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MCL-1 and overcomes MCL-1-mediated resistance
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Elevated expression of members of the BCL-2 pro-survival family of
proteins can confer resistance to apoptosis in cancer cells. Small
molecule obatoclax (GX15-070), which is predicted to occupy a
hydrophobic pocket within the BH3 binding groove of BCL-2,
antagonizes these members and induces apoptosis, dependent on
BAX and BAK. Reconstitution in yeast confirmed that obatoclax
acts on the pathway and overcomes BCL-2-, BCL-XL-, BCL-w-, and
MCL-1-mediated resistance to BAX or BAK. The compound potently
interfered with the direct interaction between MCL-1 and BAK in
intact mitochondrial outer membrane and inhibited the association
between MCL-1 and BAK in intact cells. MCL-1 has been shown to
confer resistance to the BCL-2/BCL-XL/BCL-w-selective antagonist
ABT-737 and to the proteasome inhibitor bortezomib. In both
cases, this resistance was overcome by obatoclax. These findings
support a rational clinical development opportunity for the com-
pound in cancer indications or treatments where MCL-1 contributes
to resistance to cell killing.
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n addition to uncontrolled cell proliferation, transformation to

the malignant cell phenotype is associated with abrogation of
apoptosis, a finding that derived initially from studies of the
BCL-2 oncogene (1, 2). BCL-2, however, has emerged as a family
of both anti- and proapoptotic proteins that function in part to
regulate and execute the core mitochondrial pathway of apo-
ptosis (3). Moreover, the cell proliferative and cell death poten-
tial of cancer cells seem to be intimately linked because onco-
genes like c-myc are potent activators of the apoptotic machinery
and rely on pro-survival regulators like BCL-2 to blunt this
apoptotic response to drive tumorigenesis (4-7). Together with
the fact that BCL-2 can inhibit the induction of apoptosis by
many anti-cancer agents, this finding has led to the conclusion
that therapeutic modulation of the BCL-2 pathway may repre-
sent a new treatment option in a variety of cancer settings (8, 9).

A key element of the BCL-2 mechanism is to control the
permeability of the mitochondrial outer membrane, permitting
release of regulatory factors that are located in the intermem-
brane space, including cytochrome c. Upon release, they activate
caspases and the core apoptotic pathway (10). Such control by
the BCL-2 family is achieved by the binary protein—protein
interactions that can occur between pro- and antiapoptotic
members, an interaction that is mediated by the insertion of the
amphiphilic BH3 domain of proapoptotic members into an
extended groove formed by the BH1, BH2, and BH3 domains at
the surface of pro-survival members (11). How the pro-survival
members BCL-2, BCL-XL, MCL-1, BCL-w, or Al antagonize
membrane permeabilization, however, is the subject of consid-
erable debate (12). Nevertheless, whether directly or indirectly
via the BH3-only members, the pro-survival members must
ultimately prevent the activation of the multi-BH domain proapo-
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ptotic members BAX and BAK, which are the effectors of
membrane permeabilization. This antagonism occurs within the
outer membrane and, in the case of inhibition of BAX by BCL-2,
may involve substantial conformational changes and further
penetration into the membrane lipid bilayer of both proteins in
response to stimuli, to drive interactions between the two
proteins (13, 14).

Despite the complexities of the protein—protein interactions
and inhibition of apoptosis by pro-survival members, there is
now strong support for antagonism of the pro-survival mem-
bers by BH3 mimetics as a potential for therapeutic interven-
tion (15, 16). There may be different ways, however, to achieve
this outcome. For example, the nonequivalent functional
redundancies among pro-survival family members, the differ-
ent conformational states that can exist for an individual
member in response to death stimuli, and the degree of
penetration of these proteins into their target membrane, may
mean that therapeutic antagonists of BCL-2 proteins could be
developed with different mechanisms of action and selectivity.
One example is illustrated by the unique properties of MCL-1.
It has a structure that exhibits specific differences compared
with that of BCL2/BCL-XL (17). Coupled with other proper-
ties of the protein, it may explain the fact that ABT-737, a
recently described small molecule inhibitor of BCL2/BCL-XL,
does not exhibit potency against MCL-1 (16). Moreover,
current evidence suggests that MCL-1 regulates BAK by
constitutively interacting with BAK within the mitochondrial
outer membrane (18, 19). Inhibition of MCL-1, therefore, may
require disruption of a preformed MCL-1/BAK membrane
complex. Finally, MCL-1 is distinct among pro-survival BCL-2
members in that it rapidly turns over at steady state, because
of degradation by the 26S proteasome (18, 20). As a result,
inhibition of the proteasome causes accumulation of MCL-1 in
a number of systems. Given the importance of MCL-1 in
conferring resistance to apoptosis in the cancer setting, there
is a clear need to overcome this resistance therapeutically.
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Here, we describe a small molecule inhibitor of pro-survival
BCL-2 members, including MCL-1, and illustrate how this
compound, named obatoclax (GX15-070), can overcome the
resistance to apoptosis conferred by MCL-1. Obatoclax is a
hydrophobic molecule that was developed as a BCL-2 family
antagonist. It is currently undergoing evaluation in multiple
single agent and combination phase Ib and phase II clinical trials
directed at a variety of leukemia, lymphoma, and solid tumor
malignancies. The ability of obatoclax to overcome resistance to
apoptosis mediated specifically by MCL-1 provides the basis for
rationally combining obatoclax with other targeted anti-cancer
agents whose activity is restrained by MCL-1.

Results and Discussion

Obatoclax [GX15-070; supporting information (SI) Fig. 6]
stemmed from a discovery and development program aimed at
therapeutically modulating the pro-survival members of the
BCL-2 family. A recent study comparing the ability of a number
of such small molecules to inhibit binding of a BH3 peptide to
recombinant fragments of the cytosolic domains of BCL-2,
BCL-XL, MCL-1, BCL-w, Al, and BCL-b in a fluorescence
polarization assay confirmed that obatoclax inhibited this inter-
action for all 6 members (K values ~ 1-7 uM), with no effect on
a control protein—protein interaction (21). Under the conditions
of this and other aqueous-based assays used to measure BCL-2
binding activity, however, hydrophobic obatoclax is largely in-
soluble (calculated logP > 4.0); experimental logD measure-
ments revealed that the compound partitioned exclusively into
the octanol phase at pH 7.4. Because of this insolubility, its
activity in these assays is either under-estimated or cannot be
determined. This problem extends both to inhibition of protein-
peptide interactions and to NMR.

Although the compound would be expected to readily parti-
tion into lipophilic environments such as membranes where
BCL-2 family members reside, we investigated the binding mode
of obatoclax to the cytosolic fragment of a BCL-2 chimera in
silico by taking advantage of the NMR structure of the recom-
binant fragment bound to a small molecule BH3 peptidomimetic
(1YSW in SI Fig. 6; ref. 16). An in silico docking algorithm was
developed (22) that accurately predicted the observed orienta-
tion of this peptidomimetic within the BCL-2 BH3 binding
groove obtained by NMR as the highest scoring pose. Docking
of obatoclax to BCL-2 using this algorithm (see SI Materials and
Methods) suggested that the compound occupies a hydrophobic
pocket at one end of the BH3 binding groove (Fig. 14; SI Fig.
7), which is distal to that recently described for ABT-737 (16, 23).
Because this hydrophobic pocket resides in close proximity to a
lipid bilayer in the normal membrane-integrated form of full
length BCL-2 in situ, the membrane could potentiate the acces-
sibility of this pocket to a hydrophobic molecule like obatoclax.

A predicted affinity constant for the binding of obatoclax to
the BCL-2 cytosolic structure shown in Fig. 1a and SI Fig. 7 was
calculated by using the SIE scoring function (ref. 22; ST Materials
and Methods). As a control for the reliability of the calculation,
binding affinities were calculated for a training set of 12 small
molecule ligands with experimentally published binding affini-
ties to BCL-2. The calculated and experimental binding affinities
for this group were highly correlated (SI Table 1). The results
suggested that obatoclax binds this cytosolic form of BCL-2 with
a calculated K; =~ 220 nM. However, because the pro-survival
BCL members function at or within cellular membranes, we
focused our experimental analyses on the activity of the com-
pound in intact cells or organelles. As expected, the subcellular
distribution of obatoclax was seen to be regulated by the specific
distribution of ectopic BCL-2 (SI Fig. 8).
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Fig. 1. Obatoclax interferes with MCL-1/BAK interactions. (a) Predicted

orientation of obatoclax within the BH3 binding groove of BCL-2 (see also SI
Fig. 7 and SI Materials and Methods). (b) Disruption of constitutive MCL-1/BAK
interactions in isolated mitochondria. Mitochondria were isolated from SK-
Mel5 cells and incubated with the indicated concentrations of obatoclax or
NOXA BH3 peptide for 30 min at 37°C and then subjected to chemical
cross-linking with 0.1 mM LC-SMCC (+) or vehicle (DMSO) (—). After blocking
excess LC-SMCC, the mitochondria were lysed with detergent and subjected to
immunoprecipitation with anti MCL-1 antibody, and the precipitates were
probed by immunoblot with anti-MCL-1 and anti BAK antibodies. (c) Obato-
clax antagonizes MCL-1/BAK association in cells. SK-Mel5 cells were incubated
with DMSO or obatoclaxin DMSO for 5 h, after which time total cell lysate was
subjected to immunoprecipitation with anti MCL-1 antibody. Immunoprecipi-
tates and cell lysates were separated by SDS/PAGE and analyzed by Western
blot with anti-MCL-1 and anti-BAK antibodies.

Obatoclax Potently Inhibits Constitutive Interactions Between MCL-1
and BAK in Intact Mitochondria. Because the hydrophobic character
of obatoclax is compatible with membranes, the ability of the
compound to interfere with BCL protein—protein interactions
was determined in isolated, intact mitochondria. We took ad-
vantage of the fact that MCL-1 constitutively interacts with BAK
in the mitochondrial outer membrane (18, 19). Chemical cross-
linking was used to measure this interaction because it can be
conducted while maintaining the structural integrity of the
membrane. A screen of potential cross-linking agents was per-
formed and revealed LC-SMCC [3-aminopropyltriethoxysilane
(APTES), succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxy-(6-amidocaproate)] (a membrane-permeant hetero-
bifunctional compound that covalently links a primary amine
and a thiol) as the optimal agent. LC-SMCC is not reactive with
obatoclax. Mitochondria from human SK-Mel5 melanoma cells
were incubated with either vehicle (DMSO) or vehicle contain-
ing 0.1 mM LC-SMCC, and the mitochondria subsequently
solubilized with detergent. MCL-1 was recovered by immuno-
precipitation with anti-MCL-1 antibody, and the presence in the
precipitate of MCL-1 cross-linked to BAK (MCL-1/BAK
dimer), as well as monomeric MCL-1, determined by immuno-
blot (Fig. 1b). Pretreatment of the mitochondria with 10 nM of
either obatoclax or a synthetic 25-aa peptide corresponding to
the BH3 domain of human NOXA (which interacts selectively
with MCL-1; ref. 24) before the addition of cross-linking agent
strongly inhibited the formation of MCL-1/BAK dimers (Fig.
1). Of note, however, addition of concentrations as high as 2.0
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1M obatoclax to isolated mitochondria did not stimulate release
of cytochrome c in vitro, whereas a corresponding concentration
of BID BH3 peptide, which can activate BAX and BAK (25),
depleted the mitochondrial pool of cytochrome ¢ (SI Fig. 9).

Thus, obatoclax seems to disrupt MCL-1/BAK interactions in
intact mitochondria but BAK at this site is either not optimal for
activation in isolated mitochondria under the conditions of this
assay or requires a second stimulus to become activated (e.g.,
provided by tonic signaling pathways in cancer cells), causing
release of cytochrome c. In lymphoma cells expressing MCL-1
and treated with obatoclax as a single agent, activation of BAX
and BAK and release of cytochrome ¢ from mitochondria was
observed, upstream of caspase activation (26). However, to
confirm that obatoclax can inhibit endogenous MCL-1/BAK
interactions within the cell, SK-Mel5 cells were treated with
compound, the cells recovered and washed, the cell pellet
dissolved in excess of solution containing the detergent Nonidet
P-40, and MCL-1 recovered by overnight immunoprecipitation.
The amount of MCL-1 and BAK in the immunoprecipitate was
determined by immunoblotting. Despite significant dilution of
the cell content of obatoclax during immunoprecipitation, ex-
posure of cells to 1 uM obatoclax for 5 h caused a significant
reduction in the amount of BAK recovered with MCL-1, with
near complete inhibition recorded at 5 uM (Fig. 1¢). Coimmu-
noprecipitations have also revealed disruption of BCL-2 inter-
actions with BIM (data not shown).

Obatoclax Antagonizes the BCL Pathway, Dependent on BAX or BAK.
Examination of the ability of obatoclax to directly antagonize
MCL-1 in mammalian cells is complicated by the fact that
multiple indirect pathways, for example proapoptotic stress
pathways, can also influence the activity of this BCL member.
The yeast, Saccharomyces cerevisiae, however, does not contain
any known BCL-2 homolog, but it has been noted that overex-
pression of either BAX or BAK inhibits its cell growth (27). This
inhibition can be countered by expression of MCL-1 (and BCL-2,
BCL-XL, or BCL-w) (SI Fig. 10a). At 50 uM, obatoclax did not
affect the growth of control yeast cells; however, it significantly
overcame the ability of the pro-survival members to antagonize
BAX- or BAK-mediated inhibition of cell growth. Although 50
uM is a relatively high external concentration of the compound,
the proteins were expressed by using high-copy number plas-
mids; moreover, uptake and retention of drugs by yeast differs
from that of mammalian cells and is consistent with the finding
that yeast cells typically require at least 100- to 1,000-fold higher
concentrations of anti-cancer compounds to inhibit cell growth
compared with the concentrations that are effective in mamma-
lian cells (28). Examples pertaining to camptothecin and doxo-
rubicin relative to several human cell lines are provided in SI Fig.
10b. Importantly, expression of each of the pro-survival BCL
members in the absence of BAX or BAK did not confer
sensitivity of the yeast cells to obatoclax, indicating that the
effect of the compound on yeast cell growth depended on the
presence of BAX or BAK.

The findings in yeast cells suggest that mammalian cells
lacking the expression of BAX and BAK should exhibit resis-
tance to apoptosis in response to obatoclax. This prediction was
confirmed in E1A/p53DN-transformed kidney epithelial cells
derived from the Bax,Bak double knock out mouse (29). Com-
pared with transformed WT cells, the DKO cells resisted the
activation of caspase-3 (Fig. 2a) and the cleavage of DNA into
oligo-nucleosomal fragments in response to obatoclax (Fig. 2b),
both of which are hallmarks of apoptosis. Moreover, the ability
of obatoclax to induce apoptosis in the Bax,Bak-expressing WT
cells also extended to its ability to inhibit colony formation of
malignant cancer cells. Such activity was examined in the murine
Eu-Myc lymphoma cell model (30, 31), in which protection
against apoptotic stress mediated by Myc expression was pro-
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Fig. 2. Induction of apoptosis and inhibition of colony formation by obato-
clax. (a) Deletion of Bax and Bak causes resistance to obatoclax. Baby kidney
epithelial cell lines derived from the WT and Bax,Bak double knockout (DKO)
mouse were treated with vehicle (DMSO) or vehicle containing 2.0 uM obato-
clax or 0.5 uM staurosporin (STS), and 20 h later the processed large subunit
of caspase-3 (arrow) was detected by SDS/PAGE and immunoblot analysis. (b)
Asin a, except that oligonucleosomal fragments were detected by agarose gel
electrophoresis and staining with ethidium bromide after treatments with
0.05 uM (lanes 3 and 10), 0.2 uM (lanes 4 and 11) and 1 uM (lanes 5 and 12) STS
for 16 h; obatoclax treatment was 0.5 uM (lanes 6 and 14), 1 uM (lanes 7 and
15) and 2 uM (lanes 8 and 16) for 24 h. (c) Sensitivity of murine Eu Myc B cell
lymphoma cell lines overexpressing Bcl-2, Mcl-1, or A1 to obatoclax. Cells were
exposed to 1 uM obatoclax or ABT737 for 24 h, the media (containing
compound) diluted 30-fold, and colony formation on soft agar recorded after
7 days, as described in ref. 45.

vided by overexpression of MCL-1, BCL-2, or A1 (Fig. 2c). In all
three cell lines, colony formation and survival was strongly
inhibited by obatoclax.

Obatoclax Overcomes Resistance to Apoptosis Conferred by MCL-1. In
contrast to obatoclax, the BH3 mimetic ABT-737 inhibited
colony formation of Eu-Myc lymphoma cells that overexpress
BCL-2, but not those overexpressing MCL-1 or Al (Fig. 2¢). This
result is consistent with both the finding that ABT-737 does not
antagonize Al or MCL-1 (16, 21) and the observation that
MCL-1 can confer cellular resistance to ABT-737-induced apo-
ptosis (32, 33). Such a resistance mechanism to ABT-737 can
thus be exploited to determine whether obatoclax can overcome
MCL-1-mediated resistance to apoptosis. To that end, a KB oral
carcinoma cell line was generated that overexpresses ectopic
BCL-2 (to restrict cell death) but also expresses sufficient
endogenous MCL-1 to restrict cytotoxicity conferred by ABT-
737 (Fig. 3 a—). The KB/BCL-2 model for MCL-1-mediated
resistance to ABT-737 was validated by siRNA-mediated knock-
down of MCL-1 (Fig. 3 b and c¢). As judged by annexin V
reactivity and uptake of propidium iodide, neither knock down
of MCL-1 alone nor treatment of the cells with 0.5 uM ABT-737
alone induced cell death; however, combining the two treat-
ments was strongly cytotoxic (Fig. 3c).

The KB/BCL-2 cells were also resistant to 0.1 uM obatoclax.
However, like MCL-1 siRNA, 0.1 uM obatoclax overcame
MCL-1-mediated resistance to ABT-737, leading to cell death in
combination (Fig. 4a). The treatment with obatoclax had no
effect on MCL-1 levels but among those BH3-only members that
have been reported to antagonize MCL-1 (BID, NOXA, BIM,
and PUMA,; ref. 24), a modest increase in BIM was noted (Fig.
4b). However, E1A/p53DN transformed kidney epithelial cells
derived from the Bim ™/~ mouse were as sensitive to obatoclax-
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Fig. 3. BCL-2-overexpressing KB cells whose endogenous MCL-1 confers

resistance to ABT-737. (a) Stable overexpression of BCL-2 in KB cells. (b)
Reduction of MCL-1 expression in KB/BCL-2 cells by MCL-1 siRNA. (c) MCL-1
knockdown confers sensitivity to ABT-737 in KB/BCL-2 cells. KB/BCL-2 cells
were transfected with human MCL-1 siRNA or luciferase (Luc) siRNA and
plated into media containing 0.5 uM ABT-737. After 72, the percentage of cells
incorporating annexin V FITC and propidium iodide was determined by flow
cytometry.

mediated killing as were WT cells (Fig. 4c), whereas Bim
deletion conferred partial resistance to paclitaxel, as described in
ref. 34. Although BIM is not required for obatoclax-mediated
cytotoxicity, its increase in response to obatoclax could poten-
tiate the inhibition of MCL-1 by the drug.

Obatoclax Overcomes MCL-1-Mediated Resistance to the Proteasome
Inhibitor Bortezomib in Melanoma. A unique property of MCL-1,
relative to other pro-survival members of the BCL-2 family, is its
rapid steady-state turnover by the 26S proteasome complex (18,
20), resulting from constitutive ubiquitination of MCL-1 by the
E3 ligase MULE/LASUL (35, 36). Interference with either the
E3 ligase or the activity of the proteasome itself can result in
significant elevation in the level of the MCL-1 protein. More-
over, such elevation of MCL-1 can interfere with the therapeutic
response to the proteasome inhibitor bortezomib (Velcade ) in
cells derived from malignancies for which the drug is currently
approved for treatment, multiple myeloma (37) and mantle cell
lymphoma (26). In the case of both multiple myeloma (38) and
mantle cell lymphoma (39), combining bortezomib with obato-
clax partially overcame resistance to bortezomib and resulted in
an enhanced cytotoxic response. The ability of obatoclax to
overcome MCL-1-mediated resistance to bortezomib, therefore,
could ameliorate the response barrier to the use of bortezomib
as a single agent in other indications.

An example is illustrated in the melanoma cell line B16-F1
(Fig. 5). This cell line was selected because bortezomib was found
not to influence Noxa (data not shown), which, like MCL-1, can
also be elevated in response to proteasome inhibition (39, 40).
This cell line was particularly resistant to bortezomib even at
relatively high concentrations of the drug. Bortezomib caused
elevation of MCL-1 to near maximum levels at 100 nM of drug
(Fig. 5 Top) and the cells resisted treatment with the drug at
concentrations as high as 500 nM for 24 h (Fig. 5 Middle and
Bottom). MCL-1 siRNA prevented the induction of MCL-1
protein levels over a wide range of bortezomib concentrations
(Fig. 5 Top) and sensitized the cells to induction of apoptosis by
100 nM bortezomib, as measured by annexin V staining, while

Nguyen et al.

a  Obatoclax (uM)
ABT 737 0 » 0.1

(uM)
0 ' '1_2%
¥
— 1% ‘22%
0.1 oo ] 1ol
| ' (-]

b

Obatoclax (uM)
0 o.1

— —— |« MCL-1

e = | 4= BID

- o

S
R

Iy
g
=
>

0.5 o 1l I
1% us % E« Actin
o KB/BCL-2
15 1 50%

=Y
TR

Propidium lodide

9 125 . 125

g g
100 i * Bim+/+ = 400

% * Bim-/- %

s 75 8 75

> >

2 50 2 s0

5 5

e 25 e 25

! 0

00 100 1000 1

Obatoclax (nM)

Paclitaxel (nM)

Fig.4. Obatoclax overcomes the resistance of KB/BCL-2 cells to ABT-737. (a)
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took up propidium iodide was determined by flow cytometry. (b) Influence of
obatoclax on expression of MCL-1 and BH3-only antagonists of MCL-1 in
KB/BCL-2 cells. After treatment with or without 0.1 uM obatoclax for 72 h, 25
ng of total cell lysate was analyzed by SDS/PAGE and immunoblot for the
indicated proteins. (c) Bim deletion does not interfere with obatoclax cyto-
toxicity. Bim™~ or Bim™/* transformed baby mouse kidney cells were treated
with obatoclax or paclitaxel at the indicated concentrations for 72 h and cell
viability determined. Standard error is shown (bars).

having no effect on its own (Fig. 5 Middle). Because obatoclax
can antagonize MCL-1, it would be expected to have an effect
similar to that of MCL-1 siRNA. A concentration of obatoclax
was selected that alone had only modest effects on annexin V
staining (Fig. 5 Bottom, left side of histogram), but it was found
to potentiate either 50 or 500 nM bortezomib. Thus, melanoma
as well as potentially other cancer indications could benefit from
the combination of a proteasome inhibitor and an MCL-1
antagonist.

Obatoclax Exhibits Single-Agent Antitumor Activity. Multiple cancer
cell lines exhibit cytotoxicity in response to treatment with
obatoclax. When formulated for i.v. administration, obatoclax
was found to have single-agent antitumor effects in several
standard mouse tumor models. Examples are provided in SI Fig.
11 a and b. Antitumor activity without animal weight loss was
observed in mice bearing solid tumors, including those derived
from mouse mammary and human colon, prostate and cervical
carcinoma cell lines.

Concluding Remarks. The hydrophobic properties of obatoclax
seem to be compatible with the mitochondrial outer membrane
milieu in which the BCL-2 pro-survival proteins operate. Indeed,
we were able to demonstrate potent inhibition of the constitutive
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Fig. 5. Obatoclax overcomes MCL-1-mediated resistance to bortezomib in
melanoma cells. (Top) Mouse melanoma B16-F1 cells were transfected with
luciferase siRNA or mouse Mcl-1 siRNA for 24 h followed by a 24-h treatment
with bortezomib at the indicated concentrations. Total cell lysates were
analyzed by immunoblot for Mcl-1 expression. (Middle) As in Top, except that
the percentage of cells that incorporated annexin V was determined by flow
cytometry. (Bottom) B16-F1 cells were incubated with bortezomib alone or in
combination with 50 nM obatoclax for 24 h and apoptosis (annexin V staining)
determined as in Middle.

interactions between MCL-1 and BAK within the intact mito-
chondrial outer membrane. As a consequence, we conducted
most of our analyses in systems where the integrity of cellular
membranes was maintained, including intact mitochondria and
cells. Together with the findings in yeast cells reconstituted with
the BCL/BAX or BCL/BAK pathways and in murine epithelial
cells deleted of Bax and Bak, the results collectively indicated
that obatoclax can inhibit the ability of pro-survival members of
the BCL-2 family to antagonize BAX or BAK, causing cytotox-
icity. Such cytotoxicity also extended to inhibition of colony
formation in the murine Eu-Myc model of B cell lymphoma and
to antitumor activity in murine xenograft models of human
carcinomas.

An important opportunity arising from the development of
targeted therapies for the treatment of cancer is the ability to
rationally combine these agents to achieve drug synergies. To
illustrate such a potential for obatoclax, we explored its combi-
nation with the 26S proteasome inhibitor bortezomib (Velcade)
and the BCL-2/BCL-XL,BCL-w-selective inhibitor ABT-737. In
both cases, resistance to these agents was conferred by MCL-1:
in the case of bortezomib, because this drug interferes with the
rapid steady-state turnover of MCL-1, resulting in MCL-1
elevation; and in the case of ABT-737, because this BCL-2
antagonist does not significantly inhibit MCL-1. Cell models
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were selected for which siRNA analyses confirmed that the
endogenous levels of MCL-1 conferred resistance to these
agents. As expected, obatoclax was found to overcome the
MCL-1-mediated resistance to bortezomib or to ABT-737, and
in both cases strong synergistic cytotoxicities with obatoclax were
recorded. In the case of a potent cytotoxic like bortezomib with
a restrictive side-effect profile (41), the combination with obato-
clax may permit a reduction in the dose of bortezomib required
to achieve a therapeutic benefit and promote its therapeutic
potential in cancer indications where it does not have utility as
a single agent. Moreover, evidence of induction of MCL-1 by
bortezomib, with or without concomitant induction of NOXA,
could be exploited as a biomarker to predict synergy with an
MCL-1 antagonist such as obatoclax.

Finally, the findings reported here are consistent with the
principle that inhibition of MCL-1 below a critical threshold
level, as opposed to complete inhibition, is sufficient to prevent
MCL-1 from resisting signals that result in cell death. This point
is relevant because MCL-1 is an essential protein in develop-
ment, and complete inhibition may be toxic to certain normal
tissues. Germ line ablation of the mouse Mcl-I gene, for example,
resulted in peri-implantation embryonic lethality (42), and con-
ditional gene deletion indicated an essential role for MCL-1 in
the development and maintenance of B and T lymphocytes (43).
Importantly, however, it required only partial knock down of
endogenous MCL-1 to sensitize a cell line overexpressing BCL-2
to cytotoxicity induced by ABT-737. The ability of a small
molecule like obatoclax to lower the functional threshold of
MCL-1 below a critical level, therefore, may provide a thera-
peutic window for an effective and safe treatment in an appro-
priate cancer setting.

Materials and Methods

Analyses with Isolated Mitochondria. Mitochondria were isolated
from SK-Mel5 as described in ref. 44. For MCL-1/BAK inter-
action, 40 pg of isolated mitochondria was incubated with
obatoclax or NOXA BH3 peptide in 50 ul of 200 mM mannitol,
70 mM sucrose, 10 mM Hepes (pH 7.5), and 1 mM EDTA for
30 min at 37°C. The mitochondria were reisolated and subjected
to cross-linking with 0.1 mM LC-SMCC in the same buffer for
30 min at 25°C. Cross-linked mitochondria were reisolated, lysed
in 50 mM Hepes (pH 7.7), 150 mM NaCl, 0.1% Triton X-100,
0.5% Nonidet P-40, and 1 mM EDTA and subjected to immu-
noprecipitation with anti-MCL-1 antibody (Stressgen). The pre-
cipitates were analyzed by SDS/PAGE followed by immunoblot-
ting with anti-MCL-1 and anti-BAK (Upstate) antibodies. For
analyses of cytochrome c, 25 ug of isolated mitochondria from
KB cells were incubated with obatoclax or BID BH3 peptide as
described above. Mitochondrial pellets and supernatants were
separated and analyzed by SDS/PAGE and immunoblot with
anti-cytochrome ¢ antibody (BD Biosciences).

Coimmunoprecipitation from Cells. SK-Mel5 cells were incubated
at 37°C for 5 h with obatoclax or DMSO. Cell pellets were
resuspended in ice-cold 10 mM Tris (pH 8.0), 60 mM KCI, 1 mM
EDTA, 1 mM DTT, 0.5% Nonidet P-40 (IGEPAL), 10 mM
sodium vanadate, S0 mM NaF, 0.1 mM PEFABLOC, 1 ug/ml
pepstatin A and leupeptin, and 10 ug/ml aprotinin and gently
pipetted up and down 10-15 times. The samples were incubated
for 10 min on ice and then centrifuged at 10,000 X g for 15 min
at 4°C. Cell extracts (250 ug of protein) were brought to a volume
of 1 ml with immunoprecipitation (IP) buffer (50 mM Hepes, pH
7.7, 150 mM NaCl, 0.1% Nonidet P-40 (IGEPAL), 5 mM
EDTA) and incubated with 2 ug of rabbit anti-MCL-1 antibody
(SC-819; Santa Cruz Biotechnology) overnight at 4°C. Immune
complexes were precipitated by incubation with protein A-
coated Sepharose beads previously equilibrated with IP buffer,
and washed five times with 1 ml of IP buffer. Immunoprecipi-
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tated proteins were separated on a 12.5% SDS/PAGE gel, and
analyzed by Western blot using the following antibodies: mouse
anti-MCL-1 antibody (PharMingen) (1/1,000 dilution); rabbit
anti-BAK (Upstate) antibody (1/1,000 dilution); and HRP-
conjugated goat anti-rabbit or anti-mouse antibody (1/5,000
dilution). Proteins were detected by using the ECL plus Western
blot detection kit (Amersham).

siRNA Transfection. Pools of four siRNAs against human MCL-1
or mouse Mcl-1 mRNAs were purchased from Dharmacon.
KB/BCL-2 cells were transfected twice with the pool of human
MCL-1 siRNA or luciferase siRNA using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. Twenty-
four hours after the second transfection, cells were plated into
media containing the compounds. Seventy-two hours later, cells
were analyzed by flow cytometry. For mouse B16-F1 cells, pools
of mouse Mcl-1 siRNAs or luciferase siRNAs were transfected
once by using Lipofectamine 2000. Twenty-four hours after
transfection, cells were plated into medium containing the
compounds; cells were collected the following day and analyzed
by flow cytometry.
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Flow Cytometry. Treated cells were collected, washed with PBS,
and resuspended in buffer [10 mM Hepes (pH 7.4), 140 mM
NaCl, 2.5 mM CaCly] containing annexin V (Biovision) or
propidium iodide (Molecular Probes) as described by the man-
ufacturer. Cells were incubated for 15 min at 25°C and analyzed
by flow cytometry. For additional information, see SI Materials
and Methods.
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