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In chronic lymphocytic leukemia (CLL), overexpression 
of antiapoptotic B-cell leukemia/lymphoma 2 (BCL-2) 
family members contributes to leukemogenesis by inter-
fering with apoptosis; BCL-2 expression also impairs 
vesicular stomatitis virus (VSV)-mediated oncolysis of pri-
mary CLL cells. In the effort to reverse resistance to VSV-
mediated oncolysis, we combined VSV with obatoclax 
(GX15-070)—a small-molecule BCL-2 inhibitor currently 
in phase 2 clinical trials—and examined the molecular 
mechanisms governing the in vitro and in vivo antitumor 
efficiency of combining the two agents. In combination 
with VSV, obatoclax synergistically induced cell death 
in primary CLL samples and reduced tumor growth in 
severe combined immunodeficient (SCID) mice-bearing 
A20 lymphoma tumors. Mechanistically, the combina-
tion stimulated the mitochondrial apoptotic pathway, as 
reflected by caspase-3 and -9 cleavage, cytochrome c 
release and BAX translocation. Combination treatment 
triggered the release of BAX from BCL-2 and myeloid 
cell leukemia-1 (MCL-1) from BAK, whereas VSV infec-
tion induced NOXA expression and increased the for-
mation of a novel BAX-NOXA heterodimer. Finally, 
NOXA was identified as an important inducer of VSV-
obatoclax driven apoptosis via knockdown and overex-
pression of NOXA. These studies offer insight into the 
synergy between small- molecule BCL-2 inhibitors such 
as  obatoclax and VSV as a combination strategy to over-
come apoptosis resistance in CLL.
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IntroductIon
Chronic lymphocytic leukemia (CLL) is caused by a defect in apop-
tosis rather than increased proliferation of CD5+ B  lymphocytes.1,2 
Resistance to cytotoxic treatments in CLL is largely due to the over-
expression of antiapoptotic B-cell lymphoma-2 (BCL-2) family 

members BCL-2 and myeloid cell leukemia (MCL-1).3,4 High levels 
of BCL-2 in CLL patients correlates to decreased overall survival 
and chemoresistance, whereas MCL-1 overexpression is associ-
ated with failure to achieve complete remission.5–7 BCL-2 proteins 
are subdivided into anti- and proapoptotic classes. Prosurvival 
members such as BCL-2, BCL-xL, A1, and MCL-1 block  apoptosis 
by binding to and preventing proapoptotic members such as BAX 
and BAK from oligomerizing and forming pores at the mitochon-
drial membrane that trigger mitochondrial depolarization.8–10 
BH-3-only proteins (BIM, tBID, PUMA, NOXA, BAD) bind to 
antiapoptotic members of the BCL-2 family (MCL-1, BCL-2, 
BCL-xL, BCL-w), resulting in the release of proapoptotic BAX 
and/or BAK9,11 or directly bind and activate BAX/BAK.8

Knowledge that overexpression of BCL-2 proteins leads to 
resistance in many cancers has sparked considerable  interest 
in the development of small-molecule BCL-2 inhibitors.12,13 
Encouraging results with BCL-2 inhibitors—either alone or in 
combination with standard chemotherapies—have been demon-
strated with various cancers, including CLL.13–15 obatoclax (GX15-
070)—one of the promising pan-BCL-2 inhibitors currently in 
clinical  trials—is an indole-derived broad-spectrum inhibitor 
with multiple targets among the BCL-2 proteins. Obatoclax binds 
to the hydrophobic pocket within the BH-3-binding groove of 
antiapoptotic proteins such as BCL-2, MCL-1, and BCL-xL, and 
interferes with the ability of these proteins to interact with and 
negatively regulate proapoptotic BCL-2  proteins such as BAX 
and BAK.16,17 In preclinical studies, obatoclax has shown cyto-
toxic efficacy against a variety of cancers including myeloma, 
breast cancer, mantle cell  lymphoma, and nonsmall cell lung 
 cancer cells.16,18–20

Oncolytic viruses have emerged as a potential treatment for 
solid tumors and hematological malignancies.21–23 By  exploiting 
tumor-specific defects in the interferon signaling pathway, vesi-
cular stomatitis virus (VSV)—a prototypical oncolytic virus— 
infects and replicates specifically within cancerous cells, resulting 
in apoptotic cell death. Initiation of apoptosis by VSV can occur 
through the intrinsic mitochondrial pathway, via induction of 
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the BH-3-only, proapoptotic protein NOXA,25–27 or through the 
extrinsic pathway via caspase-8 and BID cleavage.28,29

We previously showed that the resistance of CLL cells to 
VSV-induced oncolysis can be overcome using a combination 
of VSV with small-molecule BCL-2 inhibitors.23 In the present 
study, we used the pan-BCL-2 family inhibitor obatoclax and 
 characterized the mechanism governing its synergistic effect with 
VSV. Combination therapy triggered intrinsic apoptosis leading to 
caspase-9 and -3 activation, BAX translocation and  cytochrome c 
release. The efficacy of the VSV-obatoclax combination was fur-
ther demonstrated in vivo where reduced tumor progression in 
an A20 murine B-lymphoma xenograft model was observed. The 
proapoptotic protein NOXA was identified as a central inducer of 
apoptosis that increased the ratio of proapoptotic BAX and BAK 
containing complexes at the mitochondrial membrane.

results
VsV-obatoclax combination synergistically induces 
cell death in primary cll cells
To determine the lowest efficient dose of obatoclax that could be 
used in combination with VSV, a dose-dependent killing curve 
was performed in primary CD5+ CD19+ CLL cells (Figure 1a). 
Obatoclax had an IC50 of 640 nmol/l, lower than the IC50 (1 µmol/l) 
in peripheral blood mononuclear cells (PBMCs) from healthy 
volunteers; however at 640 nmol/l, obatoclax killed a significant 
amount (30%) of healthy PBMCs (Figure 1a). A lower dose of 
100 nmol/l of obatoclax was sufficient to synergistically trigger 
cell death in 72% (P < 0.001) of primary CD5+ CD19+ CLL sam-
ples infected with VSV (10 multiplicity of infection), but did not 
induce >8% cell death in healthy PBMCs. Each treatment alone 
showed minimal killing activity in primary CLL cells (5 and 25% 
for VSV and obatoclax, respectively (Figure 1b)). The enhanced 
cytotoxic effect of VSV-obatoclax was not prominent with oba-
toclax doses <100 nmol/l. These results demonstrate synergistic 
cytotoxicity of CD5+ CD19+ CLL cells using the VSV-obatoclax, 
combination, with minimal cytotoxic effect on healthy PBMCs at 
100 nmol/l obatoclax.

BCL-2 inhibits apoptosis by binding BAX, thus preventing 
mitochondrial pore formation and membrane permeabilization.9–11 
To determine the effect of obatoclax on BCL-2–BAX interaction, 
anti-BAX coimmunoprecipitations were performed in Karpas-422 
cells, treated with increasing doses of inhibitor (0—1,000 nmol/l). 
Obatoclax inhibited the interaction between BCL-2 and BAX at 
high concentrations (>500 nmol/l), whereas at 100 nmol/l no dis-
ruption of BCL-2/BAX was observed (Figure 1c), thus demonstrat-
ing that 100 nmol/l obatoclax was suboptimal as a single treatment.

obatoclax increases VsV-induced oncolysis in A20 
B-lymphoma xenograft tumors in scId mice
After establishing the cytotoxicity of combination therapy on 
CLL cells in vitro, the antitumor effects of VSV-obatoclax were 
examined in vivo in Fox Chase severe combined immunodeficient 
(SCID) mice-bearing A20 xenograft tumors. Like Karpas-422 and 
primary CLL cells, A20 B-lymphoma cells overexpress BCL-2 
(Figure 2a) and are partially resistant to VSV-induced apopto-
sis. In vitro, obatoclax treatment of A20 cells decreased viability 
by 10%, whereas VSV infection resulted in a 40% decrease; the 

combination reduced viability by 70% (Figure 2b). To determine 
the effect of the combination in vivo, SCID mice were injected with 
1 × 106 A20 cells; when tumors were palpable at day 12, animals 
received obatoclax 3 mg/kg/day (intraperitoneal injection) for five 
consecutive days (days 12–16) and two intratumoral injections of 

0 100 200 500 1,000

28 kd

23 kd

23 kd

28 kd

Obatoclax (nmol/l)

IP: BAX

IP: BAX

IB: BAX

Input: BAX 

Input: BCL-2 

IP: BCL-2 

c 

P
er

ce
nt

ag
e 

of
 v

ia
bl

e 
ce

lls
CLL

Healthy

* 

** 
120 

100 

80 

60 

40 

20 

0 

Control VSV Obatoclax VSV +
Obatoclax

b

120 

100 

80 

60 

40 

20 

0 

P
er

ce
nt

ag
e 

of
 v

ia
bl

e 
ce

lls
 100 nmol/l

IC50 = 1 µmol/l

IC50 = 640 nmol/l

CLL 

Healthy 

0 0.04 0.16 0.64 2.5 20.0 
Obatoclax (µmol/l)

a

Figure 1 VsV-obatoclax combination therapy enhances cytotoxicity 
in cd5+ cd19+ cll cells. (a) The IC50 of obatoclax was determined in 
PBMCs from CLL patients and healthy volunteers; PBMCs were treated 
with varying concentrations of obatoclax (0–20 µmol/l) and cell viability 
was assessed by MTT assay. The results are reported as percentage of 
viable cells; values represent the mean of quadruplicate experiments ± 
SD. (b) Cell viability of PBMCs from five CLL patients and four healthy 
volunteers was assessed by MTT assay. The results are reported on a 
scatter graph as percentage of viable cells (*P < 0.01; **P < 0.0001); 
the mean value for all patients within a group is indicated by the line. 
(c) Karpas-422 cells were treated with different concentrations of oba-
toclax (100–1,000 nmol/l) for 24 hours. Cells were lysed in 1% CHAPS 
lysis buffer and BAX was immunoprecipitated (IP) followed by immu-
noblotting (IB) with anti-BCL-2 antibody. BCL, B-cell lymphoma-2; 
CLL, chronic lymphocytic leukemia; PBMC, peripheral blood mononu-
clear cell; VSV, vesicular stomatitis virus.
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1 × 108 plaque-forming units of VSV at days 13 and 16 (Figure 2c). 
As shown in Figure 2c, tumors grew to a diameter of ~2,200 mm3 
by day 26 without treatment. Treatment with obatoclax led to a 
40% decrease in tumor size compared to untreated animals. Mice 
receiving VSV alone exhibited 65% suppression of tumor growth 
compared to control animals. Tumor growth was decreased fur-
ther with the VSV-obatoclax combination (80%).

VsV-obatoclax activates apoptosis through  
the intrinsic pathway
After establishing the efficacy of the combination therapy in vitro 
and in vivo, the mechanism(s) by which the individual and 

combination treatment induced oncolysis was evaluated. Key pro-
teins involved in triggering the extrinsic (caspase 8) and intrinsic 
( caspase-9) apoptotic pathways were examined, as well as down-
stream effectors (BID and caspase-3). The amount of cleaved cas-
pase-3 was increased threefold (Figure 3a, lane 4) in CLL cells with 
the combination compared to obatoclax alone and was increased 
more than fivefold (Figure 3b, lane 4) in Karpas-422 cells com-
pared to VSV or obatoclax, whereas caspase-8 and BID cleavage 
were not detected following single or combination treatments 

a

A20 TSA
M

EF
Gra

nt
a-

51
9

Kar
pa

s-
42

2

I8
3

BCL-2

β-Actin

P
er

ce
nt

ag
e

of
 v

ia
bl

e 
ce

lls

Control VSV Obatoclax VSV +
Obatoclax

b 120

100

80

60

40

20

0

*

c

Control

VSV
Obatoclax

VSV + Obatoclax

0 12 13 141516 34

2,400

2,000

1,600

1,200

800

400

0

Tu
m

or
 s

iz
e 

(m
m

3 )

12 14 16 18 20 22 24 26

Time (days)

*

**

Figure 2 obatoclax treatment augments VsV-mediated oncolysis 
in A20 B-lymphoma xenografts in scId mice. (a) BCL-2 expression. 
Proteins from six different B-lymphoma cell lines were isolated using 1% 
CHAPS buffer. BCL-2 expression in A20 cells compared to Grantas-519 
and Karpas-422 cells was analyzed by western blot with anti-BCL-2 anti-
body. (b) Viability of A20. Cells were treated with or without VSV and oba-
toclax. At 72 hours postinfection, cell viability was assessed by MTT assay. 
Results are reported as percentage of viable cells ± SD; each experiment 
was performed in quadruplicate (*P < 0.01). (c) A20 murine B-lymphoma 
cells were inoculated into the flank of SCID mice on day 0. Mice-bearing 
A20 xenograft tumors received five intraperitoneal injections of obatoclax 
and two intratumoral VSV injections, beginning on day 12, through day 
16. The stars indicate P < 0.001 comparing tumor size between the single 
and combination treatment groups. Tumor volumes were calculated as 
½(length × width2) and values are expressed as the mean ± SD of tumor 
volume (n = 8). BCL, B-cell lymphoma-2; CLL, chronic lymphocytic leuke-
mia; PBMC, peripheral blood mononuclear cell; SCID, severe combined 
immunodeficient; VSV, vesicular stomatitis virus.
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Figure 3 VsV-obatoclax combination activates the intrinsic apoptotic 
pathway. The effect of VSV and obatoclax single or combination treat-
ments on cleavage of caspase-3, -8, -9 and BID and NOXA expression 
in (a) PBMCs isolated from CLL patients and (b) Karpas-422 cells was 
analyzed by immunoblotting. Cells were lysed in 1% CHAPS lysis buf-
fer. Protein lysates were subjected to immunoblot analysis with antibodies 
that recognize NOXA, cleaved caspase-3 and both cleaved and uncleaved 
forms of caspase-8, -9, and BID. The CLL patient blots were performed in 
n = 3 patients and a representative CLL patient is shown. (c) Primary PBMCs 
isolated from CLL patients were pretreated in the presence or absence of 
VSV-obatoclax. NOXA and β-actin mRNA levels were determined by real-
time PCR. The scatter graphic shows level of NOXA mRNA expression in 
PBMCs from CLL patients; the line demonstrates the mean value for all 
patients (n = 4). CLL, chronic lymphocytic leukemia; PBMC, peripheral 
blood mononuclear cell; VSV, vesicular stomatitis virus.
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(Figure 3a,b). Because of the key role for caspase-8 as an initiator 
of the extrinsic pathway30 and as an activator of BID cleavage,31 we 
concluded that activation of the extrinsic pathway was not involved 
in VSV-obatoclax induced apoptosis. In contrast, VSV-obatoclax 
treatment effectively induced  caspase-9 cleavage (Figure 3a,b, lane 
4), the initiator for the intrinsic mitochondrial pathway.32

noXA induction is essential for obatoclax-mediated 
apoptosis in Karpas-422 cells
Following VSV infection, the BH-3 only proapoptotic protein 
NOXA is transcriptionally induced in an interferon regulatory fac-
tor-3 and p53-dependent manner.25–27 To determine whether NOXA 
contributes to VSV-induced apoptosis in CLL, NOXA expression 
was measured in CLL and Karpas-422 cells. VSV infection alone or 
in combination with obatoclax-induced NOXA expression equiva-
lently at the RNA and protein levels (Figure 3a–c). Whereas VSV 
infection did not to trigger  caspase-3 cleavage (Figure 3a,b) or loss 
of cell viability (Figure 1b), the combination resulted in caspase-3 

cleavage and decreased cell  viability. Silencing of NOXA by intro-
duction of small-interfering RNA (siRNA) resulted in reduced 
 caspase-3 cleavage in cells treated with VSV-obatoclax (Figure 4a). 
Furthermore, siRNA knockdown of NOXA impaired the VSV-
obatoclax-induced apoptotic response by 60% in Karpas-422 cells 
(Figure 4b), indicating an important role for VSV-induced NOXA 
expression in the synergic effect of VSV-obatoclax.

Furthermore, replacing VSV infection by NOXA overexpres-
sion demonstrated that the combination of NOXA and obatoclax 
is able to induce caspase-3 cleavage (Figure 4c, lanes 4 and 6) and 
cell killing (Figure 4d) to levels comparable to VSV-obatoclax 
combination therapy (Figure 4c, lanes 8 and Figure 4d), suggest-
ing that NOXA is sufficient for induction of apoptosis.

VsV-obatoclax combination triggers BAX 
translocation and cytochrome c release
To examine further the effect of the VSV-obatoclax combina-
tion on the stimulation of the intrinsic apoptotic pathway, BAX 
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Figure 4 Induction of noXA expression is necessary and sufficient to synergistically induce apoptosis with obatoclax. (a–b) Karpas-422 
B-lymphoma cells were transiently transfected with siRNA targeting human NOXA (siNOXA) or the nontargeting control pool (siControl). At 24 hours 
post- transfection, cells were treated with obatoclax followed or not by VSV infection. (a) At 24 hours postinfection, cells were lysed and NOXA silenc-
ing was analyzed by immunoblot using anti-NOXA antibody. Caspase-3 cleavage was also determined using an anti-caspase-3 antibody. (b) Cell 
viability analysis by Annexin V/PI staining was performed on cells treated as described in a. Black bars represent Karpas-422 cells treated with siNOXA 
and gray bars represent cells treated with siControl. The data shown are the mean ± SEM (n = 3). (c–d) Karpas-422 B-lymphoma cells were tran-
siently transfected with human pcDNA3-NOXA or empty vector. At 24 hours post-transfection, cells were treated with obatoclax (a). At 24 hours 
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matrix; N, nucleocapsid. (b) Cell viability was determined by FACS analysis after Annexin V/PI staining. (d) Black bars represent nontreated Karpas-
422 cells and gray bars represent cells treated with obatoclax. The data shown are the mean ± SEM (n = 3). FACS, fluorescence-activated cell sorting; 
VSV, vesicular stomatitis virus.
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translocation, oligomerization—determined by the detection of 
the activated form of BAX with the conformation-specific anti-
body 6A7— cytochrome c release and NOXA expression in the 
mitochondria were examined. Treatment with VSV or obatoclax 

alone did not induce BAX translocation, activation, or  cytochrome 
c release (Figure 5, lanes 2, 3, 6, and 7). VSV-obatoclax combina-
tion treatment resulted in recruitment and activation of BAX at 
the mitochondrial membrane (Figure 5, lane 4) and cytochrome 
c release into the cytoplasm (Figure 5, lane 8). NOXA protein 
expression was induced and localized to the mitochondrial frac-
tion in VSV- and VSV-obatoclax-treated cells (Figure 5, lanes 2 
and 4). Although VSV alone induced NOXA expression, it was 
not sufficient to trigger apoptosis and only the VSV-obatoclax 
combination induced the translocation of activated BAX to the 
mitochondria and cytochrome c release. Further analysis of BCL-2 
family proteins demonstrated that the levels of MCL-1, BAK, and 
BCL-2 were not altered by VSV or obatoclax single or combina-
tion treatments (data not shown).

Bcl-2 is overexpressed in primary cells  
from cll patients
It was previously shown that overexpression of different BCL-2 
family members—predominantly BCL-2 and MCL-1—correlate 
with poor prognosis, disease progression, and resistance to 
treatment in CLL patients.5–7 Immunoblot analysis showed that 
BCL-2 was overexpressed in PBMCs isolated from CLL patients, 
compared with PBMCs from healthy volunteers (Figure 6a). 
Karpas-422 and Granta-519 expressed BCL-2 levels similar to 
those observed in CLL patients, as previously shown,23 whereas 
other B-cell lines (L428, CRO) displayed lower levels of protein 
(Figure 6), similar to healthy controls. MCL-1 was not consis-
tently overexpressed in primary CLL cells and levels differed 
between CLL patients and healthy donors (Figure 6a); how-
ever, no fold change could be assessed between the two groups 
(Figure 6b). These findings suggest that specific targeting of 
overexpressed BCL-2 by obatoclax in part relieves the inhibition 
to apoptosis.
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combination treatment abrogates Bcl-2/BAX 
and Mcl-1/BAK interactions and promotes  
noXA/BAX complexes
To examine interactions between pro- and antiapoptotic pro-
teins following the VSV-obatoclax treatment, coimmunoprecipi-
tation experiments were performed in Karpas-422 cells. MCL-1 
and BAK interacted in nontreated cells (Figure 7a, lane 1) and 
this complex was only slightly disrupted with VSV or obatoclax 
(Figure 7a, lanes 2–3), but was insufficient to induce apoptosis 

(Figure 5a, lane 3). VSV-obatoclax however caused complete 
loss of the MCL-1/BAK complexes (Figure 7a). Similarly, BCL-2 
and BAX were constitutively present as a heterodimeric complex 
in untreated cells (Figure 7b, lane 1) and VSV or obatoclax alone 
had minimal effect on heterodimer formation (Figure 7b, lanes 
2 and 3); clearly, the VSV-obatoclax combination caused almost 
complete dissociation of the BCL-2/BAX complex (Figure 7b, 
lane 4). In terms of NOXA-containing complexes, VSV-induced 
NOXA interacted with its cognate binding partner MCL-1 
(Figure 7c, lane 2), whereas obatoclax alone or together with 
VSV disrupted NOXA/MCL-1 interactions (Figure 8c, lanes 3 
and 4). The induction of NOXA, as well as the disruption of BCL-
2–BAX interaction, suggested that NOXA and BAX may interact 
to form heterodimers. Coimmunoprecipitation with anti-BAX 
followed by  immunoblot with anti-NOXA  confirmed that 
NOXA interacted with BAX in VSV-infected cells (Figure 7d, 
lane 2) and VSV-obatoclax increased this interaction by three-
fold (Figure 7d, lane 4). The reciprocal immunoprecipitation 
confirmed the identity of this novel NOXA-BAX heterodi-
mer (Figure 7e). Altogether, these experiments argue that the 
VSV-obatoclax combination shifts the balance of BCL-2 family 
complexes toward those heterodimers that stimulate mitochon-
drial-dependent apoptosis in CLL cells.

dIscussIon
The objective of the present study was to investigate the molecular 
mechanisms involved in VSV-obatoclax-mediated apoptotic syn-
ergism in CLL. We demonstrate: (i) enhanced cell killing in CLL 
cell lines, in primary CD5+ CD19+ CLL cells ex vivo, and in a 
murine model of lymphoma with the VSV-obatoclax combination; 
(ii) activation of the intrinsic apoptotic pathway, involving VSV-
induced NOXA expression, BAX activation and translocation to 
the mitochondria and cytochrome C release; and (iii) mechanisti-
cally, disruption of BCL-2/BAX and MCL-1/BAK complexes and 
formation of proapoptotic complexes, including a novel NOXA/
BAX heterodimer.
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Figure 7 combination treatment disrupts Bcl-2/BAX and Mcl-1/
BAK interactions and promotes noXA/BAX heterodimer formation. 
(a–e) Karpas-422 cells were treated with obatoclax (100 nmol/l) and VSV 
(10 MOI) for 24 hours. Protein lysates were prepared using 1% CHAPS 
buffer. (a) MCL-1 was immunoprecipitated (IP) from protein lysate and 
BAK interaction was revealed by immunoblotting using anti-BAK anti-
body. Protein inputs for BAK and MCL-1 are shown as separate bands at 
the bottom of the panel. (b) BCL-2 protein was immunoprecipitated with 
anti-BCL-2 antibody and coimmunoprecipitated proteins were detected 
using anti-BAX specific antibody. Protein inputs for BAX and BCL-2 are 
shown as separate bands at the bottom of the panel. (c) MCL-1 protein 
was immunoprecipitated with MCL-1 mAbs. MCL-1 immunoprecipita-
tion was performed and bound fractions were analyzed by western blot 
for NOXA protein. Proteins inputs for NOXA and MCL-1 are shown as 
separate bands at the bottom of the panel. (d) BAX protein was immuno-
precipitated, and coimmunoprecipitated NOXA protein was detected by 
western blot using a specific antibody for NOXA. Proteins inputs for NOXA 
and BAX are shown as separate bands at the bottom of the panel. (e) The 
reverse coimmunoprecipitation was performed in VSV- and obatoclax-
treated cells. NOXA protein was immunoprecipitated with NOXA mAbs. 
Coimmunoprecipitated proteins were detected by immunoblot using 
specific antibody for BAX. Proteins inputs for NOXA and BAX are shown 
as separate bands at the bottom of the panel. BCL, B-cell lymphoma-2; 
mAb, monoclonal antibody; MCL, myeloid cell leukemia-1; MOI, multi-
plicity of infection; VSV, vesicular stomatitis virus.
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There are several historical cases where patients with dis-
seminated cancers have displayed improved conditions follow-
ing viral vaccination.33 Oncolytic virotherapy has emerged as an 
effective treatment for such cancers.22,34 We and various groups 
have highlighted the ability of VSV to treat disseminated cancers 
such as CLL,23 adult T-cell leukemia25 and multiple myeloma22 
in preclinical models. Intravenous administration of the virus 
has been shown to be a successful method of therapy in various 
animal models and may translate well clinically for the treatment 
of CLL,36,37 particularly at the stage where other treatments for 
advanced disease have failed. It is well understood that dissemi-
nated hematological malignancies will be difficult to treat and 
may require modified methods of therapy such as repetitive and 
carrier-cell based delivery of the virus.34,38

CLL is characterized by overexpression of antiapoptotic pro-
teins such as BCL-2 and MCL-1.3,4 BCL-2 overexpression is a 
hallmark of this disease and is found in most cases;5 interestingly, 
high levels of MCL-1 expression strongly correlate with aggres-
sive disease, negative clinical outcome and resistance to various 
treatments and is observed in ~30% of patients.5–7 Under con-
ditions where MCL-1 levels are high proapoptotic BAK can be 
sequestered by MCL-1 causing resistance to various therapies.39,40 
Although we identified BCL-2 overexpression in PBMCs from 
CLL patients and in Karpas-422 cells, MCL-1 levels on average 
were similar in CLL patients and healthy donors.

The effect of obatoclax on the disruption of MCL-1/BAK com-
plexes has been characterized previously21,39 but only one group 
investigated the effect of obatoclax on MCL-1/BAK interactions 
in CLL;41 in this case, treatment was used in combination with 

bortezomib, a proteasome inhibitor that leads to the accumulation 
of MCL-1 in CLL cells,42 thus promoting MCL-1/BAK interaction 
and apoptotic resistance. Although MCL-1 overexpression was not 
observed in the CLL samples, Karpas-422 had elevated levels of 
MCL-1 and MCL-1/BAK complexes in resting cells. NOXA binds 
and inactivates MCL-1 protein, allowing the release and activation 
of BAK40 and this  interaction has been characterized in primary 
CLL  following induction of NOXA.39 Furthermore, NOXA induc-
tion has been observed in primary cells from CLL patients follow-
ing treatment with histone deacetylase inhibitors39 and aspirin43 and 
was involved in regulating apoptosis and cell survival. The present 
study demon strates that disruption of MCL-1/BAK complexes is 
the result of upregulation of NOXA by VSV and targeting of MCL-1 
by obatoclax.

BH-3-only proteins are divisible into two groups: “ sensitizers/
depressors” that selectively bind antiapoptotic proteins, and “direct 
activators” that bind to antiapoptotic proteins and proapoptotic 
BAX and BAK.8,44 Binding of “direct activators” BID and BIM 
to BAX and BAK has been shown to trigger conformational 
change and activation of BAX/BAK followed by mitochondrial 
outer membrane permeabilization.8,45,46 NOXA is considered a 
“ sensitizer/depressor” BH-3-only protein,8,44 although a previous 
report suggested interaction between NOXA and BAX following 
double-stranded RNA or virus infection.27 The present study is the 
first to identify endogenous NOXA-BAX heterodimers; NOXA is 
present at the mitochondria, as is activated BAX, suggesting that 
NOXA/BAX interactions at the mitochondrial surface contrib-
ute to membrane permeabilization, cytochrome c release, and 
apoptosis (Figure 8), Combination treatment is likely to affect 
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Figure 8 A proposed model of VsV-obatoclax synergism. In CLL cells, the proapoptotic activity of BAX and BAK are inhibited via association with 
antiapoptotic BCL-2 and MCL-1, respectively. obatoclax15-070 occupies the BH-3-binding groove of prosurvival BCL-2 and MCL-1 to disrupt BCL-2/
BAX and MCL-1/BAK heterodimers, thus restoring the ability of the intrinsic apoptotic pathway to respond to VSV apoptotic stimuli. In response to VSV 
infection, the BH-3-only protein NOXA is induced at the transcriptional level, additionally contributing to the abrogation of MCL-1/BAK complexes. 
Activated NOXA protein may also directly induce a conformational change in BAX that subsequently promotes translocation to the mitochondria outer 
membrane. The VSV-obatoclax combination therapy leads to the activation and oligomerization of BAX and BAK homo- and hetero dimers and thus 
membrane permeabilization, cytochrome c formation of the apoptosome and activation of the caspase cascade. BCL, B-cell lymphoma-2; CLL, chronic 
lymphocytic leukemia; MCL, myeloid cell  leukemia-1; Obato., obatoclax; VSV, vesicular stomatitis virus.
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other BCL-2 family members; previous studies  demonstrated that 
 obatoclax can induce BIM expression and that inhibition of MCL-1 
can alter the BAK activity, as well as BAX.16,17,21 Additionally, other 
BCL-2 proteins may form apoptosis-inducing complexes that were 
not detected in the present study. Moreover, other groups have 
reported that activation of the JAK/STAT pathway can induce 
apoptosis in CLL cells.47 Further studies will clarify the role of 
these additional proteins in VSV-obatoclax synergism.

Synergism between VSV and obatoclax appears to require 
three major events: NOXA upregulation, BAX release from BCL-2 
and BAK release from MCL-1. The importance of NOXA in 
apoptotic induction25–27 was highlighted by the observation that 
siRNA- mediated knockdown of NOXA decreased apoptosis in 
VSV-obatoclax treated cells and that VSV-mediated NOXA induc-
tion can be replaced with NOXA expression plasmids to synergis-
tically induce apoptosis with obatoclax. VSV alone did not cause 
significant CLL cell death (Figure 3a, lanes 1–3), likely due to 
BAX sequestration by overexpressed BCL-2.11 Although, NOXA 
induction by VSV was accompanied by a small increase in NOXA/
MCL-1 interactions and a small decrease in MCL-1/BAK interac-
tions, it was insufficient to shift the balance from prosurvival to 
proapoptotic complexes; only in combination with obatoclax did 
VSV completely relieve BCL-2 and MCL-1-mediated inhibition of 
BAX and BAK, respectively. These results strongly suggest NOXA 
expression is an important element in VSV-obatoclax-mediated cell 
death. In summary, we propose VSV-obatoclax therapy in primary 
CLL cells induces apoptosis via a  mitochondrial-dependent path-
way in which cytochrome c release and activation of  caspases-9 and 
-3 are triggered by VSV-induced NOXA expression and obatoclax-
induced release of BAX and BAK (Figure 8).

MAterIAls And Methods
Patients and PBMC isolation. PBMCs were obtained from healthy 
individuals and CLL patients at the Jewish General Hospital (Montreal, 
QC, Canada) following written informed consent, in agreement with 
the Jewish General Hospital and McGill University Research Ethics 
Committee. Patients had a median age of 60. Samples were collected 
from both male and female patients, although a majority were from male 
donors. The absolute lymphocyte counts were typical of CLL patients 
in general. Patients were not receiving treatment at the time of sample 
collection. PBMCs were isolated as previously described.23 PBMCs were 
cultured in RPMI 1640 supplemented with 15% heat-inactivated fetal 
bovine serum (Wisent, St-Bruno, Quebec, Canada) and 100 U/ml pen-
icillin–streptomycin. PBMCs were cultured at 37 °C in a humidified, 5% 
CO2 incubator. CLL was confirmed by presence of CD5+ and CD19+ 
markers. Only patients with a 30% or greater CD5+/CD19+ CLL cell 
population were used in this study.48,49

Cell lines. The human B-lymphoma cell line Karpas-422 was purchased 
from the German Collection of Microorganisms and Cell Cultures 
(Braunschweig, Germany) and the A20 mouse B-lymphoma cell line was 
purchased from ATCC (Manassas, VA). All cell lines were grown in RPMI 
1640 medium (Wisent, St Bruno, QC, Canada) supplemented with 10% 
fetal calf serum, penicillin and streptomycin. Cells were maintained at 
37 °C and 5% CO2.

Virus production, quantification, and infection. Construction of VSV-AV1 
was previously described.36 Virus stock was grown in Vero cells (purchased 
from ATCC, Bethesda, MD), concentrated from cell-free supernatants by 
centrifugation (15,000 r.p.m./4 °C/90 minutes) and titrated in duplicate by 

standard plaque assay as previously described.23 Primary PBMC isolates 
and Karpas-422 cells were infected with VSV at a multiplicity of infection 
of 10 plaque-forming units/cell for 1 hour in serum-free media at 37 °C. 
The cells were then incubated with complete medium at 37 °C for the 
 indicated times.

Viability assay. Cell viability was assessed by 3-(4,5-dimethylthiazol)-
 2,5-diphenyl tetrazolium dye absorbance according to the manufacturer’s 
instructions (Chemicon, Billerica, MA). PBMCs were seeded in 96-well 
plates at a density of 5 × 105 cells/well. Cell viability was also analyzed 
by Annexin V and propidium iodide staining and fluorescence-activated 
cell sorting analysis. For drug combination studies, cells were incubated 
with or without obatoclax (100 nmol/l) and infected or not with VSV-AV1 
(10 multiplicity of infection) as indicated. To determine the IC50, increas-
ing concentrations of obatoclax (0–20 μmol/l) were used. Plates were 
incubated at 37 °C, 5% CO2 and cells analyzed every 24 hours for 7 days. 
Each experimental condition was performed in quadruplicate.

Protein extraction and western blot analysis. Cells were washed twice with 
ice-cold phosphate-buffered saline, and proteins were extracted as described 
previously.23 Briefly, cell pellets were lysed in ice-cold buffer containing 
phosphate-buffered saline, 0.05% NP40, 0.1% glycerol, 30 mmol/l NaF, 
40 mmol/l β-glycerophosphate, 10 mmol/l Na3VO4, and protease inhibitor 
cocktail (Sigma-Aldrich, St Louis, MO) in 1/1,000 dilution. Extracts were 
kept on ice for 15 minutes and centrifuged at 10,000 g for 25 minutes (4 °C), 
and supernatants were stored at −80 °C. Protein concentration was deter-
mined with Bio-Rad protein assay reagent (BioRad, Hercules, CA). Protein 
extracts were resolved using 14% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to nitrocellulose membrane (Hybond 
C Super; GE Healthcare Bio-Sciences, Buckinghamshire, UK). Membranes 
were blocked for 1 hour in 5% nonfat dried milk in TBST (Tris-buffered 
saline + 0.5% Tween-20). Followed by incubation with any of the follow-
ing primary antibodies: cleaved caspase-3, β-actin, and BID (Cell Signaling 
Technologies, Danvers, MA; 1:2,000); BCL-2 (Santa Cruz Biotechnology, 
Santa Cruz, CA; 1:2,000), BAX (Santa Cruz Biotechnology; 1 μg/ml) and 
anti-mouse NOXA (Calbiochem, San Diego, CA; 1 μg/ml).

Mitochondria isolation. Mitochondria and cytosolic fractions were pre-
pared from Karpas-422 cells after 24 hours of obatoclax and/or VSV-AV1 
treatment, using the Pierce Mitochondria Isolation Kit for cultured cells, 
reagent-based method according with manufacturer protocol. Fractions 
were analyzed via western blot for cytochrome c (BD Biosciences, 
Franklin Lakes, NJ), BAX 6A7, BAX (Santa Cruz Biotechnology) and 
NOXA (Calbiochem). COXIV is an inner mitochondria membrane pro-
tein and was used as a measure of mitochondria purity and loading con-
trol; β-actin was used for cytoplasm purity and loading control.

Coimmunoprecipitation of BCL-2 family proteins. Two microgram of anti-
BCL-2 monoclonal antibody, 2 μg of anti-BAX monoclonal antibody, 2 μg 
of anti-MCL-1 (Santa Cruz Biotechnology), 2 μg of anti-BAK  monoclonal 
 antibody (Millipore, Temecula, CA) or 2 μg of anti-NOXA monoclonal 
antibody (Calbiochem) were crosslinked to 20 μg of protein l-agarose 
beads (Santa Cruz Biotechnology) using 0.2 mol/l triethanloanime pH 8.0. 
Cells were lysed with 1% CHAPS lysis buffer [10 mmol/l HEPES (pH 7.4), 
150 mmol/l NaCl, 1% CHAPS] containing protease inhibitors and total 
protein (500 μg) was incubated with crosslinked antibody in 1% CHAPS 
lysis buffer at 4 °C overnight on a rotator. Immunoprecipitates were col-
lected by centrifugation for 1 minute. The pellets were washed three times 
with 1% CHAPS lysis buffer, beads were boiled in loading buffer and 
bound protein was analyzed by western blotting. Samples with antibody 
alone (no lysate), lysate alone (no antibody) or with an irrelevant isotype-
matched immuno globulin G antibody were used as negative controls (data 
not shown). Protein input (30 μg) was run in 14% sodium dodecyl sulfate-
 polyacrylamide gel electrophoresis and transferred to nitrocellulose 
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membrane (Hybond C Super; GE Healthcare Bio-Sciences). Membranes 
were blocked for 1 hour in 5% nonfat dried milk in TBST (Tris-buffered 
saline + 0.5% Tween-20)  followed by incubation with any of the follow-
ing primary antibodies: BCL-2, MCL-1 (Santa Cruz Biotechnology; 
1:2,000), BAX (Sigma, St Louis, MO; 1 μg/ml), BAK (Millipore and NOXA 
(Calbiochem; 1 μg/ml).

RNA extraction and real-time PCR. Whole RNA from treated cells was 
extracted using RNase extraction Kit (Qiagen, Mississauga, ON, Canada) 
according to the manufacturer’s instructions. Real time-PCR was performed 
using 1 μg and 200 ng (for Karpas-422 and ex vivo CLL cells, respectively) 
of RNA resuspended in RNase-free ddH2O and Oligo dT12-18 primer 
(Invitrogen Canada, Burlington, ON, Canada) according to the manufac-
turer’s conditions. Reverse transcription was performed using Superscript 
II (Invitrogen Canada) at 42 °C for 1 hour. The PCR primer pair specific for 
NOXA was: forward 5′-AGTAGCTGGAAGTCGAGTGT-3′ and reverse 
5′-AGGTTCCTGAGCAGAAGAGT-3′. All data are presented as a relative 
quantification with efficiency correction based on the relative expression 
of target genes versus β-actin as reference gene. Complementary DNA was 
amplified using SyBR Green I PCR master mix (Applied Biosystems, Foster 
City, CA) and the data was collected using the AB 7500 Real-Time PCR 
System (Applied Biosystems) and analyzed by Comparative CT Method 
using the SDS v1.3.1 Relative Quantification Software. For semiquantita-
tive real time-PCR, amplification products were resolved on an agarose 
gel and digital image of the ethidium bromide stained bands inverted for 
presentation.

In vivo murine lymphoma model. This study was approved by the local 
animal care and institutional animal ethics committee of Jewish General 
Hospital and McGill University. A total of eight animals were used for 
this study 4–6-week-old female Fox Chase SCID mice (Charles River 
Laboratories, Pointe Claire, QC, Canada) were injected subcutaneously 
with 1 × 106 A20 cells in a 100-µl volume into the hind flanks. Tumor 
 volumes were measured and calculated as ½(length × width2).50 Once 
tumors were palpable, animals were randomly assigned to treatment 
groups and received five intraperitoneal injections of obatoclax (3 mg/day/
kg). At days 2 and 5 following obatoclax injection, VSV-AV1 was inocu-
lated intratumorally at 1 × 108 plaque-forming units of virus each. Animals 
were evaluated for signs of stress such as infection, dehydration, weight 
loss (>20%), and limb paralysis.

Transient transfection of siRNA NOXA and NOXA expression plasmid. 
Control and NOXA-specific RNAi sequences were described  previously.26 
Transfection of Karpas-422 cells was carried out by electroporation using the 
Nucleofection System (Amaxa, Köln, Germany), according to the protocols 
proposed by the manufacturer. Briefly, 1 × 106 Karpas-422 cells were resus-
pended in 100 μl of nucleofector V solution (Nucleofector kit V) contain-
ing 100 pmol of double-stranded siRNAs. After  electroporation (program 
T020), 500 μl of prewarmed cultured medium were added to the cuvette, and 
the cells were transferred into cultures plates containing prewarmed culture 
medium. At the optimal time of gene silencing (24 hours post-transfection), 
cells were mock-infected, treated or not with 100 nmol/l of obatoclax or 
infected with VSV 10 multiplicity of infection. After 24 hours cells were 
 collected, protein was extracted, and immunoblots were performed.

Transfection of the pcDNA3-NOXA expression vector was carried 
out as described above with some changes. Briefly, 1 × 106 Karpas-422 
cells were resuspended in 100 μl of nucleofector V solution (Nucleofector 
kit V) containing increasing amounts of pcDNA3-NOXA complemented 
with empty vector. Cells were treated with obatoclax 24 hours after 
transfection. Forty-eight hours post-transfection cells were collected, 
protein was extracted, and immunoblots were performed.

Statistical analysis. Graphics and statistical analysis were executed 
using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA). 
Differences among the treatment groups were analyzed by paired t-test. 

The P  values <0.05 were considered statistically significant. Average values 
were expressed as mean ± SD.
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