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SUMMARY

Cancer cells exhibit many abnormal phenotypes that induce apoptotic signaling via the intrinsic, or
mitochondrial, pathway. That cancer cells nonetheless survive implies that they select for blocks in
apoptosis. Identifying cancer-specific apoptotic blocks is necessary to rationally target them. Using
a panel of 18 lymphoma cell lines, we show that a strategy we have developed, BH3 profiling, can
identify apoptotic defects in cancer cells and separate them into three main classes based on
position in the apoptotic pathway. BH3 profiling identifies cells that require BCL-2 for survival and
predicts sensitivity to the BCL-2 antagonist ABT-737. BCL-2 dependence correlates with high levels
of proapoptotic BIM sequestered by BCL-2. Strikingly, BH3 profiling can also predict sensitivity to

conventional chemotherapeutic agents like etoposide, vincristine, and adriamycin.

INTRODUCTION

Apoptosis, a form of programmed cell death (PCD), can be
triggered by numerous types of cellular damage and
derangement. Genomic instability, oncogene activation,
cell cycle checkpoint violation and loss of prosurvival
signaling all have been shown to induce apoptosis via
the intrinsic apoptotic pathway. Cancer cells often exhibit
some or all of these “deadly” phenotypes. To survive,
therefore, itis necessary that cancer cells select for a block
in apoptotic signaling at the mitochondrion. Such blocks
likely involve alterations in the function and control of the
BCL-2 family of proteins. Understanding these blocks is
essential for selective therapeutic targeting of apoptotic
pathways in cancer cells.

Proteins of the BCL-2 family are key mediators of
programmed cell death at the mitochondria (Figure 1A)
(Danial and Korsmeyer, 2004; Green and Kroemer, 2004;

Wang, 2001). They may be conveniently broken into three
main groups based on sequence homology and function
(Cory and Adams, 2002; Gross et al.,, 1999). BAX and
BAK, also known as multidomain proapoptotic proteins
or “effectors,” share homology in the BCL-2 homology
(BH) 1, 2, and 3 regions. The antiapoptotic proteins, includ-
ing BCL-2, MCL-1, BCL-XL, BCL-w, and BFL-1/A1, share
homology in the BH1, BH2, BH3, and BH4 domains. The
proapoptotic BH3-only family members are so named
because they share homology only in the BH3 domain,
which is essential for prodeath function. In response to
damage and derangement signals, BH3-only proteins are
activated, either by stabilization of protein, increased tran-
scription, or posttranslational modification (Huang and
Strasser, 2000; Kelekar and Thompson, 1998; Wei et al.,
2000). Certain of the BH3-only proteins, including BID
and BIM, are called “activators,” and induce activation
by causing an allosteric change in BAX and BAK (Cartron
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and adriamycin.

The key to effective rational therapies is the identification of targets that are required for cancer cell survival but
dispensable for normal cell survival. Due to death signaling generated by their phenotypic aberrancies, cancer
cells require blocks in cell death pathways not required by normal cells. Here we present a method, BH3 profiling,
for identifying apoptotic blocks in cancer cells and separating them into three distinct classes. We identify cancer
cells that depend upon the block conferred by BCL-2 expression. These cells can be killed by a compound, ABT-
737, that antagonizes BCL-2 function. Furthermore, BH3 profiling can identify cancer cells already heavily primed
with death signals. Significantly, these cells are more sensitive to conventional agents like etoposide, vincristine,
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Figure 1. Three Distinct Classes of Apoptotic Blocks in
Diffuse Large B Cell Lymphoma Cells

(A) Model of BCL-2 family control over mitochondrial apoptosis. In
response to damage or derangement, activators activate effectors,
causing mitochondrial permeabilization and commitment to death.
Antiapoptotic proteins sequester activators to prevent their contacting
effectors, and sensitizers act as selective antagonists of antiapoptotic
proteins. Adapted from Certo et al. (2006).

(B) Three possible apoptotic blocks that cancer cells might select to
escape apoptosis.
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et al., 2004; Certo et al., 2006; Desagher et al., 1999;
Kuwana et al., 2002; Letai et al., 2002; Luo et al., 1998;
Marani et al., 2002; Wei et al., 2000). Recent evidence
has been presented that as an intact protein PUMA may
also function as an activator (Kim et al., 2006). BAX and
BAK oligomerization follows, with subsequent mitochon-
drial outer membrane permeabilization (MOMP). BAX
and BAK activation and MOMP may be considered the
critical steps at which point the cell is irretrievably com-
mitted to PCD. BAX and BAK are absolutely essential
for the proapoptotic function of BH3-only proteins, and
deficiency of BAX and BAK affords broad protection
from apoptosis against numerous insults (Wei et al.,
2001; Zong et al., 2001). Multiple proapoptotic factors
are released following MOMP, including cytochrome c,
AIF, and SMAC (Wang, 2001). Resulting widespread
proteolysis by the family of cysteine proteases, known
as caspases, induces cellular dysfunction and the tagging
of the cell with signals that trigger the engulfment of the
apoptotic cell by phagocytic cells.

Antiapoptotic proteins like BCL-2 oppose PCD primarily
by binding and sequestering activator BH3-only proteins,
preventing their activation of BAX and BAK (Certo et al.,
2006; Cheng et al., 1996, 2001; Kuwana et al., 2005; Letai
et al., 2002). The hydrophobic face of the BH3 domains’
amphipathic o helix binds into a hydrophobic groove
formed by the BH1, BH2, and BH3 domains of the antia-
poptotic proteins (Cheng et al., 1996; Kelekar et al.,
1997; Kelekar and Thompson, 1998; Muchmore et al.,
1996; Sattler et al., 1997). Antiapoptotic proteins also
bind BAX and BAK, particularly in their activated mono-
meric forms (Hsu et al., 1997; Hsu and Youle, 1997).
When a cell or mitochondrion contains antiapoptotic
proteins that are largely occupied by activator BH3-only
proteins due to ongoing death signaling, we describe
that cell type as “primed for death” (Certo et al., 2006).
Cells that are primed for death are uniquely dependent
on the function of antiapoptotic proteins of the BCL-2
family for survival. We have thus far found that being
“primed for death” is more common among malignant
than among nonmalignant cells.

A second class of proapoptotic BH3-only proteins,
called “sensitizers,” are unable to induce activation of
BAX and BAK directly. Rather, they exert their proapop-
totic function by competing for the BH3 domain-binding
cleft in antiapoptotic proteins, displacing or preventing
the binding of activators (Certo et al., 2006; Kuwana
et al., 2005; Letai, 2003; Letai et al., 2002). Sensitizers
may thus be considered inhibitors of the inhibitors of
apoptosis. BH3 domains that behave as sensitizers
include BAD, BIK, NOXA, BMF, Harakiri (HRK), and
PUMA (Certo et al., 2006).

An important recent observation is that interactions
between members of the sensitizer BH3-only class and
the antiapoptotic class are selective (Certo et al., 2006;
Chen et al., 2005; Kim et al., 2006; Kuwana et al., 2005;
Opferman et al., 2003). For instance, while BCL-2 is bound
and antagonized by the BAD BH3 domain, NOXA BH3
binds BCL-2 very poorly. The exactly opposite pattern is
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observed for MCL-1. Since peptides derived from the BH3
domains of the sensitizers exhibit selective inhibitory inter-
actions with antiapoptotic proteins, we realized that they
could be exploited as probes of antiapoptotic protein func-
tion. Therefore, using a strategy we call “BH3 profiling,” we
can determine (1) if the cell is “primed for death” and (2) if
the cell is primed, which antiapoptotic protein(s) are
primarily responsible for maintaining survival (Certo et al.,
2006).

BH3 profiling is a potentially powerful tool in determining
how cancer cells evade apoptosis. To perform BH3 profil-
ing, mitochondria are isolated from the cell of interest and
then exposed to a series of peptides derived from the BH3
domains of BH3-only proteins. The ability of these
peptides to induce mitochondrial permeabilization is
measured by cytochrome c release. In model systems,
the ability of activator BH3 domains to induce cytochrome
c release indicates the presence of either BAX or BAK. The
ability of sensitizer BH3 domains to induce cytochrome ¢
release implies the presence of BAX and BAK, but also
the presence of antiapoptotic protein(s) primed with a pro-
tein capable of activating BAX or BAK, as sensitizer BH3
peptides lack this function. By examining the pattern of
sensitizer BH3 peptides that induce cytochrome c release,
the identity of the antiapoptotic protein necessary for
maintaining survival can be identified by comparison to
a table summarizing the interaction pattern between the
antiapoptotic proteins and the range of BH3 domains
(Certo et al., 2006).

We have previously used BH3 profiling for the interroga-
tion of the intrinsic, or mitochondrial, apoptotic pathway in
chronic lymphocytic leukemia (CLL) (Del Gaizo Moore
etal., 2007). We found that BH3 profiling was very effective
in demonstrating the uniform BCL-2 expression and
BCL-2 dependence of the many CLL samples tested.
This dependence was reflected in a uniform sensitivity of
CLL cells from chemotherapy-naive patients to the
BCL-2 antagonist ABT-737. While this study was instruc-
tive regarding CLL biology, the homogeneity of apoptotic
blocks represented in our CLL samples did not allow us
to investigate the wider range of apoptotic blocks
employed by cancer cells. In order to study cancers that
escape apoptosis by a wider variety of mechanisms we
turned to a more heterogeneous disease, diffuse large B
cell ymphoma (DLBCL). In DLBCL, roughly 15% of cases
express high levels of BCL-2 due to the t(14;18) transloca-
tion, which places the BCL-2 gene under the control of the
immunoglobulin heavy chain gene transcriptional ele-
ments. In another subset of DLBCL, BCL-2 is overex-
pressed as a result of gene amplification or gain of an extra
copy of chromosome 18, whereas others show high
BCL-2 expression without identifiable genetic abnormal-
ity. Remaining cases, which may represent at least half
of al DLBCL, show little expression of BCL-2 and thus
must rely on a different apoptotic block (Gascoyne et al.,
1997; Igbal et al., 2006; Kramer et al., 1996). We turned
to a large panel of 18 DLBCL cell lines as a model system
to study classes of apoptotic escape exploited by cancer
cells.

Many chemotherapeutic agents kill cancer cells via
apoptosis, and there is considerable interest and invest-
ment in the direct targeting of abnormal apoptotic path-
ways in cancer (Letai, 2005). It is therefore of crucial
importance to investigate methods that can rapidly and
convincingly decipher the abnormalities in the cell death
pathways in cancer cells to better understand the critical
phenomena of therapeutic resistance and sensitivity. In
order to address this question, we needed a range of
cancer cells that evaded apoptosis in heterogeneous
ways but that were otherwise biologically similar. For
this reason, we turned to the study of apoptotic abnormal-
ities in the most common lymphoid malignancy, diffuse
large B cell lymphoma.

In this study, we analyzed a panel of 18 diffuse large B
cell lymphoma cell lines with tools that included BH3
profiling. We found that we were able to assign cells to
one of three classes based on the type of apoptotic block
they possessed. Membership in these classes was pre-
dictive of response to a BCL-2 antagonist as well as to
conventional chemotherapy. These findings show that
identification of the class of apoptotic block in cancer cells
is potentially of great clinical importance and utility.

RESULTS

BH3 Profiling Detects Three Classes of Apoptotic
Blocks in Lymphoma Cells

A priori, one can consider three distinct ways that cancer
cells might select to block intrinsic apoptotic signaling
generated by their abnormal phenotypes (Figure 1B). First,
upstream activation of BH3-only proteins might be
inhibited (class A block). Second, the effector arm of the
apoptotic pathway might be blunted by loss of BAX and
BAK (class B block). Finally, activation of BAX and BAK
might be prevented via expression of antiapoptotic pro-
teins like BCL-2 and MCL-1 (class C block). Note that cells
with a class C block are those we describe as being
“primed for death” and would be detectable by mitochon-
drial sensitivity to sensitizer BH3 domains in BH3 profiling.
It should also be noted that presence of any one block
does not rule out the presence of another, though one
might expect selection pressure for additional blocks to
be attenuated after selection for an effective initial block.

We initiated our studies of lymphoma in four lymphoma
cell lines: SU-DHL4, SU-DHL6, SU-DHLS8, and SU-DHL10
cell lines. These were chosen because two contained the
t(14;18) (SU-DHL4, SU-DHLS), while the other two did not.
To perform BH3 profiling, we tested the ability of a panel of
sensitizer peptides to induce mitochondrial outer mem-
brane permeabilization (MOMP) in mitochondria isolated
from the lymphoma cells. For easy reference, Figure 2A
shows the interaction pattern between the BH3 peptides
and antiapoptotic proteins. MOMP was measured by
quantifying cytochrome c release by ELISA.

BH3 profiling proved able to distinguish these three
classes of blocks in our sample of four lymphoma lines
(Figure 2). SU-DHL4 and SU-DHL6 demonstrated class
C blocks. They showed a “primed” phenotype, based
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Figure 2. BH3 Profiling of SU-DHL4, -6, -8, and -10 Cells Discriminates Three Distinct Classes of Apoptotic Blocks

(A) Interaction pattern between BH3 peptides and antiapoptotic proteins (Certo et al., 2006). Red indicates high-affinity binding, orange indicates low-
affinity binding, and green indicates undetectable binding. Mitochondria were isolated from SU-DHL4 (B), SU-DHL6 (C), SU-DHL8 (D), and SU-DHL10
(E) cells, and incubated with a panel of BH3 peptides (100 uM). Release of cytochrome ¢ was determined by a comparison of cytochrome c in the
pellet and supernatant quantitated by ELISA. Results were shown as percentage minus solvent control DMSO values, and mean of triplicates
with error bars for standard deviation. (F) Protein lysates were prepared and subjected to immunoprecipitation with an antibody specific for human
BCL-2 (6C8, Phamingen). Both lysates (left) and immunoprecipitates (right) were separated by denaturing electrophoresis. Membranes were blotted
with antibodies against BCL-2 family proteins as indicated. Actin was a loading control.

on the sensitivity to sensitizer BH3 peptides. Note that
a strong response to the PUMA BHS3 peptide, which inter-
acts with all of the antiapoptotic proteins, provides a useful
gauge of whether the mitochondria are primed. The pat-
tern of sensitivity (PUMA, BMF, BAD, + BIK) indicated
a dependence on BCL-2 for SU-DHL4. SU-DHL6 also
was primed, as shown by a strong PUMA BH3 and BMF
BH3 signal. The weaker, but definite, response to both
of the more selective BH3 peptides BAD BH3 and NOXA
A BH3 implicate combined dependence on BCL-2 and
MCL-1. SU-DHL8 appeared to be poorly primed, given
the limited response to PUMA BH3 and other sensitizers,
but nonetheless demonstrated an intact effector arm by
responding strongly to activators BIM BH3 and BID

174 Cancer Cell 72, 171-185, August 2007 ©2007 Elsevier Inc.

BH3. This suggested a class A block for SU-DHL8. SU-
DHL10 responded poorly to both sensitizer and activator
peptides, indicating the loss of the effector arm, suggest-
ing a class B block.

BH3 profiling predicted that SU-DHL4 and SU-DHL6
would exhibit priming by an activator BH3-only protein,
that SU-DHL8 would be poorly primed, and that SU-
DHL10 would lack BAX and BAK. To test these predic-
tions, we examined the abundance of BCL-2 family pro-
teins and complexes of BCL-2 with other members of
the BCL-2 family (Figure 2F). BIM was present in high
levels in SU-DHL4 and SU-DHLS6, and it was likewise
sequestered in a complex with BCL-2. Notably, SU-
DHL4, which showed singular dependence on BCL-2,
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Figure 3. BH3 Profiling Predicts Sensitivity to BCL-2 Antago-
nism by ABT-737

SU-DHL4, -6, -8, and -10 cells were treated with increasing doses of
ABT-737 (A) or its negative control enantiomer (enant, B) for 48 hr
and stained with Annexin V-FITC for flow cytometry analysis. Viability
was shown as a percentage of control (DMSO-treated) cells with stan-
dard deviation of triplicates shown by error bars.

had very low MCL-1 expression, whereas SU-DHLSG,
which showed dependence on both BCL-2 and MCL-1,
showed higher levels of MCL-1 than SU-DHL4. BIM
expression was nearly undetectable in SU-DHLS8, consis-
tent with the class A block shown by BH3 profiling.
Whereas uncleaved BID was present in roughly equal
amounts in all four cell lines, the active cleaved form of
BID was not detected, and there was very little BID seen
in complex with BCL-2 in any of the cells. Strikingly, the
class B block shown by BH3 profiling had also predicted
the nearly undetectable levels of BAX and BAK in SU-
DHL10, in stark contrast to the expression levels in the
other three cell lines. Thus, BH3 profiling accurately
assessed the mechanisms of apoptotic block present in
all four cell lines. It furthermore accurately predicted the
abundance of key proteins and protein complexes.

BH3 Profiling Predicts Response to ABT-737

Next, we investigated whether this single test also
correctly predicted sensitivity to BCL-2 antagonism by
ABT-737. BAD BH3 response and a BCL-2-dependent
pattern from BH3 profiling have previously been strong
predictors of cellular response to ABT-737 in other models
(Certo et al., 2006; Del Gaizo Moore et al., 2007). There-
fore, BH3 profiling predicts in this case a response of
SU-DHL4 and SU-DHL6, but not SU-DHL8 or SU-
DHL10, to ABT-737. We tested this prediction by generat-
ing a dose-response curve to ABT-737 for each of the cell
lines (Figure 3A). Clearly, the cell lines demonstrate sensi-
tivity and resistance exactly as predicted by BH3 profiling

(ECs50 140 nM and 250 nM for SU-DHL4 and SU-DHLS,
respectively, >>10,000 nM for SU-DHL8 and SU-
DHL10). Supporting action by the intended mechanism
of BCL-2 antagonism, all four cell lines showed very
limited toxicity from treatment with an enantiomer of
similar physiochemical properties, but much lower affinity
to BCL-2 (Oltersdorf et al., 2005) (Figure 3B).

BCL-2 and BIM:BCL-2 Complex Levels

Quantitatively Predict Sensitivity to ABT-737

Above we showed that relatively high abundance of the
BCL-2:BIM complex predicted sensitivity to ABT-737.
To test how generalizable this predictor is, we examined
a larger panel of lymphoma cell lines. First, we prepared
dose-response curves for each of the 18 cell lines, which
demonstrated a wide range of ECsq (Figure 4A). To vali-
date the use of BH3 profiling in this additional cohort of
lymphoma cell lines, we tested the ability of BH3 profiling
to distinguish apoptotic blocks in two cell lines that both
bore the t(14;18), but which had very different responses
to ABT-737 (TOLEDO, ECso = 74 nM; PFEIFFER, ECso =
5619 nM) (Figures 4B and 4C). Both profiles demonstrate
a class C block. In the case of TOLEDO, the pattern of
response to BH3 peptides suggests that BCL-2 is primar-
ily responsible for the class C block, consistent with sen-
sitivity to ABT-737. For PFEIFFER, however, the pattern
suggests protection by a protein other than BCL-2, con-
sistent with relative resistance to ABT-737. The pattern,
in fact, is more suggestive of protection by the antiapop-
totic protein BFL-1, which is not antagonized by ABT-
737 (see Figure 2A) (Certo et al., 2006; Oltersdorf et al.,
2005). In support of the selective importance of BFL-1 in
the PFEIFFER cell line, we found that levels of BFL-1
mRNA expression are much higher in PFEIFFER than in
any of the other cell lines studied by BH3 profiling
(Figure 4D). Note that of these seven cell lines, only
PFEIFFER revealed a pattern suggestive of BFL-1 depen-
dence. Thus, results of BH3 profiling here again accurately
predict response to ABT-737 and expression of BCL-2
family proteins.

Next, we again examined the abundance of BCL-2
family proteins and complexes by immunoblots of cell
lysates (Figure 4E) and immunoprecipitates of BCL-2
(Figure 4F). We quantified the intensity of the bands by
gel densitometry, as presented in Table 1. Note that abso-
lute levels of other targets of ABT-737, BCL-w, and BCL-
XL were much lower than those of BCL-2 as established
by comparison to recombinant standards (Figure S2 in
the Supplemental Data available with this article online).
Thus, no further studies of BCL-w and BCL-XL were pur-
sued. Note also that BID was found to be uncleaved and
not in complex with BCL-2 throughout the cell lines, and
therefore unlikely to be playing a role in BCL-2 depen-
dence or sensitivity to ABT-737 (Figures 4E and 4F).

We examined the ability of the different protein and
complex levels to dictate response to ABT-737 by a linear
regression analysis of protein or complex abundance and
log ECso. We found that levels of BCL-2 (Figure 5A) and
BCL-2:BIM complex (Figure 5B) quantitatively predicted

Cancer Cell 12, 171-185, August 2007 ©2007 Elsevier Inc. 175
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Figure 4. Sensitivity to ABT-737 Falls across a Wide Range in a Panel of Lymphoma Cell Lines

(A) A panel of 14 DLBCL cell lines (not including the SU-DHL4, -6, -8, and -10 cells shown in Figure 3) was examined for their sensitivity to ABT-737.
Cells were treated with increasing doses of ABT-737 for 48 hr and stained with Annexin V-FITC for flow cytometry analysis as in Figure 3. Shown are
the means of experiments performed in triplicate. Dose-response curves indicating highest sensitivity are red, those indicating intermediate sensitivity

are yellow, and those indicating low sensitivity are blue.

(B and C) (B) and (C) were BH3 profiling results for DLBCL cell lines TOLEDO and PFEIFFER, respectively. The assays were performed with 100 pM
BH3-only peptides as in Figure 2. Shown is the mean of three experiments; error bars show standard deviation.

(D) Relative mRNA levels of BFL-1 found in seven lymphoma cell lines.

(E) Immunoblot analysis of BCL-2 family proteins in lysates prepared from the 14 DLBCL cell lines with indicated antibodies.

(F) Immunoblot analysis of immunoprecipitates prepared from the same lysates in (E) using an antibody against human BCL-2 (6C8) for immunopre-
cipitation. Sample numbers correspond to sample names as shown in Table 1.

BCL-2 or BCL-2:BIM. Correlation of MCL-1 and log ECsq
did not reach statistical significance (p = 0.081, r? =
0.18), but there is a weak trend for higher MCL-1 levels
to reduce sensitivity to ABT-737. Notably, BIM and BAK

sensitivity to ABT-737 better than any of the other proteins
or complexes. Levels of BCL-2:BAX complex (Figure 5C)
and BAX (Figure 5D) also correlated with response to
ABT-737, though the correlation was weaker than for

176 Cancer Cell 72, 171-185, August 2007 ©2007 Elsevier Inc.
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Table 1. Summary of Densitometric Analysis of Inmunoblots, ECs, of ABT-737, and t(14: 18) Status in 18 DLBCL Cells

Sample Name  Sample No. BCL-2 MCL-1  BIM BAX BAK BIM(P) BAX(IP) ECs(nM) t(14:18)
SU-DHL5 1 2 196 8 32 122 0 0 20,000 negative
SU-DHL7 2 177 29 11 70 138 22 129 807 negative
OClI-Ly1 3 228 127 51 97 97 139 273 21 positive
OCl-Ly4 4 26 128 3 60 120 10 8 20,000 negative
OCl-Ly7 5 0 101 5 32 99 6 4 20,000 negative
OCl-Ly8 6 140 8 7 13 52 36 30 1216 positive
OCl-Ly18 7 224 28 39 57 86 100 274 159 positive
DB 8 185 46 35 131 108 60 264 279 positive
FARAGE 9 15 70 2 55 66 7 10 2769 negative
HT 10 2 74 0 58 103 9 5 20,000 negative
KARPAS 422 11 220 105 53 129 87 11 2 350.6 positive
PFEIFFER 12 69 312 275 57 219 45 7 5619 positive
WSU-NHL 13 127 43 28 0 59 62 4 2405 positive
TOLEDO 14 158 99 183 93 172 108 52 74 positive
SU-DHL6 15 124 128 16 92 109 38 349 250 positive
SU-DHL4 16 97 116 37 76 100 28 0 140 positive
SU-DHL8 17 36 256 12 51 145 5 13 20,000 negative
SU-DHL10 18 32 268 41 17 8 8 30 20,000 negative

Immunoblots, shown in Figure 4D (lysates), Figure 4E (immunoprecipitates [IP]), and Figure S1 (where SU-DHL4, -6, -8, and -10
samples were normalized to cell lines OCI-Ly1, DB, and FARAGE in Figures 4D and 4E), were subjected to densitometric analysis.
Arbitrary units for protein lysates were normalized to actin levels. EC5sq of ABT-737 of DLBCL cells were calculated from dose-re-
sponse curve experiments shown in Figures 3 and 4A. t(14:18) translocation status determined by standard cytogenetic analysis.

levels by themselves offered no ability to predict response
to ABT-737 (Figures 5F and 5G). While using a nonpara-
metric comparison, it is notable that the presence of the
t(14;18) was also strongly correlated to sensitivity to
ABT-737 (p < 0.0001, Mann-Whitney rank sum test, see
Table 1), supporting its mechanism of killing via interaction
with BCL-2. All of these findings support our model that
BIM only predisposes to BCL-2 dependence and
response to ABT-737 when it is sequestered by BCL-2,
priming the cell for a death that is prevented by BCL-2.

BCL-2 Overexpression Does Not Cause Sensitivity,
but BIM Knockdown Reduces Sensitivity to ABT-737
While BIM:BCL-2 levels correlate well with ABT-737 sen-
sitivity, so do BCL-2 levels. Our hypothesis was that the
level of the BIM:BCL-2 complex is mechanistically critical,
and the correlation of sensitivity to ABT-737 with BCL-2
simply reflects the requirement for sufficient BCL-2 to
sequester the amount of BIM generated by death signal-
ing. However, it remained a formal possibility that BCL-2
levels alone dictated sensitivity by an obscure mecha-
nism. To test this possibility, we expressed BCL-2 in
SU-DHL8 and HT cells that were relatively resistant to
ABT-737 and had expressed low levels of BCL-2
(Figure 6A). By transfection with a BCL-2 cDNA, we ob-
tained BCL-2 expression levels comparable to those
from the ABT-737-sensitive cell line SU-DHL6. Low BIM
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expression levels remained unaltered. Congruent with
our model and with prior results (Certo et al., 2006; Olters-
dorf et al., 2005), overexpression of BCL-2 alone did not
confer sensitivity (Figure 6B).

If the presence of BIM sequestered by BCL-2 dictates
sensitivity, then we would predict a knockdown of BIM
to reduce sensitivity. We used shRNA against BIM to
reduce BIM levels in the cell line most sensitive to ABT-
737, OCI-Ly1 (ECso = 21 nM; Figure 6C). Reduction of
BIM levels caused a reduced sensitivity to ABT-737 (Fig-
ure 6D). Furthermore, we examined the effect of BIM
reduction on BCL-2 dependence at the mitochondrial
level using BH3 profiling. Parental OCI-Ly1 mitochondria
revealed a BCL-2-dependent pattern upon BH3 profile,
and a mitochondrial sensitivity to the compound, consis-
tent with the cell line’s sensitivity to ABT-737 (Figure 6E).
Key to this analysis is the response to the sensitizer BAD
BH3 peptide, which maps tightly with ABT-737 sensitivity
(Certo et al., 2006). In an abbreviated BH3 profile, we
confirmed that reduction in BIM levels had no effect on
sensitivity to the activator BH3 peptide BIM BH3
(Figure 6F). However, decrease in BIM levels caused re-
duction in mitochondrial response to both BAD BH3 and
ABT-737. Note that mitochondrial response to ABT-737
correlated with cellular response in other cell lines as
well, supporting mitochondrial BCL-2 as the target for
ABT-737 action (Figure S3). This finding implicates

177



A BCL-2 B BCL-2:BIM
5 E
2o
?=0.75
. - ?=061
=4 p < 0.0001 =4 _
£ E p =0.0001
23 2
o o
w . - w
g, o = . g
L]
0 50 100 150 200 250 25 50 75 100 125 150
BCL-2 BIM:BCL-2
BCL-2:BAX
5n
_ fmm =040 =
Bl p=0.005 z
el z
8 R . i
)
g1 L g
- .
11 T T T T T 1
0 100 200 300 400 0 25 50 75 100 125 150
BCL-2:BAX Bax
E MCL-1 F BIM
5-
L} - Ll '2 =018
54 p=041
£
> | " '-- ?=0.18
S 24 . p=0.081 .
L]
0 100 200 300 400 100 150 200 250 300
MCL-1 Bim
G BAK
5
- --ae
E 4
£
Y
&
=t ] #=0.002
2 - -
2 2 s p=085

Figure 5. Levels of BCL-2 and BCL-2:BIM Complex Are Best
Predictors of ABT-737 Sensitivity in DLBCL Cells

(A-G) BCL-2 family proteins analyzed by immunoblotting in DLBCL cells
and EC5o of ABT-737 of those cells (both listed in Table 1) were subjected
to statistical analysis via a linear regression model. y axis is log EC 50 of
ABT-737 (nM); x axis represents the arbitrary units of different BCL-2
family proteins orimmunoprecipitates as indicated, obtained by densito-
metric scanning of immunoblots. Colors of filled squares corresponds to
the color code used in Figure 4A: most sensitive to ABT-737 in red, inter-
mediate sensitivity in yellow, and low sensitivity in blue.

displacement of BIM from a complex with BCL-2 as a key
event in the mitochondrial and cellular toxicity resulting
from antagonism of BCL-2 by ABT-737 in lymphoma.
Figure 7A shows a summary of our classification of cells
into three classes based on type of apoptotic block. It
occurred to us that many types of conventional chemo-
therapy also kill via the mitochondrial apoptotic pathway.
If our classification is accurate, we would predict that
agents that rely on the mitochondrial pathway for killing
would be more active against the “primed” subset of class
C compared to the “unprimed” subset of class A and B.
To test this hypothesis, we treated seven cell lines that
had been already classified by BH3 profiling (summarized
in Figure 7B) with agents that have been characterized as
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inducing apoptosis through the mitochondrial pathway
(Decaudin et al., 1997; Kojima et al., 1998; Wei et al.,
2001; Zong et al., 2004). Strikingly, in each case we found
that the primed subset was more sensitive than the
unprimed subset (Figures 7C-7E). The case of the puta-
tively BFL-1-dependent PFEIFFER cell line is particularly
instructive, as it shows that it is the state of being “primed”
rather than specifically being sensitive to ABT-737 that
dictates sensitivity to the chemotherapy drugs. It has
been shown previously that alkylating agents like N-
methyl-N’-nitro-N-nitrosoguanidine (MNNG) can use the
intrinsic apoptotic pathway but can also induce death
via an alternative PARP-dependent necrotic pathway
independent of BCL-2 family proteins (Zong et al., 2004).
Specifically, MEFs from mice lacking BAX and BAK were
highly resistant to etoposide, but not to MNNG. Therefore,
we would predict that lymphoma lines would respond to
MNNG independent of their classification by BH3 profil-
ing. That is precisely what we found (Figure 7F), providing
confirmation in a human cancer setting of what was previ-
ously proposed in genetically modified murine cells.
Therefore, just as BH3 profiling can identify cancer cells
(class C) that are likely to respond to agents using the
intrinsic apoptotic pathway like vincristine, etoposide,
and adriamycin, it may also be able to identify those cells
(class A or B) that will selectively respond to alkylating
agents. BH3 profiling therefore can provide fundamental
parameters of a cell’s phenotype.

DISCUSSION

Many, perhaps even all, cancer cells require blocks in
death signaling for oncogenesis and maintenance of the
malignant phenotype (Green and Evan, 2002; Hahn and
Weinberg, 2002). Since the most common abnormalities
of cancer behavior, like genomic instability and oncogene
activation, signal death via the mitochondrial apoptotic
pathway, it seems necessary that cancer cells select
means for blocking apoptosis at the mitochondrion. Using
diffuse large B cell lymphoma as a model, we show that
blocks in the intrinsic pathway of apoptosis may be bro-
ken into three main classes, and that BH3 profiling can
assign a cancer cell to one of these three classes (Fig-
ure 7). Due to the prior lack of availability of a technology
to make such distinctions, such a classification has previ-
ously been lacking. We hope its introduction will facilitate
systematic study of cancer cells and how to kill them.

A class A block occurs when normal generation of
proapoptotic activators by aberrant behavior is inhibited.
Mitochondrial outer membrane permeabilization requires
activation and oligomerization of BAX and BAK. Activation
of BAX and BAK requires the action of activator BH3-only
proteins. These proteins include BID and BIM, but other
proteins may possibly operate as activators, including
PUMA and p53 (Chipuk et al., 2004; Kim et al., 2006; Letai
et al.,, 2002). Given the difficulty in identifying BH3 do-
mains from primary sequence, there may well be several
undiscovered important activator proteins, and even mol-
ecules that activate BAX and BAK without a discernable
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BH3 domain. The mechanisms by which aberrant behav-
ior such as genomic instability and oncogene activation
generate death signals via BH3-only proteins is as yet
poorly understood, and therefore how this upstream
“pre-BH3-only” signaling is attenuated is also poorly
understood. Since transcriptional activation certainly can
induce upregulation of activators, loss of transcriptional
proteins like p53 may certainly play a role. Posttransla-
tional modifications, including phosphorylation, also are
important in regulating function of BH3-only proteins, so
we can speculate that the modification of phosphorylation
cascades that occurs in cancer may play a role in estab-
lishing a class A block. This is an area of ongoing study.

A class B block occurs when there is a significant loss of
BAX and BAK. It has been shown that the presence of
either BAX or BAK is necessary for apoptotic signaling
through the mitochondrial pathway (Wei et al., 2001;
Zong et al., 2001). Again, it is not clear how this might
occur, whether by genetic or epigenetic means, but we
observed its spontaneous occurrence in the case of SU-
DHL10. Given how profound the block in apoptosis is
that results from loss of BAX and BAK, it is reasonable
to ask why such a loss does not occur more often in can-
cer. The answer well may lie in other nonapoptotic roles
played by BAX and BAK, including control of mitochon-
drial fusion and calcium homeostasis (Karbowski et al.,
2006; Scorrano et al., 2003). Loss of these roles may be
too costly to allow for frequent selection in natural
oncogenesis.

One can readily identify examples of the genetic basis of
the class C block in certain human cancers. The t(14;18)
found in follicular lymphoma and some DLBCL drives
overexpression of the antiapoptotic BCL-2 protein (Bakh-
shi et al., 1985; Cleary and Sklar, 1985; Tsujimoto et al.,
1985). In CLL, there is evidence that chromosomal dele-
tions causing loss of micro-RNAs that downregulate
BCL-2 expression are responsible for BCL-2 expression
in a large proportion of cases of CLL (Cimmino et al.,
2005). It is notable that, in this study, nine of the ten cell
lines that bear the t(14;18) are dependent on BCL-2 as
shown by sensitivity to ABT-737 and BH3 profiling (Table
1). This supports the model that high levels of expression
of antiapoptotic proteins in cancer cells license oncogenic
phenotypes, which generate death signals carried by
BH3-only proteins. These phenotypes, which would be
intolerable without antiapoptotic protection, include geno-
mic instability, hyperproliferation, and oncogene activa-
tion. Thus, when selected for during oncogenesis, the
BCL-2 resulting from the t(14;18) may not provide any
additional resistance to cytotoxic agents, as it is already
occupied by BH3-only death signals generated by cancer
phenotypes.

Superficially, this model might seem to contradict the
traditional view of BCL-2 expression as uniformly provid-
ing protection from cytotoxic insults like chemotherapy.
Yet it is important to understand the context under which
this view arose. BCL-2 was initially studied via overex-
pression in stable cell lines that had already reached an
equilibrium with their in vitro environment. In these circum-

stances, additional BCL-2 provided extra antiapoptotic
reserve which produced resistance to a variety of insults,
including genotoxic agents, growth factor withdrawal, and
broad spectrum kinase inhibition. However, cancers
cannot select for antiapoptotic protein expression in the
expectation that they will some day be subject to apopto-
tic signaling from chemotherapy. Rather, the only
selection pressure available during oncogenesis is that
generated by the cancer’s own aberrant behavior. While
the magnitude of death signaling may vary with an individ-
ual cancer cell’s local environment or position in cell cycle,
it seems likely that much of the antiapoptotic reserve that
might otherwise be provided by the selected BCL-2
expression will be eliminated by ongoing prodeath signal-
ing. To put it simply, in cell culture overexpression models,
BCL-2 is largely “empty,” whereas BCL-2 is largely
already “full” when it is selected for in cancer. This may
offer an explanation of the high sensitivity of certain can-
cer cells to chemotherapy and radiation, a sensitivity
that often lacks adequate molecular explanation. Strong
support for this view can be found in the clinically obvious,
but perhaps scientifically underappreciated, observation
that BCL-2-expressing follicular lymphoma and CLL are
among the most chemosensitive cancers known. An ex-
planation for this seeming paradox may be found in the
observation that, in CLL cells, the BCL-2 is primed with
abundant amounts of BIM, rendering CLL “primed for
death” (Del Gaizo Moore et al., 2007).

A particularly significant finding here is that BH3 profil-
ing can be used to predict sensitivity to conventional che-
motherapy agents. As predicted, cells that are “primed”
with prodeath signaling proteins, class C cells, respond
better to chemotherapy agents using the intrinsic apopto-
tic pathways like vincristine, etoposide, or adriamycin.
Perhaps just as important, we can identify cells, class A
or B, that may be unlikely to respond to those agents,
but rather more likely to benefit from alkylating agents.
This paradigm certainly suggests itself to clinical applica-
tion, but clearly more work on a wider range of cell types
and wider range of agents is necessary before clinical
use. This approach is especially attractive as BH3 profiling
can be performed on tumor mitochondria without the need
for ex vivo cell culture (Del Gaizo Moore et al., 2007; Letai
et al., 2004), thus overcoming one of the major hurdles that
has plagued determination of chemosensitivity in vitro.
While needing confirmation, this model is thus far sup-
ported by the observation that previously untreated CLL,
which we found to be uniformly a class C disease (Del
Gaizo Moore et al., 2007), is also quite uniformly sensitive
to a wide range of chemotherapeutic agents.

BH3 profiling proves to be a very useful tool in detect-
ing each of the three classes of block, and furthermore,
detecting which antiapoptotic protein is most critical for
survival in the case of a class C block. Consequently,
BH3 profiling proves to be an excellent predictor of
cellular response to ABT-737. Cells that show a class
C block and BCL-2 dependence on BH3 profiling
are predicted to be sensitive to ABT-737, and those
with other profiles as relatively resistant. On this basis,
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Figure 6. Overexpression of BCL-2 Alone Does Not Confer Cell Sensitivity to ABT-737-Resistant Cells, but BIM Loss Confers
Resistance to Sensitive Cells

(A) Immunoblot of BCL-2 and BIM levels in whole cell lysates (left) and anti-BCL-2 immunoprecipitates (right) in HT and SU-DHLS8 stable clones. The
endogenous BCL-2 in SU-DHLS cells is shown for comparison. P, parental cells; vec, vector-transfected cells; bcl-2, FlagBCL-2-transfected cells.
(B) Dose-response curve experiments were carried out in parental and vector- and Flag-BCL-2-transfected HT and SU-DHLS cells as in Figure 4.
Shown is the mean of three experiments; error bars show standard deviation.

(C) Immunoblots of OCI-Ly1 parental (p), Luc ShRNA, and BIM ShRNA knockdown stable cells. c1, ¢3 and c15, c22 are two representative clones for
OCI-Ly1 Luc ShRNA and BIM ShRNA cells, respectively. Various antibodies against BIM, BCL-2, MCL-1, BAX, BAK, and loading control ACTIN were
used for immunoblot analysis.

(D) Dose response to ABT-737 experiments in OCI-Ly1 Luc ShRNA and BIM ShRNA clones. Luc (c1, ¢3) and BIM (c15, c22) cells were treated with
increased doses of ABT-737 for 4 hr and stained with Annexin-V-FITC for flow cytometry analysis as in Figure 4.

(E) BH3 profiling for OCI-Ly1 parental cells. Mitochondria were isolated from OCI-Ly1 parental cells and incubated with a panel of BH3-only peptides
(100 uM), ABT-737, and enantiomer (both were 1 uM). Results were shown as percentage minus DMSO values and normalized to BIM-treated sample.
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SU-DHL4, SU-DHL6, TOLEDO, and OCI-Ly1 were all
correctly predicted to be sensitive to ABT-737, while
SU-DHLS8, SU-DHL10, and PFEIFFER were all correctly
predicted to be resistant. While we had previously shown
in CLL that a BCL-2 BH3 profile corresponded to sensi-
tivity to ABT-737, the surprising homogeneity of the
leukemia samples studied (all were exquisitely sensitive
to ABT-737) did not allow for the testing of the ability
of ABT-737 to discriminate between sensitive and resis-
tant cell lines in a heterogeneous group of samples (Del
Gaizo Moore et al., 2007).

This same heterogeneity allowed for the testing of
protein correlates to ABT-737 sensitivity. We found that
sensitivity to ABT-737 correlated most tightly with abun-
dance of BCL-2 and BCL-2:BIM complex (Figures 5A
and 5B). This finding is consistent with our model in which
priming of BCL-2 with activators is the primary determi-
nant of BCL-2 dependence (Figure 7). To demonstrate
that BCL-2 expression in the absence of priming was
insufficient to cause ABT-737 sensitivity, we showed
that overexpression of BCL-2 failed to convert a resistant
cell line to a sensitive cell line (Figures 6A and 6B). These
results were congruent with results we obtained in model
systems, which showed that BCL-2 expression in the
absence of priming was insufficient to cause sensitivity
to ABT-737 (Certo et al.,, 2006). To demonstrate that
BIM’s priming of BCL-2 was critical for the dependence
on BCL-2, we showed that knockdown of BIM expression
decreased sensitivity of both cells and mitochondria to
BCL-2 antagonism (Figures 6C—6F). A weaker correlation
was found linking sensitivity to BAX and BCL-2:BAX levels
(Figure 5D). This may suggest that BCL-2 can be primed
with BAX in certain lymphoma cells. If so, this is likely to
reflect sequestration of BAX that has already been
activated, as BCL-2 binds poorly to BAX before it
undergoes the allosteric changes that accompany
activation.

Recent work in model systems and acute myelogenous
leukemia has suggested that expression of MCL-1 is a key
determinant of resistance to ABT-737 (Konopleva et al.,
2006; Lin et al., 2006; van Delft et al., 2006). It is indeed
very plausible that high levels of MCL-1 expression are
likely to render a cell resistant to ABT-737 treatment.
Our results indicate, however, that while MCL-1 levels
may well influence resistance, lack of MCL-1 is not the
sole determinant of sensitivity, nor likely the most critical,
at least in lymphoma. For instance, a simple inspection of
Table 1 shows that OCI-Ly1 and OCI-Ly4 have nearly
identical levels of MCL-1, but ECsq values that differ by
more than 100-fold. Other similar examples are seen in
Table 1. A more comprehensive assessment is found in
the linear regression modeling, which reveals a suggestive,
but fairly weak correlation between MCL-1 and log ECsg
(Figure 5E). It remains to be seen whether other cell types
show a stronger correlation between MCL-1 and ECsg of

ABT-737. Mechanistically, we believe it is likely that
MCL-1 overexpression would protect cells from ABT-
737, as the drug cannot target MCL-1. However, while
high levels of expression of MCL-1 may be expected to
induce resistance, results here and elsewhere (Certo
et al., 2006; Oltersdorf et al., 2005) confirm that even total
absence of MCL-1 is unlikely to cause sensitivity to BCL-2
antagonism unless BCL-2 is present and primed with
prodeath activator BH3-only proteins.

Recently, a report suggested that there are circum-
stances in which activation of BAX or BAK by BID or
BIM is dispensable to the MOMP required for apoptosis
in the intrinsic pathway (Willis et al., 2007). However, our
results here further support the important role of BIM in ac-
tivating BAX and BAK. Using a combination of BH3 profil-
ing and ABT-737 treatment, we are able to determine
which lymphoma lines are most dependent on BCL-2
function for ongoing survival. Remarkably, dependence
on BCL-2 correlates very tightly, even quantitatively,
with amount of BIM:BCL-2 complex (Figure 5B). Reduc-
tion of BIM reduces this dependence (Figures 6C, 6D,
and 6F). Furthermore, overexpression of BCL-2 in the
absence of BIM alone does not induce BCL-2 depen-
dence (Figures 6A and 6B). BCL-2 dependence instead
requires significant amounts of BIM to be sequestered
by BCL-2. It is difficult to understand how BIM:BCL-2
complex levels would so quantitatively confer depen-
dence on BCL-2 in a model in which BIM plays no role in
activating BAX or BAK. These results are therefore less
consistent with the “indirect activation” model in which
the exclusive antiapoptotic function of BCL-2 is to bind
unspecified subsets of BAX or BAX (Willis et al., 2007).
They are instead more consistent with a model in which
BCL-2 sequesters activators like BIM from activating
BAX or BAK, resulting in a “primed” cell that is dependent
upon BCL-2 function. It is worth noting that we cannot,
and do not, claim that BIM or BID are the only activators.
Indeed, evidence already exists that activation of BAX and
BAK can occur via PUMA or p53, and there is no reason to
believe that all activators have been discovered (Chipuk
et al., 2004; Kim et al., 2006).

In this study, we focused on a single disease, diffuse
large B cell lymphoma. We found that, in a group of
cells that were superficially quite similar, vital molecular
details could be revealed by BH3 profiing and by
protein analysis driven by BH3 profiling results. These
details explained an important therapeutic phenomenon,
sensitivity to BCL-2 antagonism by ABT-737. BH3 profil-
ing of lymphoma cells provides a valuable and unique
insight into the diverse mechanisms maintaining their
survival, immediately suggesting targets for therapeutic
intervention. We suggest that, by identifying the class
of apoptotic block, BH3 profiling can provide valuable
information about a fundamental biological parameter
of any cell.

(F) BH3 profiling for OCI-Ly1 Luc shRNA c¢1 and BIM shRNA c15 stable clones. Mitochondria were isolated from the respective clones and subjected to
incubation with peptides BIM BH3 (10 uM), BAD BH3 (3 uM), or ABT-737 (30 nM).
(D)-(F) show the mean of three experiments; error bars show standard deviation.
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Figure 7. Three Classes of Apoptotic Escape for Cancer Cells Predict Sensitivity to Conventional Chemotherapy Agents

(A) Class A cells survive due to suppression of activator upregulation. Class B cells survive due to loss of BAX and BAK, the effector BCL-2 family
proteins. Class C cells survive due to high expression of antiapoptotic proteins like BCL-2. In the middle are shown representative actual BH3 profiles,
and at right are expected responses to antagonists of antiapoptotic proteins like ABT-737.
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EXPERIMENTAL PROCEDURES

Cell Lines

DLBCL cells were cultured in suspension with RPMI 1640 medium or
Iscove’s modified Dulbecco’s medium (Invitrogen) supplemented
with 10% heat-inactivated fetal bovine serum (Sigma, F-6178), L-
glutamine, and penicillin/streptomycin (Invitrogen).

Stable HT and SU-DHL8 cell lines carrying pCl-Neo.FlagBcl2 or
control vector pCl-Neo.Flag were obtained by electroporation of plas-
mids into lymphoma cells (Gene Pulser I, Bio-Rad) followed by selec-
tion with G418 (Sigma, 1 mg/ml).

BIM ShRNA (pLKO.1puro-Bim) or Luc ShRNA (pLKO.1puro-lucifer-
ase) was obtained from the RNAi Consortium (Cambridge, MA).
Knockdown cells were prepared by infecting lymphoma cells with ret-
roviral supernatants produced by cotransfection of 293T cells with
pCMVAR8.91, pMD.G, and either pLKO.1puro-Bim or pLKO.1puro-
luciferase (Del Gaizo Moore et al., 2007; Ernst et al., 2004). Stable
clones were selected with puromycin (Sigma, 250 ng/ml) and main-
tained by changing cell culture media daily with fresh L-glutamine
(2 mM).

BHS3 Profiling

Mitochondria were purified from DLBCL cells by mechanical disruption
followed by differential centrifugation, as previously described (Letai
et al.,, 2002). Mitochondrial suspensions were made at 0.1 mg
protein/ml in experimental buffer and exposed to BH3 domain pep-
tides at 100 uM for 40 min at room temperature. Peptides used in
this assay were synthesized by Tufts University Core Facility and
purified by HPLC. Identity was confirmed by mass spectrometry.
Stock solutions were made in dimethyl sulfoxide (DMSO). Peptide
sequences are as previously reported (Certo et al., 2006). ABT-737
and its negative control enantiomer (Enant) were kindly provided by
Abbott Laboratories (Abbott Park, IL). Release of cytochrome ¢ was
determined by a comparison of cytochrome c in the pellet and super-
natant quantitated by ELISA (R&D Systems).

Cell Viability Assay

DLBCL cells were treated with ABT-737 or enantiomer as described in
the figure legends. DMSO was used as a solvent-only negative control.
After treatments, cells were stained with fluorescent conjugates of
Annexin-V (BioVision) and analyzed on a FACSCalibur machine
(Becton Dickinson). Viable cells are Annexin V-FITC negative. Vincris-
tine, etoposide, and adriamycin were obtained from Sigma. MNNG
was obtained from Fisher.

Immunoprecipitation and Immunoblotting

Protein lysates were obtained by cell lysis in Triton X-100 buffer (50 mM
Tris-HCL [pH 7.4], 150 mM NaCl, 5 mM MgCl,, 1 mM EGTA, 10% Glyc-
erol, 1% Triton X-100 [Sigma]). Immunoprecipitation was performed in
600 pl lysates containing 400 pg proteins, which was precleared by
centrifugation followed by exposure to 12 ul (50% slurry) protein A
beads (Santa Cruz) at 4°C for 1 hr. Cleared extracts were incubated
overnight with protein A beads pre-exposed for 1 hr to anti-BCL-2
antibody (6C8, PharMingen). Immunoprecipitates were then washed
three times with Triton X-100 buffer and boiled in loading buffer
(Invitrogen). Protein samples were electrophoretically separated on
NUuPAGE 10% Bis-Tris polyacrylamide gels (Invitrogen). Antibodies
were used to detect the following proteins on membrane: BCL-2
(Epitomics, 1017-1); BCL-xL (kind gift from Larry Boise); BCL-w (Onco-
gene, 75-1); MCL-1 (Santa Cruz, S-19); BIM (Calbiochem, 22-40); BID
(Santa Cruz, FL-195); BAX (Santa Cruz, N20); BAK (Upstate, NT), Actin
(Chemicon, MAB1501).

Western Blot Protein Quantification

Densitometry of protein bands were acquired using an Alphalmager
EC gel documentation system (Alpha Innotec Germany), and bands
were analyzed with the spot densitometry analysis tool (Alpha Ease
FC software, version, 4.1.0).

mRNA Comparison
Quantities of BFL-1 mRNA were measured according to the manufac-
turer’s specification on an Affymetrix chip using the 205681_at probe.

Statistical Analysis

GraphPad Prism 4 software was used to determine ECsq values by
nonlinear dose-response curve fitting. Correlation of ECso with BCL-
2 family proteins was obtained by a linear regression model.

Supplemental Data

The Supplemental Data include three supplemental figures and can be
found with this article online at http://www.cancercell.org/cgi/content/
full/12/2/171/DC1/.

ACKNOWLEDGMENTS

The authors wish to thank Saul Rosenberg of Abbott Laboratories for
providing ABT-737 and enantiomer; Mike Hogarty, who suggested
the term “effector” to cover the function of BAX and BAK; Sigui Li
for help with statistical analysis; and Eric Smith and Victoria Moore
for graphical assistance. This work has also been supported by fund-
ing from NIH grant #K08 CA10254, Smith Family Foundation, Chestnut
Hill, MA, and the Sidney Kimmel Foundation for Cancer Research. A.L.
and M.S. also acknowledge support from the Leukemia and Lym-
phoma Society SCOR#7391-07. J.D. is supported by a Lee Founda-
tion Fellowship. A.L. is a founder of Eutropics Pharmaceuticals and
a member of its scientific advisory board. A patent application cover-
ing BH3 profiling has been submitted to the US patent office.

Received: February 1, 2007
Revised: June 20, 2007
Accepted: July 3, 2007
Published: August 13, 2007

REFERENCES

Bakhshi, A., Jensen, J.P., Goldman, P., Wright, J.J., McBride, O.W.,
Epstein, A.L., and Korsmeyer, S.J. (1985). Cloning the chromosomal
breakpoint of t(14;18) human lymphomas: Clustering around JH on
chromosome 14 and near a transcriptional unit on 18. Cell 47, 899-
906.

Cartron, P.F., Gallenne, T., Bougras, G., Gautier, F., Manero, F., Vusio,
P., Meflah, K., Vallette, F.M., and Juin, P. (2004). The first alpha helix of
Bax plays a necessary role in its ligand-induced activation by the BH3-
only proteins Bid and PUMA. Mol. Cell 16, 807-818.

Certo, M., Moore Vdel, G., Nishino, M., Wei, G., Korsmeyer, S., Arm-
strong, S.A., and Letai, A. (2006). Mitochondria primed by death
signals determine cellular addiction to antiapoptotic BCL-2 family
members. Cancer Cell 9, 351-365.

Chen, L., Willis, S.N., Wei, A., Smith, B.J., Fletcher, J.l., Hinds, M.G.,
Colman, P.M., Day, C.L., Adams, J.M., and Huang, D.C. (2005). Differ-
ential targeting of prosurvival Bcl-2 proteins by their BH3-only ligands
allows complementary apoptotic function. Mol. Cell 77, 393-403.

(B) Summary of BH3 profiling results on seven cell lines. Class C lines are further subdivided based on dependence on individual antiapoptotic

proteins. For convenience, ABT-737 sensitivity also shown.

(C-F) Dose-response curves for the seven cell lines treated with vincristine (C), etoposide (D), adriamycin (E), and MNNG (F). Shown is the mean of
three experiments; error bars show standard deviation. p values obtained from single-tailed Student’s t test comparing primed (red lines) and

unprimed (blue or yellow lines) cell lines.

Cancer Cell 12, 171-185, August 2007 ©2007 Elsevier Inc. 183


http://www.cancercell.org/cgi/content/full/12/2/171/DC1/
http://www.cancercell.org/cgi/content/full/12/2/171/DC1/

Cheng, E.H., Levine, B., Boise, L.H., Thompson, C.B., and Hardwick,
J.M. (1996). Bax-independent inhibition of apoptosis by Bcl-XL. Nature
379, 554-556.

Cheng, E.H., Wei, M.C., Weiler, S., Flavell, R.A., Mak, T.W., Lindsten,
T., and Korsmeyer, S.J. (2001). BCL-2, BCL-X(L) sequester BH3 do-
main-only molecules preventing BAX- and BAK-mediated mitochon-
drial apoptosis. Mol. Cell 8, 705-711.

Chipuk, J.E., Kuwana, T., Bouchier-Hayes, L., Droin, N.M., Newmeyer,
D.D., Schuler, M., and Green, D.R. (2004). Direct activation of Bax by
p53 mediates mitochondrial membrane permeabilization and apopto-
sis. Science 303, 1010-1014.

Cimmino, A., Calin, G.A., Fabbri, M., lorio, M.V., Ferracin, M., Shimizu,
M., Wojcik, S.E., Ageilan, R.l., Zupo, S., Dono, M., et al. (2005). miR-15
and miR-16 induce apoptosis by targeting BCL2. Proc. Natl. Acad. Sci.
USA 102, 13944-13949.

Cleary, M.L., and Sklar, J. (1985). Nucleotide sequence of a t(14;18)
chromosomal breakpoint in follicular lymphoma and demonstration
of a breakpoint-cluster region near a transcriptionally active locus on
chromosome 18. Proc. Natl. Acad. Sci. USA 82, 7439-7443.

Cory, S., and Adams, J.M. (2002). The Bcl2 family: Regulators of the
cellular life-or-death switch. Nat. Rev. Cancer 2, 647-656.

Danial, N.N., and Korsmeyer, S.J. (2004). Cell death: Critical control
points. Cell 116, 205-219.

Decaudin, D., Geley, S., Hirsch, T., Castedo, M., Marchetti, P., Macho,
A., Kofler, R., and Kroemer, G. (1997). Bcl-2 and Bcl-XL antagonize the
mitochondrial dysfunction preceding nuclear apoptosis induced by
chemotherapeutic agents. Cancer Res. 57, 62-67.

Del Gaizo Moore, V., Brown, J.R., Certo, M., Love, T.M., Novina, C.D.,
and Letai, A. (2007). Chronic lymphocytic leukemia requires BCL2 to
sequester prodeath BIM, explaining sensitivity to BCL2 antagonist
ABT-737. J. Clin. Invest. 117, 112-121.

Desagher, S., Osen-Sand, A., Nichols, A., Eskes, R., Montessuit, S.,
Lauper, S., Maundrell, K., Antonsson, B., and Martinou, J.C. (1999).
Bid-induced conformational change of Bax is responsible for mito-
chondrial cytochrome c release during apoptosis. J. Cell Biol. 144,
891-901.

Ernst, P., Mabon, M., Davidson, A.J., Zon, L., and Korsmeyer, S.J.
(2004). An MIl-dependent Hox program drives hematopoietic progen-
itor expansion. Curr. Biol. 14, 2063-2069.

Gascoyne, R.D., Adomat, S.A., Krajewski, S., Krajewska, M., Hors-
man, D.E., Tolcher, A.W., O'Reilly, S.E., Hoskins, P., Coldman, A.J.,
Reed, J.C., and Connors, J.M. (1997). Prognostic significance of Bcl-
2 protein expression and Bcl-2 gene rearrangement in diffuse aggres-
sive non-Hodgkin’s lymphoma. Blood 90, 244-251.

Green, D.R., and Evan, G.l. (2002). A matter of life and death. Cancer
Cell 7, 19-30.

Green, D.R., and Kroemer, G. (2004). The pathophysiology of mito-
chondrial cell death. Science 305, 626-629.

Gross, A., McDonnell, J.M., and Korsmeyer, S.J. (1999). BCL-2 family
members and the mitochondria in apoptosis. Genes Dev. 13, 1899-
1911.

Hahn, W.C., and Weinberg, R.A. (2002). Modelling the molecular cir-
cuitry of cancer. Nat. Rev. Cancer 2, 331-341.

Hsu, Y.T., and Youle, R.J. (1997). Nonionic detergents induce dimer-
ization among members of the Bcl-2 family. J. Biol. Chem. 272,
13829-13834.

Hsu, Y.T., Wolter, K.G., and Youle, R.J. (1997). Cytosol-to-membrane
redistribution of Bax and Bcl-X(L) during apoptosis. Proc. Natl. Acad.
Sci. USA 94, 3668-3672.

Huang, D.C., and Strasser, A. (2000). BH3-only proteins—Essential
initiators of apoptotic cell death. Cell 703, 839-842.

Igbal, J., Neppalli, V.T., Wright, G., Dave, B.J., Horsman, D.E., Rose-
nwald, A., Lynch, J., Hans, C.P., Weisenburger, D.D., Greiner, T.C.,
et al. (2006). BCL2 expression is a prognostic marker for the activated

184 Cancer Cell 72, 171-185, August 2007 ©2007 Elsevier Inc.

Cancer Cell
BH3 Profiling Sorts Apoptotic Blocks in Cancer

B-cell-like type of diffuse large B-cell lymphoma. J. Clin. Oncol. 24,
961-968.

Karbowski, M., Norris, K.L., Cleland, M.M., Jeong, S.Y., and Youle,
R.J. (2006). Role of Bax and Bak in mitochondrial morphogenesis.
Nature 443, 658-662.

Kelekar, A., Chang, B.S., Harlan, J.E., Fesik, S.W., and Thompson,
C.B. (1997). Bad is a BH3 domain-containing protein that forms an
inactivating dimer with Bcl-XL. Mol. Cell. Biol. 77, 7040-7046.

Kelekar, A., and Thompson, C.B. (1998). Bcl-2-family proteins: The
role of the BH3 domain in apoptosis. Trends Cell Biol. 8, 324-330.

Kim, H., Rafiuddin-Shah, M., Tu, H.C., Jeffers, J.R., Zambetti, G.P.,
Hsieh, J.J., and Cheng, E.H. (2006). Hierarchical regulation of mito-
chondrion-dependent apoptosis by BCL-2 subfamilies. Nat. Cell
Biol. 8, 1348-1358.

Kojima, H., Endo, K., Moriyama, H., Tanaka, Y., Alnemri, E.S., Slapak,
C.A., Teicher, B., Kufe, D., and Datta, R. (1998). Abrogation of mito-
chondrial cytochrome c release and caspase-3 activation in acquired
multidrug resistance. J. Biol. Chem. 273, 16647-16650.

Konopleva, M., Contractor, R., Tsao, T., Samudio, I., Ruvolo, P.P.,
Kitada, S., Deng, X., Zhai, D., Shi, Y.X., Sneed, T., et al. (2006). Mech-
anisms of apoptosis sensitivity and resistance to the BH3 mimetic
ABT-737 in acute myeloid leukemia. Cancer Cell 70, 375-388.

Kramer, M.H., Hermans, J., Parker, J., Krol, A.D., Kluin-Nelemans,
J.C., Haak, H.L., van Groningen, K., van Krieken, J.H., de Jong, D.,
and Kiluin, P.M. (1996). Clinical significance of bcl2 and p53 protein
expression in diffuse large B-cell lymphoma: A population-based
study. J. Clin. Oncol. 74, 2131-2138.

Kuwana, T., Mackey, M.R., Perkins, G., Ellisman, M.H., Latterich, M.,
Schneiter, R., Green, D.R., and Newmeyer, D.D. (2002). Bid, Bax,
and lipids cooperate to form supramolecular openings in the outer
mitochondrial membrane. Cell 777, 331-342.

Kuwana, T., Bouchier-Hayes, L., Chipuk, J.E., Bonzon, C., Sullivan,
B.A., Green, D.R., and Newmeyer, D.D. (2005). BH3 domains of
BH3-only proteins differentially regulate Bax-mediated mitochondrial
membrane permeabilization both directly and indirectly. Mol. Cell 77,
525-535.

Letai, A. (2003). BH3 domains as BCL-2 inhibitors: Prototype cancer
therapeutics. Expert Opin. Biol. Ther. 3, 293-304.

Letai, A. (2005). Pharmacological manipulation of Bcl-2 family
members to control cell death. J. Clin. Invest. 115, 2648-2655.

Letai, A., Bassik, M.C., Walensky, L.D., Sorcinelli, M.D., Weiler, S., and
Korsmeyer, S.J. (2002). Distinct BH3 domains either sensitize or
activate mitochondrial apoptosis, serving as prototype cancer thera-
peutics. Cancer Cell 2, 183-192.

Letai, A., Beard, C., Sorcinelli, M., and Korsmeyer, S.J. (2004). Anti-
apoptotic BCL-2 is required for maintenance of a model leukemia.
Cancer Cell 6, 241-249.

Lin, X., Morgan-Lappe, S., Huang, X., Li, L., Zakula, D.M., Vernetti,
L.A., Fesik, S.W., and Shen, Y. (2006). ‘Seed’ analysis of off-target
siRNAs reveals an essential role of Mcl-1 in resistance to the small-
molecule Bcl-2/Bcl-X(L) inhibitor ABT-737. Oncogene 26, 3972-3979.

Luo, X., Budihardjo, I., Zou, H., Slaughter, C., and Wang, X. (1998). Bid,
a Bcl2 interacting protein, mediates cytochrome c release from mito-
chondria in response to activation of cell surface death receptors.
Cell 94, 481-490.

Marani, M., Tenev, T., Hancock, D., Downward, J., and Lemoine, N.R.
(2002). Identification of novel isoforms of the BH3 domain protein Bim
which directly activate Bax to trigger apoptosis. Mol. Cell. Biol. 22,
3577-35809.

Muchmore, S.W., Sattler, M., Liang, H., Meadows, R.P., Harlan, J.E.,
Yoon, H.S., Nettesheim, D., Chang, B.S., Thompson, C.B., Wong,
S.L., etal. (1996). X-ray and NMR structure of human Bcl-xL, an inhib-
itor of programmed cell death. Nature 387, 335-341.



Cancer Cell
BH3 Profiling Sorts Apoptotic Blocks in Cancer

Oltersdorf, T., Elmore, S.W., Shoemaker, A.R., Armstrong, R.C.,
Augeri, D.J., Belli, B.A., Bruncko, M., Deckwerth, T.L., Dinges, J.,
Hajduk, P.J., et al. (2005). An inhibitor of Bcl-2 family proteins induces
regression of solid tumours. Nature 435, 677-681.

Opferman, J.T., Letai, A., Beard, C., Sorcinelli, M.D., Ong, C.C., and
Korsmeyer, S.J. (2003). Development and maintenance of B and T
lymphocytes requires antiapoptotic MCL-1. Nature 426, 671-676.
Sattler, M., Liang, H., Nettesheim, D., Meadows, R.P., Harlan, J.E.,
Eberstadt, M., Yoon, H.S., Shuker, S.B., Chang, B.S., Minn, A.J.,
et al. (1997). Structure of Bcl-xL-Bak peptide complex: Recognition
between regulators of apoptosis. Science 275, 983-986.

Scorrano, L., Oakes, S.A., Opferman, J.T., Cheng, E.H., Sorcinelli,
M.D., Pozzan, T., and Korsmeyer, S.J. (2003). BAX and BAK regulation
of endoplasmic reticulum Ca2+: A control point for apoptosis. Science
300, 135-139.

Tsujimoto, Y., Cossman, J., Jaffe, E., and Croce, C.M. (1985). Involve-
ment of the bcl-2 gene in human follicular lymphoma. Science 228,
1440-1443.

van Delft, M.F., Wei, A.H., Mason, K.D., Vandenberg, C.J., Chen, L.,
Czabotar, P.E., Willis, S.N., Scott, C.L., Day, C.L., Cory, S., et al.
(2006). The BH3 mimetic ABT-737 targets selective Bcl-2 proteins
and efficiently induces apoptosis via Bak/Bax if Mcl-1 is neutralized.
Cancer Cell 10, 389-399.

Wang, X. (2001). The expanding role of mitochondria in apoptosis.
Genes Dev. 15, 2922-2933.

Wei, M.C., Lindsten, T., Mootha, V.K., Weiler, S., Gross, A., Ashiya, M.,
Thompson, C.B., and Korsmeyer, S.J. (2000). tBID, a membrane-
targeted death ligand, oligomerizes BAK to release cytochrome c.
Genes Dev. 14, 2060-2071.

Wei, M.C., Zong, W.X., Cheng, E.H., Lindsten, T., Panoutsakopoulou,
V., Ross, A.J., Roth, K.A., MacGregor, G.R., Thompson, C.B., and
Korsmeyer, S.J. (2001). Proapoptotic BAX and BAK: A requisite gate-
way to mitochondrial dysfunction and death. Science 292, 727-730.

Willis, S.N., Fletcher, J.l., Kaufmann, T., van Delft, M.F., Chen, L., Cza-
botar, P.E., lerino, H., Lee, E.F., Fairlie, W.D., Bouillet, P., et al. (2007).
Apoptosis initiated when BH3 ligands engage multiple Bcl-2 homo-
logs, not Bax or Bak. Science 3715, 856-859.

Zong, W.X., Lindsten, T., Ross, A.J., MacGregor, G.R., and Thompson,
C.B. (2001). BH3-only proteins that bind pro-survival Bcl-2 family
members fail to induce apoptosis in the absence of Bax and Bak.
Genes Dev. 15, 1481-1486.

Zong, W.X., Ditsworth, D., Bauer, D.E., Wang, Z.Q., and Thompson,
C.B. (2004). Alkylating DNA damage stimulates a regulated form of
necrotic cell death. Genes Dev. 18, 1272-1282.

Cancer Cell 12, 171-185, August 2007 ©2007 Elsevier Inc. 185



	BH3 Profiling Identifies Three Distinct Classes of Apoptotic Blocks to Predict Response to ABT-737 and Conventional Chemotherapeutic Agents
	Introduction
	Results
	BH3 Profiling Detects Three Classes of Apoptotic Blocks in Lymphoma Cells
	BH3 Profiling Predicts Response to ABT-737
	BCL-2 and BIM:BCL-2 Complex Levels Quantitatively Predict Sensitivity to ABT-737
	BCL-2 Overexpression Does Not Cause Sensitivity, but BIM Knockdown Reduces Sensitivity to ABT-737

	Discussion
	Experimental Procedures
	Cell Lines
	BH3 Profiling
	Cell Viability Assay
	Immunoprecipitation and Immunoblotting
	Western Blot Protein Quantification
	mRNA Comparison
	Statistical Analysis

	Supplemental Data
	Acknowledgments
	References


