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Abstract
Apoptosis is a form of programmed cell death that is controlled at the mitochondrion by the
BCL-2 family of proteins. While much has been learned about the structure and function of these
proteins over the past two decades, the important goal of predicting cell fate decisions in response
to toxic stimuli is largely unrealized. BH3 profiling is a functional approach that can be used to
predict cellular responses to stimuli based on measuring the response of mitochondria to
perturbation by a panel of BH3 domain peptides. BH3 profiling has proven useful in identifying
and understanding cellular dependence on individual anti-apoptotic proteins like BCL-2 or
MCL-1. Consequently, it can also be used to predict cellular response to chemotherapy agents
such as ABT-737 that target these individual proteins.

Background on BCL-2 proteins
The B cell leukemia/lymphoma-2 (BCL-2) family of proteins interact at the crux of the
mitochondrial pathway of apoptosis. Initially identified as a participant in the t(14;18)
translocation of follicular lymphomas, BCL-2 was the first oncogene described that
inhibited cell death [1-3]. Over the two decades since its discovery, multiple proteins with
structural and functional similarities have been identified to comprise what is called the
BCL-2 family of proteins. BCL-2 proteins are categorized broadly as anti- or pro-apoptotic.
Homo- and heterodimerization of these proteins regulates apoptosis at the mitochondrion
[4-8]. In very simplified terms, when the abundance of active pro-apoptotic proteins exceeds
the binding capacity of anti-apoptotic proteins, apoptosis proceeds to permeabilization of the
mitochondrial outer membrane, the hallmark of the mitochondrial pathway of apoptosis.

All family members share homology in one or more BCL-2 homology domains (called BH
domains, numbered BH1 - BH4) that are essential for their function [6, 9]. Anti-apoptotic
members such as BCL-2 and BCL-XL share homology in all four BH regions. A surface-
exposed hydrophobic cleft formed by BH 1-3 participates in hetero- and homodimerization
with the BH3 domain of other family members [10]. Multi-domain pro-apoptotic members
BAX and BAK have conserved homology in BH1 – BH3 as well as a C-terminal membrane
anchor and are the effectors of mitochondrial outer membrane permeabilization (MOMP)
[11-12]. While they are monomers in healthy cells, BAX and BAK can be triggered to
homo-oligomerize and participate in pores that cause MOMP, allowing the release of
cytochrome c and other pro-apoptotic molecules that commit a cell to apoptosis [12-13].
Either multidomain pro-apoptotic protein is sufficient for release of cytochrome c, but at
least one of the two is required for this function. The anti-apoptotic proteins, including
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BCL-2, MCL-1, BCL-w, BCL-XL and BFL1/A1, can inhibit apoptosis by sequestering
monomeric activated BAX and BAK before they can oligomerize [14] (Figure 1).

Other pro-apoptotic family members that share homology only in the BH3 domain, called
BH3-only proteins, are subdivided as either activators or sensitizers. “Activators'”, such as
BIM, BID and possibly PUMA, exert their pro-death function by interacting directly with
BAX and BAK and induce the allosteric changes that lead to BAX and BAK homo-
oligomerization [15-23]. Another way that anti-apoptotic proteins inhibit apoptosis is by
binding and sequestering activators, preventing their activation of BAX and BAK. BH3-only
proteins that lack activator function, called “sensitizers”, exert their pro-death function by
competitive displacement of activator BH3-only proteins or activated BAX or BAK
monomers from inhibitor anti-apoptotic proteins like BCL-2 [16] (Figure 1). These binding
interactions involve the binding of the hydrophobic face of the amphipathic alpha-helical
BH3 domain to the hydrophobic BH3-binding cleft in anti-apoptotic proteins. It is clear that
the ability of an antiapoptotic protein like BCL-2 to inhibit subsequent death signaling in a
cellular context will depend entirely on its not already being occupied by any one of many
pro-apoptotic molecules. This probably explains why measurements of levels of single anti-
apoptotic proteins are generally insufficient to predict response to toxic stimuli. As a result,
some have employed systems biology approaches to understand cell fate decisions based on
initial conditions of BCL-2 family proteins [24].

Early experiments examining the interactions among BCL-2 proteins revealed differential
binding patterns. In the course of studying whether the BH3 domain of BH3-only proteins
separated from the context of the whole protein could interact with multi-domain anti- and
pro-apoptotic proteins, it was found that individual BH3 domains interacted differently [25].
For example BAD was found to bind to BCL-2 but not MCL-1. NOXA displayed an
opposite binding pattern and BID, BIM or PUMA interacted with all anti-apoptotic proteins
as well as BAX and BAK [15, 21, 26]. Experiments utilizing recombinant anti-apoptotic
proteins and fluoroscein-tagged BH3 domain peptides in fluorescence polarization assays
gave rise to the “binding code” [15] (Figure 2). The binding code revealed a selectivity of
interaction among BCL-2 proteins. It may be that cells exploit this selectivity of interaction
to finely tune individual cells to select stimuli.

BCL-2 proteins in cancer
A common observation that is nevertheless often overlooked is that many cancer cells that
express large amounts of anti-apoptotic proteins are exquisitely chemosensitive [17-19].
Examples of this apparent paradox include acute lymphoblastic leukemia (ALL) and chronic
lymphocytic leukemia (CLL), both of which consistently express large amounts of BCL-2
[16-17]. While cure is frequently obtained only in the case of ALL, both diseases show a
very high rate of initial response to chemotherapy. If BCL-2 acts to inhibit cell death, how
can this be? The answer lies in the understanding that commitment to apoptotic death
depends up on levels of many BCL-2 family proteins, both pro- and anti-apoptotic. One can
imagine, therefore, that if the BCL-2 in these cancers is largely occupied by pro-apoptotic
proteins, there would be a negligible amount of protection against apoptosis afforded by the
BCL-2 present. In the case of ALL and CLL, it is clear that these cancers simultaneously
express large amounts of the pro-apoptotic activator BH3-only protein BIM which is
sequestered by BCL-2 [16-17].

During oncogenesis, oncogene activation, metastasis and genomic instability are examples
of common phenotypes which can induce pro-apoptotic signaling, including up-regulation of
activator BH3-only proteins [15, 27-28]. In cancer cells such as ALL and CLL, which
concomitantly overexpress anti-apoptotic proteins, apoptosis can be avoided because the
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highly expressed BCL-2 binds and sequesters the excess BIM thereby preventing BAX/
BAK activation [16-17, 28]. These cells therefore depend on continued function of their
anti-apoptotic BCL-2 to avoid apoptosis. Such cancer cells could thus be described as
addicted to BCL-2. When substantial activators, or perhaps activated BAX or BAK, are
present in cells but they are bound to anti-apoptotic proteins such as BCL-2 or MCL-1, and
addiction to BCL-2 or MCL-1 ensues, we refer to these cells as being “primed for death” [4,
15, 18, 29-31]. If activators could be displaced from anti-apoptotic proteins in these primed
cells, they would be predicted to cause apoptotic cell death. Indeed, as predicted by this
model, the primed cancer cells in ALL and CLL very readily die via apoptosis when treated
with a BCL-2 antagonist ABT-737 [16-17].

BH3 profiling
BH3 profiling was designed as a tool to predict cellular fate decisions and understand
addiction to BCL-2 family proteins. The basis of BH3 profiling is to expose mitochondria to
known concentrations of BH3 peptides and measure the resulting permeabilization of the
outer mitochondrial membrane. As long as conditions are well-controlled, comparisons can
then be made between the mitochondria of different cell lines, different tissues or subject to
different perturbations. Initially, BH3 profiling was conducted with isolated mitochondria
[15-18]. The read-out of results was cytochrome c release (Figure 3A). In intact
mitochondria, cytochrome c is contained in the intermembrane space. When BAX/BAK are
engaged and oligomerize, MOMP occurs and cytochrome c is released, which can be
detected by ELISA or Western blot. Understanding the binding code provided the
opportunity to selectively identify dependence on individual BCL-2 family members. For
instance, a mitochondrion that was sensitive to the NOXA BH3 peptide would indicate a
dependence on MCL-1, while one that was sensitive to BAD BH3 would be dependent on
BCL-2 (or perhaps BCL-XL or BCL-w, which also interact with BAD BH3).

An initial test venue for BH3 profiling was in cell lines overexpressing BCL-2 or MCL-1.
We found that the technique could accurately identify when the cell was dependent on either
individual protein [15]. Protein analysis showed that cellular dependence occurred only
when upregulated BIM was sequestered by the relevant anti-apoptotic protein. Extending
BH3 profiling to in vivo systems, a murine leukemia model that was demonstrated to be
BCL-2 dependent in vivo via a conditional BCL-2 allele was subjected to BH3 profiling,
revealing a BCL-2 dependent BH3 profile [15, 28]. The BCL-2 in this case was found to be
in complex with BIM and PUMA BH3 only-proteins. A related MCL-1 dependent leukemia
model demonstrates a distinct BH3 profile, with high NOXA activity and low BAD activity,
consistent with MCL-1 dependence [29].

Other work has tested a series of lymphoma cell lines, and demonstrated that BH3 profiling
correctly identifies those cell lines that are BCL-2 dependent based on correlation with
response to the BCL-2 antagonist ABT-737 [18]. Throughout our work on many cell types,
we have found an excellent correlation between a BH3 profile that indicates BCL-2
dependence and sensitivity to ABT-737. This is perhaps not surprising, since ABT-737, and
its clinically-tested derivative, ABT-263, are essentially small molecule mimetics of the
BAD BH3 domain, and the BAD BH3 is the key peptide indicating BCL-2 dependence in
the BH3 profiling assay. We have also performed BH3 profiling of primary cancer cells,
including ALL and CLL, and similarly found that a BH3 profile indicative of BCL-2
dependence was predictive of ABT-737 sensitivity [16-17]. These experiments were the first
instance that suggested that BH3 profiling could be a useful diagnostic for clinical treatment.
Since BH3 profiling is rapid, taking less than 4 hours from blood draw to profiling results,
as well as accurate, it could potentially be used to predict clinical response to an antagonist
of an anti-apoptotic protein.
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Whole cell assay
BH3 profiling using isolated mitochondria can require between 107 to 109 cells depending
on the number of mitochondria per cell. To make BH3 profiling clinically useful in
situations where fewer cells are obtained, to improve upon the time it takes from patient
biopsy to results, and allow use of using mixed cell populations, a whole cell assay was
developed. First, a readout of cytochrome c release other than western blot or ELISA was
sought. Testing revealed that the dual emission fluorescent probe JC-1 would be ideal.
Reading a JC-1 fluorescent signal at A595, healthy mitochondria with an intact membrane
potential and mitochondria where BAX/BAK have oligomerized causing the decline and
eventual abolishment of the membrane potential could be distinguished. Since JC-1 is cell
permeant and fluorescence is detectable using a fluorimeter or by flow cytometry the next
obstacle to attack was delivery of the activator and sensitizer peptides to the cells. Since the
binding of peptides to anti-apoptotic proteins is dependent on structure interactions,
attachment to a cell-penetrating signal, such as TAT or Antennapedia domain, could change
binding or induce off-target effects [32]. Therefore an alternative way to introduce peptides
into the cell was sought. Since long term cell viability was not a concern, we turned to
detergents. After evaluating multiple detergents and concentrations, ultra low concentrations
of digitonin (0.001 – 0.005%) were found to permeabilize the plasma membrane without
affecting the mitochondrial membrane potential in both cell lines and primary samples for
up to 3 hours (Figure 3B) [33]. Further stabilization of the cells was then achieved by using
a trehalose-based buffer for experiments [34] and the assay was then adapted to flow
cytometry (Figure 3C). Overall, BH3 profiling results using isolated mitochondria and
whole cells produce similar results, indicating that utilizing the trehalose and JC-1 does not
affect the results (Figure 4). By adapting the assay to flow cytometry not only was the
procedure time decreased but mixed populations of cells could then be used because cell
surface markers could allow definition of subpopulations of interest. One example of its use
is to distinguish the BH3 profiles of distinct T-cell subsets of the thymus, explaining the
great sensitivity of CD4+ CD8+ lymphocytes to apoptotic stimuli [33]. In the laboratory we
now find that we can perform BH3 profiling on any normal or malignant tissue once it is
reduced to a single cell suspension, and have had success in analyzing cell subsets even
when they represent a very small fraction of the total cells, as long as we can identify cell
surface markers to distinguish them.

Conclusions
Apoptosis transpires via the dynamic interaction of BCL-2 proteins at the mitochondrion.
Dependence, or addiction, to an anti-apoptotic protein can lead to a cancer phenotype and
priming of the mitochondria can allow initial chemosensitivity. Both situations can be
monitored conveniently by BH3 profiling, the novel technique that assesses the aggregate
state of BCL-2 proteins at the mitochondrion (Figure 4). After multiple iterations, BH3
profiling is now conducted with whole cells and with heterogenous samples. The data from
this assay not only is informative from a basic science standpoint but also is a step toward
personalized medicine where response to a drug can be evaluated prior to administration.
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Figure 1. Model of apoptotic control by BCL-2 family proteins
Cellular damage induces upregulation of activator and/or sensitizer proteins. BAX and BAK
oligomerization is then induced by direct binding of activators like BID and BIM leading to
MOMP then cytochrome c release and subsequent cell death. Anti-apoptotic proteins inhibit
apoptosis by binding and sequestering activators or activated BAX or BAK. Sensitizers can
bind to anti-apoptotic proteins and displace pre-bound activators, or previously activated
BAX or BAK, inducing BAX/BAK oligomerization and mitochondrial permeabilization.
(adapted from Certo et al. [15]).
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Figure 2. The binding code
Summary of the selective binding between BH3-only peptides and different antiapoptotic
BCL-2 family members. + indicates moderate binding, ++ tight binding, and – no binding
interaction based on fluorescent polarization binding studies (adapted from Certo et al. [15]).
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Figure 3. BH3 Profiling Assay Protocols
Flow charts representing the various steps for BH3 profiling using cytochrome c ELISA (A),
JC-1 in a plate reader format(B), and JC-1 with flow cytometry (C) (adapted from Ryan et al
[33]).
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Figure 4. BH3 profiling using isolated mitochondria and whole cell assays produce comparable
results
BCL-2 1863, MCL-1 1780 and MDA-MB-231 cell lines were used to either isolate
mitochondria via a heavy membrane preparation and profiled with 100μM peptides either
using a cytochrome c ELISA (HM-CC) (A) or whole cells used in the JC-1 (WC-JC-1)
profiling assay (B). Two Upper panels in A represent data from a single experiment while
all the rest triplicates; means shown with bars for SD (adapted from Ryan et al [33]).
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