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Abstract

Purpose Triple-negative breast cancer (TNBC) has a poor prognosis because of limited treatment options. The combina-
tion of a poly ADP ribose polymerase (PARP) inhibitor with a DNA-damaging agent has shown promise in treating TNBC;
however, not all patients respond to this combination. The Src protein kinase modulates multiple cancer cell properties and
plays a key role in tumorigenic processes. However, Src inhibitors as single agents have shown limited effects in solid tumors.
Here, we examined the antitumor effects of the Src inhibitor dasatinib, the PARP inhibitor veliparib, and the DNA-damaging
agent carboplatin in TNBC models to try and identify the combination with the most clinical potential.

Methods Dasatinib, veliparib and carboplatin were tested in TNBC cells in vitro and in xenograft tumors in vivo.

Results Surprisingly, treatment with the combination of veliparib plus carboplatin led to an increase in Src phosphoryla-
tion. Importantly, dasatinib attenuated Src overexpression induced by veliparib plus carboplatin and further inhibited the
downstream signaling of Src. In xenograft models, the triple combination of dasatinib with veliparib plus carboplatin showed
greater tumor growth inhibitory effects compared with single agents or double combinations. No systemic toxicity was
observed in mice treated with the triple combination.

Conclusions This study emphasizes the merit of evaluating the triple combination therapy, dasatinib with veliparib plus
carboplatin, in TNBC clinical trials.
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Abbreviations Introduction

TNBC Triple-negative breast cancer

PARP  Poly ADP ribose polymerase Breast cancer is a heterogeneous disease with different
HR Homologous recombination molecular phenotypes, clinical features, and responses to
IHC Immunohistochemistry treatment [1-3]. TNBC accounts for approximately 15-20%
pCR Pathological complete response of diagnosed breast cancers and depends on the accurate

assessment of the status of the estrogen receptor (ER), pro-
gesterone receptor (PR), and human epidermal growth fac-
tor receptor 2 (HER?2) [4]. Although the identification of
gene mutations and signaling pathways over the past decades
has facilitated a major effort to discover actionable molecu-
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germline mutations are found in approximately 10-20% of
TNBC patients, resulting in somatic deficiencies in homolo-
gous recombination (HR), the so-called “BRCAness” pheno-
type [6]. Proteins encoded by BRCA I/2 function at different
stages in the DNA damage response (DDR) and in DNA
repair [7]. PARP produces poly (ADP ribose) (PAR) that
plays an important role in DNA repair, cell differentiation,
chromosomal instability, and gene regulation [8]. BRCA1/2-
deficient cells show increasing sensitivity to PARP inhibitors
[9], and a proof-of-concept trial provided a favorable thera-
peutic index for PARP inhibition in advanced breast cancer
patients with BRCAI or BRCA2 mutations [10].

Several PARP inhibitors are currently being evaluated in
clinical trials in TNBC patients with a deficient HR pathway.
The phase 3 OlympiAD trial, in which a PARP inhibitor
(olaparib) was compared with physician’s choice chemother-
apy in the treatment of metastatic germline BRCA-mutated
breast cancer patients, reported a significant improvement in
median progression-free survival (PFS) in patients treated
with the PARP inhibitor [11]. Conversely, since there are
poor responses in BRCA-proficient tumors to monotherapy
with PARP inhibitors, appropriate therapies in the future
could involve the combination of PARP inhibition with cyto-
toxic DNA-damaging agents and/or with molecular targeted
agents.

Our previous preclinical study showed that the combina-
tion of a PARP inhibitor (veliparib) with carboplatin resulted
in better in vivo antitumor effects compared with veliparib
or carboplatin as single agents in TNBC xenograft models
with or without a BRCA-mutation [12]. More recently, PARP
inhibitors have shown potential in increasing the sensitiv-
ity of tumor cells to platinum-based agents and providing
a therapeutic benefit to patients with advanced malignan-
cies, whether they had mutations in BRCA or DNA repair
pathway genes. However, over 40% of patients did not have
a pathological complete response (pCR) to the combination
[13-15].

Src family kinases (SFKs) are non-receptor tyrosine
kinases that include Src and Lyn, which have been impli-
cated in oncogenesis. SFKs regulate multiple cancer cell
processes including cell cycle progression, survival, and
metastasis [16]. Elevated Src protein activity has been
shown to lead resistance to PI3 K inhibitors [17], whereas
PI3K inhibition sensitizes TNBC to PARP inhibitor [18].

Dasatinib is an orally active small molecule inhibitor
of both the Src and Abl proteins that is currently approved
for the treatment of acute lymphoblastic leukemia (ALL)
and chronic myelogenous leukemia (CML). Dasatinib has
also shown activity against epithelial tumor cells, including
human ovarian, lung, and breast cancer cells [19]. However,
in a phase 2 clinical trial in which dasatinib was adminis-
tered as a monotherapy, it failed to demonstrate significant
efficacy in TNBC patients [19, 20]. The use of Src inhibitors
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in novel combinations may enhance their therapeutic poten-
tial. Dasatinib has been reported to increase the sensitivity of
ovarian cancer to carboplatin and the combination was safe
[21]. Currently, clinical trials in TNBC patients are under-
way that employ dasatinib as a single agent (NCT01471106)
or in combination with other drugs (NCT01015222). Taken
together, the properties of dasatinib make it a promising
component of multi-drug regimens when combined with
PARP inhibitors plus cytotoxic agents [17, 18, 21, 22].

In this study, we evaluated dasatinib, veliparib, and car-
boplatin as single agents, in double combinations, and as
a triple combination in TNBC cells in vitro and in tumors
in vivo. We studied the effects of these agents on Src activity
in TNBC cell lines and on tumor growth in mouse xenograft
models. Here, we provide novel evidence that veliparib com-
bined with carboplatin drives Src activation in the preclinical
models tested. Moreover, we provide provocative in vitro
and in vivo data indicating the potential for increasing thera-
peutic efficacy by combining dasatinib with veliparib and
carboplatin in TNBC.

Materials and methods
Antibodies and reagents

Antibodies against p-AKTS473, p—AKTT308, AKT, cleaved
caspase 3AspI75 caspase 3, p-ERKT202/Y204, ERK, Ki-67,
p275iP! cleaved PARPA*P?!4 PARP, pS6 RPS235-2% S6 RP,
p-Src¥*18 p-Src¥>?7 and Src (Cell Signaling Technology,
Danvers, MA, USA), and CD31, cyclin D1, and beta-actin
(Abcam, Cambridge, MA, USA) were used in the study.
Dasatinib and veliparib were kindly supplied by the National
Cancer Institute (NCI, Bethesda, MD, USA) and PP2 was
purchased from Selleck Chemicals (Houston, TX, USA).
In vivo studies were carried out using dasatinib and veli-
parib purchased from Selleck Chemicals, and carboplatin
was purchased from the Avera McKennan Hospital Phar-
macy (Sioux Falls, SD, USA). All common reagents were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA) or Sigma-Aldrich (St. Louis, MO, USA).

Cell lines and cell culture

BT-20, HCC70, HCC1937, MDA-MB-231, and MDA-
MB-468 TNBC cell lines and human umbilical vein endothe-
lial cells (HUVEC) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA), and the
TNBC cell line SUM149PT was procured from Asterand
Bioscience Inc. (Cambridge, MA, USA). Cells were cultured
according to the standard protocols.
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Proliferation assay

Proliferation was determined using the CellTiter 96 Aqueous
One Solution Cell Proliferation Assay (MTS) kit (Promega,
Madison, WI, USA), as per the manufacturer’s protocol.
Cells (at least in triplicate) were treated and incubated at
37 °C for 96 h before adding the MTS reagent. Absorbance
was assessed at 570 nm using a microplate reader (iMark;
Bio-Rad, Hercules, CA, USA).

Cellular apoptotic assay

After treatment, cells were rinsed in PBS and released from
wells using trypsin. Cells were resuspended in Annexin V
binding buffer and stained with 5% Annexin V-PE and 5%
7AAD (BD Biosciences, Franklin Lakes, NJ, USA). Cells
were run in triplicate on an Accuri C6 flow cytometer and
BD Accuri C6 software was used to analyze results.

Western blot analysis

For total protein extraction, cells were collected immediately
before use in cold lysis buffer containing a protease inhibi-
tor cocktail. Protein concentrations were determined using
a Bio-Rad protein assay kit. Equal amounts of protein were
resolved on a 4-20% SDS-PAGE (Bio-Rad) and transferred
to a nitrocellulose membrane. Membranes were then incu-
bated with the respective antibodies. Beta-actin was used as
a loading control [22].

Clonogenic growth assay

The three-dimensional (3D) ‘on-top’-colony assay was
standardized with little modification from the published
protocol [12, 23]. The clonogenic assay was performed for
96 h using matrigel as the matrix. Pictures of live colonies
were taken using an Olympus XM10 digital camera.

Tube formation assay

HUVECs were added to the wells containing solidified
matrigel (250 pl), treated with compounds, and incubated
at 37 °C in 5% CO, atmosphere. Photomicrographs were
taken at 4, 6, and 18 h [22].

Xenograft model and in vivo treatment response

In vivo efficacy of drug combinations was evaluated in
athymic mice bearing established xenograft tumors follow-
ing Institutional Animal Care and Use Committee (IACUC)
guidelines. Cells in saline (5 X 10° MDA-MB-231 cells;
2 % 10° MDA-MB-468 cells; 5 x 10° SUM149PT cells) were
suspended in matrigel (50:50) and injected subcutaneously

into the flank of immunocompromised female nude (nu/nu)
mice (Taconic Farms, Inc., Germantown, NY, USA).

After implantation of cells into mice, tumors were moni-
tored until they reached mean tumor volumes of ~200 mm?
and were distributed into groups of five to eight mice/group
(see details in Table 2), ensuring that each group had equiva-
lent mean tumor volumes prior to initiating dosing. Tumor
measurements were determined using digital calipers and
tumor volume was calculated using the formula (L X Wz)/2,
where L and W are the major and minor diameters (in mil-
limeters) and expressed as mean tumor volume (mm3).
Mice with tumor volumes > 2,000 mm?> or with losses in
body weight of 20% or more from their weight at the start of
treatment were killed as per institutional IACUC guidelines.

Immunohistochemical analysis (IHC)

Deparaffinized and rehydrated tissue sections were subjected
to antigen retrieval using an IHC-Tek Epitope Retrieval
Steamer Set (IHC WORLD, Ellicott City, MD, USA) and
then incubated in Dual Endogenous Enzyme Block solution
(Dako, Carpinteria, CA, USA). To detect specific staining,
tissue sections were treated with EnVision + Dual Link Sys-
tem-HRP (DAB +) (Dako). Matched IgG (Dako) was used as
a negative control. Image acquisition was performed using
an Olympus DP72 camera and CellSens software. Magnifi-
cation was 400X (scale bars are ~20 pm).

Statistical analysis

ANOVA test was employed to compare the mean of each
treatment group with the mean of every other group using
GraphPad Prism 6 software. P values of < 0.05 were consid-
ered statistically significant for all tests.

Results

Sensitivity of TNBC cells to dasatinib as a single
agent or in combination with veliparib and/
or carboplatin

The goal of the first part of this study was to test the activ-
ity of Src in a panel of TNBC cell lines containing muta-
tions in the commonly mutated oncogenes and to compare
the inhibitory effect of dasatinib on the growth of TNBC
cells. Molecular characteristics of the cell lines are sum-
marized in Table 1. Cells were treated with increasing doses
of dasatinib as single agent or with the triple combination
of dasatinib (increasing dose) with veliparib (fixed does
at 10 uM) and carboplatin (fixed does at 10 uM) for 96 h.
Cell growth was quantified using the MTS assay. KRAS/
BRAF-mutated MDA-MB-231 cells were highly sensitive

@ Springer



1244 Cancer Chemotherapy and Pharmacology (2019) 84:1241-1256
Table 1 Proli.fer atior.l assay Cell line Dasatinib ICy, Dasatinib ICs, p value Molecular characteristics
results (96 h incubation) (1M = SD) (in combination)

BT-20 N/A N/A N/A PIK3CA-mutated

HCC70 8 +0.05 0.3 +0.02 < 0.00001 PTEN null

HCC1937 0.3 +0.02 0.06 +0.01 < 0.00005 BRCAI-mutated, PTEN null

MDA-MB-231 0.07 = 0.02 0.06 + 0.01 0.48182 KRAS/BRAF-mutated

MDA-MB-468 4 +0.06 7+0.02 < 0.00001 PTEN null

SUM149PT 3+0.02 0.008 + 0.00 < 0.00001 BRCAI-mutated, PTEN null

ICs5, half maximal inhibitory concentration, N/A ICs, was not reached, SD standard deviation

Dasatinib ICs;, (in combination): dasatinib (uM) combined with veliparib (10 pM) plus carboplatin (10
puM). Assays were done in triplicate (n = 3), all p values are from #-test using the Holm-Sidak method of

GraphPad Prism 6

to dasatinib alone with an ICs, of 0.07 uM. Other cell lines
were less responsive to dasatinib as a single agent including
HCC70, HCC1937, MDA-MB-468, and SUM149PT with
ICs, values of 8, 0.3, 4, and 3 uM, respectively, whereas an
IC5, was not reached with PIK3CA-mutated BT-20 cells.
Interestingly, ICs, values for dasatinib in combination
with veliparib and carboplatin were notably decreased in
HCC1937, SUM149PT, and HCC70 cell lines (0.06, 0.008,
and 0.3 uM, respectively). The combination of agents did not
enhance the sensitivity of BT-20 cells to dasatinib (Table 1,
Supplementary Fig S1).

We next evaluated whether dasatinib was inhibiting
Src signaling by western blot analyses. As seen in Fig. 1a,
dasatinib effectively inhibited p-Src¥*¢ activity in a dose-
dependent manner. We also observed that p-SrcY*!¢ inhi-
bition was induced with PP2 (a “selective” Src inhibitor,
Fig. 1a). Of note, a similar inhibition of Src phosphorylation
has been seen in PIK3CA-mutated BT-20 and PTEN null
HCC70 cells, which were less responsive to dasatinib as a
single agent in the MTS assay. This is consistent with previ-
ous studies that showed that inhibition of cell proliferation
by dasatinib did not correlate with inhibition of Src activity
[24]. Based on these results, we selected two concentrations
of dasatinib, 10 nM and 50 nM that can induce inhibition of
Src activity, for our in vitro studies.

Dasatinib attenuated Src activity caused
by veliparib plus carboplatin in vitro and in vivo

Western blotting was conducted to measure total and phos-
phorylated levels of the Src protein following treatment with
dasatinib alone or in combination with veliparib and car-
boplatin. Surprisingly, veliparib plus carboplatin increased
SrcY#® phosphorylation in PTEN null HCC70, MDA-
MB-468, and BRCA-mutated and PTEN null HCC1937
cells, as well as in KRAS/BRAF-mutated MDA-MB-231 and
SUM149PT cells. This increased Src activity was attenu-
ated by adding dasatinib to the combination of veliparib and
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carboplatin (Fig. 1b). We also investigated the activity of
p-Src on Y527, which is an inhibitory phosphorylation site.
Interestingly, increased phosphorylation at this site was also
induced by veliparib plus carboplatin treatment in HCC70,
HCC1937, MDA-MB-231, MDA-MB-468, and SUM149PT
cells, and the phosphorylation of Y527 was inhibited by add-
ing dasatinib (Fig. 1b). Our finding was consistent with those
of previous reports showing that C-terminal Src kinase of
p-Src¥3?7 can be blocked by dasatinib through nonspecific
inhibition [16, 25].

To further confirm the in vivo efficacy of dasatinib as a
single agent or in combination on Src expression in TNBC,
we performed THC with the anti-p-SrcY*!® antibody on
formalin-fixed, paraffin-embedded (FFPE) tumor sections
from xenograft models. Tumors treated with dasatinib alone
exhibited a significant decrease in p-SrcY*!® expression in
all three models. The double combination of dasatinib and
carboplatin also induced an obvious inhibition of p-SrcY*!¢
expression in MDA-MB-231 tumor cells, and further
decreases in p-SrcY*!® expression were observed using the
triple combination in all three models. Of note, increases
in p-SrcY#!6 expression occurred in KRAS/BRAF-mutated
MDA-MB-231 tumor cells induced by the combination of
veliparib and carboplatin, which was consistent with our
in vitro results (Fig. 1c, Supplementary Fig S2a).

Combination of dasatinib and veliparib

plus carboplatin leads to blockade of oncogenic
signaling pathways and inhibits proliferation
of TNBC cells in vitro and in vivo

After observing the in vitro and in vivo effects of dasatinib
alone or in combination on Src activity, we tested whether
dasatinib alone and in combination with veliparib and car-
boplatin were effective at inhibiting clonogenic survival.
Consistent with our MTS results, MDA-MB-231 cells were
highly sensitive to dasatinib treatment in the 3-D ‘on-top’
assay. The greatest effect on blocking colony formation



Cancer Chemotherapy and Pharmacology (2019) 84:1241-1256

1245

A

BT-20 72h HCC70 24h

HCC1937 72h MDA-MB-231 24h MDA-MB-468 72h _SUM149PT 72h

D(nM) 0 1105000 0
PP2(uM) 0000 11050

0110500 0 0O 01105000 O

0110500 0 0
0000 11050 00 0011050 00 001105 00 00 11050

0110500 00 0110500 0 O

00 00 11050

e e P T T T T e e e T - Sre e
mmmmmm&c
B [ |

~ | ——— - [ R Beta actin
B
BT-20 24h HCC70 24h HCC1937 24h  MDA-MB-231 24h MDA-MB-468 24h SUM149PT 24h
D(nM)0105000 010 0105000 010 0105000 010 01050 00 010 0105000 010 01050 0 0 010
V(LIM)OO 010 01010 0O 01001010 0O 01001010 00 01001010 0O 01001010 00 010 01010
C(IJM)OO 00101010 00 0OO0O101010 0O 00101010 00 00101010 00 00101010 00 00101010
p-SrcTy16
1 0.20.10.6 0.70.4 0.3 1 09 0311 081.2 03 103011 121403 1 0.3 0.1 0.81.31.4 0.6 1110619 1.824 1.6 1 0.6 0204 0712 09
[ S|~ v [ - —wewe [ ——— [ weww— [SUhig
[——————— [ ————— ] =~ [—=—r e [ e——————— | — ———— ——
[ ————— —— == —————Beta actin
HCC70 HCC1937
NT D10 D50 V10 C10 V+C D+V+C NT D10 D50 V10 C10 V+C D+V+C ) NT D10 D50 V10 C10 V+C D+V+C
Treatments Treatments Treatments
MDA-MB-231 MDA-MB-468 SUM149PT
1504 ’....
e 100 | e
2 504 - o
0 A
NT D10 D50 V10 C10 V+C D+V+C NT D10 D50 V10 C10 V+CD#V+C NT D10 D50 V10 C10 V+C D+V+C
Treatments Treatments Treatments
_ MDA-MB-231 model _ MDA-MB-468 model _ SUM149PT model
2 217 2 D :
e o ¥ ° I H
: it B [ I : '[ . T l |
z E T z
- » 60 K 1
a a a
¢ 2 40 T :
"o "o "o
® % 20 @ W =
-9 o -
c c c
© © 0 T T T T T © T T T T T
; G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 ; G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 ; G1 G2 G3 G4 G5 G6 G7 G8 G9 G10

Treatments

Fig.1 Effect of dasatinib as a single agent or in combination with
veliparib and/or carboplatin on inhibition of Src signaling in TNBC
cells in vitro and in vivo. BT-20, HCC70, HCC1937, MDA-MB-231,
MDA-MB-468, and SUMI149PT cells were starved in 0.1% FBS
medium (phenol red free) for 4 h and then: a Treated with dasatinib
(D) (1, 10, and 50 nM) or PP2 (1, 10, and 50 pM) for 24 or 72 h.
Whole cell lysates were immunoblotted with anti-Src and anti-p-
SrcY#1% antibodies. b Treated with dasatinib (10 or 50 nM) as a sin-
gle agent or in combination with veliparib (10 pM) and/or carbopl-
atin (10 pM) for 24 h. Whole cell lysates were immunoblotted with
anti-Src, anti—p—SrcY4'6, and anti—p—SrcY527 antibodies. Densitom-
etry results (using VisionWorks Life Science software) of p-SrcY*!6
were calculated as ratios relative to untreated control normalized to
beta-actin protein loading control (Numbers below p-SrcY#!%). Three

Treatments

Treatments

batches of independently cultured/treated cells are represented for
each cell line and each experiment was done in triplicate. Data (com-
pared to no treatment control) were then analyzed using one-way
ANOVA followed by Sidak’s post hoc test (*, p<0.05; ** p<0.005;
% p<0.001; **** 0 p<0.0001). ¢ In MDA-MB-231, MDA-
MB-468, and SUM149PT xenograft tumor tissues, the expression
status of phospho-SRC was determined by IHC. After quantification
(using OLYMPUS cellSens Standard software), the mean percentage
of phospho-SRC positive cells from 4 high-power (x 400) fields is
shown graphically, and the bar is SD (n=4). *, p<0.05; ** p <0.005;
*#% p<0.001; **¥** p<0.0001 compared the mean of each group
with the mean of group 9 (triple combination) by one-way ANOVA
followed by Turkey’s post hoc test. See details of treatment groups in
the legend of Fig. 6
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«Fig. 2 Dasatinib as a single agent or in combination with veliparib
and/or carboplatin inhibits tumor cell proliferation/survival signaling
in vitro and in vivo. a BT-20, HCC70, HCC1937, MDA-MB-231,
MDA-MB-468, or SUMI49PT cells were seeded on solidified
matrigel in the presence and absence of drug for 96 h, and pictures
were taken at 100 X magnification using an Olympus XM10 camera.
Results are presented as the mean colony number (using VisionWorks
Life Science software), and the bar is the SD (n=2). *, p<0.05; **,
p<0.005; *** p<0.001 compared the mean of each column with
the mean of every other column by one-way ANOVA. Abbreviation:
Ctrl, control (no treatment); D, dasatinib; V, veliparib; C carbopl-
atin. b BT-20, HCC70, HCC1937, MDA-MB-231, MDA-MB-468,
and SUMI49PT cells were starved in 0.1% FBS medium (phenol
red free) for 4 h and treated with dasatinib (10 or 50 nM) as a sin-
gle agent or in combination with veliparib (10 pM) and/or carbopl-
atin (10 pM) for 24 h. Whole cell lysates were immunoblotted using
anti-AKT, anti-p-AKT*7® and anti-p-AKT™%, anti-S6 RP, anti-p-S6
RPS235-236 anti-ERK, and anti-p-ERKTzOZ/Y204 antibodies. Densitom-
etry results (using VisionWorks Life Science software) of p-AKTT3%,
p-AKTS*® p-ERK and p-S6 RP were calculated as ratios relative to
untreated control normalized to beta-actin protein loading control. ¢
In MDA-MB-231, MDA-MB-468, and SUM149PT xenograft tumor
tissues, the expression status of Ki-67, phospho-AKTS*"3 p-S6 RP
and p-ERK was determined by IHC. After quantification, the mean
percentage of positive cells of each staining from 4 high-power (x
400) fields is shown graphically, and the bar is SD (n=4). *, p<0.05;
** p<0.005; *** p<0.001; **** p<0.0001 compared the mean of
each group with the mean of group 9 (triple combination) by one-way
ANOVA followed by Turkey’s post hoc test

across all cell lines was seen in MDA-MB-231 cells. The
combination of veliparib and carboplatin also significantly
blocked clonogenic survival in all tested cell lines. The tri-
ple combination further decreased colony formation in all
TNBC cell lines (Fig. 2a, Supplementary Fig S3). Dasatinib
alone or in combination was less effective in blocking colony
formation in the BT-20 cell line, which was consistent with
our previous results.

We next evaluated signaling changes in AKT, S6 ribo-
somal protein (RP), and ERK pathways in response to the
treatments. Dasatinib alone decreased p-AKTT% expression
in BT-20, HCC70, and MDA-MB-231 cells, and inhibited
p-AKTS*73 expression in HCC70, HCC1937, and MDA-
MB-231 cell lines as well as in SUM149PT cells. Dasat-
inib alone only blocked S6 RP52*¥23% phosphorylation in
MDA-MB-231 and SUM149PT cells dose dependently,
and decreased ERKT20%T204 activity in HCC1937, MDA-
MB-468, and SUM149PT cells. Cells treated with the triple
combination showed a decrease in p-AKT™% and p-AKT5*"3
expression in SUM149PT cells, and a decrease in p-AKTS*"3
expression in HCC1937 cells (Fig. 2b). We also observed
inhibition of p-S6 RPS22¥236 and p-ERK ™12 expression
in MDA-MB-231 and SUM149PT cells using the triple
combination. Interestingly, triple combination increased
p-AKTS*7 and p-ERKT0¥T204 expression in BT-20 cells.
This suggests that increased AKTS*’3 and ERKT202/T204
activities attenuated the effect of Src inhibition, resulting in
less of a response in the MTS and 3D ‘on-top’ assays.

To more specifically assess the mechanism of action of
dasatinib alone or in combination on proliferative/survival
signaling in xenograft TNBC tumor cells, expression levels
of Ki-67, p-AKTS73, p-S6 RPS235236 and p-ERKT202/1204
were determined using IHC on FFPE sections. IHC indi-
cated that compared with vehicle control, treatment with
a single agent, dasatinib, veliparib, or carboplatin resulted
in (a) slightly decreased cell proliferation (Ki-67) in MDA-
MB-231 and MDA-MB-468 tumor cells, and (b) signifi-
cantly decreased Ki-67 in SUM149PT tumor cells. The
double combination of dasatinib plus veliparib, dasatinib
plus carboplatin, or veliparib plus carboplatin significantly
blocked Ki-67 expression in all three xenograft models.
The triple combination resulted in markedly decreased
Ki-67 expression in all three TNBC models (Fig. 2¢, Sup-
plementary Fig S2b). We observed inhibition of p-AKTS473
expression that was induced by treatment with either a single
agent or double combinations in all three models, as well as
a decrease in p-AKTS4"3 expression induced by the triple
combination in MDA-MB-468 and SUM149PT tumor cells.
In contrast, there were no changes in p-AKTS*"3 expression
in MDA-MB-231 tumor cells treated with the triple combi-
nation (Fig. 2¢, Supplementary Fig S2e). Furthermore, we
observed that p-S6 RPS?3236 and p-ERK 2921204 Jevels were
decreased after treatment with a single agent or with double
combinations. The best inhibitory effect was observed with
the triple combination (Fig. 2¢, Supplementary Fig S2f, g).

Combination of dasatinib and veliparib
plus carboplatin induces apoptosis in TNBC cells
in vitro and in vivo

We next evaluated the mechanism of action of dasatinib
alone or in combination on cellular apoptosis by western
blotting. Activation of caspase-3%"!73 as exhibited by
increased cleaved protein bands at 17 and 19 kDa, was
observed after incubation with the triple combination for
24 h in MDA-MB-468, HCC1937, and SUM149PT cells, as
well as in MDA-MB-231 cells. Cleavage of PARP, an indi-
cator of apoptosis, also increased significantly in all tested
cell lines after triple combination treatment (Fig. 3a). We
next determined Annexin V expression in MDA-MB-231,
MDA-MB-468, and SUM149PT cells treated with dasatinib
alone or in combination at the indicated concentrations for
48 and 72 h. Our results indicated that treatment with the
triple combination significantly induced apoptosis in the
three tested cell lines in a dose-dependent manner (Fig. 3b,
Supplementary Fig S4). We further confirmed the efficacy
of dasatinib alone or in combination on cellular apoptosis
in vivo using IHC. Levels of cleaved caspase 3**P'7> were
increased significantly after treatment with the triple com-
bination in xenograft tumor cells, in agreement with our
in vitro results. Of note, cleaved caspase 3P staining in
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Fig.3 Effect of dasatinib as a single agent or in combination with
veliparib and/or carboplatin on apoptosis in TNBC cells in vitro and
in vivo. a BT-20, HCC70, HCC1937, MDA-MB-231, MDA-MB-468,
and SUMI49PT cells were starved in 0.1% FBS medium (phenol
red free) for 4 h and treated with dasatinib (10 or 50 nM) as a sin-
gle agent or in combination with veliparib (10 pM) and/or carbopl-
atin (10 pM) for 24 h. Whole cell lysates were immunoblotted with
anti-caspase 3, cleaved anti-caspase 34175 anti-PARP, and cleaved
anti-PARPAP2'* antibodies. Beta-actin was used as a loading control.
b Effect of dasatinib as a single agent or in combination with veli-
parib and/or carboplatin on the apoptotic (early) response analyzed
using IHC with anti-Annexin V/7AAD antibodies in MDA-MB-231,

MDA-MB-231 cells treated with triple combination shows
largely extracellular, which is not seen in the other tumor
models. The possible cause of this result might be antigen
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MDA-MB-468, and SUMI149PT cells. Cells were treated for 48
and 72 h, released, rinsed, and placed in Annexin V binding buffer.
Cells were labeled with Annexin V-PE and 7AAD for analysis. Data
as means+SEM (*P<0.05; **P <0.005; two-Way ANOVA). ¢ In
MDA-MB-231, MDA-MB-468, and SUM149PT xenograft tumor tis-
sues, the expression status of cleaved caspase 3 was determined by
IHC. After quantification, the mean percentage of positive cells of
cleaved caspase 3 from 4 high-power (X 400) fields is shown graphi-
cally, and the bar is SD (n=4). ** p<0.005; *** p<0.001; ****,
p<0.0001 compared the mean of each group with the mean of group
9 (triple combination) by one-way ANOVA followed by Turkey’s post
hoc test

pervasion induced by membrane fragmentation followed
by blebbing process during cell apoptosis or necrosis [26]
(Fig. 3c, Supplementary Fig S2c).
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Combination of dasatinib and veliparib
plus carboplatin affects rates of cell cycle
progression

To examine if the effects of dasatinib alone or in combina-
tion on growth inhibition were the result of altered rates
of cell cycle progression, cells were treated and protein
lysates were probed for the key cell cycle regulator, cyc-
lin D1, and the cyclin-dependent kinase inhibitor, p27%iP!,
Decreased expression levels of cyclin D1 were observed
in BT-20, HCC1937, MDA-MB-231, MDA-MB-468, and
SUMI149PT cells after treatment with triple combination,
whereas there was no change in cyclin D1 levels in HCC70
cells (Fig. 4a). Increased p27%iP! expression was observed
in HCC70, HCC1937, MDA-MB-231, and SUM149PT cells
after treatment with the triple combination. There was no
change in BT-20 or MDA-MB-468 cells (Fig. 4a). IHC was
performed using anti-cyclin D1 antibodies on xenograft
tumors indicating that treatment with the triple combina-
tion led to the most effective reduction in cyclin D1 levels
(Fig. 4b, Supplementary Fig S2d).

A BT-20 24h HCC70 24h

Combination of dasatinib and veliparib
plus carboplatin reduces tube formation in HUVEC
cells

Angiogenesis is a multistep process that includes tube for-
mation of endothelial cells. To evaluate the effects of dasat-
inib as a single agent or in combination with veliparib and/
or carboplatin on tumor angiogenesis, the tube formation
experiment using HUVEC cells was conducted. After a
6-h incubation with a single agent or drug combinations,
capillary-like tubular structures decreased and cell death
increased compared with the no treatment controls (Fig. 5a).
We next evaluated the degree of tumor angiogenesis using
IHC on xenograft tumors. Tumors treated with triple com-
bination exhibited a marked decrease in CD31 expression
(Fig. 5b, Supplementary Fig. S2h).

Combination of dasatinib with veliparib
and carboplatin is the most effective treatment
at inhibiting xenograft tumor growth

KRAS/BRAF-mutated MDA-MB-231, PTEN null MDA-
MB-468, and BRCA-mutated and PTEN null SUM149PT
xenograft tumors (~200 mm?) were established in nude mice
to determine the antitumor effect of dasatinib, veliparib,
or carboplatin alone or in combinations on tumor growth
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Fig.4 Effect of dasatinib as a single agent or in combination with
veliparib and/or carboplatin on the cell cycle in TNBC cells in vitro
and in vivo. a BT-20, HCC70, HCC1937, MDA-MB-231, MDA-
MB-468, and SUM149PT cells were starved in 0.1% FBS medium
(phenol red free) for 4 h and treated with dasatinib (10 or 50 nM)
as a single agent or in combination with veliparib (10 pM) and/or
carboplatin (10 pM) for 24 h. Whole cell lysates were immunoblot-
ted using anti-cyclin D1 and anti-P27%"! antibodies. Beta-actin was

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10

Treatments

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10
Treatments

Mean cyclin D1 positive cells (%)

used as a loading control. b In MDA-MB-231, MDA-MB-468, and
SUMI149PT xenograft tumor tissues, the expression status of cyclin
D1 was determined by IHC. After quantification, the mean percent-
age of positive cells of cyclin D1 staining from 4 high-power (x 400)
fields is shown graphically, and the bar is SD (n=4). ***, p<0.001;
##%% p<(0.0001 compared the mean of each group with the mean of
group 9 (triple combination) by one-way ANOVA followed by Tur-
key’s post hoc test

@ Springer



Cancer Chemotherapy and Pharmacology (2019) 84:1241-1256

MDA-MB-231 model

o
=)

»
=)

N

o
2
=3

20

-
o

Mean CD31 positive cells (%)
-
o

Mean CD31 positive cells (%)

o
o

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10

Treatments

Fig.5 Effects of dasatinib as a single agent or in combination with
veliparib and/or carboplatin on angiogenesis in vitro and in vivo. a
Effect of dasatinib as a single agent or in combination with veliparib
and/or carboplatin on the ability of HUVECs to form capillary-like
tubes on matrigel. Cells were seeded onto matrigel and treated for
6 h before representative pictures were taken. The scale bar denotes
200 pm. b In MDA-MB-231, MDA-MB-468, and SUM149PT xen-

in vivo. Previous studies have reported that dasatinib in the
range of 10-50 mg/kg/day in a 21-day period caused tumor
regression in xenograft mouse models [27, 28]. Based on
previous publications and summary of product characteris-
tics, we chose to use a comparable dose of 12.5 mg/kg/day of
dasatinib (3 weeks), 25 mg/kg/bid of veliparib (5 days) and
40 mg/kg of carboplatin (one dose) for our in vivo studies
(Fig. 6; Table 2) [27, 29]. Single agents or double combina-
tions significantly inhibited tumor growth as compared with
the non-treated group (single agent p <0.0001, double com-
bination p <0.0001). The triple combination showed the best
antitumor efficacy at both doses of dasatinib, compared with
veliparib plus carboplatin (p <0.0001) or dasatinib alone
(p<0.0001 in MDA-MB-231 tumors (Fig. 6a, d). In MDA-
MB-468 xenograft model, dasatinib alone (p <0.0001) or
combination of veliparib and carboplatin (»p <0.0001) or the
triple combination (p < 0.0001) significantly inhibited tumor
growth as compared with the non-treated group. The best
tumor inhibition result was obtained with the triple combi-
nation (at both doses of dasatinib) compared with dasatinib
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ograft tumor tissues, the expression status of CD31 was determined
by IHC. After quantification, the mean percentage of positive cells of
CD31 staining from 4 high-power (x 400) fields is shown graphically,
and the bar is SD (n=4). *, p<0.05; ** p<0.005; *** p<0.001;
##%% p<0.0001 compared the mean of each group with the mean of
group 9 (triple combination) by one-way ANOVA followed by Tur-
key’s post hoc test

alone (p <0.003) or veliparib plus carboplatin (p <0.0001)
(Fig. 6b, e). In SUM149PT xenograft model, dasatinib
alone (p <0.0001) or combination of veliparib and carbo-
platin (p <0.0001) or in the triple combination (p < 0.0001)
significantly inhibited tumor growth as compared with the
non-treated group, and the triple combination (at both doses
of dasatinib) showed the best antitumor efficacy compared
with combination of veliparib and carboplatin (p <0.0001)
or single agent of dasatinib (p <0.0001) (Fig. 6¢, f). Single
agents or combinations were well tolerated in mice with less
than 10% body weight loss compared with vehicle controls
in all three xenograft models, and no systemic toxicity was
observed (Table 2).

Discussion

In this study, we have provided novel evidence that veli-
parib combined with carboplatin drives Src activation in
preclinical models of TNBC. Moreover, we have provided
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provocative in vitro and in vivo data indicating the potential
for therapeutic efficacy of combining dasatinib (Src inhibi-
tor) with veliparib (PARP inhibitor) plus carboplatin (DNA-
damaging agent) in TNBC. This triple combination may
reduce treatment resistance by attenuating the unexpected
increase in Src activity, which was induced by the combina-
tion of veliparib and carboplatin, and enhance therapeutic
efficacy in TNBC.

Growing evidence indicates that deregulation of Src
is involved in the development and progression of solid
tumors. Given that Src inhibitors as single agents have
shown limited clinically beneficial effects in solid tumors,
we tested whether the Src inhibitor dasatinib combined
with veliparib plus carboplatin would provide a better
antitumor effect in TNBC tumors with different genetic
backgrounds. We observed SrcY*1¢ expression in all tested
TNBC cell lines, and found that SrcY*!° expression was
inhibited by dasatinib and PP2 dose dependently at 24
and 72 h (Fig. 1a, Supplementary Fig S5), indicating that
dasatinib served as a Src inhibitor in TNBC cell lines [16].
Furthermore, we tested (using the MTS assay) if dasat-
inib as a single agent or in combination with veliparib
and carboplatin could affect tumor cell growth and if the
combination had a greater effect than as single agents.
Our results showed a range of ICs, values in TNBC cells,
which was consistent with a previous study [30]. Inter-
estingly, the ICs, for dasatinib in combination with veli-
parib and carboplatin was decreased in BRCA-mutated and
PTEN null HCC1937, SUM149PT, and PTEN null HCC70
cells; however, the combination of agents did not enhance
the sensitivity of PIK3CA-mutated BT-20 or PTEN null
MDA-MB-468 cells to dasatinib. Thus, other factors may
mediate sensitivity of Src inhibition on proliferation to
dasatinib alone or in combinations in TNBC cells.

Given the differential responses observed among the dif-
ferent oncogenic drivers, we next analyzed pathway signal-
ing responses to define mechanisms of response. Surpris-
ingly, we observed increased activity in the SrcY*' pathway
in response to the combination of veliparib with carboplatin
in PTEN null HCC70, MDA-MB-468, and BRCA-mutated
and PTEN null HCC1937 cells, as well as in KRAS/BRAF-
mutated MDA-MB-231 cells, which has not been reported
to date. IHC of tumors treated with dasatinib alone exhibited
a significant decrease in p-SrcY*'® expression in all tested
models; the double combination of dasatinib and carbopl-
atin also induced a significant inhibition of p-Src¥*° expres-
sion in MDA-MB-231 tumor cells, with greater decreases
in p-SrcY#!% expression observed using the triple combina-
tion in all three xenograft models. Furthermore, increases in
p-Src Y416 expression also occurred in MDA-MB-231 tumor
cells. Our finding is a particularly important observation
because increased Src activity may affect the efficacy of veli-
parib combined with carboplatin in the treatment of TNBC.

This could at least in part explain why over 40% of TNBC
patients receiving the combination of veliparib and carbopl-
atin did not have a pCR in the I-SPY 2 trial [15]. Thus, it is
conceivable that the use of the combination of dasatinib with
veliparib plus carboplatin would provide a better therapeu-
tic outcome. This triple combination may reduce treatment
resistance by attenuating the increased Src activity induced
by veliparib and carboplatin.

Our results showed that the triple combination completely
blocked colony formation in BRCA-mutated and PTEN null
HCC1937, KRAS/BRAF-mutated MDA-MB-231, and PTEN
null MDA-MB-468, as well as BRCA-mutated and PTEN
null SUM149PT cells. In contrast, even though PIK3CA-
mutated BT-20 and PTEN null HCC70 cell lines showed an
enhanced sensitivity to the triple combination, the combina-
tion therapy did not completely eliminate colony formation.
Src is upstream of the AKT/mTOR and MAPK pathways
and has been shown to play a role in mediating activation
of the PI3K pathway [31, 32]. Cells treated with the triple
combination caused a decrease in p-AKTT>% and p-AKTS4"3
expression in BRCA-mutated and PTEN null SUM149PT
cells, and a decrease in p-AKT®*"3 expression in BRCA
-mutated and PTEN null HCC1937 cells. We also observed
an inhibitory effect on p-S6 RP5%3%23¢ and p-ERKT20%/T204
expression in KRAS/BRAF-mutated MDA-MB-231 and
BRCA-mutated and PTEN null SUM149PT cells using the
triple combination. Interestingly, the combination of veli-
parib with carboplatin increased expression of p-AKTT3%
and p-AKTS*” in KRAS/BRAF-mutated MDA-MB-231 and
PTEN null MDA-MB-468 cells.

Importantly, triple combination increased p-AK
and p-ERK™9%T204 expression in PIK3CA-mutated BT-20
cells, which is consistent with our results in the MTS and 3D
‘on-top” assays. IHC of Ki-67, p-AKT*73, p-S6 RP5239/23¢,
and p-ERK™%¥T204 indicated that compared with dasatinib
alone, or double combinations, the best inhibitory effects
were observed following the triple combination in xenograft
tumor cells. Unexpectedly, the expression of p-AKTS*73
showed no change after treatment with the triple combi-
nation in the KRAS/BRAF-mutated MDA-MB-231 xeno-
graft model, although this was consistent with western blot
results. Future studies will need to define the correlation of
the triple combination with the mutational landscape and
PI3K pathway as well as Src inhibition in TNBC cells.

Taken together, dasatinib combined with veliparib and
carboplatin regulated proliferative and survival signaling
through Src and downstream effectors including AKT, S6
RP, and ERK. This is consistent with previous work that
showed that Src regulates the PI3K pathway through dif-
ferent effectors including PTEN and AKT [33, 34]. How-
ever, our in vitro data with the triple combination showed
no effect on regulating proliferative/survival signaling in
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PIK3CA-mutant BT-20 cells, as was shown by Beadnell
and colleagues [32].

PARP activity, which was shown to increase after admin-
istration of chemotherapy and radiation treatment, under-
scores the important role of PARP in DDR and DNA repair
[35]. Combining the PARP inhibitor with a DNA-damaging
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agent such as carboplatin is a promising treatment in
TNBC, especially in patients without germline BRCA1/2
(gBRCA) mutations [15, 36, 37]. We observed markedly
increased PARP cleavage induced by the triple combina-
tion in all tested TNBC cells and increased cleaved caspase
3 in PTEN null MDA-MB-468, BRCA-mutated and PTEN
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«Fig. 6 Dasatinib enhances the antitumor effect of veliparib plus car-
boplatin in TNBC xenograft models. Immunocompromised female
nude (nu/nu) mice were implanted with a MDA-MB-231 cells; b
MDA-MB-468 cells and ¢ SUM149PT cells. Mice were treated with
ten groups: 1. Vehicle (5.1% PEG 400 and 5.1% Tween 80 in ddH,0)
100 pl by i.p. once daily, dosing schedule of 5 days of vehicle fol-
lowed by 2 days off the vehicle. 2. Vehicle (0.9% NaCl, PH 4.0) 50 pl
by oral gavage twice daily for 5 days. 3. Dasatinib (D) 12.5 mg/kg,
i.p., once daily, dosing schedule of 5 days of dasatinib followed by
2 days off the drug. 4. Veliparib (V) 25 mg/kg, oral gavage, twice
daily for 5 days. 5. Carboplatin (C) 40 mg/kg, i.v. one dose at start-
ing day. 6. D (12.5 mg/kg)+V (25 mg/kg). 7. D (12.5 mg/kg)+C
(40 mg/kg). 8. V (25 mg/kg)+C (40 mg/kg). 9. D (12.5 mg/kg)+V
(25 mg/kg) +C (40 mg/kg). 10. D (6.25 mg/kg)+V (25 mg/kg)+C
(40 mg/kg). Tumor volumes were measured twice per week at the
indicated time points. Person performing the measurements was
blinded to the treatments. d—f Statistically significant differences of
mean tumor volumes at treatment endpoints (n=5-8 mice/group, see
details in Table 2) were analyzed using one-way ANOVA followed
by Bonferroni post hoc test (*, p<0.05; ** p<0.005; *** p<0.001;
*#%% p<0.0001). Bars in panels a—e represent SEM. Control group
with smaller mean tumor volume at treatment endpoints of each
xenograft model was selected for statistical analysis. None of mice
were dropped out from MDA-MB-231 model; one mouse of group
3, group 6, group 7 and group 10 from MDA-MB-468 model were
found dead during the experiment for unknown reason, and one
mouse of group 10 was killed due to loss of body weight more than
10% from MDA-MB-468 model; one mouse of group 8 was killed
due to loss of body weight from SUM149PT model, one mouse of
group 3, group 6 and group 10 from SUMI149PT model was found
dead during the experiment for unknown reason (see Table 2)

null HCC1937, SUM149PT, and KRAS/BRAF-mutated
MDA-MB-231 cells. Of note, MDA-MB-468 cells showed
a high ICs, of dasatinib, and combination of agents did not
enhance the sensitivity to dasatinib; furthermore, neither
veliparib plus carboplatin nor triple combination showed
inhibitory effect on p-AKTT%, p-AKTS*73, p-S6 RPS233/236
or p-ERKT20%T204 1 contrast, our in vivo results showed
significant antitumor activities by dasatinib alone or in com-
binations. The possible cause of these results might be the
antitumor effects mainly through apoptosis which happened
in days or weeks in vivo [26].

Interestingly, dasatinib alone at a high dose (50 nM)
induced increasing levels of cleaved caspase 3 in PIK3CA-
mutated BT-20 and PTEN null HCC70 cell lines, suggesting
that a higher dose of dasatinib in combination with veliparib
and carboplatin might have a better effect on apoptosis in
these two cell lines. Moreover, Annexin V staining dem-
onstrated better early stage apoptosis caused by the triple
combination compared with dasatinib alone or the combi-
nation of veliparib and carboplatin in KRAS/BRAF-mutated
MDA-MB-231, PTEN null MDA-MB-468, and BRCA
-mutated and PTEN null SUM149PT cells, whereas sin-
gle agents and combinations failed to induce an increase in
Annexin V-positive cells in PIK3CA-mutated BT-20, PTEN
null HCC70, or BRCA-mutated and PTEN null HCC1937
cell lines. Furthermore, IHC showed greater cleaved caspase

3 expression induced by the triple combination compared
with single agents and double combinations in xenograft
tumor cells.

Previous studies demonstrated that Src not only has a role
in apoptosis, but is also involved in cell cycle progression
[3]. Consistently, our data showed that the triple combina-
tion increased p27%"P! in PTEN null HCC70, KRAS/BRAF-
mutated MDA-MB-231, and BRCA-mutated and PTEN null
SUMI149PT cells, and decreased cyclin D1 expression in all
tested in vitro and in vivo models. Taken together, Src inhi-
bition by dasatinib induced cell cycle arrest and apoptosis
and may contribute to the antitumor efficacy observed with
the triple combination [38].

In TNBC, pathological angiogenesis occurs at a late stage
in tumor proliferation and is associated with invasion and
metastasis [39]. Development of agents that inhibit tumor
angiogenesis has been an active area of investigation [40].
Src has been shown to play a role in the regulation of tumor
angiogenesis [41]. Consistently, IHC results demonstrated
a marked decrease in CD31 expression induced by the triple
combination in xenograft tumor cells. Our results showed a
greater inhibitory effect on tube formation in HUVEC cells
by the triple combination compared with single agents and
double combinations. Thus, the triple combination may have
enhanced the antitumor effect by inhibiting angiogenic cells.

In our xenograft models, the triple combination dem-
onstrated the best antitumor effects compared with single
agents or double combinations. Of note, the triple combina-
tion, even with dasatinib reduced to half the dose (Group 9,
dasatinib 12.5 mg/kg and Group 10, dasatinib 6.25 mg/kg),
gave similar antitumor effects. The 6.25 mg/kg was less than
what has been used by others in xenograft models [3, 27,
28]. The higher rates of hematologic and nonhematologic
toxic effects of veliparib—carboplatin treatment have been
reported by the I-SPY 2 investigators that were similar to
the toxic effects found in association with carboplatin in the
CALGB 40603 trial [15, 42]; a phase I trial also showed a
high-grade neutropenia when dasatinib combined with car-
boplatin in patients with ovarian cancer [21]. To best com-
bine the three agents in our study, we reduced the dose of
dasatinib to 6.25 mg/kg/day (convert to human equivalent
dose is 0.51 mg/kg/day) and carboplatin to 40 mg/kg (one
dose on day 0, convert to human equivalent dose is 120 mg/
m?), as well as scheduled dasatinib 5 days per week and veli-
parib for total 5 days delivery. Increased systemic toxicity
was not observed in our xenograft model when comparing
the treated groups with vehicle controls [31]. Furthermore,
the triple combination was well tolerated with less than 10%
body weight loss compared with vehicle controls in all three
xenograft models.

The study had limitations that should be mentioned,
including the use of cell line-derived ectopic xeno-
graft models instead of orthotopic model. The different
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Table 2 Mean body weight changes of mice

a. MDA-MB-231 model

Treatment Groups* Number of mice Number of mice

Body weight (day-1) Body weight (day 21)

(n; day-1) (n; day 21) (gram + SEM) (gram + SEM)

1 6 6 247 +0.41 259 +0.35

2 6 6 25.8 +£0.26 27.0+0.43

3 6 6 23.7+0.49 255+0.22

4 6 6 249 +0.29 25.6 +0.30

5 5 5 242 +0.22 26.7+0.21

6 6 6 242 +0.24 25.1+0.23

7 5 5 24.1 +0.29 223 +1.32

8 5 5 24.7 +0.31 23.6 +0.84

9 5 5 242 +0.28 232 +0.48

10 5 5 253 +0.24 25.8 +0.33

b. MDA-MB-468 model

Treatment Groups* Number of mice (n; day 28) Body weight (day-1) Body weight (day 28)
(n; day-1) Number of mice (gram + SEM) (gram + SEM)

1 8 8 21.1 +0.30 232 +0.34

2 8 8 21.3+0.20 23.3 +£0.28

3 8 7 22.3+0.39 22.0+0.23

4 8 8 20.5 +0.21 22.5+0.25

5 8 8 21.1 +0.26 22.0 +£0.28

6 7 6 22.0+0.28 23.0 +£0.40

7 8 7 21.0+0.17 21.1 +£0.41

8 8 8 21.7+0.22 23.0 +£0.33

9 8 8 20.5+0.18 20.5 +£0.36

10 8 6 21.5+0.26 22.8 +0.38

c. SUM149PT model

Treatment Groups* Number of mice Number of mice Body weight (day -1) Body weight (day 27)
(n; day-1) (n; day 27) (gram + SEM) (gram + SEM)

1 8 8 22.5+0.14 24.7 +0.18

2 8 8 22.6 +0.56 24.6 +0.73

3 8 7 20.0 + 0.56 24.7 +0.85

4 8 8 21.3+£0.49 20.0 +0.62

5 8 8 21.2 £0.59 23.1 +0.51

6 8 7 22.3 +£0.53 25.1 +0.50

7 8 8 21.5+£0.46 22.8 +0.89

8 8 7 22.1 +£0.85 22.8 +0.89

9 8 8 20.0 +£0.70 23.8 +0.83

10 8 7 21.8+0.76 23.7 +0.94

*See details of treatment groups on the legend of Fig. 6

SEM standard error of the mean

microenvironments, particularly the vascular system of the
tumor may impact tumor growth and therapeutic result [43].
Choosing more appropriate models in future studies should
be considered. Another limitation relates to the lack of
evaluations on toxic effects of the treatments. Although we
measured the body weight and monitored the behaviors of

@ Springer

the mice, more research approaches on treatment toxicities
should be considered in future studies to ensure the feasible,
safe and effective antitumor treatment strategies.

To our knowledge, we are the first to provide preclini-
cal evidence that the combination of veliparib and carbo-
platin induces increased Src activity. This is a particularly
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important observation because increased Src activity may
affect the efficacy of veliparib combined with carboplatin in
TNBC. Furthermore, the results from our in vitro and in vivo
studies demonstrate that addition of dasatinib attenuates the
overexpression of Src signaling and enhances antitumor
activity of veliparib plus carboplatin in TNBC cells. This
study provides the preclinical basis for undertaking a clini-
cal trial using this novel triple combination of dasatinib with
veliparib plus carboplatin in TNBC.
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