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a b s t r a c t
Bovine lactoferricin (LfcinB) is a cationic antimicrobial peptide with potent cytotoxic activity against cancer cells. The antimicrobial activity of LfcinB resides in its RRWQWR amino acid sequence (referred to
here as LfcinB6); however, the anticancer activity of LfcinB6 is not known. Here, we show that free
LfcinB6 did not kill T-leukemia or breast cancer cells but LfcinB6 was strongly cytotoxic when delivered
to the cytosolic compartment by fusogenic liposomes. LfcinB6 bound weakly to isolated mitochondria
but, unlike LfcinB, did not permeabilize mitochondria or cause cytochrome c to be released. Cathepsin
B and caspase activity were important for cytotoxicity caused by intracellular LfcinB6 whereas reactive
oxygen species were not involved. The mechanism of LfcinB6-induced cytotoxicity is therefore different
from that of LfcinB. We suggest that LfcinB6, in combination with a fusogenic liposome delivery system
that selectively targets malignant cells, has potential as a novel anticancer agent.
Ó 2009 Elsevier Inc. All rights reserved.

Introduction
Bovine lactoferricin (LfcinB) is a cationic antimicrobial peptide
that consists of amino acid residues 17–41 (FKCRRWQWRMKKL
GAPSITCVRRAF) from the N-terminus of bovine lactoferrin [1], an
80 kDa iron-binding glycoprotein stored in neutrophil granules
and present in secretions such as tears, saliva and milk [2,3]. LfcinB,
which is generated by acid–pepsin hydrolysis of bovine lactoferrin
[1], exhibits a range of biological activities, including cytotoxic
activity against various microorganisms [1,4,5] and cancer cells
[6–8]. Depending on the cancer cell type, LfcinB kills by either
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apoptosis induction [6,7] or membrane lysis [8], without causing
harm to healthy cells [7]. Subcutaneous administration of LfcinB
to mice inhibits lymphoma cell metastasis to the liver and lungs,
as well as lung metastasis by melanoma cells [8].
LfcinB contains ﬁve arginine and three lysine residues that confer a net charge of +8 on the peptide, as well as two tryptophan and
two phenylalanine residues that are both aromatic and hydrophobic [1]. LfcinB possesses a cyclic structure created by the disulﬁde
bond that links its two cysteine residues. In aqueous solution,
LfcinB adopts an amphipathic b-sheet conﬁguration in which the
hydrophobic residues line up on one face of the peptide and the basic residues comprise the opposing face [10], which interacts with
anionic components of cell membranes of microorganisms and
cancer cells [11]. Replacement of arginine with lysine and tryptophan with phenylalanine or tyrosine results in LfcinB derivatives
with considerably reduced antimicrobial activity [12,13]. Arginine
residues are more important than lysine residues for antimicrobial
activity because arginine forms multiple hydrogen bonds with anionic structures [11] while bulky tryptophan mediates peptide partitioning into biological membranes, leading to membrane
disruption [14]. The antimicrobial core of LfcinB, referred to hereafter as LfcinB6, consists of the amino acid sequence RRWQWR
[15,16]. This six-amino acid peptide adopts a well-deﬁned amphipathic structure when bound to sodium dodecyl sulfate (SDS) micelles [17].
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Although LfcinB shows potential as a novel cytotoxic agent for
cancer treatment [6–9], no studies to date have investigated the effect of the antimicrobial core of LfcinB on cancer cells. The aim of
this study was to determine the in vitro anticancer activity of
LfcinB6. Neither T-leukemia nor breast cancer cells were killed by
free LfcinB6; however, fusogenic liposome-mediated delivery of
LfcinB6 into the cytosolic compartment resulted in extensive DNA
fragmentation that was dependent on cathepsin B and caspase activation. We suggest that LfcinB6, in combination with a tumor-targeting fusogenic liposome delivery system, warrants further
investigation as a possible novel approach to cancer treatment.

Materials and methods
Reagents and antibodies. Fluorescein isothiocyanate (FITC)-dextran
(4 kDa), propidium iodide (PI), 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT), and N-acetyl-L-cysteine (NAC)
were from Sigma–Aldrich Canada (Oakville, ON). Z-VAD-FMK (pancaspase inhibitor), CA-074-Me (cathepsin B inhibitor), and glutathione
(GSH) were from EMD Biosciences, Inc. (San Diego, CA). FITC-streptavidin was from Cedarlane Laboratories (Hornby, ON). 3,30 -Dihexyloxacarbocyanine iodide (DiOC6) was from Molecular Probes (Eugene, OR).
Tritiated-thymidine ([3H]TdR) was from ICN Biomedicals (Irvine, CA).
All lipids were from Avanti Polar Lipids (Alabaster, AL). Mouse anticytochrome c monoclonal antibody (mAb) was from Upstate Biotechnology (Charlottesville, VA). Mouse anti-mitochondrial heat shock
protein 70 (HSP 70) mAb was from Afﬁnity BioReagents (Golden,
CO). Goat anti-mouse IgG-horseradish peroxidase (HRP) antibody
(Ab) was from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell culture. Jurkat T-leukemia cells were obtained from the
American Type Culture Collection (Manassas, VA). CCRF-CEM Tleukemia cells were a gift from Dr. W. Gati (University of Alberta,
Edmonton, AB). T-leukemia cell lines were maintained at 37 °C in
a 5% CO2 humidiﬁed atmosphere in RPMI 1640 medium supplemented with 5% heat-inactivated fetal calf serum (FCS), 100 lg/
ml streptomycin, 100 U/ml penicillin, 2 mM L-glutamine, and
5 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid
(HEPES) buffer at pH 7.4 (all from Invitrogen, Burlington, ON).
MDA-MB-231 breast carcinoma cells were a gift from Dr. S. Drover
(Memorial University of Newfoundland, St. John’s, NL) and were
maintained at 37 °C in a 10% CO2 humidiﬁed atmosphere in complete Dulbecco’s Modiﬁed Eagle’s Medium (DMEM; Sigma–Aldrich
Canada) supplemented with 5% heat-inactivated FCS, 100 lg/ml
streptomycin, 100 U/ml penicillin, 2 mM L-glutamine, and 5 mM
HEPES buffer at pH 7.4. Human umbilical vein endothelial cells
(HUVECs) were from Cambrex (Walkersville, MD) and were maintained at 37 °C in a 5% CO2 humidiﬁed atmosphere in EGMTM Complete Endothelial Cell Medium (Cambrex).
Peptides. LfcinB (FKCRRWQWRMKKLGAPSITCVRRAF), LfcinB6
(RRWQWR), biotinylated-LfcinB6, and control peptide (NNGQGN)
were synthesized in linear form at >95% purity by Dalton Pharma
Services (Toronto, ON). Biotinylated-LfcinB was synthesized in linear form at >95% purity by Sigma Genosys (The Woodlands, TX).
Lyophilized peptides were dissolved in FCS-free RPMI 1640 medium (Sigma–Aldrich Canada) and aliquots were stored at 80 °C.
Fusogenic liposomes. Reptilian reovirus p14 protein was isolated
and used to prepare fusogenic liposomes as previously described
[18]. An equivalent of 9 lM LfcinB6 was entrapped in liposomes
(60:30:8:2% molar ratio of DOPC:DOPE:cholesterol:DC-cholesterol)
by repeated freeze–thawing with liquid N2 and a 37 °C water bath.
Fusogenic liposomes were then washed with Hank’s buffered saline and resuspended in fully-supplemented RPMI 1640 medium
minus FCS to give a ﬁnal concentration of 33.3 lM lipid.
Cell viability assays. DNA fragmentation, which is an indicator of
cell death, was determined by the JAM test [19]. Brieﬂy, radiola-
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beled (5 lCi/ml [3H]TdR for 4 h) cells were plated in quadruplicate
(5  104 cells/well) in 96-well ﬂat-bottom tissue culture plates
(Sarstedt, Inc., St. Laurent, QC). After 18 h, DNA was harvested onto
ﬁberglass ﬁlter mats using a TitertekÒ cell harvester (Skatron
Instruments, Sterling, VA) and [3H]TdR content of the trapped
DNA was measured by liquid scintillation counting. Percent cell
death was calculated using the formula [(cpmcontrol  cpmexperimental)/cpmcontrol]  100. Alternatively, cell viability was determined
by MTT assay [20]. Cells were plated in quadruplicate (2  104
cells/well) in 96-well ﬂat-bottom tissue culture plates. After 18 h,
MTT was added at a ﬁnal concentration of 500 lg/ml. After incubation for an additional 4 h, supernatant was removed, cells were solubilized in 0.1 ml dimethyl sulfoxide, and optical density (OD) was
measured at 492 nm. Percent cell death was calculated using the
formula (1  ODexperimental/ODcontrol)  100. All experiments were
performed in fully-supplemented RPMI 1640 medium containing
0.5% FCS because LfcinB exhibits optimal cytotoxic activity at lower
serum concentrations [6].
Mitochondria isolation. Jurkat cells were washed in phosphatebuffered saline (PBS) and placed in ice-cold mitochondria isolation
buffer (0.2 mM EDTA, 0.25 M sucrose, and 10 mM Tris–HCl, pH 7.8)
for 30 min, followed by homogenization using a pre-cooled glass
homogenizer. Cell lysates were cleared by centrifugation at
1000g for 10 min at 4 °C and the resulting supernatant was centrifuged at 12,000g for 10 min at 4 °C. Pelleted mitochondria were
resuspended in ice-cold mitochondria isolation buffer containing
protease inhibitors (5 lg/ml leupeptin, 5 lg/ml pepstatin, 10 lg/
ml aprotinin, 1 mM phenylmethylsulfonyl ﬂuoride, 1 mM dithiothreitol, 100 lM sodium orthovanadate, 10 mM sodium ﬂuoride
and 10 lM phenylarsine oxide).
Peptide binding. Cells or mitochondria were incubated at 4 °C
with biotinylated-peptides for 1 h or 10 min, respectively. After
extensive washing with PBS, cells or mitochondria were incubated
with 1:1000 FITC-streptavidin for 30 min at 4 °C. Samples were
then washed and analyzed by ﬂow cytometry.
FITC-dextran and PI uptake. Jurkat cells (5  105 cells/well) in
fully-supplemented RPMI 1640 medium were cultured for 1 h in
the absence or presence of 31 lM LfcinB or LfcinB6 in a 24-well
ﬂat-bottom tissue culture plate (Sarstedt, Inc.). FITC-dextran or PI
was then added to cells at a ﬁnal concentration of 10 lg/ml and
5 min later cells were analyzed by ﬂow cytometry.
Mitochondrial transmembrane potential (Dwm) measurement. The
ﬂuorescent probe DiOC6 was used to measure mitochondria membrane permeabilization [21]. Brieﬂy, mitochondria (5 lg in 0.1 ml
mitochondria isolation buffer) were incubated for 10 min in the
absence or presence of 31 lM LfcinB or LfcinB6. DiOC6 was then
added at a ﬁnal concentration of 20 nM and 20 min later mitochondria were analyzed by ﬂow cytometry.
Western blotting. Mitochondria (50 lg) in mitochondria isolation buffer were incubated for 10 min at 37 °C in the absence or
presence of 31 lM LfcinB or LfcinB6. Mitochondria were then pelleted by centrifugation at 12,000g for 10 min at 4 °C and the supernatant was collected. Pelleted mitochondria were resuspended in
ice-cold lysis buffer (50 mM Tris–HCl at pH 7.5, 150 mM NaCl,
50 mM Na2HPO4, 0.25% sodium deoxycholate [w/v], 0.1% Nonidet
P-40 [v/v], 5 mM ethylenediaminetetraacetic acid, and 5 mM ethylene glycol-bis (b-aminoethyl ether)-N,N,N0 ,N0 -tetraacetic acid)
containing previously described protease inhibitors. Protein concentration was determined by Bradford assay (Bio-Rad Laboratories Ltd., Mississauga, ON). Samples were boiled for 5 min in
SDS–polyacrylamide gel electrophoresis (SDS–PAGE) sample buffer
(200 mM Tris–HCl [pH 6.8], 30% glycerol, 6% SDS, 15% b-mercaptoethanol, and 0.01% bromophenol blue), and equal amounts of
mitochondria pellet protein (5 lg) and a corresponding volume
of supernatant were resolved on 12% and 15% SDS–PAGE gels,
respectively. Protein was transferred onto a nitrocellulose mem-
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brane and the resulting blots were blocked for 1 h at room temperature with Tris-buffered saline–Tween-20 (TBST; 20 mM Tris-HCl
at pH 7.6, 150 mM NaCl, 0.2% Tween-20 in water) containing 5%
powdered skim milk. Membranes were then washed with TBST
and incubated overnight at 4 °C with 1:500 anti-cytochrome c
mAb (mitochondria supernatant samples) or anti-mitochondrial
HSP 70 mAb (mitochondria pellet samples) to conﬁrm equal loading of supernatant samples. Membranes were washed with TBST
and incubated with 1:1000 goat anti-mouse IgG-HRP Ab for 1 h
at room temperature. Following additional TBST washes, protein
bands were visualized by enhanced chemiluminescence detection
(Bio-Rad Laboratories Ltd.).
Results and discussion
LfcinB6 does not bind to or damage cancer cells
DNA fragmentation was measured to determine the effect of
LfcinB6 on the viability of T-leukemia and breast cancer cell lines
that are sensitive to LfcinB [7]. Although LfcinB was strongly cytotoxic to Jurkat and CCRF-CEM T-leukemia cells, as well as MDAMB-231 breast carcinoma cells, an equal concentration of LfcinB6
failed to kill any of these cancer cell lines (Fig. 1A). Since LfcinB
must bind to the cell membrane in order to kill cancer cells [22],
we next determined whether LfcinB6 interacted with cancer cells.
Fig. 1B shows that biotinylated-LfcinB6 did not bind to Jurkat cells,
as determined by ﬂow cytometry. In contrast, the same concentration of biotinylated-LfcinB bound strongly to Jurkat cells. Furthermore, LfcinB disrupted the cell membrane of Jurkat cells,
allowing uptake of FITC-dextran (Fig. 1C) and PI (data not shown).
In contrast, exposure of Jurkat cells to an equivalent concentration
of LfcinB6 did not cause cell membrane damage because there was
no uptake of either FITC-dextran (Fig. 1C) or PI (data not shown).
Since the net charge of +3 that is conferred upon LfcinB6 by its
three arginine residues does not allow the peptide to interact with
the cell membrane of cancer cells, it is not surprising that Jurkat
cells remained intact in the presence of extracellular LfcinB6. Our
results are consistent with reports that lactoferrin-derived peptides have more stringent structural requirements for anticancer
activity than for antimicrobial activity, i.e., a net charge of +7 is required for strong cytotoxic activity against cancer cells [23]
whereas a net charge of +3 is sufﬁcient for killing of microorganisms [16]. Interestingly, the anticancer activity of lactoferrin-derived peptides with a net charge less than +7 can be enhanced by
the addition of a bulky tryptophan residue [23]. Inadequate hydrophobicity due to the presence of only two tryptophan residues may
therefore also contribute to the inability of extracellular LfcinB6 to
interact with and destabilize the cell membrane of cancer cells.

Fig. 1. Differential effect of LfcinB and LfcinB6 on T-leukemia and breast cancer cell
viability. (A) Jurkat T-leukemia, CCRF-CEM T-leukemia or MDA-MB-231 breast
carcinoma cells were cultured in the absence or presence of 31 lM LfcinB or
LfcinB6. Cytotoxicity was measured after 18 h by DNA fragmentation assay. ND
denotes none detected. Data are shown as % cell death ± SD of quadruplicate
samples. (B) Jurkat cells were treated with medium alone or with 31 lM
biotinylated-LfcinB or biotinylated-LfcinB6 for 1 h, stained with FITC-streptavidin
and analyzed by ﬂow cytometry. Open peaks indicate staining by biotinylatedLfcinB or biotinylated-LfcinB6 while ﬁlled peaks indicate background ﬂuorescence
of untreated cells. (C) Jurkat cells were treated with medium alone or with 31 lM
LfcinB or LfcinB6 in the absence or presence of 10 lg/ml FITC-dextran (4 kDa) for
1 h, then analyzed by ﬂow cytometry. Open peaks indicate FITC-dextran uptake
while ﬁlled peaks indicate background ﬂuorescence of untreated cells. All cytotoxicity and ﬂow cytometry data are from one experiment that is representative of at
least three independent experiments.

Intracellular LfcinB6 is cytotoxic
Since extracellular LfcinB6 failed to interact with or damage the
cell membrane of cancer cells, we asked whether intracellular
LfcinB6 might cause cell death. We have previously shown that
LfcinB must enter the cytosolic compartment to cause apoptosis
[22]. Fusogenic liposomes composed of 400 nm unilamellar vesicles with reptilian reovirus p14 fusion-associated small transmembrane protein incorporated into their lipid bilayer [18], which
efﬁciently deliver native LfcinB into the cytosolic compartment of
Jurkat cells [22], were used to deliver LfcinB6 directly into the cytoplasm of Jurkat cells. Stable entrapment of LfcinB6 by fusogenic liposomes and entrapped peptide concentrations were determined by
high performance liquid chromatography. Fig. 2A shows that intracellular delivery of LfcinB6 resulted in substantial cytotoxicity. In
contrast, a control peptide (NNGQGN) that did not contain any ba-

sic or hydrophobic residues was not cytotoxic, either in solution or
encapsulated in fusogenic liposomes. In addition, HUVEC viability
was also substantially diminished following treatment with
LfcinB6-containing fusogenic liposomes (Fig. 2B), indicating that
intracellular LfcinB6 was cytotoxic to both untransformed and
malignant cells. In vivo delivery of LfcinB6 to the cytosolic compartment of cancer cells will therefore require the development
of fusogenic liposomes that speciﬁcally target neoplastic cells.
Importantly, preliminary studies show that the C-terminus of
p14 can be coupled to peptides that interact with structures on
the surface of cancer cells in order to create tumor-targeted fusogenic liposomes [R. de Antueno and R. Duncan, unpublished].
One targeting peptide for possible future consideration is LARLLT,
which targets conventional liposomes to epidermal growth factor
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Fig. 2. Fusogenic liposome-encapsulated LfcinB6 is cytotoxic. (A) Jurkat T-leukemia
cells or (B) HUVECs were cultured in the presence of medium alone, empty
fusogenic liposomes, or 31 lM free or fusogenic liposome-encapsulated LfcinB6
(9 lM). Jurkat cells were also exposed to 31 lM free or fusogenic liposomeencapsulated control peptide (9 lM NNGQGN)). Cytotoxicity was measured after
18 h by (A) DNA fragmentation assay or (B) MTT assay. ND denotes none detected.
Data are shown as % cell death ± SD of quadruplicate samples. All data are from one
experiment that is representative of at least three independent experiments.

receptor high-expressing cancer cells [24]. In addition, encapsulation of LfcinB6 within tumor-targeted liposomes will protect the
peptide from proteolysis and neutralization by anionic serum proteins, as well as enhance liposome accumulation in and peptide
delivery to tumor sites [25].
LfcinB6 binds mitochondria but does not reduce Dwm
Mitochondria are negatively charged due to anionic cardiolipin
in their outer membrane [26]. We therefore expected LfcinB6 to
interact with and damage mitochondria, as indicated by a loss of
Dwm, in a fashion similar to LfcinB [22]. Fig. 3A shows that LfcinB6
bound to mitochondria obtained from Jurkat cells, albeit to a lesser
extent than LfcinB. Relatively poor binding of LfcinB6 to mitochondria in comparison to LfcinB likely reﬂects the difference in net
charge (+3 versus +8) between the shorter and the longer peptide.
Mitochondria that were exposed to LfcinB6, unlike LfcinB, did not
show any reduction in Dwm (Fig. 3B), nor did LfcinB6-treated mito-
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Fig. 3. LfcinB6 interacts with but does not damage mitochondria. (A) Mitochondria
were isolated from Jurkat T-leukemia cells and exposed to medium alone, 31 lM
biotinylated-LfcinB, or 31 lM biotinylated-LfcinB6 for 1 h, stained with FITCstreptavidin, and analyzed by ﬂow cytometry. Open peaks indicate staining by
biotinylated-LfcinB or biotinylated-LfcinB6 while ﬁlled peaks indicate background
ﬂuorescence of untreated mitochondria. (B) Mitochondria were isolated from Jurkat
cells and treated with medium alone, 31 lM LfcinB, or 31 lM LfcinB6 for 10 min,
stained with 20 nM DiOC6, and analyzed by ﬂow cytometry. Loss of Dwm is seen as a
leftward shift in ﬂuorescence by peptide-treated mitochondria (open peak) in
comparison to untreated mitochondria (ﬁlled peak). (C) Mitochondria were isolated
from Jurkat cells and treated with medium alone, 31 lM LfcinB, or 31 lM LfcinB6
for 10 min. Mitochondria-free supernatants were then collected and cytochrome c
content was determined by Western blotting. Mitochondrial HSP 70 content in
corresponding volumes of mitochondria pellet lysates was determined to conﬁrm
equal sample loading. All ﬂow cytometry and Western blot data are from one
experiment that is representative of at least three independent experiments.

chondria release cytochrome c (Fig. 3C). LfcinB6 that interacts with
mitochondria is therefore unable to damage the outer mitochondrial membrane. These data suggest that the mode of cytotoxic action of intracellular LfcinB6 is different from that of LfcinB, which
triggers the intrinsic pathway of apoptosis in Jurkat cells by permeabilizing the outer membrane of mitochondria, resulting in the release of pro-apoptotic cytochrome c and the sequential activation
of caspase-9 and caspase-3 [22].
Cathepsin B and caspases, but not reactive oxygen species (ROS), are
involved in LfcinB6-induced cytotoxicity
Caspase activation and ROS generation are crucial for LfcinB-induced apoptosis in Jurkat cells [7] while lysosomal cathepsin B has
caspase-processing activity [27]. Jurkat cells that were exposed to
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fusogenic liposome-encapsulated LfcinB6 exhibited substantial
DNA fragmentation that was prevented in the presence of the
pan-caspase inhibitor Z-VAD-FMK or the cathepsin B inhibitor
CA-074-Me, implicating caspases and cathepsin B in the cytotoxic
process (Fig. 4A). In contrast, the antioxidants NAC and GSH did not
signiﬁcantly diminish LfcinB6-induced cytotoxicity (Fig. 4B),
excluding a cytotoxic role for ROS. Intracellular LfcinB6 therefore
presumably mediates cytotoxicity by triggering the release of lysosomal cathepsin B, possibly by direct damage to lysosomes or by
inducing Ca2+ release from the endoplasmic reticulum, leading to
cytosolic calpain activation and the subsequent calpain-mediated
release of cathepsin B from lysosomes [28]. In turn, cathepsin B
activity is associated with the activation of initiator and executioner caspases involved in apoptosis [29,30]. Although cathepsin
B activation has been linked to mitochondrial membrane permeabilization [29], this does not seem to be the case with LfcinB6-in-

duced cytotoxicity because LfcinB6 did not cause any reduction in
Dwm or trigger cytochrome c release. Nevertheless, cathepsin Band caspase-dependent DNA fragmentation in Jurkat cells that
were exposed to intracellular LfcinB6 is consistent with apoptosis
induction.
The need to reduce production costs, immunogenicity, and toxicity, as well as enhance the stability of peptide-based drugs has
spurred the identiﬁcation and development of small peptides with
potent biological activity [31,32]. Peptides that consist of six or
fewer amino acids are of potential clinical interest because they
are relatively inexpensive to synthesize, minimally immunogenic,
and less susceptible to degradation by endopeptidases. We believe
that these advantages make LfcinB6, in combination with a tumortargeted intracellular delivery system based on p14-containing
fusogenic liposomes, an attractive candidate for further development as a novel small peptide-based anticancer agent.
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