
Targeting the B-Cell Lymphoma/Leukemia 2 Family
in Cancer
Matthew S. Davids and Anthony Letai

All authors: Dana-Farber Cancer
Institute, Boston, MA.

Submitted December 30, 2011;
accepted March 29, 2012; published
online ahead of print at www.jco.org on
May 29, 2012.

Authors’ disclosures of potential con-
flicts of interest and author contribu-
tions are found at the end of this
article.

Corresponding author: Anthony Letai,
MD, PhD, Mayer 429, Dana-Farber
Cancer Institute, 450 Brookline Ave,
Boston, MA 02215; e-mail:
anthony_letai@dfci.harvard.edu.

© 2012 by American Society of Clinical
Oncology

0732-183X/12/3025-3127/$20.00

DOI: 10.1200/JCO.2011.37.0981

A B S T R A C T

The B-cell lymphoma/leukemia 2 (BCL-2) family of proteins has attracted the attention of cancer
biologists since the cloning of BCL-2 more than 25 years ago. In the intervening decades, the way
the BCL-2 family controls commitment to programmed cell death has been greatly elucidated.
Several drugs directed at inhibiting BCL-2 and related antiapoptotic proteins have been tested
clinically, with some showing considerable promise, particularly in lymphoid malignancies. A better
understanding of the BCL-2 family has also provided insight into how conventional chemotherapy
selectively kills cancer cells and why some cancers are more chemosensitive than others. Further
exploitation of our understanding of the BCL-2 family promises to offer improved predictive
biomarkers for oncologists and improved therapies for patients with cancer.

J Clin Oncol 30:3127-3135. © 2012 by American Society of Clinical Oncology

INTRODUCTION

The discovery of the B-cell lymphoma/leukemia 2
(BCL-2) family of proteins is intimately linked to
human cancer. By the mid 1980s, it was well known
that many B-cell malignancies possessed transloca-
tions involving the immunoglobulin heavy chain
locus on chromosome 14.1-4 Identification of the
other genes participating in these translocations be-
came an important goal for cancer biologists. In
follicular lymphoma, the goal became to identify the
partner of t(14;18) on chromosome 18. The cloned
and sequenced gene bore no resemblance to known
genes and took the name BCL-2.5

Experiments revealed that the BCL-2 protein
functioned to oppose the apoptosis pathway of pro-
grammed cell death6,7 and was predominantly local-
ized to the mitochondrion,8 at that time both unique
findings for an oncogene. Subsequent work has
identified many different proteins that are related to
BCL-2 by amino acid sequence homology and their
participation in the control of apoptosis.9-13 This
so-called BCL-2 family of proteins contains pro- as
well as antiapoptotic proteins that interact directly
with one another to determine whether the cell will
commit to apoptosis.

The central event that controls cellular com-
mitment to death via apoptosis is mitochondrial
outer membrane permeabilization (MOMP). After
MOMP, multiple proapoptotic molecules are re-
leased from the mitochondrial intermembrane
space to coordinate most of the hallmarks of apo-

ptosis, like nuclear condensation and caspase activa-
tion. MOMP is controlled by the BCL-2 family via
protein-protein interactions. There are three main
subdivisions of the BCL-2 family of proteins (Fig 1).
BAX and BAK are proapoptotic effector proteins, so
named because when activated, they directly partic-
ipate in the formation of pores in the mitochondrial
outer membrane.15-17 As such, they are essential for
apoptosis via the mitochondrial pathway.18 BAX
and BAK can be activated by certain members of
another subdivision of the BCL-2 family, the pro-
apoptotic BCL-2 homology 3 (BH3) –only proteins.
These get their name via possession of the BH3 do-
main, but no other BH domain. The BH3 domain is
required for proapoptotic function of all proapop-
totic BCL-2 family proteins. BIM, BID, and perhaps
PUMA (known as activator BH3-only proteins) in-
teract with and activate BAX and BAK directly, caus-
ing a conformational change that induces BAX and
BAK homo-oligomerization, which in turn results
in formation of a pore in the mitochondrial outer
membrane and MOMP.19-21 Other mechanisms,
poorly understood, may also exist for the activation
of BAX and BAK.22 For most purposes, MOMP can
be considered the point of no return in the pathway
to commitment to death via apoptosis.

MOMP can be inhibited by the antiapoptotic
proteins,whicharenowknowntoincludeBCL-2,BCL
extra long (BCL-XL), BCL-2–like protein 2 (BCL-w),
MCL-1, myeloid cell leukemia 1 (MCL-1), and (BCL-
2–related gene expression in fetal liver (BFL-1; also
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known as A1).23,24 They inhibit apoptosis by sequestering activator BH3-
only proteins, preventing their activation of BAX and BAK.18 Antiapop-
totic proteins can also bind monomeric activated BAX and BAK,
preventing the formation of oligomers and pores. In all of these cases, the
antiapoptotic protein binds the hydrophobic face of the amphipathic
alpha-helical BH3 domain of the proapoptotic protein in a hydrophobic

groove. Proapoptotic sensitizer BH3-only proteins lack the ability to di-
rectly activate BAX and BAK and instead promote cell death by compet-
itively inhibiting the ability of antiapoptotic proteins to bind the BH3
domains of BAX and BAK and activator BH3-only proteins.25

BCL-2 FAMILY AS DIRECT THERAPEUTIC TARGET IN CANCER

As a prosurvival oncogene overexpressed as a result of cancer-specific
translocations, BCL-2 clearly deserves consideration for therapeutic
inhibition. There are many efforts under way to target BCL-2 as well as
other antiapoptotic proteins with a variety of compounds of variable
potencies (Table 1). Here, we briefly review the three drugs that have
advanced furthest clinically.

Oblimersen Sodium

The first strategy tested in the clinic was inhibiting expression of
the BCL-2 protein. Oblimersen sodium (Genasense; Genta, Berkeley
Heights, NJ) is a single-stranded, phosphorothioated 18-mer DNA
molecule with sequence complementary to that of BCL-2 mRNA.27

The proposed mechanism of action is that oblimersen hybridizes with
the BCL-2 mRNA, provoking the hydrolysis of the mRNA by RNAse
H, resulting in a decrease in BCL-2 protein production and hence in
cellular BCL-2 protein levels.28

Oblimersen has been tested in clinical trials in several solid tu-
mors and hematologic malignancies, alone and in combination with
conventional agents. Early-phase clinical trials in chronic lymphocytic
leukemia (CLL),29 multiple myeloma,30 and melanoma31 provided
some evidence of clinical benefit; however, phase III data have been
unconvincing. One study of oblimersen in combination with dexa-
methasone in advanced multiple myeloma did not show a survival
advantage.32 A separate study of fludarabine plus cyclophosphamide
with or without oblimersen showed a modest survival benefit in a
posthoc analysis of patients with CLL with fludarabine-sensitive dis-
ease who achieved complete or partial remission.33 On the basis of the
lack of clear clinical benefit, oblimersen has not been approved by the
US Food and Drug Administration, and its future development re-
mains uncertain.

The disappointing clinical performance of oblimersen should
not, however, be taken as a refutation of the putative benefit of target-
ing BCL-2 in cancers. Although oblimersen has been found to reduce
BCL-2 protein levels in cell lines in vitro,34 its ability to decrease BCL-2
levels in either primary tumor cells or in peripheral blood mononu-
clear cells in vivo is uncertain at best.35 Therefore, it is entirely possible
that the lack of clinical efficacy of oblimersen is simply a result of the
inability of the oligonucleotide to reduce BCL-2 protein levels in
tumors in vivo.

Obatoclax

Obatoclax (GX-15-070) is a small molecule that has been found
to bind to all BCL-2 family proteins, including BCL-2, BCL-XL, and
MCL-1,36 albeit with modest affinity (Table 1). It is proposed to
operate like a BH3 mimetic, competitively inhibiting binding of pro-
apoptotic proteins to the hydrophobic groove of antiapoptotic pro-
teins. However, preclinical work has supported many different
mechanisms of action, some of which do not require BAX and BAK to
kill cells, casting doubt on the central mechanism of obatoclax.37

Related to this, treatment with obatoclax does not cause prominent
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Fig 1. Three families of B-cell lymphoma/leukemia 2 (BCL-2) proteins govern the
decision to undergo mitochondrial apoptosis. DNA damage, checkpoint violations, or
oncogene activation generates pro-death BCL-2 homology 3 (BH3) –only proteins,
which can be subdivided into activator and sensitizer subfamilies based on function.
Activator BH3-only proteins such as BID and BIM activate effector multidomain
proapoptotic proteins such as BAX and BAK, leading to mitochondrial permeabiliza-
tion and commitment to apoptotic death. Multidomain antiapoptotic proteins such as
BCL-2 oppose this process by sequestering activators and thereby limiting contact
with effectors or by sequestering activated effectors. Sensitizer BH3-only proteins
such as BAD act as selective inhibitors of antiapoptotic proteins. BCL-w, BCL-2–like
protein 2; BCL-XL, BCL extra long; BFL-1, BCL-2–related gene expression in fetal
liver; MCL-1, MCL-1, myeloid cell leukemia 1. Data adapted.14

Davids and Letai

3128 © 2012 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY



thrombocytopenia, an in vivo pharmacodynamic marker of BCL-XL
inhibition. Furthermore, obatoclax causes reversible mental status
changes,38 an effect inconsistent with any known function of BCL-2
family proteins.

Obatoclax has shown some modest clinical activity in a variety of
early-phase clinical trials, including in CLL and small-cell lung cancer
(SCLC). A recently presented phase I study of obatoclax in combina-
tion with fludarabine and rituximab in patients with relapsed CLL
showed a partial response rate of 54%, with no complete remissions.39

The median time to progression in this relapsed population was rea-
sonably long at 20 months. For SCLC, although early-phase clinical
trials looked promising,40 a randomized phase II study in combina-
tion with carboplatin and etoposide for patients with extensive-stage
SCLC did not show a statistically significant benefit in the primary end
point of overall response rate.41

It is notable that serum pharmacodynamic biomarkers used in
clinical trials, like oligonucleosomal cleaved DNA, may well indi-
cate the provocation of apoptosis somewhere in the body by obato-
clax. However, this should not be construed as evidence that the
drug is operating directly on BCL-2 family proteins, because many
agents (such as most conventional chemotherapy drugs) are
known to induce apoptosis without directly interacting with
BCL-2 family proteins.

ABT-737/ABT-263/ABT-199

ABT-737 is a small molecule BH3 mimetic that binds to BCL-2,
BCL-XL, and BCL-w.42 Because this matches the binding pattern of
the BH3 domain of the BH3-only protein BAD,43,44 ABT-737 is some-
times referred to as a BAD BH3 mimetic. It was developed by Abbott
Laboratories (Abbott Park, IL) from a small-molecule screen that
identified compounds that bound with modest affinity to distinct but
proximal subsites in the BH3 binding groove of BCL-XL. The series of
compounds that emerged gave rise to ABT-737. Most of the consid-
erable body of preclinical work performed on this series of com-
pounds has employed ABT-737. ABT-263 (Navitoclax; Abbott
Laboratories) is closely related chemically and interacts with BCL-2
proteins with selectivity similar to that of ABT-737.45 A significant
difference is that ABT-263 is orally bioavailable, and it is ABT-263 that
has been used in initial clinical trials.

It is important to note that the Abbott compounds bind to BCL-2
family proteins with much greater affinity than any other reported

small-molecule antagonists of BCL-2 family proteins, generally 100-
to 10,000-fold greater (Table 1). In fact, although ABT-263 is indeed
selective for BCL-2, BCL-XL, and BCL-w, it still binds MCL-1 with
greater affinity than paninhibitors like obatoclax.46 Preclinical studies
of both ABT-737 and ABT-263 are consistent with a BH3-mimetic
mechanism of killing and have shown that the drugs displace proapo-
ptotic proteins from BCL-2.47 Killing by ABT-737 requires BAX or
BAK, and ABT-737 also has direct mitochondrial effects,48 as would be
expected from on-target activity. Furthermore, there is good correla-
tion between sensitivity of mitochondria to BAD BH3 peptides and
sensitivity of the cells in which they reside to ABT-737.14,49

Treatment with ABT-737 reproducibly causes thrombocytope-
nia in a dose-dependent fashion in all mammals in which it has been
tested.50 Thrombocytopenia can be observed within hours of drug
treatment and is not caused by decreased platelet production. Rather,
platelets, which contain mitochondria, undergo apoptosis and are
rapidly cleared from circulation by the reticuloendothelial system in
the spleen and liver. Platelets show increased sensitivity to ABT-737
with increasing age, so there is a selection for younger, larger platelets
to persist in circulation.51 Drug treatment with ABT-737 causes in-
creased platelet production in the bone marrow and may also lead to
platelet dysfunction.52

Clinically significant thrombocytopenia has been mitigated in
clinical trials through institution of a lead-in lower dose of ABT-263
and continuous dosing to stimulate platelet production, so when
higher therapeutic doses are administered, the platelet nadir is not as
low or prolonged.53 Two different laboratories have demonstrated
that thrombocytopenia is an on-target toxicity resulting from the
increasing dependence of platelets on BCL-XL for prevention of apo-
ptosis as they age.50,54 The data are strong enough that thrombocyto-
penia can be viewed as a pharmacodynamic marker of successful
inhibition of BCL-XL in vivo. As a consequence, failure to observe
significant thrombocytopenia in vivo after treatment with a putative
inhibitor of BCL-XL raises doubts about the true mechanism of action
of the drug concerned.

Significant clinical benefit has been observed in trials of ABT-263,
most notably in CLL. In a phase I single-agent trial in relapsed or
refractory lymphoid malignancies, 10 of 46 evaluable patients had a
partial response.55 Patients with CLL/small lymphocytic lymphoma
received disproportionate benefit, with eight of 16 achieving a partial
response and 13 of 16 showing reduction in tumor size. Common

Table 1. Fluorescence Polarization Assays Measuring Displacement of a FITC-BID Peptide From All Six Antiapoptotic Human BCL-2 Family Proteins to
Compare IC50 Values of Small-Molecule BCL-2 Antagonists

Protein

Compound IC50 (uM)

EGCG Gossypol ApoG Antimycin A Chelerythrine ABT-737 Obatoclax BH3I-1 YC137

BCL-XL 0.59 3.03 2.80 2.70 Approximately 10 0.064 4.69 5.86 � 20
BCL-2 0.45 0.28 0.64 2.95 Approximately 10 0.12 1.11 1.14 6.43
BCL-w 2.33 1.4 2.10 4.57 � 10 0.024 7.01 2.33 2.21
BCL-B 0.36 0.16 0.37 1.83 � 10 � 10 2.15 1.08 3.10
BFL-1 1.79 � 10 � 10 � 10 Approximately 10 � 20 5.00 4.65 � 20
MCL-1 0.92 1.75 3.35 2.51 � 10 � 20 2.90 2.17 2.47

NOTE. Data adapted.26

Abbreviations: ApoG, apogossypol; BCL-2, B-cell lymphoma/leukemia 2; BCL-B, BCL-2–like protein 10; BCL-w, BCL-2–like protein 2; BCL-XL, BCL extra long; BFL-1,
BCL-2–related gene expression in fetal liver; BH3I-1, BCL-2 homology 3 domain inhibitor 1; EGCG, epigallocatechin gallate; FITC, fluoresceine isothiocyanate; IC50,
half maximal inhibitory concentration; MCL-1, myeloid cell leukemia 1.
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adverse events in this population with compromised bone marrow
reserve included anemia, thrombocytopenia, lymphopenia, and neu-
tropenia as well as infection and diarrhea. In only one patient was a
dose-limiting toxicity of grade 4 thrombocytopenia observed. A
follow-up study focusing on only relapsed or refractory CLL in a
heavily pretreated population confirmed these initial findings, with
nine (31%) of 29 patients achieving a partial response and 18 (62%) of
29 maintaining stable disease; median progression-free survival was
25 months.53

Perhaps unsurprisingly, response was more modest in a phase I
single-agent study of relapsed or refractory SCLC and other solid
tumors.56 Of 38 evaluable patients, there was only one partial response
(in a patient with SCLC) and eight patients with SCLC or carcinoid
who had stable disease. The partial response endured for longer than
35 months in a patient who had progressive disease on second-line
therapy before enrollment. The drug was well tolerated, with fewer
cytopenias than were seen in the lymphoid malignancies trials. Diar-
rhea, nausea, vomiting, and fatigue were the most common ad-
verse events.

Subsequent trials are under way testing the combination of ABT-
263 with standard agents in both solid tumors and lymphoid malig-
nancies, with a particular focus on CLL. A recent preliminary report
was presented on a phase I study of ABT-263 in combination with
fludarabine, cyclophosphamide, and rituximab or bendamustine and
rituximab (BR) in patients with relapsed or refractory CLL.57 Both
combinations seemed to be well tolerated and did not exhibit unac-
ceptable myelotoxicity. The most common adverse events were nau-
sea, fatigue, and neutropenia. Grade 3 to 4 thrombocytopenia was seen
in 19% of patients. The overall response rate of 81% was significantly
better than that observed with ABT-263 monotherapy. Furthermore,
six of 16 patients assessed in the BR arm achieved a complete response,
a significantly higher rate than would be expected from BR alone in
this patient population.

Concern about thrombocytopenia has limited the introduction
of ABT-263 into clinical trials of acute leukemias, despite ex vivo
evidence of tumor sensitivity. Because in hematologic malignancies it
seems that dependence on BCL-2 is much more common than depen-
dence on BCL-XL, Abbott has developed another compound for
clinical use: ABT-199. The key feature of this drug is that it is more
selective against BCL-2, lacking high affinity binding to BCL-XL. It is
anticipated that thrombocytopenia will no longer be a major toxicity,
allowing for higher dosing, greater BCL-2 inhibition, and better clin-
ical response. A first-in-human phase I trial in patients with relapsed
or refractory CLL or non-Hodgkin’s lymphoma is under way for this
oral drug. If the results are encouraging, it would facilitate the evalua-
tion of ABT-199 in the acute leukemias, in which in vitro indications
of BH3 mimetic efficacy are promising.14,58

DETERMINANTS OF SENSITIVITY AND RESISTANCE TO
BCL-2 INHIBITION

For any targeted therapy, it is essential to understand why cancer cells
should be selectively sensitive and to identify characteristics of cells
that predict response to therapy. Without this information, one can-
not be sure that the drug works according to its proposed mechanism.
Furthermore, clinical development would be challenging, because it
would be difficult to identify the subset of patients who would respond
to the drug.

Although many different tissues and cells express BCL-2, not all
of them are dependent on BCL-2 for continued survival. A key deter-
minant of whether a cell is dependent on BCL-2 is whether BCL-2 is
already occupied by pro-death proteins.43 For instance, BCL-2 in CLL
cells is largely occupied by the activator BIM.47 When a BH3 mimetic
like ABT-737 competes for this binding, BIM can be displaced to
activate BAX and BAK, causing MOMP (Fig 2). Alternatively, BCL-2
might be occupied by activated monomeric BAX. When this is dis-
placed, an activated BAX monomer can oligomerize with similarly

ABT-737

BH3-only proteins

BIM Other

Inactive
BAK/BAKBCL2

BAK/BAX
activation/
oligomerization

Cytochrome c
release

Death

Mitochondrion

Mitochondrion

Mitochondrion

Fig 2. Model of ABT-737–induced death at the mitochondria. Mitochondrial
B-cell lymphoma/leukemia 2 (BCL-2) in chronic lymphocytic leukemia cells is
typically occupied by BIM. ABT-737 displaces BIM, and BCL-2 becomes occupied
by ABT-737. Freed BIM then interacts with BAX or BAK, leading to oligomeriza-
tion, cytochrome c release and subsequent irreversible commitment to pro-
grammed cell death. When BCL-2 is occupied by activator BCL-2 homology 3
(BH3) –only proteins, the cancer cell is sensitive to treatment with ABT-737 and
other chemotherapeutic agents. Data adapted.45
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displaced activated BAX monomers, resulting in pore formation and
MOMP. If BCL-2 is largely unoccupied, the binding of a BH3 mimetic
may reduce antiapoptotic reserve, but it is less likely to directly cause
MOMP as a single agent.

This high occupation state of BCL-2 can be identified by probing
mitochondria with synthetic BH3 domain peptides that compete for
the BH3 binding site on BCL-2.43 There is good correlation between
mitochondrial sensitivity to the BAD BH3 peptide and cellular sensi-
tivity to ABT-737.14,47,49 Alternatively, BCL-2–BIM complex abun-
dance predicts response to ABT-737 in lymphoma cell lines.49

Whether either approach can predict individual clinical response re-
mains to be seen.

Resistance to ABT-737 can be caused by high expression of
MCL-1 and BFL-1, antiapoptotic proteins that are poorly bound by
the drug.48,58-60 Even if proapoptotic proteins are effectively displaced
from BCL-2 by ABT-737, they can be sequestered by MCL-1 and
BFL-1 before they can cause MOMP. This mechanism likely underlies
the finding that in vitro sensitivity of CLL cells to ABT-737 can be
predicted by a ratio of (MCL-1 � BFL-1) / BCL-2.61 An additional
predictive strategy involving the BCL-2 family was recently described,
suggesting that the NOXA/MCL-1 balance may determine sensitivity
to ABT-737 in stroma-exposed CLL cells.62 Perhaps most interesting
is the recent observation that clinical response to ABT-263 in patients
with CLL correlates with low MCL-1 expression, high BIM–MCL-1
ratio, or high BIM–BCL-2 ratio.53

Other pharmacologic approaches directed against BCL-2 family
proteins exist, but they are less advanced clinically than the three
compounds profiled in this article. Of the compounds currently in
clinical development, only the BH3-mimetic drug ABT-263 has pub-
lished data to confirm high affinity and specificity for BCL-2 family
members as well as the mechanistic data to support its potential utility.

BCL-2 FAMILY AND CONVENTIONAL CHEMOTHERAPY

Why Does Chemotherapy Work?

Although the BH3 mimetics are an exciting new class of antican-
cer agents, it is important to recognize that oncologists have for de-
cades been exploiting important differences in BCL-2 family function
with conventional chemotherapy, even if this mechanism was not
understood. Conventional chemotherapeutic agents mainly kill cells
via the mitochondrial pathway of apoptosis, commitment to which is
regulated by the BCL-2 family. Our better understanding of how this
family of proteins regulates commitment to cell death has revealed
that differences in this family may well underlie the clinical efficacy of
conventional chemotherapy, offer predictive power, and explain its
poorly understood therapeutic index.

The question of why chemotherapy works (ie, why there should
be a useful therapeutic index between normal and malignant cells) has
not been clearly answered, despite its centrality to oncologic practice.
Given the millions of people who have received conventional chemo-
therapy, this lack of understanding—and indeed the lack of modern
scientific interest in this question—is surprising. The clinical observa-
tion is that conventional agents, which largely target DNA or micro-
tubules, often cause reductions in tumor burden by several logs, even
sometimes completely eliminating the cancer. At the same time, there
is no normal tissue, except for perhaps the bone marrow, that ever
sustains even a one-log kill in response to chemotherapy.

Popular explanations are unsatisfying. In pioneering work,
Skipper et al63 observed a correlation between proliferation rate of
leukemias in vitro and their chemosensitivity in vivo. Increased
proliferation rates in cancer cells compared with those in normal
cells has henceforth become the prevalent explanation of a thera-
peutic index for chemotherapy. However, this answer is at best
incomplete. Clinical data to support this hypothesis are scant. For
instance, there are few data to support the contention that the solid
tumors that respond robustly to chemotherapy have higher prolifer-
ation rates than those that do not respond.

Stark counterexamples are also readily available in hemato-
logic malignancies. For instance, CLL and follicular lymphoma are
slowly dividing tumors. In the case of CLL, the average CLL cell
may divide only once every few months.64 Nonetheless, these are
generally chemosensitive tumors. Finally, there are many tissues
like the epidermis that have a proliferation rate (2.7% in one
study65) comparable to those of most solid tumors. Yet direct
epidermal toxicity from chemotherapy is exceedingly rare. We do
not mean to imply that the toxicity of conventional chemotherapy is
always unrelated to cell cycle and proliferation. There is good evidence

Apoptosis

Chemotherapy
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Apoptosis

Chemotherapy

B

Fig 3. Priming is the proximity of a malignant cell to the threshold of apoptosis.
(A) An unprimed cell is exposed to chemotherapy and pushed toward the
threshold of apoptosis, but because it starts far from the threshold, this change
is not enough to kill the cell. (B) A primed cell exposed to the same chemotherapy
agent at the same dose is pushed the same distance toward the threshold of
apoptosis, but because it starts closer to this threshold, the change is enough to
push the cell over the edge, resulting in apoptotic cell death.
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that certain agents are most toxic to cells in certain phases of the cell
cycle, phases that are occupied only by dividing cells.66,67 Further-
more, it may be that loss of cell-cycle checkpoint control governs some
aspects of chemosensitivity.68 Once again, however, these principles
are rarely examined in patient samples.

Mitochondrial Apoptotic Priming: An Alternative

Explanation for Chemosensitivity

Most conventional chemotherapeutic agents kill via the mito-
chondrial pathway of apoptosis regulated by the BCL-2 family of
proteins. Commitment to the mitochondrial pathway of apoptosis

A

B

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

2,000

0

4,000
6,000
8,000

10,000
12,000
14,000
16,000
18,000
20,000

10 20 30 40 50 60 70 80 90

Total Processing Time: 2-5 hours 
(Final 1.5-3 hours automated)

0

20

40

60

80

100

M
 M

ye
lom

a
Ad

ul
t A

LL
Ov

ar
ian

M
 M

ye
lom

a

Ov
ar

ian

PB
M

Cs
 

En
do

met
riu

m

Fo
re

sk
in 

M
yo

met
riu

m 

Ov
ar

y 

Ce
rv

ix 

Ki
dn

ey
 (m

ed
ull

a)
 

Ki
dn

ey
 (c

or
te

x) 

En
do

met
ria

l

Se
ro

us
 bo

rd
er

lin
e

Re
na

l

Bo
ne

 m
ar

ro
w

Ch
ild

ho
od

 A
LL

Ad
ul

t A
LL

Cancer (n = 62) Normal  (n = 21)

Known chemoresistant

Normal tissue

Known chemosensitive

Typically chemoresistant 

Typically chemosensitive
†

†

NS

*

Tissue sample

0-90
min

90-180
min

Single cell suspension JC-1 stain & permeabilize

eliforp 3H Becart citeniKtnemtaert editpeP

10
min

10
min

M
ito

ch
on

dr
ia

l P
rim

in
g

60
50
40
30
20
10

0

70
80

Fig 4. BCL-2 homology 3 (BH3) profiling. (A) Single-cell suspensions derived from peripheral blood, bone marrow, lymph nodes, solid tumors, or normal tissue are
permeabilized via digitonin and stained with JC-1. Permeabilized cells are then exposed to BH3-only peptides in a 384-well format, and the decay of ��m is measured
as fluorescence at 590 nm, via the JC dye, by plate reader. Note that for heterogeneous clinical samples, this process can be performed with fluorescence activated
cell sorting and a BH3 profile derived for a cellular subpopulation of interest. Data adapted.70 (B) Comparison of mitochondrial priming among a variety of primary human
cancers and normal tissues. Cancers with clinical follow-up were classified as known chemosensitive or known chemoresistant. Cancers classified as typically
chemoresistant or typically chemosensitive lacked individual clinical follow-up data. Data shown are mean � standard deviation across all specimens tested. Analysis
of variance was used to demonstrate statistical significance between the different categories, with a Tukey’s multiple comparison post-test. NS, not significant (ie, P �
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behaves as a critical phenomenon, in which there is a rapid, binary
transition from a normally functioning cell to the rapid execution of a
program of cell death. We hypothesized that some cells might start
closer to the point of commitment than others, and these cells would
be more sensitive to conventional chemotherapeutic agents that target
ubiquitous elements like DNA and microtubules.69 The critical differ-
ence thus would reside not in how cells dynamically responded to
chemotherapy but rather in their initial position with respect to the
point of commitment to apoptosis before treatment. Testing this
hypothesis required developing an objective way to measure proxim-
ity to the point of commitment to apoptosis, a property we refer to as
priming (Figs 3A, 3B).

Priming can be measured with a tool known as BH3 profiling
(Fig 4A), a functional assay that measures mitochondrial response to
measured death signals in the form of synthetic peptides derived from
the BH3 domains of BH3-only proteins. These proapoptotic peptides
by themselves can activate BAX and BAK or antagonize antiapoptotic
BCL-2 proteins much like the intact proteins from which they are
derived. Thus, proximity to commitment to apoptosis, or priming,
can be compared between cells by comparing mitochondrial sensitiv-
ity to certain BH3 peptides. Cells bearing mitochondria that are more
sensitive to BH3 peptides are described as being more primed (Fig 3A)
than those bearing less sensitive mitochondria, which are described as
unprimed (Fig 3B).

Although the conditions that lead to priming are established
by the many members of the BCL-2 family, this tool does not
identify the individual contribution of each. Rather, BH3 profiling
provides a summary statement about the readiness of a cell to
undergo apoptosis via the mitochondrial pathway. The molecular
basis to priming seems to reside in a high occupation of antiapop-
totic BCL-2 proteins by proapoptotic BCL-2 proteins. This is a
likely explanation for the observation that although CLL and acute
lymphoblastic leukemia (ALL) consistently express much more
BCL-2 than any solid malignancy, they are also much more chemo-
sensitive than almost any solid malignancy. The resolution of this
apparent paradox lies in the fact that BCL-2 is highly occupied by
proapoptotic proteins in both CLL and ALL.14,47 This mechanism
may also be why high BCL-2 expression has not been a consistent
predictor of poor prognosis in human cancers.71,72

If differences in mitochondrial priming are responsible for the
therapeutic index observed for chemotherapy, then normal chemore-
sistant tissues should be less primed than chemosensitive cancer cells.
We tested this hypothesis on normal mouse and human tissues and
numerous primary cancer samples (Fig 4B).69 Consistently, chemore-
sistant normal mouse and human tissues were less primed than che-
mosensitive cancer samples. The highest primed normal tissues were
hematopoietic, consistent with the well-established clinical observa-
tion that the most chemosensitive normal cells are hematopoietic in
origin, so myelosuppression is the most common dose-limiting tox-
icity of cytotoxic chemotherapy. It thus seems that differential mito-
chondrial priming is an important mechanism underlying the
therapeutic index of conventional chemotherapy.

Measuring Priming to Predict Response and

Modulating Priming to Increase Response

If differential priming underlies differences in chemosensitivity
between normal and malignant cells, might it also underlie differences
between chemosensitive and chemoresistant cancers? To answer this

question, we performed BH3 profiling on pretreatment samples from
patients with four different malignancies: multiple myeloma, acute
myeloid leukemia, ALL, and ovarian cancer.69 In all four diseases, we
found that higher pretreatment priming predicted better clinical re-
sponse to chemotherapy and generally more durable responses as well.
We are currently exploring whether BH3 profiling might be exploited
as a predictive biomarker to aid in therapeutic decision making in
the clinic.

If priming is an important determinant of chemosensitivity, it
seems a reasonable goal to evaluate whether priming might be selec-
tively modulated in cancer cells. The strategy would be to identify
agents that would selectively provoke apoptotic signaling in cancer
cells, even if they did not provoke sufficient signaling to kill as single
agents. Such agents could be applied in combination with conven-
tional chemotherapy, which could then kill cells whose priming was
increased by the targeted agent. BH3 profiling would likely be useful in
the identification of such priming agents. We tested a simple proof of
principle of this strategy using a cell line and ABT-737 as the priming
agent and found that we could indeed increase both priming and
chemosensitivity of the cell line.69

THE FUTURE

Research into the BCL-2 family of proteins finally has reached the
translational stage in the last few years. It seems likely that the next few
years will see the approval of the first agent or agents designed to
directly target the BCL-2 family. We know that apoptosis is a final
result of many types of chemotherapy. Thus, although agents targeting
the BCL-2 family have generally shown only modest clinical benefit as
monotherapies, it seems likely that treatment of many different can-
cers, hematologic and solid, might benefit from the addition of BCL-2
antagonists to combination chemotherapy regimens. There are few, if
any, agents in which the mechanism of death is so well understood,
from binding of target all the way to commitment to cell death. Such
knowledge will likely foster the future development of useful biomark-
ers to better direct the use of these agents in the clinic.
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