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ABSTRACT

Bz-423 is a pro-apoptotic 1,4-benzodiazepine with therapeutic properties in murine models of lupus
demonstrating selectivity for autoreactive lymphocytes. Bz-423 modulates the F,Fy-ATPase, inducing
the formation of superoxide within the mitochondrial respiratory chain, which then functions as a
second messenger initiating apoptosis. In order to understand some of the features that contribute to the
increased sensitivity of lymphocytes, we report the signaling pathway engaged by Bz-423 in a Burkitt
lymphoma cell line (Ramos). Following the generation of superoxide, Bz-423-induced apoptosis requires
the activation of Bax and Bak to induce mitochondrial outer membrane permeabilization and
cytochrome c release. Knockdown of the BH3-only proteins Bad, Bim, Bik, and Puma inhibits Bz-423
apoptosis, suggesting that these proteins serve as upstream sensors of the oxidant stress induced by
Bz-423. Treatment with Bz-423 results in superoxide-dependent Mcl-1 degradation, implicating this
protein as the link between Bz-423-induced superoxide and Bax and Bak activation. In contrast to
fibroblasts, B cell death induced by Bz-423 is independent of c-Jun N-terminal kinase. These results
demonstrate that superoxide generated from the mitochondrial respiratory chain as a consequence of a

respiratory transition can signal a specific apoptotic response that differs across cell types.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Bz-423 is a pro-apoptotic 1,4-benzodiazepine with potent
therapeutic properties in murine lupus linked to specific deletion
of autoreactive lymphocytes [1,2]. Bz-423 binds to the oligomycin-
sensitivity conferring protein (OSCP), a component of the
mitochondrial F;Fo-ATPase, and induces the formation of super-
oxide via a state 3 to state 4 respiratory transition [3]. The reactive
oxygen species (ROS) generated by Bz-423 induces lymphocyte
apoptosis both in vivo and in vitro [2]. The absence of either general
toxicities or significant effects on normal immune responses in
treated mice indicates that Bz-423 has selective effects on cells
that are pathogenic in autoimmune disease.

We previously characterized the apoptosis induced by Bz-423
in mouse embryonic fibroblasts (MEFs) containing knockouts of
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key apoptotic proteins [4]. In this cell type, Bz-423-induced
superoxide is followed by caspase activation, mitochondrial
electrochemical gradient (A¥,,) collapse, and the release of
cytochrome c into the cytoplasm, consistent with mitochondrial
outer membrane permeabilization (MOMP) and the release of
cytochrome c from the mitochondrial inter-membrane space [5].
Following these events, morphological and biochemical evidence
of apoptosis is detected. In isolated mitochondria, Bz-423 induces
ROS, but does not cause gradient collapse or swelling. These data
show that Bz-423-induced superoxide does not directly trigger
opening of the permeability transition pore, and implicates extra-
mitochondrial factors in the mechanism coupling Bz-423-induced
ROS to apoptosis.

In MEFs, apoptosis signal-regulating kinase 1 (ASK1) was found
to be a critical upstream cellular redox sensor linking mitochon-
drial superoxide generation to apoptosis [4]. 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 pro-apoptotic Bax
and Bak resulting in MOMP and a commitment to apoptotic cell
death, as a small molecule JNK inhibitor prevents all of these steps.

Because MAP kinases are differentially regulated across cell
types [6], we sought to determine if Bz-423 activates this pathway
in lymphocytes, a cell type which is more sensitive to Bz-423. In
particular, we sought to identify the extra-mitochondrial factors
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that link Bz-423-induced superoxide to apoptosis in Ramos B cells,
in order to understand the differences in the response between
lymphocytes and fibroblasts. In contrast to fibroblasts, Bz-423 does
not activate MAP kinases in B cells, but apoptosis nonetheless still
requires activation of Bax and Bak. We identify a superoxide-
dependent decrease in Mcl-1 levels, and find that Bz-423 activates
multiple BH3-only proteins in order to activate Bax and Bak and
induce MOMP. These results demonstrate that superoxide
generated from the mitochondrial respiratory chain as a conse-
quence of a respiratory transition can signal specific apoptotic
responses that differ across cell types. Our data suggest that
differences in the levels of antioxidants and expression of Bcl-2
proteins help to explain the increased sensitivity of lymphocytes to
Bz-423.

2. Materials and methods
2.1. Reagents

Bz-423 was synthesized as previously described [7]. Dihy-
droethidium (DHE) and 3,3’-dihexyloxacarbocyanine iodide
(DIOCg(3)) were obtained from Invitrogen Corp. (Carlsbad, CA,
USA). Manganese (IlI) tetrakis (4-benzoic acid)porphyrin
(MnTBAP) was purchased from Alexis Biochemicals (Lausen,
Switzerland). Unless otherwise specified, all additional reagents
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell lines and culture

Ramos cells were obtained from the American Type Culture
Collection and maintained in RPMI 1640 media (Mediatech,
Manassas, VA, USA) supplemented with heat-inactivated fetal
bovine serum (FBS, 10%), penicillin (100 U/mL), streptomycin
(100 pg/mL), and r-glutamine (290 pg/mL). In vitro experiments
were conducted in media containing 2% FBS unless otherwise
noted. Organic compounds were dissolved in media containing
0.5% DMSO.

2.3. Transient transfections

Small interfering RNA molecules (siRNAs) were purchased from
Dharmacon (Lafayette, CO, USA). The sense strand sequences of the
RNA duplexes used were as follows: Bim, ACC GAG AAG GUA GAC
AAU U dtdt; Bax, GAA CUG AUC AGA ACC AUC AUU; Bik, Bak, Bad,
and Puma were purchased as siGENOME SMARTpool reagents.
Cells were washed once with ice-cold phosphate-buffered saline,
suspended in Amaxa electroporation buffer T (Lonza Walkersville
Inc., Walkersville, MD, USA) at a density of 7.5 x 10° cells/mL, and
subjected to electroporation with desired siRNA (2 wg) with an
Amaxa Nucleofector apparatus and a 2.0-mm electroporation
cuvette using program N-16. Cells were transfected once daily for
three days. Four days after the initial transfection, they were
subjected to immunoblot analysis or incubated with Bz-423.

2.4. Immunofluorescence

Ramos cells were cultured on glass chamber slides (Nalge Nunc
International, Rochester, NY, USA). Cells were fixed (0.25 h, RT)
with PBS containing paraformaldehyde (2%). To remove the
fixative, cells were washed five times with PBS containing saponin
(10%, w/v) and heat inactivated FBS (5%). Cells were incubated
(overnight, 4°C, 1 pwg/mL) with antibodies for detection of
activated Bax (catalog # 06-499, Millipore, Charlottesville, VA,
USA) and Bak (06-536, Millipore). Following six washes, the cells
were incubated (0.5 h, RT, 5 pg/mL) with biotinylated goat anti-
rabbit IgG (BA-1000, Vector Laboratories, Burlingame, CA, USA).

Following six washes, the cells were incubated (0.5 h, RT, 5 pg/mL)
with fluorescein-conjugated avidin D (A-2001, Vector Labora-
tories). Samples were examined by microscopy using a Leica DM-
LB microscope. Images (630x) were captured using a SPOT RS
slider digital camera (Diagnostic Instruments Inc., Sterling Heights,
MI, USA) interfaced to a Macintosh PC.

2.5. Detection of intracellular superoxide, AW, cell death, and
hypodiploid DNA

Detection of intracellular superoxide formation was performed
by monitoring the oxidation of DHE to oxyethidium by flow
cytometry using the FL2 channel (585 nm) of a FACSCalibur flow
cytometer (BD Biosciences Inc., Franklin Lakes, NJ, USA). DHE (4 uM)
was added to cells 30 min prior to flow cytometric analysis. For
measurement of A, cells were labeled with DIOCg(3) (37 °C,
15 min, 20 nM) prior to detection by flow cytometry using the FL1
channel (530 nm). Cell viability was assessed by staining with
propidiumiodide (PI; 1 jg/mL) prior to detection by flow cytometry
using the FL3 channel (>650 nm). Measurement of hypodiploid DNA
was conducted after incubating cells (4 °C, overnight) in labeling
solution (50 g/mL of PIin PBS containing 0.2% Triton and 10 jg/mL
RNase A). Total cellular DNA content was measured by flow
cytometry in the FL2 channel after excluding aggregates.

2.6. Preparation of cellular extracts

For the preparation of whole cell extracts, 20 x 10° cells were
pelleted and washed with PBS prior to lysis with WCE lysis buffer
(25 mM Hepes pH 7.7, 150 mM Nacl, 2.5 mM MgCl,, 0.2 mM EDTA,
0.1% Triton X-100, 20 mM [3-glycerophosphate, 0.5 mM DTT
containing 1 mM phenylmethylsulfonyl fluoride (PMSF), complete
protease inhibitor cocktail tablet (Roche Applied Science, India-
napolis, IN, USA), 3.3 mM NaF, and 0.1 mM sodium orthovanadate).
Following incubation on ice (30 min), the lysate was centrifuged
(16,000 x g, 0.5 h, 4 °C) to pellet insoluble cellular debris. Total
protein content in the supernatant was quantified by the Bradford
protein assay (Bio-Rad Laboratories, Hercules, CA, USA).

For mitochondrial extracts, 107 cells were harvested and
washed with ice-cold PBS, followed by resuspension in ice-cold
buffer A (200 L, 20 mM Hepes-KOH, pH 7.5, 10 mM KCl, 10 mM
B-glycerophosphate, 5 mM NaF, 1.5 mM MgCl,, 1 mM sodium
EDTA, 1 mM sodium EGTA, 1 mM DTT, 1 mM sodium orthovana-
date, 250 mM sucrose, complete protease inhibitor cocktail tablet
and 0.1 mM PMSF). The cell suspension was allowed to sit on ice
(20 min) and then was disrupted by 10 strokes through a 28.5 G
needle. The homogenate was centrifuged (1000 x g, 10 min, 4 °C)
to pellet nuclei. The resulting supernatant was centrifuged
(10,000 x g, 30 min, 4 °C) to obtain the mitochondrial fraction.
The supernatant from this centrifugation was harvested as the
cytosolic fraction. The purity of fractions was tested by immuno-
blotting with antibodies specific for the cytosolic proteins [3-
tubulin (T4026, Sigma-Aldrich) and/or glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH, MAB374, Millipore), or the
mitochondrial protein [-subunit of complex V (V-3, A21351,
Invitrogen). Total glutathione (GSH) concentrations of mitochon-
drial and cytosolic extracts were determined by an enzymatic GSH
recycling assay [8].

2.7. Immunoblot analysis and immunoprecipitations

Cell lysates were separated by SDS-PAGE, and transferred to
polyvinylidene difluoride membranes as previously described [2].
The membranes were incubated with primary antibodies for
proteins of interest, including: cytochrome c¢ (556433, BD
Biosciences), Bax (06-499, Millipore), Bak (06-536, Millipore),
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Bcl-2 (M0887, Dako, Carpenteria, CA, USA), Bcl-x. (556361, BD
Biosciences), Mcl-1 (sc-819, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), Bad (610392, BD Biosciences), phospho-Bad Ser''? (06-
853, Millipore), phospho-Bad Ser!*® (06-846, Millipore), Bim
(559685, BD Biosciences), Bid (2002, Cell Signaling Technology,
Danvers, MA, USA), Bik (sc-10770, Santa Cruz Biotechnology), Bmf
(ab9655, Abcam, Cambridge, MA, USA), Puma (14-6041,
eBioscience, San Diego, CA, USA), Noxa (OP180, EMD Biosciences,
Gibbstown, NJ, USA), ASK1 (sc-7931, Santa Cruz Biotechnology),
thioredoxin (sc-20146, Santa Cruz Biotechnology), JNK (9252, Cell
Signaling Technology), phospho-JNK Thr183/Tyr185 (9251, Cell
Signaling Technology), p38 (9212, Cell Signaling Technology),
phospho-p38 Thr!8%/Tyr'82 (9215, Cell Signaling Technology), ERK
(9102, Cell Signaling Technology), phospho-ERK Thr2%?/Tyr2%*
(9101, Cell Signaling Technology). Blots were then incubated with
horseradish peroxidase conjugated secondary antibodies (NA931
or NA934, GE Healthcare Bio-sciences, Piscataway, NJ, USA) and
reacted with chemiluminescence reagents (GE Healthcare Bios-
ciences). Immunoprecipations for ASK1 and thioredoxin were
performed as previously described [4]. For JNK blots, lysates
obtained from 293 cells treated with UV light were used as a
positive control (9253, Cell Signaling Technology).

2.8. ASK1 in vitro kinase assay

To detect ASK1 activity, inactive GST-MKK®6 (0.1 mg, Millipore)
was incubated (15 min, 25 °C) with immunoprecipitated ASK1 in
kinase assay buffer (Millipore). Subsequently, GST-p38a (0.5 g,
Millipore) was added to this reaction and incubated (15 min, 25 °C)
followed by detection of phospho-GST-p38 via immunoblot as
described above.

2.9. Statistical analysis

Where indicated, statistical significance was assessed by a
Student’s t test. P values are two-tailed, and all data are presented
as mean + one standard deviation, unless otherwise noted. Figures
contain representative data of experiments performed in triplicate.

3. Results
3.1. Lymphocytes display increased sensitivity to Bz-423

The cell death pathway activated by Bz-423 in fibroblasts in
vitro requires >10 h exposure to [Bz-423] >10 wM [4]. In contrast,
apoptosis of Ramos cells begins in 3-4 h at lower [Bz-423] (Fig. 1A).
As previously reported, cell death in both cell types depends on Bz-
423-induced superoxide [2,4]. Indeed, consistent with the
increased sensitivity of Ramos cells to this agent, Bz-423 induces
a larger superoxide response in Ramos cells at lower [Bz-423]
(Fig. 1B). The apoptotic response is specific to superoxide as pre-
treatment with a cell permeant form of catalase conjugated to
polyethylene glycol (PEG-CAT, [9]) does not alter Bz-423-induced
superoxide (Fig. 1B) or inhibit Bz-423-induced cell death (Table 1).
To help explain the difference in sensitivity between fibroblasts
and lymphocytes, we measured the levels of glutathione, the major
cellular antioxidant, in both cell types [10]. As can be seen in
Table 2, Ramos cells have lower levels of reduced glutathione in
both the mitochondrial (49% lower) and cytosolic (63% lower)
compartments compared to fibroblasts, consistent with the
increased sensitivity of this cell type.

3.2. Effect on MAP kinases

In MEFs, activation of ASK1 is the most proximal superoxide-
dependent signal detected following treatment with Bz-423 [4].
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Fig. 1. Bz-423 causes rapid death of Ramos B cells. (A) Ramos cells were incubated
with the indicated concentrations of Bz-423 and then Bz-423 was washed out of the
media at various time points (1 h: black open squares, 2 h: green circles, 3 h: brown
inverted triangles, 4 h: red squares, 5 h: blue diamonds, no wash: black triangles).
Cell viability was determined by propidium iodide (PI) exclusion after 24 h of total
culture. (B) Superoxide production measured by the oxidation of DHE (1 h) in
response to Bz-423 and reported as median fluorescent intensity (MFI) values. Black
bars = MEFs (no inhibitor, [Bz-423]=12 wM); white bars=Ramos cells (no
inhibitor, [Bz-423] =8 wM); grey bars = Ramos cells pre-treated with PEG-CAT
(200 U/mL, overnight) followed by Bz-423 (8 wM). Control MEF vs. Ramos:
P > 0.05; Bz-423 MEF vs. Ramos: P = 0.004; control Ramos no inhibitor vs. PEG-
CAT: P > 0.05; Bz-423 Ramos no inhibitor vs. PEG-CAT: P > 0.05.

Table 1
Catalase does not inhibit Bz-423.
No inhibitor PEG-CAT®
Control 6.7 +£1.21 7.7 £1.6'
Bz-423% 94.0 £1.0 92.1 + 1.4}
2 Cells were pre-treated with PEG-CAT (overnight, 200 U/mL).
" Values reported are % PI positive cells (24 h).
¥ P> 0.05 for no inhibitor vs. PEG-CAT.
8 [Bz-423] =8 wM.
Table 2
Intracellular glutathione concentrations.
mGSH? cGSH'
Ramos 1.8 +0.3* 20.1+1.2
MEF 35+03% 54.4 + 6.0°

¢ mGSH = mitochondrial GSH.
' ¢GSH = cytosolic GSH.

+ nmol/mg protein.

8 P <0.001 for Ramos vs. MEF.

Activated ASK1 triggers a MAP kinase cascade that results in
phosphorylation and activation of JNK [4]. To determine if this
response occurs in other cell types, ASK1-thioredoxin (Thx)
complexes were immunoprecipitated from lysates of Ramos B
cells treated with Bz-423. In contrast to what is observed in MEFs,
treatment of Ramos cells with Bz-423 does not cause release of
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Fig. 2. Bz-423 does not activate ASK1/JNK in Ramos cells. (A) After treatment with
Bz-423 (10 wM) for the indicated times, Thx was immunoprecipitated from cellular
lysates, and the immune complexes blotted for ASK1 and Thx. (B) Lysates prepared
from cells treated with Bz-423 (10 wM) were immunoprecipitated for ASK1 and
then blotted to detect total ASK1 and phospho-ASK1. (C) ASK1 was
immunoprecipitated from Ramos cell lysates treated with H,0, (1 mM, 1 h) and
reacted with MKK6 and p38 as described in Section 2. Lane A: no lysate + inactive
MKKG® + inactive p38; lane B: no lysate + active MKK6 + inactive p38; lane C: control
lysate + inactive MKK6 + inactive p38; lane D: H,O,-treated lysate +inactive
MKK®6 + inactive p38. (D) Lysates prepared from Ramos cells treated with Bz-423
(10 uM) were immunoblotted to detect total and phosphorylated JNK. (E)
Following pre-treatment with SP600125 (1 wM, dashed line) or vehicle (solid
line), Ramos cells were incubated with Bz-423 and viability (24 h) was determined
by PI exclusion.

ASK1 from its complex with thioredoxin (Fig. 2A), nor does it cause
ASK1 phosphorylation (Fig. 2B). To confirm that ASK1 is functional
in these cells, immunoprecipitated ASK1 from cells treated with
hydrogen peroxide was found to activate MKK6 detected by
phosphorylation of p38 in an in vitro kinase assay (Fig. 2C).
Consistent with the lack of ASK1 activation, treatment with Bz-423
does not result in phosphorylation of JNK, and inhibition of JNK
with SP600125 does not protect Ramos cells from Bz-423-induced
apoptosis (Fig. 2D and E). To determine if the oxidative stress

induced by Bz-423 activates other MAP kinases, the effect of Bz-
423 treatment on p38 and ERK phosphorylation was determined.
Similar to the results with JNK, Bz-423 does not induce
phosphorylation of these MAP kinases (data not shown). These
results suggest that different mechanisms couple Bz-423-induced
superoxide to apoptosis in Ramos B cells and fibroblasts.

3.3. Bz-423-induced apoptosis depends upon Bcl-2 proteins

Since Bz-423 does not activate ASK1-JNK in Ramos cells, we
determined if elements of the apoptotic mechanism downstream
of JNK in fibroblasts are part of the Bz-423 response in these
lymphoid cells. In fibroblasts, activation of Bax and/or Bak is
critical for Bz-423 to induce apoptosis, as knockout of these
proteins inhibits cell killing [4]. Treatment with Bz-423 increases
the amount of Bax in the mitochondrial fraction and decreases its
cytoplasmic concentration starting at 3 h (Fig. 3A). These findings
are consistent with Bz-423 causing Bax activation and transloca-
tion prior to the release of cytochrome c which is observed starting
at 4 h (Fig. 3A). To confirm that Bax undergoes activation and
assess whether Bak is also activated in response to Bz-423, Ramos
cells were incubated with antibodies to Bax and Bak that recognize
a cryptic N-terminal epitope that is only accessible after activation.
Cells treated with Bz-423 display a bright, punctate staining
pattern with each antibody by immunofluorescence microscopy
(Fig. 3B). This pattern is not seen in control cells, and these results
are consistent with activation and mitochondrial localization of
these proteins in response to Bz-423. These results indicate that in
both lymphoid cells and fibroblasts, apoptosis induced by Bz-423
involves some common elements of the cells apoptotic machin-
ery—activation of Bax and Bak.

To determine if Bax and/or Bak is required for the Bz-423 death
response, Ramos cells were transfected with siRNAs to reduce the
expression of both proteins [11]. Transfection with siRNAs specific
for Bax, Bak, or a combination of the two reduced expressions by
greater than 90% relative to control cells transfected with a siRNA
control sequence that is not present in the human genome (data
not shown). Knockdown of Bax, Bak, or both proteins does not
inhibit Bz-423-induced superoxide formation, as detected by DHE
(Fig. 4A). This result is consistent with Bz-423 binding to the
mitochondrial F;Fo-ATPase to induce superoxide formation
directly as a consequence of target binding [12]. In contrast,
knockdown of each protein inhibits Bz-423-triggered AW,
collapse and cell death (Fig. 4B-D). Interestingly, knockdown of
Bak alone is more inhibitory than knockdown of Bax alone, while
the combination almost completely inhibits Bz-423-induced
apoptosis. These results indicate that activation of Bax and Bak
is central to the Bz-423 death mechanism in Ramos cells.

3.4. How does Bz-423 activate Bax and Bak in Ramos B cells?

In MEFs Bax and Bak activation is dependent on JNK and protein
synthesis, neither of which are required in Ramos cells (vide supra
and [13]). Therefore, we examined the response of upstream Bcl-2
proteins to define the mechanism that couples Bz-423-induced
superoxide to Bax/Bak activation in the lymphoid cells. Increased
expression or post-translational modifications of BH3-only pro-
teins activate Bax and Bak in response to a variety of cellular
stresses [14,15]. Cellular lysates were therefore screened with
antibodies against Bad, Puma, Noxa, Bik, Bid, Bmf, and Bim. As can
be seen in Fig. 5A, Bz-423 does not increase the expression of any of
these pro-apoptotic proteins, consistent with the inability of
cycloheximide to prevent Bz-423-induced cell death [13]. In
addition to increased expression, the BH3-only protein Bad can be
regulated by post-translational phosphorylation of Ser-112 and
Ser-136 whereby dephosphorylation triggers its activation and
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Fig. 3. Bz-423 activates Bax and Bak. (A) Ramos cells were treated with Bz-423
(10 wM) for the indicated times followed by cell fractionation. Cytosolic and
mitochondrial Bax and cytochrome c was detected by immunoblot. (B) Ramos cells
were treated with vehicle or Bz-423 (10 wM, 12 h) followed by detection of
activated N-terminal Bax or Bak by immunofluorescence microscopy.

Control

Bz-423

release from 14-3-3 proteins [14]. Treatment with Bz-423 induces
dephosphorylation of Bad at both serine residues within 2 h
(Fig. 5B) indicating that in Ramos cells, Bz-423 is activating this
BH3-only protein via post-translational mechanisms. To deter-
mine the functional significance of Bad and evaluate the roles of
other selected BH3-only proteins in the Bz-423 response
mechanism, Ramos cells were transfected with siRNAs specific
for Puma, Bad, Bik, and Bim. The transfections decreased
expression of the target proteins by 60-90% relative to control
siRNA (Fig. 6A and B; Table 3). Decreasing the expression of each of
these BH3-only proteins generates partial resistance to Bz-423-
induced cell death (Fig. 6B). Knockdown of Bik provides the most
protection followed by knockdown of Bim, Bad, and Puma.
Knockdown of all four BH3 proteins together provides greater
protection than any individual BH3-only protein. This result
suggests that superoxide induced by Bz-423 is translated into an
array of upstream BH3-only protein responses that lead to Bax and
Bak activation.

The balance between the levels of pro- and anti-apoptotic Bcl-2
proteins regulates activation of Bax and Bak [16]. Given the
generalized BH3-only response of Ramos cells to Bz-423, we
measured the levels of anti-apoptotic Bcl-2 proteins (e.g., Bcl-2,
Bcl-x;, Mcl-1) because a decrease in their expression can lead to an
imbalance with pro-apoptotic BH3-only proteins that favors cell
death. In order to detect specific early responses to Bz-423-induced
superoxide, we screened cellular lysates to detect changes in these
proteins at time points preceding MOMP, as monitored by
cytochrome c release and A, collapse. Bz-423 does not affect
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Fig. 4. Knockdown of Bax and Bak inhibit Bz-423-induced apoptosis. Ramos cells
were transfected with siRNA for control (circles, solid line), Bax (squares, long
dashes), Bak (diamonds, short dashes), or both Bax and Bak (triangles, dotted line)
followed by treatment with Bz-423. (A) Superoxide production (1 h) was measured
using DHE. (B) A¥,,, (6 h) was measured using DIOCg(3). ‘P < 0.05 for Control vs. Bax
or Bak or Bax/Bak; P < 0.05 also for Bax vs. Bak at [Bz-423] > 5 wM. (C) Cell viability
(24 h) was measured by Pl exclusion. ‘P < 0.05 for Control vs. Bax or Bak or Bax/Bak;
P < 0.05 also for Bax vs. Bak at [Bz-423] > 6 wM. (D) Apoptosis (24 h) was measured
by identifying cells with subGo-DNA content. ‘P < 0.05 for Control vs. Bax or Bak or
Bax/Bak; P < 0.05 also for Bax vs. Bak at [Bz-423] > 5 pM.
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Fig. 5. Changes in BH3-only proteins following treatment with Bz-423. (A)
Following treatment with Bz-423 (10 wM) for the indicated times, total cell lysates
were analyzed by immunoblot for the indicated BH3-only proteins. (B) Following
treatment with Bz-423 (10 wM) for the indicated times, total cell lysates were
analyzed by immunoblot for phospho-Bad.

levels of Bax, Bak, Bcl-2 or Bcl-x; (Fig. 7A) but it decreases the level
of anti-apoptotic Mcl-1 starting at 2 h (Fig. 7B). The decrease in
Mcl-1 expression is prevented by pre-treatment with MnTBAP.
Thus, Mcl-1 is downstream of the superoxide response and
temporally positioned to potentially account for Bax and Bak
activation which occurs at later times. These results suggest that in
Ramos cells Bz-423-induced superoxide leads to Bax and Bak
activation via changes in Mcl-1 expression and functional
activation of BH3-only proteins.

4. Discussion

While modulation of the F;Fy-ATPase in lymphocytes and
fibroblasts results in the formation of superoxide, this signal is
propagated differently in each cell type, resulting in different cell
death pathways. Lymphocytes are more sensitive to Bz-423 than
fibroblasts in vitro and in vivo, suggesting that the different
responses result from differences in factors that limit superoxide
signaling, such as cellular antioxidant defenses which include
antioxidant enzymes (e.g. superoxide dismutases, catalases,
peroxidases) and low molecular weight antioxidants (e.g. glu-
tathione) [17,18]. Indeed, lymphocyte-rich splenic tissue has low
levels of dismutase and peroxidase activities [19]. We have
demonstrated that compared to fibroblasts, Ramos B cells have low
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Fig. 6. Knockdown of BH3-only proteins inhibits Bz-423-induced cell death. (A)
Ramos cells were transfected with siRNA for the indicated BH3-only proteins
followed by preparation of total cell lysates and determination of Bad, Bim, Bik, and
Puma by immunoblot. All represents lysates from cells transfected with siRNA for
Bad, Bim, Bik, and Puma. (B) Ramos cells were transfected with siRNA for control
(circles, solid line), Bad (squares, long dashes), Bik (diamonds, short dashes), Bim
(triangles, dotted line), Puma (inverted triangles, alternating long and short dashes),
or All (open circles, solid line) followed by treatment with Bz-423. Cell viability
(24 h) was determined by PI exclusion. “P < 0.001 for Control vs. All. In addition,
P < 0.01 for Control vs. Bad at [Bz-423] > 6 wM; P < 0.01 for Control vs. Bik at [Bz-
423] > 5 wM; P < 0.02 for Control vs. Bim at [Bz-423] > 5 wM; P < 0.02 for Control
vs. Puma at [Bz-423] > 6 wM; P < 0.05 for All vs. Bad or Bik or Bim or Puma at all
[Bz-423] > 3 pM.

Table 3
Quantitative % decrease in BH3-only protein expression.

Single siRNA Combined siRNA

Bad 80 83
Bim EL 85 79
Bim L 64 70
Bim S 59 60
Bik 91 83
Puma 88 86

levels of glutathione, which as the major cellular redox buffer is a
representative indicator of the overall redox environment of the
cell [18]. Decreased antioxidant stores are likely one critical factor
contributing to increased sensitivity of B cells to Bz-423.

In all cell types studied, apoptosis induced by Bz-423 critically
depends upon the activation of pro-apoptotic Bcl-2 proteins Bax
and Bak. In fibroblasts, Bax and Bak can substitute for one another,
while in Ramos cells, knockdown of Bak protects more than
knockdown of Bax [4]. It is well accepted that activation of Bax and
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Fig. 7. Levels of multi-domain Bcl-2 proteins. (A) Ramos cells were treated with Bz-
423 (10 wM) for the indicated times followed by detection of total cellular Bcl-x,
Bcl-2, Bax and Bak by immunoblot. (B) Ramos cells were pre-treated with MnTBAP
(100 wM, 0.5 h) or vehicle prior to treatment with Bz-423 (10 wM) for the indicated
times followed by detection of total cellular Mcl-1 by immunoblot.

Bak depends upon on the balance between anti-apoptotic Bcl-2
proteins such as Bcl-2, Bcl-x;, and Mcl-1, and pro-apoptotic BH3-
only proteins, however, the specific steps that mediate this
activation remain controversial [20]. Indeed, recent reports have
demonstrated that not all anti-apoptotic Bcl-2 proteins are
functionally equivalent [21]. For example, Bak preferentially binds
to Mcl-1 and Bcl-x;, and forced overexpression of Bcl-2 is unable to
prevent Bak activation [21]. To determine if changes in anti-
apoptotic Bcl-2 protein expression activates Bax and Bak, we
examined the levels of Bcl-2, Bcl-x;, and Mcl-1. In contrast to
fibroblasts which express constant levels of all three proteins
(unpublished observations), Ramos cells do not express Bcl-2, and
they have stable levels of Bcl-x;. Interestingly, treating Ramos cells
with Bz-423 decreases levels of Mcl-1. Although it is possible for
Bcl-x to be functionally inactivated by BH3-only proteins in the
absence of changes in protein level [22], the decrease in Mcl-1
levels following Bz-423 treatment suggests that the anti-apoptotic
threshold in these cells depends primarily upon Mcl-1. Given the
preferential association between Mcl-1 and Bak, the early decrease
in Mcl-1 induced by Bz-423 supports the prominent role for Bak in
Bz-423-induced apoptosis.

The decrease in Mcl-1 is likely a proximal step in the signal
transduction pathway activated by Bz-423, as it is first detected at
2 h, prior to Bax translocation (~3 h), cytochrome c release (4-5 h),
caspase activation (3-4 h), and A¥, collapse (5-6 h) (vide supra
and [2]). In addition, Mcl-1 levels are preserved when cells are pre-
treated with MnTBAP, making the decrease dependent upon and
downstream of superoxide formation. Mcl-1 is a labile protein
subject to rapid degradation by multiple pathways. In response to
some stimuli, Mcl-1 is specifically cleaved by caspase 3 after Asp-
127 and Asp-157 to yield 27 and 19 kDa fragments [23,24]. It is
unlikely that this pathway is active in Ramos cells following Bz-
423 treatment, as Mcl-1 levels start to decrease before caspase
activation or MOMP is observed and because we do not observe the
formation of the Mcl-1 fragments by Western blot (unpublished
observation). Binding of BH3-only proteins to Mcl-1 can also
trigger a decrease in this protein via proteasomal degradation, as
has been demonstrated with overexpression of Noxa [21].
However, in our system, we do not detect increased levels of
Noxa or other BH3-only proteins following treatment with Bz-423.
We have previously demonstrated in Ramos B cells that Bz-423, via
superoxide-dependent signaling, increases the efficiency of
targeting short-lived proteins such as c-myc for proteasomal
degradation [25]. In a manner similar to c-myc, basal levels of Mcl-
1 are tightly controlled by the E3 ubiquitin ligase Mule, such that a

superoxide-dependent increase in proteasomal degradation may
contribute to the ability of Bz-423 to decrease Mcl-1 levels [26].

The steps intervening between Bz-423-induced superoxide,
Mcl-1 degradation, and Bax/Bak activation are currently unclear.
Activation of BH3-only proteins is one well-established mechan-
ism by which Bax and Bak are activated following an apoptotic
stimulus [20]. These proteins are regulated by changes in
expression as well as post-translational modifications including
phosphorylation and changes in cellular localization [14,15]. As
noted above, and consistent with the lack of protection from
cycloheximide, Bz-423 does not induce increased levels of
expression of the seven BH3-only proteins examined. Knockdown
of several BH3-only proteins does however inhibit Bz-423-induced
apoptosis, suggesting that post-translational regulation of these
pro-apoptotic proteins may be more relevant. Indeed, we observe
Bad dephosphorylation following Bz-423 treatment. Among its
many targets, activated Akt suppresses apoptosis by phosphor-
ylating Bad to inhibit its pro-apoptotic actions [27]. The treatment
of U937 leukemia cells with 2-methoxyestradiol to induce
superoxide formation can trigger apoptosis via inhibition of Akt
[28]. In a parallel manner, Bz-423-induced superoxide may inhibit
Akt to trigger Bad activation and Mcl-1 degradation.

The absence of Bz-423-mediated activation of ASK1 and MAP
kinases in Ramos cells is surprising given their importance in stress
responses and the role they play in fibroblast apoptosis induced by
this compound. Since ASK1 is functional in Ramos cells (e.g., see
Fig. 2C), activation of this protein must be regulated differently in
these cells. Indeed, MAP kinase activation is tightly regulated
across cell types and stages of development and involves the
balance between pro- and anti-survival signals [6]. MAPK
activation is affected by the basal activity of dual specificity of
phosphatases such as MKP-1, and the presence of scaffolding
proteins that are necessary to coordinate phosphorylation
cascades [6,29,30]. There is also crosstalk between the Bcl-2
proteins and MAP kinases as high levels of anti-apoptotic Bcl-2
proteins inhibit MAP kinase activation [31]. The higher levels of
Bcl-x; expressed in Ramos cells compared to fibroblasts (unpub-
lished observations) may limit the ability of Bz-423 to activate JNK
in lymphocytes.

In summary, we found that the signal transduction pathways
that link Bz-423-induced superoxide to apoptosis in lymphocytes
and fibroblasts are distinct. Although both cell types couple
superoxide to the activation of Bax and Bak, the upstream
apoptotic response to this signal is propagated differently in B
cells and fibroblasts. In particular, Mcl-1 expression is down-
regulated by Bz-423 in B cells. Low levels of intracellular
antioxidants and the potential for superoxide to induce Mcl-1
degradation have been identified as characteristics to explain
differential sensitivity to Bz-423 between B cells and fibroblasts.
Such differences are likely key elements of the mechanism that
underlies the selectivity observed in vivo, favoring apoptotic effects
on disease-causing lymphocytes.
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