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BACKGROUND AND PURPOSE

Sorafenib, a potent inhibitor that targets several kinases associated with tumourigenesis and cell survival, has been approved
for clinical treatment as a single agent. However, combining sorafenib with other agents improves its anti-tumour efficacy in
various preclinical tumour models. ABT-263, a second-generation BH3 mimic, binds to the anti-apoptotic family members
Bcl-2, Bcl-xL and Bcl-w, and has been demonstrated to enhance TNFSF10 (TRAIL)-induced apoptosis in human
hepatocarcinoma cells. Hence, we investigated the effects of ABT-263 treatment combined with sorafenib.

EXPERIMENTAL APPROACH

The effects of ABT-263 combined with sorafenib were investigated in vitro, on cell viability, clone formation and apoptosis,
and the mechanism examined using western blot and flow cytometry. This combination was also evaluated in vivo, in a
mouse xenograft model; tumour growth, volume and weights were measured and a TUNEL assay performed.

KEY RESULTS

ABT-263 enhanced sorafenib-induced apoptosis while sparing non-tumourigenic cells. Although ABT-263 plus sorafenib
significantly stimulated intracellular reactive oxygen species production and subsequent mitochondrial depolarization, this was
not sufficient to trigger cell apoptosis. ABT-263 plus sorafenib significantly decreased Akt activity, which was, at least partly,
involved in its effect on apoptosis. Bax and p21 (CIP1/WAF1) were shown to play a critical role in ABT-263 plus
sorafenib-induced apoptosis. Combining sorafenib with ABT-263 dramatically increased its efficacy in vivo.

CONCLUSION AND IMPLICATIONS
The anti-tumour activity of ABT-263 plus sorafenib may involve the induction of intrinsic cell apoptosis via inhibition of Akt,
and reduced Bax and p21 expression. Our findings offer a novel effective therapeutic strategy for tumour treatment.

Abbreviations
A¥m, mitochondrial membrane potential; CsA, cyclosporine A; NAC, N-acetyl-L-cysteine; PI, propidium iodide; ROS,
reactive oxygen species
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Introduction

In human malignancies, the aberrant activation of certain
kinases commonly occurs, and is associated with tumouri-
genesis, disease progression, resistance to chemotherapy and
poor clinical outcome. The development of anti-cancer treat-
ments targeting such cancer-specific kinase activities repre-
sents a promising therapeutic strategy. Sorafenib (Nexavar,
BAY 43-9006) is an orally administered, small molecule multi-
targeted kinase inhibitor displaying activity against multiple
kinases (Liu etal.,, 2006; Nguyen etal., 2010). Recently,
sorafenib has been approved by the U.S. Food and Drug
Administration for clinical treatment in patients with
advanced renal cell carcinoma and primary hepatocellular
carcinoma (Wilhelm et al., 2006). Several clinical trials are
currently ongoing against various malignancies, including
leukaemia, prostate cancer, lung cancer, breast cancer and
colon cancer (Singhal et al., 2010; Wei et al., 2010). The key
anti-cancer effects of sorafenib appear to be mediated via the
induction of apoptosis in a variety of tumour cells, as well as
the inhibition of tumour cell proliferation and suppression of
angiogenesis (Rahmani etal.,, 2005; Panka efal., 2006;
Dasmahapatra et al., 2007; Meng et al., 2007; Plastaras et al.,
2007; Rosato et al., 2007; Zhang et al., 2008). Previous studies
have shown that sorafenib promotes apoptosis in cancer cells
by inducing endoplasmic reticulum stress; stimulating the
generation of reactive oxygen species (ROS); blocking the
Raf/MEK/ERK pathway; and regulating the signal transduc-
tion of STAT3, NF-xB, Akt and AIF (Chen et al., 2010; Park
et al., 2010; Ramakrishnan et al., 2010; Yang et al., 2010; Liu
etal., 2011b). Alterations in the susceptibility of malignant
cells to apoptosis and tumour recurrence due to acquired drug
resistance, which are the hallmarks of cancer cells, have sig-
nificantly limited the clinical applications of sorafenib as a
targeted therapy.

ABT-263 (Navitoclax), a second-generation BH3 mimic, is
a potent and orally bioavailable Bcl-2 family inhibitor
(Shoemaker et al., 2008; Tse et al., 2008; Vogler et al., 2010). It
binds to the anti-apoptotic family members, Bcl-2, Bcl-xL and
Bcl-w, with high affinity, while it displays relatively lower
affinity for Mcl-1 and Bcl2A1 (Shi et al., 2011; Tan et al., 2011;
Yamaguchi et al., 2011). In preclinical models, ABT-263 has
exhibited single-agent activity against a large panel of cancer
cell lines by disrupting the interaction between these anti-
apoptotic proteins and their pro-apoptotic counterparts, and
subsequently evoking rapid apoptotic cell death via the
intrinsic cell death cascade. Clinical trials involving lym-
phoid malignancies and small-cell lung cancer have indicated
that ABT-263 is promising for some patients (Wilson et al.,
2010; Tan et al., 2011). In addition to its single-agent activity,
ABT-263 has also been shown to dramatically synergize with
many cytotoxic agents to improve tumour regression and
overall response rates. The combination of ABT-263 with
rapamycin kills lymphoma cells, while the combined treat-
ment with 2-deoxyglucose and Rituximab have been shown
to eliminate other types of cancer cells (Ramanathan and
Schreiber, 2009; Yamaguchi ef al., 2011). We have also previ-
ously reported that ABT-263 sensitizes TNFSF10 (also known
as TRAIL; see Alexander et al., 2013)-resistant hepatocarci-
noma cells by down-regulating the Bcl-2 family of anti-
apoptotic proteins (Wang et al., 2012).

ABT-263 enhances sorafenib-induced apoptosis

In this study, we investigated the efficacy and mechanism
of the combined treatment of sorafenib and ABT-263 using
both in vitro and in vivo models. Our results demonstrated
that ABT-263 potently enhances sorafenib-induced apoptosis
in human cancer cells. Inhibition of Akt, Bax and p21 (CIP1/
WAF1) protein expression was shown to play a critical role in
apoptosis induced by the dual-drug combination. These find-
ings provide a novel therapeutic strategy and shed light on
the potential anti-cancer mechanism of sorafenib and ABT-
263 in both monotherapy and combined treatment.

Methods

Materials and antibodies

ABT-263 and sorafenib were purchased from Active Biochemi-
cals Company (Hong Kong, China). The caspase-3 (#9665),
caspase-9 (#9502), PARP (#9542), phospho-Akt (#4060), ERK
(#46935), phospho-ERK (#9101), MEK (#9122), phospho-MEK
(#9121), Mcl-1 (#5453), Bcl-2 (#2876), Bax (#2772), Bim
(#2189), PUMA (#4976) and p21 (#2947) antibodies were
purchased from Cell Signaling Technology (Beverly, MA,
USA). The Akt (1076-2-AP), Bcl-xL (10783-1-AP) and Bid
(10988-1-AP) antibodies were obtained from ProteinTech
Group (Chicago, IL, USA). The caspase-8 (AC056), GAPDH
(AGO19) and horseradish peroxidase-conjugated secondary
antibodies against mouse (A0216) and rabbit (A0208) IgG
were purchased from Beyotime (Nantong, Jiangsu, China).

Cell lines and cell culture

The human colon cancer cell lines (HCT116, HCT116 Bax™
and HCT116 p217) were cultured in McCoy’s 5A medium.
The human hepatoma cell lines (BEL7402, Huh7, HepG2 and
FHCC98), the human breast cancer epithelial cell line (MDA-
MB-231), the human gastric cancer cell line (AGS), the
human lung cancer cell line (A549) and the normal cell lines
(LO2, HFF and HEK293T) were cultured in DMEM. All cell
culture media were supplemented with 10% FBS, penicillin
100 U mL™" and 100 pg-mL™" streptomycin at 37°C in a 5%
CO; incubator.

Plasmids and transient transfection

The constitutively active Akt plasmid (pUSE-CA-Akt), active
MEK plasmid (pUSE-CA-MEK) and the empty vector (pUSE)
were purchased from Upstate (Lake Placid, NY, USA). Cells
were seeded in 24-well plates overnight and transfected for
36 h using FuGENE HD transfection reagent following the
manufacturer’s instructions (Roche, Indianapolis, IN, USA).

Cell viability and apoptosis assays

ABT-263 and sorafenib were dissolved in DMSO. Cell viability
was determined using the trypan blue dye exclusion assay
according to established protocols. For the apoptosis assays,
the cells were harvested and washed with PBS and then fixed
with 95% alcohol for 1 h in the dark at 4°C. The fixed cells
were collected and washed twice with PBS, and then dyed
with 3 puL 10 mg-mL™ propidium iodide (PI) and 10 pL
1 mg-mL™' RNase. The prepared cells were evaluated using the
sub-G1 assay on a flow cytometer.
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Clone formation assays

The cells were plated in six-well plates at 2000 cells per well.
Twenty-four hours later, the drugs were added to the plates.
After treatment, as indicated in the figure legends, fresh
medium was applied to the plates. The cells were allowed to
grow for 10 additional days before staining with crystal violet
(Sigma, St Louis, MO, USA). All experiments were repeated at
least three times, and similar results were obtained in each
trial.

Cell extracts and Western blot analysis

After various treatments, both floating and adherent cells
were harvested using trypsin and subsequently washed with
cold PBS. The cells were then lysed with 1% SDS. The lysed
samples were immediately heated to 100°C for 20 min and
then centrifuged at 12 000x g for 15 min. The supernatant
was collected, and the protein concentrations were deter-
mined using the Bicinchoninic Acid Protein Assay Kit (Pierce
Rockford, IL, USA). Western blotting was then performed as
previously described (Gong et al., 2012).

Assessment of ROS

The ROS levels were measured using a multi-mode micro-
plate reader (Spectram Max MS, Molecular Devices, Sunny-
vale, CA, USA) and a flow cytometer. Briefly, the BEL7402
cells were harvested, washed twice with PBS, resuspended in
tubes with serum-free DMEM medium containing 10 nmol
5-(and-6)-carboxy-2’, 7’-dichlorodihydrofluorescein diacetate
(Carboxy-H2DCFDA; Invitrogen, Carlsbad, CA, USA), and
incubated at 37°C for 20 min. The cells were then washed
twice with PBS and analysed via flow cytometry. The data
were processed using the FCS Express V3 programme
(DeNovo, Los Angeles, CA, USA). For the detection of Ay, the
cell pretreatments were performed as described for the ROS
detection protocol, A 5 pL solution of 0.1 mg-mL™" Rho123
(Sigma) (fluorescent probe) was added and the cells were
incubated for 20 min at 37°C. The fluorescence was measured
via flow cytometry (Gong et al., 2012).

Establishment of HCT116 p217 and
MDA-MB-231 cells stably overexpressing p21
The p21 overexpression plasmids were transfected into the
HCT116 and MDA-MB-231 cells according to the manufac-
turer’s instructions on the lentivirus-based stable transfection
system. The transfected cells were selected in medium con-
taining 5 mg-mL™ puromycin for 14 days, and the p21
expression levels were determined via immunoblotting
analysis as described previously.

Tumour xenograft
Five-week-old male BALB/c nude mice were purchased from
the Model Animal Research Center, MARC (Nanjing, Jiangsu,
China). Animals were handled according to the Guidelines of
the China Animal Welfare Legislation, as provided by the
Committee on Ethics in the Care and Use of Laboratory
Animals of Wuhan University. The experimental protocols
were approved by the Experimental Animal Centre of Wuhan
University.

The mice were housed in polycarbonate cages (5 per cage),
provided with food and water ad libitum and maintained on a
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12-12 h light-dark cycle at 22 + 2°C and 55 £ 20% relative
humidity. BALB/c mice were randomly assigned into three
groups. Each mouse from group one was inoculated s.c. into
the right oxter with 3 x 107 HCT116 cells in 0.2 mL PBS. Five
days later, the mice bearing HCT116 tumours were rand-
omized into four subgroups (n = 6), and each subgroup
received one of the following daily oral treatments with 0.1%
sodium carboxyl methylcellulose vehicle every other day for
20 days: ABT-263 (100 mg-kg™'), sorafenib (25 mg-kg™'), and
ABT-263 (100 mg-kg™) plus sorafenib (25 mg-kg™'). The
second and third groups were inoculated s.c. with HCT116
p217 or HCT116 Bax™ cells and the treatment just as group
one. The tumour volumes and body weights were measured
and recorded daily. The tumour volumes were calculated as
length x width? x [I/6. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

Statistical analysis

All the experiments were performed at least three times. All
data are expressed as mean + SD. Student’s t test was used for
all the statistical analyses, and the differences were consid-
ered significant if the P-value was less than 0.05.

Results

ABT-263 and sorafenib induced
caspase-dependent apoptosis in cancer cells

To examine whether a cooperative effect exists between ABT-
263 and sorafenib in tumour chemotherapy, we treated
cancer cells with a series of concentrations of ABT-263 and
sorafenib either alone or in combination. According to the
results, a certain concentration of ABT-263 and sorafenib
administered as single agent treatments failed to induce cell
death, while synergistic anti-tumour activity was observed
with a treatment of 0.4 uM ABT-263 in combination with
6 uM sorafenib in the human cancer cell lines Huh7, HepG2,
BEL7402, HCT116, DLD1 and AGS (Figure 1A, Supporting
Information Figs. S1a,b, S2). In contrast, the immortalized
but non-malignant cell lines, HEK293T, L0O2 and HFF, dis-
played resistance to this combined treatment (Figure 1B). Fur-
thermore, the analysis of long-term cell survival via colony
formation assay revealed that the combination treatment of
ABT-263 and sorafenib dramatically affected colony forma-
tion, while the effect on LO2 cells was not significant
(Figure 1C). These data suggest that the combination treat-
ment of ABT-263 and sorafenib displayed a significant syner-
gistic therapeutic effect on cancerous cells but not normal
cells.

To determine whether the reduction in cell survival
induced by ABT-263 and sorafenib was associated with cancer
cell apoptosis, Huh7, HepG2, BEL7402 and HCT116 cells
were treated with ABT-263, sorafenib and a combination of
the two drugs, and subsequently analysed via flow cytometry
with PI. As shown in Figure 1D, Supporting Information
Figs. Slc, S3, the combined treatment obviously leads to
apoptosis in cancer cells. To evaluate the function of caspases
in cell apoptosis, the cancer cells were pretreated with the
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Figure 1

The combination treatment of ABT-263 and sorafenib induces caspase-dependent apoptosis. The data represent the average of at least three
independent experiments £+ SD. **P < 0.01. (A) Huh7, HepG2, BEL7402, DLD1 and AGS cell lines were treated with 0.4 uM ABT-263 and 6 uM
sorafenib either alone or in combination for 48 h, and the HCT116 cells were treated for 24 h, which were then assessed for cell viability using
a trypan blue exclusion assay. (B) HEK293T, HFF and LO2 cells were treated with 0.4 uM ABT-263 and 6 uM sorafenib either alone or in
combination for 48 h. Cell viability was determined. (C) The cells were seeded in six-well plates and treated with ABT-263 and sorafenib, the
HCT116 cells were treated for 24 h, and the BEL7402 and LO2 cells were treated for 48 h. The attached cells were stained with crystal violet 10
days later. (D) FACS analysis of apoptosis following the treatment of ABT-263 (0.4 uM) and sorafenib (6 uM) either alone or in combination on
the BEL7402, Huh7 and HepG2 cells for 48 h and the HCT116 cells for 24 h. The cells were dyed with 3 uL 10 mg-mL™" Pl and 10 uL 1 mg-mL""
RNase, and the percentage of cells in sub-G1 determined. (E) The Huh7, BEL7402 and HCT116 cells were pretreated either with or without 50 uM
z-VAD-fmk for 6 h, and then the trypan blue exclusion assay was performed to evaluate the cell viability after treatment with ABT-263 (0.4 uM)
and sorafenib (6 uM) either alone or in combination. The percentage of cells dyed without trypan blue was determined.
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pan-caspase inhibitor, z-VAD-fmk, for 1 h prior to the com-
bined treatment. As shown in Figure 1E and Supporting
Information Fig. S1d, the z-VAD-fmk pretreatment signifi-
cantly prevented cell death and blocked both PARP cleavage
and caspase activation in the Huh7, BEL7402 and HCT116
cells. Therefore, these data suggest that ABT-263 treatment
combined with sorafenib induces caspase-dependent apopto-
sis in cancer cells.

ROS generation and mitochondrial
depolarization are involved but not required
in combination-induced apoptosis

Many studies showed that some chemotherapeutic agents
activated intracellular ROS accumulation and subsequently
induced apoptosis in certain types of cancer cells (Loor et al.,
2010; Gong and Li, 2011). The excessive production of ROS
often leads to mitochondrial depolarization. After that, the
loss of mitochondrial membrane potential (A¥m) increases
the permeability of the outer membrane, triggering intrinsic
cell death (Bayir and Kagan, 2008; Vitiello et al., 2009; Pasdois
etal.,, 2011). Therefore, we next investigated whether the
combination-induced cell apoptosis was associated with ROS
accumulation and mitochondrial depolarization. ROS accu-
mulation was observed after cells were treated with ABT-263
and sorafenib either alone or in combination via flow cytom-
etry using a specific ROS-detecting fluorescent dye, H,DCFDA
(Figure 2A). To determine the role of ROS in combination
treatment, ROS generation was abrogated by pretreating
cancer cells with an ROS scavenger, N-acetyl-L-cysteine
(NAC), 1 h prior to combination treatment (Supporting Infor-
mation Fig. S4a). However, NAC does not rescue apoptosis
(Figure 2B and Supporting Information Fig. S4b), and so did
Tiron, another type of ROS scavenger (Figure 2C). In contrast,
NAC and Tiron significantly enhanced cell apoptosis induced
by ABT-263 alone or combined with sorafenib (Figure 2B, C,
and Supporting Information Fig. S4b).

On the other hand, ABT-263 treatment combined with
sorafenib also dramatically decreased the Aym of the mito-
chondrial membrane (Figure 2D). Cell pre-incubation with
cyclosporine A (CsA), a mitochondrial membrane potential
stabilizer, could prevent the loss of Aym (Supporting Infor-
mation Fig. S4c). However, CsA failed to rescue apoptotic cell
death which was induced by the combination treatment
(Figure 2E and Supporting Information Fig. S4d).

Therefore, these results above suggested that ROS genera-
tion and mitochondrial depolarization were accompanied by
the ABT-263 and sorafenib combination treatment, but their
functional role was not determined.

ABT-263 and sorafenib combination
treatment-induced cell apoptosis involves

Akt activation

The Ras/Raf/MEK/ERK cascade induces ERK translocation to
the nucleus, the activation of a subset of transcription factors,
and ultimately the regulation of cellular viability (Casar et al.,
2009; Poulikakos et al., 2010). Sorafenib, which induces apo-
ptosis as a single agent in a variety of tumour cells, is a potent
inhibitor of the Ras/Raf/MEK/ERK pathway (Wilhelm et al.,
2004; Fecteau et al., 2012). Therefore, we aimed to determine
the function of ERK in combination treatment-induced
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cell apoptosis. As expected, sorafenib significantly down-
regulated the phospho-ERK activation levels, thereby indicat-
ing the repression of ERK activity (Figure 3A). However,
increasing ERK activity via the ectopic expression of MEK
failed to block cell death induced by the ABT-263 and
sorafenib combination treatment, thereby we guess ERK
activity probably is not involved in combination treatment-
induced cell apoptosis (Figure 3B).

Akt is also a critical kinase that regulates a variety of
biological processes, including cell survival, proliferation and
differentiation (Bai ef al., 2009). Many studies have shown
that some clinical chemotherapeutic agents induce cancer
cell apoptosis by regulating Akt kinase activity (Liu etal.,
2011a). To examine the effects of Akt in combination
treatment-induced cell apoptosis, the expression levels of
phospho-Akt were examined to evaluate Akt activity via
Western blot analysis. As shown in Figure 3A, ABT-263 com-
bined with sorafenib significantly impeded Akt activity.
However, expression of constitutively active Akt (Figure 3C)
partially attenuated ABT-263 and sorafenib combination
treatment-induced cell apoptosis (Figure 3D). In contrast,
BEL7402 cells pretreated with LY294002, a PI3K inhibitor,
prior to ABT-263 and sorafenib treatment displayed a syner-
gistic chemotherapy effect, which further confirmed that Akt
activity is at least partly involved in combination treatment-
induced cell apoptosis (Figure 3E). Moreover, Western blot
analysis of Akt level found that in drug-sensitive cell lines
BEL7402, z-VAD failed to rescue the level of Akt activity at
early time stage (20 h and 40 h), only at later time stage z-Vad
can rescue the level of Akt activity. However, in drug-resistant
cell lines p217- HCT116, z-VAD have no effects on the level of
Akt activity (Supporting Information Fig. S5), which sug-
gested that the change of Akt protein level is not due to
caspase-mediated down-regulation. Therefore, these results
suggest that cell apoptosis induced by the ABT-263 and
sorafenib combination treatment is dependent on Akt but
not ERK activity.

Expression of Bax and p21 plays a critical
role in ABT-263 and sorafenib combination
treatment-induced cell apoptosis

Bax is one of the vital pro-apoptotic Bcl-2-family proteins,
which play a role in cell death regulation and are capable of
regulating diverse cell death mechanisms, including apopto-
sis, necrosis and autophagy (Gautier et al., 2011). Bax defi-
ciency causes blocking of cell death signalling and changes in
chemosensitivity to drug-induced apoptosis in many cell
types (Blatt ef al., 2009). p21 (CIP1/WAF1), a potent cyclin-
dependent kinase inhibitor, inhibits the activity of the cyclin-
CDK complexes, and thus has functions as a regulator of cell
cycle progression (Ding et al., 2008; Hoeferlin et al., 2011).
Moreover, p21 has been identified as a senescent cell-derived
inhibitor by inhibiting apoptosis during stress responses
(Bhattacharya et al., 2007; Li et al., 2012). Therefore, we next
investigated whether Bax and p21 expression are associated
with the sensitivity to ABT-263 and sorafenib combination-
induced apoptosis in cancer cells. We treated the wild type,
Bax”and p217 HCT116 cell lines with ABT-263 and sorafenib
for 24 h. The analysis of cell viability showed that the Bax”
and p217- HCT116 cell lines exhibited significant resistance to
the combination treatment (Figure 4A, C). The analysis of cell



>

DABT-263
BABT-263+Sorafenib

mC
O Sorafenib

: Sl
cChanOwo A
L J

o

DCF F.i. (Fold Increase)

6 12
Time (h)

24

@)

120 -

)

—_
0 O
o o
L L

s
o

Cell Viability (%
o
=1

L]

0 -

0 4
ABT-263 - + = + = + = +
Sorafenib - - + + - - + +

Tiron - - - - + + + +
120 -

<100
80
60 -
40 -
20

0 -
ABT-263 - + - + - + -+
Sorafenib - - +

CsA - i = = + + + +

Cell Viability (%

Figure 2

ABT-263

enhances sorafenib-induced apoptosis

120 -
100 -
80 -
60 -
40 -
20 -

0 -
ABT-263 - + - + - + - +
Sorafenib - - + + - - + +
NAC - - - - + + + +

D

Cell Viability (%)

OABT-263
BABT-263+Sorafenib

E3

uC
O Sorafenib
I

g

6 12
Time (h)

24

Reactive oxygen species generation (ROS) and mitochondrial depolarization are involved but not required in ABT-263 and sorafenib combination-
induced apoptosis. (A) BEL7402 cells were treated with ABT-263 and sorafenib either alone or in combination for 48 h and the intracellular ROS
levels assessed. (B) BEL7402 cell viability was determined using the trypan blue exclusion assay in either the presence or absence of 15 mM NAC
for 48 h. (C) BEL7402 cell viability was measured by trypan blue exclusion assay in either the presence or absence of 15 mM Tiron for 48 h. (D)
To evaluate the time course of the mitochondrial membrane potential, BEL7402 cells were treated with ABT-263 and sorafenib either alone or in
combination for 48 h followed by DCF fluorescence analysis. (E) BEL7402 cell viability was determined using the trypan blue exclusion assay in

either the presence or absence of 2 uM CsA for 48 h.

apoptosis and Western blot detection of PARP and caspase
expression also indicated that the ABT-263 and sorafenib
combination treatment did not induce apoptosis (Figure 4B,
D, E), which is consistent with the cell viability results.

To confirm these observations, Bax and p21 were overex-
pressed in the Bax” and p217- HCT116 cells, respectively, and
the cells were then treated with both ABT-263 and sorafenib
for 24 h. According to the results, the ectopic expression of
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Figure 3

ABT-263 and sorafenib combination-induced cell apoptosis correlates with Akt activity. (A) BEL7402 and HCT116 cells were treated with ABT-263
and sorafenib either alone or in combination, and then analysed via Western blot to examine the protein activation levels of p-Akt, T-Akt, p-ERK
and T-ERK. (B) HCT116 cells transfected with either vehicle or constitutively active MEK (MEK CA) were incubated with a combination of ABT-263
(0.2 uM) and sorafenib (6 uM), and the cells were then collected and analysed by use of the trypan blue exclusion assay. (C) BEL7402 cells
transfected with either constitutively active Akt (CA-Akt) or vehicle were incubated with the combination of 0.4 uM ABT-263 and 6 uM sorafenib
for 48 h, and protein lysates were then prepared from the cells and analysed by Western blot. (D) Cell viability was determined following the
treatment of ABT-263 and sorafenib in the cells transfected expressing either CA-Akt or the vehicle plasmid. (E) After pretreatment with 25 uM
LY294002 for 1 h, the BEL7402 cells were treated with ABT-263 and sorafenib for 24 h, and cell viability was then determined. **P < 0.01.
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Figure 4

Effect of Bax or p21 knockout on ABT-263 and sorafenib combination-induced apoptosis. (A) Cell viability was assessed in the HCT116 Bax” and
HCT116 WT cells after the combination treatment of 0.2 uM ABT-263 and 6 uM sorafenib for 24 h. (B) Cell apoptosis was determined via FACS
analysis by PI staining, and counting the percentage of cells in the sub-G1 phase. (C) Cell viability was determined with HCT116 p21”- and

HCT116 WT cells after the combination treatment of 0.2 uM ABT-263 and 6 uM sorafenib for 24 h. (D) Cell apoptosis was assessed via FACS. (E)
Analysis of PARP, pro-caspase-3, caspase-8, caspsse-9 via Western blot. **P < 0.01.
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Bax or p21 partially reversed the resistance of the knockout
cells to the combination treatment (Figure 5A, B). To examine
whether the relative expression levels of Bax and p21 deter-
mined the cell sensitivity to combination treatment, we ana-
lysed the Bax and p21 expression levels in various cells,
including both sensitive and resistant cell lines. As shown in
Figure 5C, the U251, A549, Hela and MDA-MB-231 cells were
resistant to ABT-263 and sorafenib combination-induced apo-
ptosis compared with the sensitive cells (Figure 1A). Western
blot analysis indicated that the resistant cell lines U251,
MDA-MB-231 and Hela expressed low levels of p21 compared
with the sensitive cell lines (Figure 5D). We noted that the
p21 protein levels varied greatly in the sensitive and resistant
cells lines. To further verify this hypothesis, we ectopically
expressed p21 in MDA-MB-231 cells, which express low levels
of p21 and are resistant to the combination treatment, and
subsequently treated the cells with both ABT-263 and
sorafenib for 24 h. Consistent with the results observed for
the HCT116 p217 cells, the overexpression of p21 enhanced
the effects of combination treatment-induced cell apoptosis
in the MDA-MB-231 cells (Figure SE, F). Similar to the result
of p21 knockout, knockdown p21 with p21-siRNA inhibit
apoptosis of combo-treatment (Supporting Information
Fig. S6a, b). Altogether, these findings strongly suggest that
expression of Bax and p21 plays a key role in ABT-263 and
sorafenib combination treatment-induced cell apoptosis.

The ABT-263 and sorafenib combined
treatment exhibited synergistic anti-tumour
activity in an in vivo xenograft model

To evaluate the synergistic anti-tumour effects and the safety
of the ABT-263 and sorafenib combination treatment in vivo,
we established HCT116 WT subcutaneous tumour xenograft
models with athymic nude mice. Five days later, 24 mice were
randomly divided into four groups and were intragastrically
administered vehicle, ABT-263 (100 mg-kg™ body weight),
sorafenib (25 mg-kg™ body weight) or the combination treat-
ment (ABT-263 100 mg-kg' body weight and sorafenib
25 mg-kg' body weight) every other day for 20 days.
Although ABT-263 and sorafenib administered alone inhib-
ited tumour growth to a certain extent, the combination of
ABT-263 and sorafenib was more effective than monotherapy
at inhibiting tumour growth (Figure 6A). Consistent with the
tumour volume results, the combination treatment also led
to a lesser increase in tumour weight (Figure 6B). Notably, the
combined treatment of ABT-263 and sorafenib at the dose
treatment was well tolerated by all mice, as the animals did
not display additional weight loss or other signs of acute or
delayed toxicity compared with the monotherapy groups
(Supporting Information Fig. S7). The TUNEL assay showed
that the combined treatment induced a significant increase in
the number of apoptotic cells in the tumour tissue
(Figure 6C). Next, to examine the effect of Bax or p21 knock-
out on sensitivity to combination treatment in vivo, nude
mice bearing either HCT116 Bax” or HCT116 p21” cell xeno-
graft tumours were treated with either the vehicle or the
combination treatment via gavage (ABT-263 100 mg-kg™
body weight and sorafenib 25 mg-kg' body weight). We
found that the HCT116 Bax™ or HCT116 p217 cells xenograft
tumours showed resistance to the combination treatment,
which is consistent with the in vitro results (Figure 6D, E).
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Therefore, these data suggest that ABT-263 and sorafenib
display significant synergistic anti-tumour activity by induc-
ing cell apoptosis. Moreover, Bax and p21 protein expression
plays a key role in the combination treatment in vivo.

Discussion

Sorafenib, originally developed as a specific Ras/Raf/MEK/ERK
inhibitor, is a multi-kinase inhibitor with activity against the
Ser/Thr kinase that is required to induce apoptosis and
inhibit proliferation in a variety of tumour cells. Because the
dose used in vivo is high, drug tolerance and toxic side effects
are unavoidable. Due to its oral bioavailability, sorafenib dis-
plays a better clinical prospect in combination with other
anti-tumour agents. ABT-263 is a second-generation BH3
mimic, which binds to Bcl-2, Bcl-xL and Bcl-w with high
affinity and promotes cancer cell apoptosis with better physi-
ochemical and pharmaceutical characteristics than the corre-
sponding precursor, ABT-737 (Tse et al., 2008). In the present
study, we demonstrated that ABT-263 enhances the anti-
tumour effects of sorafenib in human cancer cells. The com-
bination treatment both reduces the dosage requirement, and
most importantly greatly improves the treatment efficacy
compared with monotherapy. Mechanistically, the synergis-
tic anti-tumour activity associated with the induction of apo-
ptosis by ABT-263 and sorafenib primarily involved the
intrinsic apoptotic pathway, as the observed cell death was
manifested by intracellular ROS, mitochondrial depolariza-
tion, and the loss of mitochondrial membrane potential and
the activation of caspase-9. Moreover, Akt activity and the
expression of Bax and p21 play a critical role in ABT-263 and
sorafenib-induced cancer cell apoptosis.

Activation of the apoptosis pathway is the most common
mechanism for targeted chemotherapies that induce either
cancer cell death or sensitivity to established cytotoxic agents
or radiation therapy, which function via the activation of the
intrinsic cell death pathway. ROS has been identified as a vital
mediator of cell death and senescence in response to various
stimuli, such as starvation, ionizing radiation and chemo-
therapeutic agents. Recently, we also demonstrated that a
number of chemical anti-tumour agents induce apoptosis
and autophagy in cancer cells primarily via the activation of
intracellular ROS. In the present study, we observed that
significant stimulation of ROS generation and mitochondrial
depolarization were associated with the ABT-263 and
sorafenib combination treatment, but their functional role
was not determined, as both the ROS scavengers and the
mitochondrial membrane potential stabilizer failed to protect
against the drug combination-induced apoptosis. Therefore,
ROS generation and mitochondrial depolarization were
accompanied by the ABT-263 and sorafenib combination
treatment, but their functional role was not determined. We
speculated that intracellular ROS generation and the loss of
A¥m are the result of cell death rather than the induction of
apoptosis.

The Bcl-2 family, which includes the anti-apoptotic sub-
family (Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1), the pro-apoptotic
subfamily (Bax, Bak and Bok) and the BH3-only proteins (Bik,
Bad, Bid, Bim, Bmf, Hrk, Noxa and Puma), plays a central role
in the regulation of cell death during chemotherapy (Adams
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Bax and p21 expression play a critical role in ABT-263 and sorafenib combination treatment-induced cell apoptosis. (A) HCT116 Bax” cells
transfected with pUSE-GFP/pUSE-GFP-Bax for 48 h were incubated with ABT-263 and sorafenib for 24 h. The protein lysates prepared from the cells
were then analysed by Western blot, and cell viability was determined. (B) HCT116 p217 cells transfected with pHAGE/pHAGE-p21 using the
lentivirus-based stable transfection system were incubated with ABT-263 and sorafenib for 24 h. The protein lysates were analysed by Western blot,
and cell viability was determined. (C) The U251, A549, Hela and MDA-MB-231 cell lines were treated with 0.4 uM ABT-263 and 6 uM sorafenib
either alone or in combination for 48 h, followed by assessment for cell viability using the trypan blue exclusion assay. (D) The expression levels of
p21 and Bax in ABT-263 and sorafenib combination treated-sensitive cells (AGS, HCT116WT, Huh7 and BEL7402) compared with the resistant cells
(MDA-MB-231, Hela and HCT116 p217) were determined by Western blot. (E) MDA-MB-231 cells transfected with pHAGE/pHAGE-p21 using the
lentivirus-based stable transfection system were incubated with 0.4 uM ABT-263 and 6 uM sorafenib for 48 h, and cell viability was then
determined. (F) MDA-MB-231 cell protein lysates were analysed by Western blot using antibodies targeting PARP, caspase-9 and GAPDH. **P<0.01.
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The combined treatment of ABT-263 and sorafenib demonstrated synergistic anti-tumour activity in an in vivo xenograft model. (A) HCT116 cells
were inoculated into BALB/c mice (via s.c. injection) to establish a tumour model as indicated in the Materials and Methods section. Mice bearing
tumours were randomly assigned into groups (six mice per group) and treated with vehicle, ABT-263 (100 mg-kg™), sorafenib (25 mg-kg™) either
alone or as a combination of ABT-263 and sorafenib (ABT-263 100 mg-kg™" and sorafenib 25 mg-kg™) every other day. The tumour volume was
then measured (the bars represented the means + SD). (B) The tumours were dissected out and weighed after 20 days of treatment. (C) HCT116
transplanted tumours were dissected and analysed via TUNEL assay to examine the levels of apoptosis. The number of TUNEL-positive cells in five
random (400x) fields was counted. (D) BALB/c mice (n = 6) were transplanted with HCT116 p21-/cells and treated as above and then monitored
for tumour development. (E) BALB/c mice (n = 7) were transplanted with HCT116 Bax’-cells and treated as above and then monitored for tumour

development. **P < 0.01.

—+— Control
—e—ABT-263

- « - Sorafenib
--a--ABT-263+Sorafenib

7 9 11 13 15 17 19 21 23 25
Days of Treatment

—+— Control
--u-- ABT-263+Sorafenib

prr T

e

5 7 9 1 13 16 17 19 21 23 25
Days of Treatment

——Control
--n--ABT-263+Sorafenib

41T

§ 7 9 11131517 19 21 23 25
Days of Treatment

3192 British Journal of Pharmacology (2014) 171 3182-3195

2 ok
S 16 :
E .
212 + .
= H
5 08 _*_
o
E o4 .
-
0
R ©
& “\ﬁ ge(&é‘ $
& ¥
60 -
2 50 A
£
3 40 -
320
e
§ 20 -
2 10 4
* @ e
ABT-263 - +
Sorafenib - -
ABT+Sor
16 -
5141 5
=12 - .
5 1
208 - +
‘:o's 0.6
E 04 s
=]
F 02
0
p ‘sa. ‘é‘:\'@ R
< *
0.7 -
506 > ®
£05
o
g 0.4 -
= 0.3
802
202
P 04 *
o %
N & ®
& A
°°¢ é\ﬁ



and Cory, 2007; Youle and Strasser, 2008). Anti-apoptotic
proteins protect cells from various cytotoxic conditions,
while pro-apoptotic proteins promote cell apoptosis. BH3-
only proteins, which have a conserved BH3 domain, selec-
tively bind and regulate anti-apoptotic subfamily members to
promote cell death (Vogler et al., 2009). However, the Bax™”
HCT116 cell line was highly resistant to the combination
treatment. These observations demonstrate that the pro-
apoptotic proteins, Bax and Bak, are crucial for inducing
mitochondrial outer membrane permeabilization and the
subsequent release of caspase-activating proteins and other
cell death mediators, such as cytochrome ¢ and SMAC. We
speculate that this effect might explain why Bax’” HCT116
cells displayed a strong resistance to the combination treat-
ment. Additionally, the p217- HCT116 cells, p21 knockdown
HCT116 cells and p21 knockdown Bel 7402 cells were also
found to be resistant to the combination treatment of ABT-
263 and sorafenib, for which the mechanism is unclear and
will require further investigation.

Although sorafenib significantly repressed ERK activity
via the inhibition of the Ras/Raf/MEK/ERK pathway, the
up-regulation of ERK activity via the ectopic expression of
MEK failed to prevent cell death (Figure 3B). However, the
overexpression of Akt partially blocked cell death induced by
ABT-263 and sorafenib (Figure 3C-E). Therefore, we believe
that Akt activity and not ERK at least partly plays a role in the
combination treatment. Akt is a crucial kinase of the cell
signal network centre that significantly regulates gene expres-
sion and protein activity. In this study, Bax and p21 expres-
sion appeared to be closely associated with the level of cell
sensitivity to combination treatment. We aimed to under-
stand whether there was a relationship between Akt and
either Bax or p21 expression. According to the experimental
results, Bax and p21 protein expression did not correlate with
AKkt activity (data not shown). Therefore, Akt and Bax or p21
are involved in independent regulatory pathways in combi-
nation treatment-induced cell apoptosis.

In summary, we have presented a synergistic anti-tumour
treatment, and our data suggest that the combination treat-
ment of ABT-263 and sorafenib is safe and highly effective at
both inducing cancer cell apoptosis in vitro and inhibiting
tumour growth and progression in vivo. The potential
molecular mechanisms involve Akt activity and Bax and p21
expression. Our findings provide the rationale for including
ABT-263 and sorafenib in the therapeutic regimens for
tumour patients, which may enhance the current clinical
treatments involving sorafenib alone.
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Figure S1 a,b. Cell viability for the combination of sorafenib
and ABT-263 in various concentrations. c¢,d. Western blot to
examine the protein of PARP and caspases.

Figure S$2 Cell viability of single drug effect.

Figure $3 Primary sub-G1 histograms.

Figure $4 a,c. Mitochondrail membrane potential for the
combination of sorafenib and ABT-263 in presence of NAC or
CsA. b,d. Western blot to examine the protein of PARP and
caspases in presence of NAC or CsA.

Figure S5 a. Western blot to detect the level of Akt activity in
BEL7402 and HCT116 p217 cells treated with DMSO or
z-VAD (50 uM) before combination treatment (ABT-263
0.4 uM, sorafenib 6 uM). b, Cell viability of BEL7402 and
HCT116 p217 cells treated with DMSO of z-Vad (50 uM)
before combination treatment (ABT-263 0.4 uM, sorafenib
6 uM).

Figure $6 a. Western blot to detect the protein of PARP when
cells transfected with p21 siRNA. b. Cell viability of cells
transfected with p21 siRNA.

Figure S7 a,b,c. The body weights of nude mice bearing
established HVT116 tumour xenografts.
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