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ABSTRACT: Triple-negative breast cancer is an aggressive subtype with
a high recurrence rate, potential for metastasis, and a poor prognosis. The
chemokine receptor, CXCR4, is a promising molecular target in breast
cancer therapy. Here, we have developed a CXCR4-targeted antitumor
peptidomimetic (named CTCE-KLAK), which is a fusion of the CXCR4
receptor antagonist CTCE-9908 and the D-form of proapoptotic peptide
(KLAKLAK)2, for the treatment of breast cancer. First, we investigated the
in vitro antitumor activity of CTCE-KLAK against various breast cancer
cells and noncancerous mammary epithelial cells. CTCE-KLAK showed
cell-selective cytotoxicity and induced rapid necrotic cell death in breast
cancer cells but not in normal cells. In contrast, unconjugated peptides
such as the carboxylate analogues of CTCE-9908 and D(KLAKLAK)2
were not cytotoxic to these cells. The tumor selectivity of CTCE-KLAK
for cytotoxic activity depends on its internalization into tumor cells. There was no cleavage of caspase-3, caspase-7, or PARP1 in
CTCE-KLAK-treated cells. In addition, cell death by CTCE-KLAK was not prevented by z-VAD-fmk, a pan-caspase inhibitor that
inhibits cisplatin-induced cell death. These data indicate that the CTCE-KLAK conjugate is a cell-selective inducer of necrosis.
Furthermore, we evaluated the in vivo antitumor activity of CTCE-KLAK in the 4T1 mouse metastatic breast cancer model.
Intravenous administration of CTCE-KLAK significantly inhibited tumor growth and lung metastasis. Together, these findings
suggest that the necrosis-inducing peptidomimetic CTCE-KLAK is a promising CXCR4-targeted agent for treating triple-negative
breast cancer.

■ INTRODUCTION
Breast cancer is the most common malignancy among women
and the second highest cause of death in women worldwide.1,2

Triple-negative breast cancer, which does not express estrogen
receptors (ER), progesterone receptors (PgR), or human
epidermal growth factor receptor type 2 (HER2), is an
aggressive subtype of breast cancer with a poor prognosis. It
shows a higher recurrence rate, more significant metastatic
potential, and a lower overall survival rate than other breast
cancers. For treating this subtype of cancer, molecular-targeted
therapies are largely ineffective, and chemotherapy using
cytotoxic agents is currently the primary systemic treatment
option.3 To effectively treat triple-negative breast cancer, new
therapeutic targets need to be explored.

C-X-C chemokine receptor type 4 (CXCR4) is a chemokine
receptor specific for stromal-derived factor-1α (SDF-1α).
CXCR4 plays a critical role in tumorigenesis and cancer
progression in various types of cancer.4−6 Some reports
showed that CXCR4 is expressed at a low level or absent in
normal breast tissue but is highly expressed in primary and
metastatic breast tumors.4,7 Based on this concept, CXCR4
antagonists have been developed. For example, CTCE-9908 is
a 17 amino acid peptide that consists of a dimer for the first
eight amino acids of SDF-1α. CTCE-9908 competitively

inhibits the interaction between the CXCR4 receptor and its
ligand SDF-1α.8−10 CTCE-9908 blocks the function of
CXCR4, thus suppressing tumor growth and metastasis in
different mouse tumor models.9−11

The proapoptotic domain D(KLAKLAKKLAKLAK) (des-
ignated KLAK) was developed as an antimicrobial peptide.12

The KLAK peptide forms α-helical conformation distributing
the cationic residues to one side and the hydrophobic residues
to the other, making it amphipathic. The positively charged
KLAK peptide attracts the negatively charged mitochondrial
membrane electrostatically, disrupting the mitochondrial
membrane and releasing cytochrome c, which subsequently
induces apoptotic cell death in a cell-free system.12,13 Thus,
intracellular delivery of KLAK peptide into tumor cells will
exert antitumor properties. However, due to its high polarity,
KLAK does not cross the plasma membrane or enter cells. The
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KLAK peptide has been fused with tumor-homing peptides to
induce receptor-mediated endocytosis and to subsequently
induce apoptosis. Many studies have reported that the KLAK
peptide linked with tumor-homing peptides showed significant
antitumor activity.13−17 Previously, we also demonstrated that
the KLAK conjugate of the leukemic cell-binding peptide from
a phage-displayed random peptide library showed significant
antitumor activity against most of leukemia cells.14,18 The
proapoptotic domain, KLAK, fused with the targeting ligands
such as tumor-homing peptide, antibody, and natural ligand
has gained much attention as one of the molecular-targeted
therapies for cancer and is being developed for clinical
translation.3

In this study, we exploited a CXCR4 antagonist CTCE-9908
and constructed the CXCR4-targeted KLAK conjugate
(CTCE-KLAK). We investigated the in vitro cytotoxic activity
and mode of cell death of the CTCE-KLAK conjugate in breast
cancer cell lines. Furthermore, we examined whether the
CTCE-KLAK conjugate suppresses tumor growth and meta-
stasis in a syngeneic mouse triple-negative breast cancer model.

■ RESULTS
Design of a CXCR4-Targeted Proapoptotic Peptide

Conjugate. CTCE-9908 consists of a dimer for the first eight
amino acids of SDF-1α, where the second Pro residue is
substituted with Gly. To design the potent antitumor agent, we
used the CXCR4 antagonist CTCE-9908 [(KGVSLSYR)2K-
amide] as a breast tumor-homing motif and a proapoptotic
domain, D(KLAKLKAK)2 peptide (Figure 1). CTCE-9908 was

linked to the proapoptotic peptide D(KLAKLKAK)2 through a
glycylglycine linker to form the CTCE-KLAK conjugate
[(KGVSLSYR)2K-GG-D(KLAKLKAK)2]. In addition, we
prepared a CTCE-9908 equivalent analogue CTCE-9908c,
whereby the amido group on middle lysine residue (residue 9)
of CTCE-9908 is replaced with a carboxylate group
[(KGVSLSYR)2K]. For microscopic analysis, we synthesized
green fluorescence analogues (Fam-CTCE-9908c and Fam-

CTCE-KLAK), which attached 5(6)-carboxyfluorescein at the
N-termini of the peptides through a glycylglycine linker.
CTCE-KLAK Exhibits Cytotoxic Activity to Breast

Cancer Cell Lines In Vitro. To evaluate the antitumor
activity of the CTCE-KLAK conjugate, we selected three types
of human breast cancer cell lines (triple-negative MDA-MB-
231, ER-positive/PgR-positive MCF-7, and ER-positive/PgR-
negative MDA-MB-361) and noncancerous mammary epi-
thelial cell line MCF-10A. Western blot analysis indicated that
all these cell lines express the CXCR4 protein at high levels
(Figure 2A). First, we examined that CTCE-9908c can be

taken up by these selected cell lines. As shown in Figure 2B, a
fluorescent-labeled CTCE-9908c (Fam-CTCE-9908c) was
rapidly internalized into all these cells. These data suggest
that the CTCE-9908c peptide can serve as a cell-penetrating
peptide, and it is convenient for intracellular payload delivery.
Next, we evaluated the cytotoxic activity of the CTCE-KLAK
conjugate on the breast cell lines. Cells were incubated with
CTCE-KLAK at different concentrations for 24 h to determine
its cytotoxic activity (Figure 3A). CTCE-KLAK exerted
selective cytotoxicity toward MDA-MB-231 and MCF-7 cells
in a concentration-dependent manner. However, it was not
active against MDA-MB-361 and noncancerous MCF-10A
cells. The unconjugated peptides, CTCE-9908c and KLAK,
had no cytotoxic activity even at high concentration levels
(>100 μM) on all the cell lines, except CTCE-9908c which
significantly affected cell viability of the MCF-10A cells. This
cytotoxicity did not correlate with the expression levels of
CXCR4 in the cell line types (Figure 2A). Therefore, we

Figure 1. Structure of CXCR4-targeting peptides and the
proapoptotic derivatives.

Figure 2. Internalization of the CTCE-9908c peptide in human breast
cancer cells expressing CXCR4. (A) Protein expression of CXCR4 in
human breast cancer (MDA-MB-231, MCF-7, and MDA-MB-361)
and non-neoplastic epithelial mammary MCF-10A cells. Protein was
separated on 10 or 12% SDS-PAGE gel, and the blot was probed with
an anti-CXCR4 monoclonal antibody. (B) Internalization of CTCE-
9908c in the breast cancer or normal cells. Cells were incubated with
20 μM Fam-CTCE-9908c for 3 h, fixed with 4% PFA, and green
fluorescence was observed under a fluorescence microscope. Scale
bars represent 50 μm.
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examined the internalization activity of CTCE-KLAK using a
fluorescent probe Fam-CTCE-KLAK. Fam-CTCE-KLAK was
internalized into MDA-MB-231 and MCF-7 cells but could not
penetrate MDA-MB-361 and MCF-10A cells (Figure 3B).
These data indicate that the cell selectivity of CTCE-KLAK for
cytotoxic activity depends on its internalization into cells.
CTCE-KLAK Induces Non-apoptotic Cell Death in

Breast Cancer Cells. To examine whether CTCE-KLAK
induces apoptosis or necrosis in breast cancer cells, we
investigated morphological features and caspase activation of
the breast cancer cells, as compared with that of apoptosis
inducer cisplatin. First, morphological changes were observed
using a microscope (Figure 4A). Typical apoptotic blebbing
and DNA fragmentation were observed in the cisplatin-treated
cells, whereas in the CTCE-KLAK-treated cells, neither
blebbing nor chromatin condensation was observed, suggesting
necrotic cell death. Next, we investigated the time course of
cell death in the CTCE-KLAK-treated MDA-MB-231 and

MCF-7 cells. At 100 μM of CTCE-KLAK, cell viability
reduced to less than 30% after 0.5 and 3 h in MDA-MB-231
and MCF-7, respectively (Figure 4B). This indicates that the
CTCE-KLAK-treated cells die rapidly, suggesting their cell
death mode is necrosis. Therefore, we measured lactate
dehydrogenase (LDH) released from necrotic cells to confirm
this possibility. The results showed that CTCE-KLAK-treated
cells released significant amounts of LDH within 60 min after
treatment, but the cisplatin-treated cells did not (Figure 4D),
implying that the peptide conjugate induced necrotic cell
death. Furthermore, we analyzed a biomarker of apoptosis;
activation of caspase-3 and caspase-7 and subsequent cleavage
of PARP1 enzyme.19,20 Western blot analysis showed that
cisplatin produced the cleaved fragment of caspase-3, which
indicates activation of the caspase-3 (Figure 5A), but caspase-3
cleavage was not observed in the CTCE-KLAK-treated MDA-
MB-231 cells. Similarly, in the caspase-3-null MCF-7 cells,
CTCE-KLAK did not activate caspase-7 (Figure S2A). In

Figure 3. Cytotoxic activity of CTCE-KLAK and cell-selective internalization of Fam-CTCE-KLAK in breast cancer cells or normal cells. (A)
Cytotoxicity in human breast cancer or normal cells after 24 h of peptide treatment. Cell viability was determined by WST-8 assay. Values are
presented as mean ± SD (n = 3). (B) Internalization of the CTCE-KLAK conjugate in the breast cancer cells (MDA-MB-231 and MCF-7). Cells
were incubated with 20 μM Fam-CTCE-KLAK for 3 h, fixed with 4% PFA, and green fluorescence was observed under a fluorescence microscope.
Scale bars represent 50 μm.
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addition, cisplatin treatment led to the cleavage of PARP1 into
two fragments of 89 and 24 kDa but not CTCE-KLAK
(Figures 5B and S2B). This result indicates that CTCE-KLAK
could not activate the effector caspases (caspase-3 and caspase-
7) and its substrate PARP1 during the cell death process. To
confirm no caspase activation in the CTCE-KLAK-treated
cells, we examined the inhibition of caspase activation with a
pan-caspase inhibitor z-VAD-fmk. Pre-treatment of z-VAD-fmk
did not affect the cell death rate in the CTCE-KLAK-treated
MDA-MB-231 cells (Figure 5C), while it significantly reduced
that of cisplatin (Figure 5D). The same results were obtained
using MCF-7 cells (Figure S2C,D). These data suggest that

caspase activation is not involved in the mechanism of cell
death by the CTCE-KLAK conjugate.
CTCE-KLAK Inhibits Tumor Growth in Mice. To

evaluate the in vivo antitumor activity of CTCE-KLAK, we
examined whether the CTCE-KLAK conjugate inhibits tumor
growth and lung metastasis in a 4T1 breast tumor-bearing
mouse model.21 Mouse 4T1 cells express the same level of
CXCR4 protein as human breast cancer cells (Figure 6A). Like
human MDA-MB-231 cells, CTCE-KLAK exhibited potent
cytotoxicity against 4T1 cells in a dose-dependent manner
(Figure 6B). In contrast, the unconjugated CTCE-9908c and
KLAK peptides were not cytotoxic to the cells. Furthermore,
CTCE-KLAK did not produce cleaved forms of caspase-3,

Figure 4. CTCE-KLAK conjugate induces necrotic cell death in the breast cancer cells. (A) Phase contrast and Hoechst 33342-stained images of
MDA-MB-231 cells treated with 80 μM of CTCE-KLAK or cisplatin for 3 or 24 h, respectively. Scale bars represent 50 μm. (B) Time course of the
CTCE-KLAK-induced cell death in MDA-MB-231 or MCF-7 cells. Cells were treated with 100 μM CTCE-KLAK, and then, cell viability was
determined by WST-8 assay. (C) Cytotoxicity of peptides after prolonged exposure. Cell viability was determined after treatment with 100 μM of
CTCE-KLAK or CTCE-9908c for 48 h. (D) LDH release assay in the CTCE-KLAK-treated MDA-MB-231 or MCF-7 cells. Cells were treated with
20, 60, and 100 μM of CTCE-KLAK or cisplatin at 37 °C for 60 min, and 0.2%(w/v) Tween 20 was used as a control for 100% LDH release.
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caspase-7, and PARP1 in mouse 4T1 cells (Figure 6C), but
cisplatin treatment generated cleavage of all enzymes. These
results are consistent with observations in human breast cancer
cells (MDA-MB-231 and MCF-7), indicating that CTCE-
KLAK induces necrotic cell death, not apoptotic, in mouse
4T1 cells.

To investigate the inhibitory effect of the CTCE-KLAK
conjugate on tumor growth in vivo, we used the 4T1-bearing
syngeneic BALB/c mice. We started the peptide administration
when tumors in mammary fat pads reached a palpable size
(approximately 120 mm3). CTCE-KLAK peptide conjugate
(10 mg/kg body weight/mouse) and peptide mixture
(equimolar mixture of unconjugated CTCE-9908c and
KLAK) were administered via tail vein to mice (intravenous
injection) or directly into the tumor mass (intratumoral
injection) according to the scheme shown in Figure 7A.
Neither the peptide conjugate nor its unconjugated motif
induced hemolysis of red blood cells (RBCs) in mouse blood
(Figure S4). Therefore, administration by the intravenous
route was reasonable. After being intravenously administered 5
times, CTCE-KLAK-treatment groups significantly suppressed
tumor growth compared to control mice that received saline
(Figure 7B). In contrast, the peptide mixture-treated groups
showed no significant inhibitory effect on tumor growth.
Correspondingly, isolated tumor size was significantly reduced
in the CTCE-KLAK-treatment group (Figure 7C,D). Similarly,
intratumoral administration of CTCE-KLAK inhibited tumor
growth in the 4T1-bearing mice but not the mixture (Figure
S3A−C).

CTCE-KLAK Inhibits Pulmonary Metastasis in Mice.
4T1 cells have been used to study breast cancer metastasis. We
examined the inhibitory effect of the CTCE-KLAK conjugate
on pulmonary metastasis by counting the number of metastatic
nodules on the surface of the isolated lungs. One month after
4T1 tumor transplantation, an increase in metastases was
observed in saline-treated control mice (Figure 7E). A
significant reduction (p < 0.01) of 4T1 lung metastases was
observed in the CTCE-KLAK-treated group using intravenous
administration (Figure 7E,F). In contrast, the group
administered with unconjugated peptide mixture did not
significantly reduce lung metastasis. On the other hand, the
reduction in lung metastases was not statistically significant in
the intratumorally injected groups, even in the CTCE-KLAK-
treated group (Figure S3D,E).

■ DISCUSSION
Here, we demonstrated that the CXCR4-targeted proapoptotic
conjugate, CTCE-KLAK, exhibited potent cytotoxicity against
breast cancer cell lines in vitro and significantly suppressed
tumor growth and metastasis in the 4T1 tumor-bearing mouse
model in vivo. These results strongly suggest that CXCR4
ligand-directed intracellular delivery of a cytotoxic drug is an
effective strategy for the therapy of triple-negative breast
cancer.

Treatment of triple-negative breast cancer is challenging due
to limited treatment options, as molecular-targeted therapies
are ineffective, and its significant metastatic potential and poor
prognosis.1−3 In the clinical setting, cytotoxic agents such as

Figure 5. CTCE-KLAK does not activate apoptosis-related enzymes (caspase and PARP1). (A) CTCE-KLAK conjugate did not activate caspase-3,
but cisplatin did in MDA-MB-231 cells. (B) Cleavage of PARP1 in the CTCE-KLAK- or cisplatin-treated MDA-MB-231 cells. (A,B) Cell lysates
were subjected to Western blot with anti-caspase-3, anti-cleaved caspase-3, anti-PARP1, and anti-cleaved PARP1 monoclonal antibodies. An
asterisk (*) represents nonspecific band. (C,D) Effect of the caspase inhibitor z-VAD-fmk on the cytotoxicity of the CTCE-KLAK (C) or cisplatin
(D) in MDA-MB-231 cells. Cells were preincubated with or without z-VAD-fmk (50 μM) for 45 min, then treated with CTCE-KLAK or cisplatin
for 48 h, and cell viability was determined by WST-8 assay. Values are presented as mean ± SD (n = 3). p values were determined using multiple t-
test, ***p < 0.0001; ns, not significant.
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cisplatin and paclitaxel are mainly used for the treatment. To
develop molecular-targeted agents for treating this intractable
cancer, we focused on the chemokine receptor CXCR4 as a
potential target because CXCR4 is involved in metastasis and
is highly expressed in breast cancer cells, especially metastatic
cancer cells.4 In this study, we synthesized the CXCR4-
targeted antitumor peptidomimetic CTCE-KLAK using the
CXCR4 antagonist CTCE-9908. The CTCE-KLAK conjugate
exhibits tumor-selective and potent cytotoxicity against breast
cancer cells, whereas the unconjugated peptides CTCE-9908c
lack cytotoxic activity (Figure 3A). Previous studies showed
that CTCE-9908 does not induce apoptosis but inhibits tumor
cell growth through mitotic catastrophe with long-term
exposure.10,11 Our result is consistent with these data.
CTCE-9908c did not show any cytotoxicity to breast cancer
cells after 48 h treatment (Figure 4C), whereas the CTCE-
KLAK conjugate killed almost all the cancer cells within 6 h
(Figure 4B). These results suggest that the cytotoxic activity is
primarily due to the KLAK motif of the conjugate.
Furthermore, CTCE-KLAK significantly suppresses tumor
growth and lung metastasis in a 4T1-bearing mouse. Systemic
administration of CTCE-KLAK significantly suppressed the
growth of 4T1 tumors. In contrast, the two unconjugated
peptides (CTCE-9908c and the KLAK peptides) did not
suppress, implying that the low dose of CTCE-9908 used in
this study showed no antitumor effect in vivo (Figures 7B−D
and S3A−C). In this study, intravenous administration of

CTCE-KLAK (10 mg/kg/mouse) significantly inhibited lung
metastasis in 4T1-bearing mice. However, the unconjugated
CTCE-9908c peptide (10 mg/kg/mouse) did not (Figures
7E,F and S3D,E) inhibit. CTCE-9908 shows a potent
inhibitory activity in metastasis.22 Higher doses (25 mg/kg/
mouse or more) than those used in these studies8−10,23 may be
necessary to inhibit metastasis. These findings strongly suggest
that the antimetastatic effect of CTCE-KLAK is due to the
cytotoxic ability of the KLAK motif. In addition, an
intratumoral injection of CTCE-KLAK was ineffective for
metastasis. Systemically administered peptides appear to act on
metastatic cells at the tumor site and in the circulation,
eventually reducing their attraction to organs that express high
levels of SDF-1α ligand. The intratumoral injection only allows
a minimal amount of the peptide to enter the systemic
circulation. In summary, the in vivo antitumor activity is
attributed to the cytotoxic activity of CTCE-KLAK rather than
its CXCR4 antagonism.

In this study, we found that the expression level of CXCR4
does not correlate with the internalization of CTCE-KLAK
(Figures 2A and 3B). CTCE-KLAK effectively killed the two
breast cancer cells (MDA-MB-231 and MCF-7) but did not
kill the other cells (MDA-MB-361 and MCF-10A) (Figure
3A). Since the latter cells express CXCR4 protein, they could
take up CTCE-9908c effectively but not the conjugated
CTCE-KLAK (Figures 2B and 3B). The differences in the
cellular uptake of these two peptides are essential to

Figure 6. Cytotoxic activity of the CTCE-KLAK conjugate and CTCE-KLAK-induced cell death in mouse breast cancer 4T1 cells. (A) CXCR4
protein expression in human (MDA-MB-231 and MCF-7) and mouse (4T1) breast cancer cells. Protein was separated on 10% SDS-PAGE gel, and
the blot was probed with an anti-CXCR4 monoclonal antibody. (B) Cytotoxicity of the CTCE-KLAK conjugate in the 4T1 cells. Cells were
incubated with CTCE-KLAK or cisplatin for 24 h, and cell viability was measured by WST-8 assay. (C) Non-apoptotic cell death in the CTCE-
KLAK-treated 4T1 cells. Cells were treated with 50 and 100 μM of cisplatin or CTCE-KLAK for 24 h, and cell lysates were subjected to Western
blot with anti-caspase-3, anti-caspase-7, and anti-PARP-1 antibodies.
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understanding the tumor cell selectivity of CTCE-KLAK. Two
possibilities might explain why the CTCE-KLAK conjugate
was not internalized into MDA-MB-361 and MCF-10A cells.
One possibility is that CTCE-KLAK does not bind to the
CXCR4 due to the involvement of specific molecules that
interfere with these interactions. Alternatively, the KLAK motif
of the conjugate binds to a secondary receptor, inhibiting its
internalization. Besides these two possibilities, a CXCR4-
independent pathway may be involved in the uptake of the
CTCE-KLAK conjugate. Conjugation can alter the bioactive
properties of CTCE-9908, allowing it to bind to other
molecules distinct from CXCR4. These possibilities would be
investigated in the future.

Earlier studies have shown that tumor-targeting peptides
fused with the KLAK domain induce apoptosis, as evidenced
by plasma membrane blebbing, phosphatidylserine external-
ization, and caspase-3 activation.13,14,16,17 The proapoptotic
KLAK motif preferentially translocates to mitochondria and
causes disruption of the mitochondrial membrane and releases
cytochrome c, resulting in mitochondrial-dependent apopto-
sis.13 Rather, we observed that the CTCE-KLAK conjugate
containing the KLAK triggered necrotic cell death in the breast
cancer cells. KLAK conjugate of aminopeptidases N/CD13-

targeting peptide (NGR-peptide-1) induces caspase-independ-
ent cell death in human CD13-positive leukemic cells.24 Cell
death triggered by NGR-peptide-1 is thought to be related to
the influx of calcium and the production of superoxide anions.
Thus, pre-treatment of antioxidant N-acetylcysteine prevents
cell death. However, the CTCE-KLAK-induced cell death was
not inhibited by treating the N-acetylcysteine (data not
shown). CTCE-KLAK-induced cell death may be mediated
by a different mechanism than that of NGR-peptide-1.
Recently, CXCR4 has been identified as a primary receptor
for arginine-rich peptides such as octa-arginine.25 Law et al.
demonstrated that a fusion peptide r7-kla, which consists of the
KLAK and an hepta-arginine, as a cell-penetrating peptide,
induces rapid apoptosis on various cancer cell lines.15

Combined with these results, the KLAK conjugate of CTCE-
9908 must induce apoptosis upon binding to CXCR4, similar
to r7-kla. It remains to be determined where the CTCE-KLAK
conjugate translocates after the intracellular uptake and why
the caspases do not activate. Further investigations are needed
to understand the mechanism of CTCE-KLAK-induced cell
death.

Necroptosis is one form of regulated necrotic cell death.26

Recently, necroptosis-based cancer therapy has been proposed

Figure 7. Inhibitory effect of the CTCE-KLAK conjugate on tumor growth and pulmonary tumor metastasis in mice. (A) Scheme of tumor
induction with mouse 4T1 cells and treatment protocol. 4T1 cells were transplanted subcutaneously into mammary fat pads of female BALB/c
mice. 4T1-bearing mice were administered intravenously 5 times with saline (control), CTCE-KLAK, or a mix of each unconjugated peptide
(mixture, CTCE-9908c and KLAK = 1:1) at a dose of 10 mg/kg body weight. (B) Tumor volumes (n = 5 per group). (C) Comparison of size of
the isolated tumor. (D) Isolated tumor weights (n = 5 per group). (E) Photograph of 4T1 metastasized lung. Yellow arrows indicate surface lung
nodules, a and b represent dorsal and ventral lung views, respectively. (F) Number of lung nodules (n = 3 per group). Values are presented as mean
± SD. p values were determined using one-way ANOVA, *p < 0.05; **p < 0.01; and ns, not significant.
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as a novel antitumor treatment strategy.27,28 Apoptosis-based
therapy using cisplatin, carboplatin, or paclitaxel is the
principal strategy for cancer treatment, but its effectiveness is
limited by drug resistance. Thus, triggering necrosis has
emerged as a novel approach for bypassing apoptosis resistance
in cancer therapy.28 The present study demonstrates that
CTCE-KLAK can induce necrosis in a tumor cell-selective
manner. Therefore, CTCE-KLAK, as a necrosis inducer, could
be a promising therapeutic to overcome apoptosis resistance in
cancer cells. Conversely, chronic inflammatory responses to
necrosis induction can lead to immunosuppression and
promote tumor metastasis, implying that triggering necrosis
might be unfavorable for cancer treatment. While controversy
remains, further investigation of the necrotic pathway of
CTCE-KLAK will lead to a better understanding of necrosis-
based cancer therapy.

■ CONCLUSIONS
In the present study, we demonstrated that CXCR4-targeted
CTCE-KLAK conjugate shows tumor-selective cytotoxic
activity on the breast cancer cells and suppresses both tumor
growth and pulmonary metastasis in the mouse model.
Moreover, CTCE-KLAK induces necrotic cell death in breast
cancer cells. Our findings shed light on new therapeutic
strategies to treat refractory and apoptosis-resistant cancer
diseases. The CXCR4-targeted intracellular delivery of
cytotoxic agents may be a promising platform for treating
triple-negative breast cancer.

■ EXPERIMENTAL SECTION
Cell Culture. Human breast cancer cell lines (MDA-MB-

231-Luc, MCF-7, and MDA-MB-361-Luc) and mouse 4T1-
Luc cells were obtained from the Japanese Collection of
Research Bioresource Cell Bank (Osaka, Japan). Human
mammary epithelial cell line MCF-10A was purchased from
the American Tissue Type Culture Collection (Manassas,
USA). Except for MCF-10A, all the cell lines were maintained
in complete growth medium (10% fetal calf serum, RPMI-1640
medium, 100 U/mL penicillin, and 100 μg/mL streptomycin)
and incubated at 37 °C with 5% CO2. MCF-10A cells were
cultured using the mammary epithelial cell growth medium kit
(PromoCell GmbH, Heidelberg, Germany) as the complete
growth medium.
Peptide Synthesis. All peptides were synthesized by the

standard Fmoc solid-phase strategy using Initiator Alstra
peptide synthesizer (Biotage, Uppsala, Sweden). After cleavage
from the resin, the peptides were purified by reverse-phase
high-performance liquid chromatography (RP-HPLC). The
purity of the peptides was above 95% determined by RP-
HPLC. The molecular mass of the peptides was measured by
AutoFlex II MALDI-TOF MS (Bruker Daltonics, MA). The
abbreviations or assigned names, the sequences, molecular
masses, purity, and chromatographic spectrums for each of the
peptides are shown in the Supporting Information in Table S1
and Figure S1.
In Vitro Cytotoxicity Assay. Cells (2 × 104 cells/100 μL)

were seeded in a 96-well plate and then incubated for 24 h with
various concentrations of peptides (CTCE-KLAK, CTCE-
9908c, and KLAK) or cisplatin for the indicated time.
Cytotoxicity was assessed by measuring the absorbance at
450 nm with a microplate reader for 1−2 h after adding WST-
8 reagent solution (Dojindo, Kumamoto, Japan) according to

the manufacturer’s guidelines. Cell viability of 100% was
calculated by adding phosphate-buffered saline (PBS) as a
control. For apoptosis inhibition assay, cells were pre-treated
with 50 μM z-VAD-fmk, a pan-caspase inhibitor, for 45 min
and then treated with 30, 60, and 100 μM of CTCE-KLAK or
cisplatin for 48 h. Plasma membrane integrity was assessed
based on LDH leakage into the culture medium from cells.
LDH leakage was determined using the LDH-Cytotoxic Test
Wako kit (Wako, Osaka, Japan) by measuring the absorbance
at 560 nm. LDH leakage 100% was assessed in 0.2% (w/v)
Tween 20.
Fluorescence Microscopic Analysis. Cells (3 × 104

cells/well) in an eight-well chamber were incubated with 20
μM of fluorescent-labeled peptides (Fam-CTCE-9908c and
Fam-CECE-KLAK) for 3 h in a complete medium. After
treatment, cells were fixed with 4% paraformaldehyde (PFA)
and incubated with or without Hoechst 33342 at room
temperature for 10 min. Cells were observed under a FSX100
fluorescence microscope (Olympus, Tokyo, Japan).
Western Blot Analysis. Cells (3 × 105) were seeded

overnight in a six-well plate and treated with 50 and 100 μM of
CTCE-KLAK or cisplatin in a complete growth medium and
incubated for the indicated time. Cells were washed with ice-
cold PBS and lysed in the RIPA buffer (Fujifilm, Tokyo, Japan)
containing protease inhibitors (1 mM phenylmethylsulfonyl
fluoride, 10 μg/mL pepstatin A, 10 μg/mL leupeptin, and 10
μg/mL aprotinin). Cell lysates (25 μg) were separated on a
12% SDS-polyacrylamide gel and electroblotted to a
polyvinylidene difluoride membrane. The blots were blocked
with 5% skim milk in PBS for 30 min and probed overnight at
4 °C with following primary antibodies: CXCR4 (1:1000;
60042-1-Ig; Proteintech, Rosemont, IL), caspase-3 (1:1000;
#9662; Cell Signaling Technology, Danvers, MA), cleaved
caspase-3 (Asp175) (1:1000; #9664; Cell Signaling Technol-
ogy), caspase-7 (1:1000; #12827; Cell Signaling Technology),
PARP1 (1:1000; #9542; Cell Signaling Technology), and β-
actin (1:10,000; 60042-1-Ig; Proteintech). Then, the mem-
branes were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies for 2 h, at 4 °C, and specific
protein bands were detected using the Luminata Crescendo
Western HRP substrate (Millipore, MA).

In Vivo Tumor Growth and Pulmonary Metastasis.
BALB/c mice were obtained from the Japan SLC (Shizuoka,
Japan). All experimental procedures were performed according
to guidelines for the Institutional Animal Care and Use
Committee of Sojo University. To develop the tumor mouse
model, 4T1 cells (5 × 105 cells/100 μL PBS) were injected
into the mammary fat pads just beneath the fourth nipple of 5
week old female BALB/c mice under anesthesia.29 When the
tumors reached 120 mm3, the mice were divided into three
groups. For the treatment groups, the mice were administered
with each peptide (3 mg/mL in saline) at 10 mg/kg via
intravenous tail injection or in situ intratumoral injection five
times for 15 days. For the control group, the mice were treated
with saline. Tumor volume (V) was calculated using the
following formula: V = 0.524 × L × W2, where L and W were
the longest and widest diameter (mm) of the tumor,
respectively.30 All mice were sacrificed at the end of the
experiments, and the tumors were incised and weighed. The
lung metastasis was assessed by counting the number of
nodules grown on the lung surface, as described by Hill et al.31

In brief, the lungs of the sacrificed mice were removed and
fixed in 4% PFA overnight. Tumor nodules on the lung were
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counted using digital images of the dorsal and ventral lung
views.
Hemolysis Assay. The effect of CTCE-KLAK peptides on

mouse RBCs was evaluated by a hemolysis assay.32 In brief,
fresh heparinized peripheral blood collected from BALB/c
mice was centrifuged at 1000g for 5 min. RBCs were washed
three times with PBS and prepared in 4% cell suspension in
PBS. 50 μL of diluted RBCs were incubated in a 96-well plate
with 50 μL of various concentrations of each peptide and
incubated for 1 h at room temperature. After centrifugation,
the absorbance of the supernatant was measured at 450 nm.
PBS and 2% (w/v) Tween-20 were used as negative and
positive control, respectively.
Statistical Analysis. Statistical analysis was performed in

GraphPad Prism software 5. Results are presented as the mean
± standard deviation (SD) of n independent experiments. The
statistical significance of results was analyzed using a multiple t-
test and one-way analysis of variance (ANOVA). The statistical
significance was set to p < 0.05.
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