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Abstract: Deregulated expression of molecular of the Notch signaling pathway is observed in malignant tumor.
Notch signaling pathway is activated by a series of catalytic cleavage of the Notch receptor by gamma secretase.
Gamma secretase inhibitor (GSI) have demonstrated clinical activity in patients with solid tumor. Triple negative
breast cancer (TNBC) is related to poor prognosis and a high probability of lung and brain metastases. As first
line therapy for TNBC, doxorubicin is partially effective in TNBC control. An understanding of the mechanisms for
enhancing sensitivity to doxorubicin would be significant for future drug development. We hypothesized that a com-
bination of cytotoxic chemotherapy doxorubicin to inhibit cell proliferation, together with GSI, would result in more
effective outcome than either monotherapy alone. We treated MDA-MB-231 cell lines with doxorubicin and evalu-
ated the monotherapy efficacy and in combination with GSI in both vitro and vivo. GSl-induced proliferation inhibition
and apoptosis was achieved with an induction of PTEN and pro-apoptotic protein Bax expression and suppression
of Notch-1, HES-1, CyclinD1 and anti-apoptotic protein Bcl-2. These results indicate that MDA-MB-231 cells are sus-
ceptible to a GSI, whether alone or in combination with doxorubicin, are correlated with changing of some surrogate
marker. This study demonstrates practicability of combined use of GSI and doxorubicin, and together these results
encourage new therapeutic method in triple negative breast cancer.
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Introduction pathway is activated by combining of the extra-
cellular domain of Notch receptor (Notch-1 to
-4) to Notch ligand families, Delta-like 1, 3 and
4 and Jagged 1 and 2 [7]. Each Notch receptor
is a large single heterodimeric molecular consti-

tuted of extracellular, transmembrane and

Breast cancer is the most common cancer
diagnosed and leading cause of cancer-related
mortality in women worldwide so far [1]. Triple
negative breast cancer (TNBC), which accounts

for approximately 15%-20% of all breast can-
cer, is related to poor prognosis and a high
probability of lung and brain metastases [2-5].
As first line therapy for breast cancer, doxorubi-
cin has the advantages of high efficiency and
broad spectrum, but doxorubicin is partly effec-
tive in cancer control [6]. Therefore it is indis-
pensable to aim at new therapeutic method
and promoting the sensitivity to doxorubicin is
hinge for gaining a better clinical outcome.

Notch signaling pathway mediates various pro-
cesses of cell apoptosis, survival, proliferation,
maintenance of cancer stem cells (CSCs) and
sensitivity to chemotherapy. Notch signaling

intracellular domain. Notch signaling cascade is
activated by releasing the Notch receptor intra-
cellular domain (NICD) through a series of pro-
teolytic cleavages mediated by y-secretase.
Many studies have proved a model in which the
intracellular submit translocates to the cell
nucleus and binds the CSL transcription factor
in a ligand-dependent mode [8]. The NICD-CSL
complex leads to expression of target genes,
including the hairy/enhancer of split (HES) fam-
ily [9, 10], phosphatase and tensin homolog
(PTEN) [11], p241 and Cyclin D1 [12, 13].

Aberrant Notch signaling activation has been
involved in various processes in the initiation
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and progression of malignancies. Notch may
also function as an oncogene and promotes
angiogenesis [14, 15]. Notch-1 was determined
as mouse mammary tumor virus (MMTV) inte-
gration sites in murine mammary tumors [16,
17]. Overexpression of ectopic active Notch-1
intracellular domain resulted in the occurrence
and development of breast cancer [18, 19].
Notch-1 mutations cause some oncogene over-
expression in a part of breast cancer [20] and
depressed Notch activity may change the out-
come of breast cancer [21]. The Notch signal-
ing pathway is therefore a promising therapeu-
tic target for cancer treatment. Notch-1 is also
involved in the occurrence and development of
breast cancer as a downstream target of onco-
genic Ras [22]. Notch signaling activation is
needed for maintenance of tumor stem cell
characteristics, which may play an important
role in cancer relapse after surgery and chemo-
therapy [8]. Notch-1 protein expression was sig-
nificantly upregulated in MCF-7 doxorubicin
resistant cell lines compared with that in doxo-
rubicin sensitive MCF-7 cell lines [23].

In this experiment we attempted to explore the
participation of the Notch-1 signaling pathway
in the sensitivity to doxorubicin in MDA-MB-231
cells. Moreover, we determined the effects of
Notch signaling pathway inhibitor, y-secretase
inhibitor (GSI), in vitro and in vivo and found
that it synergized with doxorubicin in MDA-
MB-231 cell lines. These results suggest that
inhibition of Notch signaling pathway with GSI
could enhance the sensitivity to doxorubicin
treatment.

Materials and methods
Cell lines and tissues

Human breast cancer cell lines (SK-BR-3,
BT549, MDA-MB-231 and MCF-7) were cul-
tured in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS, Gibco) and 100 U/ml
of penicillin and streptomycin in a humified
incubator at 37°C in 5% CO,. Twenty primary
triple negative breast cancer and paired surgi-
cal-margin tissues were acquired from the First
Affiliated Hospital of Chongging Medical
University. All samples were diagnosis with
breast cancer by experienced pathologists. All
patients were informed consent for the
research.
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CCK-8 assay

MDA-MB-231 cell lines were seeded in 96-well
plates at 5000 cells per well in 100 pl medium.
GS| (PZ0187, sigma, final concentration 10
uM), doxorubicin (Sangon Biotech, Shanghai,
China, final concentration 10 ug/mL) or combi-
nation of both were added after adherence of
the cells. 10 pl of CCK-8 was added to each
well 24 h later and the optical density was read
at 450 nm 1 h later. Dimethyl sulfoxide (DMSO,
final concentration < 0.5%) serves as control.
Data were showed as ratios of treated group to
control and repeated for three times.

Protein extraction, Western blot analysis and
antibodies

Cells or tissues were lysed in RIPA buffer
(Beyotime, China) supplemented with PMSF
and protease inhibitors (Roche).The liquid
supernatants were collected after centrifuga-
tion at 14,000 rpm for 15 min at 4°C. The con-
centration of protein was measured using the
Bradford method (Beyotime, China) at 595 nm.
30 pg proteins were loaded on 10% SDS-PAGE.
The protein was transferred onto Nitrocellulose
membrane (Bio-Rad) and the membrane was
blocked in 5% nonfat milk. The membrane was
incubated with primary antibodies in TBST (Tris
buffered saline with Tween) followed by horse-
radish peroxidase-conjugated secondary anti-
body (1:2000, Protein Tech Group, China).
Immunoreactive protein was detected by che-
miluminescence method (BeyoECL Plus, Beyo-
time, China). The results were analyzed by Bio-
Rad software. Antibodies used in this experi-
ment included anti-Notch-1, HES-1 (1:1000,
Cell Signal Technology), anti-pTEN, anti-
cyclinD1, anti-Bcl-2, anti-Bax (1:2000, Abcam)
and anti-B-actin (1:2000, ProteinTech Group,
China).

Flow cytometry analysis of the cell apoptosis

MDA-MB-231 cell lines were seeded in 6-well
plates at 1x10° cells per well. Cells were treat-
ed with GSI, doxorubicin or combination of both
and cultured for 24 h. For cell cycle detection,
the cultured cells were diluted to 5x105%/ml and
fixed with 70% ethanol overnight, followed by
centrifuged with 1000 x rpm for 5 min. After
that, the ethanol was removed and the cells
were washed twice with PBS. Propidium iodide
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Figure 1. Notch-1 and HES-1 expression is increased in MDA-MB-231 cells. (A) Notch-1 and HES-1 levels were
assessed in four breast cancer cell lines by Western blot, with B-actin as a control. A rabbit monoclonal antibody
against Notch-1 and HES-1 was used. Quantitative analysis of Notch-1 (B) and HES-1 (C) expression density is
shown as values of mean + SD. Data are representative of three independent experiments.

A

Notch-lesse — =

8 -actin e i el

e e o =
B 2] o o
1 1 1 ]

Notch-1 protein

o
[X)
L

C N

C N

* %k

e
=)

(PI) staining was added and mixed, then incu-
bated at 4°C for 60 min. Cell cycle was detect-
ed by flow cytometry (FACS Vantage SE, BD).
For apoptosis analysis, cells were incubated
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Figure 2. Notch-1 expres-
sion is increased in triple
negative breast cancer.
A. Notch-1 levels were de-
tected in surgical samples
from 20 triple negative
breast cancer patients by
Western Blot. B. Quantita-
tive analysis of Notch-1 ex-
pression density is shown
as values of mean + SD
(***P < 0.001, C: triple
negative breast cancer; N:
normal tissue).

with annexin-V-fluorescein
isothiocynate (FITC) at ro-
om temperature for 15 min
in the dark. Flow cytometry
was performed immediate-

ly.
Studies in vivo

Athymic female nude mice
(3 mice/group, 6-8 weeks
old) were used for the
tumor xenograft models.
1x10° MDA-MB-231 cells in
the volume of 100 pl of
PBS was injected subcuta-
neously into the right pos-
terior legs of mice. Treat-
ment was initiated when
tumors were palpable. The

nude mice were either treated with PBS, 5 mg/
kg of GSI or 5 mg/kg of doxorubicin or combina-
tion of both by intraperitoneal injection once
weekly for four weeks. Tumor volume and total
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body weight were measured every three days,
and tumor volumes were calculated by the for-
mula Tumor Volume (TV) = Length x Width?/2.
Drug toxicity was monitored by weight loss.

Data analysis

One-way ANOVA was used to determine if there
was a significant difference among groups.
Paired two-sided Student’s t test was used for
comparisons between two groups. P < 0.05
were considered statistically significant.

Results

Elevated Notch-1 expression in human breast
cancer cell lines and tissues

We first measured Notch-1 level in human
breast cancer cell lines by Western blot. The
increase expression of Notch-1 and HES-1 in
MDA-MB-231 compared the other three cell
lines was observed (Figure 1A-C). So we select-
ed MDA-MB-231 cell lines to perform the fol-
lowing assays and explore the biological behav-
ior of triple-negative breast cancer (TNBC) by
cell-based approach. The Notch-1 protein
expression was significantly higher in 20 cases
of triple negative breast cancer tissues
(0.72+£0.12) compared to the paired surgical-
margin tissues (0.38+0.08) (Figure 2A, 2B).
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Figure 3. GSI enhances the cell inhibition effect of
doxorubicin in vitro. A. Cells were treated with the
indicated concentrations of GSI and cell viability
were analyzed 24 h later by CCK-8 assay. B. Cells
were treated with 10 uM of GSI and cell viability were
analyzed at different time by CCK-8 assay. C. Cells
were treated with DMSO as control, 10 uM GSI, 10
ug doxorubicin or their combination and cell viability
were analyzed 24 h later by CCK-8 assay. Data are
shown as values of mean + SD (*P < 0.05; ***P <
0.001).

These results suggest that elevated expression
of Notch-1 may contribute to tumor develop-
ment in triple negative breast cancer.

GSI enhances the cell inhibition effect of doxo-
rubicin in vitro

The inhibition effect of GSI of increasing con-
centration at different time was evaluated in
MDA-MB-231 cell line by CCK-8 assay (Figure
3A, 3B). A dose dependent inhibition of cell
viability was observed after GSI treatment as
compared to controls. Figure 3A, 3B shows a
40% inhibition in proliferation in MDA-MB-231
cell line at concentrations of 10 uM at 24 h.
Since 10 uM GSI could inhibit cell growth effec-
tively, this concentration was used in the follow-
ing experiment.

We sought to determine whether GSI could
enhance the effect of chemotherapeutics doxo-
rubicin. As shown in Figure 3C, the cells exhib-
ited greater growth inhibition with combination
therapy than single-agent GSI or doxorubicin
alone.

GSI in combination with doxorubicin promotes
cell apoptosis in vitro

Cell apoptosis was examined 24 h after GSI,
doxorubicin or combination of both was added

Int J Clin Exp Pathol 2015;8(5):4378-4387
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in MDA-MB-231 cell lines by Annexin-V-fluo-
rescein isothiocynate (FITC) staining assay. The
apoptotic rate of GSI group (19.36+3.89%) was
increased significantly compared with DMSO
(5.20+1.53%) (Figure 4A, 4B). And the apopto-
sis rate of combination group (57.71+2.49%)
were much higher than that of GSI (19.36
+3.89%) or doxorubicin (32.95+1.70) alone
(Figure 4A, 4B). Therefore, these data suggest
that GSI may functions as a significant promot-
er of cell apoptosis.

GSI in combination with doxorubicin lead to
cell cycle recession in vitro

The effects of GSI and doxorubicin on cell cycle
was examined by Pl staining and flow cytomet-
ric analysis. DNA histograms of data showed
that the cell number of GSI group in G1 phase
(44.76+£0.42%) was greater than that of DMSO
group (37.83+0.20%), and the cell number of
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combination group in G1 phase (63.55+2.45%)
was greater than that of doxorubicin group
(57.65+£2.88%) (Figure 5A, 5B). This result
showed that the recession of cell cycle might
be the reason for the inhibition of cell growth in
drug treatment group.

GSI enhances doxorubicin antitumor activ-
ity through the regulation of Notch-1, HES-1,
PTEN, CyclinD1 and Bcl-2 family

After administration of a single dose of doxoru-
bicin or combination with GSI, the expression of
the Notch-1 and Notch target gene HES-1,
PTEN and CyclinD1 was analyzed by Western
Blot. As shown in Figure 6, the antitumor activ-
ity of GSI was associated with an inhibition in
Notch-1 and Notch target gene HES-1, CyclinD1
and increased PTEN, when compared to doxo-
rubicin treatment alone. Considerate the incre-
ased cell apoptosis after drug treatment, we

Int J Clin Exp Pathol 2015;8(5):4378-4387
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Figure 6. GSI in combination with doxorubicin GSI alter the expression of
Notch-1, HES-1, PTEN, CyclinD1 and Bcl-2 family. Cells were treated with DMSO
as control, 10 yM GSI, 10 pg doxorubicin or their combination and the total pro-
tein lysates were probed with Notch-1, HES-1, PTEN, CyclinD1 and Bcl-2 family
antibodies.
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Figure 5. GSI in combination
with doxorubicin leads to cell
cycle recession in vitro. A. Cells
were treated with DMSO as
control, 10 M GSlI, 10 pg doxo-
rubicin or their combination
and cell cycle were analyzed
24 h later by flow cytometry. B.
Data are shown as values of
mean = SD (*P < 0.05).

investigated whether Bcl-2
family, which function as
significant regulator in cell
apoptosis progress [24],
were involved in the func-
tion of GSI in MDA-MB-231
cells. Combined treatment
led to a significant decr-
ease in the anti-apoptotic
protein Bcl-2, while the
pro-apoptotic protein Bax,
increased obviously. These
results indicate that GSI
and doxorubicin treatment
inhibits MDA-MB-231 cell
growth may via inhibiting
Notch-1 signal pathway and
altering the Bcl-2 family
proteins level.
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GSI enhances doxorubicin antitumor activity
in vivo

Our in vitro data suggest that GSI and doxorubi-
cin together targets the Notch-1 signaling path-
way in MDA-MB-231 cell lines. To extend these
findings, we explored the antitumor effect of
GSIl as a monotherapy and in combination with
doxorubicin in mice harboring MDA-MB-231
cell lines xenografts. Mice were treated with
PBS, GSI, doxorubicin or both agents together.
Monotherapy with GSI or doxorubicin impeded
tumor growth of MDA-MB-231 cell lines xeno-
grafts compared with control group (Figure 7A,
7B). Enhanced antitumor activity was observed
in mice treated with the combination of GSI and
doxorubicin, compared with GSI or doxorubicin
alone (day 21), respectively (Figure 7A, 7B).
Combined treatment with GSI and doxorubicin
reduced body weight about 20% (Figure 7C);
while single agent had no significant signs of
toxicity, indicating that the combined treatment
is stressful for the mice, but tolerated.

These results indicate that administration of
GSI or doxorubicin alone only partially inhibited
tumor volume, compared to PBS group. Com-
bined treatment had a synergic antitumor
effect compared to each single agent. And a
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Figure 7. GSI enhances the tumor suppressor ef-
fect of doxorubicin in vivo. A. Athymic mice were im-
planted with MDA-MB-231 tumors and mice (n = 3)
were treated with GSI (5 mg/kg), doxorubicin (5 mg/
kg), GSI plus doxorubicin in combination or PBS, as
described in the Materials and Methods. 24 h after
the final treatment, tumors were excised. B. Tumor
volume was measured every 3 days and the mean tu-
mor volume was plotted against time in days. C. Total
body weight were measured every 3 days and drug
toxicity was monitored by weight loss (*P < 0.05; **P
< 0.01).
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significant weight loss was observed in com-
bined treatment group.

Discussion

Standard chemotherapy reduces the prolifera-
tion of tumor cells but rarely results in a cure.
Doxorubicin is one of the most common chemo-
therapeutic drugs and partly effectiveness
results in treatment failure in breast cancer
patients. Notch signaling pathway is a con-
served pathway that has been involved in the
determination of cell fate and self-renewal of a
variety of cancer cells. Researches confirm
Notch-1 exert an influence in tumor metastasis
and proliferation in vivo [25]. The increased
expression of Notch-1 in breast cancer has
been associated with malignant tumor behav-
ior and poor prognosis.

Notch signaling pathway is activated by the
binding of ligands to receptors and releasing
the intracellular domain of the Notch receptor
(NICD) through a series of cleavages by
y-secretase. Notch-1 was mainly located in the
cell membrane and the cytoplasm and cleaved
Notch-1 (NICD) moved to the nucleus was con-
sidered the active form.

Int J Clin Exp Pathol 2015;8(5):4378-4387
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It is well established that Notch signal pathway
play a key role in resistance to standard chemo-
therapy and radiation therapy. Significantly
upregulated Notch-1 protein was found in
MCF-7 doxorubicin resistant cell lines com-
pared with that in doxorubicin sensitive MCF-7
cell lines [23]. The Notch signaling pathway
downstream target HES-1 regulates Glil
expression and Hedgehog signaling pathway
providing a new mechanism of chemotherapy
resistance [26].

Some studies have detected increased Notch-1
and downstream gene HES-1 expression in
human breast tumors by immunohistochemis-
try, polymerase chain reaction (PCR) or Western
Blot. In this study, we confirm that Notch-1 and
HES-1 is expressed at high degrees in MDA-
MB-231 cell lines compared the other three cell
lines detected by Western blot (Figure 1). So we
selected MDA-MB-231 cell lines to perform the
following assays and explore the biological
behavior of triple-negative breast cancer
(TNBC) by cell-based approach. TNBC is an
aggressive breast cancer, which lacks expres-
sion of estrogen receptor (PR), progesterone
receptor (PR) and human epidermal growth fac-
tor receptor-2 (HER-2), with overlap with basal-
like breast cancer. We find that Notch-1 is
upregulated in primary human triple-negative
breast cancer (TNBC) tissues than surgical-
margin tissues (Figure 2). These data provided
evidence that Notch-1 signaling pathway is
active in human breast cancer.

y-secretase inhibitors (GSI) are an effective
agent to blocking Notch signaling pathway. In
general, the GSl-directed clinical therapy is
modest. We observed a significant inhibition of
cell viability with GSI, further proving that the
activation of Notch signaling pathway is neces-
sary for the proliferation of MDA-MB-231 cells.
We also explored the antitumor effects medi-
ated by GSI and doxorubicin. Expectedly, we
find combined treatment inhibits cell viability
and promotes apoptosis (Figures 3-5), which
are essential for cell fate. While single agent
GSI was effective, combination therapy with
cytotoxic chemotherapy doxorubicin resulted in
obvious synergistic antitumor in MDA-MB-231
cell lines xenografts (Figure 7A, 7B).

Combined treatment downregulates Notch-1,
HES-1, CyclinD1 and anti-apoptotic protein
Bcl-2 and upregulates PTEN and pro-apoptotic
protein Bax in MDA-MB-231 cell lines. PTEN is
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thought to be transcriptionally repressed by
Notch-1.These changes correlated cell prolifer-
ation depression and led to an increase in cell
apoptosis. These data suggest that Notch-1
signaling pathway could influence the biology
behavior of MDA-MB-231 cells. This may be
clinically significant, because it will identify
breast cancer patients who would benefit from
GSI treatment based on the change of these
molecular levels. Since GSI inhibits cleavage of
all Notch receptor families, these results may
not be due to exclusive Notch-1 signaling path-
way. Based on the results, we believe that GSI
could be a highly effective method in sensitiz-
ing MDA-MB-231 cells to doxorubicin in a clini-
cal setting.

Early phase clinical trials of GSI or monoclonal
antibodies blocking Notch signaling pathway
have been underway in non-small cell lung can-
cer, thyroid cancer and desmoids [27].
Unfortunately the gastrointestinal side effects
have impeded the clinical use of GSI [28, 29].
Combined treatment reduced body weight
about 20% (Figure 7C), while no drug related
death was observed in our research, indicating
that the combined treatment is stressful for the
mice.

At present there is no recognized biomarker
which is correlated with GSI therapy. We plan to
identify biomarkers to estimate the response to
GSl in future research, which may be significant
in clinical trials. The identification of patients
which are effective to GSI, especially combined
with other chemotherapeutic agents, may have
great significance in breast cancer therapy. In
general, our work provides evidence for further
explore of the clinical effectiveness of GSI in
breast cancer.
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