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iRGD-targeted delivery of a pro-apoptotic peptide activated
by cathepsin B inhibits tumor growth and metastasis in mice
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Abstract The use of cytolytic peptides with potential thera-
peutic properties is a promising approach to cancer therapy
due to their convenient automated synthesis and their capacity
for modifications. However, the use of cytolytic peptides is
limited due to their nonspecific cytolytic activity. In this study,
we designed a tumor-targeting proapoptotic system based on
an amphipathic D-amino acid-modified apoptotic peptide,
KLA, a variant of (KLAKLAK)2, which is fused with a linear
tumor-penetrating homing peptide iRGD through specific ca-
thepsin B (CTSB) cleavage sequences that are overexpressed
in many types of tumor tissues. Our data show that the
procytotoxic peptide D(KLAKLAKKLAKLA)K-GG-iRGD
(m(KLA)-iRGD) is internalized into cultured tumor cells
through a neuropilin-1 (NRP1)-activated pathway by iRGD
delivery. Once inside the cells, the peptide triggers rapid apo-
ptosis through both the mitochondrial-induced apoptotic path-
way and the death receptor pathway in NRP1+/αvβ3/CTSB+
tumor cells. Furthermore, m(KLA)-iRGD spread extensively
within the tumor tissue when it was injected into 4T1 tumor-
bearing mice. The m(KLA)-iRGD peptide inhibited tumor
growth to a certain degree, resulting in a significant reduction

in tumor volume (P<0.05) and the total inhibition of metas-
tasis at the end of the treatment. These results suggest that
m(KLA)-iRGD has the potential for development as a new
antitumor drug.
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Introduction

Poor penetration into tumor tissue and adverse effects on nor-
mal cells limit the therapeutic efficacy of many chemothera-
peutic drugs [1, 2]. Peptide-based antitumor therapeutic
agents, which have high specificity and tissue penetration,
provide a promising solution to these problems [3].
However, the high toxicity of many potential therapeutic pep-
tides caused by nonspecific lytic activity causes them to be of
limited use. Further improvements to increase the efficacy of
anticancer drugs by rational design and modifications are
required.

The po lyca t i on an t im ic rob i a l pep t i de KLA,
(KLAKLAK)2, can initiate apoptosis in mammalian cells by
disrupting the mitochondrial membrane [4, 5]. Recently, the
KLA peptide has been explored for its use as an anticancer
peptide, either alone or in combination with other convention-
al drugs [6, 7]. The D(KLA) peptide is composed of an am-
phipathic D-amino acid peptide that exhibits high resistance
against protein degradation [8]. However, the KLA peptide
has poor eukaryotic cell-penetrating potential and requires
the assistance of other cell-penetrating peptides to translocate
into tumor tissues.

Tumor-penetrating homing peptides have recently been
used as drug carriers. Internalizing RGD (iRGD) with a se-
quence of CRGDKGPDC is a cyclic peptide that is capable of
delivering drugs to extravascular tumor tissue. iRGD targets
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tumor tissue using the RGDmotif as a ligand forαvβ3,αvβ5,
and α5β1 integrins, which are expressed abundantly in tumor
vessels. Then, proteolytic processing of iRGD in tumors acti-
vates the cryptic CendR motif (R/KXXR/K) and binds to
neuropilin-1 (NRP1), which is overexpressed in both angio-
genic blood vessels and tumor cells, to carry the drug into the
tumor tissue [9]. Moreover, iRGD was reported to have
antimetastatic activity and to inhibit spontaneous metastasis
in mice [10]. Recently, linear iRGD fused to the C-terminus of
recombinant proteins was used to carry drugs into tumor tis-
sues [4, 11, 12].

Many studies have shown that iRGD has successfully been
used as a tumor vessel-targeting drug delivery system [13, 14].
However, αvβ3/5 integrins and NRP1 are also expressed in
nontumor-associated cell. The expression of αvβ3 is ob-
served in all angiogenic endothelial cells, such as cells in-
volved in wound repair [15]. NRP1 is widely expressed in
normal mature and developing vasculature. NRP1 has also
been detected in normal, nonvascular tissues, including hema-
topoietic cells, immunocytes and neurons [16]. The addition
of novel peptide designs to specifically target tumor cells
would be expected to reduce drug side effects.

Cathepsin B (CTSB) is a lysosomal cysteine protease that
promotes tumorigenesis, angiogenesis, invasion, and metasta-
sis by endopeptidase activity involved in the degradation of
the extracellular matrix [17]. Overexpression of CTSB has
been observed in the cytoplasm of tumors and in human
tumor-associated cells [18, 19]. CTSB represents a potential
target in cancer because it can be designed as a CTSB-
activated agent for both diagnosis and therapeutics [20].

I n t h e p r e s e n t s t u d y , w e c o n j u g a t e d

D(KLAKLAKKLAKLA) LK, a variant of D(KLAKLAK)2,
with a linear iRGD sequence via a GG bridge to produce the

D(KLAKLAK)2K-iRGD peptide in which the -D(A)K- amino
acid bond is a unique subtractive of CTSB (Suppl. Fig 1 and
Suppl. Fig 2). We hypothesized that the dual targeting of the
m(KLA)-iRGD peptide would enhance cell internalization and
the cytotoxicity of the peptide. To validate this hypothesis, we
examined the tumor targeting and antitumor capabilities of the
peptide in vitro and in vivo.

Results

Reduction of cell viability by m(KLA)-iRGD peptide

The expression of CTSB, NRP1, and αvβ3 was detected by
Western blotting in human breast cancer cells MDA-MB-231
and SKBR3, mouse breast cancer cells 4T1, and melanoma
cells B16, respectively (Suppl. Fig 3). Integrin αvβ3 was
detected in all four cell lines. In addition, higher expression
levels of CTSB were detected in MDA-MB-231 cells, 4T1
cells, and B16 cells but not in SKBR3 cells. The expression

level of NRP1 was detected inMDA-MB-231 cells, 4T1 cells,
and SKBR3 cells but not in B16 cells.

The four indicated cell lines were treated with 0, 10, 20, 30,
40 μM m(KLA)-iRGD, D(KLA)-iRGD, D(KLA), and iRGD
for 24, 48 (data not shown), and 72 h, and then, the inhibition
rate was measured by MTT analysis. The results showed that
m(KLA)-iRGD inhibited cell proliferation of MDA-MB-231
and 4T1 cells (CTSB+/NRP1+) in a dose-dependent manner
at a concentration of 20μMat 72 h (P<0.001), whereas it was
less cytotoxic to B16 cells (CTSB+/NRP1−) and SKBR3 cells
(CTSB−/NRP1+) when the higher concentration of 40 μM
was used (Fig. 1a–d). Morphological changes in the cells were
observed using phase-contrast microscopy at 20 μM
m(KLA)-iRGD, and significantly decreased cell number and
morphological changes in MDA-MB-231 and 4T1 cells were
observed (Fig. 1e). In addition, D(KLA)-iRGD showed mod-
est effects or no effect on the four indicated cell lines at the
highest concentration of 40 μM. Furthermore, D(KLA) and
iRGD alone did not inhibit cell proliferation (Fig. 1a–d).
These results indicate that m(KLA)-iRGD (but not D(KLA)-
iRGD or control peptides) inhibits CTSB+/NRP1+ solid tu-
mor cell proliferation, and the modified L-enantiomer of ly-
sine (K) at the N-terminus of D(KLA) enhanced CTSB-
activated cytotoxicity. Additionally, m(KLA)-iRGD had no
effect on the CTSB−/NRP1− tumor cell, indicating that
m(KLA)-iRGD is nontoxic to normal cells that are CTSB
−/NRP1− in tissues.

Internalization of m(KLA)-iRGD peptide into cells

To determine whether the newly synthesized m(KLA)-iRGD
peptide possessed tumor targeting, tumor-penetrating, and
cell-internalizing capabilities, the C-terminus of m(KLA)-
iRGD was labeled with 5-FITC, and the peptide’s binding
ability to several cancer cell lines was examined. Cells were
observed under a confocal microscope after treatment with
3 μM FITC-m(KLA)-iRGD for 2 h. The results showed that
FITC-m(KLA)-iRGDwas bound toαvβ3 and NRP1-positive
cells MDA-MB-231, SKBR3, and 4T1, whereas it did not
bind to the NRP1-negative B16 cells (Fig. 2a). Moreover,
FITC-m(KLA)-iRGD showed rapid cellular uptake at 1 h. In
MDA-MB-231 and 4T1 cells, the amount of internalized
FITC-m(KLA)-iRGD peaked at approximately 2 h and much
of the fluorescence was observed in the cytoplasm (Fig. 2b).
These results clearly establish the cell-internalizing capabili-
ties of m(KLA)-iRGD inNRP1+/αvβ3+ double positive cells.

m(KLA)-iRGD induces apoptosis through mitochondrial
and Fas-dependent pathways

To identify whether m(KLA)-iRGD reduced the cell prolifer-
ation by inducing apoptosis, we treated MDA-MB-231 and
4T1 cells with 20 μM m(KLA)-iRGD for 24, 48, and 72 h.

10644 Tumor Biol. (2016) 37:10643–10652



The rates of apoptosis were determined by FACS using FITC-
Annexin V and propidium iodide (PI) staining. MDA-MB-
231 and 4T1 cells treated with m(KLA)-iRGD peptide
showed cell shrinkage, membrane disintegration, and nuclear
condensation fragmentation, which are characteristic morpho-
logical changes of cells undergoing apoptosis. However,
m(KLA)-iRGD did not affect B16 and SKBR3 cell viability
and morphology, as shown by phase-contrast microscopy (da-
ta not shown). FACS analysis also indicated that m(KLA)-
iRGD induced cellular apoptosis in a dose-dependent manner
at doses of 20μMor higher (Fig. 3a, b).We then examined the
expression of caspase-3 and Bcl-2 in the treated cells by
Western blotting. Bands corresponding to full-length cas-
pase-3 (32 kDa), cleaved caspase-3 (19 kDa), cleaved
caspase-8 (18 kDa), cleaved caspase-9 (37 kDa), and Bcl-2
(26 kDa) were detected (Fig. 3c). These results indicate that
m(KLA)-iRGD activates both the Fas death receptor pathway
and the mitochondrial apoptotic pathway.

Penetration of m(KLA)-iRGD into tumor tissue in vivo

To confirm whether m(KLA)-iRGD could penetrate extravas-
cular tumor tissue in vivo, FITC-m(KLA)-iRGD was injected
into 4T1 tumor-bearing mice intravenously. The mice were
sacrificed, and tissues were collected and imaged by an
in vivo imaging system. The results showed that intravenously
administered FITC-m(KLA)-iRGD peptide accumulated in
the tumors after 6 h but did not accumulate in the other
nontumor tissues (Fig. 4a, b). The dynamic biodistribution
of FITC-conjugated m(KLA)-iRGD in tumors was analyzed
at 1, 6, and 12 h using a confocal microscope. The tumor
penetration activity was apparent at 1 h. The results showed
that m(KLA)-iRGD was bound strongly to the tumor tissue
and even penetrated several cell layers because the strong
fluorescent signal was detectable in all of the sections from
an entire tumor at 6 h (Fig. 4c–e) and could persist at high
levels for 12 h, which indicates that the peptide is stable

Fig. 1 Reduction of cell viability
by the m(KLA)-iRGD peptide.
SKBR3 (a), B16 (b), 4T1 (c), and
MDA-MB-231 (d) cells were
treated with the peptides at 0, 10,
20, 30, and 40 μM for 72 h, and
cell viability was measured by an
MTT assay. The cellular
morphology was observed
following incubation for 72 h
with 20 μM m(KLA)-iRGD (e).
Representative cellular results are
shown. The differences in
survival rates between 20 and
40 μM m(KLA)-iRGD are more
significant in both 4T1 andMDA-
MB-231 cells (P< 0.001).
However, little effect was seen on
CTSB-negative SKBR3 or
NRP1-negative B16 cell
proliferation (ns). ***P< 0.001,
ns not significant
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in vivo (Fig. 5f). Sporadic localized fluorescent signals were
observed throughout the tumor, suggesting protein penetration
by active transport. These data support the notion that
m(KLA)-iRGD can penetrate and accumulate in tumor tissue
selectively through the iRGD-mediated delivery system.

Inhibitory effect of m(KLA)-iRGD on tumor growth
and tumor metastasis in vivo

To explore whether m(KLA)-iRGD peptide could repre-
sent a possible therapeutic strategy to suppress tumor
growth and metastasis in vivo, the peptide’s antitumor
activity was evaluated in a mouse breast tumor model.
4T1 cells were injected into BALB/c mice, and m(KLA)-
iRGD was administered intravenously at a dose corre-
sponding to the mouse body weight every other day once
the tumor volume reached 50 mm3. The results showed
that 4T1 tumors grew rapidly in mice treated with
phosphate-buffered saline (PBS) injections, while in the
m(KLA)-iRGD treated mice, inhibition of tumor growth
was evident as early as 5 days after treatment began. At
the end of treatment on day 21, the average tumor volume

was reduced by approximately 30 % compared with the
PBS control (P= 0.011) (Fig. 5a and Suppl. Fig 4). At the
end of the experiments, the mean weight of the tumors in
the m(KLA)-iRGD group was approximately 50 % lower
than that in the control group, which is in agreement with
the tumor size measurements (P = 0.018) (Fig. 5b). The
mice treated with m(KLA)-iRGD did not show significant
body weight loss compared to the control (data not shown).

H&E-stained tumor sections showed significant differ-
ences among tumors treated with m(KLA)-iRGD and
PBS. Compared with the control, m(KLA)-iRGD-treated
4T1 mice tumor histologic sections showed significantly
low tumor cell density (P= 0.024) (Fig. 5c). Furthermore,
apoptosis of tumor cells was detected using a TUNEL
assay. The number of observed apoptotic cells obviously
increased in the m(KLA)-iRGD peptide-treated group
relative to the control (Fig. 5d).

In addition, five of six 4T1 mice treated with PBS showed
obvious lung metastasis, while none of the six m(KLA)-
iRGD-treated mice showed metastasis in vivo, which indi-
cates the inhibitory effect of the peptide on tumor metastasis
in the lung or liver (Fig. 6).

Fig. 2 Internalization of m(KLA)-iRGD peptide in cells. a Fluorescent
images of SKBR3, 4T1,MDA-MB-231, and B16 cells treated with 3 μM
FITC-m(KLA)-iRGD for 2 h as examined with confocal microscopy. Cell

nuclei were stained with DAPI (blue). b Fluorescent images of MDA-
MB-231 and 4T1 cells incubated with 3 μM FITC-m(KLA)-iRGD for 1
and 2 h
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Collectively, these results suggest that m(KLA)-iRGD
treatment significantly decreases tumor growth and metastasis
in vivo.

Discussion

In this study, we synthesized the antitumor targeting
proapoptotic peptide m(KLA)-iRGD and identified the poten-
tial of this approach for cancer therapy.

The KLA peptide (KLAKLAK)2 is one of the most suc-
cessful artificially synthesized cytolytic peptides that is inert
outside of cells but becomes toxic when internalized. KLA
peptides can induce considerable mitochondrial swelling at a
concentration of approximately 10 μM [5, 21]. Furthermore,
the D-form of conjugated D(KLAKLAK)2 is advantageous,
with significantly higher cytotoxic activity than that of the
L-form and with in vivo stability that avoids degradation by
blood proteases [5]. The antitumor activity of KLA has been
strongly enhanced by its conjugation with cell-penetrating

peptides [7, 22–25]. N-terminal and C-terminal KLA conju-
gation with the R7 penetrating peptide demonstrates the same
cytotoxic activity [26]. Vessel-targeting peptide-modified
KLA peptides, including RGD-GG-D(KLAKLAK)2, NGR-
GG-D(KLAKLAK)2 [7], and RAFT-RGD-KLA [22], are es-
pecially toxic to angiogenic endothelial cells, leading to re-
duced tumor growth and metastases, as well as prolonged
survival. However, due to the lack of penetration ability in
tumor vessels, higher concentrations injected intratumorally
or intraperitoneally but not intravenously limit the use of these
peptides.

We coupled KLA to the N-terminus of iRGD in

D(KLAKLAK)2-iRGD and (KLAKLAK)2K-iRGD fusion
peptides to test whether these constructs could selectively in-
hibit tumor cell growth in vivo. The difference between these
two peptides is that the L-enantiomeric amino acid bond ALK-
has been proven to be a specific substrate of CTSB, and the
effect of CTSB is decreased when using the ADK-bond [17,
27, 28]. The ALK-bond is selectively activated by CTSB in
lysosomes (pH=5.0) and is relatively stable in circulation

Fig. 3 m(KLA)-iRGD induces
apoptosis through mitochondrial
and Fas-dependent pathways. a
Cells were treated with 20 μM
m(KLA)-iRGD peptide and then
analyzed by FACS for 24, 48, and
72 h. b The cell viability of 4T1
and MDA-MB-231 cells treated
with 20 μM m(KLA)-iRGD
peptide for 24 h were analyzed by
flow cytometry. c Cultured cells
treated with 20 μM m(KLA)-
iRGD peptide for 24 h were
harvested and lysed, and the
expression of caspase-3, cleaved
caspase-3, cleaved caspase-8,
cleaved caspase-9, and Bcl-2 was
analyzed by Western blotting.
**P< 0.01;**P< 0.001
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(pH=7.0) [17]. Therefore, due to the intracellular release of
nonmodified KLA, our results showed that m(KLA)-iRGD
had better cytotoxicity against the tumor cell lines compared
to D(KLA)-iRGD, which cannot be digested by CTSB. This
result indicates that the L-enantiomer of the N-terminal K of
KLA is required for digestion, and intracellular exposure of
the C-terminus of KLA can enhance the cytotoxicity of

D(KLA)-iRGD.

In addition, m(KLA)-iRGD showed distinct cytotoxic
properties in different cell lines. For example, m(KLA)-
iRGD played the antitumor role only in NRP1+/αvβ3+ dou-
ble positive tumor cell lines, and the inhibitory effect of
m(KLA)-iRGD was enhanced in CTSB+ tumor cell lines.
By binding of the RGD motif to αvβ3 integrin, selective
binding of the CendR motif to NRP1, and release of the
KLA motif, m(KLA)-iRGD targets tumor tissues, selectively

Fig. 4 Penetration of m(KLA)-iRGD into tumor tissue in vivo. a, b FITC-
m(KLA)-iRGD targeting 4T1 tumors in vivo. One hundred micrograms of
FITC-m(KLA)-iRGD (green) or PBS was intravenously injected into 4T1-
bearing mice for 6 h. The mice tissues were imaged by an in vivo imaging

system. Fluorescent microscopic view of 4T1 tumor explants incubated
with DAPI (blue). Images of serial sections from 4T1 tumors injected
with PBS (c) and m(KLA)-iRGD (d–f) for different times before
harvesting the tumor

Fig. 5 Inhibitory effect of
m(KLA)-iRGD on tumor growth
in vivo. Mice bearing 4T1 tumors
were treated by intravenous
injections of PBS or m(KLA)-
iRGD every other day for
3 weeks. a The mean tumor
volume was plotted. Two-way
ANOVAwas used for the analysis
of tumor volume and one-way
ANOVA for tumor weight.
*P= 0.011. b The mean weights
of the tumors were measured
(P= 0.018). c Tumor tissues were
removed and measured at the end
of the treatment. H&E staining of
tumor sections from mice treated
with m(KLA)-iRGD and PBS
control. d Cell death was
analyzed by TUNEL staining
(brown). Nuclei were stained with
DAPI (blue)
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killing tumor cells by activating a caspase-independent, mito-
chondrial cell death pathway. Targeting caspase-independent
pathways for tumor therapeutics is a promising strategy to
eliminate cancer cells because tumor cells often develop resis-
tance to antitumor agents by developing defects in caspase
activation [6, 29]. The dual selective properties of m(KLA)-
iRGD could be an advantage, especially with fewer side ef-
fects in the single NRP1+ normal cells, enhancing the speci-
ficity of antitumor drugs. Our study showed that the cytotox-
icity of m(KLA)-iRGD is significantly higher in NRP+/
CTSB+ cells than in NRP+/CTSB− tumor cells, which indi-
cates that m(KLA)-iRGD was designed to be cytolytic to
αvβ3+/NRP+/CTSB+ tumor cells. This highly selective prop-
erty may lead to a reduction in the side effects in nontumor
tissues that lack CTSB overexpression.

Upon arrival at the tumor cell, m(KLA)-iRGD was
digested by CTSB to release iRGD and KLA. Released
iRGD can then inhibit metastasis as mediated by the
CendR motif [10]. Treatment of tumor-bearing mice with
m(KLA)-iRGD effectively inhibited tumor growth and me-
tastasis in vitro, causing an approximately 30 % reduction
in tumor volume of 4T1 tumors and a 40 % reduction in
tumor cell density when treated at lower concentrations
intravenously. Specifically, m(KLA)-iRGD effectively in-
hibits metastasis, and our study showed that m(KLA)-
iRGD completely inhibited lung metastasis. These results
are consistent with Sugahara KN’s report [9] and identified
the effect of this iRGD-mediated delivery system in
inhibiting metastasis.

Overall, the m(KLA)-iRGD (i) effectively drives the cyto-
lytic peptide KLA into the tumor tissues, (ii) cleaves m(KLA)-
iRGD by CTSB to release the KLA and iRGD peptides inside
tumor cells, and (iii) induces apoptosis of tumor cells and in-
hibits tumor metastasis by KLA by cooperating with iRGD.
Our results show that the encapsulation of a fusion peptide
containing specific targeting moieties may be useful for the
systemic treatment of tumors. As a novel tumor-penetrating
cytolytic peptide, m(KLA)-iRGD may be a promising candi-
date therapeutic agent for metastatic tumors based on its specif-
ic dual-targeting and effective tumor-inhibiting activities.

Materials and methods

Peptide design and synthesis

Two antitumor peptides, D(KLAKLAKKLAKLA)-K-GG-
CRGDKGPDC (m(KLA)-iRGD) and D(KLAKLAK)2-GG-
CRGDKGPDC (D(KLA)-iRGD), were designed by coupling
the iRGD targeting domain and the KLA pro-apoptotic do-
main via a glycinylglycine bridge. Both antitumor peptides
and control peptides (iRGD and D(KLAKLAK)2) were syn-
thesized using Fmoc chemistry in a solid-phase synthesizer
(Biotage, Isolera Dalton) and were purified by HPLC using
peptides from Bio-tech Ltd. (Shanghai, China). The sequence
and structure of the indicated peptides were confirmed by
mass spectrometry. Peptides were dissolved in PBS to a con-
centration of 1 mM.

Fig. 6 Inhibitory effect of
m(KLA)-iRGD on tumor
metastasis in vivo. a H&E
staining of the liver, lung, and
kidney sections from mice treated
with m(KLA)-iRGD and PBS
control. b, c Fewer lung
metastatic nodules were observed
in m(KLA)-iRGD-treated mice
than the PBS control. d H&E
staining of lung sections of mice
treated with PBS or m(KLA)-
iRGD
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Cell culture

Mouse breast cancer cell line 4T1, melanoma tumor cell line
B16, human breast cancer cell line MDA-MB-231, and
SKBR3 (Chinese Academy of Sciences, Shanghai, China)
were cultured in RPMI medium 1640 (Invitrogen, CA,
USA) supplemented with 10 % heat-inactivated fetal bovine
serum, 100 U/ml penicillin, and 10 μg/ml streptomycin at
37 °C in a 5 % CO2 atmosphere.

Fluorescent images

Cells were seeded onto glass coverslips and cultivated for
24 h until reaching 60 % confluence. The medium was
replaced with 1 ml of fresh medium supplemented with
10 % fetal bovine serum and 1 μM FITC-conjugated pep-
tide. The cells were then cultivated for 2 h. The cells were
washed with PBS three times and then were fixed with
methanol/acetone (1:1). The nuclei of tumor cells were
visualized using 4,6-diamidino-2-phenylindole (DAPI)
staining. The cells were examined under a confocal mi-
croscope (Zeiss LSM710).

Cell viability assay

Cell viability was measured using the 3-(4,5-dimethylthiazol-
2yl)-2,5-diphenyl-tetrazolium bromide (MTT, Sigma) colori-
metric dye method. Briefly, 4T1, MDA-MB-231, SKBR3,
and B16 cells were plated overnight at 5000 cells per well in
96-well plates. Cells were then treated with 10, 20, 30, and
40 μM of m(KLA)-iRGD and control peptides for 24 to 72 h.
Three independent experiments have been performed, each
performed in three replicates. The inhibition of cell growth
was measured and calculated according to the following for-
mula: inhibition rate (%)= (control value A490− experimental
value A490) / control value A490×100 %.

Flow cytometry

Cells that were 80 % confluent were treated with
20 μM m(KLA)-iRGD for 24 h. Cells were observed under
an inverted microscope (Nikon TE 300), harvested in 5 mM
EDTA in PBS, washed and resuspended in Annexin-binding
buffer, and then stained with Annexin Vand propidium iodide
(PI) according to the manufacturer ’s instructions
(Calbiochem, San Diego, CA). Apoptotic cells were analyzed
by FACS Calibur (BD Biosciences). Experiments were con-
ducted in triplicate.

Western blotting analysis

Total cell proteins were separated by 12 % SDS-PAGE,
transferred to polyvinylidene difluoride membranes, and

probed with antibodies directed against human caspase-
3, cleaved caspase-3, cleaved caspase-8, cleaved cas-
pase-9, and Bcl-2 (1:1000, Cell Signaling Technology
Inc., USA), CTSB, avβ3 and NRP-1 (1:2000, Lab
Vision & NEOMARKERS), and β-actin (1:5000, Santa
Cruz Biotechnology). Horseradish peroxidase-conjugated
goat anti-rabbit antibody was used as the secondary an-
tibody. Proteins were visualized with chemiluminescence
reagents (Santa Cruz Biotechnology).

Mouse experimental techniques

Four-week-old BALB/c female mice were obtained from the
Sun Yat-sen University (Guangzhou, China) Animal Center
and raised under pathogen-free conditions. All of the animal
studies were conducted in accordance with institutional guide-
lines for the care and use of experimental animals. The mice
were inoculated subcutaneously under the right shoulder with
2×106 4T1 cells.

For the drug treatment, 5 days after tumor transplantation,
10 mg/kg m(KLA)-iRGD peptide or PBS was injected intra-
venously via tail veins every other day. Tumor growth and
body weight were monitored every 2 days. Tumor growth
was measured in three dimensions twice a week by a caliper.
Tumor volume was calculated using the following formula:
length ×width2 × 0.52. The m(KLA)-iRGD peptide-treated
mice were sacrificed 3 weeks after the treatment began, and
the tumors were surgically removed and counted. The tissues
were fixed in 10 % neutral-buffered formalin solution pre-
pared for H&E staining or TUNEL assays.

For in vivo imaging, tumor-bearing mice with tumors
sized 1.0–1.5 cm3 were injected with FITC-conjugated
peptide (100 μg in 100 μl of PBS) intravenously via
the tail vein, and the peptide was allowed to circulate
for the indicated time. The mice were then anesthetized
and perfused with 20 ml of PBS through the left ventri-
cle at the indicated time points. Tumors and control or-
gans, including the heart, liver, spleen, lung, and kidney,
were collected and observed using a Berthold NightOWL
LB 983 Imaging System (Bad Wildbad, Germany). For
fluorescence imaging, those tumors and control organs
were frozen in embedding medium (Tissue-Tek, Elkhart,
USA), sliced, and examined for fluorescence using fluo-
rescence microscopy (Zeiss LSM710). The nuclei of tu-
mor cells were visualized by DAPI staining.

Histology

Tumor tissues were fixed in 10 % buffered formalin for 24 h,
processed, and embedded in paraffin for sectioning according
to the conventional methods. The paraffin-embedded 4T1 tis-
sues were sectioned into 5-μm-thick sections. The sections
were dewaxed, rehydrated, and rinsed.
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The tumor cell density in H&E-stained sections was calcu-
lated by scanning the tissue sections under a ×40-power mi-
croscope and counting the number of nuclei of each histolog-
ical image in ten different, random fields. Data were averaged
over ten fields for statistical analysis.

TUNEL staining of the tissue sections was performed
using an In Situ Cell Death Detection Kit (Roche,
Indianapolis, IN, USA) according to the manufacturer’s
instructions. The slides were counterstained with hema-
toxylin (blue). Tumor cell nuclei were quantified by ran-
domly counting 10 fields/section. The apoptotic index
(percentage of apoptotic nuclei) was calculated as apopto-
tic nuclei / total nuclei counted × 100.

Statistical analysis

All of the analyses were conducted using SPSS 16.0 (SPSS
Inc., Chicago, IL, USA). The two-tailed test was used for
comparisons between groups. P<0.05 was defined as statisti-
cally significant. All of the values are presented as the mean
± standard deviation (SD).
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