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Novel therapy for locally advanced triple-negative breast cancer
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Abstract. To evaluate a novel therapy for triple-negative breast
cancer (TNBC), the biological responses to vitamin K3 (VK3)
should be considered with the understanding of the features
of breast cancer. In human breast cancer cell lines, the effects
of VK3 on cell growth inhibition and the cellular signaling
pathway were determined by MTT assay and western blotting.
In the in vivo study, a subcutaneous tumor model of breast
cancer was created, VK3 was injected into the subcutaneous
tumors, and tumor size was measured. The ICy, of VK3 for
breast cancer cells was calculated to be 11.3-25.1 uM. VK3
induced phosphorylation of whole tyrosine and epidermal
growth factor receptor. VK3 mediated phosphorylation
of extracellular signal-regulated kinase (ERK) and c-Jun
NH2-terminal kinase (JNK) for 30 min. ERK but not INK
phosphorylation was maintained for at least 6 h. In contrast,
another antioxidant agent, catalase, showed no effect on either
ERK phosphorylation or growth inhibition. On built-up tumors
under the skin of mice, local treatment with VK3 was effective
in a time- and dose-dependent manner, and the experiments
for total tumor volume also showed a dose-dependent effect
of VK3. The expression of phosphorylated ERK was clearly
detected at 10.9 times the control in tumor tissue, whereas
ethanol itself showed no effect. In conclusion, ERK plays a
critical role in VK3-induced growth inhibition, and it will be
the focus of next steps in the development of molecular therapy
for TNBC.

Introduction

Breast cancer remains the most frequent tumor and the leading
cause of cancer-related deaths among the female population
worldwide (1). Breast cancers are classified on the basis of three
protein expression markers: estrogen receptor (ER), proges-
terone receptor (PgR), and human epidermal growth factor
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receptor 2 (HER?2). In the standard chemotherapies, therefore,
agents targeting anti-hormone, anti-HER2 or other expres-
sion of various receptors have been selected (2,3). Hormonal
therapies can be effective in treating tumors that express the
hormone receptors ER or PgR (2), and HER2-directed thera-
pies are useful for tumors that express HER2 (4). However, the
treatment options for triple-negative breast cancers (TNBC),
which do not express ER, PgR or HER2 and are detected in
15% of breast cancers (5), are restricted to chemotherapy, even
for radiation and surgery (6). Actually, only a limited number
of effective treatments are available to patients with advanced-
stage TNBC (7), and prognosis in patients with TNBC is much
worse than that in patients with non-TNBC. For example, the
3-year disease-free rate after certain therapy in patients with
TNBC was 63%, significantly lower than the 76% in those
with non-TNBC (8). Recent studies have identified molecular
subtypes in TNBC from the understanding of biologic hetero-
geneity that are leading to additional potential therapeutic
targets for evaluation (9). However, in this era of personalized
medicine (10), there have been no trials of targeted agents
demonstrating significant benefit for patients with any subtype
of TNBC (11). Local treatment has been the focus recently
as a next step in obtaining further favorable treatments for
TNBC. Indeed, ablation therapy with radiofrequency energy
(12) or cryotherapy (13,14) is an emerging minimally invasive
therapy for small and localized breast cancers. However, the
rate of overall local response is still low, at 48% even when
combined with liposomal doxorubicin for unresectable chest
wall recurrences of breast cancer (15). Further, problematic
complications of skin fibrosis after radiofrequency ablation
continue to occur (6), indicating the difficulty in selecting a
satisfactory device.

Menadione (vitamin K3: VK3) is chemically synthesized
to have anticancer effects against various cancers (16,17), but
its mechanism remains unclear. In vivo studies revealed that
menadione acts as a strong chemo-sensitizer when administered
in combination with various conventional chemotherapeutic
agents in different cancer models (18), and it is active against
doxorubicin-resistant leukemia cells in rats (19). On squamous
cells, VK3 was found to have limited cytotoxic effects on
malignant cells, but not normal tissue, from the observation
in which the half maximal inhibitory concentration (ICs,) for
cancer and normal cells was 8.45 and 98.5 uM, respectively
(18). In several trials of modulated chemotherapy, VK3 has
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so far been combined with the alkylating agent mitomycin C
(20-22). According to the clinical results of 23 patients with
advanced lung cancer, serious complications over grade 3,
such as hematologic toxicity or pneumonia, were detected in
31%, despite an objective response rate of just 9% (21). In addi-
tion, in 43 cases of gastrointestinal cancer, 27% of patients had
side effects over grade 3, such as hemolytic anemia or uremic
syndrome, without any objective responses (22). Because of its
strong toxicity, VK3 has been shown to cause a variety of side
effects when administered systemically. However, local treat-
ment is still expected to lead to satisfactory outcomes for body
surface-type cancers such as breast cancer, even for TNBC.
To evaluate the significance of this novel treatment concept,
the biological responses induced by VK3 should be consid-
ered with the understanding of the features of breast cancer.
Therefore, in the present study, the development of ablation
therapy combined with VK3 will be estimated from not only
observation of the mechanism but also by specific factors to
predict the anti-tumor effect of this therapy.

Materials and methods

Cell lines and culture conditions. Cells from the MCF-7,
SK-BR3, BT474 and MDA-MB-231 human breast carcinoma
cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cell were cultured
in DMEM medium (Wako, Osaka, Japan) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 4 mM non-
essencial amino acid (NEAA), 4 mM L-glutamine and 1%
penicillin-streptomycin-amphotericin solution (all from Sigma-
Aldrich, St. Louis, MO, USA) in a humidified atmosphere of
5% CO,/95% air at 37°C. Cells were passaged once a week.

Cell proliferation assay. Cell growth was assessed by a stan-
dard 3-(4, 5-dimethyl-thiazol-2-yl)-2,5-dephenyltetrazolium
bromide (MTT) assay (23,24), which detects the dehydroge-
nase activity in viable cells. A total of 1x10* MDA-MB-231
cells were seeded into each of the 96-well culture plates
overnight and kept in a humidified atmosphere of 5% CO, and
95% air at 37°C. After 24-h incubation, diluted menadione
(5-100 uM) was added to each well of the culture medium.
After 24, 48 and 72 h, the culture medium was removed,
and 100 u1 of a 0.5-mg/ml solution of MTT (Sigma-Aldrich)
was added to each well. The plates were then incuvated for
4 h at 37°C. The culture medium was replaced with 100 pul
of dymethyl sulfoxide (Wako) per well, and the absorbance at
the 540-nm wavelength was measured using a 2104 EnVision
Multilabel Reader (Perkin-Elmer, Waltham, MA, USA).

Detection of reactive oxygen species (ROS). We used the Total
ROS detection kit® to detect intracellular ROS. A total of
6x10° MDA-MB-231 cells were seeded into each of the 6-well
culture plates overnight and kept in a humidified atmosphere
of 5% CO, and 95% air at 37°C. After 24-h incubation, the
cells were simultaneously treated with an experimental test
agent (or control) and loaded with the same volume of the
ROS detection solution. The ROS detection mix was carefully
removed from the glass slides by gently tapping against layers
of paper towel, or from the tissue culture plates The cells were
washed cells twice with 1X wash buffer, adding a few drops
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of 1X wash buffer, and immediately overlayed with a cover
slip and observed under a fluorescence/confocal microscope
using standard excitation/emission filter sets. Oxidative stress
detection requires a filter set compatible with fluorescein (Ex/
Em: 490/525 nm).

Western blot analysis and antibodies. Treatment of the
specimen was as described previously (25-27). The cell lysate
was boiled in sample buffer solution (Wako). Total cell protein
extracts (20 ug/lane) were separated by sodium dodecylsul-
face-polyacrylamide gel electrophoresis using SuperSep™
(Wako) and were electrophoretically transfected onto poly-
vinyl difluoride menmbranes. The membranes were blocked
with PVDF blocking reagent (Toyobo, Osaka, Japan) for 1 h.
The membrane was then incubated with primary antibodies
against (3-actin, phosphorylated type of extracellular signal-
regulated kinase (p-ERK), c-jun N-terminal kinase (p-JNK),
p-AKT, mammalian target of rapamycin (p-mTOR), hepato-
cyte growth factor receptor (p-cMet), epithelial growth factor
receptor (p-EGFR) and caspase-3 (1:5,000; Cell Signaling
Technology, Danvers, MA, USA) and EGFR inhibitor (1:5,000;
Calbiochem 324674, Merck KGaA, Germany) overnight at
4°C. The primary antibodies were diluted with Can Get Signal
Solution 1 (Toyobo). The membrane were then washed with
Dako washing buffer (Dako, Glostrup, Denmark) and incu-
bated with the appropriate secondary antibodies (1:25,000;
Millipore, Darmstadt, Germany), which were diluted with
Can Get Signal Solution 2. The immunoreactive proteins were
visualized by chemiluminescence using a LAS-4000 (Fuji
film, Tokyo, Japan) and analyzed using ImageJ software (NIH,
Bethesda, MD, USA).

Animals and in vivo experiments. Female 5-week-old
BALB/c nu/nu mice were purchased from SRL (Hamamatsu,
Japan) and housed in the animal facilities of the Division of
Animal Experiment, Life Science Research Center, Gifu
University (Gifu, Japan) with free access to water and food.
A subcutaneous tumor model of breast cancer was created
by injection of 2.0x10” MDA-MB-231 cells into the back of
nude mice as described previously (28). At 21 days after injec-
tion, menadione was injected into subcutaneous tumors and
the tumor size was measured each day. After 3-4 weeks, the
subcutaneous xenografts were injected with PBS, ethanol or
menadione, removed and evaluated by western blot analysis in
an immunohistochemical study. Animal experiments in this
study were performed in compliance with the guidelines of
the Institute for Laboratory Animal Research, Gifu University
Graduate School of Medicine, and the UCCCR Guidelines for
the Welfare of Animal in Experimental Neoplasia.

Statistical analysis. The data were examined using the Student
t-test, Chi-square test, and ANOVA or Kruskal-Wallis test
(with appropriate post hoc analysis for multiple comparisons)
to determine statistical significances. The p-values <0.05 were
regarded as statistically significant.

Results

In vitro experiments for the VK3-induced signal pathway.
The ICs, (#M) of VK3 was calculated as 25.1+0.2, 22.0+0.7,
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Figure 1. Subtypes of human breast cancer cells. (A) Cell proliferation (% of
control) of human breast cancer cell lines showed ICs;s (#M) of VK3 for
MCEF-7 (25.1), SK-BR3 (11.3), BT474 (22) and MDA-MB-231 (17). (B) PCR
assay of several types of breast cancer cell lines. In the treated cell lines,
MCEF-7 and BT474 were found to be hormonal receptor-positive and SK-BR3
to be HER2-positive by PCR.

11.3+0.3 and 17.0+2.7 on MCF7, BT474, SK-BR3 and
MDA-MB-231, respectively (Fig. 1A). Of the treated cell
lines, MDA-MB-231 was typed as TNBC based on PCR
experiments (Fig. 1B) and protein expression by western
blotting (data not shown). Then, the VK3-mediated signaling
pathway on the receptors and cellular factors were examined
for MDA-MB-231 (Fig. 2A). VK3 induced phosphorylation
of whole tyrosine in a time-dependent manner, 1.9+0.1-fold at
5 min, 3.5+0.2-fold at 30 min and 4.2+0.3-fold at 120 min,
compared to the control. Epidermal growth factor receptor
(EGFR) was also activated 1.1-fold at 5 min, but c-Met was
not phosphorylated. Of the cell signaling factors, ERK was
activated in a time-dependent manner, 3.4+0.1-fold at 5 min to
4.5+0.1-fold at 120 min (Fig. 2B). The phosphorylation of both
JNK and mTOR peaked at 1.3-fold at 5 min, and Akt remained
at a plateau of 1.5-fold from 5 to 120 min. Regarding cell cycle-
related factors, accumulation of cyclin D1 was detected at
1.2-fold the control from 12 h by VK3, whereas cyclin Bl was
reduced by 0.65-fold (Fig. 2C). The expression of inactivated
caspase-3 was decreased 0.7-fold, and that of the activated type
of cleaved PARP was increased by 1.2-fold at 6 h (Fig. 2D). As
shown in Fig. 3, the activation of ERK or JNK was not affected
by the EGFR inhibitor even at a concentration adequate to
block EGFR phosphorylation. Next, the effects of antioxidants
on VK3-induced cell signaling and growth were examined
(Fig. 4). L-cysteine was found to inhibit VK3-induced ERK
phosphorylation in a dose-dependent manner; especially,
concentrations of 0.2 mM or more blocked ERK phosphory-
lation completely, and its growth inhibitory action was also
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Figure 2. VK3-induced effect on MDA-MB-231 by western blotting.
(A) Tyrosine, EGFR, AKT and mTOR were activated by VK3 but not by
c-Met (data for AKT and mTOR not shown). (B) After administration of
VK3 (concentration 20 yM), ERK was phosphorylated from 5 min to >2 h.
(C) Accumulation of cyclin D1 was detected 1.2-fold the control from 12 h by
VK3 (10 uM), whereas cyclin Bl was reduced 0.65-fold. (D) The expression
of inactivated caspase-3 was decreased by 0.7-fold and the activated type of
cleaved PARP was increased by 1.2-fold at 6 h.
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Figure 3. VK3 and EGFR-inhibitor. EGFR-inhibitor inhibited EGFR activa-
tion at a concentration of 1.25 uM, and ERK activation at a concentration of
5 uM (data not shown) despite inhibition of JNK activation at a concentration
of 1.25 uM.

inhibited. In contrast, another antioxidant agent, catalase,
showed no effect on either ERK phosphorylation or growth
inhibition, and VK3 generated reactive oxygen species (ROS),
as assessed by fluorescence microscopy compared with the
negative control (Fig. 5).

In vivo experiments in xenograft tumors in mice. On built-up
tumors under the skin of mice created by injection of 1.0x107
MDA-MB-231 cells, local treatment with VK3 was effective
time- and dose-dependently (Fig. 6A). VK3 at 20 and 50 mM
decreased the tumor size to 170.8+96.1 and 161.3+25.0 on
day 1 and 93.3+45.3 and 81.7+34.0 on day 3, respectively. The
experiments for total tumor volume also showed a dose-depen-
dent effect of VK3 (Fig. 6B). At 30 min after injection of VK3,
the expression of phosphorylated ERK was clearly increased
10.9-fold the control in tumor tissue, whereas ethanol itself had
no effect.

Discussion

Drug therapies for breast cancer have been selected on the basis
of the expression of hormonal receptors or HER2, but therapy
for TNBC remains difficult because of its high potential for
malignancy and its drug-resistant ability. In the present study,
VK3 caused cell growth inhibition regardless of the molecular
subtypes from expression of the receptors. VK3 could disrupt
cellular function via two distinct chemical pathways, by gener-
ating ROS and by modifying cellular nucleophiles such as
cysteine residues on proteins. According to these mechanisms,
redox cycling, and arylating potential (27), the mechanisms of
the cellular growth inhibitory effects of VK3 will be argued.
Mitochondria undergo an initial priming phase associ-
ated with hyperpolarization, which leads to an effector
phase during apoptosis. Clinical anticancer drugs can induce
cytotoxicity and the abrogation of proliferative signals though
ROS production in cancer cells (29). ROS are well known to
mediate mitochondrial dysfunction and apoptosis with the
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Figure 4. ERK and JNK inhibition and cell proliferation of VK3 and anti-
oxidant. (A and B) L-cysteine inhibited both ERK and JNK activation (A).
L-cysteine rescued cell death at a concentration of 2 mM when combined
with VK3 (B). (C and D) Catalase suppressed the activation of JNK but did
not inhibit the activation of ERK (C). Catalase did not rescue cell death in
spite of the high concentration compared to L-cysteine (D).

activation of caspase-3 (30), despite the loss of mitochondrial
membrane potential (31). Indeed, activation of caspase-3 was
detected in VK3-treated glioblastoma cells with ROS produc-
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Figure 5. ROS detection. VK3 was capable of ROS generation (red) as shown by fluorescence microscopy.
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Figure 6. Local treatment with VK3 in vivo. (A) In comparison with PBS,
VK3 reduced subcutaneous tumor volume on days 1 and 3 ("p<0.05, “p<0.01).
(B) Western blotting of the subcutaneous tumor shows growth of p-ERK in
the tumor with local injection of VK3.

tion (32). Mitochondrial damage through ROS production not
only induces apoptosis, but it also reduces cell survival factors
(33). Of them, survivin is highly expressed in a variety human
cancer cells but not in normal cells. Because its high level
correlates with more aggressive behavior, decreased response
to chemotherapeutic agents and shortened survival time (34),
the blockage of survivin provides an important strategy for
cancer therapy. Poly (ADP-ribose) polymerase (PARP) is
also one of the DNA repair proteins that has been shown to

be cleaved when cells undergo apoptosis. ROS production was
demonstrated to lead to both survivin inhibition and PARP
protein cleavage (33). The mitochondria-related action is a
main path for cell death (35), indicating that ROS generation
plays one of the critical roles in the VK3-induced cellular
effect (36). The present study showed that VK3 activated the
apoptotic pathway through caspase-3 or PARP cleavage and
arrested the cell cycle (Fig. 2). VK3 was also reported to lead
not only to the generation of ROS but also to growth inhi-
bition with the phosphorylation of ERK (25,26). The agent,
and ROS, that provokes the sustained activation of ERK can
induce the progressive accumulation of death-promoting
factors. Sustained cytoplasmic ERK activity might promote
senescence or autophagy, whereas sustained nuclear seques-
tration of ERK activity might trigger apoptosis (37). From the
evidence that prolonged ERK activation promotes death of
human cancer cell lines (38), the relationship of ERK to cell
growth inhibition was indicated to support the present results.

Protein tyrosine phosphorylation is regulated by a balance
between the action of protein tyrosine phosphatase (PTPase)
and protein tyrosine kinase (PTK) activities. Ligand-induced
phosphorylation usually leads to PTK activity, whereas inhi-
bition of PTPase also induces phosphorylation of cellular
signal protein due to binding at the active site of PTPase
(39). According to a previous report (25), VK3 activates
the signaling pathway by inhibition of PTPase in hepatoma
cells without causing any ligand stimulation, and MAPKs
are commonly activated by the upstream action including
the receptor. However, the present study demonstrated that
ERK and JNK were phosphorylated even under the blocked
condition of the receptor by its inhibitor. Taken together, the
phosphorylation of MAPKs might be mediated by a direct
effect on their PTPase activity. VK3 was also detected to lead
to MAPKSs phosphorylation by a dual system with or without
the receptor signaling pattern. From the experiments with
antioxidant agents, VK3-mediated ERK phosphorylation was
completely inhibited by the thiol antioxidant L-cysteine but
not by the non-thiol agent catalase (Fig. 4), indicating that the
mechanism of sulthydryl arylation (40) is critical. The growth
inhibitory action of VK3 was also antagonized completely by
the thiol antioxidant. Of the cellular signaling factors, ERK is
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usually recognized to relate to cell proliferation (39), whereas
ERK phosphorylation was shown to promote apoptosis or cell
cycle arrest and lead to growth inhibition (26,41). In contrast,
ERK phosphorylation also focuses on ROS-independent
DNA damage that leads to the inhibition of breast cancer
cell growth (29,37). Actually, in melanoma cells, inhibiting
the appearance of a ubiquitin, which is required for protein
ubiquitination related to a key biological event, appeared to
arrest tumorigenesis through ERK phosphorylation (42). A
more recent study (43) showed some keratins, which are a
major component of the cellular cytoskeletal structure, to have
a dependent role with ERK, and blockage of their activation
was found to delay the onset of VK3-induced growth inhibi-
tion. Furthermore, because of their effect on promoting cell
growth, cancer cells are well known to include greatly more
ERK protein than normal cells (44). Thus, VK3 might be more
effective against vigorous cell growth, indicating that VK3
might have an expected therapeutic potential even for TNBC.
To reduce the harmful toxicity of VK3 by considering the drug
delivery system, a VK3 analog compound has been developed
for breast cancer therapy on mice in an in vivo experiment
(33). In parallel with these novel trials, with the aim to improve
the problems of VK3 toxicity systemically, the present novel
concept of VK3 as a local treatment against TNBC may be
accepted clinically as a favorable treatment modality in the
near future.
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