
Abstract. Background: Conventional cancer therapies are
associated with severe side-effects and the development of
drug resistance. Therefore, new strategies to specifically
target tumor cells leaving healthy tissue unaffected are of
great interest. Materials and Methods: On this respect, we
tested the antimicrobial peptide (KLAKLAK)2. Results: This
peptide exhibits cytotoxicity against human breast cancer
and other tumor cells, while healthy cells remain unaffected.
Moreover, treatment with this cationic amphipathic peptide
results in slower tumor growth and longer overall survival in
vivo. Conclusion: Our data suggest a potential use of
(KLAKLAK)2 peptide for patients with breast and other types
of cancer.

Cancer is one of the leading causes of death worldwide; in
the US, cancer accounted for nearly 25% of all deaths in
2009/2010 (1). Regarding all cancer types, breast cancer is
the second most common cause of death after lung cancer
among women in the US (2).

Conventional tumor therapies are relatively unspecific and
affect not only tumor but also healthy cells. Thus, these
therapies are accompanied by severe, dose-limiting side−effects.
Therapies specifically targeting tumor cells leaving healthy cells
unaffected could overcome these problems.

In recent years, the use of antimicrobial peptides (AMP)
in cancer therapy has gained great interest. These peptides
play an important role in host defense as they are effective
against a broad spectrum of microbes, such as gram-positive
and gram-negative bacteria, mycobacteria, fungi, parasites,

enveloped viruses and also transformed cells (3, 4). Different
AMPs can be found in virtually all higher eukaryotes and
can be divided into two major groups: The first one
comprises AMPs which are toxic to bacteria and tumor cells
but not to healthy mammalian cells. The second group
includes AMPs toxic to bacteria and mammalian tumor and
non-tumor cells. The advantage of AMPs in tumor therapy is
their broad range of activity, exhibiting toxicity against
primary tumors as well as prevention of metastases, while
being nontoxic to vital organs (3).

Cationic amphipathic AMPs preferentially bind to negatively
charged membranes, such as bacterial outer membranes, by
electrostatic and hydrophobic interactions, resulting in
distortion of the membrane. In contrast, as eukaryotic plasma
membranes are generally neutral, these peptides exhibit low
cytotoxicity towards mammalian cells (5, 6). Furthermore, the
presence of cholesterol reduces binding of the AMPs to
mammalian plasma membranes (7-9) (Figure 1).

One cationic AMP which is often used for approaches in
cancer therapy is the amphipathic α-helical peptide
(KLAKLAK)2. This peptide was shown to be able to distort
the mitochondrial membrane (10). Mitochondria are key
regulators in apoptosis and have thus become an attractive
target for cancer therapy. Coupled to different targeting
domains, this peptide was shown to specifically induce
apoptosis in cancer cells (10-13). 

In this study, we show that the (KLAKLAK)2 peptide
alone specifically reduces the viability of breast cancer and
also other tumor cells, while healthy controls remain
unaffected. Moreover, we show that this peptide retards
tumor growth and prolongs survival in vivo.

Materials and Methods
Cell culture. All cells were incubated at 37˚C in 5% CO2 and 80%
humidity. MDA-MB435S, T24 and DU145 cells were purchased
from Cell Lines Service, Eppelheim, Germany. MDA-MB435S cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with L-glutamine (Invitrogen, Darmstadt, Germany),
1% penicillin/streptomycin (PAA Laboratories, Pasching, Germany),
5% heat inactivated fetal calf serum (FCS; Invitrogen) and 0.2%
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insulin (Invitrogen); T24 and DU145 cells were maintained in RPMI
medium supplemented with L-glutamine (PAA Laboratories), 1%
penicillin/streptomycin and 5% heat inactivated FCS. Tet21N and
Wac2 cells were kindly supplied by Professor Dr. M. Schwab,
Deutsches Krebsforschungszentrum, Heidelberg, Germany. Both
cell lines were propagated in RPMI medium supplemented with L-
glutamine, 1% penicillin/streptomycin and 5% heat inactivated FCS.
293 Human embryonic kidney epithelial cells were kindly provided
by Dr. M. Kebschull, University Hospital Bonn, Germany. All other
cell lines (SKBR3, MCF-7, T47D, MDA-MB453) were provided by
the study group of molecular and immune therapy (AG Molekulare
und Immuntherapie), University Hospital Bonn, Germany. These
cell lines were cultured in DMEM supplemented with L-glutamine,
1% penicillin/streptomycin, 5% heat inactivated FCS and 0.2%
insulin. Peripheral blood lymphocytes (PBL) were gained by density
gradient centrifugation from whole blood and propagated in RPMI
medium with 300 U/ml Interleukin-2 (IL-2; Immunotools,
Friesoythe, Germany).

Determination of efficacy of targeted peptides by means of cell
viability. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay utilizes the ability of metabolically active cells
to convert the yellow dye MTT into insoluble purple formazan,
which can be solubilized by an organic solvent. The relative viability
of the cells can then be determined photometrically. Cells were
seeded in 96-well plates in numbers of 1×104 cells/well/100 μl and
incubated with peptide concentration ranging from 2.5 to 320 μM
for 24 h. A negative control without peptide was prepared for each
cell line (100% viability). 

Four hours before the end of the incubation time, 1 μl MTT
(Sigma, Steinheim, Germany) [5 mg/ml solved in phosphate buffered
saline (PBS)] was added per well. At the end of the incubation

period, 50 μl MTT lysis buffer (0.1 N HCl in isopropanol) was added
to non-adherent cells. For adherent cells, 80 μl of medium was
removed and 50 μl of MTT lysis buffer was added. The plates were
shaken for 10 to 40 min until all cells were lysed and dissolved at
600 rpm. The absorption of all samples was measured at 492 nm in
an ELISA reader (Rysos anthos 2010, anthos Mikrosysteme GmbH,
Krefeld, Germany).

Tumor xenograft model. The ability of (KLAKLAK)2 to specifically
kill tumor cells in vivo was tested using MDA-MB435S breast
cancer-bearing nude mice. A total of 5×106 cells in 50 μl medium
were co-injected with 250 μg peptide in 50 μl PBS into the
mammary gland fat pads of 6-week-old female nude mice (Charles
River, Sulzfeld, Germany). The mice were given weekly injections
of 250 μg of (KLAKLAK)2 in 50 μl PBS. Weekly injections of PBS
alone were used in the control group. The tumors were measured
with calipers every 2 to 3 days and tumor volumes were calculated.

Statistical analysis. Values are given as the mean±standard
deviation. Statistical comparison between two groups of data was
performed using the unpaired Student t-test. Statistical significance
was defined as p≤0.05.

Results
MTT assay. The cytotoxicity of the (KLAKLAK)2 peptide
was determined for different breast carcinoma cell lines
(MCF-7, MDA-MB435S, MDA-MB453, SKBR3, T47D),
two neuroblastoma cell lines (Tet21N, Wac2), a prostate
carcinoma cell line (DU145), a urinary bladder carcinoma
cell line (T24), PBL and 293 human embryonic epithelial
cells. Figure 2 shows the dose−response curves of all tested
cell lines after incubation with the peptide for 24 h. At 320
μM, the toxicity of (KLAKLAK)2 is significantly higher
towards all cancer cell lines (p≤0.05), except for SKBR3,
than towards PBL and 293 cells (Figure 3). In Table I, the
cytotoxicity of (KLAKLAK)2 towards the different cell
lines is presented as half maximal inhibitory concentration
(IC50). The IC50 values of the control cells PBL and of the
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Figure 1. Molecular basis of selective interaction of antimicrobial
peptides (AMPs) with negatively charged membranes. Cationic AMPs
strongly interact with acidic phospholipids abundant on bacterial
membranes via electrostatic interactions. The hydrophobic regions of
AMPs interact only weakly with the zwitterionic phospholipids in
eukaryotic membranes. Moreover, cholesterol present in eukaryotic
membranes protects the plasma membrane from AMP activity (modified
from reference 7).

Table I. Half maximal inhibitory concentration (IC50) of (KLAKLAK)2
for various cells (24 hours of incubation).

Cell name Type IC50 (μM)

MCF-7 Breast carcinoma 88.1
MDA-MB435S Breast carcinoma 140.0
MDA-MB453 Breast carcinoma 191.0
SKBR3 Breast carcinoma >320
T47D Breast carcinoma 247.0
DU145 Prostate carcinoma 183.3
T24 Urinary bladder carcinoma 161.6
Tet21N Neuroblastoma 167.1
Wac2 Neuroblastoma 181.3
PBL Peripheral blood lymphocytes >320
293 Embryonic kidney epithelial >320



293 cells are considerably higher compared to the IC50
values of the tumor cells (except SKBR3) after 24 hours of
incubation.

In vivo studies. The efficacy of (KLAKLAK)2 was also
tested in vivo. The results of the experiments with breast
cancer-bearing mice are shown in Figure 4. Compared to the
control, (KLAKLAK)2 inhibits tumor growth (p<0.001) and
prolongs overall survival (p>0.05) in vivo.

Discussion

In the study by Javadpour et al. (14) the 12-mer peptide
(KLAKLAK)2 was found to be highly cytotoxic against
Escherichia coli, Pseudomonas aeruginosa and
Staphylococcus aureus, while its toxicity was remarkably
lower towards human erythrocytes and 3T3 mouse
fibroblasts. Here we showed that this peptide is also effective
in killing human breast cancer and other tumor cells, while it
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Figure 2. Continued



seems to be nontoxic to healthy mammalian cells (Table I,
Figures 2 and 3). The best effect, i.e. the lowest IC50, is seen
on MCF-7 breast carcinoma cells, which seem to be most
sensitive to (KLAKLAK)2 activity (Table I). In contrast, the
viability of the breast cancer cell line SKBR3 is relatively
unaffected after 24 hours exposure to (KLAKLAK)2. This

might be due to differences in the membrane composition of
these cells compared to the other tumor cells which makes
them less sensitive to AMP cytotoxicity.

There are several well-established mechanisms by which
AMPs are known to induce cell death. Many AMPs form a
transmembrane pore after accumulation on the surface or
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Figure 2. (KLAKLAK)2 inhibits growth of tumor cells at high doses while healthy cells are relatively unaffected. Cytotoxicity of (KLAKLAK)2 towards
breast cancer cells (A), prostate carcinoma and urinary bladder carcinoma cells (B), neuroblastoma cells (C) and non-tumor cells (D). The cells were
co-incubated with (KLAKLAK)2 for 24 hours. N=2-5 experiments; relative cell viability is given ±standard deviation.



disrupt the membrane in a detergent-like manner (Figure 5)
(15). After binding to the negatively charged membrane by
electrostatic and hydrophobic interactions, the α-helical
amphipathic AMPs pardaxin (9) and alamethicin (16) form
a transmembrane pore via the barrel-stave mechanism, with
the hydrophilic side building the channel and the
hydrophobic part on the outside (Figure 5). Other α-helical
amphipathic AMPs, such as magainin, have been shown to
disrupt the membrane, forming a toroidal pore (17, 18)
where the accumulation of the peptide on the membrane
surface induces the membrane to curve inward, building a
pore with peptide and phospholipids (Figure 5).

The selective action of cationic AMPs on bacteria and
mammalian tumor cells compared to healthy cells is due to
differences in membrane composition. As depicted in Figure
1, cationic AMPs preferentially bind to acidic lipids, such as
phosphatidylglycerol and phosphatidylserines in the bacterial
membrane by electrostatic interactions. In contrast,
mammalian plasma membranes consist mostly of zwitterionic
phospholipids, such as phosphatidylethanolamine, phosphati-
dylcholine and sphingomyelin, thus carrying a net neutral
charge. Compared to healthy cells, tumor cells are known to
express higher levels of anionic phospholipids, such as
phosphatidlyserines (19, 20) and O-glycosylated mucins (21).
The resulting overall negative charge renders tumor cells
more sensitive towards cationic AMPs. Moreover, the

negative membrane potential of tumor cells makes them more
sensitive to disruption by AMPs (22). Other factors may also
include increased membrane fluidity (23) and a greater
number of microvilli (24), resulting in a greater surface area
available for interaction with AMPs.

The cytotoxicity of AMPs towards cancer cells may be
caused by the aforementioned effects on the plasma
membrane or by distortion of the mitochondrial membrane
after uptake into the cytoplasm by the same mechanisms.
The disruption and depolarization of the plasma membrane
leads to leakage of ions and metabolites out of the cell and
finally to necrosis. In a study by Papo et al. (25), the
cationic amphipathic peptide D-K6L6 specifically induced
necrotic death in tumor cells while sparing healthy cells in
vivo. However, for example for magainins, which are also
cationic amphipathic AMPs, it is not clear whether they kill
tumor cells primarily through plasma membrane lysis,
induction of apoptosis, or both (3). The AMPs BMAP-27
and -28 were shown to induce apoptosis after disruption of
membrane integrity (26). In a study by Horton and Kelley
(27), the D-(KLAKLAK)2 peptide was shown to exhibit
mitochondrial localization in HeLa cells. The mitochondrial
membrane is highly susceptible to disruption by
(KLAKLAK)2 as it has a high anionic phospholipid content
and a large negative membrane potential (28, 29). The
consequential loss of mitochondrial membrane integrity
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Figure 3. High concentration of (KLAKLAK)2 kills tumor cells while having little effect on healthy controls. At a concentration of 320 μM,
(KLAKLAK)2 reduces the viability of the tumor cell lines to 0-10%. Two exceptions are SKBR3 cells, which showed little effect, and T47D cells, of
which approximately 50% remained viable. The viability of the healthy controls (PBL and 293) was barely reduced. Statistical comparison between
the viability of the different cancer cell lines, PBL and 293 revealed p≤0.05 for all cancer cell lines except SKBR3.
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Figure 4. (KLAKLAK)2 inhibits tumor growth and prolongs survival in vivo. Nude mice (n=6) were injected with MDA-MB435S tumor cells into the
mammary gland fat pads. A: Tumor growth in mice which received weekly injections of PBS (control) or the peptide (KLAKLAK)2. B: Overall
survival of the tumor-bearing mice which received weekly injections of PBS (control) or the peptide (KLAKLAK)2.

Figure 5. Mechanism of action of antimicrobial peptides (AMPs). In the carpet model, the cationic AMPs first bind to the membrane surface via
electrostatic interactions and cover it in a carpet-like manner. After a critical threshold concentration is reached, the AMPs insert into the membrane
and distort it, finally leading to micellization. In the barrel-stave model, the hydrophobic part of the AMP interacts with the membrane resulting in the
formation of a transmembrane pore with the hydrophilic part of the AMP facing the inner channel. In the third model, the toroidal pore model, the
membrane is caused to curve inward, resulting in the formation of a pore made up of AMPs and lipid head groups (modified from references 3 and 15).



results in the leakage of all mitochondrial contents into the
cytoplasm. The release of cytochrome c and apoptosis-
inducing factor-1 leads to the activation of downstream
caspases, inducing apoptosis (30).

In order to test the efficacy of (KLAKLAK)2 in vivo, nude
mice bearing MDA-MB435S breast cancer tumors were
treated with (KLAKLAK)2 or PBS as a control for 60 days
(Figure 4). Treatment with (KLAKLAK)2 was able to delay
tumor growth compared to treatment with PBS (Figure 4 A).
Moreover, mice treated with the peptide survived 16 days
longer in comparison to the control mice (Figure 4 B).

Further research on the action of the (KLAKLAK)2 peptide
and its potential use in therapy for breast and other types of
cancer is of great value. In order to increase its specificity and
effectivity, (KLAKLAK)2 can be coupled to cell−penetrating
peptides or peptide sequences directed against tumor cells to
specifically induce apoptosis in target cells as shown in several
in vitro and in vivo studies (10, 13, 31-34). Moreover, using
AMPs in tumor therapy in combination with conventional
drugs might be useful. This might reduce the required dose of
e.g. chemotherapeutic drugs and thus their associated side-
effects. Another possibility would be to use AMPs in gene
therapy, transferring AMP-encoding genes into cancer cells (3).
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