinoma),
A549 (lung carcinoma), as compared to primary cells including peripheral blood mononuclear cells (PBMC),
T cells and human lung fibroblasts. Jurkat and MCF-7 cells overexpressing Bcl2, and L929 and MCF-7 overexpressing a dominant-negative mutant of a pro-apoptotic BNIP3 (TM-BNIP3) were largely resistant
towards Brevinin-2R treatment. The decrease in mitochondrial membrane potential (m), or total cellular
ATP levels, and increased reactive oxygen species (ROS) production, but not caspase activation or the
release of apoptosis-inducing factor (AIF) or endonuclease G (Endo G), were early indicators of Brevinin-2Rtriggered death. Brevinin-2R interacts with both early and late endosomes. Lysosomal membrane permeabilization inhibitors and inhibitors of cathepsin-B and cathepsin-L prevented Brevinin-2R-induced cell death.
Autophagosomes have been detected upon Brevinin-2R treatment. Our results show that Brevinin-2R activates the lysosomal-mitochondrial death pathway, and involves autophagy-like cell death.
Keywords: antibacterial peptide • defensin • Brevinin-2R • cell death • caspase activation •
lysosomotrophic agent • late and early endosome • ROS • mitochondrial pathway • targetted cancer therapy

Introduction
Anticancer drugs, -irradiation, suicide genes or
immunotherapy destroy target cells mainly by inducing
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apoptosis [1–3]. The underlying mechanisms for initiating an apoptotic response upon cytotoxic therapy
may vary with different stimuli and are only partially
understood; however, damage to DNA or other critical
molecules and/or subcellular structures appears to
be a common early target of some inducers [4].
Cell damage inflicted by external injury causes
necrotic cell death and, depending on the degree of
damage, may still be followed by a programmed set
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of apoptotic events [1, 5, 6] . Necrotic pathways seem
to be also activated when a cell that is triggered to
die does not have sufficient energy to execute the
apoptotic process [7, 8]. Although the detailed signaling pathways that trigger apoptosis are not completely understood, this process is controlled by a number
of protein complexes, which are activated by various
triggers and arranged in sequential signaling modules. Apoptosis occurs through two main pathways.
The first, referred to as the extrinsic or death-receptor pathway, is triggered by the CD95 (Fas) death
receptor and some other members of the tumor
necrosis factor- (TNF) receptor superfamily [9, 10].
The second apoptotic pathway is the activation of the
intrinsic- or mitochondrial signaling cascade, which
leads to the release of cytochrome c from the mitochondria, and the formation of the apoptosome multiprotein complex. Caspase-9 is activated and the
proteolysis of downstream caspases assures the
propagation of the death signal [11–13]. Both pathways converge in a final common activation of a cascade of proteases, called caspases, which cleave
regulatory and structural molecules leading to cell
death. Bcl2 family members regulate the mitochondrial death pathway. Anti-apoptotic family members,
like Bcl2, Bcl-XL and Mcl-1 inhibit mitochondriadependent cell death processes by stabilizing the
mitochondrial membrane and complexing and neutralizing pro-apoptotic Bcl2 family members [14, 15].
Among the several pro-apoptotic Bcl2 family members, BNIP3 is perhaps most intriguing since it kills
cells by an ‘apoptosis-like’ cell death that does not
require caspase activity or cytochrome c release
from mitochondria [16, 17]. The extrinsic death pathway is typically triggered by the activation of a death
receptor. In the case of the CD95 death pathway,
receptor activation by an agonistic antibody or Fas
ligand leads to the formation of a multiprotein complex called DISC (death-inducing signaling-complex).
Apart from the receptor-ligand complex, key components of the DISC include Fas-associated protein
with death domain (FADD) and caspase-8. The
recruitment of caspase-8 to the DISC facilitates its
proteolytic activation and this elicits the subsequent
activation of downstream caspases and the propagation of the apoptotic process [18, 19].
Granular glands present in the skin of certain anurans (frogs and toads) synthesize and store polypeptides belonging to the superfamily of defensins that
have a broad-spectrum of antimicrobial activity.
These defensins are a vital component of the innate
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immunity that protects anurans from colonization and
invasion with pathogenic microorganisms [20, 21].
These peptides have attracted attention as potential
therapeutic agents for use against multiresistant bacteria [22, 23]. Frogs of the genus Rana, a successful
group with at least 250 species distributed worldwide
[24], are a valuable source of antimicrobial defensins
and their peptide sequences are unique among different Rana species [25]. Based on the limited structural similarities, these Rana peptides can be
grouped into families [26] that are believed to share
similar evolutionary traits [27]. There are no consensus amino acid sequences that can be directly associated with biological activity, but the peptides are
almost invariably cationic, relatively hydrophobic, and
have the propensity to form an amphipathic helix in a
membrane-mimetic environment [28].
Here we describe the isolation and characterization of Brevinin-2R isolated from the skin secretions of
Rana ridibunda. Unlike most other brevinins, Brevinin2R shows no significant hemolytic activity. This feature of Brevinin-2R has prompted us to test the potential anticancer properties of this defensin on an array
of cancer cell lines and normal cells. We demonstrate
here that Brevinin-2R kills cancer cells in a semiselective manner by the activation of the novel lysosomal-mitochondrial death pathway that is not sensitive to caspase inhibitors. Overexpression of Bcl2 and
the inhibition of BNIP3 significantly protected cells
from Brevinin-2R-triggered cell death. Thus, Brevinin2R has the potential to become a new lead molecule
for the development of a novel anti-cancer therapy.

Materials and methods
Reagents and materials
HPLC grade solvents TFA and TFE were from Merck Co.
(Germany). Chemicals, cell culture media, Bafilomycin A1
(Baf A1), N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (zVAD-fmk), CA-074-Me, rabbit anti-human Bak,
mouse anti-human Bax, mouse anti-human Bcl-XL, antimouse IgG peroxidase conjugated and rabbit anti-human
Mcl-1 were purchased from Sigma Co. (Oakville, ON,
Canada), Pharmacia Biotech. (Uppsala, Sweden), Gibco
(Canada), and Molecular Probes (OR, USA). Cell culture
plasticware was obtained from Nunc Co. (Canada).
Sources of other antibodies were as follows: murine
anti-human/mouse-cleaved caspase-3 (Asp175), (R&D,
Hornby, ON, Canada), murine anti-human caspase-8
(R&D), murine anti-human caspase-9 (R&D), Caspase-
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Glo -8, -9 and -3/7 assay systems (Promega, Canada,
Nepean, Ontario, Canada), and anti-CD95 IgM (Upstate
Cell Signaling). Goat anti-human/mouse/rat endonuclease
G (Endo G), rabbit anti-human/mouse/rat apoptosis-inducing factor (AIF) and anti-tubulin were from Santa Cruz
Biotechnologies (CA, USA). Lysotracker Red (LTR), 5, 5`,
6, 6`, tetrachloro-1, 1`, 3, 3`-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) and dihydrorhodamine-123
(DHR123) were obtained from Invitrogen (Burlington, ON,
Canada) and Molecular Probes, respectively. Scrambled
Brevinin-2R and FITC labeled Brevinin-2R were obtained
from EZBioloab (Westfield, USA).

Cell culture
HT29/219, SW742, MCF-7, MCF-7-TM-BNIP3, Jurkat,
Jurkat-Bcl2, BJAB, L929 and L929-TM-BNIP3 were cultured in RPMI 1640 or DMEM (L929 and L929-TMBNIP3) supplemented with 10% fetal calf serum, 100 U/ml
penicillin and 100 g/ml streptomycin. Cells were incubated at 37°C in a 5% CO2 humidified atmosphere in a CO2
incubator.

MTT-assay
Cytotoxicity of crude peptide, Brevinin-2R and scrambled
Brevinin-2R (KFALGKVNAKLQSLNAKSLKQSGCC) for the
indicated above cell lines were detected by MTT-assay as
previously described [29]. The percent of cell viability was
calculated using the equation: (mean OD of treated
cells/mean OD of control cells) 100.

Preparation of human peripheral blood
mononuclear cells (PBMC) and
magnetic purification
PBMC were isolated from heparinized blood by density
gradient centrifugation on Ficoll-Hypaque (Lymfoprep, GE
Healthcare, Piscataway, NJ, US) using standard methods
[30]. A one-step procedure magnetic cell sorting with the
MACS system (Miltenyi Biotec, USA) was used to separate
T cells (CD3+) from PBMC. The MACS cell separation system consists of super-paramagnetic microbeads coupled
to antibodies, columns with ferromagnetic stainless steel
wool and a high-energy permanent magnet. A total of 107
PBMC were added to 80 µl of MACS buffer (50 ml of RPMI1640 Medium, 2% FCS, 0.3 g HEPES and 0.2 g EDTA).
The cell suspension was added to 20 µl of CD3
microbeads. The mixture was incubated in 4C for 15 min.

Cells were washed with 3 ml of MACS buffer and centrifuged for 10 min at 300 g. The pellet was transferred to
a separation column (MACS type B1) installed in the magnetic field. Unbound cells were eluted at a flow speed of 0.3
ml/min, using three column volumes of washing solution.
Columns were washed with five column volumes at a flow
rate of about 1.5 ml/min. CD3+ cells were eluted with
MACS buffer after removal of the magnet. For high purity of
T cell, three parallel columns were used.

Determination of Brevinin-2R
interaction with cells
Harvested cells (A549, normal lung fibroblast, Jurkat and
human T cells) were washed three times with phosphate
buffer saline containing 3% bovine serum albumin (BPBS). A total of 2  106 cells were incubated with 10 µg of
FITC-labeled Brevinin-2R (EZBioloab) for 1 hr and washed
three times with B-PBS. Nonspecific binding of FITClabeled Brevinin-2R was determined by incubating cells
with FITC-labeled scrambled Brevinin-2R. Samples were
then measured by flow cytometry (FACS-Calibur, BectoDickinson, Palo Alto, CA, USA). Data analyses were performed using Cell Quest Pro software.

Hemolysis assay
Hemolytic activity was assayed as previously described
[31] with minor modifications. Briefly, 3 ml of freshly prepared sheep erythrocytes were washed with PBS, pH 7.4,
until the color of the supernatant turned clear. The washed
erythrocytes were diluted to a final volume of 20 ml with the
same buffer. Peptide samples (20 µl) serially diluted in PBS
were added to 180 µl of the cell suspension, and following
gentle mixing, tubes were incubated at 37C for 30 min
prior to centrifugation at 4000 g for 5 min. Supernatant (100 µl)
was diluted to 1 ml with PBS and the absorbance at 567 nm
was determined. The relative optical density was compared
with that of a cell suspension treated with 0.2% Triton
X-100 to induce 100% hemolysis.

Phylogenetic analysis
Twenty-five Brevinin-2 amino acid sequences from six
Rana species obtained from Genbank along with Brevinin-2R,
were aligned using program Blast (National Center for
Biotechnology Information, Bethesda, MD) and manually
adjusted. To obtain confidence limits for various clades,
bootstrap support values [32] were calculated from 10,000
replicates of neighbor-joining search.
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Analysis of nuclear morphology

ATP measurement

MCF-7 cells were grown overnight on coverslips. Brevinin2R treated cells were examined by light microscopy (Zeiss,
Jena, Germany) equipped with color video-camera (Carl
Zeiss, ZVS-47E). Dying cells were defined on the basis of
cellular morphology changes, including chromatin condensation and cell shrinking.

Jurkat, Jurkat-Bcl2 overexpressed, L929, L929 ΔTM BNIP3
and MCF-7 cells were treated with Brevinin-2R (5 and
10 µg/ml) for different time points (0–120 min). Treated cells
were lysed in lysis buffer containing ATPase inhibitor
(Ouabain 0.1 mM and sodium azide 3 mM). The ATP content of the cell extracts was measured using the luciferase
method as described previously [15, 16].

Caspase activity assays
Luminometric assays Caspase-Glo®-8, -9 and -3/7
(Promega) were used to measure the proteolytic activity of
caspase-3/7 (DEVD-ase), -8 (IETD-ase) and -9 (LEHDase). The assays were performed according to manufactures instructions. Briefly, cells sub-cultured in 96-well plate
(15,000 cells/well), were treated with indicated concentrations of Brevinin-2R and anti-CD95 for different time points.
Freshly prepared caspase reagents containing whole protein cell lysate extract buffer and either z-DEVD-luciferin, zLETD-Luciferin or z-LEHD-Luciferin. In each experiment,
negative control cells or cells treated cell medium only and
reagent blank were included. Plates were gently shaken at
300–500 rpm for 30 sec and incubated for 90 min at RT.
Then the solution was transferred to a white-well plate and
the luminescence of each sample was measured and compared to the negative controls (Lmax, Molecular Devices,
Sunnyvale, CA, USA)

Measurement of mitochondrial
membrane potential (⌿m) and reactive
oxygen species production
m was measured by flow cytometry using the fluorescent probe JC-1 (5,5, 6,6-tetrachloro-1,1, 3,3-tetraethylbenzimidazole carbocyanide iodide) as previously
described [33]. In each experiment, at least 15,000 events
were analyzed. The m was visualized as 3-D diagrams
with FL2, FL1 and cell counts being the x/y/z axis, respectively (Fig. 3C). The measurement of ROS production was
performed by flow cytometry using DHR123. Jurkat,
Jurkat-Bcl2, MCF-7, L929, L929-TM-BNIP3 cell lines
(1.5  104) were treated with TNF at indicated concentrations for different time points. DHR 123 (1 µm) was added
to treated cells at 37C for 15 min before cells were
harvested and washed three times with ice-cold PBS.
Cells were left on ice for 15 min to stabilize fluorescence.
The fluorescence intensity (FL-1 and FL-2 channels)
was then measured by flow cytometry (FACS-Calibur,
Becto-Dickinson).

1008

Immunocytochemistry and electron
microscopy
Cells were grown overnight on coverslips and treated with
Brevinin-2R (5 µg/ml) for 3 hrs. Cells were washed with
PBS, fixed in 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100. Cells were incubated with
anti-AIF mouse IgG (1:500), anti-Endo G rabbit IgG (1:50),
anti-cathepsin B murine IgG (1:50), anti-EEA-1 rabbit IgG
(1:1000), (early endosome marker), anti-mannose 6-phosphate mouse IgG (late endosome marker) and anti-LAMP1 directly conjugated with Cy5. AIF, Endo G, cathepsin B,
EEA-1, and mannose 6-phosphate were detected with corresponded Cy5- or FITC-conjugated secondary antibodies
(both 1:1000). To visualize nuclei, cells were stained with
DAPI (10 µg/ml). Mitochondria and lysosomes were stained
with Mitotracker Red CMXRos (200 nM) and LTR (1:2500;
Molecular Probe), respectively, in culture medium for 15 min
prior to fixation with paraformaldehyde 4%, The fluorescent
images were analyzed using an Olympus-IX81 multilaser
confocal microscope.
For transmission electron microscopy, cells were fixed in
2.5% glutaraldehyde in PBS (pH 7.4) for 1 hr at 4C,
washed and fixed in 1% osmium tetroxide, before embedding in Epon. Transmission electron microscopy was performed with a Philips CM10, at 80kV, on ultra thin sections
(100 nm on 200 mesh grids) stained with uranyl acetate
and counterstained with lead citrate.

Calcium imaging
MCF-7 cells were treated with Brevinin-2R (10 µg/ml) at different time points (0–30 min). Cells were rinsed free in
0.1% BSA-containing Hanks' balanced salt solution
(HBSS; containing in mM: 1.26 CaCl2, 0.493 MgCl2-6 H2O,
0.407 MgSO4-7 H2O, 5.33 KCl, 0.441 KH2PO4, 4.17
NaHCO3, 137.93 NaCl and 0.338 Na2HPO4). Incubations
and calcium imaging were carried out as described previously [34]. Briefly, MCF-7 cells were loaded for 1 hr at 37C
with Ca2+-sensitive fluorescent dye fura 2-acetoxymethyl
ester (fura-2 AM) dissolved in DMSO (99.8%) at 5 µM in
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HBSS/0.1% BSA with 1 g/ml pluronic acid for fura-2 AM ester
solubilization, for 1 hr at 37°C. Excess fura-2 AM was washed
off with HBSS/0.1% BSA and cells were incubated for 30 min
at RT, allowing complete cleavage of intracellular AM esters.
Real-time data on radiometric imaging of intracellular
calcium concentration at 340 and 380 nm (excitation) and
an 510 nm (emission) were captured with a charge-coupled
device camera and Perkin Elmer software on an inverted
Olympus microscope at 200 magnification (Olympus
Canada Inc., Markham, ON, Canada).

Immunoblotting
Expression of Bcl2, Bcl-XL, Mcl-1, Bax and Bad was
detected by immunoblotting in cells treated with Brevinin2R (5 µg/ml) for indicated time points. Briefly, harvested
cells were washed in cold PBS, re-suspended in lysis buffer
(20 mM Tris-HCl (pH 7.5), 0.5% Nonidet P-40, 0.5 mM
Phenylmethanesulphonyl fluoride (PMSF) and 0.5% protease inhibitor cocktail; all Sigma) for 20 min on ice, and cell
extracts were spun down (10,000  g). Supernatants were
collected and 30 µg of protein was separated by denaturing SDS-PAGE and transferred onto Hybond nylon membranes (Amersham-Pharmacia Biotech). Membranes were
blocked in 5% non-fat dried milk in TBS and incubated
overnight at 4C with the primary antibody. Blots were incubated with the corresponding secondary antibodies conjugated with HRP at RT for 1 hr. Visualization was carried out
by enhanced chemiluminescence (ECL) detection
(Amersham-Pharmacia Biotech).

Statistical analysis
The results were expressed as the mean ± SD and statistical differences were evaluated by one-way and two-way
ANOVA followed by Tuckey's post hoc test using the software
package SPSS 11. P < 0.05 was considered significant.

Results
Crude skin peptide extracts and purified
Brevinin-2R are cytotoxic to tumor cells
Total skin extract derived from Rana ridibunda were
cytotoxic at low micromolar concentrations towards
human and rodent cancer cell lines originating from
different tissues (Jurkat, MCF-7, L929, BJAB;
Supplementary Figs. S1A–D). However, the sensitivity of the tested cell lines towards the cytotoxic effect
of the crude skin extract varied significantly. MCF-7

breast cancer cells were most sensitive (LD50: 10–15
µg/ml, Supplementary Fig. S1C), Jurkat human T-cell
leukemia and L929 murine fibrosarcoma exhibited
intermediate sensitivity (LD50: 20–25 µg/ml,
Supplementary Fig. S1A and D), and BJAB murine
B-cell lymphoma were about 3 times more resistant
(LD50: 30–40 µg/ml, Supplementary Fig. S1B) than
MCF-7 after 4 hrs of treatment as determined by
MTT-assay. The active compound(s) of the crude skin
extract rapidly induced cell death in the targeted cancer
cell lines and, regardless of the duration of treatment,
only minimal differences in toxicity were observed.

Isolation of the cytotoxic skin compound
and purification of Brevinin-2R
We applied a series of chromatography- and sizeexclusion techniques to purify the cytotoxic compound responsible for the anti-cancer activity of the
crude skin extract. Cation exchange chromatography
on SP-Sepharose FF was applied to separate small
cationic peptides from other small non-cationic compounds (Supplementary Fig. S2A). Eluted and fractionated crude extract was grouped into fractions
I–IV according to absorbance rates at 280 nm
(Supplementary Fig. S2A, horizontal bars). Of the
total extract, approximately 30% corresponded to
fraction 'I', 5.5% to fraction 'II', 44% to fraction 'III' and
20.5% to fraction 'IV'. The strong cationic compounds
present in fraction IV (Supplementary Fig. S2A) were
submitted to a multistep purification procedure.
Fraction 'IV' was resolved on a Vydac semi-preparative C8 reversed-phase column. The resulting dominant fraction, indicated by the horizontal bar, was
injected into a Macherey-Nagel semi-preparative C18
reversed-phase column (Supplementary Fig. S2B).
Fraction 'd' was again injected into the semi-preparative C18 reversed-phase column and eluted under the
same conditions (data not shown). A pure peptide ‘d’
was obtained as determined by analytical C8 reversed
phase chromatography (insert of Supplementary Fig.
S2C). Mass spectrometric analysis revealed the
sequence of the peptide ‘d’ to be KLKNFAKGVAQSLLNKASCKLSGQC. This peptide was named Brevinin2R. It is positively charged, with a centrally located
hinge-forming region, and it belongs to the family of
defensins. Similar to other peptides isolated from Ranid
frogs, it contains a C-terminal hepta-membered ring
stabilized by a disulfide bridge. With only 25 amino
acids, Brevinin-2R is currently the shortest known
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Fig. 1 Brevinin-2R rapidly kills cancer cells from different histological origin. Jurkat, BJAB, MCF-7 A549 and L929 cells were
treated for 4 hrs with the indicated concentrations of Brevinin-2R. Cell viability was assessed by MTT assay. The experiment
was repeated 4 times and the average viability values are shown. (B–D) Brevinin-2R shows higher toxicity towards cancer
cells than normal cells. PBMS and Jurkat (B), human T cell and Jurkat (C), human lung fibroblast and A549 (D) cells were
treated with 2.5 µg/ml, 5 µg/ml or 10 µg/ml of Brevinin-2R and after the indicated time points their viability was assessed by
MTT assay. The respective Brevinin-2R concentrations are indicated along with cell types used in the assay. Data represent
the average values of quadruplicates from three independent experiments. (E) Brevinin-2R displays lower interaction with
normal cells than with cancer cells. A549 and normal lung fibroblast at 2 x 106 cells were harvested. After blocking with 3%
BSA, cells were incubated with 10 µg/ml FITC-conjugated Brevinin-2R. The stained cells were analyzed by FACS at 488 nm
excitation. Automated analyses were performed using Cell Quest Pro software. Red histogram shows Brevinin-2R interaction
with normal lung fibroblasts; blue histogram shows interaction with A549 tumor cells. (F) Low hemolytic activity of Brevinin2R against sheep erythrocytes. Brevinin-2R at concentrations as high as 200 µg/ml resulted in only 2.5% hemolytic activity.
Sheep erythrocytes hemolysed with 0.2% Triton-X100 served as a positive control and sheep erythrocytes treated with PBS
served as a negative control. Hemolysis was evaluated by triplicate measurements of three independent experiments. (G)
Brevinin-2R cytotoxic effect is dependent on its primary structure and sequence specific. To confirm the specific cytotoxicity
of Brevinin-2R, Jurkat, MCF-7 and L929 were treated with a scrambled Brevinin-2R peptide (sequence see Materials and
Methods) at 50 µg/ml for up to 48 hrs. Cell viability was assessed by MTT assay. The experiment was repeated four times
and the average viability values are shown.

defensin family member and most closely resembles
Brevinin-2Ee and Brevinin-2Ej from Rana esculenta
(Supplementary Fig. S2D).

Brevinins – phylogenic tree
Phylogenetic analysis shows that Brevinin-2 peptides
from seven Eurasian Rana species were segregated
into three major clades, 'A', 'B' and 'C' (Supplementary
Fig. S2E). The results revealed that Brevinin-2R from
Rana ridibunda is nested in clade 'A' comprising the
Brevinins from European R. esculenta. In this clade,
1010

Brevinin-2R along with Brevinin-2Ee are sister
sequences to R. esculenta-2Ej; however, both Brevinin2Ei and Brevinin-2Ek from R. esculenta are members of
clade 'C'. In clade 'C' the former are sister to the remainder of the clade and Brevinin-2Ek is allied with a subclade of Brevinin-2Tc and Brevinin-2Td from R. temporaria. Rugosa-C and Gaegurin-4 (from R. rugosa), two
Brevinin-2 like peptides, are sister sequences and
assembled with R. brevipoda-2 and R. nigromaculata-2
(Nigrocin-1) in clade 'B'. However, the remaining
Brevinin-2 peptides from R. rugosa are nested in clade
'C' which also contained R. ornativentris-20a and -20b.
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Brevinin-2R displays selective high
toxicity towards tumor cells and has
virtually no hemolytic activity
Brevinin-2R was the main component of fraction IV of
the crude skin peptide extract (Supplementary
Fig. S2A) and effective in killing various tumor cell
lines (Jurkat, BJAB, MCF-7, L929, A549) at concentrations 2–4 times lower than required for R. ridibunda crude skin extract used in the previous experiments (compare Supplementary Fig. S1A–D with
Fig. 1A). Similar to the crude skin extracts, the breast
cancer adenocarcinoma cell line MCF-7 was most
sensitive (Fig. 1A). These data indicate that Brevinin2R, applied at clinically achievable low-micromolar
concentrations, can rapidly kill cancer cells of different origin and species. Next, we compared the cytotoxic effect of Brevinin-2R with two anticancer agents
doxorubicin and cisplatin (both tested at concentrations up to 50 µg/ml) on Jurkat and MCF-7 cells. The
results showed that at 10 µg/ml (4 hrs) Brevinin-2R
killed over 70% of MCF-7 and Jurkat cells (Fig. 1A),
while the cytotoxicity of doxorubicin and cisplatin
towards these cells after 4 hrs was about 30% (doxorubicin), and 0% (cisplatin) for MCF-7 and 30%
(doxorubicin), 5% (cisplatin) for Jurkat cells
(Supplementary Fig. S3A–D). Thus, under the
Fig. 2 Brevinin kills cancer cells by a mechanism not
relying on caspases. (A) BJAB and MCF-7 cells were
treated with Brevinin-2R (10 µg/ml) for indicated times.
Some samples were co-treated with zVAD-fmk (60 µm)
broad spectrum caspase inhibitor. Cell viability was
assessed by MTT assay. Data represent average values
obtained from three independent experiments. (B)
Jurkat cells were treated with Brevinin-2R (10 µg/ml)
and with anti-CD95 (0.5 µg/ml) for indicated time periods which were chosen based on the assumption that
caspase activation should become detectable about
1–2 hrs prior to morphologic manifestation of cell death.
Total cell extracts were harvested, resolved on SDSPAGE and active subunits of caspase-3, -8 and -9 were
detected by Western blot. (C) In an experiment parallel
to the one depicted in (B), caspase activity in Jurkat
cells was measured by a Caspase-Glo® luminometric
assay. The caspase activity is represented as a ‘-fold
increase’ as compared to the control. The data represent triplicates of three independent experiments. (D)
MCF-7 cells treated with Brevinin-2R for 6 hrs were photographed to indicate the morphology of dying cells.
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assayed conditions, Brevinin-2R was significantly
more toxic toward these cells than doxorubicin and
cisplatin (P < 0.0001) (compare Fig. 1A with
Supplementary Fig. S3A–D).
Next, we determined the cytotoxicity of Brevinin2R towards non-cancerous cells and compared
these responses with those obtained with Jurkat, and
A549 tumor cells. We isolated peripheral blood
mononuclear cells (PBMC) and human CD3+ T cells
from healthy donors. In addition, human lung fibroblasts were compared with A549 cells. Brevinin-2R, at
a concentration of 2.5 µg/ml, was virtually non-toxic
for PBMC (toxicity: 5%) even after 4 hrs at a concentration of 5 µg/ml was only about 10% toxic for
human T cell, and lung fibroblast after 6 hrs (humanT cell and normal lung fibroblast) whereas at the
same time/concentration about 25% of Jurkat, and
A549 cells were killed (Figs. 1B–D). At higher concentrations (10 µg/ml) over 70% of Jurkat cells and
over 50% A549 cells were killed after 4 hrs, whereas
the toxicity towards PBMC was ~30%, for human T
cell, and lung fibroblast was about 25%. We have
also shown that Brevinin-2R more efficiently interacts
with cancer cells than with normal cells (Fig. 1E).
Scrambled peptide was non-toxic for tested cancer
cells (Jurkat, MCF-7 and L929) confirming the specific cytotoxic effect of Brevinin-2R (Fig. 1G).
Skin-derived defensins obtained from Ranid frogs
frequently exhibit high hemolytic activity. This feature
precludes their use as anticancer agents due to
undesired high nonspecific toxicity. We have employing sheep erythrocytes-based assay (standard laboratory procedure) to test Brevinin-2R hemolytic activity. It has been shown previously that the assay
correctly predicts hemolytic activity also against human
erythrocytes [35]. We determined that Brevinin-2R
peptide had no substantial hemolytic activity (no
more than 2.5%) even at concentrations 40 times
higher (up to 200 µg/ml) than LD50 cytotoxicity levels
for the tumor cells investigated (Fig. 1F). Thus,
Brevinin-2R did not lyse cells and likely did not act as
a pore-forming toxin as has been shown for some
porins, granzymes and complement components of
the innate immunity system [36, 37].
The above experiments show that Brevinin-2R toxicity is semi-selective towards cancer cells. The semiselective effects of this peptide might be in part due
to lower interaction of Brevinin-2R with normal cells
(Fig. 1E). These observations prompted us to investigate the cytotoxic mechanism of Brevinin-2R.
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Brevinin-2R kills cancer cells by a
distinct mechanism that only partly
relies on classical apoptotic pathways
We examined the time kinetics of Brevinin-2Rinduced cell death and its dependence on the caspase family of proteases. Brevinin-2R applied at a
concentration of 10 µg/ml induced cell death within
the first 2–4 hrs (Fig. 2A). Brevinin-2R-triggered toxicity could not be efficiently blocked by the broadspectrum caspase inhibitor zVAD-fmk. Processing
and activation of caspase-3 -9 and -8 were not
detected in Brevinin-2R-treated Jurkat cells (Fig. 2B).
This was confirmed by our inability to detect a significant increase in the corresponding enzymatic activities (DEVD-ase, LEHD-ase, IETD-ase; Fig. 2C).
DEVD-ase (Caspase-3/7) activity was increased ~1fold and these traces of DEVD-ase activity (Fig. 2C)
may explain some protection from Brevinin-2Rinduced cell death observed upon treatment with
zVAD-fmk pan-caspase inhibitor. The morphology of
dying cells resembled apoptosis to some degree,
with cells rapidly shrinking but rarely exhibiting other
hallmarks of apoptosis, including membrane blebbing or cell detachment (Fig. 2D).
Since caspase activation did not appear to play a
role in the cellular response to Brevinin-2R, we tested the involvement of mitochondria, the role of
BNIP3 and related products in Brevinin-2R-induced
death. BNIP3 is a caspase-independent pro-apoptotic Bcl2 family member that mediates cell death by
targeting mitochondria and affecting  m. BNIP3 is
sensitive to the inhibition by Bcl2 and does not
rely on mitochondrial release of cytochrome c.
Overexpression of Bcl2 and TM-BNIP3, a dominant-negative mutant of BNIP3 lacking the transmembrane domain, strongly protected against
Brevinin-2R-induced cell death (Fig. 3A and B).
Brevinin-2R-triggered m decrease was significantly counteracted by the overexpression of Bcl2
(Fig. 3C) and abolished Brevinin-2R-induced toxicity
in MCF-7, Jurkat (Fig. 3B), BJAB and L929 cells
(data not shown). Reactive oxygen species (ROS)
can facilitate cell death involving changes in mitochondrial membrane potential m [38]. Brevinin2R-induced cell death was associated with an early
increase in cellular ROS production (Fig. 3D–F) and
this increase was partially inhibited by overexpression of Bcl2 and the dominant-negative TM-BNIP3
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in Jurkat (Fig. 3D) and L929 (Fig. 3E). Intracellular
ATP levels are a crucial parameter of cell homeostasis and critically depend on a proper electrochemical
gradient across the mitochondrial membrane. We
observed an early decrease in total ATP levels
in Jurkat (Fig. 3G), L929 (Fig. 3H) and MCF-7
(Fig. 3I) 30 min after treatment with Brevinin-2R.
Overexpression of TM-BNIP3 in L929 cells diminished the decrease in total ATP (P < 0.05; Fig. 3H)
but Bcl2 overexpression had no significant effect on
total ATP content in Jurkat cells (Fig. 3G; P > 0.05).
Other proteins associated with apoptosis were
studied for their involvement in Brevinin-2R-mediated
cell death. When released from mitochondria, AIF
and Endo G can provoke caspase-independent cell
death. The flavoprotein AIF translocates from the
mitochondria to the nucleus where it apparently participates in the large-scale DNA fragmentation and
peripheral chromatin condensation seen in type I program cell death (PCD) [39]. The mitochondrial protein
Endo G appears to participate in conjunction with both
AIF and the caspase-activated DNase CAD/DFF40 in
chromatin condensation and nuclear degradation [40].
Upon treatment of the highly sensitive MCF-7 with
Brevinin-2R (10 µg/ml) for 3 hrs, AIF (Fig. 3J) and
Endo G (Fig. 3K) were not released from mitochondria. Bcl2 family members regulate cell death by various mechanisms, including the expression of antiapoptotic (Bcl2, Bcl-XL and Mcl-1) or pro-apoptotic
molecules (Bax and Bak). MCF-7 cells treated with
Brevinin-2R (10 µg/ml) for different time (0–6 hrs) did
not reveal any changes in the expression pattern of
anti-apoptotic or pro-apoptotic Bcl2 family members
(Fig. 3L). The dysfunction and ultrastructural changes
of mitochondria (Fig. 3N and O) observed upon
Brevinin-2R treatment were not the result of a direct
interaction between Brevinin-2R with mitochondria as
determined with FITC-labeled Brevinin-2R (Fig. 3M).
Mitochondria-mediated cell death may also be triggered by death signals arising from endoplasmic reticulum (ER). One of the mechanisms implicated in ERinduced cell death involves regulation of intracellular
+2
2+
Ca concentrations. Rapid cytosolic Ca increase
(spikes) can affect mitochondrial membrane permeability [41], and this may underpin the drive to alteredm and downstream events. In order to establish
+2
whether changes in intracellular free Ca concentration occur during Brevinin-2R-induced cell death, we
2+
measured cytosolic Ca in real time in MCF-7 cells
2+
loaded with the ratiometric Ca -sensitive dye, fura-2,
2+
using digital fluorescence microscopy. Baseline Ca

concentration was 102 ± 12 nM. Brevinin-2R did not
2+
cause the increase of cytosolic Ca concentration
during measurements made at 500 msec intervals for
up to 30 min (0.5, 1, 1.5, 2.5, 5, 10, 15, 20 and 30 min)
after the peptide was added. Similarly, control cells
2+
exhibited stable intracellular Ca during the same
period (data not shown). Thus, cell death induced by
2+
Brevinin-2R was independent of the cellular Ca
increase or caspase activation and could be modulated by Bcl2-family members.

The lysosomal pathway is involved in
Brevinin-2R-mediated cell death
Lysosomes are important organelles for the control
of caspase-independent cell death. In the event of
cell death, lysosomal acid hydrolases of the cathepsin family frequently translocate from lysosomes into
the cytosol. In some experimental systems cathepsin-B and -D were rate limiting for death induced by
interferon-, TNF, p53 or pro-oxidants [42]. Overexpression of oncogenic Ras, DAP-kinase and DRP1 can induce caspase-independent cell death with
increased autophagy indicating that some lethal
signal-transducing systems can elicit lysosomedependent cell death [43]. In a model of caspaseindependent neuronal cell death, increased macroautophagy requires the contribution of lysosomes for
self-elimination of atrophic cells [44].
+
The vacuolar H -ATPase inhibitor Baf A1 (0.05
µm), the irreversible inhibitor of cathepsin-B and
cathepsin-L zFF-fmk (100 µm) and the cathepsin-B
inhibitor CA-074-Me (10 µm) partially inhibited
Brevinin-2R cytotoxicity in MCF-7 and L929
(Fig. 4A–E). Staining of cells with the acidophilic lysosomal probe LTR revealed that Brevinin-2R caused
an increase in lysosomal volume (Fig. 4F) and this
effect was not abolished in the presence of Baf A1
(Fig. 4G). We observed co-localization of cathepsinB with the specific lysosomal marker LAMP-1 indicating the presence of cathepsin-B in lysosomes. In
Brevinin-2R-treated cells, cathepsin-B translocated
from the lysosome to the cytosol (Fig. 4H) but this
lysosomal release of cathepsin-B was greatly
reduced in the presence of Baf A1 (data not shown).
Thus, Brevinin-2R caused a selective increase in
lysosomal membrane permeabilization (LMP), which
+
involved the activity of lysosomal vacuolar H
ATPase. Furthermore, we obtained evidence for a
direct interaction between Brevinin-2R and lysosomes,
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Fig. 3 Brevinin-2R kills cancer cells by a novel pathway
that damages mitochondria, involves BNIP3, and it is
sensitive to the inhibition by Bcl2. (A) Bcl2 overexpression significantly protected from Brevinin-2R-induced
cell death. Jurkat and MCF-7, and stable transfectants
overexpressing Bcl2 (Jurkat-Bcl2, MCF-7-Bcl2) were
treated with Brevinin-2R (10 µg/ml) for indicated time
periods and cell viability was assessed by MTT assay.
(B) Effect of Brevinin-2R on the growth of MCF-7, L929
and clones stably transfected with dominant negative
mutant of BNIP3 (MCF-7-TM-BNIP3, L929-DTMBNIP3). Cells were treated with Brevinin-2R (10 µg/ml)
for the indicated times and cell viability was assessed
by MTT assay. (C) Brevinin-2R changes mitochondrial
membrane potential. Cytofluorimetric analysis of mitochondrial transmembrane potential ( m) in Jurkat (left panel)
and a clone that overexpresses Bcl2 (Jurkat-Bcl2, right panel). Cells were treated for 30 min with medium alone
(upper diagrams), or with Brevinin-2R (10 µg/ml). Brevinin-2R treatment showed obvious changes in mitochondrial membrane potential and overexpression of Bcl2 resulted in significantly increased resistance toward changes in  m. (D,
E, F) Increase in cellular ROS and decrease in total cell ATP content are early indicators of Brevinin-2R cell death.
Brevinin-2R increased ROS production in L929 (D), Jurkat (E) and MCF-7 (F) cells. Cells were treated with Brevinin2R (5 and 10 µg/ml) for the indicated time points and then ROS was measured using DHR123. The experiment was
repeated four times and the average ROS values are indicated. DTM-BNIP3 and Bcl2 overexpression increased
resistance against ROS production. (G, H, I) The effect of Brevinin-2R (5 and 10 µg/ml) on total ATP content of treated Jurkat (G), L929 (H) and MCF-7 (I) cells at indicated time points is shown. Overexpression of the dominant negative TM-BNIP3-increased resistance toward ATP decrease as determined by a luciferase-based method. Data represent the average values from triplicates of three independent experiments. (J, K) Brevinin-2R does not trigger the
release of pro-apoptotic mitochondrial proteins. The cellular localization of AIF (J) and Endo G (K) was determined
by confocal microscopy. MCF-7 cells were treated with Brevinin-2R (10 µg/ml) for 3 hrs prior to immunostaining with
anti-AIF and ENDO-G antibodies followed by detection with Cy-5-conjugated secondary antibody (magenta). Cells
were counterstained with DAPI and mitotracker to visualize nuclei and mitochondria. (L) Brevinin-2R does not change
expression of anti- and pro-apoptotic Bcl2 proteins. Western blot analysis of cell lysates from MCF-7 treated with
Brevinin-2R (10 µg/ml) for 0, 2, 4 and 6 hrs revealed no changes in the production of Bcl2, Bcl-XL, Mcl-1, Bax, Bak.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was included as a loading control. (M) Brevinin-2R shows
very low interaction with mitochondria. Confocal microscopy was used to determine the interaction of Brevinin-2R with
mitochondria. L929 cells were treated for 2 hrs with FITC-labeled scrambled Brevinin-2R-like peptide and Brevinin2R. Both peptides showed very low direct interaction with mitochondria. Cells were counterstained with DAPI and
mitotracker to visualize nuclei and mitochondria. (N, O) Brevinin-2R induces mitochondrial damage. TEM ultrastructural analysis of control L929 cells before (N) and after a 2 hrs incubation with Brevinin-2R (O) showed structural damage to mitochondria. Magnification: 21.5  103.
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which may account for the observed lysosomal damage (Fig. 4I). Moreover, cells treated with this
defensin showed early and late endosomal activation
(Fig. 4J–K), and Brevinin-2R co-localized with markers for early (EEA1) and late endosomes (mannose6-phosphate receptor, M-6-PR) (data was not
shown). These observations indicate interaction of
Brevinin-2R with the lysosomal compartment, which
initiates a sequence of fatal events including lysosomal damage, cathepsin leakage into the cytosol and
overall cell damage and death.
Our data indicates that cathepsins are involved in
Brevinin-2R-induced cell death (Figs. 4A–E, H).
Cathepsins can mediate the MMP- and caspase-independent autophagic cell death. During autophagy, portions of cytoplasm, often containing organelles, are
sequestered in vacuolar double-membraned structures, so called autophagosomes [45]. Brevinin-2Rtreated cells (Fig. 4M–O) showed marked cytoplasmic
vacuolization, disintegration of ER and formation of
autophagosomes. Thus, Brevinin-2R-induced cell
death involves autophagy.

Discussion
We report here the isolation and initial characterization of a new and unique defensin peptide, Brevinin2R, with preferential cytotoxicity for tumor cells.
Defensins are mostly cationic, adopt an amphipathic
structure [28, 46–48] and initially attracted attention
due to their antibacterial properties [49–51]. Acting
as protective peptides in most living species,
defensins are secreted continuously or in response
to bacterial infections by the epithelial cells [52–54].
Based on their spectrum of activity, defensins can be
divided into two major groups. The first group
includes peptides that are toxic to bacteria and do
not discriminate between mammalian cancer and
non-cancer cells; these defensins include the bee
venom melittin [55], tachyplesin II isolated from the
horseshoe crab [55], human neutrophil defensins
[56], insect defensins [57] and the human LL-37 [58].
The second group includes peptides that are highly
potent against both bacteria and cancer cells, but not
against normal mammalian cells; among these factors are some insect cecropins [59] and magainins
[60, 61]. Brevinin-2R described here is a new member of the latter group since it shows preferential toxicity towards cancer cells.
1016

It is important to note that, defensins are important
elements of organism's homeostatic rheostat [62]. They
are critical to the modulation of key biologic processes,
not necessarily associated with cancer or infection [63].
The anti-cancer effect of the Brevinin-2R was
observed in several tumor cell lines of different origin
and species, furthermore this defensin was much
less toxic towards isolated non-cancerous human
cells. There are several mechanisms which may
explain this differential toxicity: (i ) the outer membrane of cancer cells is richer in negatively charged
phosphatidylserine (PS) (3–9% of the total membrane phospholipids) as compared to normal cells
[64, 65] and positively charged Brevinin-2R may
have higher affinity towards cancer cell membranes.
This interaction would lead to direct depolarization of
the cell membrane in cancer cells and interfere with
membrane metabolism [66, 67]. It has been shown
that a short cationic diastereomeric peptide composed of D- and L-leucines, lysines and arginines
was selectively toxic for cancer cells and significantly (86%) inhibited lung metastasis formation in a
mouse model with no detectable side effects [66].
The cytotoxic action was attributed to the ability of
this peptide to depolarize the transmembrane potential of cancer cells at low micromolar concentrations
(3 µm) comparable to concentrations of Brevinin-2R
used in the present study. (ii ) The membranes of
many cancer cells contain higher levels of O-glycosylated mucines (high molecular weight glycoproteins
consisting of a protein backbone with oligosaccharides linked via the hydroxyl groups of serine or threonine) [57]. These glycoproteins create additional
negative charges on the cancer cell surface, potentially facilitating more efficient interaction with positively charged Brevinin-2R. (iii ) The higher negative
surface potential of cancer cells compared to non-cancerous cells may contribute to the selective lytic activity of antimicrobial peptides [61], as pharmacologic
cell membrane depolarization was shown to prevent
the cytotoxic action caused by defensins of the magainin family. (iv ) Increased susceptibility of cancer
cells to the cytolytic activity of defensins may also be
caused by the higher number of microvilli on some
tumor cells when compared with normal cells [68].
This increased membrane surface area would
enable binding of a larger amount of Brevinin-2R
peptides [69]. We have also observed a higher interaction of Brevinin-2R with A549 and Jurkat cells as
compared to normal lung fibroblast and human T
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cells (Fig. 1D shows the data for A549 cells). In addition, Brevinin-2R displayed a preferential interaction
with lysosomes (Fig. 4I).
Brevinin-2R is unique in that it possesses virtually
no hemolytic activity (Fig. 1F). Despite its toxicity for
various tumor cells [61], frog antibacterial peptides of
the magainin family display significant hemolytic
activity and this severely restricts their therapeutic
applicability [70]. The low level hemolytic activity of
Brevinin-2R supports the fact that it has lower level of
hydrophobicity than other Brevinins, especially
Brevinin-2Ee and Brevinin-2Ej. It has been demonstrated that the hemolytic activity of the majority of
antimicrobial peptides increases with the increase in
their hydrophobicity and the decrease in their net
positive charge [71, 72]. N-terminal sequence of
Brevinin-2Ee is Gly-Ile-Phe-Asp and Brevinin-2Ej is
Gly-Ile-Phe-Ile-Asp. Lack of these, and similar amino
acids at the N-terminus of Brevinin-2R may contribute to de facto absence of hemolytic activity of
this peptide (Supplementary Fig. S2D). Hydrophobic
residues such as Ile, Leu and Phe at the N-terminus
of Brevinin-2 family (i.e. Brevinin 2Ee and Brevinin
2Ej) could increase their hydrophobicity, and therefore
contribute to their hemolytic activity (Supplementary
Fig. S2D). Our reasoning is in agreement with the
data published by Kwon et al. that a deletion of three
amino acids (FLP) from the N-terminal region of
Brevinin-1E did not greatly affect antimicrobial activity
but dramatically reduced hemolytic activity [73].
The cytotoxicity elicited by Brevinin-2R was the
result of a unique sequence of dose- and timedependent events. Brevinin-2R-induced cell death
was caspase-independent and neither involved a
nuclear shift of AIF and Endo G nor an imbalance in
the actions of pro- and anti-apoptotic Bcl2-family
members. Treatment with Brevinin-2R decreased
mitochondrial membrane potential m, increased
cellular ROS production and caused a very early ATP
decrease implicating type II programmed cell death.
Disruptions of the mitochondrial membrane potential
result in diminished ATP production and decreased
cellular ATP content [74]. These effects were counteracted by overexpression of Bcl2 or a dominantnegative BNIP3. BNIP3 may act as one of possible
mediators of Brevinin-2R-triggered cell death. BNIP3
is targeted to the mitochondria and the transmembrane domain of BNIP3 is required for dimerization,
mitochondrial targeting and pro-apoptotic actions
[75, 76]. BNIP3 kills cells in a caspase-independent

manner and, similarly to the actions of Brevinin-2R,
BNIP3-mediated effects are Bcl2 sensitive [17].
Overexpression of BNIP3 causes mitochondrial permeability transition pores (PTP) to open, thereby
suppressing the proton electrochemical gradient.
L929 and MCF-7 stably transfected with TM-BNIP3,
a dominant-negative BNIP3-mutant lacking the transmembrane domain, were markedly protected from
Brevinin-2R-induced cell death. Furthermore, the morphology of untransfected MCF-7 cells incubated with
Brevinin-2R resulted in nuclear condensation typical of
cells executing the apoptotic program but cells
remained attached and cell membrane blebbing was
absent. Brevinin-2R killed target cells by a process
resembling autophagy since ultrastructural analysis of
Brevinin-2R-treated cells had revealed increased vacuolization, and the presence of fragmented cellular
organelles enveloped in double membranes (hallmark
of autophagy). This is in agreement with our data that
show involvement of BNIP3 in Brevinin-2R-triggered
cell death, since transient BNIP3 overexpression
induces cell death resembling autophagy [17].
We provide conclusive evidence for a role of the
lysosomal compartment in Brevinin-2R-mediated cell
death. Apart from their role in protein degradation,
antigen processing and tumor cell invasion, lysosomes may function as death signal integrators in
programmed cell death [77]. Brevinin-2R-treated
cells displayed enlarged lysosomes. Furthermore,
FITC-labeled Brevinin-2R associated with lysosomes, but not mitochondria. Baf-A1 and cathepsinB/L inhibitors could partially inhibit Brevinin-2Rinduced cell death. Cathepsins are lysosomal acid
hydrolases which can be released from the lysosomal lumen to the cytosol in response to a wide variety of death stimuli such as death receptor activation
[78], p53 activation [79], microtubule-stabilizing
agents [80], oxidative stress and growth factor deprivation [81]. Once released into the cytosol, cysteine
cathepsin-B and -L and aspartyl cathepsin-D, the
three most abundant lysosomal proteases, can trigger
necrotic or apoptotic cell death by functionally replacing caspases [82]. Cathepsin B can act directly as an
effector protease downstream of caspases in certain
cell types [78, 83] and induce cell death independent
of the apoptotic machinery in WEHI-S fibrosarcoma
and non-small cell lung cancer cells [78, 80].
Promoting cell death more indirectly, lysosomal proteases can also trigger mitochondrial dysfunction and
subsequent release of mitochondrial proteins [84, 85].
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Fig. 4 Brevenin-2R-induced cell death involves lysosomal activation and is inhibited by specific inhibitors of the lysosomal proton pump and cathepsin B/L. Pretreatment for 1 hr with Baf-A1 (0.05 µm) (A), z-FF-fmk (100 µM) (B, D) and
CA-074-Me (20 µm) (C, E) reduced the cytotoxic effect of Brevinin-2R (5 and 10 µg/ml for 2 hrs) on L929 and MCF7 as assessed by MTT assay. Data represent average values from triplicates of three independent experiments. (F):
Early increase in cytoplasmic lysotracker red-stained granules upon Brevinin-2R treatment is inhibited by Baf A1 pretreatment. L929 were treated with Brevinin-2R (10 µg/ml for 2 hrs) and stained with the acidophilic lysosomal probe
LysoTracker Red (LTR). Brevinin-2R caused an increase in volume and frequency of cytoplasmic granules staining
with LTR. Nuclei were visualized by DAPI. (G): L929 pretreated with Baf-A1 (0.05 µM) failed to show cytoplasmic granular pattern of LTR fluorescence after Brevinin-2R-treatment. Nuclei were visualized by DAPI. (H): MCF-7 were treated with Brevinin-2R (10 µg/ml for 2 hrs) and immunostained with an anti-LAMP-Cy5-conjugated (magenta) antibody
and an anti-cathepsin-B-antibody followed by corresponding Cy-3 conjugated secondary antibody (red). Cell nuclei
were counterstained with DAPI. In control cells cathepsin-B colocalized with LAMP. Upon treatment with Brevinin-2R,
cathepsin-B translocated to the cytosol and the nucleus. (I) Brevinin-2R shows very high interaction with lysosomes.
The precise interaction of Brevinin-2R with lysosomes was determined by confocal microscopy. L929 cells were
treated either with FITC-labeled scrambled Brevinin-2R-like peptide and Brevinin-2R (both 10 µg/ ml for 2 hrs).
Brevinin-2R, but not, scrambled Brevinin-2R-like peptide showed strong direct interaction with lysosomes. Cells were
counterstained with DAPI and LTR to visualize nuclei and lysosomes, respectively. (J, K) Brevinin-2R activates early
and late endosomes. MCF-7 were treated with Brevinin-2R (10 µg/ml for 2 hrs) prior to immunostaining with an antiearly endosome marker (EEM1) (J) and anti-mannose 6-phosphate receptor (late endosome marker, LEM) (K) followed by corresponding FITC-conjugated secondary antibody (green). Cell nuclei were counterstained with DAPI (L,
M, N, O). Brevinin-2R induces morphological hallmarks of autophagic cell death. Untreated (L) or treated (M, N, O;
Brevinin-2R: 10 µg/ml for 2 hrs) L929 cells were investigated by Electron Microscopy. We observed (M) disintegration
of mitochondria and ER, (N) autophagosomes and (O) strongly increased cytoplasmic vacuolization and autophagic
sequestration of organelles. Magnification: 8.4 x 103 (L, M), 4.6 x 103 (N) and 11.5 x 103 (M).
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Endocytosed proteins can reach the lysosome via
an early/late endosomal passage [86, 87]. FITC-conjugated Brevinin-2R co-localized with early and late
endosomes as determined by fluorescent imaging for
EEA1 early endosomal and M-6-PR late endosomal
markers. Based on the data presented here, we propose a sequence of subcellular events that lead to
Brevinin-2R-mediated cell death. Upon cell entry, lysosomotrophic Brevinin-2R binds to-, and increases
LMP, which triggers the release of lysosomal
enzymes, including cathepsins, into the cytosol. LMP
triggers mitochondrial membrane permeabilization
(MMP), as determined by the depletion of intracellular
ATP content and increase in ROS production which, in
turn, further destabilizes lysosomal membrane integrity causing enhance LMP in Brevinin-2R-treated cells.
In conclusion, in this manuscript we present the
purification and the initial characterization of a novel
defensin, called Brevinin-2R, with semi-selective anticancer activity. Brevinin-2R-treatment induced changes
typical for 'type II cell death' (autophagic/lysosomal),
namely increased autophagy, organellar sequestration
in autophagosomes and cytoplasmic vacuolization (Fig.
4M–O). Brevinin-2R triggered cell death can be modulated by Bcl2 and it presumably involves BNIP3, it is
insensitive to caspase inhibition (although caspase activation and activity is detectable), it involves mitochondria
and it is associated with  m decrease. We extensively discuss possible mechanisms that are responsible for
Brevinin-2R semi-selective anti-cancer activity, and
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perspectives of its use as anticancer agent. In deed,
Brevinin-2R has the potential to become a new lead
molecule for the development of a novel anti-cancer
therapy, however their cancer-semi-selective properties
and means of delivery need to be further investigated in
animal tumor models. Furthermore, the sequence the
25 aa peptide may be further tuned to enhance certain
pharmacologic properties.
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