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ABSTRACT
7-Chloro-5-(4-hydroxyphenyl)-1-methyl-3-(napthalen-2-ylmetyl)-
4,5,-dihydro-1H-benzo[b][1,4]diazepin-2(3H)-one (Bz-423) is a
proapoptotic 1,4-benzodiazepine that potently suppresses dis-
ease in the murine model of lupus by selectively killing patho-
genic lymphocytes. In MRL/MpJ-Faslpr (MRL-lpr) mice, Bz-423
overcomes deficient expression of the Fas death receptor and
hyperactivation of antiapoptotic phosphatidylinositol 3-kinase
(PI3K)-Akt signaling to specifically kill pathogenic CD4� T cells.
Bz-423 binds to the oligomycin-sensitivity-conferring protein
component of the mitochondrial F0F1-ATPase, which modu-
lates the enzyme leading to formation of superoxide by the
mitochondrial respiratory chain. Scavenging this reactive oxy-
gen species blocks all subsequent components of the apo-
ptotic cascade. To gain insight into how apoptotic signaling
activated by Bz-423-induced superoxide contributes to the
selective depletion of MRL-lpr CD4� T cells, we characterized

the death mechanism in a CD4� T cell leukemia line (Jurkat).
Although Bz-423-induced superoxide indirectly inactivates Akt,
this response is not required for T cell death. Apoptosis instead
results from parallel increases in levels of the proapoptotic
Bcl-2 proteins Noxa and Bak leading to specific activation of
Bak, mitochondrial outer membrane permeabilization, and a
commitment to apoptosis. By directly up-regulating proteins
that trigger loss of mitochondrial outer membrane integrity,
Bz-423 bypasses defective Fas function and antiapoptotic
PI3K-Akt signaling in MRL-lpr CD4� T cells. Moreover, because
disease-associated abnormalities should sensitize autoreactive
CD4� T cells to transcriptional up-regulation of Noxa by redox
signals and to Bak-dependent apoptosis, the apoptotic mech-
anism elucidated in Jurkat cells provides important clues into
the cell-type- and disease-selective effects of Bz-423 in MRL-
lpr mice.

Human and murine lupus is mediated by autoreactive lym-
phocytes that survive abnormally and are chronically activated
because of persistent stimulation with endogenous autoanti-
gens (Hoffman, 2004; Santiago-Raber et al., 2004). Bz-423 is a
proapoptotic 1,4-benzodiazepine with therapeutic properties in
murine models of lupus that are linked to specific apoptosis of

disease-causing lymphocytes (Blatt et al., 2002; Bednarski et
al., 2003). In MRL/MpJ-Faslpr (MRL-lpr) mice, Bz-423 selec-
tively kills splenic CD4� T cells, which is the lymphoid subset
responsible for disease in this model (Bednarski et al., 2003).
Treatment is not associated with opportunistic infections, and
Bz-423 does not reduce lymphocyte numbers or alter immune
function in normal mice, which indicates that this agent is not
globally immunosuppressive.

Bz-423 binds to the oligomycin-sensitivity-conferring pro-
tein subunit of the mitochondrial F0F1-ATPase, which in-
duces a state 3-to-state 4 respiratory transition and promotes
formation of superoxide (O2

.) by the mitochondrial respiratory
chain (Johnson et al., 2005). Bz-423-induced O2

. functions as
the proximal signal in an apoptotic cascade marked by re-
lease of proapoptotic proteins (e.g., cytochrome c) from the
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mitochondria intermembrane space (MIS), collapse of the
mitochondrial electrochemical gradient (��m), and activation
of caspases (Blatt et al., 2002). In isolated mitochondria,
Bz-423 increases O2

., but collapse of ��m and cytochrome c
release are not observed (Blatt et al., 2002, 2008). These data
demonstrate that extramitochondrial factors couple Bz-423-
induced O2

. to cytochrome c release.
Differences in the factors that mediate return of the apo-

ptotic signal to mitochondria should contribute to the selec-
tivity of Bz-423 for pathogenic versus normal lymphocytes
and other cell types. In relatively resistant cell types, such as
mouse embryonic fibroblasts (MEFs), apoptosis signal-regu-
lating kinase1 (ASK1) was identified as a critical upstream
cellular redox sensor linking Bz-423-induced O2

. to apoptosis
(Blatt et al., 2008). Activation of ASK1 initiates a mitogen-
activated protein (MAP) kinase cascade culminating in the
activation of c-Jun N-terminal kinase (JNK). Activated JNK
is then necessary for activation of the proapoptotic Bcl-2
proteins Bax and Bak resulting in mitochondrial outer mem-
brane permeabilization (MOMP) and a commitment to apo-
ptotic cell death, as a small-molecule JNK inhibitor prevents
these steps. In contrast, Bz-423-induced O2

. does not activate
the ASK1-JNK pathway in more sensitive Ramos B cells
(Blatt et al., 2009). Instead, degradation of the antiapoptotic
Bcl-2 family protein Mcl-1 and functional activation of pro-
apoptotic BH3-only proteins link the O2

. signal to activation
of Bax and Bak in this B cell line.

Accumulation of activated CD4� T cells in MRL-lpr mice
results from defects in Fas-death receptor signaling along with
hyperactivation of the prosurvival PI3K-Akt pathway (Barber
et al., 2005). To understand how signaling activated by Bz-423
overcomes antiapoptotic signals in MRL-lpr CD4� T cells and
leads to their selective depletion, we elucidated the death mech-
anism in a CD4� T cell leukemia line (Jurkat). We selected
Jurkat cells for these studies because they are amenable to
genetic manipulation and constitutive activation of Akt in this
line mimics hyperactivated PI3K-Akt signaling in MRL-lpr
CD4� T cells (Astoul et al., 2001). Although Bz-423-induced
O2

. indirectly inactivates Akt and activates JNK in Jurkat cells,
neither response is required for cell death. Rather, Bz-423-
induced T cell death depends on a parallel apoptotic cascade
marked by increased levels of the proapoptotic Bcl-2 proteins
Noxa and Bak leading to preferential activation of Bak. Collec-
tively, these data suggest that selective killing is mediated by
the induction of Noxa and Bak in sensitive cell types and not in
cells that are resistant to Bz-423, such as fibroblasts. Integrat-
ing knowledge of the apoptotic signaling network activated by
Bz-423 in T cells with properties of autoreactive T lymphocytes
provides new insight into why modulation of the F0F1-ATPase
with Bz-423 leads to specific apoptosis of MRL-lpr CD4� T cells.

Materials and Methods
Reagents. Manganese(III)meso-tetrakis(4-benzoic acid)porphy-

rin (MnTBAP) was purchased from Alexis Biochemicals (San Diego,
CA). Dihydroethidium (DHE) was obtained from Invitrogen (Carls-
bad, CA). SP600125 was purchased from EMD Biosciences (San
Diego, CA). Bz-423 was synthesized as described previously (Bunin
et al., 1994). All other reagents were purchased from Sigma-Aldrich
(St. Louis, MO).

Cell Lines and Culture. Jurkat cells were provided by V. Castle
(University of Michigan), and were maintained in RPMI 1640 me-
dium supplemented with fetal bovine serum (10%), penicillin (100

U/ml), streptomycin (100 �g/ml), and L-glutamine (300 �g/ml). In
vitro experiments were conducted in media containing 2% FBS.
Organic compounds were dissolved in media containing 0.5% di-
methyl sulfoxide.

Transient Transfections. Small interfering RNA molecules
(siRNAs) targeting Bax, Bak, or Noxa were purchased from Dhar-
macon RNA Technologies (Layfayette, CO) as siGENOME SMART-
pool reagents. J. C. Rathmell (Duke University Medical School)
provided the plasmid-encoding myrAkt. Cells were washed once with
ice-cold phosphate-buffered saline (PBS), suspended in electropora-
tion buffer T (Amaxa Biosystems, Gaithersburg, MD) at a density of
7.5 � 106 cells/ml, and subjected to electroporation with the desired
siRNA (2 �g) or plasmid (8 �g) with an Amaxa Nucleofector appa-
ratus and a 2.0-mm electroporation cuvette with use of program
G-16. Cells were transfected once daily for 2 days. Three days after
the initial transfection, cellular extracts were prepared or cells were
incubated with Bz-423.

Detection of Cell Death, DNA Content, O2
., and ATP Levels.

Cell viability and apoptotic DNA fragmentation were assessed as
described previously (Blatt et al., 2002). To detect intracellular O2

.,
cells were incubated with DHE (2 �M) for 30 min at 37°C and
ethidium fluorescence was measured by flow cytometry. For analysis
of ATP content, cells were washed with ice-cold PBS, and lysed in a
solution containing trichloroacetic acid (1% w/v) and EDTA (2 mM).
Cell debris was removed by centrifugation (13,000 rpm, 5 min), and
resulting supernatants were neutralized with a Tris-acetate buffer
(25 mM, pH 7.75) and diluted 20� with distilled water. ATP content
in neutralized samples was quantified by use of ENLITEN rLucif-
erase/Luciferin reagent (Promega, Madison, WI) according to the
manufacturer’s instructions.

Preparation of Cellular Extracts. Cellular lysates were pre-
pared as described previously (Blatt et al., 2002). Mitochondrial and
cytosolic extracts were isolated by digitonin permeabilization fol-
lowed by differential centrifugation as described previously (Blatt et
al., 2002). Immunoblotting with antibodies specific for the cytosolic
protein GAPDH or the mitochondrial proteins Hsp60 or the �-sub-
unit of the F0F1-ATPase (V-�) was used to evaluate the purity of
cytosolic and mitochondrial fractions. Total protein content in cellu-
lar lysates or mitochondrial/cytosolic fractions was evaluated by the
Bradford protein assay (Bio-Rad Laboratories, Hercules, CA).

Immunoblot Analysis. Cellular lysates or mitochondrial/cytoso-
lic fractions were separated by SDS-polyacrylamide gel electrophore-
sis, and transferred to polyvinylidene difluoride membranes as de-
scribed previously (Blatt et al., 2002). Membranes were blocked by
use of skim milk powder (5% w/v) in PBS containing Tween (0.05%
v/v) and probed with antibodies specific for cytochrome c, Hsp60,
Bad, and Bcl-xL (BD Biosciences, San Jose, CA); Smac/DIABLO
(Alexis Biochemicals); Bax, Bak, and GAPDH (Millipore, Billerica,
MA); Bcl-2 (DakoCytomation, Glostrup, Denmark); Bik, Mcl-1, and
PARP (Santa Cruz Biotechnology, Santa Cruz, CA); phospho-Akt
Ser473, pan-Akt, phospho-JNK Thr183 / Tyr185, pan-JNK, and Bid
(Cell Signaling, Beverly, MA); Bmf (Abcam, Cambridge, MA); Puma
and Noxa (EMD Biosciences); or the �-subunit of the F0F1-ATPase
(Invitrogen). Primary antibodies were detected by use of horseradish
peroxidase-linked donkey anti-rabbit IgG or sheep anti-mouse IgG
(GE Healthcare, Piscataway, NJ) and visualized with the enhanced
chemiluminescence detection system (GE Healthcare). Band inten-
sities were quantified by use of ImageJ (National Institutes of
Health, Bethesda, MD).

Fluorescence Microscopy. Cells were fixed to glass slides with
PBS containing paraformaldehyde (2% v/v), and probed for activated
Bax and Bak with N-terminal specific antibodies (Millipore) sus-
pended in PBS containing saponin (0.05% w/v) and FBS (5% v/v).
Primary antibodies were visualized with biotin-anti-rabbit (The
Jackson Laboratory, Bar Harbor, ME) and fluorescein-avidin (Vector
Laboratories, Burlingame, CA). Samples were examined by use of a
Leica DM-LB microscope interfaced with a SPOT RS slider digital
camera (Diagnostic Instruments Inc., Sterling Heights, MI) inter-
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faced to a Macintosh PC. Percentage of Bax or Bak activation was
determined by scoring �100 cells in triplicate for the presence of
bright, punctate staining.

Statistical Analysis. Where indicated, statistical significance
was assessed by a Student’s t test. p values are two-tailed. Error bars
represent � 1 S.D. from the mean of three replicate cultures. All
figures contain data that are representative of at least three inde-
pendent experiments.

Results
Bz-423-Induced O2

. Signals Apoptosis in T Cells.
Treating Jurkat cells with Bz-423 for 12 h results in shrink-
age, cytoplasmic vacuolization, and membrane blebbing (Fig.
1A), which are morphological indicators of apoptosis. Release
of cytochrome c and Smac/DIABLO from mitochondria is
observed in Jurkat cells treated with Bz-423 for 4 h (Fig. 1B),
which is consistent with activation of the intrinsic (mitochon-
drial) apoptotic pathway. Once in the cytosol, cytochrome c
and Smac/DIABLO promote caspase activation by initiating
apoptosome formation or displacing inhibitor of apoptosis
proteins from caspases, respectively (Danial and Korsmeyer,
2004). As predicted by release of these proapoptotic MIS
proteins, cleavage of the caspase-3 substrate PARP is de-
tected at 8 h (Fig. 1C, inset). These events are followed by
apoptotic DNA fragmentation (data not shown) and a loss of
plasma membrane integrity indicative of cell death (Fig. 1C).

Preincubation of Jurkat cells with MnTBAP, a cell-perme-
able porphyrin possessing superoxide dismutase activity
(Ohse et al., 2001), reduces Bz-423-induced O2

. (Fig. 1D),
blocks release of cytochrome c and Smac/DIABLO (Fig. 1B),
and inhibits cell death (Fig. 1, A and E). The fact that
MnTBAP prevents Bz-423-induced apoptosis argues that,
unlike some inhibitors of the F0F1-ATPase (e.g., oligomycin),
which significantly deplete ATP and trigger necrosis (Watabe
and Nakaki, 2007), modulation of the F0F1-ATPase by Bz-
423 primarily affects O2

.. Consistent with this expectation,
Bz-423 did not alter ATP levels before the release of proapop-
totic MIS proteins (Fig. 1F). Given the essential role of O2

. in
Bz-423-induced T cell apoptosis, antioxidant levels and
mechanisms should affect the sensitivity of T cells to this
agent. Hence, the reduced levels of glutathione present in
MRL-lpr CD4� T cells relative to normal murine T cells
provides one possible basis to explain their sensitivity to
Bz-423 (Bobé et al., 2006).

Bak Activation Is Essential for Bz-423-Induced T
Cell Apoptosis. Because release of proapoptotic MIS pro-
teins is a key apoptotic checkpoint (Danial and Korsmeyer,
2004), differences in the mediators coupling O2

. to loss of
mitochondrial outer membrane integrity should also contrib-
ute to the selectivity of Bz-423. MOMP is a process often
mediated by two multidomain proapoptotic Bcl-2 proteins,
Bax and Bak (Youle and Strasser, 2008). In its inactive state,

Fig. 1. Bz-423-induced O2
. signals apoptosis in Jur-

kat cells. A, digital interference contrast micro-
graphs (630�) of Jurkat cells treated with vehicle or
Bz-423 (10 �M, 12 h) with or without preincubation
with MnTBAP (100 �M, 30 min). Scale bar, 10 �m.
B, Jurkat cells were preincubated with MnTBAP
(100 �M, 30 min) and then treated with Bz-423 (10
�M) for indicated times. Release of cytochrome c or
Smac/DIABLO was assessed by immunoblotting cy-
tosolic and mitochondrial fractions. C, Bz-423-in-
duced cell death was measured by propidium iodide
(PI) exclusion after 24 h of total culture. Inset,
PARP cleavage was assessed by immunoblotting ly-
sates from Jurkat cells treated (8 h) with the indi-
cated concentrations of Bz-423. Š, full-length PARP;
�, cleaved PARP. D, Jurkat cells were preincubated
with MnTBAP (100 �M, 30 min, dashed histogram)
or vehicle (black histogram) before incubation with
Bz-423 (10 �M, 1 h) or vehicle (gray histogram) and
cellular O2

. levels were detected by staining with
DHE using the FL2 channel. E, Jurkat cells treated
with vehicle or Bz-423 (10 �M, 24 h) with or without
preincubation with MnTBAP (100 �M, 30 min) and
cell viability was determined by PI exclusion. F,
ATP was measured in Jurkat cells treated (1 h) with
the indicated concentrations of Bz-423 or oligomycin
(0.5 �M) with use of a luciferin-luciferase assay. ��,
p 	 0.01; ���, p 	 0.001.
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Bax is present in the cytosol, whereas inactive Bak is local-
ized to the mitochondrial outer membrane (Youle and
Strasser, 2008). In response to apoptotic stimuli, Bax trans-
locates to mitochondria, and undergoes a conformational
change that leads to homo-oligomerization and formation of
high-molecular-weight channels in the mitochondrial outer
membrane (Youle and Strasser, 2008). Immunoblotting cyto-
solic and mitochondrial fractions from Bz-423-treated Jurkat
cells reveals redistribution of Bax from the cytosol to the
mitochondria (Fig. 2A). This change occurs after 8 h, which is
significantly delayed relative to appearance of cytochrome c
and Smac/DIABLO in the cytosol at 4 h (Fig. 1B). Although
Bz-423 induces Bax translocation in Jurkat cells, it cannot
account for the observed MOMP.

In contrast, activation of Bak does not involve subcellular
redistribution, but is associated with a conformational
change and exposure of a cryptic N-terminal domain that can
be detected by immunofluorescence (Youle and Strasser,
2008). Bak activation is observed in 31 � 5% of cells within
4 h and 63 � 10% of cells by 8 h (Fig. 2B). In agreement with
the immunoblotting data, active Bax was detected by immu-
nofluorescence only after 8 h, at which time 28 � 3% of cells
were positive (Fig. 2B). Pretreating Jurkat cells with
MnTBAP blocked activation of both Bax and Bak (Supple-
mental Fig. 1). These data indicate that Bz-423-induced O2

.

signals activation of Bak in a time frame consistent for it to
cause MOMP.

To test whether either Bax or Bak are necessary for Bz-
423-induced T cell apoptosis, expression of these proteins
was reduced by use of siRNAs (Fig. 3A). Knockdown of Bax
(�99%) did not block Bz-423-induced cell death, whereas
reduction of Bak expression (�90%) blunted apoptosis, in-
creasing the EC50 for Bz-423-induced cell death �2-fold (Fig.
3B). Knockdown of Bax along with Bak provided no addi-
tional protection compared with reduction of only Bak (Fig.
3B). Intracellular O2

. levels were increased equivalently by

Bz-423 in Bak knockdown and control cells after 1 h (Fig. 3C),
which indicates that reducing Bak levels does not prevent
Bz-423-induced O2

. production. In contrast, release of cyto-
chrome c and Smac/DIABLO, as well as the downstream
cleavage of PARP was suppressed in Jurkat cells with re-
duced levels of Bak (Fig. 3D). Together, these results indicate
that activation of Bak links Bz-423-induced O2

. with loss of
mitochondrial outer membrane integrity and apoptosis.

Recent studies show that activation of Bax can be caspase-
dependent (Kepp et al., 2007; Lakhani et al., 2006). Because
Bak is required for Bz-423-induced MOMP and caspase ac-
tivation, we hypothesized that Bax activation might be
blocked by knockdown of Bak. As expected, reduction of Bak
expression blocked Bax activation, whereas Bax knockdown
increased the fraction of cells staining positive for active Bak
(Supplemental Fig. 2). In addition, activation of Bax is
blocked by preincubation of Jurkat cells with the pan-caspase
inhibitor zVAD-fmk, whereas Bak activation and cytochrome
c release are still observed (Fig. 4, A and B). These data
support a hierarchical model in which Bak mediates MOMP,
whereas Bax is activated by a subsequent, caspase-depen-
dent process. Although cytochrome c release is still observed,
zVAD-fmk prevents downstream consequences of caspase ac-
tivation such as apoptotic DNA fragmentation (Fig. 4C). To
determine whether inhibiting caspase activation blocks Bz-
423-induced killing, Jurkat cells were treated with a concen-
tration of Bz-423 �EC50 for cell death along with zVAD-fmk
for 24 h, at which point Bz-423 was removed and cultures
replenished with zVAD-fmk. Although caspase inhibition

Fig. 2. Bz-423 activates Bax and Bak. A, subcellular distribution of Bax
was determined by immunoblotting mitochondrial and cytosolic fractions
from Jurkat cells treated with Bz-423 (10 �M) for the indicated times. B,
Jurkat cells were treated with vehicle or Bz-423 (10 �M) for indicated
times followed by detection of activated Bax or Bak by immunofluores-
cence microscopy (400�). Scale bar, 10 �m.

Fig. 3. Knockdown of Bak inhibits Bz-423-induced T cells apoptosis. A,
immunoblot of lysates prepared from Jurkat cells transiently transfected
with siRNAs targeting Bax, Bak, or a noncoding sequence (Ctr). B, Jurkat
cells were transfected with siRNAs targeting Bax (circles, long dashes),
Bak (triangles, short dashes), Bax and Bak (diamonds, dotted line), or a
noncoding sequence (squares, solid line) followed by treatment with in-
dicated concentrations of Bz-423. Viability was determined after 24 h by
PI exclusion. C, Jurkat cells were transfected with siRNAs targeting Bak
(dashed line) or a noncoding sequence (solid line) and percentage increase
in cellular O2

. was measured with use of DHE after 1 h. D, release of
cytochrome c and Smac/DIABLO or PARP cleavage were assessed by
immunoblotting cytosolic fractions from Jurkat cells transfected with
siRNAs targeting Bak or noncoding sequence (Ctr), and then treated with
vehicle or Bz-423 (10 �M, 8 h). Reduction of Bak expression was con-
firmed by immunoblotting of mitochondrial fractions. ‹, full-length
PARP; �, cleaved PARP; ��, p 	 0.01.
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prevented Bz-423-induced cell death (i.e., loss of plasma
membrane integrity) after 24 h, no viable cells remained
after 5 days (Fig. 4D). Thus, given that cell death occurs in
the absence of caspase activity, Bak-dependent MOMP rep-
resents the point at which Jurkat cells commit to die in
response to Bz-423.

Effects of Bz-423-Induced O2
. on Akt and JNK. The

next series of experiments were conducted to identify apopto-
tic signaling linking Bz-423-induced O2

. to activation of Bak.
In MEFs, activation of the cytosolic redox-sensor ASK1 is the
response most proximal to the O2

. signal (Blatt et al., 2008).
Activated ASK1 then initiates a MAP kinase cascade that
culminates in phosphorylation and activation of JNK, a pro-
apoptotic kinase that promotes Bax and Bak activation
through several mechanisms (Weston and Davis, 2007). In
contrast, Bz-423-induced O2

. does not activate ASK1-JNK
signaling in B cells (Blatt et al., 2009). To determine whether
the ASK1-JNK pathway is engaged in T cells, phospho-JNK
was measured in Bz-423-treated Jurkat cells. Although Bz-
423 activates JNK in Jurkat cells (increasing phospho-JNK

levels as in Fig. 5A), it occurs significantly later relative to
the kinetics observed in MEFs (4 h versus 0.5 h). These
results suggest that Jurkat cells actively restrict activation of
JNK by ROS.

The prosurvival kinase Akt is constitutively active in Jur-
kat cells as an indirect consequence of defects in the expres-
sion of the lipid phosphatases, phosphatase and tensin ho-
molog and SH2-containing inositol phosphatase, which
render PI3K activity unopposed, increasing levels of phos-
phatidylinositol triphosphates (Astoul et al., 2001). Binding
of Akt to phosphatidylinositol triphosphates results in a con-
formational change that promotes phosphorylation and acti-
vation of Akt (Hanada et al., 2004). O2

.-dependent inactiva-
tion (dephosphorylation) of Akt occurs in Jurkat cells treated
with 2-methoxyestradiol, an estrogen-metabolite proposed to
inhibit superoxide dismutases (Gao et al., 2005). Likewise,

Fig. 4. Caspase activation is not required for Bz-423-induced cell death.
A, Jurkat cells were preincubated with zVAD-fmk (50 �M, 30 min) then
treated with Bz-423 (10 �M, 8 h) and activated Bax or Bak were detected
by immunofluorescence microscopy (400�). Scale bar, 10 �m. B, release
of cytochrome c and Smac/DIABLO was measured in Jurkat cells after
treatment with Bz-423 (10 �M) for indicated times with or without
preincubation with zVAD-fmk (50 �M, 30 min) by immunoblotting mito-
chondrial and cytosolic fractions. C, Jurkat cells were preincubated with
zVAD-fmk (50 �M, 30 min, f) or vehicle (�), treated with the indicated
concentrations of Bz-423 for 24 h, and caspase activation was assessed by
identifying cells with sub-G0 DNA content. D, Jurkat T cells were treated
with zVAD-fmk (50 �M; F, f) or vehicle (E, �) for 30 min and then
incubated with Bz-423 (10 �M; F, E) or vehicle (f, �) for 24 h, at which
point Bz-423 was removed, cells were maintained in media containing
zVAD-fmk (50 �M), and the number of viable cells was determined daily.
��, p 	 0.01; ���, p 	 0.001.

Fig. 5. Bz-423 inactivates Akt and activates JNK. A, lysates prepared
from Jurkat cells treated with Bz-423 (10 �M) were immunoblotted to
detect total and phosphorylated Akt or JNK. B, lysates prepared from
Jurkat cells transfected with siRNAs targeting Bak or noncoding se-
quence (Ctr) treated with vehicle or Bz-423 (10 �M, 6 h) were immuno-
blotted to detect total and phospho-Akt or -JNK. C, Jurkat cells were
preincubated with MnTBAP (100 �M, 30 min) before incubation with
indicated concentrations of Bz-423 or the PI3K inhibitor LY294002 (20
�M) for 6 h, and levels of phosphorylated and total Akt and JNK were
analyzed by immunoblot. D, after preincubation with SP600125 (30 min,
10 �M, dashed line) or vehicle (solid line), Jurkat cells were incubated
with Bz-423 and viability (24 h) was assessed. E, levels of total and
phospho-Akt or -JNK were evaluated by immunoblotting lysates pre-
pared from Jurkat cells treated with Bz-423 (10 �M, 6 h) 24 h after
transfection with plasmid-encoding myrAkt or the empty vector. F, Jur-
kat cells transfected with myrAkt (dashed line) or empty vector (solid
line) were incubated with Bz-423 and viability was measured after 24 h.
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Bz-423-induced O2
. also caused a decrease in phospho-Akt

levels that coincides with JNK activation at 4 h (Fig. 5A).
The timing of Bz-423-induced Akt dephosphorylation and

JNK activation coincides with MOMP, allowing for the pos-
sibility that these responses may signal Bak activation. To
explore this hypothesis, we first excluded that these changes
are downstream of and dependent on MOMP (Fig. 5B). De-
spite the inability to undergo apoptosis, Bz-423-induced Akt
dephosphorylation and JNK activation were observed to an
equivalent or greater extent, respectively, in Bak knockdown
cells versus control (Fig. 5B). Preincubation with MnTBAP
blocked changes in phospho-Akt levels and suppressed JNK
activation (Fig. 5C). Unlike MEFs, pretreating Jurkat cells
with a JNK-selective kinase inhibitor (SP600125; Bennett et
al., 2001), which prevented phosphorylation of the JNK sub-
strate activating transcription factor 2 (data not shown), did
not block Bz-423-induced apoptosis (Fig. 5D). This finding
indicates that in Jurkat cells, Bz-423-induced O2

. activates
other proapoptotic mechanisms that run in parallel with
JNK signaling.

Because Akt promotes survival by inhibitory phosphoryla-
tion of proapoptotic proteins, including the BH3-only protein
Bad, caspase-9, and ASK1 (Hanada et al., 2004), inhibition of
Akt can cause cell death (Maurer et al., 2006). Given that
Bz-423 inactivates Akt, we asked whether Akt inhibition is
necessary for Bz-423-induced T cell apoptosis. To test this
hypothesis, Jurkat cells were transiently transfected with a
dominant, constitutively active myristoylated form of Akt
(myrAkt) that bypasses the need for upstream activating

signals that are redox-sensitive (Gao et al., 2005). Phospho-
Akt levels were unaltered in transfected cells in the presence
of Bz-423, whereas JNK activation was reduced by �60%
(Fig. 5E), which argues that inhibition of Akt by Bz-423 is
necessary for JNK activation. Despite preserving Akt activ-
ity, the myrAkt construct failed to block Bz-423-induced ap-
optosis (Fig. 5F). Thus, although Bz-423 inactivates Akt and
activates JNK, other parallel processes couple O2

. to Bak-
mediated MOMP in Jurkat cells.

Activation of Bak during Bz-423-Induced T Cell
Apoptosis. Bak activation is restrained by binding to the an-
tiapoptotic Bcl-2 proteins Bcl-xL and Mcl-1 (Willis et al., 2005).
Because Bz-423-induced O2

. signals degradation of Mcl-1 in B
cells (Blatt et al., 2009), we sought to determine whether a
similar mechanism contributes to activation of Bak in Jurkat
cells. Although levels of Bcl-xL were stable, Mcl-1 was reduced
by Bz-423 to 	50% of control levels after 4 h, and continued
to fall to 	10% by 8 h (Fig. 6A). The decrease in Mcl-1 is
concentration-dependent, and is blocked by MnTBAP (Fig.
6B). As in B cells, Bz-423 causes O2

.-dependent reduction in
Mcl-1 within a time frame coincident with activation of Bak
in T cells.

Mcl-1 is controlled by a variety of transcriptional and post-
translational mechanisms (Warr and Shore, 2008). For ex-
ample, binding of the BH3-only protein Noxa to Mcl-1 dis-
places Bak and targets Mcl-1 for proteasomal degradation
(Willis et al., 2005). Levels of Noxa are elevated �3-fold in
Jurkat cells treated with Bz-423 for 2 h (Fig. 6A). It is
interesting that siRNA knockdown of Noxa by �99% in-

Fig. 6. Bz-423-induced Bak activation. A, lysates from Jur-
kat cells treated with Bz-423 (10 �M) for indicated times
were analyzed by immunoblot for Bcl-2 family proteins.
Lane A, Ramos B cells; Lane B, recombinant human tBid;
Š, full-length Bid; �, tBid. B, Jurkat cells were preincu-
bated with MnTBAP (100 �M, 30 min) before incubation
with the indicated concentrations of Bz-423 (6 h), and levels
of Mcl-1, Bak, and Noxa were evaluated by immunoblot. C,
Jurkat cells were transfected with siRNAs targeting Noxa
(dashed line) or a noncoding sequence (solid line) and
treated with Bz-423. Cell viability was evaluated after 24 h.
Inset, levels of Noxa were evaluated in lysates from Jurkat
cells transfected with siRNAs targeting Noxa or a noncod-
ing sequence (Ctr) by immunoblot. D, Jurkat cells trans-
fected with siRNAs targeting Noxa or a noncoding sequence
(Control) were treated with Bz-423 (10 �M, 8 h) followed by
immunofluorescence microscopy (400�). Scale bar, 10 �m.
E, proposed mechanism of Bak activation during Bz-423-
induced T cell apoptosis. Binding of Noxa to Mcl-1 releases
Bak, which combined with increased Bak translation, sat-
urates the inhibitory capacity of Bcl-xL. Accumulation of
unbound (active) Bak triggers MOMP, release of cyto-
chrome c and Smac/DIABLO from the MIS, which results
in caspase activation. IAP, inhibitor of apoptosis protein.
��, p 	 0.01.
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creased the EC50 for cell death by 
40% (Fig. 6C), and
decreased Bak activation by 
50% (Fig. 6D). These data
indicate that the increase in Noxa levels contributes to, but is
not solely responsible for, activation of Bak.

Forced expression of Noxa can be insufficient to trigger
apoptosis unless combined with a BH3-only protein (e.g.,
Bad) capable of disrupting Bak � Bcl-xL complexes (Willis et
al., 2005). Therefore, we tested whether Bz-423 changes the
concentration of other BH3-only proteins that could contrib-
ute to Bak activation by neutralizing Bcl-xL. Bz-423 did not
increase levels of the BH3-only proteins Bad, Bik, Bim, Bmf,
and Puma or promote activation of Bid (Fig. 6A).

Although Bak is typically activated by increases in levels of
BH3-only proteins relative to antiapoptotic Bcl-2 proteins
(Youle and Strasser, 2008), increased Bak expression in-
duced by some proapoptotic stimuli including ROS can also
contribute to Bak activation (Chirakkal et al., 2006; Fei et al.,
2008). As seen in Fig. 6A, Bak levels increase �2-fold within
2 h of Bz-423 treatment, and continue to rise to �5-fold above
control levels at 8 h, whereas Bax levels remain unchanged.
The increase in both Noxa and Bak is blocked by MnTBAP
(Fig. 6B), which directly links these responses to O2

.. In sum,
these data suggest a model in which activation of Bak results
from neutralization of Mcl-1 by increased Noxa, which, to-
gether with an absolute increase in Bak protein levels, over-
comes Bcl-xL-dependent cell survival (Fig. 6E).

Discussion
The apoptotic mechanism of Bz-423 was characterized in

Jurkat cells as a means to understand the cell-type- and
disease-selective apoptosis in MRL-lpr mice. In all cell types
examined, activation of Bax and/or Bak is required for Bz-
423-induced O2

. to cause cytochrome c release. However, the
signaling pathway leading to activation of these proapoptotic
Bcl-2 family proteins differs between resistant cell types
(e.g., MEFs) and lymphocytes. In fibroblasts, Bz-423-induced
apoptosis depends on signals transmitted through JNK,
which is activated within 30 min via a MAP kinase cascade
initiated by ASK1 (Blatt et al., 2008). Bz-423-induced O2

. does
not engage the ASK1-JNK pathway in Ramos B cells; instead
Bax/Bak-dependent apoptosis is mediated by functional ac-
tivation of BH3-only proteins in this cell type (Blatt et al.,
2009). Although JNK is activated in Bz-423-treated Jurkat
cells, it is not necessary for apoptosis and its activation is
delayed relative to the timing defined in MEFs. We reason
that absence of an early JNK response in Jurkat cells prob-
ably results from suppression of ASK1 activation by consti-
tutively active Akt (Astoul et al., 2001; Zhang et al., 2005).
Consistent with this hypothesis, constitutive activation of
Akt by use of a myrAkt construct suppresses JNK activation
in Jurkat cells. The fact that neither JNK activation nor Akt
inhibition are necessary for Jurkat cell death argues that, in
T lymphocytes, Bz-423 activates additional proapoptotic sig-
naling in parallel to these responses.

The pathway leading to apoptosis in Jurkat cells is associ-
ated with increased levels of Noxa and Bak. These increases
are first detected at 2 h, which is before both MOMP and JNK
activation. This observation suggests that up-regulation of
Noxa and Bak are key components of the JNK-independent
apoptotic signaling that links Bz-423-induced O2

. to MOMP in
Jurkat cells. Because free, uncomplexed Bak adopts an active

conformation once available binding sites on Bcl-xL and
Mcl-1 are saturated (Willis et al., 2007), further increase of
Bak levels causes MOMP. Noxa potentiates this process by
both displacing Bak from Mcl-1 and targeting Mcl-1 for pro-
teasomal degradation (Willis et al., 2005). Hence, neutraliza-
tion of Mcl-1 by Noxa in the absence of increased Bcl-xL

levels, allows Bak to overcome Bcl-xL-mediated cell survival
on the basis of its increased stoichiometry (Fig. 6E). This
model is consistent with several recent reports demonstrat-
ing that neutralization of Mcl-1 and Bcl-xL is sufficient to
activate Bak and trigger apoptosis even in the presence of
high levels of Bcl-2 (Kepp et al., 2007; Kutuk et al., 2009;
Willis et al., 2005, 2007). As such, apoptotic stimuli like
Bz-423 represent a potential means to bypass elevated ex-
pression of Bcl-2 in tumors and autoimmune lymphocytes.

Changes in the Noxa, Bak, and Mcl-1 are not observed in
Bz-423-treated fibroblasts (unpublished observations). Al-
though Bz-423-induced O2

. also signals down-regulation of
Mcl-1 in B cells (Blatt et al., 2009), this response is not
accompanied by an increase in Noxa and Bak and does not
lead to preferential activation of Bak as observed in T cells.
These cell-type-specific differences in apoptotic signaling po-
tentially result from variations in levels of redox-regulated
transcription factors between fibroblasts, B cells, and T cells
(see below). Overall, these studies demonstrate the ability of
O2

. produced during a mitochondrial respiratory transition to
activate cell-type-specific apoptotic signaling. Selective kill-
ing of pathogenic lymphocytes in Bz-423-treated mice is pro-
posed to result from the intersection of mitochondrial-derived
O2

. with disease-specific apoptotic signaling in the target cell
population.

The apoptotic mechanism uncovered in Jurkat cells pro-
vides several lines of reasoning to understand the basis for
the selectivity of Bz-423 against autoreactive T cells in MRL-
lpr mice. First, because MRL-lpr CD4� T cells possess aber-
rantly low glutathione levels (Bobé et al., 2006), they have a
reduced capacity to decompose Bz-423-induced O2

. compared
with normal murine T cells. Moreover, lymphocytes display
low activities of antioxidant enzymes (e.g., superoxide dis-
mutases) relative to most other cells types (Van Remmen et
al., 1999). Together, these effects predict increased sensitiv-
ity to Bz-423 because all components of the death cascade are
O2

.-dependent.
Second, defective Fas signaling and chronic T cell antigen

receptor stimulation in MRL-lpr lymphocytes can lead to
increased transcriptional induction of Noxa by redox signals
and enhanced sensitivity to Bak-dependent apoptosis, re-
spectively. MRL-lpr CD4� T cells express supraphysiological
levels of Fas ligand (FasL) because of failed negative regula-
tion (Bobé et al., 1997). A key transcriptional activator of
both FasL and Noxa is forkhead box 3a, a forkhead transcrip-
tion factor that is activated by ROS (Kavurma and Khachi-
gian, 2003; Nakamura and Sakamoto, 2008; Obexer et al.,
2007). Hence, elevated basal levels of forkhead box 3a in
MRL-lpr CD4� T cells should cause exaggerated transcrip-
tional up-regulation of Noxa in response to Bz-423-induced
O2

.. Moreover, persistent stimulation of lupus T cells by en-
dogenous autoantigens down-regulates costimulatory CD28
signaling thereby limiting expression of Bcl-xL (Bertsias et
al., 2009; Vallejo, 2005). The combination of low levels of
Bcl-xL and increased Noxa should selectively sensitize MRL-
lpr CD4� T cells to Bz-423 relative to both normal lympho-
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cytes and resistant cell types such as MEFs. Moreover, ear-
lier findings that Bz-423 selectively reduces CD4� T cells
without affecting CD8� T cells in MRL-lpr mice are consis-
tent with the fact that Noxa does not mediate activation-
induced cell death in CD8� T cells (Fischer et al., 2008).

Finally, inactivation of Akt by Bz-423 blocks a primary
pathway required for abnormal survival and activation of T
lymphocytes in MRL-lpr mice. Previous work has shown that
the PI3K-Akt signaling axis is hyperactivated in MRL-lpr
CD4� T cells and inhibition of this pathway specifically re-
duces this lymphoid subset via increased apoptosis, similar
to the effects of Bz-423 (Barber et al., 2005). Because inacti-
vation Akt is not required for Bz-423-induced apoptosis in
Jurkat cells, other signaling mechanisms must couple O2

. to
activation of Bak in this model. Nevertheless, these results
do not exclude the possibility that inactivation of Akt con-
tributes to the selective killing of CD4� T cells by Bz-423 in
MRL-lpr mice.

Modulation of the mitochondrial F0F1-ATPase leads to po-
tent therapeutic responses in murine models of lupus linked
to specific apoptosis of disease-causing lymphocytes. Inter-
sections between the apoptotic-signaling network activated
by modulation of the F0F1-ATPase with Bz-423 in Jurkat
cells and specific disease-associated characteristics of auto-
reactive T cells provides an understanding of the basis for
selective killing of pathogenic CD4� T cells in MRL-lpr mice.
Other immune diseases and certain neoplastic conditions
possess similar phenotypic changes that should sensitize
them to the mechanism identified here (Rommel et al., 2007;
Samuels et al., 2004). Such observations suggest that devel-
opment of small molecule modulators of the F0F1-ATPase
based on the Bz-423 pharmacophore may have broad thera-
peutic potential (Hong and Pedersen, 2008).

Acknowledgments

We thank J. C. Rathmell for the plasmid-encoding myrAkt and for
helpful advice.

References
Astoul E, Edmunds C, Cantrell DA, and Ward SG (2001) PI 3-K and T-cell activation:

limitations of T-leukemic cell lines as signaling models. Trends Immunol 22:490–
496.
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