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Abstract
Overexpression of Bcl-xL in multiple cancers correlates with
resistance to chemotherapy and radiation therapy, and
provides a rationale for development of small-molecule
Bcl-xL inhibitors. Based on knockout studies, nonneoplastic
cells also require Bcl-xL survival functions, particularly when
challenged with cytotoxic agents. We analyze the selective
cytotoxicity of one Bcl-xL inhibitor, 2-methoxy antimycin A,
toward cells with excess exogenous Bcl-xL in isogenic
cell line pairs. This selectivity, characteristic of a gain-offunction mechanism, is not shared by other known Bcl-xL
inhibitors, including BH3I-2, HA14-1, ABT-737, gossypol, or the stapled BH3 helical peptide SAHB-BID. We
show that Bcl-xL overexpression induces a shift in energy
metabolism from oxidative phosphorylation to glycolysis.
Treatment with 2-methoxy antimycin A acutely reverses
the metabolic effects of Bcl-xL, causing mitochondrial
hyperpolarization and a progressive increase in mitochondrial NAD(P)H. We identify an additional small-molecule
Bcl-xL inhibitor, NSC 310343, establishing a class of Bcl-xL
inhibitors with gain-of-function activity. In contrast to
other Bcl-xL inhibitors, combining gain-of-function Bcl-xL
inhibitors with a standard inducer of apoptosis, staurosporine, enhances selective cytotoxicity toward Bcl-xL –
overexpressing cells. These results provide an example of
the intersection of bioenergetic metabolism and Bcl-xL
functions and suggest a metabolic basis for the gain-offunction mechanism of Bcl-xL inhibitors. [Mol Cancer Ther
2007;6(7):2073 –80]
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Introduction
The regulation of apoptosis depends on the balance of
cellular proapoptotic and antiapoptotic factors. This vital
decision is governed by the family of Bcl-2 – related proteins, composed of both death- and survival-promoting
members with conserved homology domains BH1 to BH4.
The Bcl-2 protein family can be subdivided into three
categories; the first two consist of antiapoptotic and
proapoptotic multidomain proteins (1, 2). The third group,
designated ‘‘BH3-only’’ proteins, consists of single-domain
proapoptotic proteins that function to inhibit proteins in
the first category or activate those in the second (3). In
particular, the BH3-only proteins BIM and BID have been
proposed to activate the multidomain BAX and BAK proteins in response to distinct apoptotic signals (4, 5). One
way in which antiapoptotic Bcl-2 proteins prevent activation of BAX is by sequestering ‘‘activator’’ BH3-only proteins through direct binding (6).
The increased expression of antiapoptotic Bcl-2 family
members in various cancers has stimulated the development of small-molecule inhibitors as potential cancer
therapeutics (7). A prevailing model of how these inhibitors
work is by disruption of protein-protein interactions
between prosurvival and proapoptotic family members
(8). If cancer cells are ‘‘primed to die’’ with preformed
heterodimers of antiapoptotic and BH3-only proteins, Bcl-2
inhibitors may display activity as single agents (9).
However, in the perhaps more usual situation in which
cancer cells have excess Bcl-2 ‘‘capacity,’’ Bcl-2 inhibitors
are likely to have little effect as single agents and may
sensitize normal cells as well as cancer cells to standard
anticancer therapies.
Alternative models of Bcl-2 survival function have been
suggested, related to an ability to preserve mitochondrial
functions during apoptotic stress (10). These activities can
be grouped as ‘‘housekeeping’’ functions related to
mitochondrial homeostasis (11). For example, Bcl-xL inhibits mitochondrial swelling in cells treated with respiratory
poisons (12), and isolated mitochondria expressing Bcl-2
are resistant to opening of the permeability transition pore
triggered by atractyloside, an inhibitor of adenine nucleotide translocase, or oxidative stress (13). Bcl-2 proteins also
affect mitochondrial bioenergetic functions. Bcl-xL regulates coupled respiration by supporting ATP/ADP exchange across the outer mitochondrial membrane (14) and
inhibits gating of the voltage-dependent anion channel
(15, 16), whereas Bcl-2 prevents dissociation of hexokinase
from mitochondrial sites caused by truncated BID or
dexamethasone (17, 18).
In this study, we investigated the selective cytotoxicity
of the Bcl-xL inhibitor 2-methoxy antimycin A (2-MeAA)
toward cells with higher Bcl-xL expression in isogenic cell
line pairs (19). This property is unique among other
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reported Bcl-xL or Bcl-2 inhibitors and may provide a
therapeutic advantage for cancers with high levels of Bcl-xL
expression. Increased drug activity at high expression levels
of the drug target can be viewed as a gain-of-function
mechanism, as described for the immunosuppressive drugs
cyclosporin A and FK506 and their immunophilin binding
targets (20). We show that the gain-of-function mechanism
of 2-MeAA acts to acutely reverse a housekeeping function
of Bcl-xL affecting partitioning of bioenergetic metabolism.

Materials and Methods
Cell Culture
Murine TAMH hepatocyte cell lines were cultured in
complete medium, as previously described (21). Rat INS-1
cells were cultured in RPMI 1640 with 10% FCS (22).
Drug Treatment and Cell Viability Assay
Cells were seeded at 6  103 per well in 96-well plates
and treated as indicated 24 h after seeding. Viability was
determined as resazurin fluorescence (44 Amol/L; R&D
Systems) 6 h after addition using a Fluoroscan Ascent plate
reader (ex, 544 nm; em, 590 nm; ThermoElectron). All
results were normalized to DMSO controls. 2-MeAA1,
BH3I-1, and BH3I-2 (ChemBridge); HA-14 (Maybridge);
NSC 310343 (National Cancer Institute); staurosporine
(Kamiya); and etoposide (Sigma) were prepared as stock
solutions in DMSO and stored at 20jC. BID SAHBA was
provided by Loren Walensky (Department of Pediatric
Oncology, Dana-Farber Cancer Institute, Boston, MA).
NAD(P)H and Tetramethyl Rhodamine Methyl Ester
Fluorescence Measurements
Cells were grown to subconfluence on Bioptechs DT
dishes (Bioptechs) and incubated with 10 nmol/L tetramethyl rhodamine methyl ester (TMRM; Invitrogen) for
30 min before analysis. At this concentration, mitochondrial
TMRM fluorescence is not quenched as verified by addition
of uncoupling agents. Simultaneous measurements of
NAD(P)H and mitochondrial TMRM fluorescence were
made using a Zeiss LSM-510 inverted scanning confocal
microscope with tunable IR laser for two-photon excitation. NADH and NADPH have identical fluorescence
spectra with peak single photon excitation at 340 nm and
emission at 465 nm. Measurements of NAD(P)H and mitochondrial TMRM fluorescence were made using 140-fs
pulses of 730-nm light. Both measurements remained stable
during 1 h of illumination at 10-min intervals due to the
highly focused excitation volume and low average power
of the excitation beam (7 mW at the sample). Cells were
imaged using a 40 Zeiss Plan-Apochromat oil immersion
objective. NAD(P)H and TMRM fluorescence were collected with 390 to 465 nm and 565 to 615 nm bandpass filters,
respectively. Confocal optical sections were collected at
1-Am intervals along the Z axis to generate threedimensional stacks. Stacks were rendered as volumes using
Volume With Velocity software (Improvision). NAD(P)H
autofluorescence intensity was determined on three-dimensional renderings of individually masked cells and
assigned as mitochondrial or cytoplasmic based on
colocalization with TMRM fluorescence channels.

Competitive Bcl-xL Binding Assay
Fluorescence binding studies were done as previously
described (23). Briefly, 3 Amol/L 1-anilinonaphthalene8-sulfonic acid (ANS; Sigma) was mixed with 3 Amol/L
recombinant human Bcl-xL protein in 10 mmol/L phosphate, 0.14 mol/L NaCl, 2.7 mmol/L KCl (pH 7.4). ANS
fluorescence was excited at 374 nm and emission was
recorded from 400 to 600 nm. NSC 310343 was added to a
final concentration of 3 Amol/L and changes in ANS
fluorescence were measured.

Results
A Gain-of-Function Mechanism of Cytotoxicity Is
Unique to 2-MeAA among Reported Bcl-xL Inhibitors
In isogenic TAMH cell line pairs, the cytotoxicity of
2-MeAA1 is higher (7-fold lower EC50) for cells stably
transfected with Bcl-xL (TAMH-Bcl-xL expressing a 4- to
5-fold higher level of Bcl-xL protein) compared with vectortransfected control cells (TAMH-neo; ref. 19). Increased
expression of Bcl-xL did not affect Mcl-1 expression (data not
shown). Expression of a Bcl-xL mutant protein with wildtype antiapoptotic function but reduced binding affinity for
2-MeAA, A142L, did not increase the sensitivity of TAMH
hepatocytes to 2-MeAA, validating Bcl-xL as a critical target
of 2-MeAA (Fig. 1A; ref. 24). Increasing expression of
Bcl-xL also sensitized INS-1 rat insulinoma cells to 2-MeAA1
(Fig. 1B). In each of these cases, Bcl-xL overexpression
affords the expected protection from staurosporine (Fig. 1).
Bcl-xL ^ Overexpressing Cells Are Not Sensitized to
Other Small-Molecule Bcl-xL Inhibitors
Given that Bcl-x L expression in TAMH cells was
increased by introduction of a plasmid cDNA without
selection for its antiapoptotic function, a primed-to-die
model is not expected to explain the increased sensitivity of
TAMH-Bcl-xL cells to 2-MeAA. To confirm that this model
did not apply to TAMH-Bcl-xL cells, we tested multiple
different small-molecule Bcl-xL inhibitors against the
TAMH isogenic cell line pair (Fig. 2A). Gossypol, currently
in clinical trials as an inhibitor of Bcl-xL, Bcl-2, and Mcl-1,
was equally cytotoxic to both cell lines (25). ABT-737, a

Figure 1.

Gain-of-function mechanism of 2-MeAA cytotoxicity. Cell
viability at 24 h after treatment with staurosporine (Stauro ) or 2-MeAA1.
TAMH (A) and INS-1 (B) cell lines stably expressing Bcl-xL and vector
controls. TAMH-A142L expresses the A142L mutant Bcl-xL mutant
protein. Columns, mean of quadruplicate assays; bars, SD.
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Figure 2. Gain-of-function mechanism is specific to 2-MeAA. Cell viability at 24 h after treatment with 2-MeAA1 (A), ABT-737 (B), and gossypol (C).
D, cell viability after treatment with 2-MeAA1 (5 Amol/L), BH3I-1(1 Amol/L), HA-14 (5 Amol/L), and SAHB-BID (10 Amol/L). Points and columns, means of
at least three separate experiments with quadruplicate assays; bars, SD.

compound with subnanomolar binding affinities for Bcl-xL
and Bcl-2, had only modest cytotoxicity for both cell lines
(Fig. 2B and C; ref. 26). Neither ABT-737 nor gossypol
showed selective cytotoxicity for Bcl-xL – overexpressing
cells at any concentration tested. Similarly, none of the
other Bcl-xL inhibitors tested, including BH3I-1, BH3I-2,
and HA14-1, exhibited a gain-of-function mechanism of
cytotoxicity (refs. 27, 28; Fig. 2D). Finally, we treated cells
with SAHB-BID, a hydrocarbon-stapled BID BH3 peptide
shown to enter cells efficiently (29). Vector-transfected
TAMH cells with low levels of Bcl-xL were slightly more
sensitive to SAHB-BID than Bcl-xL – transfected cells. Thus,
most small-molecule inhibitors of Bcl-xL do not act via the
gain-of-function mechanism of cytotoxicity observed with
2-MeAA. Because these inhibitors were identified by
protein-based screens for BH3 peptide mimetics or virtual
docking screens for the BH3 peptide – bound hydrophobic
groove, the lack of selective cytotoxicity for TAMH-Bcl-xL
cells observed for the peptide-based inhibitor SAHB-BID is
consistent with these results.
Bcl-xL Overexpression Alters Basal Partitioning of
Energy Metabolism in TAMH Cells
In the absence of a primed-to-die model, we sought an
alternative explanation for the increased sensitivity of
Bcl-xL – overexpressing cells to 2-MeAA. Expression of
several Bcl-2 family members has been associated with
altered regulation of energy metabolism. The proapoptotic
BAD protein is required for mitochondrial translocation of glucokinase, and Bad-deficient mice exhibit defects
in glucose tolerance (30). Transgenic targeting of Bcl-xL
to pancreatic h cells inhibits mitochondrial bioenergetic responses to glucose, pyruvate methyl ester, and aketoisocaproate (31).
We investigated the effect of Bcl-xL overexpression on
TAMH cell energy metabolism. TAMH-Bcl-x L cells
exhibited increased glucose consumption (4.3 F 0.2 versus
3.8 F 0.2 nmol/min/106 cells) and a higher ratio of lactate
production to glucose consumption (Y L/G, 1.65 – 1.57) compared with control TAMH cells (Table 1). Oxygen consumption rates of TAMH-Bcl-xL cells were 30% lower than
TAMH-neo cells (35 F 5.5 versus 27 F 5.2 nmol/min/107
cells in TAMH-neo and TAMH-Bcl-xL cells; respectively;
P = 0.007), indicating that Bcl-xL overexpression is associated with a shift in bioenergetic metabolism away from

oxidative phosphorylation to aerobic glycolysis. This shift
does not seem to represent a fixed respiratory defect in
TAMH-Bcl-xL cells because these cells responded rapidly to
changes in carbon substrate with reciprocal changes in
respiration and glycolysis (Supplementary Fig. S1).4 There
was no difference in BAD expression between TAMH cells
with high and low Bcl-xL expression.
We also analyzed cellular NAD(P)H using two-photon
excitation fluorescence microscopy. Mitochondrial NAD(P)H
was determined by overlapping fluorescence with the
mitochondria-localized TMRM dye. The ratio of mitochondrial to cytosolic NAD(P)H [NAD(P)HM/NAD(P)HC] was
lower in TAMH-Bcl-xL cells than TAMH-neo cells (Fig. 3A),
consistent with reduced oxidative phosphorylation. These
changes are reminiscent of the observed decrease in
substrate-linked generation of mitochondrial NAD(P)H observed in pancreatic h cells expressing transgenic Bcl-xL (31).
2-MeAA Treatment Results in a Rapid Reversal of
Bcl-xL ^ Associated Metabolic Phenotype
We next examined the effect of 2-MeAA treatment on
mitochondrial energetics in each cell line. We repeatedly
imaged NAD(P)H and TMRM fluorescence for up to
1 h after addition of 2-MeAA1. Within the first 20 min after
addition of 2-MeAA1, TAMH-Bcl-xL cells exhibited a
striking and progressive increase in mitochondrial
NAD(P)H (Fig. 3B). TMRM fluorescence increased over
the same time course, indicative of mitochondrial hyperpolarization (Fig. 3B). In contrast, NAD(P)H and TMRM
fluorescence intensity and subcellular distribution remained
unchanged in control TAMH-neo cells for at least 1 h after
2-MeAA1 treatment. These results suggested that 2-MeAA
reversed the diversion of energy metabolism away from
mitochondria observed with high levels of Bcl-xL and, in
fact, led to an overshoot in mitochondrial redox state.
Bioenergetic metabolism is not generally understood to
modulate the cytotoxic effects of standard anticancer
agents. We investigated whether this was also true for
2-MeAA, given that 2-MeAA – induced cytotoxicity seemed
to correlate with both a pretreatment metabolic phenotype
and a distinct metabolic response to treatment. The glucose

4

Supplementary data for this article are available at Molecular Cancer
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Table 1. TAMH-Bcl-xL cells exhibited increased glucose consumption, lactate extrusion, and a higher ratio of lactate
production to glucose consumption
Cell

Bcl-xL
Neo

Glucose consumption
(nmol/min/106 cells)

Lactate extrusion
(nmol/min/106 cells)

Y L/G

4.3 F 0.2
3.8 F 0.2

7.1 F 0.6
6.0 F 0.5

1.65
1.57

analogue 2-deoxyglucose is a competitive substrate for
hexokinase and increases cellular dependence on oxidative
phosphorylation for ATP generation. Pretreatment with
2-deoxyglucose strongly potentiated 2-MeAA1 killing of
TAMH-Bcl-xL cells (Fig. 3C). Similar effects were observed
with oxamic acid, an inhibitor of lactate dehydrogenase
(data not shown). In contrast, pretreatment with 2-deoxyglucose did not enhance staurosporine- or etoposideinduced cell death (data not shown).
Identification of a Novel Bcl-xL Small-Molecule Inhibitor with Gain-of-Function Mechanism
2-MeAA is an analogue of antimycin A, a well-known
inhibitor of ubiquinone-cytochrome c reductase (mitochondrial complex III). Methylation at the 2-position in the
salicylate ring of antimycin A dissociates the effects on
Bcl-xL from complex III inhibitory activity (19, 32); however, the possibility remained that some of the cellular and
metabolic effects of 2-MeAA could result from residual
minor inhibitory effects of this compound on electron
transport. We recently carried out a chemical library screen
for additional Bcl-xL inhibitors with 2-MeAA – like gain-offunction activity. From the National Cancer Institute Struc-

tural Diversity Set of 1,980 compounds (33), we identified
several compounds that bind to the Bcl-xL hydrophobic
groove and exhibit selective cytotoxicity against Bcl-xL –
overexpressing TAMH cells.
Our investigation of one of these compounds, NSC 310343
(Supplementary Fig. S2),4 shows that NCS 310343 binds to
the Bcl-xL hydrophobic groove (Fig. 4A) and shows an EC50
of f6 to 10 Amol/L for Bcl-xL – overexpressing TAMH cells,
without cytotoxicity for control TAMH-neo cells at these
concentrations (Fig. 4B). Pretreatment with 2-deoxyglucose
sensitized TAMH-Bcl-xL cells to NSC 310343, as observed
for 2-MeAA1 (Fig. 4C). Similar to 2-MeAA, NSC 310343 has
no detectable effect on mitochondrial oxygen consumption
rate at cytotoxic concentrations (Fig. 4D), indicating that the
gain-of-function mechanism of cytotoxicity is not explained
by off-target effects of 2-MeAA on mitochondrial bioenergetics (i.e., electron transport chain inhibition). Furthermore, these results show that 2-MeAA is not unique among
Bcl-xL inhibitors in exhibiting a gain-of-function cytotoxicity
mechanism and suggest that other small molecules with
this desirable activity may be identified with appropriate
screening strategies.
Standard Apoptosis Stimuli Amplify the Gainof-Function Mechanism
Because the antiapoptotic functions of Bcl-2 – related
proteins in normal cells are understood to protect against
various types of stress, it is possible that small-molecule
Bcl-xL inhibitors could sensitize both normal cells with low
levels of endogenous Bcl-xL and cancer cells to standard
anticancer agents.
To examine this possibility, we treated TAMH cell lines
with staurosporine for 24 h to engage Bcl-xL – dependent
survival before treatment with various Bcl-xL inhibitors

Figure 3. Mitochondrial NAD(P)H accumulation in TAMH-Bcl-xL cells following 2-MeAA treatment. A, basal ratio of mitochondrial to cytoplasmic
NAD(P)H autofluorescence for TAMH-Bcl-xL and TAMH-Neo cells grown in 17.5 mmol/L glucose media. Columns, mean of three separate experiments;
bars, SD. B, NAD(P)H autofluorescence and TMRM fluorescence following addition of 10 Amol/L 2-MeAA1 at time 0. A representative experiment is
shown. Points, mean of eight randomly chosen cells for each treatment group; bars, SD. F ratios and significance of the 2-MeAA1 treatment effect were
determined by two-way ANOVA for effect of cell line and time on the 2-MeAA – treated samples. C, pretreatment with 2-deoxyglucose sensitizes TAMHBcl-xL cells to 2-MeAA. Cell viability of TAMH-Bcl-xL cells treated with 10 mmol/L 2-deoxyglucose (2-DG ) for 2 h followed by indicated concentrations of 2MeAA1 for an additional 24 h. Points, mean of at least three separate experiments with quadruplicate assays; bars, SD.
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Figure 4.

Gain-of-function activity
with Bcl-xL inhibitor NSC 310343. A,
fluorescence emission spectra of ANS,
Bcl-xL, and the ANS-Bcl-xL complex, with
NSC 310343 inhibition of ANS binding.
B, cell viability after treatment with NSC
310343 for 24 h in TAMH-neo and
TAMH-Bcl-xL cells. Points, mean of at
least three separate experiments with
quadruplicate assays; bars, SD. C, cell
viability for TAMH-Bcl-xL cells treated
with 10 mmol/L 2-deoxyglucose for 2 h
followed by indicated concentrations of
2-MeAA for an additional 24 h. Representative of three experiments. Points,
mean of quadruplicate samples; bars,
SD. D, oxygen consumption rate of
TAMH-Bcl-xL cells treated with NSC
310343. Arrows, addition of 1  107
cells/mL, NSC 310343 (final concentration, 10 Amol/L), and KCN (final concentration, 3 mmol/L).

(Supplementary Fig. S3A).4 The combination of staurosporine with either 2-MeAA1 (Fig. 5A) or NSC 310343 (Fig. 5B)
produced greater than additive cell killing of TAMH-Bcl-xL
cells; however, less than additive cytotoxicity was observed
for TAMH-neo cells. The increased cell killing effect of
2-MeAA1 is due to Bcl-xL inhibition because the A142L
Bcl-xL mutant with reduced binding affinity is sensitive to
the combination treatment only at much higher drug concentrations (Fig. 5A). To determine whether the combination of 2-MeAA and staurosporine was synergistic, the
combination index was calculated from isobologram
analysis (Supplementary Fig. S3B).4 The combination was
synergistic in the TAMH-Bcl-xL cells and antagonistic in
the TAMH-neo cells (combination index = 0.157 and 1.763,
respectively).
We also tested ABT-737 and gossypol against the TAMH
cell lines in combination with staurosporine. Both TAMHneo and TAMH-Bcl-xL cells showed greater than additive
cytotoxicity with ABT-737 and staurosporine, with a
stronger effect for TAMH-neo cells (Fig. 5C). Cotreatment
with gossypol did not produce additive effects (Fig. 5D).
Furthermore, only the gain-of-function Bcl-xL inhibitors
exhibit selective killing of Bcl-xL – overexpressing cells in
combination with staurosporine (Fig. 5E). The relative
insensitivity of TAMH-neo cells to 2-MeAA1 or NSC 310343
combined with a standard apoptotic stimulus suggests that
Bcl-xL inhibitors with gain-of-function mechanisms might
be used, with an enhanced therapeutic window, in combination drug regimens for cancers with Bcl-xL – dependent
chemoresistance.

marked resistance to the cytotoxic effects of available
anticancer agents. In addition, Bcl-2 survival proteins are
overexpressed in comparison with normal tissue counterparts in a significant subset of common cancers (34, 35).
Basal Bcl-xL expression is a strong negative predictor of cell
survival with diverse classes of chemotherapeutic agents in
the 60 cell lines included in the National Cancer Institute
anticancer drug screen (36). Thus, small-molecule inhibitors of Bcl-2 and Bcl-xL have drawn much interest as a goal
for molecularly targeted cancer therapy. A major challenge
in developing therapeutic inhibitors for Bcl-2 – related
survival proteins is the expression of these targets in many
normal cell types (37, 38). The dependence of healthy
tissues on the Bcl-2 family of antiapoptotic proteins for cell
viability may narrow the therapeutic window for these
agents. 2-MeAA represents the first of a novel class of inhibitors that display gain-of-function cytotoxicity, defined
as enhanced killing in a cell line overexpressing a Bcl-2
survival protein target compared with an isogenic control
cell line.
Based on the gain-of-function model, cancer cells with
high endogenous levels of Bcl-xL would be predicted to
exhibit greater sensitivity to 2-MeAA than cancers with low
Bcl-xL expression. We have calculated average GI50 concentrations for 2-MeAA and three standard chemotherapeutic agents,5 comparing the five cancer cell lines with the
highest Bcl-xL mRNA expression in the National Cancer
Institute Anticancer Drug Screen to the five cell lines with
lowest Bcl-xL expression (36). In contrast to the negative
correlation between Bcl-xL expression level and standard
agents, Bcl-xL expression shows a positive correlation with

Discussion
The antiapoptotic functions of Bcl-2, Bcl-xL, and potentially
other family members, including Mcl-1 and Bcl-w, confer

5
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Figure 5. Gain-of-function mechanism of cytotoxicity synergizes with staurosporine. A to D, cell viability after pretreatment with 5 nmol/L staurosporine
for 24 h, followed by indicated concentrations of 2-MeAA1 (A), NSC 310343 (B), ABT-737 (C), or gossypol (D) for additional 24 h. Representative of
three experiments. Points, mean of quadruplicate samples; bars, SD. E, observed versus expected cell viability. Expected additive killing (staurosporine +
Bcl-xL inhibitor) is set at 100%. The following concentrations are represented for each inhibitor: 2-MeAA1, 2.5 Amol/L; NSC 310343, 5 Amol/L; ABT-737,
1.25 Amol/L; gossypol, 0.6 Amol/L.

sensitivity to 2-MeAA (Supplemental Table S1;4 Fig. 4). In a
recent article, Cao et al. (39) observed in vitro and in vivo
sensitivity of mesothelioma cell lines with high expression
of Bcl-xL and Bcl-2 to 2-MeAA. Thus, this class of activity
may expand the potential of Bcl-2 inhibitors beyond
chemosensitization while also providing an improved
therapeutic index.
Cancer cells with high endogenous levels of Bcl-2 family
survival proteins may be primed to die due to constitutive
activation of proapoptotic pathways (9). Small molecules
that compete with BH3-only proteins for binding to Bcl-2
will displace BID or BIM, two activator BH3-only proteins
capable of triggering BAX and BAK activation. Several
results suggest that the 2-MeAA gain-of-function mechanism of cytotoxicity does not fit into the primed-to-die
paradigm. First, introduction of exogenous Bcl-xL into
healthy cells does not lead to increased sensitivity to cell
death stimuli as might be expected with basal activation of
BH3-only proteins. Second, small-molecule Bcl-xL inhibitors discovered on the basis of competitive displacement of
BH3 peptides bound to Bcl-xL (BH3I-1, BH3I-2, gossypol,
ABT-737) do not exhibit a gain-of-function mechanism of
cytotoxicity (25 – 27). Most significantly, a cell-permeable
BH3 peptide with stabilized a-helical conformation also

lacks selective cytotoxicity toward TAMH cells with high
Bcl-xL expression (29). These results, in sum, strongly
suggest that the 2-MeAA gain-of-function mechanism of
cytotoxicity does not depend on disruption of preformed
Bcl-xL heterodimers with activator BH3-only proteins.
An alternative possibility is that Bcl-xL expression
generates secondary changes in cellular homeostatic
mechanisms, which become unstable if Bcl-xL function is
acutely inhibited. The bioenergetic signature associated
with Bcl-xL overexpression in TAMH cells would fit
this model. Several published studies support a link between cellular bioenergetics and Bcl-xL function (12, 40).
At high levels of Bcl-xL transgene expression in pancreatic h cells, the ability of various metabolic substrates
to stimulate mitochondrial membrane hyperpolarization,
NAD(P)H, and ATP generation is suppressed, leading
to impaired glucose tolerance and insulin secretion (31).
In studies of uncoupled cardiac mitochondria, Bcl-xL
restricts ATP consumption by the F1F0-ATPase, consistent
with inhibition of adenine nucleotide transport or ATPase
function (41). Conversely, in the absence of glucose or
other exogenous substrates, Bcl-xL supports mitochondrial function and the ability to metabolize endogenous
fuels (16).
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Here we observed that high levels of Bcl-xL in the TAMH
hepatocyte cell line increase glucose conversion to lactate
(Y L/G) at the expense of oxidative phosphorylation [oxygen consumption rate and NAD(P)HM/NAD(P)HC]. This
effect does not result from an irreversible impairment of
mitochondrial function or reduction in capacity because
substitution of pyruvate for glucose in culture media leads
to a rapid increase in oxygen consumption rate and
inhibition of lactate production by TAMH-Bcl-xL cells
(Supplementary Fig. S14 and data not shown). Acute
inhibition of Bcl-xL with 2-MeAA results in different
metabolic responses depending on the level of Bcl-xL
expression. In cells expressing high levels of Bcl-xL, progressive mitochondrial accumulation of reduced NAD(P)H
was observed, reversing the effects of Bcl-xL in the basal
state. In contrast, for TAMH-Neo cells with normal
endogenous levels of Bcl-xL, mitochondrial and cytoplasmic NAD(P)H levels remained steady after treatment with
2-MeAA. Mitochondrial NAD(P)H redox state is a significant driving force for reactive oxygen species generation
(42). As opposed to its parent compound, antimycin A,
2-MeAA does not inhibit mitochondrial electron transport
(19), and direct effects on mitochondrial NAD(P)H oxidation would be expected to affect both TAMH-Bcl-xL and
TAMH-neo cells. Judged by the lack of effects of NSC
310343 on oxygen consumption in TAMH-Bcl-xL cells, the
gain-of-function mechanism of cytotoxicity is independent
of electron transport inhibition.
Mitochondrial NADH is generated by mitochondrial
oxidation of pyruvate and fatty acids and by transfer of
cytosolic reducing equivalents through the malate-asparate
shuttle. Both pyruvate transport and asparate/glutamate
transporters in the malate-aspartate shuttles are electrogenic, involving H(+) cotransport for mitochondrial uptake
of pyruvate and glutamate. The increased mitochondrial
membrane potential observed in 2-MeAA – treated TAMHBcl-xL cells may promote mitochondrial NADH accumulation. Addition of inhibitors of the mitochondrial pyruvate
transport (cyano-4-hydroxycinnamic acid) or the malateaspartate shuttle (aminooxyacetic acid) suppressed 2MeAA – induced mitochondrial NAD(P)H accumulation
in TAMH-Bcl-xL cells (data not shown).
In view of the observation that 2-MeAA – induced cell
killing and binding to Bcl-xL protein are both suppressed
by Bcl-xL mutations in the hydrophobic groove binding site
(43), 2-MeAA may act on Bcl-xL proteins directly in the
absence of bound BH3-only proteins. 2-MeAA inhibits the
pore activity of Bcl-xL and Bcl-2 in synthetic lipid
membranes, a function that does not depend on proapoptotic binding partners (19, 23). This finding implies that
small-molecule ligands to the hydrophobic groove of Bcl-2
antiapoptotic proteins may have effects beyond inhibition
of protein-protein interactions. These effects may fall into
the category of housekeeping functions, such as the role of
BAD in glucose homeostasis, and extend beyond apoptosis.
The question still remains on what extent housekeeping
functions depend on interactions between proapoptotic
and antiapoptotic Bcl-2 family members (11).

Various apoptotic stimuli, including staurosporine, elicit
mitochondrial pathways of apoptosis and are opposed by
Bcl-xL overexpression (44, 45). Staurosporine, and possibly
other types of apoptotic stress, seem to synergize with low
doses of 2-MeAA1 and NSC 310343 in selectively killing
TAMH-Bcl-xL cells. In contrast, whereas ABT-737 also
showed enhanced cell killing when combined with staurosporine, TAMH-neo cells were sensitized to a greater
degree, negating any therapeutic advantage.
Recently, 2-MeAA has been shown to synergize with cisplatin in treatment of mesothelioma cell lines both in vitro
and in vivo (39). Thus, the gain-of-function mechanism of
cytotoxicity associated with 2-MeAA and NSC 310343 may
afford distinct advantages in selectively targeting cancer
cells, particularly when combined with standard agents
that trigger Bcl-xL – dependent apoptotic pathways. Our
future work will focus on investigating the effects of
2-MeAA in combination treatment with various chemotherapeutic agents. We anticipate that the mechanism of
cell death triggered by these agents may determine the
effectiveness of the combination treatments. Furthermore,
investigating the metabolic changes that occur in TAMHBcl-xL cells following treatment with staurosporine may
provide further insights into the lethal mechanism of these
Bcl-xL inhibitors.
Acknowledgments
We thank Dr. Danny Shen, Professor and Chairman of the Department of
Pharmacy at the University of Washington, for his assistance with the
statistical calculations needed to determine the combination indexes used
in this study.

References
1. Schwartz PS, Hockenbery DM. Bcl-2-related survival proteins. Cell
Death Differ 2006;13:1250 – 5.
2. Reed JC. Proapoptotic multidomain Bcl-2/Bax-family proteins: mechanisms, physiological roles, and therapeutic opportunities. Cell Death Differ
2006;13:1378 – 86.
3. Willis SN, Adams JM. Life in the balance: how BH3-only proteins
induce apoptosis. Curr Opin Cell Biol 2005;17:617 – 25.
4. Walensky LD, Pitter K, Morash J, et al. A stapled BID BH3 helix directly
binds and activates BAX. Mol Cell 2006;24:199 – 210.
5. Kuwana T, Bouchier-Hayes L, Chipuk JE, et al. BH3 domains of BH3only proteins differentially regulate Bax-mediated mitochondrial membrane
permeabilization both directly and indirectly. Mol Cell 2005;17:525 – 35.
6. Cheng EH, Wei MC, Weiler S, et al. BCL-2, BCL-X(L) sequester BH3
domain-only molecules preventing BAX- and BAK-mediated mitochondrial
apoptosis. Mol Cell 2001;8:705 – 11.
7. Manion MK, Fry J, Schwartz PS, Hockenbery DM. Small-molecule
inhibitors of Bcl-2. Curr Opin Investig Drugs 2006;7:1077 – 84.
8. Walensky LD. BCL-2 in the crosshairs: tipping the balance of life and
death. Cell Death Differ 2006;13:1339 – 50.
9. Certo M, Del Gaizo Moore V, Nishino M, et al. Mitochondria primed by
death signals determine cellular addiction to antiapoptotic BCL-2 family
members. Cancer Cell 2006;9:351 – 65.
10. Murphy E, Imahashi K, Steenbergen C. Bcl-2 regulation of mitochondrial energetics. Trends Cardiovasc Med 2005;15:283 – 90.
11. Cheng WC, Berman SB, Ivanovska I, et al. Mitochondrial factors with
dual roles in death and survival. Oncogene 2006;25:4697 – 705.
12. Vander Heiden MG, Chandel NS, Williamson EK, Schumacker PT,
Thompson CB. Bcl-xL regulates the membrane potential and volume
homeostasis of mitochondria. Cell 1997;91:627 – 37.
13. Zamzami N, Susin SA, Marchetti P, et al. Mitochondrial control of
nuclear apoptosis. J Exp Med 1996;183:1533 – 44.

Mol Cancer Ther 2007;6(7). July 2007

Downloaded from mct.aacrjournals.org on October 16, 2019. © 2007 American Association for Cancer
Research.

2079

2080 Inhibition of Bcl-xL Metabolic Function

14. Vander Heiden MG, Thompson CB. Bcl-2 proteins: regulators of
apoptosis or of mitochondrial homeostasis? Nat Cell Biol 1999;1:
E209 – 16.
15. Shimizu S, Konishi A, Kodama T, Tsujimoto Y. BH4 domain of
antiapoptotic Bcl-2 family members closes voltage-dependent anion
channel and inhibits apoptotic mitochondrial changes and cell death. Proc
Natl Acad Sci U S A 2000;97:3100 – 5.
16. Vander Heiden MG, Li XX, Gottleib E, Hill RB, Thompson CB,
Colombini M. Bcl-xL promotes the open configuration of the voltagedependent anion channel and metabolite passage through the outer
mitochondrial membrane. J Biol Chem 2001;276:19414 – 9.

29. Walensky LD, Kung AL, Escher I, et al. Activation of apoptosis in vivo
by a hydrocarbon-stapled BH3 helix. Science 2004;305:1466 – 70.
30. Danial NN, Gramm CF, Scorrano L, et al. BAD and glucokinase reside
in a mitochondrial complex that integrates glycolysis and apoptosis.
Nature 2003;424:952 – 6.
31. Zhou YP, Pena JC, Roe MW, et al. Overexpression of Bcl-x(L) in hcells prevents cell death but impairs mitochondrial signal for insulin
secretion. Am J Physiol Endocrinol Metab 2000;278:E340 – 51.
32. Tokutake N, Miyoshi H, Satoh T, Hatano T, Iwamura H. Structural
factors of antimycin A molecule required for inhibitory action. Biochim
Biophys Acta 1994;1185:271 – 8.

17. Majewski N, Nogueira V, Robey RB, Hay N. Akt inhibits apoptosis
downstream of BID cleavage via a glucose-dependent mechanism
involving mitochondrial hexokinases. Mol Cell Biol 2004;24:730 – 40.

33. Rapisarda A, Uranchimeg B, Scudiero DA, et al. Identification of small
molecule inhibitors of hypoxia-inducible factor 1 transcriptional activation
pathway. Cancer Res 2002;62:4316 – 24.

18. Tome ME, Lutz NW, Briehl MM. Overexpression of catalase or Bcl-2
alters glucose and energy metabolism concomitant with dexamethasone
resistance. Biochim Biophys Acta 2004;1693:57 – 72.

34. Bubendorf L, Sauter G, Moch H, et al. Prognostic significance of Bcl-2
in clinically localized prostate cancer. Am J Pathol 1996;148:1557 – 65.

19. Tzung SP, Kim KM, Basanez G, et al. Antimycin A mimics a cell-deathinducing Bcl-2 homology domain 3. Nat Cell Biol 2001;3:183 – 91.

35. Olopade OI, Adeyanju MO, Safa AR, et al. Overexpression of BCL-x
protein in primary breast cancer is associated with high tumor grade and
nodal metastases. Cancer J Sci Am 1997;3:230 – 7.

20. Baumgrass R, Zhang Y, Erdmann F, et al. Substitution in position 3 of
cyclosporin A abolishes the cyclophilin-mediated gain-of-function mechanism but not immunosuppression. J Biol Chem 2004;279:2470 – 9.

36. Amundson SA, Myers TG, Scudiero D, Kitada S, Reed JC, Fornace
AJ, Jr. An informatics approach identifying markers of chemosensitivity in
human cancer cell lines. Cancer Res 2000;60:6101 – 10.

21. Wu JC, Merlino G, Cveklova K, Mosinger B, Jr., Fausto N.
Autonomous growth in serum-free medium and production of hepatocellular carcinomas by differentiated hepatocyte lines that overexpress
transforming growth factor a1. Cancer Res 1994;54:5964 – 73.

37. Park JR, Bernstein ID, Hockenbery DM. Primitive human hematopoietic precursors express Bcl-x but not Bcl-2. Blood 1995;86:868 – 76.

22. Asfari M, Janjic D, Meda P, Li G, Halban PA, Wollheim CB.
Establishment of 2-mercaptoethanol-dependent differentiated insulinsecreting cell lines. Endocrinology 1992;130:167 – 78.
23. Kim KM, Giedt CD, Basanez G, et al. Biophysical characterization of
recombinant human Bcl-2 and its interactions with an inhibitory ligand,
antimycin A. Biochemistry 2001;40:4911 – 22.
24. Manion MK, O’Neill JW, Giedt CD, Kim KM, Zhang KY, Hockenbery
DM. Bcl-xL mutations suppress cellular sensitivity to antimycin A. J Biol
Chem 2003;279:2159 – 65.
25. Kitada S, Leone M, Sareth S, Zhai D, Reed JC, Pellecchia M.
Discovery, characterization, and structure-activity relationships studies of
proapoptotic polyphenols targeting B-cell lymphocyte/leukemia-2 proteins.
J Med Chem 2003;46:4259 – 64.
26. Oltersdorf T, Elmore SW, Shoemaker AR, et al. An inhibitor of Bcl-2
family proteins induces regression of solid tumours. Nature 2005;435:
677 – 81.

38. Hockenbery DM, Zutter M, Hickey W, Nahm M, Korsmeyer SJ. BCL2
protein is topographically restricted in tissues characterized by apoptotic
cell death. Proc Natl Acad Sci U S A 1991;88:6961 – 5.
39. Cao X, Rodarte C, Zhang L, Morgan CD, Littlejohn J, Smythe WR.
Bcl2/bcl-x(L) inhibitor engenders apoptosis and increases chemosensitivity
in mesothelioma. Cancer Biol Ther 2007;6:246 – 52.
40. Shimizu S, Eguchi Y, Kamiike W, et al. Bcl-2 prevents apoptotic
mitochondrial dysfunction by regulating proton flux. Proc Natl Acad Sci
U S A 1998;95:1455 – 9.
41. Imahashi K, Schneider MD, Steenbergen C, Murphy E. Transgenic
expression of Bcl-2 modulates energy metabolism, prevents cytosolic
acidification during ischemia, and reduces ischemia/reperfusion injury. Circ
Res 2004;95:734 – 41.
42. Starkov AA, Fiskum G. Regulation of brain mitochondrial H2O2
production by membrane potential and NAD(P)H redox state. J Neurochem
2003;86:1101 – 7.
43. Manion MK, Hockenbery DM. Targeting bcl-2-related proteins in
cancer therapy. Cancer Biol Ther 2003;2:S105 – 14.

27. Degterev A, Lugovskoy A, Cardone M, et al. Identification of smallmolecule inhibitors of interaction between the BH3 domain and Bcl-xL. Nat
Cell Biol 2001;3:173 – 82.

44. Zhang XD, Gillespie SK, Hersey P. Staurosporine induces apoptosis of
melanoma by both caspase-dependent and -independent apoptotic pathways. Mol Cancer Ther 2004;3:187 – 97.

28. Wang JL, Liu D, Zhang ZJ, et al. Structure-based discovery of an
organic compound that binds Bcl-2 protein and induces apoptosis of tumor
cells. Proc Natl Acad Sci U S A 2000;97:7124 – 9.

45. Li X, Marani M, Mannucci R, et al. Overexpression of BCL-X(L)
underlies the molecular basis for resistance to staurosporine-induced
apoptosis in PC-3 cells. Cancer Res 2001;61:1699 – 706.

Mol Cancer Ther 2007;6(7). July 2007

Downloaded from mct.aacrjournals.org on October 16, 2019. © 2007 American Association for Cancer
Research.

2-Methoxy antimycin reveals a unique mechanism for Bcl-xL
inhibition
Pamela S. Schwartz, Michael K. Manion, Christine B. Emerson, et al.
Mol Cancer Ther 2007;6:2073-2080.

Updated version

Access the most recent version of this article at:
http://mct.aacrjournals.org/content/6/7/2073

Supplementary
Material

Access the most recent supplemental material at:
http://mct.aacrjournals.org/content/suppl/2008/02/21/6.7.2073.DC1

Cited articles

This article cites 45 articles, 16 of which you can access for free at:
http://mct.aacrjournals.org/content/6/7/2073.full#ref-list-1

Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

This article has been cited by 7 HighWire-hosted articles. Access the articles at:
http://mct.aacrjournals.org/content/6/7/2073.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://mct.aacrjournals.org/content/6/7/2073.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from mct.aacrjournals.org on October 16, 2019. © 2007 American Association for Cancer
Research.

