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ABSTRACT 

 

Bz-423 is a non-anxiolytic 1,4-benzodiazepine that ameliorates disease in animal 

models of lupus, arthritis and psoriasis.  Concomitant with these therapeutic effects, Bz-

423 induces lineage-specific apoptosis of pathogenic lymphocytes or selectively blocks 

proliferation of psoriatic skin cells.  Mechanistic studies in B cells demonstrated that Bz-

423 promotes mitochondrial superoxide (O2
•–) production, and the magnitude of this 

response distinguishes between growth arrest and apoptosis.  The Bz-423-induced O2
•– 

response results from modulation of the FoF1-ATPase.  Bz-423 binds to the oligomycin 

sensitivity-conferring protein (OSCP) component of the FoF1-ATPase, which causes the 

rate of ATP synthesis to slow and forces the mitochondrial respiratory chain into a 

reduced state that favors overproduction of O2
•–.   

The overarching goal of the experiments described in this dissertation is, 

therefore, to identify factors underlying the selective effects of Bz-423 on pathogenic 

cells in vivo by elucidating signaling pathways that link elevated mitochondrial O2
•– 

production to growth arrest or apoptosis.  Towards this goal, proteasomal degradation of 

c-Myc, an oncogenic transcription factor that regulates cell-cycle progression, was 

identified as an essential component of the mechanism leading to Bz-423-induced growth 

arrest.  While this mechanism was identified in B cells, it likely contributes to the anti-

psoriatic activity because c-Myc levels are reduced in psoriatic skin treated with Bz-423.  
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Although Bz-423 specifically depletes pathogenic CD4+ T cells in the MRL/MpJ-

Faslpr murine model of lupus, the apoptotic response to Bz-423 has been characterized 

primarily in B cells.  To address this point, Bz-423-induced apoptosis was investigated in 

CD4+ T cell leukemia lines.  Unlike some pro-oxidants, Bz-423-induced O2
•– does not 

cause opening of the mitochondrial permeability transition pore, but instead triggers a 

specific, extra-mitochondrial cascade marked by increased levels of the pro-apoptototic 

Bcl-2 family proteins Noxa and Bak.  The resulting activation of Bak, commits a cell to 

die in response to Bz-423 by inducing release of apoptogenic proteins (e.g., cytochrome 

c) sequestered inside mitochondria.  Intersection of this apoptotic mechanism with 

vulnerabilities in autoreactive T cells, including mitochondrial bioenergetic abnormalities 

favoring overproduction O2
•– and upregulation of Noxa in response to antigenic 

stimulation, likely underlies the selective depletion of pathogenic lymphocytes in vivo. 
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CHAPTER 1 

INTRODUCTION  

 

Mitochondria are central regulators of cell fate: A principle cellular function of 

mitochondria is to perform oxidative phosphorylation, a process that generates ATP using 

energy derived from the controlled oxidation of glucose [1].  Because a cell must 

maintain ATP levels to remain viable, inhibition of oxidative phosphorylation can lead to 

death [2, 3].  However, mitochondria can influence cell fate by a variety of other 

mechanisms including release of pro-apoptotic proteins into the cytosol [4], production of 

reactive oxygen species [5], and regulation of cellular Ca2+ levels [6].  Through these 

effects, mitochondria contribute to a wide variety of cellular process including apoptosis 

[4], autophagy [7], T cell activation [8], and insulin secretion by pancreatic β-cells [9].  It 

is not surprising, therefore, that mitochondrial abnormalities are associated with a wide 

variety of pathological conditions including cancer [10], autoimmune disease (e.g., 

systemic lupus erythematosus (SLE)) [11], Parkinson’s disease [12], Alzheimer’s disease 

[13], as well as the natural process of aging [14].  In addition, a number of small 

molecules have been identified whose therapeutic effects arise from manipulation of 

mitochondrial activity [15].  This chapter will introduce key aspects in mitochondrial 

structure, function and regulation with particular attention paid to mechanisms by which 

mitochondrial activity can be modulated therapeutically. 
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Mitochondrial numbers, sub-cellular distribution, and structure: Mitochondria are 

dynamic organelles – mitochondrial morphology and sub-cellular distribution vary both 

between cell types and within a particular cell in response to changes in physiological 

conditions [16].  For example, mitochondria exist as an extended tubular network in 

endothelial cells such as fibroblasts or hepatocytes [16].  In contrast, mitochondria form 

discrete “sausage-shaped” units (~3-4 nm in length and ~1 nm in diameter) in 

lymphocytes (Figure 1.1A and [16-18]).  The extended mitochondrial network in 

endothelial cells is fragmented by the mitochondrial fission machinery (e.g., the 

dynamin-related GTPase Drp1, the large transmembrane GTPase Mfn2 and the lipid 

transferase endophillin B1) during mitosis to allow equal distribution of mitochondria 

between daughter cells [19].  Mitochondrial fragmentation is also observed during 

apoptosis, although this response is not necessary for cell death (see Chapter 3 

Introduction; [20]). 

Comparisons of transmission electron microscopy images indicate that 

mitochondrial numbers vary widely between cell-types [16].  For instance, endothelial 

cells have ~50 mitochondria per cell, while cardiac muscle cells contain >103 

mitochondria, presumably due to their elevated ATP demands [16].  In contrast, 

mitochondria are present in lower numbers in lymphocytes [16, 18].  For example, human 

peripheral blood T cells only contain only three mitochondria on average [21], which 

presumably contributes to the low level of mitochondrial respiration (i.e., O2 

consumption) in this cell-type [22].  However, mitochondrial mass is increased more than 

five-fold in T cells 24 h after antigenic stimulation, which corresponds to the elevated 

energy demands associated with increased proliferation and secretion of immune effector 
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molecules [23].  In addition, peripheral blood T cells from SLE patients, which are 

subject to persistent stimulation by self-antigens, have more than eight mitochondria per 

cell [21].  Hence, mitochondrial numbers are variable between cell-types and appear to be 

increased when energetic demands are elevated. 

Distribution of mitochondria within the cytosol is cell-type dependent [18, 24].  

Mitochondria are organized into filaments that surround axons in neurons and contractile 

fibers in skeletal-muscle cells [25].  In contrast, sperm contain a sheath of mitochondria 

that surrounds flagella and allows for efficient production of ATP needed to power 

motility [24].  In many cell-types, mitochondria are found close to the endoplasmic 

reticulum (ER), which enables rapid equilibration of Ca2+ between these two organelles 

[26].  In addition, mitochondrial sub-cellular distribution can be altered in response to 

changes in physiological conditions.  For example, mitochondria redistribute to the 

plasma membrane in lymphocytes following antigenic stimulation, where they uptake 

Ca2+ entering the cell through Ca2+-release activated Ca2+ (CRAC) channels [27].  

Mitochondria then slowly release stored Ca2+, which prevents the initial Ca2+ flux from 

reaching dangerous levels, but also maintains an elevated intracellular concentration of 

Ca2+ ([Ca2+]i) over time [27].  Buffering of the Ca2+ flux-induced antigen-receptor 

stimulation is an example of how mitochondria regulate cell fate independent of ATP 

synthesis. 

Despite the heterogeneity in mitochondrial number and sub-cellular distribution, 

this organelle displays a conserved structural organization characterized by a double 

membrane, which defines two internal compartments (Figure 1.1B; [28]). The 

mitochondrial outer membrane separates bulk cytosol from the mitochondrial inter- 
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Figure 1.1 - Mitochondrial structural features. (A) Mitochondrial structural 

features apparent in a transmission electron microscopy image of a CCRF-CEM T cell 
leukemia cell (13,500x).  (B) Mitochondrial structural diagram illustrating key features 
[29].  Figure adapted from [30].  See text for details. 

 
 
 

 membrane space (MIS).  Due to the presence of non-specific channels (porins) such as 

the voltage-dependent anion channel (VDAC), the translocase of the outer membrane 

(TOM), and the peptide-sensitive channel (PSC), the mitochondrial outer membrane is 

permeable to molecules (e.g., ions, metabolic intermediates and small proteins) with 

molecular weight <5 kDa [31].  Proteins that trigger apoptosis upon release into the 

cytosol (e.g., cytochrome c,) are sequestered in the MIS [4].  Hence, loss of 

mitochondrial outer membrane integrity is often the point at which cells are committed to 

the death in response to apoptotic stimuli (see Chapter 3 Introduction) [32]. 

The mitochondrial inner membrane lacks porins and is therefore impermeable to 

charged species, except those with specific transporters such as phosphate (HPO4
2-/OH- 
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antiporter) [33], ATP and ADP (adenine nucleotide transporter (ANT)) [34], and Ca2+ 

(mitochondrial Ca2+-uniporter) [35].  Along with these transporters, the mitochondria 

inner membrane also houses mitochondrial respiratory chain (MRC) complexes, which 

are described in detail in the following section.  The total surface area of the 

mitochondrial inner membrane is increased due to the presence of multiple folds that 

form invaginations known as cristae (Figure 1.1; [36]).  The compartment within the 

mitochondrial inner membrane is known as the matrix and houses tricarboxylic-acid 

(TCA)-cycle enzymes, which provide reducing equivalents to the MRC by oxidizing the 

glycolysis endproduct, pyruvate [37].   

Mitochondrial respiratory chain: The MRC is composed of five complexes, the 

properties of which are summarized in Table 1.1 [38].  Complexes I-IV are collectively 

referred to as the electron transport chain (ETC) because they shuttle electrons from 

NADH (or FADH2) to molecular oxygen [39].  ETC complexes I, III and IV span the 

mitochondrial inner membrane, while complex II is associated with the matrix face of the 

mitochondrial inner membrane via two anchor proteins (Figure 1.2; [40]). 

Electrons enter the ETC at complex I (NADH dehydrogenase) and II (succinate 

dehydrogenase) [41-43].  NADH dehydrogenase is composed of 42 subunits and has a 

total molecular weight >900 kDa, making it the largest of the ETC complexes [44].  

Complex I transfers electrons from NADH through a series of flavin-mononucleotides 

and iron-sulfur (Fe-S) clusters before reducing ubiquinone (Q) to ubiquinol (QH2) [44]. 

Transfer of electrons from QH2 to cytochrome c occurs at complex III (ubiquinone- 

cytochrome c oxidoreductase) via a series of redox intermediates including hemes, Fe-S 

clusters and ubisemiquinone (QH•-) [45].  
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Complex 
 

Name 
 

Reaction Catalyzed 

I NADH-ubiquinone oxidoreductase 

 
NADH + Q + 5Hi

+  
NAD + QH2 + 4Ho

+ 
 

II 
 

Succinate-ubiquinone oxidoreductase 
 

succinate + Q   
fumarate + QH2 

III 
 

Ubiquinone-cytochrome c oxidoreductase 
 

QH2 + 2cyt c3+ + 2Hi
+   

Q + 2cyt c2+ + 2Ho
+   

IV 
 

Cytochrome c oxidase 
 

4cyt c2+ + 8Hi
+ + O2  

4cyt c3+ + 4Ho
+ + H2O 

V 
 

FoF1-ATPase 
 

ADP + Pi  ATP + H2O 

 
 

 
Table 1.1 – Properties of mammalian mitochondrial respiratory chain 

complexes.  Q and QH2: oxidized and reduced forms of ubiquinone, respectively.  Hi
+ 

and Ho
+: proton that is on the matrix or MIS side of the mitochondrial inner membrane, 

respectively.  Data for this table is from [46]. 
 
 
 

Finally, complex IV (cytochrome c oxidase) transfers electrons from cytochrome c to 

molecular oxygen, which becomes fully reduced to water [47].  The net pathway within 

the ETC from NADH to O2 is depicted below (Equation 1.1). 

 
 
          NADH    NADH dehydrogenase    ubiquinone    
(1.1)  

 cytochrome c oxidoreductase  cytochrome c  cytochrome c oxidase  O2 
 

Complex II is the smallest component of the MRC (molecular weight ~100 kDa) and 

transfers electrons from the TCA-cycle intermediate succinate to Q via a prosthetic 



 7 

FADH2 group [48].  Flow of electrons from NADH or FADH2 to O2 is assured because 

each intermediate in the ETC has a higher affinity for electrons than its precursors (i.e., 

redox potentials increase) [49].  

Transfer of electrons from NADH or FADH2 to O2 by ETC complexes I, III and 

IV is accompanied by transport of protons across the mitochondrial inner membrane from 

the matrix to the MIS (Figure 1.2; [50]).  Proton pumping by complexes I, III and IV 

converts free energy liberated during the electron transfer reactions to establish an 

electrochemical gradient of 100-200 mV across the mitochondrial inner membrane [51].  

This electrochemical gradient has two components, the difference in the concentration of 

protons on each side (ΔpHm), and the electrical potential (Δψm) [52].  However, Δψm is 

the dominant component because the pH difference between the matrix and MIS is small 

(~0.5 units), which ensures a nearly neutral pH environment for enzymes in both 

compartments [53].  Transfer of protons out of the matrix causes this compartment to 

become negatively charged relative to the MIS.  Hence, accumulation of positively-

charged dyes (e.g., tetramethyl rhodium methyl ester (TMRM)) in the matrix can be used 

to monitor changes in Δψm [54]. 

The final component of the MRC is the FoF1-ATPase (complex V), which utilizes 

energy stored in the mitochondrial electrochemical gradient to synthesize ATP from ADP 

and Pi (see Figure 1.2; [55]).  The mammalian FoF1-ATPase contains 16 subunits and has 

a total molecular weight >600 kDa (Figure 1.3).  These subunits are classified into three 

domains (Figure 1.3).  The α3, β3, γ, δ, and ε subunits are grouped into the F1 domain, 

which protrudes into the matrix and contains the catalytic sites for ATP synthesis.  The  
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Figure 1.2 – Organization of the mitochondrial respiratory chain. The 

mitochondrial respiratory chain (MRC) is composed of five complexes.  Complexes I, II, 
III and IV are collectively referred to as the electron transport chain (ETC) because they 
shuttle reducing equivalents from NADH or FADH2 to O2.  Electron transport within 
complexes I, III and IV is coupled to pumping of protons from the matrix to the 
mitochondrial intermembrane space (MIS), which results in formation of an 
electrochemical gradient (Δψm) across the mitochondrial inner membrane.  Once in the 
MIS, protons return to the matrix through complex V, the FoF1-ATPase.  This passage of 
protons supplies the energy necessary for synthesis of ATP by the FoF1-ATPase.  See text 
for further detail. Figure adapted from [56].   

 
 

membrane imbedded Fo domain is composed of the c10-12 ring along with a number of 

accessory subunits.  The F1 and Fo domains are linked by a peripheral stalk, which 

contains subunits b, d and the oligomycin sensitivity-conferring protein (OSCP) (Figure 

1.3). 

Energy required for synthesis of ATP by the FoF1-ATPase is derived from passage 

of protons from the matrix to the MIS via a channel adjacent to the c10-12 ring in Fo  

 



 9 

 

 
Figure 1.3 – Proposed structure of the mammalian FoF1-ATPase. The FoF1-

ATPase is composed of three of three domains – a soluble F1 domain that contains the 
catalytic sites for ATP synthesis, an insoluble Fo domain containing the proton channel, 
and the peripheral stalk (subunits b, d and the oligomycin sensitivity-conferring protein 
(OSCP)) which links F1 and Fo.  See text for additional detail.  Figure adapted from [57]. 

 
 
 

(Figure 1.3; [57]).  Passage of protons through Fo channel causes the central portion of 

the FoF1-ATPase (c10-12, γ, δ, and ε) to rotate relative to the surrounding subunits [55]. 

Resulting changes in the orientation of γ relative to the α3β3 hexamer induces 

conformational changes in the β subunits that drive ATP synthesis [55].  The peripheral 

stalk acts as a stator that maintains orientation of the α3β3 hexamer in one orientation 

while γ rotates [57].  Hence, synthesis of ATP by the FoF1-ATPase is coupled to the Δψm 

generated by the ETC via by passage of protons through Fo.   
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Mitochondrial respiration: As described above, synthesis of ATP by the FoF1-

ATPase depends on the electrochemical gradient established by the ETC.  However, 

changes in FoF1-ATPase activity can also affect electron transport by the ETC.  Protons 

are unable to pass through the Fo channel when the FoF1-ATPase is inactive, which results 

in their accumulation in the MIS and hyperpolarization of Δψm (>150 mV) [58, 59].  The 

increase in proton motive force under these conditions makes pumping of protons from 

the matrix to the MIS energetically disfavored [43].  As a result, electron transport within 

the ETC slows when FoF1-ATPase activity is suppressed.  This decrease in ETC activity 

is often measured in terms of mitochondrial respiration (i.e., O2 consumption) because 

molecular oxygen is the terminal electron acceptor within the chain [60]. 

This relationship between FoF1-ATPase and ETC activity was first characterized 

in experiments examining O2 consumption by isolated mitochondria [61].  This approach 

identified four respiratory states based on the order reagents are added to an O2 electrode 

(Table 1.2).  In state 1, isolated mitochondria were incubated in buffer containing Pi, but 

lacking ADP or substrates for the ETC.  As a result, the rate of O2 consumption is low 

during State 1.  State 2 results from addition of ETC substrates, which is marked by 

generation of Δψm due to proton pumping by complexes I, III and IV.  However, the rate 

of O2 consumption remains low during state 2 because the FoF1-ATPase is inactive.  

Addition of ADP then stimulates FoF1-ATPase activity, which decreases Δψm and 

increases O2 consumption.  This respiration state marked by high rates of O2 consumption 

and ATP synthesis is termed state 3.  FoF1-ATPase activity is again reduced when all of 

the ADP is converted to ATP.  As a result, Δψm increases and O2 consumption decreases  
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Respiratory 
State 

 
Characteristics 

 
1 Mitochondria in buffer containing only Pi (low respiratory rate) 

2 ETC substrates added (low respiratory rate due to lack of ADP) 

3 Addition of ADP (high respiratory rate) 

4 All ADP converted to ATP (respiratory rate slows) 

 
 
Table 1.2 - Mitochondrial respiratory states.  See text for details.  Table based 

on data from [61].    
 
 

as mitochondria enter state 4.  Thus, suppression of FoF1-ATPase activity can lead to 

slowing of electron transport by the ETC due to accumulation of protons in the MIS. 

Production of superoxide O2
•– by the electron transport chain: O2

•– is produced via 

the single-electron reduction of molecular oxygen [62].  This reactive oxygen species 

(ROS) is a constituitive byproduct of oxidative phosphorylation owing to the presence of 

reactive intermediates (e.g., Fe-S clusters, flavoproteins and ubisemiquinones (QH•-)) 

competent for the one-electron reduction of O2 [43].  These reactive intermediates are 

sequestered within ETC complexes in the mitochondrial inner membrane to minimize 

release of electrons to O2 [42].  Nevertheless, between 0.5-3% of O2 consumed during 

state 3 respiration is converted to O2
•– [63-65].  

Production of O2
•– is enhanced under conditions where FoF1-ATPase activity is 

suppressed, but the ETC remains active (e.g., state 4 respiration).  As described above, 

decreased FoF1-ATPase activity prevents passage of protons through the Fo channel, 

which results in their accumulation of the MIS and hyperpolarization of Δψm (>150 mV). 

The increase in proton motive force under these conditions makes pumping of protons 

from the matrix to the MIS energetically disfavored.  As a result, electron transport 
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slows, which causes reactive intermediates throughout the ETC to be more reduced on 

average [43].  The extended half-life of reactive intermediates (e.g., Fe-S clusters, 

flavoproteins and ubisemiquinones) capable of donating an electron to molecular oxygen 

then leads to increased production of O2
- [43].  

Although single-electron reduction of molecular oxygen can in principle occur 

throughout the ETC, studies with isolated mitochondria suggest that complexes I and III 

are the primary sources of O2
•– [66-68].  Production of O2

•– by complex I has been 

studied primarily using the rodenticide rotenone, which inhibits the passage of electrons 

from the terminal Fe-S cluster to ubiquinone (Figure 1.4; [69]).  This block leaves 

proximal complex I intermediates in a reduced state and Fe-S centers [70, 71], flavin 

mononucleotide co-factors [72] as well as an enzyme-bound NADH [73] have all been 

implicated as the source of O2
•– production.  Regardless of the reactive intermediate(s) 

involved, these studies have demonstrated that production of O2
•– by complex I occurs 

solely into the mitochondrial matrix (Figure 1.4; [68, 69, 72, 74-78]).   

Complex III, by contrast, can release O2
•– into both the matrix and MIS (Figure 

1.4).  During active respiration ubisemiquinones (UQ•-) are generated transiently at 

reaction centers on the matrix and MIS faces of complex III [79].  Autooxidation of UQ•- 

can lead to production of O2
•– (Reaction 1.2).  Thus, release of O2

- by complex III 

increases in response to conditions that extend the half-life of the UQ•- intermediates 

[79]. 

 

(1.2)           UQ•-  +  O2   Q  +  H+  + O2
•– 
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Figure 1.4 – Production of O2

•– by the electron transport chain.  (A) Chemical 
structure of the complex I inhibitor rotenone and the complex III inhibitor antimycin A. 
(B) Complexes I and III are the primary centers of O2

•– production in the ETC.  Rotenone 
blocks ubiquinol (QH2) reduction by complex I, which leads to release of O2

•– into the 
mitochondrial matrix.  Complex III shuttles electrons from QH2 to cytochrome c via a 
cyclic series of reactions.  Antimycin A blocks regeneration of QH2, which leads to 
accumulation of ubisemiquinone intermediates on the matrix and MIS face of complex 
III, and release of O2

•– into both compartments.  Once formed, O2
•– is converted to H2O2 

via MnSOD in the matrix and Cu,ZnSOD in the MIS.  H2O2 is further reduced to water 
by catalase and/or glutathione peroxidase (GPX) or to hydroxyl radical (HO•) by Fenton-
like chemistry.  See text for further detail.  Figure adapted from [26]. 
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For instance, the antibiotic antimycin A inhibits oxidation of QH•- to Q at the reactive site 

on the matrix face of complex III [80].  Because distal electron transfer reactions are not 

impaired in the presence of antimycin A, QH•- intermediates accumulate at reaction 

centers adjacent to both the matrix and MIS reaction centers, and release of O2
•– into both 

compartments (Figure 1.4; [42, 67, 81]).  Production of O2
•– by the ETC is considered in 

more detail in the discussion for Chapter 3.   

Characteristics of reactive oxygen species: Due to the presence of an unpaired 

electron, O2
•– is more reactive than molecular oxygen.  For example, O2

•– oxidizes Fe-S 

clusters at rates that are often diffusion limited [82].  In this reaction, reduction of O2
•– to 

H2O2 is tied to conversion of Fe2+ to Fe3+, which can then be released from the Fe-S 

cluster [83].  The TCA-cycle enzyme aconitase is inactivated by O2
•– due to oxidation of 

the solvent exposed Fe-α within the catalytic site [4Fe-4S]2+ cluster (k ~5 x 106 M-1s-1) 

[84].  Thus, aconitase inactivation represents a sensitive assay for increased levels of O2
•– 

in the mitochondrial matrix [77, 84, 85]. 

  In addition to oxidation of Fe-S clusters, O2
•– is rapidly converted into hydrogen 

peroxide (H2O2) either by spontaneous dismutation (k ~4.5 x 105 M-1s-1) at physiological 

pH or through a reaction catalyzed by superoxide dismutases (SODs) [83].  In the 

mitochondrial matrix, this reaction is accomplished by an SOD containing a manganese 

co-factor (MnSOD; k ~1.2 x 109 M-1s-1), while another isoform (Cu,Zn-SOD; k ~0.6 x 109 

M-1s-1) is present in the cytosol and MIS (Figure 1.4; [83]). O2
•– also reacts with thiols, 

however, this process is disfavored in vivo because it is slow (1 - 103 M-1s-1) relative to 

Fe-S cluster oxidation or dismutation into H2O2 [86].  Due to rapid oxidation of Fe-S 
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clusters or conversion to H2O2 via dismutation reactions, cellular O2
•– concentrations are 

estimated at <10~11 M [87]. 

H2O2 can also oxidize Fe-S clusters, but this process is slow (k ~1-102 M-1s-1) 

relative to the oxidation of cysteine thiols (Cys-SH) to sulfenic acids (Cys-SOH), which 

occurs at rates up to 106 M-1s-1 [88].  Once formed, Cys-SOH groups can condense with 

vicinal Cys-SH to form disulfide linkages [88].  In addition, H2O2 can further oxidize 

Cys-OH groups to sulfinic (Cys-SO2H) or sulphonic (Cys-SO3H) acids [88].  Because 

sulfenic acid formation is mediated by nucleophilic attack on the peroxide bond, thiolate 

anions (Cys-S-) are more reactive than their protonated counterparts [89].  Consequently, 

reaction rates of cysteines with H2O2 vary widely (k ~10-106 M-1s-1), depending on the 

local protein environment [88, 89].  Neighboring positively charged residues, which 

lower the thiol pKa by stabilizing the resulting Cys-S-, enhance reactivity [89].  

Differences in the reactivity of cysteine thiols with H2O2 appear to confer selectivity in 

vivo.  For instance, because a specific set of proteins were found to contain oxidized Cys-

SH residues in a proteome-wide study of peripheral blood T cells pulsed with H2O2 (1 

mM) for 5 minutes [90].  

While O2• and H2O2 display specificity in terms of their biological targets, 

hydroxyl radical (HO•) indiscriminately reacts with carbohydrates, lipids, proteins, and 

DNA at rates that are diffusion-limited (k ~109) [91, 92].  HO• is generated by reduction 

of H2O2 via metal-based Fenton chemistry (Reaction 1.3; [93]). 

 

(1.3)           H2O2  +  Fe2+   HO•  +  HO- +  Fe3+ 
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HO• can oxidize cysteine thiols, add to alkenes, and extract hydrogen atoms from 

saturated carbons [93].  The resulting carbon-centered radicals can then form cross-links 

with other biological macromolecules [93].  In addition, HO• can damage DNA by 

degrading nucleotides and cleaving phosphodiester linkages [91].  Because of these 

properties, the toxicity effects of [H2O2] >1 mM (e.g., lipid peroxidation) are thought to 

primarily result from HO• formation [91, 93]. 

 To limit the deleterious production of HO• by Fenton chemistry, H2O2 is reduced 

to water by two cellular antioxidant systems.  These are the enzyme catalase, which is 

present in the cytosol and MIS, and catalyzes dismutation of H2O2 to H2O and O2 (Figure 

1.4; [94]).  In addition, glutathione peroxidase (GPX) can reduce H2O2 using electrons 

generated from oxidation of the tripeptide γ-glutamyl-cysteinyl-glycine (glutathione; 

(GSH)) to the corresponding disulfide (GSSG) [95].  GSH is synthesized by the 

sequential actions of γ-glutamyl-cysteine synthetase and glutathione synthetase and is 

present in millimolar concentrations (0.5-10 mM) in both the mitochondria and the 

cytosol [96].  Regeneration of GSH is mediated by glutathione reductase (GPR), which 

reduces GSSG using electrons derived from NADH (Figure 1.4; [96]).  Glutathione 

peroxidase/reductase couples are present in the matrix, cytosol and MIS [95].  Together, 

catalase and GPX maintain steady-state H2O2 levels at <10-7 M [82]. 

In addition to differences in their chemical reactivity, O2
•– and H2O2 vary in terms 

of their lipid solubility.  Because O2
•– is charged it cannot diffuse through lipid bilayers, 

while H2O2 is neutral and therefore lipid soluble [62].  As described above, the 

mitochondrial inner membrane is highly impermeable to charged species in the absence 

of specific transporters [34]  As a result, O2
•– released into the mitochondrial matrix is 
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unable to escape from this compartment [97].  The inability of O2
•– to escape from the 

matrix explains the lack of O2
•– release from isolated mitochondria following inhibition 

of complex I with rotenone [82, 98].  In contrast, the O2
•– dismutation product H2O2 can 

diffuse through the mitochondrial inner membrane [91].  Thus, the increase in matrix O2
•– 

levels induced by inhibition of complex I with rotenone is detected results in enhanced 

release of H2O2 from mitochondria [74, 77]. 

While O2
•– is usually trapped in the matrix, it can escape from the MIS [99, 100].  

Experiments using the electron-paramagnetic resonance (EPR) spin trap 5,5’-dimethyl-1-

pyrroline-N-oxide (DMPO) to detect O2
•– released from isolated mitochondria indicate 

that this ROS escapes the MIS at rate of ~0.04 nmol/min/mg protein during state 3 

respiration [101].  Consistent with data indicating that complex III releases O2
•– into both 

the matrix and MIS, the rate of O2
•– production by from isolated mitochondria is 

increased more than eight-fold in the presence of antimycin A [101].  Transport of O2
•– 

out of the MIS is likely mediated by porins in the mitochondrial outer membrane [31].  In 

particular, the VDAC appears to play a role in O2
•– transport, because inhibition of this 

porin with 4,4’-diisothiocyanon-2,2-disulfonic acid stilbene (DIDS) reduced release of 

O2
•– from isolated mitochondria treated by >50% [101].  Hence, both O2

•– released from 

the ETC and its dismutation product H2O2 can escape from the mitochondria and 

modulate biological processes external to this organelle.   

Redox-regulated signaling cascades: As described above, O2
•– released from the 

ETC, along with its dismutation product H2O2, can escape from mitochondria into the 

surrounding cellular environment [91, 100, 101].  O2
- can also be produced by plasma 

membrane NADPH oxidases [102, 103].  This enzyme complex is composed of six 
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proteins that house an enzyme-bound FAD and two heme groups that shuttle reducing 

equivalents from NADPH to O2 [102, 103].  NADPH oxidases were first characterized in 

phagocytic cells (e.g., macrophages, neutrophils, and dendritic cells) that release O2
•– in 

response to pathogen ingestion [104, 105].  Plasma membrane NADPH complexes have 

been characterized on a variety of non-phagocytic cells, including lymphocytes [106], 

fibroblasts [107], endothelial cells [108], vascular smooth muscle cells [109], and cardiac 

myocytes [110].  These non-phagocytic NADPH oxidase isoforms produce O2
•– in 

lymphocytes subject to antigenic stimulation or endothelial cells stimulated with growth 

factors [106, 111, 112].  Spontaneous or Cu,Zn-SOD-mediated dismutation of O2
•– then 

leads to elevation of intracellular H2O2 levels [83].  Although cells contain other redox 

active enzymes, including xanthine oxidase, monoamine oxidase, cyclooxygenase and 

cytochrome P450s, the mitochondrial ETC and plasma membrane NADPH oxidases are 

thought to be the primary sources of intracellular ROS [112]. 

 Once present in the cytosol O2
•–, H2O2 and other forms of oxidative stress (e.g., 

GSH-derivatizing agents) can have effects on cells ranging from promoting survival and 

proliferation to induction of growth arrest and cell death [82, 112-115].  Many of the 

effects are mediated activation of mitogen-activated protein kinase (MAPK) cascades 

[113].  MAPK signaling involves sequential activation of mitogen-activated protein 

kinase kinase kinase (MAPKKK), mitogen-activated protein kinase kinase (MAPKK), 

and MAPK [116, 117].  Eukaryotic cells have three primary MAPK pathways, which are 

defined by the kinase activated at the end of the cascade – extracellular signal-regulated 

kinase (ERK), c-Jun amino-terminal kinase (JNK) and p38 MAPK (Figure 1.5; [116, 

117]).  Activation of ERK is generally associated with increased proliferation and 
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Figure 1.5 – Mitogen-activated protein (MAP) kinase signaling pathways.  

MLK, mixed lineage kinase; MEKK, MAP/ERK kinase kinase, TGF-β activated kinase; 
MKK, MAP kinase kinase; MEK, MAP kinase/ERK kinase; DLK, dual leucine-zipper 
bearing kinase.  Figure adopted from [116]. 

 
 

enhanced survival, whereas activation of the JNK and p38 MAPK pathways can lead to 

growth arrest and apoptosis [118].  Therefore, JNK and p38 MAPK are often collectively 

referred to stress-activated protein kinases (SAPK) [118].  The balance between ERK and 

JNK/p38 signaling often dictates whether a cell will proliferate or die [118]. 

Redox-regulation of the ERK1/2 pathway has been primarily studied in the 

context of growth factor (GF) signaling in endothelial cell-types [119-121].  Epidermal 

growth factor (EGF), insulin-like growth factor (IGF), platelet-derived growth factor 

(PDGF) and vascular endothelial growth factor (VEGF) transmit their effects through 

binding to their cognate receptor tyrosine kinases (RTK) [122].  Engagement of GF 

receptors triggers autophosphorylation of intracellular domain tyrosine residues, which 
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leads to recruitment of adaptor molecules (e.g., the small GTPase Ras) and activation of 

the MAPKKK Raf-1 [123].  Activated Raf-1 then phosphorylates MAP/ERK kinase 

kinase-1/2 (MEK1/2), which in turns, phosphorylates and activates ERK1/2 (Figure 1.5; 

[116, 117]).  Activation of ERK1/2 is countered by protein tyrosine phosphatases (PTPs), 

which limit recruitment of Ras and Raf-1 by dephosphorylation GF receptor tyrosine 

residues [121]. 

GF stimulation also leads to an increase in intracellular O2
•– and H2O2 levels [124-

126].  This ROS response is thought to result from activation of non-phagocytic plasma 

membrane NADPH oxidases and is essential for GF signaling [126].  If the H2O2 burst 

that results from stimulating of human umbical vein endothelial cells (HUVECs) is 

scavenged with anti-oxidants (e.g., vitamin E or the GPX mimic Ebelsen) ERK1/2 

phosphorylation is blocked [124, 125].  Conversely, incubation of HUVECs or the mouse 

kidney cell line TKPTS with concentrations of H2O2 between 0.01 - 0.2 mM induces 

ERK1/2 phosphorylation in the absence of GFs [111, 127].  Induction of ERK1/2 

phosphorylation appears to be a selective property of H2O2.  This has been demonstrated 

in human umbilical cord endothelial cells (HUVECs) using either the Cu-chelator ATN-

224 or reduction Cu,ZnSOD expression by siRNA knockdown [111].  Either mechanism 

of suppressing Cu,ZnSOD activity elevated intracellular O2
•– levels at the expense of 

H2O2 levels [111].  These changes in basal ROS levels were accompanied by a decrease 

in basal levels of phospho-ERK1/2 [111].  In addition, suppressing Cu,Zn-SOD activity 

with ATN-224 blocked the increases in ERK1/2 phosphorylation observed in  HUVECs 

or A431 human epithelial carcinoma cells following stimulation EGF [111]. 
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Activation of ERK1/2 by H2O2 added exogenously or produced in response to GF 

stimulation is thought to result from inactivation of protein tyrosine phosphatases (PTPs) 

[112], which dephosphorylate tyrosine residues on the intracellular domains of GF 

receptors [121].  PTPs contain a conversed catalytic site Cys-SH residue, which has a 

pKa lower than that of GSH ((<5.4 versus 8.8 pKa units, respectively; [119]) due to the 

presence of neighboring residues with positively-charged side chains [119-121].  The 

pKa of this Cys-SH increases its reactivity with H2O2 by stabilizing the Cys-S- anion (see 

above).  As a result, the PTPs Cdc25B and PTP1B are oxidized in HUVECs treated with 

H2O2 (0.1 mM) or stimulated with VEGF [111].  Together, these studies suggest a 

mechanism where GF stimulation leads to an increase in intracellular O2
•– levels, which 

after conversion to H2O2 potentiates GF signaling (e.g., ERK1/2 activation) by 

inactivating PTPs.  In support of this hypothesis, inhibition of Cu,Zn-SOD with ATN-224 

reduces phosphorylation of an intracellular tyrosine residue on the EGF receptor in 

HUVECs stimulated with EGF [111]. 

The SAPK JNK and p38 can also be activated in response to oxidative stress.  

Increased phosphorylation of JNK and p38 MAPK in response to H2O2 has been 

demonstrated in a variety of cell types, including fibroblasts [128], intestinal epithelial 

cells [129], mouse kidney cells [127], and Jurkat T cells [120].  Activation of JNK and/or 

p38 MAPK often occurs at higher concentrations of H2O2 than those required to stimulate 

activation of ERK1/2 [113].  For example, treatment of the mouse kidney TKPTS cells to 

concentrations of H2O2 between 0.01 - 0.2 mM for 1 h increases phospho-ERK1/2 levels 

and stimulates proliferation [127].  In contrast, exposure to >0.2 mM H2O2 for 1 h or 0.01 

- 0.2 mM H2O2 for 12 h causes activation of JNK and apoptotic cell death [127].  A 



 22 

functional contribution of JNK to this response was demonstrated by transfection of 

TKPTS cells with a kinase-dead JNK (i.e., dominant-negative) construct, which blocked 

apoptosis induced by concentrations H2O2 between 0.2 - 1 mM [127].  At concentrations 

>1 mM H2O2 induced necrosis due to non-specific oxidation of phospholipids [127].  

These studies have led to development of a model wherein transient, low levels of H2O2 

stimulate growth by activating ERK1/2, while sustained and/or high levels of H2O2 

trigger apoptosis by activating the JNK and p38 MAPK [113]. 

Apoptosis signal-regulated kinase-1 (ASK1) is a MAPKKK upstream of JNK and 

p38 MAPK that is increasingly recognized as a cytosolic redox sensor [130, 131].   In 

unstressed cells, ASK1 is sequestered in an inactive complex with thioredoxin-1 (Thx-1), 

a small (12 kDa) protein that contains two redox-sensitive Cys-SH residues [132].  

Various forms of oxidative stress disrupt the ASK1•Thx complex, which is the rate-

limiting step in a series of modifications including homo-oligomerization and trans-

autophosphorylation that eventually results in activation of ASK1 [133, 134].  Once 

activated, ASK1 promotes apoptosis by phosphorylating MAPKK 3/6 and 4/7, which 

then results in activation of JNK and p38 (Figure 1.5; [116, 117]).  Disruption of the 

ASK1•Thx complex is observed in mouse embryonic fibroblasts (MEFs) following 

treatment with H2O2, the thiol-crosslinking reagent diamide, or tert-butyl hydroperoxide 

[131, 135].  Indicative of a functional role for ASK1 as an upstream redox-sensor, MEFs 

lacking this MAPKKK are resistant to apoptosis induced these forms of oxidative stress 

[131, 135].   

Along with peroxides and thiol-crosslinking reagents, O2
•– itself appears capable 

of activating ASK1 [113, 131, 134, 136].  Binding of the inflammatory cytokine tumor 
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necrosis factor-α (TNF-α) to its cognate receptor stimulates plasma membrane NADH 

oxidases and leads to a burst of O2
•– production [137].  Dissociation of ASK1•Thx 

complexes and downstream activation of JNK is observed in MEFs, HT1080 human 

fibroscarcoma cells, and Jurkat T cell leukemia cells in response to TNF-α [131, 134, 

136].  A specific role for O2
•– in TNF-α-induced activation of ASK1 has been 

demonstrated by scavenging this ROS with the MnSOD mimetic Mn(III) tetrakis (4-

benzoic acid) porphyrin (MnTBAP) in HT1080 cells [136].  In addition to TNF-α, O2
•–

dependent activation of ASK1 and apoptosis has been described in Jurkat T cells treated 

methyl glyoxal, a toxic glycolytic byproduct that inhibits SODs and GPX [138].  Thus, 

ASK1 is a cytosolic redox sensor capable of signaling apoptosis via activation of 

JNK/p38 MAPK signaling in response to both O2
•– and H2O2. 

Other cell signaling pathways besides the MAPK cascades are also redox-

sensitive [112, 113].  One prominent example is the serine/threonine kinase Akt, which 

promotes survival and proliferation (see Chapter 3 Introduction; [139, 140]).  Activation 

of Akt requires phosphorylation of Thr308 and Ser473 to stabilize the catalytic domain 

[139].  These phosphorylation events require recruitment of Akt to the plasma membrane 

via interactions between its amino-terminal Pleckstin homology (PH) domain and the 

lipid second messenger phosphatidylinositol-3,4,5-triphosphate (PtdIns(3,4,5)P3) [139].  

Plasma-membrane PtdIns(3,4,5)P3 levels are determined by the balance of activity of  

phosphatidylinositol-3-kinase (PI3K) lipid kinases and lipid phosphatases such as PTEN, 

the phosphatase and tensin homolog deleted on chromosome 10 (Figure 1.6; [139]).   

Similar to PTPs, PTEN contains a conserved catalytic site Cys-SH residue that is 

essential for activity [141].  Treatment of recombinant PTEN with H2O2 (0.2 mM) leads  
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Figure 1.6 – O2

•– and H2O2 differentially regulate activation of Akt.  
Engagement of cell-surface receptors leads to autophosphorylation of tyrosine residues 
(Y) on their intracellular domains and recruitment of the lipid kinase, 
phosphatidylinositol-3-kinase (PI3K).  PI3K generates membrane-bound PtdIns(3,4,5)P3) 
by direct phosphorylation of Ptd(4,5)P3.  The lipid second messenger PtdIns(3,4,5)P3 acts 
as a docking platform for the pleckstin-homolog-domain containing kinase Akt.  
Phosphorylation of membrane-associated Akt by pleckstrin-domain kinase1 (PDK1) and 
mammalian target or rapamycin (mTOR) promotes activity by stabilizing the kinase 
domain.  Once activated, Akt suppresses apoptosis, upregulates glucose metabolism and 
stimulates proliferation.  Activation of Akt is opposed by the lipid phosphatase PTEN, 
which converts PtdIns(3,4,5)P3 to PtdIns(4,5)P3.  H2O2 promotes Akt phosphorylation 
(activation) by oxidation cysteine residues in the catalytic site of PTEN, which permits 
accumulation of PtdIns(3,4,5)P3 and the resulting activation of Akt.  In contrast, O2

•– 
leads to decrease in phospho-Akt levels.  Constitutively-membrane targeted Akt 
constructs are insensitive to O2

•– induced dephosphorylation, which suggests that O2
•– 

interferes with PI3K recruitment and/or activity.  See text for additional detail. 
 

 

to oxidation of this residue to the corresponding Cys-SOH, which can then condense with 

a vicinal Cys-SH (Figure 1.6; [142]).  The resulting disulfide bond inactivates PTEN and 

is associated with a change in electrophoretic mobility [142].  Inactivation of PTEN is 
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also observed in vivo following exposure of HEK 293 or the Raji Burkitt’s lymphoma B 

cell line to H2O2 (0.5 mM) [143, 144].  Inactivation of PTEN leaves PI3K activity 

unopposed and the resulting increase in PtdIns(3,4,5)P3 levels leads to activation of Akt  

(Figure 1.6; [139]).  Oxidative activation of Akt is also observed in Raji B cells treated 

with the complex I inhibitor rotenone or renal proximal tubular cells exposed to the pro-

oxidant toxin 2-dichlorovinyl cysteine [144, 145].  In both cases, Akt activation is 

thought to act a compensatory survival stimulus, in part due to inhibitory phosphorylation 

of ASK1 [146].   

 In contrast to the stimulatory effects of H2O2 on Akt activity, elevated 

intracellular O2
•– levels decrease phosphorylation of PtdIns(4,5)P3, and thereby, 

activation of Akt (Figure 1.6).  For example, the estrogen metabolite 2-methoxyestradiol 

(2ME) causes accumulation of O2
•– by a mechanism thought to involve inhibition of 

SODs [147, 148]. 2ME induced O2
•– leads to a decrease in Akt phosphorylation in Jurkat 

T cells, which have elevated basal phospho-Akt levels due to deficient expression of 

PTEN [147, 149].  Similarly, the mitochondrial pro-oxidant arsenic trioxide (As2O3, 

Trisenox) has been shown to induce O2
•–-dependent dephosphorylation of Akt in the 

CCRF-CEM T cell leukemia line, which also lacks PTEN [150].  In either case, 

inactivation of Akt by O2
•– appears to result from suppression of PI3K activity because 

expression of a myristolated Akt construct that is targeted to the plasma independent of 

PtdIns(3,4,5)P3 levels preserves phospho-Akt levels in the presence of 2ME or Trisenox 

[147, 150].  In addition, expression of the membrane-targeted Akt construct blocks 2ME 

or Trisenox induced apoptosis, which argues for a functional role for O2
•–-dependent Akt 
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dephosphorylation in this response [147, 150].  Thus, Akt is a redox-sensitive, pro-

survival kinase that is regulated differentially by O2
•– and H2O2 (Figure 1.6). 

Mitochondria and cell death: The contribution of mitochondria to various forms 

of cell death illustrates the ability of this organelle to regulate cell fate.  Cell death is 

divided into three functional categories (necrosis, apoptosis, and autophagy) based on 

changes in cellular morphology and DNA fragmentation [151].  In 1972, Kerr, Wyllie, 

and Currie differentiated between necrosis, an unregulated form of cell death resulting 

from rapid disruption of cellular homeostasis, and apoptosis, a regimented form of cell 

death characterized by stepwise destruction of a cell [152].   

Necrosis is a passive form of cell death that results from depletion of ATP below 

levels required to sustain viability, and is often associated with non-specific injury such 

as blunt trauma, exposure to toxins or loss of blood supply [153].  This form of cell death 

is characterized morphologically by vacuolization of the cytoplasm and disintegration of 

the plasma membrane (Figure 1.7C; [151]).  The resulting disorderly release of cellular 

contents can trigger an inflammatory response leading to damage of surrounding tissue 

[154].  Although necrotic cells frequently exhibit changes in nuclear morphology, the 

chromosomal condensation and DNA fragmentation characteristic of apoptosis is not 

observed [151].  Because necrosis often results from depletion of ATP, this form of cell 

death can be caused by inhibition of oxidative phosphorylation [155].  For instance, the 

complex III inhibitor antimycin A (0.25 µM) depletes ATP levels by >70% in mouse 

proximal tubular cells, and induces to necrosis [156]. 

The term apoptosis is an adaptation of Greek word referring to dropping of petals 

or leaves from a healthy plant and refers to a stepwise, ATP-dependent form of cell death 
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Figure 1.7 – Morphological features of autophagic, apoptotic and necrotic 

cells. (A) Unstressed cells. (B) Apoptotic cells display characteristic features including 
membrane blebbing, cytosolic condensation and chromosomal condensation. (C and D) 
The distinction between necrotic and autophagic death is less clear.  Depletion of ATP 
can trigger necrosis, but may also stimulates autophagy as the cell tries to correct this 
decline in energy reserves by catabolizing its constituent molecules.  Thus, vacuolation of 
the cytoplasm is observed in both autophagic cells (D) and in cells stimulated to undergo 
programmed necrosis (C).  However, plasma membrane disintegration in necrotic cells 
(C) is not observed during autophagy.  The scale bar represents 1 µm.  Figure adapted 
from [151]. 

 
 
 

[151].  Characteristics of apoptotic cells include nuclear fragmentation, cleavage of 

chromosomal DNA into 200-bp long fragments, as well as reduction in cytoplasmic 

volume (Figure 1.7B; [151, 157]).  Unlike rupture of the plasma membrane during 

necrosis, apoptotic cells are packaged into membrane-enclosed vesicles known as 

apoptotic bodies, which are engulfed by marcrophages and other phagocytic cells [158].  
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Because the plasma membrane remains intact during this process, apoptosis does not 

trigger inflammatory responses [159].  These morphological and nuclear changes 

associated with apoptosis result from activation of caspases, a family of cysteine aspartyl 

proteases that cleave key structural proteins and activate DNAses [160].   

Caspase activation can result either from stimulation of cell surface death 

receptors or release of pro-apoptotic proteins (e.g., cytochrome c) from the MIS (see 

Chapter 3 Introduction).  Hence, loss of mitochondrial outer membrane is a pivotal 

signaling event during apoptosis induced by a variety of stimuli [157].  Mitochondria can 

also participate in the initiation of apoptosis by production of ROS.  For instance, the 

estrogen metabolite 2ME causes an accumulation of O2
•– that signals apoptosis [147, 

148].  This ROS response is thought to result from inhibition of SODs, which prevents 

scavenging of O2
•– released from the MRC [148].   

 Autophagy, which literally means to eat oneself, is a catabolic program 

characterized by the formation of autophagic vacuoles, swelling of the Golgi, as well as 

dilation of the mitochondria and the endoplasmic reticulum (Figure 1.7D; [161]).  

Autophagic vacuoles are vesicles with double membranes that form in the cytosol and 

encapsulate organelles and the bulk cytoplasm [162].  These vacuoles are then acidified 

by fusion with lysosomes, which then leads to degradation of encapsulated components 

[162].   Autophagy, like apoptosis, can be induced in response to increased mitochondrial 

ROS production [163].  For example, treatment of human embryonic kidney (HEK) 293 

cells with the ETC complex I inhibitor rotenone leads to induction of autophagy or 

apoptosis, with the magnitude of H2O2 production discriminating between these 

responses [164].  The role of autophagy in cell death is controversial because this process 
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can promote survival by eliminating damaged organelles (e.g., mitochondria 

overproducing ROS) and providing an internal source of ATP and biosynthetic 

intermediates when external nutrients are limiting [151, 165, 166].  However, autophagy 

can also be triggered by cytotoxic stimuli under conditions where apoptosis is blocked, 

suggesting that this response can serve as a mechanism of cell death [167, 168].  

Mitochondrial respiratory signaling: As described above, activity of the FoF1-

ATPase and the ETC are linked by Δψm, which reaches a steady-state of ~150 mV due to 

balancing pumping of protons into the MIS by the ETC with their return to the matrix by 

passage through the FoF1-ATPase during ATP synthesis [43, 59].  When activity of the 

ETC exceeds that of the FoF1-ATPase, protons accumulate in the MIS leading to 

hyperpolarization (Δψm >150 mV).  Due to the increase in proton-motive force under 

these conditions, electron transport slows, which forces the ETC into a reduced state that 

favors production of O2
•– [43].  As such, increased ETC activity or inhibition of FoF1-

ATPase activity may affect cell fate by stimulating production of ATP and/or ROS. 

An obvious means of suppressing FoF1-ATPase activity is removal of ADP.  For 

instance, addition of ETC substrates to isolated mitochondria in the absence of ADP leads 

to establishment of Δψm [58].  However, because the FoF1-ATPase is not active, Δψm 

cannot be dissipated and ETC activity slows [61].  The reduced rate of electron transport 

within the ETC leads to accumulation of reactive ETC intermediates component for 

single-electron reduction of O2, leading to 4-fold increase in production of O2
•– [100].  A 

six-fold increase in H2O2 production has also been reported in isolated mitochondria 

undergoing state 2 respiration due to addition of malate and glutamate, which stimulate 
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production of NADH by the TCA-cycle [58].  This increase in H2O2 production is 

attribute to dismutation of O2
•– released from the ETC [97].  

Xenobiotic inhibitors can also be used to reduce FoF1-ATPase activity (Figure 1.8; 

[15]).  For example, the polyketide FoF1-ATPase inhibitor oligomycin reduces the rate of 

state 3 respiration in rat liver mitochondria by >90% [169].  In addition, oligomycin and 

increases production of O2
•– and H2O2 by isolated rat liver mitochondrial four and six-

fold, respectively [58, 100].  Other inhibitors of the FoF1-ATPase, including the 1,4-

benzodiazepine Bz-423 and diindolylmethane (DIM), have likewise been shown to 

promote production of O2
•– and H2O2 by isolated mitochondria [170, 171].  Along with 

these effects in isolated mitochondria, FoF1-ATPase inhibitors also promote changes in 

whole cells consistent with induction of a mitochondrial respiratory transition.  For 

example, oligomycin reduces O2 consumption in the Jurkat T cell leukemia lines by 

>80% [172].  Also consistent with transition from state 3-to-4 respiration, oligomycin 

and Bz-423 have been shown to hyperpolarize Δψm in a Burkitt’s lymphoma B cell line 

(Ramos) [173], whereas DIM increased Δψm in MCF-7 human mammary carcinoma cells 

[171].  Finally, intracellular ROS levels (O2
•– and H2O2) are elevated in Ramos B cells or 

MCF-7 cells treated with Bz-423 or DIM, respectively [170, 171, 174].  Together, these 

data demonstrate that FoF1-ATPase inhibitors can be used to promote mitochondrial O2
•– 

production by inducing a transition from state-3-to-4 respiration. 

Oligomycin is a high-affinity inhibitor of the FoF1-ATPase (Ki ~10 nM; [173]) 

that severely reduces ATP levels in cells that depend primarily oxidative phosphorylation 

to generate ATP [2], and is unsuitably toxic for clinical use (e.g., the LD33 of oligomycin 

is <0.5 mg/kg in rats; [175]).  In contrast, Bz-423 and DIM are moderate-affinity  



 31 

  
 
 
 
Figure 1.8 – Chemical structures of the FoF1-ATPase inhibitors oligomycin, 

diindolylmethane and Bz-423.  
 
 
 

inhibitors of the FoF1-ATPase (Ki ~10 and ~25 µM, respectively; [173, 176]), and thus 

have less severe effects on cellular ATP levels ([171] and this work).  In addition, the 

growth-inhibitory and pro-apoptotic effects of Bz-423 and DIM depend on increased 

mitochondrial ROS production rather than depletion of ATP [170, 171, 174].  DIM has 

been used successfully in animal models of cancer [177, 178], while Bz-423 has 

displayed efficacy in murine models of lupus, arthritis and psoriasis (see Chapter 2 

Introduction; [170, 179, 180]).  These findings suggest that the FoF1-ATPase can be 

targeted therapeutically by xenobiotic inhibitors that promote mitochondrial ROS 

production without severely depleting ATP (Figure 1.9).  Modulation of the FoF1-ATPase 

by Bz-423 will be considered in detail in Chapter 3.  

While suppression of FoF1-ATPase activity leads to hyperpolarization of Δψm, this 

effect can also result from increased in ETC activity.  An important distinction between 
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these mechanisms is that the FoF1-ATPase remains active in the latter.  In fact, increased 

ETC activity is expected to stimulate ATP synthesis by the FoF1-ATPase by increasing 

the concentration of protons in the MIS.  Elevation of cellular ATP levels as a result of 

increased ETC activity is an essential component of the signaling cascade that leads to 

secretion of insulin by pancreatic β-cells in response to an increase in blood glucose 

levels [9].  This process, termed glucose-stimulated insulin secretion (GSIS) is unique to 

pancreatic β-cells, and represents the primary mechanism by which mammals regulate 

blood glucose levels [181].   

GSIS does not result from binding of glucose to a specific receptor in pancreatic 

β-cells [9].  Instead, β-cells take up glucose via by facilitated diffusion by the glucose 

transporter Glut1 and then metabolized it to give downstream signals that stimulate 

insulin secretion.  Mitochondrial metabolism is tightly coupled to glucose levels (e.g., 

>90% of glucose molecules are fully oxidized to CO2 via the TCA-cycle) in β-cells due 

to low levels of lactate dehydrogenase, an enzyme that prevents the glycolytic endproduct 

pyruvate from entering the TCA-cycle by converting it to lactate [182].  This high rate of 

flux through the TCA-cycle makes β-cell mitochondria highly responsive to increases in 

blood glucose levels [9].  For example, switching isolated β-cells from low to high 

glucose (5 mM to 25 mM, respectively) leads to a three-fold increase in NADH levels 

within five minutes [183].  Increased NADH levels stimulate the ETC, which results in 

hyperpolarization of Δψm as transport of protons into the MIS overtakes their return to the 

matrix via the FoF1-ATPase (Figure 1.9; [8, 184]).  Increased Δψm, in turn, promotes ATP 

synthesis by the FoF1-ATPase leading to a 40% increase in ATP levels in isolated β-cells 

within 10 minutes of conversion to high glucose media [185].  
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Figure 1.9 – Changes in electron transport chain and FoF1-ATPase activity 

can promote ATP and/or O2
•– production.  (A) Balancing of the pumping of protons 

into the MIS by the ETC with their return to the matrix by passage through the FoF1-
ATPase during ATP synthesis results in a steady-state Δψm ~150 mV [43, 59]. (B) ETC 
activity is increased in response to conditions (e.g., glucose stimulation of pancreatic β-
cells or antigen receptor stimulation of T lymphocytes) that stimulate the TCA-cycle (1).  
The resulting increase in ETC activity leads accumulation of protons (+) in the MIS (2) 
beyond the capacity to be dissipated by the FoF1-ATPase.  Stimulation of the ETC 
saturates the FoF1-ATPase leading to an increase in ATP synthesis (3), but also causing 
electron carriers within the chain to become more reduced (4; indicated by bidirectional 
arrows).  This extends the half-life of ETC intermediates competent for single electron 
reduction of O2, leading to increase production of O2

•– (5). (C) Inhibitors of the FoF1-
ATPase trigger a similar process by suppressing ATP synthesis and proton translocation 
(1).  Continued proton pumping by the ETC leads to hyperpolarization of Δψm (2).  
Again, the increase in proton motive force under these conditions slows electron transport 
by the ETC (3) eventually leading to increased O2

•– production (4).  While O2
•– 

production is elevated in both B and C, the FoF1-ATPase remains fully in B.  See text for 
additional detail.  Figure adopted from [8, 9, 43]. 

 
 

The increase in mitochondrial ATP production in glucose-stimulated β-cells shifts 

the cytosolic ATP:ADP ratio, which causes ATP-sensitive K+ (KATP) channels in the 

plasma membrane to adopt a low-conductance conformation [186].  Closure of KATP 

channels depolarizes the plasma membrane, which leads to opening of voltage-dependent 

Ca2+ channels [186].  As in other exocytosis events, influx of extracellular Ca2+ then 

triggers secretion of insulin granules [186].   

The essential contribution of mitochondria ATP synthesis to GSIS has been 

demonstrated in studies using the β-cell-derived line, βHC9, in which the ETC is non-

functional due to depletion of mitochondrial DNA (mtDNA) [187].  GSIS is 

quantitatively abolished in mtDNA-deficient βHC9 cells [187].  However, a blunted 

response (~40% of that observed βHC9 cells containing mtDNA) is observed following 

addition of agents that trigger influx of extracellular Ca2+ independent of the 
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mitochondria, which indicates that depletion of mtDNA does not abolish the capacity of 

βHC9 to synthesize insulin [187].  The essential role increases ETC and FoF1-ATPase 

activities play in GSIS by pancreatic β-cells illustrates the capacity of mitochondria to 

both respond to and potentiate cellular signal transduction. 

Stimulation of TCA-cycle activity also plays an essential role in the response of T 

lymphocytes to antigenic stimulation [8].  While details of proximal T cell antigen 

receptor (TCR) signaling are beyond the scope of this chapter, stimulation of the TCR by 

either endogenous ligands or agonist antibodies precipitates a signal transduction cascade 

that leads to a two-fold (~75 to ~150 nM) increase in [Ca2+]i) within seconds [188].  This 

rapid rise in [Ca2+]i is followed by a decline to basal levels over the period of hours [188].  

As mentioned above, mitochondria buffer TCR-stimulation induced Ca2+ flux by acting 

as a low-affinity, high capacity Ca2+ store [26].  Uptake of excess [Ca2+]i into the matrix is 

driven by the negative electrochemical potential of this compartment and is mediated by 

Ca2+-uniporters in the mitochondrial inner membrane [27].  

Elevated mitochondrial Ca2+ ([Ca2+]m) levels stimulates the Ca2+-dependent TCA-

cycle enzymes, pyruvate dehydrogenase (PDH), isocitrate dehydrogenase, and 

oxoglutarate dehydrogenase [189].  These effects combine to elevate NADH levels two-

fold [188].  As in GSIS, levels of NADH increase ETC activity, causing proton transport 

to outpace dissipation of Δψm by the passage of protons through Fo during ATP synthesis.  

While this effect promotes synthesis of ATP by the FoF1-ATPase, it also forces the ETC 

into a reduced state favoring production of O2
•– (Figure 1.9B; [8, 184, 188]).  Enhanced 

production of O2
•– by the mitochondria is expected to be responsible for increased levels 

of H2O2 and O2
•– observed within 10 minutes of TCR stimulation [106, 190].  In support 
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of this hypothesis, suppression of complex I activity with chemical inhibitors or 

knockdown of chaperone proteins required for assembly of this complex blocked the 

increase in H2O2 levels induced by TCR stimulation of murine CD4+ T cells [106, 191].   

Increased mitochondrial ROS production appears to play an essential role in the 

response of T cells to antigenic stimulation [106, 188, 190].  This possibility was first 

demonstrated by the ability of antioxidants to limit proliferation and production of 

immune effector molecules (e.g., cytokines) induced TCR stimulation.  For example, 

reducing H2O2 levels after TCR stimulation by treatment with the glutathione peroxidase 

mimetic, Ebselen, or ectopic expression of catalase, decreased proliferation of murine 

CD4+ T cells by >80% [188].  In addition, the flavin-modifying compound diphenylene 

iodonium (DPI), which inhibits complex I of the MRC, caused a concentration-dependent 

reduction (maximum inhibition >80%) in proliferation following TCR stimulation of 

murine CD4+ T cells [106].  The essential contribution of mitochondrial ROS production 

during T cell activation has led to the hypothesis that this response signals the presence of 

energetic conditions (e.g., high levels of ETC substrates) capable of supporting increased 

proliferation [8].  

The contribution of mitochondria to GSIS by pancreactic β-cells and T cell 

activation highlights the capacity of this organelle to regulate cell fate.  These responses 

share a common mechanism in which stimulation of the TCA-cycle leads to an increase 

in mitochondrial NADH levels, and as a result, enhanced ETC activity [8, 27].  This 

increase in ETC activity causes an imbalance in the transport of protons into the MIS and 

their return to matrix via the FoF1-ATPase [43].  While this imbalance stimulates FoF1-

ATPase activity, it also forces the ETC into a reduced state favoring production of O2
•– 
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[43].  The resulting increase in ATP levels and production of O2
•– (and its dismutation 

product H2O2), then signal GSIS or T cell activation.  By these mechanisms, 

mitochondria act as a signaling locus that senses increases in glucose levels or [Ca2+]i and 

communicate these changes to the cell via by production of ATP or ROS (Figure 1.9).  

Therefore, inhibitors of the FoF1-ATPase that promote production of O2
•– by the ETC 

without severely depleting ATP represent a potential means to exploit these signaling 

mechanism therapeutically. 

Summary: Agents that induce apoptosis in autoreactive lymphocytes without 

suppressing normal immune function have therapeutic potential for treatment of 

autoimmune diseases such as SLE.  Work in our laboratory has led to the identification of 

the 1,4-benzodiazepine Bz-423, which has anti-proliferative and pro-apoptotic activity 

against transformed B cells in vitro.  Administration of Bz-423 in murine models of lupus 

and psoriasis ameliorated disease, and these therapeutic effects were accompanied by 

selective depletion of pathogenic lymphocytes or reduced proliferation of psoriatic skin 

cells (i.e., keratinocytes) without disruption of the underlying dermis.  Both the pro-

apoptotic and growth-inhibitory activities of Bz-423 result from binding to the OSCP 

component of the FoF1-ATPase.  Modulation of this enzyme by Bz-423 stimulates 

production of O2
•– by the mitochondrial respiratory chain, and the magnitude of this 

response dictates whether a cell will cease proliferating or die. 

  The goal of my research is, therefore, to elucidate the signal transduction 

pathways linking Bz-423-induced O2
•– production to growth arrest or apoptosis, with the 

goal of identifying factors that underlie the selective effects on pathogenic cells in vivo.  

In Chapter 2, the anti-proliferative activity of Bz-423 in Burkitt’s lymphoma B cells is 
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shown to result from proteasomal degradation of the oncogenic transcription factor c-

Myc.  While this mechanism was identified in B cells, similar effects are observed in 

keratinocytes and are expected to contribute to the anti-psoriatic activity of Bz-423. In 

Chapter 3, Bz-423-induced apoptosis was investigated in T cell leukemia lines.  Unlike 

some pro-oxidant small molecules, Bz-423 does not trigger opening of the mitochondrial 

permeability transition (mPT) pore.  Rather, Bz-423-induced O2
•– initiates a specific, 

extra-mitochondrial apoptotic cascade that culminates in preferential activation of Bak.  

Activation of this multi-BH-domain pro-apoptotic Bcl-2 protein results in release of 

cytochrome c and other apoptogenic proteins from the MIS, which commits a cell to die 

in response to Bz-423.  Insight into the selective effects of Bz-423 in vivo is then 

afforded by integrating knowledge of this apoptotic mechanism with the characteristics of 

autoimmune lymphocytes. 
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CHAPTER 2 
 

BZ-423 INHIBITS B CELL PROLIFERATION BY TARGETING 
 C-MYC PROTEIN FOR RAPID AND SPECIFIC DEGRADATION 

 
 

 
Introduction 

 Comparison of Bz-423 to other 1,4-benzodiazepines: The immunomodulatory 

agent Bz-423 was identified by screening a library of 1,4-benzodiazepines for 

lymphotoxic activity in the Ramos Burkitt’s lymphoma B cell line (Figure 2.1A; [1]).  In 

this screen, Bz-423 caused a concentration-dependent reduction in the viability of Ramos 

B cells with an EC50 ~6 µM after 24 h [1].   1,4-Benzodiazepines were evaluated because 

this chemotype has been demonstrated not to damage DNA or interfere with nucleotide 

metabolism [2].  As a result, lymphotoxic 1,4-benzodiazepines were expected to display 

novel mechanism(s) of action with the potential for greater selectivity than that observed 

with conventional cytotoxic agents.   

The 1,4-benzodiazepine scaffold, composed of a benzene ring fused to seven-

membered diazepine ring containing an aryl substituent at C5 (Figure 2.1B), is the 

consensus structure for a well-studied class of anxiolytics, anti-convulsants, and 

hypnotics [3].  These activities arise from binding to the central benzodiazepine receptor 

(CBR), which is a component of γ-aminobutyric acid (GABA)-gated chloride channel 

(GABAA) found exclusively on the plasma membrane of post-synaptic neurons [2].  1,4-

Benzodiazepines are allosteric regulators of the CBR•GABAA complex that potentiates  
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Figure 2.1 – Comparison of Bz-423 to high affinity ligands of the central and 

peripheral benzodiazepine receptors. (A) Chemical structure of Bz-423. (B) General 
structure and numbering of the “classical” benzodiazepine ring system. (C) Chemical 
structures of high-affinity ligands of the central and peripheral benzodiazepine receptors.  
IC50 data is the concentration of each compound required to inhibit 50% binding of either 
[3H]-flunitrazepam to the CBR or [3H]-4’-chlorodiazepam to the PBR [4].  CBR, central 
benzodiazepine receptor; PBR, peripheral benzodiazepine receptor. 

 
 
 

the response to GABA [2].  The resulting increase in chloride current is then responsible 

for the sedative and anti-anxiety effects of CBR ligands [2]. 

Since their initial development in the 1950’s thousands of 1,4-benzodiazepine 

ligands of the CBR have been prepared, which enables detailed analysis of the structure-



 57 

activity relationships (SAR) for CBR binding and anxiolytic activity in vivo (all data is 

from [5]).  Binding to the CBR requires an aromatic or hetero-aromatic ring (ring A), 

which is believed to participate in π/π stacking with aromatic residues in the receptor.  

Substitution of the 7-position with an electronegative group (e.g., halogen or nitro) 

increases in vitro affinity and anxiolytic activity.  In contrast, substituents at positions 6, 

8 or 9 are not permitted.  A proton-accepting group (e.g., carbonyl) is required at the 2-

position of ring B, putatively to interact with a receptor histidine residue.  N-alkyl 

substitution on the amide nitrogen is permitted, although sterically bulky substituents 

(e.g., tert-butyl) are unfavored.  Binding is also disrupted by incorporation of sterically 

bulky substituents at the methylene 3-position.  The 5-phenyl ring C is not required for 

binding in vitro, but increases anxiolytic activity in vivo.  Substitution at the 4’-para-

position on ring C is disfavored.  However, 2’-ortho-substituents are permitted, which 

suggests that limitations at the 4’-position are steric, rather than electronic, in nature.   

The consensus SAR described above is apparent in the structures of the high 

affinity CBR ligands clonazepam (Cz) and diazepam (Dz), which bind with an IC50 of 3 

and 17 nM, respectively [6].  Both compounds contain electron-withdrawing groups at 

the 7-position and lack substituents at the methylene 3-position and 4’-position on the 

phenyl ring [7].  In contrast, Bz-423 contains a napthylalanine substituent at the 3-

position and a 4’-phenolic hydroxyl, which are expected to disfavor binding to the CBR 

(Figure 2.1A; [1]).  Indeed, concentration of Bz-423 above the EC50 for cell death (≤10 

µM) failed to displace the CBR ligand flunitrazepam in competitive binding experiments.  

Also consistent with lacking of binding to the CBR, grooming habits are not altered in 

mice treated with Bz-423 [1, 8]. 
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 In 1977 Braestrup and Squires identified a 1,4-benzodiazepine receptor distinct 

from the CBR by analyzing binding of [3H]-Dz in sub-cellular fractions from rat brain, 

lung, liver and kidney [9].  [3H]-Dz bound a single high affinity site (IC50 ~3 µM) on rat 

brain membrane fractions, but also bound mitochondrial fractions from the lung, liver and 

kidneys with slightly lower affinity (IC50 ~30 µM) [9].  Surprisingly, this binding 

appeared to result from interaction with a receptor distinct from the CBR, because 4’-

chlorodiazepam (4’-Cl-Dz; Figure 2.1C), which does not bind the CBR, displaced [3H]Dz 

[9].  This “peripheral binding” activity is now recognized to result from interaction of Dz 

with the peripheral benzodiazepine receptor (PBR), an 18 kDa protein primarily localized 

to the mitochondrial outer membrane [10].  The PBR displays a nearly ubiquitous tissue 

distribution, having been identified in heart, brain, adrenal, muscle, lymphoid, and 

reproductive tissues, but unlike the CBR, is not highly expressed in the central nervous 

system [11].  

The PBR is localized to the mitochondrial outer membrane where it binds to the 

voltage-dependent anion channel (VDAC) [12].  The PBR•VDAC complex, along with 

the adenine nucleotide transporter (ANT), form the minimal consensus components of the 

mitochondrial permeability transition (mPT) pore [10].  The mPT pore is an important 

regulator of cellular Ca2+ homeostasis and apoptosis (see Chapter 3 Introduction).  The 

PBR also mediates import of cytosolic cholesterol into the mitochondria, which is the 

rate-limiting step in steroid biosynthesis [13].  In addition, the PBR has been implicated 

in mitochondrial Ca2+ channel activity, porphyrin transport, heme biosynthesis, and 

regulation of anion transport by VDAC [12].  Despite these varied activities, the precise 

physiological function of the PBR remains enigmatic [12, 14].  
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Moreover, a clear pharmacological role for binding of the PBR with either high 

affinity 1,4-benzodiazepine ligands (e.g., 4’-Cl-Dz; IC50 ~4 nM) or isoquinoline 

carboxamides (e.g., PK 11195, IC50 ~2 nM) has yet to be established (Figure 2.3; [15]).  

Although both PK 11195 and 4-Cl-Dz are pro-apoptotic and growth inhibitory, these 

effects are only observed at concentrations greatly exceeding those needed to bind the 

PBR [16, 17].  For example, the EC50 for cell death induced by PK 11195 and 4’-Cl-Dz in 

Ramos B cells (90 and 130 µM, respectively [18]) is >105 Kd for PBR binding.  In 

addition, concentrations of PK 11195 or 4-Cl-Dz that inhibit proliferation or induce 

apoptosis are not altered by reducing expression of the PBR with siRNA [19, 20].  These 

observations suggest that pharmacology associated with 4-Cl-Dz and PK 11195 does not 

result from binding to the PBR. 

Bz-423 differs structurally from 1,4-benzodiazepine ligands (e.g., 4’-Cl-Dz) of 

the PBR by the 3-position naphthylalanine and 4’-phenolic hydroxyl substituents, both of 

which are required for cytotoxic activity [1].  These structural variations suggest that Bz-

423 is not a high-affinity ligand of the PBR.  This hypothesis has been evaluated in a 

competitive radioligand-binding assay, in which Bz-423 displaced radiolabeled PK 11195 

with Ki ~0.3 µM, which is >100-fold lower affinity than 4’-Cl-Dz or PK 11195 [21].  

While Bz-423 binds to the PBR with sub-micromolar affinity, this interaction is not 

expected to be responsible for the lymphotoxic activity.  For instance, the EC50 for Bz-

423-induced killing in Ramos B cells is at least 15-fold lower than that of either 4-Cl-Dz 

or PK 11195 (~6 versus >90 µM, respectively [18]), despite binding the PBR with >100-

fold lower affinity [22].  In addition, preincubation of Ramos B cells with excess 

PK11195 (>20 µM) does not block killing by Bz-423 [1].  Collectively, these data 
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indicate that the unique structural features of Bz-423 preclude binding to the CBR and 

convey lymphotoxic activity that is independent of the PBR. 

Bz-423 ameliorates disease in lupus-prone mice: The cytotoxic activity of Bz-423 

was first identified in Ramos B cells [1]; a Burkitt’s lymphoma line that originates from 

the pathogenic conversion of germinal center (GC) B cells [23].  GCs are observed in 

secondary lymphoid organs (e.g., lymph nodes, tonsils, and the spleen) where B-

lymphocytes undergo affinity maturation, a process that selects for those cells expressing 

high-affinity antigen-receptors [24].  B cells that survive affinity maturation are, 

therefore, capable of generating high affinity antibodies [25].  Deregulation of affinity 

maturation is associated with production of high-affinity antibodies against self-antigens 

and autoimmune diseases [25, 26].  For instance, lupus-like renal disease in (NZB x 

NZW)F1 (NZB/W) mice results from aberrant survival of GC B cells, enabling 

accumulation self-reactive clones that become activated and produce pathogenic 

autoantibodies [27, 28].   

Because Ramos B cells model some aspects of GC physiology [23], it was 

reasoned that Bz-423 might improve disease in NZB/W mice by killing GC B cells.  

Indeed, Bz-423 reduced immune complex deposition and related renal disease (i.e., 

glomerulonephritis) in NZB/W mice [1].  Disease improvement was accompanied by a 

~15% decrease in total splenic B cells, while T cell numbers were unchanged [1].   The 

reduction in the total B cell splenocytes population is a consequence of a >40% reduction 

in GC number and size [1].  These changes appear to result from increased apoptosis of 

GC B cells because spleens from Bz-423-treated NZB/W mice had more apoptotic cells 

than vehicle-treated spleens, as assessed by terminal deoxynucleotidyl transferase biotin-
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dUTP nick end labeling (TUNEL) staining [1].  Also consistent with the decrease in GC 

numbers and size resulting from increased apoptosis of GC B cells, TUNEL-positive 

cells were detected exclusively within the remaining GCs [1].  These findings 

demonstrate that the apoptogenic activity of Bz-423 extends to the GC B cells in vivo, but 

more significantly, that this activity can be harnessed to treat diseases associated with 

aberrant survival of pathogenic lymphocytes. 

Molecular target and mechanism of action: A rise in intracellular superoxide  

(O2
•–) levels within 1 h is the first change detected in Ramos B cells treated with Bz-423.  

Production of this reactive oxygen species (ROS) is followed at 4 h by release 

cytochrome c from the mitochondria, caspase activation, and DNA fragmentation, which 

are characteristic late apoptotic changes (see Chapter 3 Introduction; [1]).  Scavenging 

O2
•– with antioxidants inhibits all subsequent components of the death cascade and 

maintains viability, which indicates that elevated O2
•– production signals apoptosis [1, 

29].  Cell fractionation experiments revealed that the O2
•– response results from 

interaction between Bz-423 and a target within the mitochondria [1].  Affinity-based 

screening of a phage-display human cDNA library identified the oligomycin sensitivity-

conferring protein (OSCP), a subunit of the mitochondrial FoF1-ATPase, as a binding 

partner for Bz-423 [30].  Bz-423 inhibits the FoF1-ATPase in mitochondrial preparations 

and this inhibition depends on presence of the OSCP [30].  Reducing expression of the 

OSCP by RNA interference (RNAi) desensitizes cells to Bz-423-induced O2
•– production 

and apoptosis, which links these responses to the effects of Bz-423 on the FoF1-ATPase.  

Prior work in Ramos B cells and other Burkitt’s lymphoma lines has 

demonstrated that sub-toxic concentrations of Bz-423 block growth by preventing 
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passage through the G1-S cell cycle checkpoint [22].  The anti-proliferative activity of 

Bz-423 could also result from modulation of the FoF1-ATPase or from binding to another 

target.  The PBR ligands PK11195 and 4-Cl-Dz have growth-inhibitory properties in a 

variety of cell-types including B lymphocytes [16, 17, 22].  Hence, Bz-423-induced 

growth arrest could result from binding to the PBR.  However, anti-proliferative 

concentrations of Bz-423 generate O2
•–, and scavenging this ROS restores normal growth 

[22].  In contrast, anti-proliferative concentrations of PK11195 and 4-Cl-Dz do not 

elevate intracellular O2
•– levels [16, 17, 22].  In addition, the GI50 for Bz-423-induced 

growth arrest is elevated by >50% in cells where OSCP levels have been reduced by 

RNAi [31].  Together, these data suggest that Bz-423-induced apoptosis and growth 

arrest both arise from OSCP-dependent modulation of the FoF1-ATPase depending on the 

magnitude of O2
•– production.  

 Bz-423 has anti-psoriatic activity: The top layer of human skin, or epidermis, is 

primarily composed of keratinocytes [32].  Over a period of ~30 days, keratinocytes are 

pushed to the skin surface by continual division of underlying keratinocyte stem cells 

[32].  In healthy skin, this progression is accompanied by differentiation, which is 

characterized by morphological changes as well as secretion of large volumes of lipids 

and the extracellular matrix protein, keratin [33].  Once at the skin surface, terminally 

differentiated keratinocytes undergo programmed cell death and are sloughed off [32, 

33].  The underlying dermis, in contrast, is not shed and is primarily populated by dermal 

fibroblasts along with keratinocyte stem cells [34]. 

 Psoriasis is a chronic inflammatory skin disease characterized by thickened, scaly 

lesions known as plaques [35].  This disease is associated with increased proliferation and 
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altered differentiation of keratinocytes resulting in epidermal hyperplasia [33].  Current 

treatments for mild to moderate psoriasis rely on topically applied corticosteroids (e.g., 

Clobesterol propionate) to reduce epidermal hyperplasia [36].  Over time, however, 

steroid treatment results in atrophy of the underlying dermis, causing a disruption of 

normal skin architecture [36].  These effects on underlying and adjacent skin, combined 

with systemic side effects related to suppression of adrenal function, limit the use of 

topical corticosteroids [36].  Consequently, there is a need for therapies that reduce 

psoriatic epidermal hyperplasia by selectively blocking keratinocyte proliferation.   

A contributing factor to the hypoproliferative phenotype in psoriatic skin is 

deregulated expression of c-Myc, an oncogenic transcription factor that stimulates cell 

cycle progression [37].  Structure, function, and regulation of c-Myc is described in detail 

below.  c-Myc plays a physiological role in promoting keratinocyte proliferation after 

these cells emerge from the underlying stem cell compartment [33, 38].  As a result, c-

Myc is detected in the basal (i.e., bottom most) layer of keratinocytes in both healthy and 

psoriatic skin.  In healthy skin, c-Myc is not present in suprabasal keratinocytes, such that 

these cells lose their proliferative capacity and undergo terminal differentiation [38, 39].  

However, c-Myc can be readily detected in the expanded subrabasal layer of 

keratinocytes in psoriatic lesions [38, 39].  In addition, specific overexpression of c-Myc 

in subrabasal keratinocytes results in changes (e.g., epidermal hyperplasia) characteristic 

of psoriatic skin [40].  

Recent evidence suggests that ROS may play a role in keratinocyte differentiation 

[41].  In particular, O2
•– levels are four-fold higher in kerationcytes than dermal 

fibroblasts [41].  This high level of in intracellular O2
•– is thought to result from nearly 
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undetectable levels of MnSOD [41].  Along with (and perhaps due to) increased levels of 

O2
•–, the ratio of oxidized to reduced glutathione is more than two-fold greater in 

keratinocytes than fibroblasts [41].  These differences suggest that epidermal 

keratinocytes may be susceptible to growth arrest induced by agents that, like Bz-423, 

stimulate O2
•– production.  This hypothesis suggests that concentrations of Bz-423 that 

block lymphocyte proliferation might have anti-psoriatic activity resulting from 

preferential suppression of keratinocyte proliferation. 

  As an initial test of this hypothesis, the effects of Bz-423 on keratinocyte and 

fibroblast proliferation were examined in monolayer culture.  Bz-423-induced O2
•– 

production is detected by oxidation of the O2
•–-selective dye dihydroxyethidium (DHE).  

Cellular ROS levels can also be assessed with 2,7-dichlorodihydrofluorescein (DCFH), 

which is oxidized to its fluorescent derivative dichlorofluorescein (DCF) by H2O2 as well 

as by hydroxyl radical, lipid peroxides and peroxynitrite (see Chapter 1 [42]).  H2O2 can 

be produced by either spontaneous or SOD-catalyzed dismutation of O2
•– (see Chapter 1), 

which suggests that Bz-423 might also increase intracellular H2O2 levels.  In support of 

this hypothesis, increased levels of H2O2 are detected in Ramos B cells and keratinocytes 

treated with Bz-423 [22, 43].  Perhaps due to the lower levels of reduced glutathione in 

keratinocytes relative to dermal fibroblast, the EC50 for Bz-423-induced H2O2 production 

was decreased three-fold in keratinocytes relative to dermal fibroblasts (<2 versus >6 

µM, respectively) [43].  In addition, Bz-423 suppressed keratinocyte proliferation at 

concentrations >10-fold lower (0.9 versus >10 µM, respectively) that those required to 

block growth of dermal fibroblasts [43].   
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Based on these results in monolayer cultures, the anti-psoriatic activity of Bz-423 

was evaluated in human skin organ cultures treated with retinoic acid (RA) [43].  This 

model was examined because psoriatic and RA-induced epidermal hyperplasia both result 

from kerationcyte hyperproliferation [44, 45].  Bz-423 reduced the epidermal thickness of 

RA treated skin [43].  This effect was accompanied by a decrease in the number of 

epidermal cells (i.e., keratinocytes) positive for Ki-67, a nuclear protein exclusively 

expressed in proliferating cells [43].  This observation suggests that Bz-423 reduces RA 

induced epidermal hyperplasia by blocking keratinocyte hyperproliferation.  

Significantly, these effects were not accompanied by changes in the size or structure of 

the underlying dermis [43].  

To determine whether Bz-423 also suppresses proliferation of psoriatic 

keratinocytes, a topical formation of Bz-423 was applied to human psoriatic skin grafted 

onto severe, combined immunodeficient (SCID) mice [46].  In this model, topical 

application of Bz-423 (2.5%) for two weeks decreased epidermal thickness and the 

number of Ki-67-positive cells [46].  Unlike grafts treated with topical preparations of the 

corticosteroid Clobesterol propionate (0.05%), the therapeutic effects of Bz-423 were not 

accompanied by disruption of normal skin architecture.  These studies demonstrate that 

Bz-423 has preferential growth inhibitory effects on keratinocytes relative to dermal 

fibroblasts, which results in reduction of RA and psoriatic epidermal hyperplasia without 

causing atrophy of the underlying skin. 

Regulation of G1-S cell cycle progression: Bz-423-induced growth arrest is 

associated with accumulation of cells at the G1-S cell cycle checkpoint [22].  Cells 

commit to mitosis once DNA replication begins during S phase.  Consequently, G1-S 



 66 

phase progression is tightly regulated by mechanisms collectively referred to as a 

checkpoint.  S-phase induction is signaled by activation of the E2F family of transcription 

factors, which induce expression of genes required for DNA replication and an increase 

in cell size [47].  In quiescent cells, retinoblastoma (pRb) family proteins inhibit 

expression of S-phase genes by sequestering E2F transcription factors.  In response to 

mitogenic stimuli (e.g., ligation growth factor receptors), pRb is multiply phosphorylated 

by cyclin-dependent kinases (CDKs) [48], which results in derepression of E2F-

dependent gene transcription and progression through the G1-S checkpoint (Figure 2.2; 

[49]).   

Impaired G1-S progression in the presence of Bz-423 suggests that CDK activity 

may be reduced.  CDK activity depends on the relative levels of cyclins and CDK 

inhibitors.  CDK4 and CDK6 are active when bound by D-type cyclins, whereas binding 

of E-type cyclins activates CDK2.  CDK inhibitors are small proteins that interfere with 

CDK activity by either preventing association with cyclins or binding to the ATP-binding 

groove in CDK catalytic domains.  Two families of CDK inhibitors oppose G1-S phase 

progression.  The Ink4 family of CDK inhibitors (p15Ink4b, p16Ink4a, p18Ink4c and p19Ink4d) 

bind to CDK4 and CDK6 and prevent their association with D-type cyclins [50].  In 

contrast, the Cip/Kip family of CDK inhibitors (p21Cip1, p27Kip1 and p57Kip2) prevent 

binding of CDK2 with E-type cyclins (Figure 2.2; [51, 52]).  Overexpression of cyclins 

stimulates growth and reduces growth factor dependence, while high levels of CDK 

inhibitors block growth [53-55].  Like endogenous CDK inhibitors, small molecule 

inhibitors of these kinases reduce pRb phosphorylation and block growth [52].  As such, 

several small-molcule CDK inhibitors are being developed as chemotherapeutics [56].        
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Figure 2.2 - Regulation of G1-S phase progression.  Passage from G1 to S phase 

results from activation of E2F transcription factors, which induce genes necessary for 
DNA replication and cell growth.  During G1, E2F transcription factors are bound to 
retinoblastoma protein (pRb) or other pocket proteins (e.g., p107 or 130; not shown).  
Phosphorylation of pRb by cyclin-dependent kinases (CDKs) disrupts the pRb-E2F 
complex.  CDKs are only active when complexed with cyclins.  Complexes of CDK4 or 
CDK6 with D-type cyclins phosphorylated pRb early in G1, while cyclin E-CDK2 
complexes active immediately prior to S-phase.  The size of the crescent indicates the 
magnitude of cyclin-CDK complex activity at particular points within the cell cycle.  
Cyclin D-CDK4/6 activity is opposed by Ink4 (p15Ink4b, p16Ink4a, p18Ink4c and p19Ink4d) 
family of CDK inhibitors and p21Cip1, a member of the Cip/Kip family of CDK inhibitors.  
Cip/Kip (p21Cip1, p27Kip1 and p57Kip2) CDK inhibitors also inhibit cyclin E-CDK2 
complexes.  See text for additional detail.  Figure adopted from [57]. 

 
 
 
The oncogenic transcription factor c-Myc: The cytostatic activity of Bz-423 is 

unlikely to result from direct inhibition of CDKs.  An affinity-based screen failed to 

identify CDKs as binding partners for Bz-423 [30].   In addition, as is observed for Bz-

423-induced apoptosis, antioxidants that scavenge O2
•– restore normal growth [22].  The 

shared dependence of Bz-423-induced apoptosis and growth arrest on O2
•– suggests that 
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both responses result from effects of Bz-423 on the FoF1-ATPase.  Besides direct 

inhibition of CDK activity, G1 arrest can also result from modulation of transcription 

factors that control expression of cyclins, CDKs and CDK inhibitors.  For instance, the 

CDK inhibitor p21Cip1 is upregulated in a p53-dependent manner in response to DNA 

damage [58].  However, induction of p21Cip1 is unlikely to contribute to Bz-423-induced 

growth arrest because one copy of p53 is deleted in Ramos B cells while the remainin 

allele encodes a transcriptionally inactive mutant [59].   

G1 arrest can also result from reductions in the levels and/or activity of 

transcription factors that promote proliferation.  For example, stimulation with the 

growth-inhibitory cytokine transforming growth factor-β (TGF-β) prevents S-phase 

induction by suppressing expression of the oncogenic transcription factor c-Myc [60].  

The myc gene was identified 30 years ago from a cellular DNA sequence captured by 

several chicken retroviruses [61].  Since then, genetic alterations involving Myc proteins, 

including N-Myc and L-Myc, such as translocation, gene amplification and stabilizing 

point mutations have been identified in many human malignancies [62-64].  Burkitt’s 

lymphoma, a cancer of B cells, is specifically associated with c-Myc levels that are 

elevated due to translocation of cmyc to the immunoglobulin gene locus, which places it 

under the transcriptional control of powerful immunoglobulin enhancers [65].   

c-Myc promotes passage through the G1-S checkpoint by coordinately regulating 

genes essential for cell cycle progression (Table 2.1).  In particular, c-Myc activates 

transcription of CDK2, CDK4 and CDK6 as well as D- and E-type cyclins, and it 

represses transcription of p15Ink4b, p21Cip1 and p27Kip1.  Expression of cyclins and CDKs 

can be induced by transcription factors including nuclear factor of activated T cells 
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(NFAT) [66], nuclear factor-κB (NF-κB) [67, 68], and signal transducers and activators 

of transcription (STAT) [69].  Unlike these transcription factors, however, forced 

expression of c-Myc is sufficient to stimulate DNA synthesis in quiescent fibroblasts [70-

72].  Conversely, cell cycle progression is impaired in cmyc-null fibroblasts due to a 

block at the G1-S checkpoint [73, 74].  Because of these properties, c-Myc is described as 

a ‘master regulator’ of G1-S phase progression [75].   

c-Myc plays an essential role in lymphocyte maturation and proliferation [76-78].  

For example, c-Myc mRNA and protein levels are elevated during T cell development in 

the thymus [78].  Likewise, cmyc induction is observed in B cell development during the 

burst of proliferation that accompanies productive assembly of the B-cell receptor (BCR) 

[78].  In quiescent, mature T cells, c-Myc expression is suppressed due to a block in 

transcriptional elongation, as well as by rapid degradation of cmyc mRNA [77].  These 

inhibitory mechanisms are relieved following stimulation of the T cell antigen receptor 

(TCR), which results in a >10-fold increase in c-Myc expression in activated T cells [77].  

A similar increase in c-Myc expression is observed following BCR stimulation of mature 

B cells [78].  These changes appear to be functionally consequential because antigen-

receptor stimulation-induced proliferation is reduced in c-Myc deficient B and T cells.  

Hence, c-Myc appears to play an essential role in normal lymphocyte development as 

well proliferation of activated B and T cells during an immune response.  However, 

deregulated expression of c-Myc in hematopoetic cells can result in pathologies (e.g., 

Burkitt’s lymphoma) resulting from unrestrained lymphocyte proliferation [75]. 
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Gene Target Description Regulation 
AIM1 AIM1 Absent in melanoma 1 Activated 

CCNA2 cyclin A2 Activated 
CCNB1 cyclin B1 Activated 
CCND1 cyclin D1 Repressed 
CCND2 cyclin D2 Activated 
CCND3 cyclin D3 Activated 
CCNE1 cyclin E1 Activated 
CCNG2 U2AF1 U2(RNU2) small nuclear RNA auxiliary 

factor 1 
Repressed 

CDC2 cyclin dependent kinase 1; cell division cycle 2  Activated 
CDC25A CDC25A Cell division cycle 25A Activated 
CDC25C CDC25C Cell division cycle 25C Activated 
CDC2L1 CDC2L1 Cell division cycle 2-like 1 (PITSLRE 

proteins) 
Activated 

CDK4 CDK4 Cyclin-dependent kinase 4 Activated 
CDK4 Cyclin-dependent kinase 4 Activated 
CDK6 cyclin-dependent kinase 6 Activated 

CDKN1A cyclin-dependent kinase inhibitor 1A 
 (p21, Cip1) 

Repressed 

CDKN1B cyclin-dependent kinase inhibitor 1B  
(p27, Kip1) 

Repressed 

CDKN2B cyclin-dependent kinase inhibitor 2B  
(p15, Ink4b) 

Repressed 

CEB1 LOC51191 Cyclin-E binding protein 1 Activated 
CHES1 checkpoint regulator Repressed 
CKS2 CDC28 protein kinase regulatory subunit 2 Activated 
E2F1 E2F1: E2F transcription factor 1 Activated 
E2F2 E2F2: E2F transcription factor 2 Activated 
E2F3 E2F transcription factor 3 Activated 

E2IG3 nucleotide b.prot., estradiol-induced Activated 
PCNA Proliferating cell nuclear antigen Activated 
RB1 retinoblastoma 1 Repressed 
ATR ataxia telangiectasia/Rad3 related Activated 

PELP1 proline-, glutamic acid-, leucine-rich protein 1 Activated 
 

 
 Table 2.1 – c-Myc target genes associated with cell cycle progression.  For a 

complete list of c-Myc target genes curated by the National Library of Medicine, see 
http://www.myc-cancer-gene.org. 
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c-Myc is a basic helix-loop-helix leucine zipper (bHLHZip) transcription factor 

that forms a heterodimer with Max, a smaller bHLHZip protein (Figure 2.3; [75]).  c-

Myc-Max heterodimers activate transcription of target genes by binding consensus DNA 

recognition sequences (CACA/GTG) known as E-boxes [79].  In addition, Myc is 

recruited to non-consensus sequences though interactions with protein inhibitor of 

activated Stat X (PIASX also known as Miz1) and specificity protein-1 (Sp1) (Figure 2.3; 

[80, 81]).  c-Myc binding represses activity of these transcription factors, which results in 

reduced expression of growth inhibitory proteins such as p15Ink4b, p21Cip1 and p27Kip1 [80].  

Given that it is unlikely that Bz-423 directly inhibits CDKs, G1 arrest could result from 

modulation of transcription factors such as c-Myc that control levels of cyclins, CDKs 

and CDK inhibitors. 

Statement of problem: Elevated mitochondrial O2
•– production is the proximal 

signal for Bz-423-induced growth arrest and apoptosis.  However, the signal transduction 

pathway linking this response to effects on the cell cycle were not known.  The studies 

described in this chapter were undertaken to gain insight into the mechanism linking 

increased mitochondrial O2
•– production to impaired cell cycle progression.  These 

experiments were primarily conducted using Ramos B cells because this cell line models 

aspects of GC physiology, and Bz-423 has specific effects on GCs in vivo.  Despite being 

carried out in transformed B cells, results of these studies are also expected to provide 

insight into the growth-inhibitory activity of Bz-423 in psoriatic keratinocytes.  
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Figure 2.3 – c-Myc protein functional domains. (A) The carboxy-terminal 

domain (CTD) of human Myc protein harbors the basic Helix/Loop/Helix-Leucine Zipper 
(bHLHZip) motif required for dimerization with Max and subsequent DNA binding.  The 
amino-terminal domain (NTD) contains the conserved Myc Boxes' I and II (MBI and 
MBII), which are essential for the transactivation of Myc target genes. (B) Myc-
interacting proteins include co-activator TRRAP (transformation/transcription domain-
associated protein), which possesses histone acetyltransferase (HAT) activity, TIP48 and 
TIP49 proteins interact with the NTD of c-Myc and are implicated in chromatin 
remodeling due to their ATP-hydrolyzing and helicase activities.  c-Myc also binds 
proteins involved in transcriptional repression, such as the transcription factors Miz1 and 
Sp1.  Figure adapted from [75]. 
 

 

Results 

Bz-423 modulates cellular polyamine metabolism: A complex network of signals, 

many of which are controlled at the transcriptional level, regulate G1-S phase progression 

[75, 78, 82, 83].  Consequently, initial experiments using genome-wide cDNA microarray 

analysis were employed to identify potential responses that couple Bz-423-induced O2
•– 

production to growth arrest.  For this experiment, RNA was isolated from Ramos B cells 

treated with Bz-423 (10 µM, 4 h), and changes in gene expression were examined 

relative to transcript levels in vehicle treated cells.  This time-point was analyzed to 

identify changes in mRNA levels related to the induction of growth arrest rather than 
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non-specific consequences of impaired cell cycle progression.  All experiments 

investigating the mechanism of Bz-423-induced growth arrest were carried out in media 

containing 10% (v/v) fetal bovine serum (FBS).  High serum media was used to provide 

levels of growth factors that suppress background killing in Ramos B cells to be cultured 

for periods >24 h [22].  Extended time points were used to study the anti-proliferative 

activity of Bz-423, because the difference in cell numbers between normally proliferating 

and growth-inhibited Ramos B cells is greater [22]. 

It is well established, however, that non-specific serum binding regulates the 

bioavailability of 1,4-benzodiazepines by altering concentrations of the free drug [84].  

For example, at 10 µM Bz-423 nearly 99% of the drug is serum-bound in media 

containing 10% FBS [22].   Therefore, initial studies of the lymphotoxic activity of Bz-

423 were carried out in reduced FBS (2% v/v) media, which revealed an EC50 for cell 

death ~6 µM, whereas the drug concentration reducing growth by 50% (GI50) is ~2 µM 

[22].  The lymphotoxic activity of Bz-423 against Ramos B cells is observed in media 

contain 10% FBS, but with an EC50 ~25 µM at 24 h [22].  Similarly, in Ramos B cells, 

the GI50 for Bz-423-induced growth arrest is ~11 µM after 72 h [22]. 

Exposure to Bz-423 was accompanied by increases in the mRNA levels of genes 

involved in glycolysis, oxidative phosphorylation, and stress responses (Table 2.2).  The 

most pronounced change in terms of the number of genes induced is an increase in 

glycolytic enzymes (Table 2.2).  This observation suggests that cells treated with Bz-423 

may increase glycolytic ATP production to partially offset impaired oxidative 

phosphorylation due to the effects of Bz-423 on the FoF1-ATPase.  Consistent with this 

hypothesis, increased glucose uptake and lactate production is observed in cells treated  



 74 

Gene Function Fold Induction 
Glyceraldehyde-3-phosphate dehydrogenase Glycolysis 23 
Transketolase Glycolysis 14 
Phosphoglycerate kinase Glycolysis 13 
Enolase I Glycolysis 11 
Glucose phosphate isomerase Glycolysis 9 
Pyruvate kinase Glycolysis 9 
Mitochondrial Fo complex, subunit g OXPHOS 12 
NADH Dehydrogenase OXPHOS 12 
Adenine nucleotide translocator Mitochondrial 

ATP/ADP Transport 
20 

Heat shock 60 kD protein 1 Stress Response 12 
Heat shock 90 KD protein 1, β Stress Response 21 
Ornithine decarboxylase antizyme1 Polyamine Regulation 16 
 

 
 
Table 2.2 - Genes upregulated by Bz-423.  RNA was isolated from Ramos B 

cells treated with Bz-423 (10 µM) for 4 h in complete media containing 10% FBS and 
hybridized to a HGU133A Affymetrix Gene Chip.  Fold mRNA increase is relative to 
vehicle.  Fold changes represent the mean of two separate experiments. OXPHOS, 
oxidative phosphorylation. 

 
 
 

with the macrolide FoF1-ATPase inhibitor, oligomycin [85-87].  When oxidative 

phosphorylation is impaired, pyruvate is reduced to lactate to regenerate NAD+ instead of 

serving as carbon source for the TCA-cycle [88].  While these effects are consistent with 

modulation of the FoF1-ATPase, it is unlikely that Bz-423-induced growth arrest is 

signaled by increased glycolytic ATP production.  

This analysis also demonstrated that ornithine decarboxylase antizyme 1 (OAZ1) 

was induced (Table 2.2).  OAZ1 depletes cellular polyamines by acting as negative 

regulator of ornithine decarboxylase (ODC), an enzyme that mediates the conversion of 

the non-coded amino acid ornithine to putrescine in a rate-controlling step in polyamine 

biosynthesis [89].  Specifically, OAZ1 binding disrupts active ODC homodimers and 

further targets ODC for proteasomal degradation (Figure 2.4).  Polyamines are low-
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molecular weight organic cations that form complexes with nucleic acids and are required 

for normal proliferation [90].  Depletion of cellular polyamines blocks growth and, if 

sustained, results in cell death [91-93].  The increase in OAZ1 transcript levels suggests 

that the cytostatic activity of Bz-423 may result from changes in cellular polyamine 

metabolism.  Specifically, elevated OAZ1 expression would be expected to increase 

proteasomal degradation of ODC, thereby limiting polyamine biosynthesis and blocking 

growth.  

To test this hypothesis, production of [3H]-putrescine from [3H]-ornithine was 

measured in the vehicle and in Bz-423-treated Ramos B cells.  Consistent with increased 

oaz1 transcript levels, exposure to Bz-423 for 4 h reduced ODC activity (Figure 2.5A).  

To determine if the reduction in ODC activity translates into decreased cellular 

polyamine levels, Bz-423-treated Ramos B cells were lysed with trichloroacetic acid 

(TCA), and acid-soluble polyamines were converted to their benzoyl chloride derivatives 

and quantified by reversed-phase HPLC [92].  A reduction in cellular polyamine levels 

was observed after treatment with Bz-423 (Figure 2.5B).  At concentrations of Bz-423 

above the GI50 (11.5 ± 0.8 µM; [22]), the reduction was equivalent to that induced by the 

specific ODC inhibitor D,L-α-difluoromethylornithine (DFMO; [90]).  Analyzing the 

effect of Bz-423 on cellular polyamines as a function of time revealed that this decrease 

was complete by 6 h, which corresponds to the increase in oaz1 mRNA detected in the 

gene expression profile at 4 h (Figure 2.5C).  These findings demonstrate that growth-

inhibitory concentrations of Bz-423 reduce ODC activity and deplete cellular polyamine 

pools. 
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Figure 2.4 - OAZ1-depedent regulatory feedback mechanism stabilizing 

cellular polyamine pools.  Polyamines promote OAZ1 expression by inducing a 
translational frameshift in oaz1 mRNA.  The carboxy-terminal half of AZ1 interacts with 
ODC, generating OAZ1-ODC heterodimers at the expense of enzymatically active ODC 
homodimers.  The OAZ1 amino-terminal half then targets OAZ1-ODC to the 
proteasome, which results in degradation of ODC.  OAZ1-mediated inhibition and 
destruction of ODC reduces polyamine biosynthesis, which completes the regulatory 
circuit by decreasing levels of polyamines available to promote OAZ1 translation.  Figure 
adapted from [89]. 
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Figure 2.5 - Bz-423 modulates cellular polyamine metabolism. Ramos B cells 

were treated with either DFMO (1 mM) or the indicated concentrations of Bz-423, and 
(A) ODC activity was evaluated at 4 h as the amount of [3H]putrescine produced from 
[3H]ornithine and (B) cellular polyamine levels were quantified at 24 h by reversed-phase 
HPLC. (C) Total cellular polyamine levels were evaluated by reversed-phase HPLC in 
Ramos B cells treated with vehicle (), DFMO (1 mM; ) or Bz-423 (15 µM; ) for 
the indicated times. DFMO is a selective, cell-permeable, non-reversible inhibitor of 
ODC (IC50 = 7.5 µM; [94]). (D) Whole cell lysates or cellular RNA were harvested from 
Ramos B cells treated with Bz-423 (15 µM) for indicated times.  Immunoblotting or RT-
PCR was performed to detect ODC and OAZ1 protein or mRNA levels, respectively.  For 
C and D, 15 µM Bz-423 was employed because this concentration reduces growth by 
>80% without causing cell death [22]. All panels are representative of at least two 
separate experiments.  
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To determine whether the decrease in ODC activity corresponds with changes in 

the levels of ODC or OAZ1, amounts of both proteins were analyzed in lysates from Bz-

423-treated Ramos B cells.  Growth-inhibitory concentrations of Bz-423 substantially 

reduced ODC protein by 4 h (Figure 2.5D).  Unexpectedly, however, OAZ1 protein 

levels were unchanged over the same time period.  In addition, no change in oaz1 mRNA 

levels, as detected by RT-PCR, was observed at time points up to 24 h.  In contrast, a 

decrease in odc transcript levels was detected at 3 h (Figure 2.3D), which precedes the 

reduction in ODC protein at 4 h and cellular polyamine levels at 6 h.  In sum, although 

the reduction in ODC protein levels is consistent with the effect of Bz-423 on cellular 

polyamines, the absence of an increase in OAZ1 protein argues that this decrease is not 

mediated by an OAZ1-dependent post-translational mechanism.  Instead, the decrease in 

odc mRNA levels suggests that Bz-423 may reduce transcriptional activity of the odc 

gene 

Bz-423 decreases c-Myc protein levels: The odc promoter region contains 

sequences that allow for responses to hormones, growth factors, and oncogenes, 

including a cAMP-response element, CAAT and LSF motifs, AP1 consensus sequences, 

and a GC-rich Sp1 binding site, as well as two E-box sequences bound by c-Myc/Max 

heterodimers [95, 96].  Despite the presence of binding sites for other transcription 

factors, inactivating mutations of both E-boxes reduce odc transcript levels by >80% in 

WI-38 human fibroblasts which suggests that Myc primarily drives transcription of odc 

[96].  Hence, the decrease in odc mRNA observed in Bz-423-treated Ramos B cells could 

result from a decrease in c-Myc levels and/or activity.  To evaluate this hypothesis,  
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Figure 2.6 - Bz-423 induces a rapid decrease in c-Myc levels. (A) Whole cell 

lysates were isolated from Ramos B cells treated with Bz-423 (15 µM) for the indicated 
times and immunoblots were performed with specific antibodies as indicated. (B) Ramos 
B cells were treated with indicated concentrations of Bz-423 for 8 h and whole cell 
lysates were immunoblotted with specific antibodies as indicated. (C) The reduction in 
Myc levels at 8 h () was quantified by densitometry and compared to percent growth 
arrest () for Ramos B cells at 48 h. Panel A is representative of at least five separate 
experiments and panel B and C are representative of at least two separate experiments. 

 
 
 

c-Myc protein levels were examined in lysates from Ramos B cells.  This analysis 

revealed a 30% decrease in Myc protein by 1 h, which continued to fall to <10% of 

control by 8 h (Figure 2.6A).  The Bz-423-induced decrease in Myc levels at 8 h is 

concentration-dependent (Figure 2.6B), and the magnitude of this decrease parallels 

percent growth arrest at 48 h (Figure 2.6C).  These data suggest that the effects of Bz-423 

on odc expression, as well as proliferation, might arise due to a decrease in c-Myc 

protein. 
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O2
•– mediates the effect of Bz-423 on c-Myc and polyamine metabolism: Binding 

of Bz-423 to the OSCP component of the FoF1-ATPase slows the rate of ATP synthesis 

and triggers a mitochondrial respiratory transition, placing the MRC in a reduced state 

that favors the production of O2
•– [1, 30].  The magnitude of Bz-423-induced O2

•– 

response is concentration-dependent, such that sub-toxic concentrations of Bz-423 

produce proportionally less O2
•– and arrest growth of Burkitt’s lymphoma cells at the G1 

checkpoint [22].  Bz-423-induced growth arrest also depends on the O2
•– produced by 

modulation of the FoF1-ATPase.  Thus, scavenging Bz-423-induced O2
•– with the 

manganese superoxide dismutase (MnSOD) mimetic MnTBAP blocks the 

antiproliferative effects of Bz-423 in Ramos B cells [22].  Similarly, non-lymphoid cells 

(i.e., MCF-7 breast cancer cells) stably expressing high levels of MnSOD were less 

sensitive to Bz-423-induced growth arrest [22].  Finally, human embryonic kidney (HEK) 

293 cells, in which OSCP levels had been stably diminished by RNA interference, 

produced less O2
•– in response to Bz-423, and correspondingly, required higher 

concentrations of Bz-423 to induce growth arrest relative to control cells.  Collectively, 

these findings demonstrate that growth arrest is linked to binding of Bz-423 to the OSCP 

by the O2
•– signal [97].   

Reduction in c-Myc protein and downstream effects on odc expression and on 

cellular polyamines are predicted to be components of the mechanism leading to Bz-423-

induced growth arrest.  Thus, these responses are also expected to be O2
•–-dependent.  In 

support of this hypothesis, pretreatment with MnTBAP prevented the decrease in Myc 

levels and stabilized odc expression (Figure 2.7A).  In addition, scavenging O2
•– blocked 

the decrease in cellular polyamine levels (Figure 2.7B).  Collectively, these results couple  
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Figure 2.7 - Scavenging Bz-423-induced O2

•– blocks the decrease in c-Myc 
levels, ODC expression, and polyamine levels. (A) Whole cell lysates or RNA were 
prepared from Ramos B cells pretreated with MnTBAP (100 µM) and then treated with 
Bz-423 (15 µM) for 8 h.  Immunoblotting or RT-PCR was performed to evaluate Myc 
and ODC protein and mRNA levels, respectively. (B) Ramos B cells were treated with 
DFMO (1 mM) for 24 h or pretreated with MnTBAP (100 µM) and then treated with Bz-
423 (15 µM) for 24 h and concentrations of cellular polyamines determined by reverse-
phase HPLC.  Both panels are representative of two separate experiments. 

 
 

the Bz-423-induced O2
•– response to the decrease in Myc protein and the subsequent 

effects on odc expression and cellular polyamine levels. 

Bz-423 modulates proteins that control G1-S phase progression: Besides 

transcriptional activation of odc, c-Myc promotes passage through the G1 checkpoint by 

both transcriptional activation and repression of cell cycle regulatory genes [75].  Cell 

cycle progression is directed by cyclin-dependent kinases (CDKs), whose activity is 

dictated by the relative levels of cyclins and CDK inhibitors (CDKI) [48].  In particular, 

active complexes of CDK2, CDK4, or CDK6 with D-type cyclins as well as complexes 

of E-type cyclins and CDK2 promote the G1-S transition.  Cyclin-CDK complexes are 

inhibited by CDKIs including p21Cip1 and p27Kip1 [51].  Myc promotes the G1-S transition 

by activating transcription of CDK2, 4 and 6 as well as D- and E-type cyclins, and 
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moreover, represses transcription p21Cip1 and p27Kip1 [75, 98, 99].  Because Bz-423 rapidly 

decreased c-Myc protein levels, we also expected to observe increased expression of 

CDKIs and decreased levels of CDK2, 4 and 6 as well as D- and E-type cyclins. 

In accordance with the effect of Bz-423 on c-Myc protein levels, CDK4 was 

decreased to <10% of basal levels within 3 h of treatment.  Levels of CDK2 and CDK6 

were reduced to similar extent, but not until 24 h.  Cyclin D3 was reduced to 20% of 

control by 2 h, whereas levels of cyclin D1 and D2 were maintained in the presence of 

Bz-423 for up to 24 h.  Cyclin E1 levels were reduced by >50% following exposure to 

Bz-423 for 1 h and continued to decline till reduced by >90% after 24 h.  The CDK 

inhibitor p21Cip1 was nearly undetectable in untreated Ramos B cells, and did not rise in 

response to Bz-423.  In contrast, p27Kip1 levels increased two-fold after treatment with 

Bz-423 for 8 h (Figure 2.8).  The decreases in cyclin D3, cyclin E1, and CDK4 occur 

earlier and to a greater extent than induction of p21Cip1 or p27Kip1.  Although the basis for 

this difference is not known, it may be due to the dependence of p21Cip1 or p27Kip1 

induction on processes in addition to reduction of c-Myc levels.  For example, the 

growth-suppressive cytokine TGF-β induces p21Cip1 via a process that depends both on 

transcriptional repression of c-Myc as well as transcriptional activation by the Sp1/KLF 

(Krupple-like factors) family of transcription factors [100-102].  In contrast, genes that 

depend on c-Myc for expression, such as ODC [95] or cyclin D3 [103] should be more 

sensitive to decreased levels of this transcription factor.  Overall, the observed changes in 

the levels of cyclins, CDKs and CDK inhibitors are consistent with the G1 arrest induced 

by a decrease in c-Myc protein levels.  
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The primary substrates of the CDKs are the retinoblastoma (pRb) protein family, 

which includes pRb, p107 and p130 [49].  In their hypophosphorylated state, pRb 

proteins bind to members of the E2F family of transcription factors, and block 

transcription of E2F-regulated genes that drive S-phase entry.  Phosphorylation pRb 

serine and threonine residues by CDKs results in derepression of E2F-dependent gene 

transcription and progression through the G1 checkpoint [49].  Because Bz-423 reduces 

expression of D- and E-type cyclins as well as CDK2, CDK4 and CDK6, we expected to 

observe decreased phosphorylation of pRb.  Consistent with this prediction, the overall 

phosphorylation state of pRb decreased following treatment with Bz-423, as indicated by 

an increase in electrophoretic mobility on SDS-PAGE (Figure 2.8). 

Cyclin-CDK complexes phosphorylate a specific subset of pRb residues.  For 

example, complexes of D-type cyclins with either CDK4 or CDK6 phosphorylate pRb at 

serine residues S780, S807 and S811, while cyclin E-CDK2 complexes specifically 

phosphorylate S795 [104, 105].  Based on these specificities, antibodies specific for 

phosphorylation of Ser780, Ser795, and Ser807/811 were used to assess whether reduced 

CDK2, CDK4 and/or CDK6 activities contributed to the overall decrease in pRb 

phosphorylation (Figure 2.6).  Although CDK2 levels do not decrease until 8 h of 

exposure to Bz-423, CDK2 activity (evaluated in terms of pRb phosphorylation at S795) 

is undetectable by 3 h.  Diminished CDK4/6 activity (i.e., phosphorylation of pRb at 

S780 and S807/S811) was also observed by 3 h, but both bands are present at >50% of 

control levels until 8 h (Figure 2.8).  This difference may be due to the greater 

redundancy among the D-type cyclin-CDK4/6 complexes.  Specifically, although cyclin  
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Figure 2.8 - Bz-423 modulates levels of G1-S checkpoint proteins.  Whole cell 

lysates were isolated from Ramos B cells that had been treated with Bz-423 (15 µM) for 
the indicated times, and immunoblots were performed with specific antibodies.  
Immunoblots are from a single experiment. 

 
 

D3 and CDK4 are rapidly depleted, complexes of CDK6 with cyclin D1 or D2 may be 

able to maintain phosphorylation of pRb at S780 and S807/811 [106].  In contrast, levels 

of cyclin E1 are reduced after treatment of Ramos B cells with Bz-423 for 1 h, whereas 

expression of cyclin E2 was below the limits of detection by immunoblot.  Consequently, 

the reduction in cyclin E1 is expected to translate into a rapid decrease in pRb 

phosphorylation at S795, despite the presence of normal CDK2 levels.  Overall, the 



 85 

decreases in phosphorylation of specific pRb residues are consistent with both the 

changes in the levels cyclins and CDKs induced by Bz-423 as well as G1 arrest.   

Bz-423 reduces c-Myc levels in keratinocytes: Bz-423-induced destabilization of 

c-Myc in Ramos B cells raised questions of whether a similar process is engaged in non-

lymphoid cell-types.  Keratinocytes were examined because Bz-423 inhibits growth of 

this cell-type in vitro (GI50 ~1 µM; [43]) and reduces epidermal hyperplasia in human 

psoriatic skin grafts [46]).  In addition, as described in the introduction to this chapter, 

deregulated c-Myc expression appears to contribute to epidermal hyperplasia in psoriasis 

[33, 37, 38], which suggests that growth-inhibitory activity of Bz-423 in keratinocytes 

might result from destabilization of this transcription factor.  

As an initial test of this hypothesis, levels of c-Myc, cyclin D3, pRb and phospho-

pRb were evaluated in lysates from keratinocytes treated with Bz-423.  Growth-inhibitory 

concentrations of Bz-423 (0.5 - 4 µM; [43]) did not reduce c-Myc or cyclin D3 levels or 

pRb phosphorylation after 8 h.  However, treatment with Bz-423 for 24 h resulted in a 

concentration-dependent reduction in levels of Myc as well as cyclin D3 (Figure 2.7).  

These changes were accompanied by decreases in pRb phosphorylation as evidenced by 

increased mobility on SDS-PAGE and decreased immunoreactivity with an antibody 

specific for phosphorylation of pRb at Ser795 (Figure 2.9).  These observations 

demonstrate that anti-proliferative concentrations of Bz-423 induce intracellular signaling 

events in keratinocytes that are consistent with those changes induced in Ramos B cells 

as well as a block in proliferation. 
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Figure 2.9 - Bz-423 reduces c-Myc levels in keratinocytes.  Whole cell lysates 

were prepared from kerationcytes treated with the indicated concentrations for 8 h or 24 
h, after which, immunoblots were prepared with specific antibodies as indicated.  This 
figure is representative of two separate experiments. 

 
 
Levels of c-Myc were evaluated by immunohistochemical staining of human 

psoriatic skin grafts treated with a topical formation of Bz-423 (2.5%; applied twice daily 

for two weeks) to determine whether c-Myc was reduced by Bz-423 in vivo [46].  At the 

conclusion of treatment, c-Myc-positive cells were detected in the subrabasal layer of 

vehicle-treated grafts, while none were present in psoriatic skin exposed to Bz-423 [46].  

This change was accompanied by a reduced number of cells staining positive for the 

proliferative marker Ki-67 in the subrabasal layer [46].  In addition, Bz-423 caused a 

43% decrease in epidermal thickness relative to vehicle-treated grafts [46].  Importantly, 

disruptions of normal skin architecture (e.g., flattening of the dermal-epidermal interface) 

did not accompany these beneficial effects [46].  This selectivity suggests that the 

hyperproliferative phenotype of keratinocytes in the subrabasal layer of psoriatic skin 

predisoposes these cells to Bz-423-induced c-Myc destabilization and growth arrest.  In 

support of this hypothesis, c-Myc and Ki-67 staining in the basal layer of epidermal cells 

was equivalent in Bz-423 and vehicle-treated grafts [46].  
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Bz-423 depletes c-Myc by a mechanism that involves the proteasome: c-Myc 

levels are tightly regulated by processes governing both mRNA and protein stability [62, 

75, 107].  For example, despite constitutive utilization of the cmyc promoter, quiescent 

lymphocytes have low cmyc transcript levels as a result of a block in transcriptional 

elongation, as well as rapid degradation of cmyc mRNA [108, 109].  Proliferation 

accompanying lymphocyte activation depends, in part, upon mechanisms that elevate 

cmyc expression by overcoming these blocks [77].  To determine if Bz-423 decreases c-

Myc protein by a mechanism involving either reduced transcription or mRNA stability, 

RNA was isolated from Bz-423-treated Ramos B cells, and steady-state cmyc mRNA 

levels were assessed by semi-quantitative RT-PCR.  As seen in Figure 2.6A, cmyc 

mRNA levels remained unchanged for up to 8 h with only a 50% decrease observed at 24 

h.  In contrast, Myc protein levels are reduced by 30% within 1 h of treatment and 

steadily decline to <10% of control by 8 h (Figure 2.10A).  Thus, myc transcript levels 

remain stable during the period in which Myc protein declines, arguing that Bz-423 

lowers Myc levels by a process that stimulates degradation of this protein. 

Levels of Myc protein are regulated by mechanisms that target this protein for 

degradation by the 26S proteasome [110-115].  In particular, ubiquitin-dependent 

proteasomal degradation of Myc is signaled by post-translational modification of residues 

within a highly conserved region spanning amino acids 45-63, known as Myc box 1 

(MB1) (Figure 2.10B).  Within MB1, S62 and T58 are phosphorylated by mitogen-

activated kinases and glycogen-synthase kinase-3β (GSK-3β), respectively [111]. 

Phosphorylation of S62 is initially stabilizing, but also primes Myc for subsequent 

phosphorylation of T58 by GSK-3β [110, 111].  Recognition of phosphorylated T58 by  
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Figure 2.10 - Bz-423 decrease c-Myc by a mechanism involving the 

proteasome.  (A) Whole cell lysates or RNA were isolated from Ramos B cells treated 
with Bz-423 (15 µM) for the indicated times, after which, immunoblotting or RT-PCR 
was performed for Myc protein or mRNA levels, respectively. (B) Model for regulation 
of Myc stability by phosphorylation of Myc Box I (MBI) residues Ser62 and Thr58.  
Adapted from Adhikary and Eilers [62]. (C) Chemical structure of Bortezomib, a potent, 
cell-permeable, reversible inhibitor of the 26S proteasome (IC50 = 10 nM; [116]). (D) 
Whole cell lysates were prepared from Ramos B cells that had been pretreated with 
Bortezomib (2.5 µM) and then incubated with Bz-423 (15 µM) for 6 h.  Bortezomib was 
employed at a concentration shown to inhibit in other systems [117].  Immunoblots were 
performed with specific antibodies as indicated and are representative of at least two 
separate experiments. 
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the prolyl isomerase (PIN1) leads to isomerization of P59, which enables protein 

phosphatase-2A (PP2A) to cleave the phosphate residue from S62 [115].  The ubiquitin 

ligase SCFFbw7 (Fbw7) recognizes the phospho-T58 species and then ubiquinylates c-

Myc, targeting it for proteasomal degradation (Figure 2.10B; [112-115]).   

The essential role of the ubiquitin-proteasome pathway in regulating c-Myc 

protein stability suggests that Bz-423 might reduce Myc levels by targeting it for 

proteasomal degradation.  To test this hypothesis, Ramos B cells were treated with Bz-

423 along with bortezomib, a dipeptidyl borononic acid inhibitor of the 26S proteasome 

[116].  Blocking proteasome activity in Ramos B cells prevented the Bz-423-induced 

decrease in Myc and cyclin D3, a Myc-dependent gene product (Figure 2.10C).  This 

observation indicates that Bz-423 induces proteasomal degradation of Myc, perhaps due 

to increased phosphorylation of MBI residues that trigger ubiquitination. 

Myc Box I (MBI) phospho-residues are required for the effects of Bz-423 on c-

Myc and proliferation: The dependence of the Bz-423-induced decrease in Myc on 

proteasome function suggests that this process may involve cis-acting MB1 residues 

commonly involved in ubiquitin-mediated proteolysis.  To evaluate this hypothesis, 

Ramos B cells were stably transfected with Flag epitope-tagged wild-type Myc or 

mutants in which T58, S62 or both residues were substituted with alanine (Figure 2.10A).  

When clones stably expressing these proteins were exposed to Bz-423, the levels of Flag 

epitope-tagged wild-type Myc and the MycS62A mutant decreased in a time course similar 

to the reduction of endogenous Myc in cells transfected with an empty vector 

(Figure2.11B).  As predicted by the essential role of T58 in ubiquitin-mediated 

degradation of Myc, the MycT58A mutant and the double mutant MycT58A/S62A proteins were 
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Figure 2.11 - Phospho-sensitive c-Myc residue T58 is critical for Bz-423-

induced degradation of c-Myc.  (A) Expression of Flag-epitope tagged wild-type Myc 
or mutants with alanine substitutions at T58, S62 or both residues was confirmed by 
immunoblotting whole cell lysates from Ramos B cell clones with specific antibodies as 
indicated. (B) The Ramos B cells clones in (A) were treated with Bz-423 (15 µM) for the 
indicated times and levels of Myc, Flag and cyclin D3 were evaluated by immunoblotting 
whole cell lysates with specific antibodies.  Both panels are representative of two 
separate experiments. 
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Ramos B Cell Clone Growth Arrest; 
GI50 (µM) 

Cell Death; 
EC50 (µM) 

Wild type 10 ± 1.1 5.93 ± 0.3 
Vector 10.5 ± 0.8 5.87 ± 0.5 
MycWT 11.0 ± 0.9 5.60 ± 0.4 
MycT58A 15.6 ± 1.4 6.34 ± 0.4 
MycS62A 12.9 ± 1.4 5.38 ± 0.4 

MycT58A/S62A 15.8 ± 0.6 6.09 ± 0.1 
 

 
 
Table 2.3 – c-Myc phospho-residue T58 is critical for Bz-423-induced growth 

arrest, but dispensable for cell death.  Growth arrest was evaluated using by the SRB 
assay after 48 h in media containing 10% FBS.  Cell death was quantified in terms of PI 
positivity after 24 h in media containing 2% FBS.  Each GI50 and EC50 value was 
determined in triplicate via non-linear regression of the corresponding concentration-
response curves.         

 
 
 

substantially resistant to Bz-423-induced degradation relative to transfected wild-type 

Myc and endogenous Myc in vector control cells (Figure 2.9B).  In addition, the Bz-423-

induced decrease in the Myc-dependent gene product cyclin D3 was attenuated by 

expression of MycT58A or MycT58A/S62A relative to cells transfected with MycS62A, wild-type 

Myc or an empty vector (Figure 2.7B).  These results indicate that T58 is critical for Bz-

423-induced degradation of Myc and the subsequent decrease in cyclin D3. 

Wild type c-Myc and MB1 phospho-residue mutants were tested for sensitivity to 

Bz-423-induced growth inhibition and G1 cell cycle arrest to determine if the decrease in 

Myc protein levels is necessary for these processes.  After treatment with Bz-423 for 48 

h, the GI50 was significantly increased in Ramos B cells expressing c-MycT58A and c-

MycT58A/S62A (P <0.04 and P <0.02, respectively) compared with clones transfected with 

wild-type c-Myc, whereas the increase in GI50 in Ramos B cells expressing MycS62A did 

not reach statistical significance (P >0.1; Table 2.3).   
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In addition, cells transfected with an empty vector, wild type c-Myc, or c-MycS62A 

accumulated at the G1 checkpoint, as observed previously in Bz-423-treated Ramos B 

cells (Figure 2.12; [22]).  In contrast, Ramos B cells expressing c-MycT58A and c-

MycT58A/S62A showed no significant difference in cell cycle distribution compared to 

vehicle-treated cells (Figure 2.12).  Finally, although c-Myc levels are also decreased by 

cytotoxic concentrations of Bz-423 [118], the EC50 for cell death was not increased in 

Ramos B cells expressing c-Myc phospho-residue mutants (Table 2.3).  Collectively, 

these findings indicate that the reduction in levels c-Myc protein is necessary for Bz-423-

induced growth arrest in Ramos B cells. 
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Figure 2.12 - Phospho-sensitive c-Myc residue T58 is critical for Bz-423-
induced G1 arrest.  Ramos B cell clones stably transfected with empty vector (A) or 
Flag epitope-tagged wild-type Myc (B) or Myc with alanine substitution at T58 (C), S62 
(D) or both residues (E) were treated with vehicle (black histogram) or Bz-423 (15 µM; 
gray histogram) for 24 h and cell cycle distribution was determined in triplicate by PI 
staining and flow cytometry.  Graphs, percentage of cells in the Sub-G0 (white bars), G1 
(red bars), S (grey bars) and G2 (black bars) phases of the cell cycle for each 
experimental condition.  All panels are representative of two separate experiments.   

 
 

 
Bz-423-induced c-Myc degradation is independent of T58 phosphorylation by 

GSK-3β: Alanine substitution of the MB1 phospho-residue T58 stabilizes Myc in the 

presence of Bz-423.  This observation suggests that Bz-423 may trigger ubiquitin-

mediated proteolysis of c-Myc by inducing phosphorylation of T58.  To explore this 

possibility, lysates from Bz-423-treated Ramos B cells were immunoblotted with an 

antibody that recognizes c-Myc either singly phosphorylated at T58 or doubly 

phosphorylated T58 and S62, but does not recognize species that are either not 

phosphorylated or singly phosphorylated at S62 [110, 111].  Surprisingly, an increase in 

phospho-Myc species was not detected prior to the reduction in total Myc levels.  Instead, 

levels of T58 phosphorylated Myc decreased with equivalent kinetics to total Myc protein 

(Figure 2.13A).  As a control, lysates were prepared from Ramos B cells following 

stimulation of the B cell antigen receptor (BCR), which has been shown to induce 

phosphorylation of c-Myc at Thr58 [104, 119].  In these BCR-stimulated cells, an initial 

accumulation of total and phospho-(T58/S62) c-Myc was observed, with a maximum 

reached at 4 h, followed by a decrease in both species to sub-basal levels by 24 h (Figure 

2.13B).  The absence of an early rise in T58 phosphorylation in response to Bz-423 

suggests that the decrease in Myc is not signaled by phosphorylation of this residue.   
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Figure 2.13 - Bz-423 does not induce T58 phosphorylation.  Ramos B cells 

were treated with (A) Bz-423 (15 µM) or (B) α-IgM (10 µg/mL), after which, whole cell 
lysates were immunoblotted with specific antibodies as indicated. (C) Structures of the 
cell-permeable, selective, reversible GSK-3β inhibitors SB-216763 and SB-415286 (IC50s 
= 34 nM and 78 nM, respectively; [120]) (D) Whole cell lysates were prepared from 
Ramos B cells that had been pretreated with the GSK-3β inhibitors SB-216763 (30 µM) 
or SB-415286 (30 µM) and then treated with Bz-423 for (15 µM) for 6 h and 
immunoblots performed with specific antibodies as indicated.  SB-216763 and SB-
415286 were used at concentrations shown to inhibit GSK-3β  in other systems [120].  
Panel A is representative of three separate experiments, while Panels B and D are from a 
single experiment. 
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Proteasomal degradation of Myc following serum withdrawal and B cell-receptor 

ligation is mediated by phosphorylation of T58 by GSK-3β [104, 110, 111, 119].  

However, the absence of increased T58 phosphorylation in response to Bz-423 suggests 

that GSK-3β is not involved.  To further exclude this possibility, Ramos B cells were 

treated with two structurally distinct GSK-3β inhibitors (SB-216763 and SB-415286; 

[120]) prior to incubation with Bz-423 (Figure 2.13C).  Neither inhibitor prevented the 

Bz-423-induced decrease in Myc or the associated reduction in cyclin D3 (Figure 2.13D), 

which is consistent with the absence of increased phospho-T58 levels.  Inhibition of 

GSK-3β by SB-216763 or SB-415286 was demonstrated by reduced levels of the c-Myc 

species recognized by the phospho-Myc (T58/S62) specific antibody (Figure 2.13D).  

Thus, although Bz-423 induces proteasomal degradation of Myc, this process appears to 

be independent of T58 phosphorylation by GSK-3β.  This is similar to proteasomal 

degradation of c-Myc induced by the small-molecule, Degrasyn, which likewise is 

independent of GSK-3β (see Chapter 2 Discussion; [121]). 

Bz-423 induces rapid, proteasome-dependent degradation of β-catenin: The 

inability of GSK-3β inhibitors to prevent Bz-423-induced Myc degradation indicates that 

this process does not involve phosphorylation of T58.  Nevertheless, alanine substitution 

of T58 stabilizes Myc levels and restores normal growth, which suggests that processes 

involving this residue contribute to cytostatic effect of Bz-423.  A plausible explanation 

for this apparent contradiction is that Bz-423 may act downstream of T58 

phosphorylation to increase the efficiency of Myc processing by the 26S proteasome.  

Rate-limiting steps in proteasomal degradation include both protein-specific 

modifications (e.g., phosphorylation), as well as the enzymatic attachment of ubiquitin to 
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target proteins [122, 123].  Therefore, Bz-423-induced O2
•– may enhance proteosomal 

processing of Myc by increasing the expression and/or activity of ubiquitin ligases.  In 

support of this hypothesis, cellular ubiqutin-ligase activity is elevated in response to 

oxidative stress (see Chapter 2 Discussion; [124-126]).  

The hypothesis that Bz-423 increases cellular ubiquitin-ligase activity suggests 

that levels of other labile proteins may also be diminished.  One such protein is the 

transcription factor β-catenin, which in the absence of Wnt signaling, is rapidly targeted 

to ubiquitin-proteasome pathway as result of phosphorylation by GSK-3β [127].  Signals 

triggered by binding of Wnt ligands to their cognate Frizzled (Fzd) receptors inhibit 

GSK-3β, which leads to accumulation of β-catenin and transcriptional activation of target 

genes [128].  Because the ubiquitin ligase complexes targeting Myc and β-catenin share 

several molecular components (see Discussion; [129]), we hypothesized that Bz-423 

might also destabilize β-catenin.  Indeed, Bz-423 treatment promotes rapid, proteasomal-

dependent degradation of β-catenin in Ramos B cells (Figure 2.14A and B).  

Interestingly, although the GSK-3β inhibitors, SB-216763 and SB-415286, caused 

accumulation of β-catenin, they failed to protect against Bz-423-induced degradation of 

this transcription factor (Figure 2.14C).  These results with β-catenin support a model 

whereby Bz-423 destabilizes labile proteins such as Myc by stimulating the ubiquitin-

proteasome pathway downstream of GSK-3β.  However, Bz-423 does not promote 

indiscriminate degradation of short-lived proteins, because levels of CDK2 as well as 

cyclin D1 and D2, are maintained in Ramos B cells treated with Bz-423 for up to 8 h 

(Figure 2.8).  
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Figure 2.14 - Bz-423 induces rapid, proteasome-dependent degradation of β-

catenin.  (A) Ramos B cells were treated with vehicle or Bz-423 (15 µM) for the 
indicated times, after which, whole cell lysates were immunoblotted with specific 
antibodies as indicated. (B) Whole cell lysates were prepared from Ramos B cells that 
had been pretreated with Bortezomib (2.5 µM) and then incubated with Bz-423 (15 µM) 
for 2 h.  Immunoblots were then performed with specific antibodies as indicated.  All 
panels are from a single experiment. (C) Whole cell lysates were prepared from Ramos B 
cells that had been pretreated with the GSK-3β inhibitors, SB-216763 (30 µM) or SB-
415286 (30 µM), and then treated with Bz-423 for (15 µM) for 2 h.  Immunoblots were 
performed with specific antibodies as indicated.  All panels are representative of two 
independent experiments.    

 
 

Effect of other oxidizing agents on c-Myc levels: The decrease in Myc levels 

triggered by Bz-423 suggests that elevated levels of intracellular O2
•– trigger a specific 

regulatory mechanism that leads to degradation of c-Myc by the proteasome.  To explore 

this possibility, Ramos B cells were treated with the oxidants hydrogen peroxide (H2O2) 

and tert-butyl hydroperoxide (t-BHP), as well as with arsenic trioxide (ATO), an agent 

that promotes O2
•– production from mitochondrial respiratory chain [130, 131].  Neither 

H2O2 nor t-BHP altered levels of Myc or cyclin D3 (Figure 2.15A and B).  In contrast, 

both  
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Figure 2.15 – c-Myc is depleted by agents that produce O2

•–, but not by 
exogenous peroxides.  (A and B) Whole cell lysates were prepared from Ramos B cells 
treated with the indicated concentrations of H2O2 or t-BHP for 6 h, after which 
immunoblots were performed with specific antibodies as indicated. (C) O2

•– production 
was detected in Ramos B cells treated with the indicated concentrations of ATO or Bz-
423 for 1 h by staining with DHE. (D) Whole cell lysates were prepared from Ramos B 
cells with the indicated concentrations of ATO or Bz-423 for 6 h, after which 
immunoblots were performed with specific antibodies as indicated.  All panels are the 
results from a single experiment. 

 
  
 
c-Myc and cyclin D3 were reduced in Ramos B cells exposed to ATO (Figure 2.15C and 

D).  These data indicate that c-Myc protein levels are stable in Ramos B cells treated with 

exogenous peroxides, which suggests that the signaling mechanism that leads to c-Myc 

degradation in response specifically engaged by agents that, like Bz-423 or ATO, 

increase intracellular O2
•– levels. 
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Discussion 

Bz-423 stimulates mitochondrial O2
•– production by modulating the FoF1-ATPase 

[30].  While high levels of this ROS signal apoptosis, the proportionally lower O2
•– 

response induced by sub-toxic concentrations of Bz-423 arrests growth [22].  The studies 

described in this chapter identify degradation of the oncogenic transcription factor c-Myc 

as a key element in Bz-423-induced growth arrest (Figure 2.16).  This decrease the in 

levels of c-Myc protein, in turn, results in predictable effects on the expression of c-Myc 

target genes necessary for cell cycle progression and polyamine biosynthesis.  Because 

inhibitors of the cell cycle machinery and agents that deplete cellular polyamines each 

block growth [94, 132], the cytostatic activity of Bz-423 is expected to arise from 

inhibitory effects on both processes.  The SOD mimetic MnTBAP blocks the reduction in 

c-Myc levels demonstrating that this response is connected to the effects of Bz-423 on the 

FoF1-ATPase by the O2
•– signal.   

The reduction in c-Myc protein induced by Bz-423 appears to be mediated by the 

ubiquitin-proteasome pathway, because inhibition of the proteasome or alanine 

substitution of phospho-residues critical for ubiquitinylation stabilizes c-Myc levels. 

Exogenous peroxides fail to recapitulate the effects of Bz-423 on c-Myc stability.  

However, decreased c-Myc levels are observed following exposure to agents (e.g., ATO) 

that stimulate O2
•– production; this suggests that the ubiqutin-proteasome pathway 

specifically responds to this ROS.  In addition to its effects on B cells, Bz-423 blocks 

proliferation of psoriatic keratinocytes in vitro and reduces epidermal hyperplasia in 

psoriatic human skin grafted onto SCID mice.  Bz-423-induced growth arrest in psoriatic 

keratinocytes is accompanied by reductions in levels of c-Myc, cyclin D3 and pRb  
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Figure 2.16 - Bz-423-induced growth inhibitory signaling in Ramos B cells. 
 
  
  

phosphorylation.  These observations suggest that Bz-423-induced c-Myc destabilization 

is not limited to Ramos B cells, but also contributes to the anti-proliferative activity of 

this compound in other cell-types.  In sum, these findings identify a mitochondrial O2
•–-

dependent mechanism that regulates c-Myc protein stability and suggest that Bz-423 may 

have therapeutic activity against malignant diseases associated with deregulation of Myc 

proteins. 

Regulation of c-Myc protein stability by the ubiquitin-proteasome system: The 

ubiquitin-proteasome system is responsible for degradation of the vast majority of 

cellular proteins.  Proteins are targeted for degradation by “tagging” them with ubiquitin, 

a 76-amino acid polypeptide that is conserved in all eukaryotes [133, 134].  After 

attachment, the ubiquitin tag serves as a substrate for sequential rounds of ubiquitination,  
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Figure 2.17 - Overview of the ubiquitin-proteasome pathway.  See text for 

details.  Figure taken from [129]. 
 
 

and once polyubiquinated, proteins are then recognized and degraded by the 26S 

proteasome (Figure 2.17).  Ubiquitination begins with ATP-dependent activation of the 

ubiquitin carboxyl terminus by ubiquitin-activating enzymes (E1).  Activated ubiquitin is 

transferred to a cysteine on ubiquitin-conjugating enzymes (E2), and then further shuttled 

to substrate proteins in cooperation with ubiquitin ligases (E3).  Substrate specificity is 

determined by the E3 ubiquitin ligases, which act as a reaction platform that brings E2 

enzymes and target proteins into proximity (Figure 2.15; [129]). 

While there are a small number of ubiquitin-activating and ubiquitin-conjugating 

enzymes, the E3 family is estimated to contain >500 members and serve as critical 

regulators of biological processes including cell division, proliferation, differentiation, 

lymphocyte activation and carcinogenesis [129, 135, 136].  This vast array of proteins is 

divided into four major classes on the basis of specific structural motifs: HECT-type, 

RING-finger-type, U-box-type, or PHD-finger-type [129].  RING-finger-type ligases are 
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the largest E3 class, and are further divided into several subclasses, among which, cullin-

based ligases are one of the largest individual sub-classes of E3.  Cullin-based E3 ligases, 

known as SCF complexes, consist of three invariable components Skp1, Cullin1, and 

RBX1, as well as a variable F-box protein that is responsible for substrate recognition 

(Figure 2.18; [129]).  While the physiological role of most of the >70 F-box proteins is 

still unknown, three of these ubiquitin ligases – S-phase kinases-associated protein 2 

(Skp2), F-box and WD-40 domain protein 7 (Fbw7), and β-transduction repeat-

containing protein (β-TRCP) - play key roles in regulating cell cycle progression (Figure 

2.18; [129]).  In particular, SCFSkp2 (Skp2) and SCFFbw7 (Fbw7) regulate Myc protein 

stability [137].  SCFSkp2 (Skp2) was the first ubiquitin ligase identified for Myc [138].  

Studies with Myc deletion mutants have demonstrated that Skp2 associates with amino 

acids 379-418 as well as 129-147.  The later region encompasses the conserved degron 

Myc Box II (MBII) and contains one lysine (K144), which is efficiently ubiquitinylated 

by Skp2 [139].   Correspondingly, forced expression of Skp2 increases proteolysis of c-

Myc and retards growth in Rat1 cells [139].   

Despite the destabilizing effect of Skp2 on c-Myc in overexpression studies, 

several lines of evidence suggest that this ubiquitin ligase does not mediate the effects of 

Bz-423 on Myc.  First, endogenous levels of Skp2 promote growth by stimulating the G1-

S phase transition [129].  The growth promoting activity of Skp2 is due, in part, to 

targeting of the CDKIs p21Cip1 and p27Kip1 to the ubiquitin-proteasome pathway [140, 

141].  Skp2-mediated ubiquitinylation and the resultant proteasomal degradation of 

p21Cip1 is stimulated by H2O2 in a variety of cell types [126].  However, unlike the effects 

of Bz-  
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Figure 2.18 - The E3 ubiquitin ligases Skp2, Fbw7 and β–TRCP dictate 

substrate specificity of SCF complexes.  See text for details.  Figure taken from [129]. 
 
 

423 on c-Myc, this reduction in p21Cip1 levels stimulates proliferation [126].  Second, 

Skp2-dependent ubiquitylation stimulates expression of c-Myc-target genes [142].            

Co-expression of Skp2 and c-Myc has a synergistic effect in a luciferase reporter assay 

using the promoter of the c-Myc target gene α-prothymosin [139].  In addition, c-Myc 

and Skp2, along with several subunits of the proteasome, appear to associate with the 

cyclin D2 promoter in chromatin immunoprecipitation studies [138].  These findings 

suggest Skp2-mediated ubiquitylation of c-Myc acts as a “licensing mechanism” by 

limiting the half-life of a highly transcriptionaly-active, ubiquitinated c-Myc species 
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[143].  The role of Skp2 as a Myc transcriptional co-activator suggests that this ubiquitin 

ligase does not mediate Bz-423-induced Myc degradation.  More significantly, relative to 

Bz-423-induced Myc degradation, however, is that Myc T58A mutants remain sensitive 

to ubiquitinylation by Skp2 [138, 139]. 

A second SCF-type ubiquitin ligase, SCFFbw7 (Fbw7), recognizes c-Myc 

phosphorylated at Ser62 and Thr58 within the Myc Box I (MBI) degradation domain 

(degron) [112-114].  Ser62 is a substrate for several kinases, including extracellular 

signal-regulate kinase (ERK), c-Jun N-terminal kinase (JNK), and the cyclin B-CDK1 

complex (Figure 2.18; [111, 144-146]).  Although initially stabilized, phosphorylation pf 

Ser62 primes Myc for phosphorylation by glycogen synthase kinase-3β (GSK-3β), a 

downstream effector of both the Wnt and phosphatidylinositol 3-kinase (PI3K)-Akt 

pathways [110].  A unique feature of GSK-3β is that this kinase recognizes substrates 

only after a ‘priming’ phosphorylation at the +4 position.  In addition to Myc, Fbw7-

dependent ubiquitylation of c-Jun, cyclin E1, and sterol regulating element binding 

protein (SREBP) is stimulated by GSK-3β phosphorylation (Figure 2.19; [135]).  In an 

analogous mechanism, β-catenin is recognized by the SCF-family ubiquitin ligase SCFβ-

TRCP (β-TRCP) as result of sequential phosphorylation by Casein Kinase I and GSK-3β 

[128].  In an atypical signaling mechanism, the Fbw7 substrate-priming activity of GSK-

3β is negatively regulated by the Wnt and PI3K-Akt pathways, which prevents 

degradation of proteins essential for cell growth and proliferation.  Conversely then, 

interfering with these pathways or otherwise stimulating GSK-3β activity represents a 

potentially valuable strategy to regulate oncogenes such as Myc, cyclin E1, and β-catenin 

[147, 148]. 
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The inhibitory effect of alanine substitution at Thr58 on Bz-423-induced Myc 

degradation suggested that this process might be signaled by GSK-3β phosphorylation 

and the resultant Fbw7-mediated ubiquitinylation.   However, increased Thr58 

phosphorylation is not observed in response to Bz-423, and moreover, GSK-3β inhibitors 

fail to stabilize Myc levels.  Consequently, Bz-423 does not appear to signal Myc 

degradation by inducing phosphorylation of Thr58.  However, Fbw7 activity might be 

enhanced downstream of Thr58 phosphorylation, perhaps due to increased expression of 

Fbw7 or another component of the SCFFbw7 ubiquitin-ligase complex.  Interestingly, 

elevated levels of high-molecular-weight ubiquitin conjugates are observed in bovine lens 

epithelial cells exposed to H2O2 [124].  This increase is accompanied by a >5 fold 

elevation in ubiquitin thiol ester formation.  An analogous increase in ubiquitin-

conjugation activity was observed in H2O2-treated C2C12 muscle myotubes, along with 

elevated expression of proteasome subunits and the ubiquitin conjugating enzyme E214K 

[125].  Although decreased Myc and cyclin D3 levels were not observed in H2O2-treated 

Ramos B cells, these studies demonstrate that the ubiquitin-proteasome pathway activity 

can be stimulated by oxidative stress.   

In addition to c-Myc, Bz-423 also promotes rapid degradation of the Wnt 

signaling transcription factor β-catenin via a mechanism that depends on the proteasome, 

but is independent of GSK-3β.  Because β-catenin is a substrate for another SCF-type 

ubiquitin ligase, SCFβ-TRCP [149], these observations support the hypothesis that Bz-423-

induced c-Myc degradation may result from a general increase in activity of the 

ubiquitin-proteasomal pathway.  In agreement with this model, Myc is subject to rapid, 

proteasomal degradation following UV irradiation of Ls174T human colon carcinoma 
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Figure 2.19 - GSK-3β  phosphorylation primes multiple substrates for 

recognition by Fbw7. Fbw7 substrates share a consensus phospho-degron motif.  In 
most cases, the central phospho-threonine is followed by a phospho-serine in the +4 
position that serves as a primer for GSK-3β.  In Notch and presenilin (PS1) the +4 
negative charge is replaced by glutamate.  SREBP, sterol regulatory element binding 
protein.  Figure taken from [135]. 

 
 

cells or MRC5-SV fibroblasts by a mechanism that is partially blocked by alanine 

substitution of Thr58, but does not require GSK-3β activity or Skp2 [150, 151].  This 

response is speculated to function in a manner analogous to p53 induction, by limiting 

proliferation of cells in which UV-induced genomic instability could lead to neoplastic 

growth [150, 151].  

 Recently, the HECT (homology to E6-AP C-terminus) family protein HectH9 has 

been identified as a non-SCF-type ubiquitin ligase that targets c-Myc [152].  Like Skp2, 

HectH9 appears to stimulate c-Myc transcriptional activity.  In particular, 

ubiquitinylation of c-Myc by HectH9 promotes association with the histone 

acetyltransferase CBP/p300, an essential co-factor for c-Myc-directed transcriptional 

activation [152, 153].  Correspondingly, arginine substitutions of six carboxy-terminal 
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lysine residues, known to be ubiquitylated by HectH9 blocked activation of a subset of c-

Myc target genes, but failed alter c-Myc protein stability [152].  These findings suggest 

that regulation of HectH9 by c-Myc is independent of MBI phospho-residues, although 

this hypothesis has not been formally evaluated [154].  Consequently, a role for HectH9 

in Bz-423-induced c-Myc degradation appears unlikely, although the potential exists that 

this ubiquitin ligase may be differentially regulated in response to elevated mitochondrial 

O2
•– production.   

 Comparison to other c-Myc-directed therapeutic strategies: c-Myc proteins are 

rational therapeutic targets because these proteins are deregulated in a variety of 

hematological malignancies as well as solid tumors [64].  For instance, Burkitt’s 

lymphoma, a cancer of B cells, arises due to translocations of myc to immunoglobulin 

gene loci, placing it under the transcriptional control of powerful immunoglobulin 

enhancers [63].  Similarly, nmyc gene amplification and its resultant overexpression is 

observed in greater than 50% of glioblastomas [155], and Myc deregulation is frequently 

observed in cancers of the prostate, ovary, and breast [156-159].  As many as 70,000 

cancer deaths per year in the United States are estimated to result from deregulation of 

Myc proteins [98].  The potential of anti-c-Myc therapies is demonstrated by studies of 

tumor development, where myc expression can be toggled by placing it under control of 

Tamoxifen-sensitive promoter.  For example, induction of myc expression in pancreatic 

β-cells triggers rapid development of vascularized, invasive tumors [160].  However, 

even in established malignancies, removing Tamoxifen results in rapid, complete tumor 

regression [160].  Surprisingly, transient c-Myc inactivation is sufficient to impair tumor 

growth and induce devascularization [160].  Similarly, a study using c-Myc transgene-
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dependent osteosarcomas demonstrated that re-addition of Tamoxifen, following a brief 

removal, induced re-expression of c-Myc not only failed to restore the malignant 

phenotype [161].  Moreover, re-expression of c-Myc triggered apoptosis in established 

tumors [161].  Spurred by the promising results from these studies, several strategies 

have been developed that target c-Myc expression, transcriptional activity, or post-

translational stability (Figure 2.20; [162, 163]). 

The therapeutic potential of targeting c-Myc was initially demonstrated by use of 

antisense oligonucleotides (ASOs) or peptide-nucleic acids (PNAs) to reduce myc 

expression.  As single agents, ASOs targeting myc or nmyc have proven efficacious in 

xenograft tumor transplant models, including Burkitt’s lymphoma [164], large B cell 

lymphoma [165], breast carcinoma [166], malignant melanoma [167], and neuroblastoma 

[168].  In addition to reducing tumor mass, sensitivity to the DNA-damaging agent cis-

platin was enhanced by prior exposure to c-Myc-directed ASOs in some studies [167, 

169].  PNAs have improved stability relative to ASOs due to substitution of the sugar-

phosphate DNA backbone with polyamide-(-2-aminoethyl) glycine linkages [170].  A 

Myc-directed PNA covalently linked to a nuclear localization sequence successfully 

reduced Myc expression and blocked growth in several Burkitt’s lymphoma lines [171].  

More significantly, a PNA targeting the immunoglobulin enhancer successful reduced 

Myc levels and blocked tumor growth in a Burkitt’s lymphoma xenograft transplant 

model [172].  Although the efficacy of ASO- or PNA-based anti-Myc therapies has yet to 

be demonstrated in a clinical trial, these preclinical studies further demonstrated that Myc 

is viable cancer drug target. 
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Figure 2.20 - Therapeutic strategies that target c-Myc. Experimental strategies 

that been used to modulate c-Myc expression and activity include: (1) inhibition of myc 
expression at the DNA and mRNA level by interfering with transcription (anti-sense 
oligonucleotides and siRNAs);  (2) blockade of c-Myc expression at the protein level 
(small molecules); (3) disruption of c-Myc/Max dimerization (small molecules); (4) 
blockage of c-Myc interaction with other transcriptional co-activators (small molecules); 
(5) interference with c-Myc/Max binding to DNA (decoy oligonucleotides); (6) inhibition 
of expression of c-Myc target genes (anti-sense oligonucleotides and siRNAs); (7) 
modulation of the function of key c-Myc target genes (small molecules); and (8) 
promotion of c-Myc protein degradation (small molecules).  See text for details.  Figure 
adapted from [163]. 

 

 Small interfering RNAs (siRNAs) directed against myc have been employed 

extensively for the validation of new c-Myc target genes [172-176].  As expected, 

reductions in myc expression in these studies were accompanied by reduced proliferation.  

Similarly, siRNA-mediated reduction in c-Myc levels in MCF-7 breast cancer cells 

inhibited colony formation and reduced growth of tumor xenografts [177].  

Phosphorodiamidate morpholino oligomers (PMOs) are structurally modified ASOs in 

which the deoxyribose sugar is replaced with a morpholine ring and the phosphodiester 
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backbone is substituted with phosphorodiamidate linkages [178].  The cmyc-directed 

PMO, AVI-4126, inhibited tumor growth in murine cancer xenografts [179].  Moreover, 

administration of this PMO restored sensitivity to cisplatin and pacilitaxel in resistant 

tumors in the Lewis lung carcinoma model [178].  These studies further demonstrate the 

potential of anti-c-Myc therapies and demonstrate that c-Myc-directed PMOs are safe, 

although their clinical efficacy remains untested. 

Heterodimerization with the small bHLHZip domain protein Max is a prerequisite 

for Myc-directed transcriptional activation [62].  Based on this requirement, several 

groups have sought to identify compounds that disrupt c-Myc/Max association.  In 

seminal work, Berg, et. al. identified inhibitors of c-Myc/Max dimerization using an in 

vitro fluorescence resonance energy transfer (FRET)-based assay (Figure 2.21; [180]).  

Two compounds from this screen prevented colony formation of c-Myc-transformed 

chicken embryo fibroblasts at micromolar concentrations.  The Prochownik group 

identified inhibitors of c-Myc/Max dimerization (3-6) using a yeast two-hybrid system in 

which association of the bHLHzip domains of c-Myc and Max reconstitutes an active 

transcription factor capable of inducing β-galactosidase expression (Figure 2.21; [181]).  

This approach successfully identified several compounds that inhibit Myc-dependent 

transcriptional activation and block proliferation of c-Myc transformed fibroblasts.  

Finally, inhibitors of transcriptional activation by N-Myc were identified using a 

luciferase reporter under the control of the odc promoter [182].  Several candidate 

molecules (IC50 < 10 µM) from this screen blocked growth of N-Myc overexpressing 

cells.   
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Figure 2.21 – Small-molecule inhibitors of c-Myc-Max dimerization.  

Compounds 1 and 2 were identified by Berg, et al. by their ability to disrupt Myc-Max 
dimers in FRET-based assay [180].  Compounds 3-6 were identified by Prochownk, et al. 
using a similar approach [181]. 

 
 

Collectively, these studies demonstrate that small, drug-like molecules can be 

used to modulate c-Myc function.  Of concern, however, is that inhibitors of c-Myc/Max 

heterodimerization typically display little selectively between cells expressing high and 

low c-Myc levels [181], suggesting the potential for mechanism-based toxicities.  On a 

more fundamental level, the effectiveness of small molecule inhibitors of c-Myc/Max 

dimerization may be inherently limited because, independent of Max, c-Myc can still 

repress transcription of many genes that block proliferation (e.g., p15Ink4b and p21Cip1) by 

interacting with transcription factors such as Sp1 and Miz-1 [62, 80].  
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Ideally, anti-Myc therapies will intervene in cells where Myc expression/activity 

is deregulated, while sparing normal cells.  Based on this principle, Mo and Henriksson 

screened the National Cancer Institute Diversity Library for members that selectively 

inhibit proliferation of tumor cells with elevated Myc levels [183].  This approach 

identified two compounds that preferentially block proliferation of mouse embryonic 

fibroblasts in which high Myc levels are achieved by expression of Tet-inducible myc 

transgene (Figure 2.22).  Although these compounds inhibit Myc-dependent 

transcriptional activation, Myc levels and association with Max were unaffected, which 

suggests that these small molecules trigger an unidentified regulatory mechanism.  The 

presence  of elevated levels of c-Myc in tumor cells also underlies the selective killing of 

melanomas by the proteasome inhibitor Bortezomib relative to normal melanocytes 

[184].  Mechanistically, proteasome inhibition further increases endogenously high Myc 

levels in the melanoma cells, which results in transcriptional activation of the pro-

apoptotic Bcl-2 protein Noxa [184]. Together, these studies highlight the potential of 

exploiting “surplus” levels of oncogenic transcription factors (e.g., c-Myc) that are often 

observed in malignant cells.  

Once expressed, the activity of a given protein can be modulated by a multitude 

of post-translational modifications.  Most decisive among these mechanisms, however, is 

proteasomal degradation.  As described in the previous section, the ubiquitin-proteasome 

system tightly controls c-Myc protein levels.  Consequently, agents that stimulate this 

pathway represent potentially useful candidates to control dangerous c-Myc levels.  This 

approach was validated by studies with a fusion protein, designated Max-U, comprised 
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Figure 2.22 – Small molecules that selectively block proliferation in cells 

expressing high levels of c-Myc. 
 

 

of Max and the U box-type E3 ubiquitin ligase CHIP [185].  Max-U promotes Myc 

ubiquitylation in vitro, and reduces Myc levels and arrests growth when expressed in the 

Namalwa Burkitt’s lymphoma B cell line [185].  The results presented in this chapter 

demonstrate that Bz-423 blocks proliferation of Ramos B cells by triggering rapid, 

proteasomal degradation of Myc.  This finding, coupled with the accompanying reduction 

in β-catenin levels (Figure 2.10), suggests that activity of the ubiquitin-proteasome 

pathway is upregulated in response to Bz-423-induced mitochondrial O2
•– production.   

Like Bz-423, the synthetic small molecule Degrasyn has recently been shown to 

promote proteasomal degradation of c-Myc (Figure 2.23; [121]).  Degrasyn-induced c-

Myc degradation appears to occur by a process distinct from that engaged by Bz-423 

because a construct lacking MBI region remains sensitive [121].  In contrast, a c-Myc 

mutant lacking amino acids 316-378 was stabilized in the presence of Degrasyn [121].  

This carboxy-terminal region had not previously been shown to be associated with 

proteasomal degradation.  Significantly, Degrasyn reduced Myc levels and inhibited 

tumor growth in A375 melanoma xenografts [121].  Degrasyn was originally identified as 
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Figure 2.23 - Degrasyn, a small molecule that targets c-Myc to the ubiquitin-

proteasome pathway. 
 
 
 

an inhibitor of cytokine-stimulated signal transduction and activator of transcription 3 

(STAT3) activation [186].  The molecular target and signaling transduction pathway(s) 

underlying the effects on STAT3 activation and Myc stability have not been identified 

[121, 186].  Collectively, these studies demonstrate that the ubiquitin-proteasomal 

pathway can be manipulated to regulate Myc protein stability, and in particular, the 

results with Bz-423 and Degrasyn demonstrate that this can be accomplished using small, 

drug-like molecules. 

Role of cell cycle progression in lymphocyte activation: Normal immune 

responses are initiated by a small number of reactive T lymphocytes that once activated, 

expand into a large population of antigen-specific cells [106, 187].  This expansion 

coincides with the acquisition of effector functions such as capacity to produce 

inflammatory cytokines such as interleukin-2 (IL-2) [188].  T cell activation depends on 

two signals: stimulation of T cell antigen receptor (TCR) and ligation of co-stimulatory 

receptors (e.g., CD28) by pathogen-associated inflammatory signals.  TCR stimulation 

triggers a rise in intracellular Ca2+ that results in activation of the transcription factor 

NFAT, while mitogen-activated protein (MAP) kinase cascades downstream of CD28 

potentiate this response by an alternative set of transcription factors including AP1, 
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CREB and NFκB (Figure 2.24A; [189]).  Stimulation of the TCR in the absence of CD28 

results in defective assembly of transcription factor complexes, and renders T cells hypo-

responsive to subsequent activation [190-193].  Induction of this unresponsive state, 

known as anergy, is an important mechanism in the maintenance of tolerance to self-

antigens, which are not accompanied by non-specific pathogen-associated inflammatory 

triggers such as lipolysaccharides or viral DNA (Figure 2.24B; [190, 191, 194-196]).  

Although T cell activation is initiated by stimulation of cell-surface receptors, cell 

cycle progression is increasingly recognized as playing a regulatory role in this process 

[106, 197].  For example, T cells that progress through multiple divisions (>5) after 

TCR/CD28 stimulation proliferate rapidly and produce high levels of IL-2 when 

restimulated [198]. In contrast, cells that fail to divide following the initial stimulus are 

also unresponsive to subsequent stimulation [198, 199]. Correspondingly, arrest of T cell 

proliferation at the G1 checkpoint by rapamycin or butyrate induces anergy [200, 201].  

Growth arrest alone, however, is not sufficient to induce anergy because TCR/CD28 

stimulated T cells can produce IL-2 in the presence of the ribonucleotide reductase 

inhibitor hydroxyurea, which arrests growth during S phase [201].  Together, these 

studies demonstrate that cell cycle progression, and particularly biochemical events 

associated with the G1-S transition, are critical for avoidance of anergy and robust T cell 

activation. 
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Figure 2.24 – Signaling pathways leading to T cell activation and anergy. (A) 

Under optimal conditions (i.e., stimulation of T cells through both the TCR and co-
receptors such as CD28), NFAT binds promoter regions of cytokines and other proteins 
expressed during T cell activation in conjunction with other transcription factors 
including AP1, NFκB and CREB and induce expression of these genes.  Cell cycle 
progression promotes T cell activation by inhibiting negative regulatory factors (e.g., 
Smad transcription factors).  (B) Anergic conditions (e.g., TCR stimulation in the absence 
of CD28 signals) leads to activation of NFAT alone, which is not sufficient to induce 
cytokine expression.  In addition, NFAT activation in the absence of AP1, NFκB and 
CREB promotes transcription of genes mediating anergy (e.g., p27Kip1).  Figure adopted 
from [197].  

 

Anergic T cells exhibit normal levels of CDK4/6 activity, but have reduced 

CDK2 activity [106, 202, 203].  Correspondingly, elevated levels of p27Kip1, which 

preferentially targets cyclin E-CDK2 complexes, are a nearly universal feature of anergic 

T cells [199, 202-207].  Furthermore, increased levels of this CDKI appear to be 
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functionally consequential because forced p27Kip1 expression is sufficient to induce 

anergy in T lymphocytes, even when subject to combined TCR and CD28 stimulation 

[202].  Conversely, p27Kip1-deficient T cells are resistant to anergy induced that is in vitro 

by TCR stimulation in the presence of CTLA-4Ig, a reagent that blocks CD28 signaling 

[208].  Correspondingly, blocking co-stimulatory receptor signaling with CTLA-4Ig 

promotes long-term survival of cardiac allografts by inducing anergy in recipient T 

lymphocytes [209], but fails to prevent graft rejection by p27Kip1-null recipients [210].  T 

cell activation, therefore, depends on active cyclin E-CDK2 complexes, and conversely 

low levels of p27Kip1.  

The essential contribution of p27Kip1 to induction of anergy suggests that this 

process results from reduced phosphorylation of CDK2 substrates.  To identify relevant 

CDK2 substrates, Rao, et al. prepared a ‘knock-in’ mouse expressing a p27Kip1 variant 

(p27Δ) lacking the CDK binding domain [203].  This functional inactivation of p27Kip1 

conveys constituitive CDK2 activity, and as result, T cells from these mice are resistant 

to CTLA-4Ig-induced anergy in vitro and in vivo [203].  Surprisingly, equivalent levels 

of overall pRb phosphorylation are observed in T cells from p27Δ and wild-type p27Kip1 

mice in response to anergizing stimuli [203].  This finding suggests that (1) T cells 

possess sufficient CDK4/6 activity to maintain pRb phosphorylation, even in the presence 

of high levels of p27Kip1, such that (2) anergy results from decreased phosphorylation of 

other CDK2 substrates.  In contrast to pRb, expression of p27Δ maintains 

phosphorylation of Smad3, a CDK2 substrate and transcriptional repressor of the il2 

gene, in T cells exposed to anergic stimuli.  In contrast, reduced Smad3 phosphorylation 

and, IL-2 production are observed in anergized wild-type T cells [203].  A functional role 
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for CDK2 phosphorylation of Smad3 was demonstreated by expression of a Smad3 

variant with mutated CDK2 phosphorylation sites.  Expression of this Smad3 mutant 

overcame the constitutive CDK2 activity, and re-sensitized p27Δ T cells to anergic 

stimuli [203].  Consequently, cyclin E-CDK2 activity appears necessary for avoidance of 

anergy, although this effect is mediated by phosphorylation of substrates other than pRb.  

The requirement for CDK2 activity for T cell activation suggests that CDK 

inhibitors may be able to promote transplant survival and treat autoimmune diseases by 

blunting pathological T cell responses [197].  This has been demonstrated experimentally 

by using a peptide derived from amino acids 140 - 160 of the CDKI p21Cip1.  

Administration of this p21Cip1-derived peptide to NZB/w mice reduces activated splenic B 

and T cell subsets and ameliorates renal disease (Figure 2.25; [211]).  Similarly, the 

small-molecule CDK2 inhibitor Seliciclib improves disease in NZB/W mice (Figure 

2.25; [212]).  Splenic T and B cells from Seliciclib-treated mice displayed reduced 

proliferation and inflammatory cytokine production following ex vivo stimulation [212].  

Unresponsiveness to ex vivo stimulation is characteristic of anergic lymphocytes.  Like 

these agents, Bz-423 improves renal disease in the NZB/W murine model of lupus.  

Although specific apoptosis of pathogenic GC B cells is observed in Bz-423-treated 

NZB/W mice [1], immunomodulatory mechanisms such as induction of anergy, which 

can result from impaired cell cycle progression, may also contribute to the in vivo 

efficacy.  

Summary: Bz-423 blocks proliferation in Ramos B cells by inducing a rapid 

reduction in Myc protein levels.  Because c-Myc is a transcriptional activator of both 

cyclins and CDKs, this effect results in decreased CDK2 and CDK4/6 activity, which  
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Figure 2.25 - p21Cip1-derived peptide and the small-molecule CDK2 inhibitor 

Seliciclib ameliorate autoimmune nephritis in NZB/W mice. 
 

leads to a block in proliferation at the G1 checkpoint.  Given that c-Myc proteins are 

deregulated in a wide variety of human cancers, considerable attention has been paid to 

development of strategies to regulate their levels and/or activity.  Although small 

molecule inhibitors of c-Myc transcriptional activation have been developed, reduction in 

c-Myc levels has primarily been accomplished by genetic silencing with siRNAs or 

nucleic acid-derived anti-genes.  Consequently, the ability of a small, drug-like molecule 

like Bz-423 to rapidly deplete c-Myc levels is unique.  Finally, the requirement for cell 

cycle progression for lymphocyte activation suggests that low levels of O2
•– produced by 

sub-apoptotic concentrations of Bz-423 may have other immunomodulatory 

consequences such as induction of anergy in T cells. 

Statement of collaboration: Gina Ney identified the induction of OAZ1 in the 

mRNA expression profile and performed the ODC activity assays.  Chitra Subramanian 

(University of Michigan, Department of Pediatrics) prepared the mammalian expression 

plasmids containing either wild type Myc or alanine mutants of Thr58, Ser62 or both 

residues. Narasimharao Bhagavathula (University of Michigan Department of Pathology) 

harvested keratinocytes. 
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Materials and Methods 

Reagents: Bz-423 was first dissolve in DMSO (16 mM), and then diluted as 10x 

stocks with culture media.  The 10x Bz-423 stocks were applied to cell cultures such that 

DMSO was present at a final concentration of 0.5% (v/v) in all experiments.  DFMO was 

diluted in PBS (100 mM).  Arsenic trioxide (ATO) was diluted in 0.1 N NaOH (100 

mM).  α-IgM F(ab’)2 fragment and α-IgG were obtained from Jackson Laboratories.   

Manganese(III) meso-tetrakis(4-benzoid acid)porphyrin (MnTBAP) was purchased from 

Alexis Biochemicals and diluted in 1:1 EtOH:dH2O (v/v) (100 mM).  Bortezomib was a 

gift from V. Castle (University of Michigan) and dissolved in DMSO (100 mM).  

SB216763 and SB415286 were purchased from Calbiochem and dissolved in DMSO 

(both 100 mM).  DHE was purchased from Invitrogen.  All other reagents were 

purchased from Sigma-Aldrich.  

Cell lines and culture: Ramos B cells were purchased from ATCC and maintained 

in RPMI 1640 containing 10% heat-inactivated fetal bovine serum (FBS: Mediatech), 

penicillin (100 U/mL), streptomycin (100 µg/mL) and L-glutamine (290 µg/mL) (Gibco).  

Cells were propagated in a humidified incubator (37 °C, 5% CO2).  Experiments were 

performed in media (0.5 x 106 cells/mL) containing 2% or 10% FBS as indicated.  Cells 

were incubated with inhibitors at 37 °C for 30 min prior to addition of the compounds 

being tested. 

Transfection and selection of c-Myc clones: Expression plasmids for MycWT, 

MycT58A, MycS62A and MycT58A/S62A were prepared by Chitra Subramanian [213].  Ramos B 

cells (7 x 106) were washed once with ice-cold PBS, suspended in electroporation buffer 

T (Amaxa), combined with desired plasmid (2 µg), and electroporated using program G-
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16 in a Amaxa Nucleofection apparatus.  Samples were then diluted in fresh complete 

media, and after 24 h stably transfected cells were selected by continuous culture in 

complete media supplemented with geneticin (1.6 mg/mL; Life Technologies).  

Detection of intracellular O2
•–:  Intracellular O2

•– was measured using DHE.  

Stocks of DHE (10 mM) were prepared in DMSO prior to each use.  To measure 

intracellular O2
•– levels, cell cultures (5 x 105 cells/mL) were incubated with DHE (7.5 

µM) for 30 min at 37 °C.  The DHE-treated cells were immediately evaluated by flow 

cytometry.  Ethidium fluorescence from the conversion of DHE was detected in the FL2 

channel of a FACSCalibur flow cytometer (Becton Dickinson).  Data was analyzed using 

the CellQuest software (Becton Dickinson).   

Detection of cell death and cellular DNA content:  Cell viability was assessed by 

staining with propidium iodide (PI, 1 µg/mL) at room temperature (~25 °C) for 5 min.  PI 

fluorescence was measured in the FL3 channel using a FACSCalibur.  Measurement of 

hypodiploid DNA content was conducted after incubating cells in labeling solution (50 

µg/mL of PI in PBS containing 0.2% Triton and 10 µg/mL RNAse A) at 4 ˚C for 12 h.  

PI fluorescence was measured in the FL2 channel on a linear scale.  Data were analyzed 

excluding aggregates using the CellQuest software. 

Preparation of whole cell extracts:  Cells (20 x 106) were pelleted and 

supernatants were aspirated.  Cell pellets were washed once with 1 ml PBS before lysis 

with 500 µL of WCE lysis buffer (25 mM Hepes pH 7.7, 150 mM NaCl, 2.5 mM MgCl2, 

0.2 mM EDTA, 0.1% Triton X-100, 20 mM β-glycerophophate, 0.5 mM DTT) with 

protease inhibitors (1 mM PMSF and complete protease inhibitor cocktail pellet (Roche)) 

and phosphatase inhibitors (3.3 mM NaF and 0.1 mM sodium orthovanadate).  Following 
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incubation on ice for 30 min, the lysed cells were centrifuged (12,000g, 30 min at 4 °C).  

Total protein content in the supernatant was quantified by the Bradford protein assay 

[214]. 

Immunoblot Analysis: Cell lysates were denatured by boiling with one-fifth 

volume of 5X SDS sample buffer (250 mM Tris Cl pH 6.8, glycerol (40% v/v), SDS (8% 

w/v), 2-mercaptoethanol (8% v/v), Bromophenol Blue (0.2% w/v)).  Proteins were 

subjected to electrophoresis by SDS-PAGE and transferred on to a PVDF membrane 

(Bio-Rad), and incubated with primary antibodies from the proteins of interest in 

phosphate buffered saline containing 5% nonfat dry milk, 0.1% Tween 20.  The 

antibodies for ODC (catalog # O1136) or FLAG (catalog # F3165) or β-tubulin (catalog 

#T4026) were purchased from Sigma-Aldrich.  The ODC antizyme 1 (OAZ1) antibody 

(catalog #PW8885) was purchased from Biomol International.  Antibodies for p-Myc 

(T58/S62) (catalog #9401), CDK6 (catalog 3136), retinoblastoma protein (pRb; catalog 

#9309), phospho-pRb (S780; catalog #9307), phospho-pRb (S795; catalog #9301) and 

phospho-pRb (S807/S811; catalog #9308) were purchased from Cell Signaling 

Technology.  Antibodies for Myc (catalog #551101), β-Catenin (catalog #610514), 

p27Kip1 (catalog #610241), cyclin D1 (catalog #556470), cyclin D2 (catalog #554201), 

cyclin D3 (catalog #554195), cyclin E1 (catalog #554182), CDK2 (catalog #610145) and 

CDK4 (catalog #559693) were purchased from Becton Dickenson.  Membranes were 

then incubated with horseradish-peroxidase conjugated secondary antibodies and immune 

complexes were visualized with Enhanced Chemiluminescence Reagent (GE Healthcare). 

RNA Isolation and Reverse Transcriptase-PCR: RNA was isolated using a 

RNeasy mini kit (Qiagen).  Semi-quantitative reverse transcription-PCR (RT-PCR) was 
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performed using a SuperScript III One-Step RT-PCR Kit (Invitrogen).  For reactions, 50 

ng of sample RNA was combined with 2X Reaction Mix, forward Primer (10 µM), 

reverse primer (10 µM), SuperScript III RT/ Platinum Taq High Fidelity Enzyme Mix 

and sufficient autoclaved dH2O for a total volume of 50 µL.  The following primer pairs 

were used: odc (forward GAGCACATCCCAAAGCAAGT and reverse  

TCCAGAGTCGACGGAAAGTA), oaz1 (forward AGCAGTGAGAGTTCCAGGGTC 

and reverse ACTGCAAAGCTGTCCTTGCTC), myc (forward 

TTCGGGTAGTGGAAAACCAG and reverse CAGCAGCTCGAATTTCTTCC) and β-

actin (forward TGGCATGTTACCAACTGGGACG and reverse 

GCTTCTCTTTTGATGTCACGCAGCG).  Reactions were heated at 50 °C for 20 min in 

a PTC100 Thermocycler (MJ Research Inc.) to synthesis cDNA and these products were 

amplified by 35 of following cycles: 94 °C for 15 s, 60 °C for 30 s and 68 °C for 30 s.  

PCR products were then cooled to 68 °C for 10 min, separated from template RNA by 

electrophoresis in agarose (1%) gel with 50 µM ethidium bromide, and visualized with a 

UV lamp. 

Sulforhodamine B (SRB) assay:  Growth inhibition was determined using the 

SRB assay for total protein content developed by the NCI/NIH Developmental 

Therapeutics Program [215].  Cells were introduced into a 96 well microtiter plate in the 

appropriate media (100 µL) at a plating density of 2,500 cells/well and incubated for 24 h 

prior to treatment.  At the time of treatment the plating media was removed and replaced 

with appropriate media (180 µL).  At indicated time points the cells were fixed in situ by 

addition of 50 µL of ice cold trichloroacetic acid (TCA) (50% w/v) (final concentration, 

10% TCA) and incubated 60 min at 4 ˚C.  The supernatant was discarded and plates were 
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washed with dH2O (5 x 100 µL) and air-dried.  SRB solution (100 µL at 0.4% (w/v)) in 

acetic acid (1%) was added to each well and plates were incubated for 10 min at room 

temperature.  After staining, unbound dye was removed by washing with acetic acid (1%, 

5 x 100 µL), and plates were air-dried.  Bound stain was solubilized with trizma base (10 

mM, 150 µL), and the absorbance was read on an automated plate reader at a wavelength 

of 515 nm.  Using the absorbance measurements [time zero, (Tz), control growth, (C), 

and test growth in the presence of drug (Ti)], the percentage growth inhibition is 

calculated by the following equations: 

[(Ti-Tz)/(C-Tz)] x 100 for concentrations for which Ti>/=Tz 

[(Ti-Tz)/Tz] x 100 for concentrations for which Ti<Tz. 

Synthesis of benzoyl chloride polyamine derivatives: Standard samples of the 

polyamines putrescine (PUT), spermidine (SPD), spermine (SPM), and the internal 

standard, diaminonane (DAN), were prepared according to the method of Schenkel, et al 

[216].  In a representative procedure, SPM (0.1 g, 0.287 mmol) was dissolved in an 

aqueous solution of 2M NaOH (15 mL) to which benzoyl chloride (1.0 mL, 8.75 mmol) 

was added dropwise at 0 °C.  The solution was allowed to warm to rt over 2h, extracted 

with CHCl3 (3 x 10 mL), and concentrated under reduced pressure to yield a white solid.  

The white solid was dissolved in (1:1) MeOH/ddH2O (10 mL), stirred at rt overnight, 

extracted with CHCl3 (3 x 10 mL) and concentrated under reduced pressure yielding a 

white solid.  Benzoylation of all primary and/or secondary amines was confirmed by ES 

LRMS (Table 2.#).  Standard solutions of benzoylated polyamines were prepared in (3:2) 

MeOH:dH2O (v/v) at concentration of 250 mM. 
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Polyamine Benzoylated Derivative Predicted MW ES LRMS 
[M+Na]+ 

Putrescine 
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N

O

Ph

O

Ph
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Spermine 
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618.76 641.3 

Diaminonane (Internal 
Standard) 

H
N

H
NPh

O

O

Ph

 
 

366.50 389.2 

  
 

 
Table 2.4 - Mass Spectroscopy Data for Benzoylated Polyamine Derivatives 
 

 
Isolation and derivatization of polyamines: Cells were washed once in ice-cold 

PBS and lysed in a 1.0 mL solution of PBS along with trichloroacetic acid (10%) and the 

internal standard DAN (45 µM).  Acid-soluble polyamines were separated from 

precipitated protein by centrifugation (12,000 rpm, 3 min).  The supernatant was diluted 

with 2M NaOH (1.0 mL) and neutral polyamines were derivatized by addition of neat 

benzoyl chloride (5.0 µL).  The solution was vortex-mixed for 1 min and then stirred on a 

low-speed shaker at rt for 2h.  The reaction mixture was extracted with CHCl3 (2 x 2 mL) 

and concentrated under reduced pressure to yield a white powder.  The white powder was 

dissolved in (1:1) MeOH/ddH2O (1.5 mL) and allowed to stand at rt overnight.  The 
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aqueous layer was made basic by addition of 1 M NaOH (2 mL), extracted with CHCl3 (2 

x 2 mL), and concentrated under reduced pressure to yield a white powder.   

HPLC Analysis: Benzoylated polyamines were separated and quantified using an 

HPLC system consisting of two Waters 600 pumps, a Waters 600E system controller, a 

Waters USK injector with a 200 µL injector loop and a Waters 484 UV variable 

wavelength adsorbance detector.  Data aquistion and processing was performed using 

Waters Empower Pro software.  Polyamines were separated using a Waters Spherisorb 

C18 S3 ODS2 column (15 x 0.46 cm I.D.; 3 µm particle size) protected by a guard column 

(3 x 0.46 cm I.D.; 5 µm particle size).  Samples were dissolved in (3:2) MeOH/dH2O (0.2 

mL)  and  filtered through a Whatmann 0.45 µm polypropylene membrane, and aliquots 

(20 µL) were injected onto the column described above.  The mobile phase was a mixture 

of solvent A (water) and B (methanol).  Samples were eluted from 61% of B (0 to 3 min) 

to 67% B (4.5 to 14 min) and then immediately returned to 61% solvent B (14 to 15 min), 

and the initial conditions were restored for 15 min.  The flow rate was 0.8 mL/min, and 

the detection was performed at 229 nm (detector sensitivity 0.1 aufs). Calibration of 

chromatogram peak area to nmol polyamine was performed by co-injection of known 

volumes of standard polyamine solutions.  Polyamine content of biological samples was 

determined by comparision of the area of a given polyamine peak to the peak area of the 

internal standard DAN.  Polyamine content was reported relative to total sample protein 

as determined by the Bradford protein assay [214]. 
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CHAPTER 3 

MECHANISM OF T CELL APOPTOSIS INDUCED BY BZ-423 

 

Introduction 

Apoptotic signaling pathways: Apoptosis in vertebrates is mediated by the 

executioner caspases-3 and -7, which are activated by a complex series of steps initated 

either by ligation of cell-surface death receptors (extrinsic pathway) or release of 

apoptotic mediators from the mitochondria (intrinsic pathway) (Figure 3.1; [1]).  

Stimulation of cell-surface death receptors (e.g., Fas) by their cognate ligands leads to 

assembly of a death-inducing signaling complex (DISC) comprising the receptor, adaptor 

proteins (e.g., Fas-associated death-domain protein (FADD)), and the initiator pro-

caspases-8 or -10 (Figure 3.1; [1]).  DISC assembly promotes auto-activation of caspase-

8 or -10, which then proteolytically process the executioner caspases-3 and -7 to their 

active forms [1].  In addition to Fas, the extrinsic pathway can be triggered by 

engagement of cell-surface death receptors for tumor necrosis factor (TNF) and TNF-

related apoptosis-inducing ligand (TRAIL) [2, 3].  

 Caspase activation by the intrinsic pathway results from release of apoptogenic 

proteins from the mitochondrial inter-membrane space (MIS) (Figure 3.1; [4]).  These  
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Figure 3.1 - Intrinsic and extrinsic apoptotic pathways.  See text for details.  

Figure adapted from [5]. 
 

 
factors include several proteins that initiate or regulate caspase activation, including 

cytochrome c, Smac/DIABLO (second mitochondria-derived activator of caspase/direct 

inhibitor of apoptosis (IAP)-associated binding protein with low PI) and HtrA2/Omi [5].  

After release from the MIS, cytochrome c engages the apoptosis protease activating 

factor-1 (Apaf-1), which in the presence of dATP, results in assembly of the apoptosome 

[1].  This complex provides a platform for binding of multiple copies of caspase-9, the 

initiator caspase of the intrinsic pathway, enabling their auto-activation [1].  Once 

activated, caspase-9 activates the executioner caspases-3 and -7.  Inhibitor of apoptosis 

proteins (IAPs) suppress the intrinsic pathway by blocking the proteolytic activity of 

caspase-9 [6].  Smac/Diablo and HtrA2/Omi relieve this inhibition by binding to IAPs 

with higher affinity than active caspase-9 (Figure 3.1; [7]). 
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Along with proteins that activate caspases, apoptosis-inducing factor (AIF) and 

endonuclease G (EndoG), two proteins that induce chromosomal condensation and DNA 

fragmentation independent of caspase activation are released from the MIS [8, 9].  Once 

in the cytosol, both proteins translocate to the nucleus where they induce DNA double-

strand breaks in 50 kbp increments [8, 9].  In addition, EndoG promotes breakdown of 

smaller DNA fragments by stimulating the exonuclease DNAse I [10].  These properties 

have led to speculation that AIF and EndoG may be capable of triggering caspase-

independent cell death (CICD).  However, studies in mouse embryonic fibroblasts 

(MEFs) or HeLa cervical carcinoma cells treated with the cytotoxic drugs, actinomycin D 

and staurosporine, demonstrated that release of AIF and EndoG depends on caspase 

activation [11, 12].  Thus, EndoG and AIF appear to be components of a DNA 

degradation pathway initiated as a result of caspase activation. 

Release of pro-apoptotic MIS proteins via sustained opening of the mPT pore: 

Release of pro-apoptotic proteins from the MIS is a critical step in committing a cell to 

die.  One mechanism by which this process can occur is sustained opening of the 

mitochondrial permeability transition (mPT) pore.  The mPT pore is a multi-protein 

complex that spans the inner and outer mitochondrial membranes [13].  Proposed 

components of this complex include voltage-dependent anion channels (VDACs), 

adenine nucleotide translocator (ANT), Cyclophillin D (CypD), hexokinase (HK), 

creatine kinase (CK) and the peripheral benzodiazepine receptor (PBR) (Figure 3.2; 

[13]).  The mPT pore can adopt several distinct states ranging from a closed 

conformation with limited permeability to an open conformation that allows passage of  
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Figure 3.2 - Proposed components of the mitochondrial permeability 

transition (mPT) pore.  Voltage-dependent anion channel (VDAC), adenine nucleotide 
translocator (ANT), cyclophillin D (CypD), hexokinase (HK) and creatine kinase (CK) 
are shown.  Inhibitors of mPT pore opening include Bongkrekic acid, which locks the 
mPT pore in a closed conformation, as well as the CypD inhibitors cyclosporine A and 
sanglifehrin A.  Figure adopted from [14].    

 

solutes <1.5 kDa.  Adoption of an open conformation by the mPT enables uptake of ions 

and biosynthetic intermediates into the mitochondrial matrix [15]. 

Opening of the mPT pore can occur transiently in response to an increase in 

intracellular Ca2+ [15].  Uptake of Ca2+ by mitochondria plays an essential role in T cell 

activation by buffering the intracellular Ca2+ flux induced by T cell receptor (TCR) 

ligation [16-18].  Sustained opening of the mPT pore, in contrast, results in osmotic 

swelling of the matrix, impaired oxidative phosphorylation due to collapse of Δψm, and 

rupture of the mitochondrial outer membrane [13].  Responses consistent with sustained 

mPT pore opening (e.g., large-amplitude swelling and release of pro-apoptotic MIS 
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proteins) are observed in isolated mitochondria exposed to concentrations of Ca2+ >150 

µM [19].   

Ca2+-dependent mPT pore opening appears to result from stimulation of the 

peptidylprolyl isomerase  (PPIase) activity of CypD [20].  Evidence for this mechanism 

comes from the ability of the CypD inhibitors, cyclosporine A (CsA) and sanglifehrin A 

(SfA), to block Ca2+ induced opening of the mPT pore (Figure 3.2; [21, 22]).  While both 

molecules block the PPIase activity of CypD [21, 22], CsA also disrupts binding of CypD 

to ANT [23].  Regulation of the mPT pore has also been investigated by targeted deletion 

of CypD (gene name Ppif, peptidylprolyl cis-trans isomerase).  Consistent with inhibitory 

effects of CsA and SfA, a three-fold excess of Ca2+ is required to trigger mPT pore 

opening in liver mitochondria isolated from Ppif-/- mice relative to liver mitochondria 

from wild-type mice [24, 25].  In addition, hepatocytes from Ppif-/- mice are resistant to 

apoptosis induced by depletion of endoplasmic reticulum (ER) Ca2+ stores with 

thapsigargin [24].  Thus, sustained opening of the mPT pore is an apoptotic response that 

can result from stimulation of CypD by deregulated Ca2+ flux [19].  

 Oxidative stress can also trigger sustained opening of the mPT pore.  Large-

amplitude swelling is observed in isolated rat liver mitochondria treated with H2O2 or 

tert-butyl hydroperoxide (t-BHP), or with menadione [26, 27], which generates O2
•– via 

redox cycling reactions with ETC flavoproteins [28].  Evidence of mPT pore opening 

(i.e., large-amplitude swelling and cytochrome c release) is also observed in isolated rat 

liver mitochondria treated with rotenone [29].  This compound elevates levels of O2
•– in 

the mitochondrial matrix by inhibiting complex I of the ETC [30, 31].  Rotenone-induced 

mPT pore opening is blocked by CsA or the ANT ligand Bongkrekic acid (BA) [29, 32], 
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which locks this channel in a low-permeability conformation (Figure 3.2; [33]).  

Sustained opening of the mPT pore is defined in terms of effects (e.g., release of 

cytochrome c or large-amplitude swelling) on isolated mitochondria.  There is evidence, 

however, that this mechanism occurs in intact cells.  For instance, CsA inhibits rotenone 

induced apoptosis in WB-F344 rat liver cells [32].  Similarly, cell death triggered by the 

burst of mitochondrial O2
•– production that accompanies re-oxygenation of hypoxic cells 

is prevented by pre-treatment CsA or BA [34].   

The capacity of oxidizing agents to trigger mPT pore opening suggests that 

component(s) of this complex are redox-regulated.  One possible redox-sensitive target is 

the ATP/ADP antiporter ANT, which contains three matrix-exposed cysteines [35, 36].  

Several studies indicate that the conformation of the ANT depends oxidation state of 

these residues.  For example, agents (e.g., diazenzedicarboxylic acid bis 5N,N-

dimethylamide (diamide)) that oxidize vicinal dithiols to the corresponding disulfides can 

permeabilize liposomes reconstituted with purified ANT [37].  Diamide also oxidizes 

ANT thiols and triggers mPT pore opening in rat liver mitochondria and intact 2B4.11 

murine T cells [37].  Large amplitude swelling of isolated rat liver mitochondria induced 

by diamide of by the pro-oxidants t-BHP or menadione, is inhibited by pre-treatment 

exogenous glutathione [26].  In addition, mPT pore opening induced by these oxidizing 

agents is prevented by N-ethyl maleimide, which prevents formation of disulfide bonds 

by derivatizing single cysteine thiols [26].  These findings demonstrate that oxidative 

stress triggers opening of the mPT pore, and are consistent with a model whereby this 

process may be mediated oxidation of matrix-exposed ANT thiols. 
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The Bcl-2 protein family regulates mitochondrial outer membrane integrity: Pro-

apoptotic proteins can also be released from the MIS by mitochondrial outer membrane 

permeabilization (MOMP).  This process is regulated by the B cell lymphoma 2 (Bcl-2) 

protein family [38].  Bcl-2, was identified as a gene overexpressed due to a t(14;18) 

chromosome translocation in B cell follicular lymphomas [39].  Overexpression results 

because this translocation places bcl-2 under control of powerful immunoglobulin 

enhancers [40, 41].  Because a similar chromosomal translocation is observed with the 

gene encoding the oncogenic transcription factor c-Myc in Burkitt’s lymphoma [42], Bcl-

2 was likewise hypothesized to be an oncogene.  To evaluate this hypothesis, Adams and 

Cory introduced a bcl-2 transgene into hematopoetic stem cells of both wild type and Eµ-

myc transgenic mice, which constitutively express high levels of c-Myc in B cell lineages 

[43].  While Bcl-2 is not itself tumorigenic, it cooperates with c-Myc to promote tumor 

development in B cell precursors [43].  Korsmeyer, et al separately demonstrated that 

bcl-2 overexpression blocks death induced by withdrawal of the pro-survival cytokine 

interleukin-3 (IL-3) from hematopoetic cells without stimulating proliferation [44, 45].  

Together these observations indicated that unlike previously identified oncogenes (e.g., c-

Myc or Ras) which all enhance proliferation, Bcl-2 contributed to neoplasia by inhibiting 

cell death [46].  Soon thereafter, the Green laboratory demonstrated that Bcl-2 blocks 

mitochondrial-dependent caspase activation in Xenopus oocyte extracts [47].   

Since these seminal studies, a number of proteins with sequence homology to Bcl-

2 have been identified.  While several of these “Bcl-2 family proteins” function 

analogously to Bcl-2, others promote apoptosis.  The Bcl-2 protein family is therefore  
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Figure 3.3 - Bcl-2 family proteins.  Figure adopted from [38]. 
 
 

sub-divided into three groups based on the presence of up to four Bcl-2 homology (BH) 

domains (Figure 3.3; [38]).  Anti-apoptotic Bcl-2 proteins (e.g., Bcl-2, Bcl-w, Bcl-2 

related gene, long isoform (Bcl-xL), A1, and Myeloid cell leukemia-1 (Mcl-1) exhibit 

homology in all four BH domains and are generally localized to the mitochondrial outer 

membrane (Figure 3.3; [48]).  Bcl-2 and Bcl-xL also associate with the endoplasmic 

reticulum (ER), and there is accumulating evidence that these proteins contribute to ER-

Ca2+ homeostasis [49].  For instance, Bcl-2 and Bcl-xL stimulate leakage of ER Ca2+ into 

the cytosol by binding to inositol triphosphate (InsP3) receptors [50, 51].  As a result, Ca2+ 

flux is decreased in Jurkat T cells overexpressing Bcl-2 following treatment with 

thapsigargin, which causes emptying of ER Ca2+ stores [52].  This activity of Bcl-2 and 
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Bcl-xL is speculated to promote survival by reducing ER-Ca2+ flux, which can lead to 

apoptosis by triggering sustained opening of the mPT pore [13, 49]. 

Pro-apoptotic Bcl-2 proteins lack the BH4 domain and are divided into two 

classes - multi-BH-domain pro-apoptotic and BH3-only proteins.  The multi-BH-domain 

pro-apoptotic class contains three proteins (Bcl-2 associated x protein (Bax), Bcl-2 

antagonist killer 1 (Bak) and Bcl-2 related ovarian killer (Bok)) that exhibit sequence 

conservation in BH1-3 domains (Figure 3.3; [38]).  Bak is constitutively localized to the 

mitochondrial outer membrane where it is bound by anti-apoptotic Bcl-2 proteins (e.g., 

Mcl-1 and Bcl-xL) as well as the voltage-dependent anion channel (VDAC) [53, 54].  Bax 

resides primarily as a monomer in the cytosol and redistributes to the mitochondrial outer 

membrane in response to apoptotic stimuli [55, 56].  Bok expression is limited to 

reproductive tissues, and despite exhibiting sequence homology to Bax and Bak, its role 

in apoptosis has received little attention [57]. 

BH3-only proteins (Bcl-2 antagonist of cell death (Bad), Bcl-2 interacting domain 

death agonist (Bid), Bcl-2 interacting killer (Bik), Bcl-2 interacting mediator of cell death 

(Bim), Bcl-2 modifying factor (Bmf), Harakiri (Hrk), Noxa and p53-upregulated 

modulator of apoptosis (Puma)) display sequence conservation only in the BH3 domain 

(Figure 3.3; [38]).  BH3-only proteins are upregulated by transcriptional induction or 

post-translational activation in response to stress stimuli, and promote apoptosis by 

neutralizing anti-apoptotic Bcl-2 proteins and/or activating Bax and Bak [58, 59].  

Proposed mechanisms by which BH3-only proteins activate Bax and Bak will be 

described in detail in the following section.  
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The multi-BH-domain proapoptotic Bcl-2 proteins Bax and Bak are effector 

proteins that respond to signals from anti-apoptotic Bcl-2 proteins and BH3-only 

proteins.  When pro-apoptotic signaling from BH3-only proteins predominates, Bak 

undergoes a conformational change (termed activation) resulting in exposure of a cryptic 

amino-terminal epitope [60].  Bax undergoes an analogous conformational change in 

response to apoptotic stimuli, but must also translocate from the cytosol to the 

mitochondrial outer membrane in order to promote release of apoptogenic MIS proteins. 

Redistribution of Bax in response to apoptotic stimuli appears to be independent of Bcl-2 

proteins, which only interact with Bax once localized to the mitochondrial outer 

membrane [55].   

Bax translocation appears, instead, to be regulated by phosphorylation.  For 

example, Bax is phosphorylated at Thr167 by the SAP kinase, c-Jun N-terminal kinase 

(JNK), in human hepatoma Hep2G cells following exposure to UV light, H2O2, or the 

topoisomerase II inhibitor, etoposide [61].  Thr167 phosphorylation appears to be a 

critical apoptotic signal, because substitution of alanine for this phospho-residue blocks 

Bax translocation induced by UV light, H2O2, or etoposide.  Conversely, redistribution of 

Bax to the mitochondria is opposed by the pro-survival kinase Akt.  This was first 

demonstrated by Rathmell, et al who found that Bax activation following growth-factor 

withdrawal can be prevented by expression of a constitutively active Akt transgene [62].  

Constitutive activation of Akt has also been shown to impede Bax translocation in 

neutrophils and murine T cell lymphomas [63, 64].  In neutrophils this results from 

phosphorylation of Bax by Akt at Ser184 [64].  In T cells, however, Akt-dependent 
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sequestration of Bax in the cytosol requires an amino-terminal region spanning amino 

acids 13-29 [63].  

The hypothesis that activated Bax and Bak release pro-apoptotic MIS proteins by 

forming pores in the mitochondrial outer membrane was suggested by sequence 

homologies between Bcl-2 proteins and bacterial toxins that form channels in lipid 

membranes [65].  Experimental support for this mechanism was provided by direct 

imaging of activated Bax in lipid bilayers by atomic force microscopy, which 

demonstrated the presence of toroidal-shaped pores [66].  These channels appear 

sufficiently large to promote release of pro-apoptotic MIS proteins because activated Bax 

or Bak have been shown to induce release of cytochrome c from liposomes composed of 

lipids present in the mitochondrial outer membrane [67].  This finding is significant 

because it demonstrates that permeabilization of the mitochondrial outer membrane by 

Bax or Bak can occur independently of other proteins (e.g., VDAC) that reside in this 

lipid bilayer.  

There is accumulating evidence, however, that interactions between activated Bax 

and Bak and proteins that control mitochondrial fission and fusion may contribute to loss 

of mitochondrial outer membrane integrity.  In unstressed cells, mitochondria exist as an 

extended tubular network [68].  Mitochondrial fission machinery (e.g., the dynamin-

related GTPase DRP1, the large transmembrane GTPase Mfn2 and lipid transferase 

endophillin B1) fragment this network during mitosis to enable equal distribution of 

mitochondria between daughter cells [68].  Mitochondrial fragmentation is also observed 

during apoptosis, where it is thought to promote release of MIS proteins by destabilizing 

the outer mitochondrial membrane [69].  Additional evidence for a role of mitochondrial 



 158 

fission in MOMP is provided by the ability of a dominant-negative DRP1 mutant to delay 

cytochrome c release and apoptosis induced by the pan-kinase inhibitor, staurosporine, in 

HeLa cervical carcinoma cells [70].  A role for the Bcl-2 family proteins in this process is 

suggested by studies demonstrating that activated Bax and Bak coalesce at foci of 

mitochondrial fission and interact with DRP-1 and Mfn2 prior to MOMP [70, 71].  

However, staurosporine-induced Bax and Bak activation is still observed in HeLa cells 

expressing the dominant negative DRP-1 mutant [70].  These findings indicate that 

mitochondrial fission accelerates the loss of mitochondrial outer membrane integrity, but 

that this process is only engaged after activation of Bax and Bak.  

Crystal structures of the Bcl-2 proteins, Bcl-xL, Bcl-2, Bcl-w, Mcl-1, Bax, and 

Bak, reveal a conserved helical bundle tertiary structure containing a prominent 

hydrophobic cleft formed by the α-helical BH1, -2 and -3 domains (Figure 3.3; [72-76]).  

Among the BH3-only proteins, only Bid displays a tertiary structure [77].  The remaining 

BH3-only proteins are either intrinsically unstructured or do not share the same tertiary 

fold as to multi-BH-domain Bcl-2 proteins, which suggests that their BH3-only domain 

was acquired by convergent evolution [78].  Crystal structures of Bcl-xL have been solved 

in which the hydrophobic groove is occupied by the BH3-domain sequences from Bak, 

Bad or Bim [79-81].  These co-structures suggest that binding BH3-only proteins as well 

as Bax Bak to anti-apoptotic Bcl-2 proteins is mediated by interactions between the BH3 

domain helix of BH3-only proteins, Bax and Bak and this hydrophobic cleft on anti-

apoptotic Bcl-2 proteins.  Despite this conserved protein-protein interaction motif, Bax 

and Bak specifically associate with different subsets of anti-apoptotic Bcl-2 proteins.  
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Figure 3.4 - Constraint of Bax and Bak by anti-apoptotic Bcl-2 proteins.  Bak 

is constitutively localized to the mitochondrial outer membrane where it is subject to 
inhibitory binding by Mcl-1, Bcl-xL and A1.  In contrast, Bax is present in the cytosol and 
redistributes to the mitochondria prior to apoptosis.  Although phosphorylation appears to 
play a role, the signals regulating Bax translocation are not fully clear (see text for 
details).  Once localized to the mitochondrial outer membrane, Bax homo-
oligomerization is prevented by binding of Mcl-1, Bcl-xL, Bcl-2 and Bcl-w.  Figure 
adopted from [82].  

 
 

Bak activation is opposed by direct inhibitory binding of Mcl-1, A1, and Bcl-xL (Figure 

3.4; [54, 83]).  By contrast, after redistribution to the mitochondrial outer membrane, Bax 

is bound by Mcl-1, Bcl-2, Bcl-xL and Bcl-w (Figure 3.4; [84]).  Specificity is also 

observed with respect to binding of BH3-only proteins to Bax and Bak as well as the anti-

apoptotic Bcl-2 proteins.  These associations and their implications for Bax and Bak 

activation are described below. 

Activation of Bax and Bak by BH3-only proteins: Bax and Bak (and perhaps 

Bok) are the only pro-apoptotic Bcl-2 proteins capable of causing loss of mitochondrial 

outer membrane integrity.  Given this position as gatekeepers of the mitochondrial 

apoptotic pathway, bax and/or bak deficient mice were predicted to display significant 
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abnormalities due to blocked apoptosis.  Targeted gene deletion of bak or bax produced 

either no phenotype or mild lymphoid hyperplasia in aged mice, respectively [85, 86].  In 

contrast, mice lacking both proteins, which were generated collaboratively by the 

Thompson and Korsmeyer laboratories, display an array of defects [86].  Due to the 

presence of excess cells in the central nervous system, most bax-/-, bak-/- mice die at or 

just before birth [86].  Those animals reaching adulthood display persistence of 

interdigital webbing, fetal ocular vasculature, and imperforate vaginas in females [86-88].  

In addition, T cells from bax-/-, bak-/-, mice are resistant to cytokine-withdrawal induced 

apoptosis resulting in abnormal accumulation of activated T cells in the spleen and lymph 

nodes [89].  These observations demonstrate that Bax and Bak function redundantly 

during embryonic development and immune system homeostasis in adult animals, but 

that their combined absence causes defects in processes (e.g., deletion of interdigital 

tissue and activated T cells) mediated by the mitochondrial apoptotic pathway. 

Reliably obtaining cells from bax-/-, bak-/- mice is challenging because they are 

born well below Mendellian frequency.  To circumvent this issue, embryonic fibroblasts 

were isolated from bax-/-, bak-/- or double-knockout mice and immortalized by 

transfection with cDNA that encodes the SV40 tumor virus [87].  These murine 

embryonic fibroblasts (MEFs) have been widely used to study the role of Bax and/or Bak 

in the response to apoptotic stimuli [90].  Equivalent, partial protection (i.e., ~50% 

reduction in killing after 24 h) is observed in bax-/- and bak-/- MEFs following DNA 

damage, microtubule destabilization, growth factor deprivation and endoplasmic 

reticulum stress [87].  In contrast, MEFs lacking both proteins are refractory to these 

apoptotic stimuli as well as overexpression of BH3-only proteins [87].  Likewise, MOMP 
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is not observed when mitochondria from   bax-/-, bak-/- MEFs are incubated with 

recombinant BH3-only proteins.  These findings, combined with pronounced phenotype 

of bax-/-, bak-/- mice, have led to the conclusion that Bax and Bak activation is required 

for induction of MOMP by BH3-only proteins.  However, the mechanism by which BH3-

only proteins activate Bax and Bak remains controversial. 

There are two competing models for activation of Bax and Bak by BH3-only 

proteins.  Disagreement between these proposals concerns whether BH3-only proteins 

promote apoptosis by directly engaging Bax and Bak or solely by neutralizing anti-

apoptotic Bcl-2 proteins.  The “direct activation model” was developed from studies of 

the ability of BH3-only proteins to release cytochrome c from large unilamellar vesicles 

(LUVs - liposomes with lipid content that mimics the mitochondrial outer membrane) 

reconstituted with Bax or Bak [91-94].  Because Bid and Bim (and in some studies Puma) 

induce release of cytochrome c in this system, these BH3-only proteins were classified as 

direct activators (Figure 3.5A; [91, 92]).  All other BH3-only proteins failed to activate 

Bax or Bak and induce release of cytochrome c from LUVs [91, 92].  Activity of these 

BH3-only proteins was apparent, however, in LUVs where activation of Bax by Bim or 

Bid was blocked by the presence of an anti-apoptotic Bcl-2 protein.  For instance, Bid 

induced release of <20% of cytochrome c from LUVs reconstituted with Bax and Bcl-xL, 

while combined addition of Bid and Bad resulted in >80% release [92].  These findings 

suggested that Bad, Bik, Bmf, Hrk, and Noxa promote activation of Bax and Bak by 

displacing Bid and Bim (and perhaps Puma) from inhibitory binding by anti-apoptotic 

Bcl-2 proteins.  As a result, these BH3-only proteins were classified as sensitizers or de-

repressors (Figure 3.5A).  



 162 

                

 
Figure 3.5 - Two models of how BH3-only proteins engage Bax and Bak.  (A) 

In the direct activation model, activator BH3-only proteins (e.g., Bim and tBid) directly 
engage Bax and Bak via their BH3-only domain (red triangle).  In contrast, sensitizer 
BH3-only proteins (e.g., Bad), which can only bind a subset of anti-apoptotic Bcl-2 
proteins, serve only to displace direct activators from their pro-survival partners. (B) 
BH3-only proteins interact solely with anti-apoptotic Bcl-2 proteins in the indirect 
activation model.  Promiscuous binders (e.g., Bim and tBid) readily trigger Bax/Bak 
activation because they can neutralize all five anti-apoptotic Bcl-2 proteins, whereas 
selective binders (e.g., Bad) alone are not sufficient to cause Bax/Bak activation.  Figure 
adopted from [82].  

 
 
The direct activation model implies that the key event in the induction of MOMP 

is binding of Bax and Bak by direct activator BH3-only proteins.  However, the affinity 

of Bid, Bim and Puma BH3 domain peptides for Bax and Bak is weak (2-10 µM; [84]) 

relative to their affinity for anti-apoptotic Bcl-2 proteins, which ranges from 2-50 nM 

depending on the combination of BH3 domain peptide and anti-apoptotic Bcl-2 protein 

[95].  In addition, immunoprecipitation experiments have failed to detect stable 

association between Bim and Bax or Bak in thymocytes following treatment with the 

Ca2+ ionophore ionomycin [84], which triggers Bim-dependent apoptosis [96].  Instead, 

increased association of Bim with anti-apoptotic Bcl-2 proteins is detected in ionomycin-
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treated thymocytes.  The weak in vitro and in vivo associations between direct activator 

BH3-only proteins and the multi-BH-domain proteins Bax and Bak suggested that these 

interactions are not essential for apoptosis, but that the crucial step leading to MOMP is 

neutralization of anti-apoptotic Bcl-2 proteins. 

This alternative hypothesis is termed the “indirect activation” model (Figure 

3.5B).  The indirect activation model is supported by studies showing that a Bim variant 

which is unable to bind Bax or Bak due to alanine substitution of a conserved BH3 

domain residue (Gly66) induced apoptosis to an equivalent degree as wild-type Bim [84].  

Analogous results were obtained by overexpression of a Bid mutant in which binding to 

Bax and Bak is impaired by alanine substitution of the corresponding residue (Gly94) in 

the BH3-only domain of this protein [84].  In addition, the direct activation model 

suggests that combined deletion of bim and bid should produce a high rate of neonatal 

mortality and developmental abnormalities (e.g., interdigital webbing) similar to that 

observed in bax-/-, bak-/- animals.  Instead, mice lacking Bim and Bid are born at 

Mendellian frequency, are developmentally normal, and achieve normal life expectancy 

[84].  Moreover, MEFs derived from these mice undergo apoptosis in response to DNA 

damage induced by the UV light or the topoisomerase II inhibitor, etoposide, even if 

Puma is depleted by RNAi [84]. 

These findings form the basis for the indirect activation model of Bax and Bak 

activation by BH3-only proteins.  In this model, BH3-only proteins induce apoptosis by 

engaging multiple anti-apoptotic Bcl-2 proteins rather than directly activating Bax and 

Bak (Figure 3.5B).  Accordingly, the differential ability of BH3-only proteins to activate 

Bax and Bak derives from the number of anti-apoptotic Bcl-2 proteins neutralized by a  
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Figure 3.6 - BH3-only proteins can bind promiscuously or selectively to anti-

apoptotic Bcl-2 proteins.  Bim, Puma and tBid engage all anti-apoptotic Bcl-2 proteins 
and are therefore potent inducers of Bax/Bak activation.  All other BH3-only proteins 
bind selectively to the indicated subset of anti-apoptotic Bcl-2 proteins and hence are 
alone unable to trigger activation of Bax or Bak.  Figure adopted from [97]. 
 

particular BH3-only protein [97].  Consistent with ability of Bim, Bid and Puma to 

induce MOMP in isolated mitochondria and trigger apoptosis when overexpressed, 

peptides derived from the BH3 domains of these proteins bind to all five anti-apoptotic 

Bcl-2 proteins with high affinity (Kd < 50 nM) (Figure 3.6; [95]).  By contrast, peptides 

derived from the BH3 domains of sensitizer BH3-only proteins only associate with a 

subset of antiapoptotic Bcl-2 proteins.  For instance, Bad BH3 peptide binds to Bcl-2, 

Bcl-xL and Bcl-w, while a peptide derived from the Noxa BH3 domain preferentially 

interacts with Mcl-1 and A1 (Figure 3.6; [95]).   

Activation of Bax and Bak is prevented in unstressed cells by inhibitory binding 

of multiple anti-apoptotic Bcl-2 proteins (Figure 3.4).  Hence, neither Noxa nor Bad is 



 165 

alone sufficient to trigger MOMP or apoptosis [54].  However, combined over-expression 

of these two BH3-only proteins is lethal in wild-type MEFs.  Significantly, Noxa and Bad 

co-expression kills MEFs that lack the purported direct activators Bim and Bid and have 

reduced levels of Puma [84].  This finding provides additional support for the indirect 

activation model because, according to the direction activation model, cells lacking direct 

Bim, Bid and Puma should be unable to activate Bax and Bak.  Other sensitizer BH3-

only proteins also associate with a subset of anti-apoptotic Bcl-2 proteins; Bmf displays 

analogous selectivity as Bad, while Bik and Hrk bind tightly (Kd < 50 nM) to Bcl-xL, Bcl-

2 and A1 (Figure 3.6; [95]).  Hence, “sensitizer” BH3-only proteins are weak inducers of 

MOMP and apoptosis because they only engage a subset of anti-apoptotic Bcl-2 proteins.  

So which of these models best explains the experimental data?  The indirect 

activation model is consistent with biophysical data indicating that BH3-only proteins 

bind anti-apoptotic Bcl-2 proteins with greater affinity than Bax and Bak.  In addition, 

this model accounts for the absence of appreciable apoptotic phenotypes in bim-/-, bid-/- 

mice.  Nevertheless, there are two caveats to indirect activation model, that suggest 

neutralization of anti-apoptotic Bcl-2 proteins may not be sufficient to trigger activation 

of Bax and Bak.   

First, the affinity of BH3-only proteins for Bax and Bak (as well as anti-apoptotic 

Bcl-2 proteins) has been determined using solution-state binding assays.  This in vitro 

system may underestimate the affinity of BH3-only proteins for Bax and Bak by 

eliminating the hydrophobic context (i.e., the mitochondrial outer membrane) in which 

these interactions occur in vivo [98].  For instance, despite the micromolar affinity of Bim 

or Bid for Bax in solution-state binding assays [84], namomolar concentrations of either 
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BH3-only protein are sufficient to permeabilize LUVs reconstituted with Bax [92].  

These data indicate that direct activation of Bax and Bak occurs (at least in vitro), and 

suggests that the affinity of direct activator BH3-only proteins for Bax or Bak may be 

elevated by the presence of a hydrophobic component like the mitochondrial outer 

membrane.  However, this explanation does not address why stable associations with Bax 

and Bak are not detected by immunoprecipitation of Bim in cells treated with ionomycin, 

which is a Bim-dependent apoptotic stimulus. 

Second, an alternative interpretation of the absence of an apoptotic phenotype in 

bim-/-, bid-/- mice is that non-Bcl-2 family proteins directly activate Bax and Bak in the 

absence of Bim and Bid [98].  This explanation is supported by studies demonstrating 

that p53 can induce MOMP and apoptosis independently of its function as a transcription 

factor by directly binding to Bax [99].  In addition, the Ca2+-responsive transcription 

factor Nur77 has been shown to bind Bcl-2 and induce a conformational change in this 

anti-apoptotic Bcl-2 protein that promotes activation of Bax and Bak [100].  These 

examples suggest that activation of Bax and Bak by non-Bcl-2 family proteins could 

contribute to normal development in bim-/-, bid-/- mice.  However, activation of Bax and 

Bak by non-Bcl-2 proteins does not explain why co-expression of Bad and Noxa (two 

purported sensitizer BH3-only proteins) is sufficient to induce apoptosis in MEFs derived 

from these animals [84].  In sum, despite these caveats, the indirect activation model is 

gives a more cohesive fit of the current data and provides a useful framework for 

understanding how BH3-only proteins trigger activation of Bax and Bak. 

 Cellular regulation of BH3-only proteins: In the absence of cellular stress, BH3-

only proteins are transcriped at low levels or inhibited by post-translational mechanisms  
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Figure 3.7 - Apoptotic stimuli trigger distinct BH3-only proteins.  Specific 

BH3-only proteins are upregulated in response to a variety of cell stresses.  Once 
upregulated, they promote apoptosis by binding and neutralizing anti-apoptotic Bcl-2 
proteins via their BH3 domain (red triangle).  See text for details.  Figure adopted from 
[97]. 

 
 

including phosphorylation, sequestrations to cytoskeletal proteins, or expression as an 

inactive zymogen.  Particular BH3-only proteins are either transcriptionaly-induced or 

activated via a post-translational mechanism in response to distinct forms of cell stress 

(Figure 3.7; [97]). 

Bid: Processing of Bid to its active, truncated form (tBid) is mediated by caspase-

8 or -10 following engagement of cell-surface death receptors [101, 102].  Once cleaved, 

tBid translocates to the mitochondrial outer membrane where it binds to anti-apoptotic 

Bcl-2 proteins [101, 102].  Thus, Bid cleavage serves as a form of “cross talk” between 

the extrinsic and intrinsic apoptotic cascades.  The contribution of this mechanism to 

death-receptor induced apoptosis appears to be dependent on cell-type [103].  For 

instance, lymphocytes from bid-/- mice are normally sensitive to Fas-dependent apoptosis, 
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while fibroblasts and hepatocytes from these animals are resistant to stimulation of Fas 

and other cell-surface death receptors [103]. 

 Bid can also be activated as a result of cleavage by caspases-2 or -3 independently 

of cell-surface death receptor ligation [104, 105].  Caspase-3 is an executioner caspase 

activated downstream of MOMP [1].  Therefore, cleavage of Bid by caspase-3 is thought 

to amplify apoptotic cascades following loss of mitochondrial outer membrane integrity.  

By contrast, auto-activation of caspase-2 can occur prior to MOMP that is due induced 

genotoxic stress [106].  In addition, total Bid levels are elevated in response to DNA-

damage in a p53-dependent manner [107].  These observations suggested that cleavage of 

Bid by caspase-2 might contribute apoptosis that is induced by genotoxic stress [107].  

However, increased Bid cleavage is not observed in lymphocytes or fibroblasts exposed 

to cisplatin or UV irradiation [107].  Moreover, lymphocytes and fibroblasts from bid-/- 

mice remain sensitive to these DNA damaging agents [103]. 

The histone deacetylase inhibitor Vorinostat elevates intracellular reactive oxygen 

species (ROS) levels in a variety of cell-types [108].  In CCRF-CEM T cells, ROS 

induced by Vorinostat signals caspase-independent Bid cleavage [109].  This observation 

suggests that Bid may be a substrate for other cellular proteases such as calpains [110].  

Unfortunately, the dependence of Vorinostat-induced apoptosis on Bid expression has not 

been assessed [109].   

 Noxa and Puma: Although both BH3-only proteins are p53-response genes, they 

are not regulated redundantly [111].  Puma is induced earlier than Noxa following 

treatment with cisplatin, etoposide, or γ-irradiation, and is rate limiting for that is 

apoptosis induced by these agents in lymphocytes, hepatocytes and fibroblasts [112, 113].  
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In contrast, increased Noxa expression is observed in response to UV light in fibroblasts, 

while Puma is not induced.  In addition, Noxa levels are selectively increased in response 

to oxidative stress induced by the proteasome inhibitor Bortezomib in multiple myeloma 

cells lines and patients samples [114].  Noxa expression is also induced by agents that 

stimulate mitochondrial ROS production, such as the chemotherapeutic Trisenox or the 

herbicide paraquat [115, 116].  These findings indicate that Puma plays an essential role 

in the p53 death response, whereas Noxa is engaged by a more diverse set of apoptotic 

stimuli. 

Perhaps because Noxa only associates with Bcl-xL and Mcl-1, developmental 

abnormalities or perturbations of immune system homeostasis are not detected in mice 

lacking this BH3-only protein [111].  Puma-/- mice also appear developmentally normal 

[111], but survival of T cells in these animals is enhanced after conclusion of an acute 

immune response [117].  Puma is induced in activated T cells by the forkhead box 

transcription factor O3a (FOXO3a) [118].  In the presence of pro-survival cytokines, 

FOXO3a is subject to inhibitory phosphorylation by the pro-survival kinase Akt [119].  

However, the reduction in cytokine levels that accompanies pathogen clearance leads to 

decreased activation of Akt by the phosphoinositol 3-kinase (PI3K) pathway and 

induction of puma [118].  

Bim: The BH3-only protein Bim plays an essential role in immune system 

homeostasis [120].  Alternative splicing of the bim gene produces three isoforms in 

humans – BimEL (extra-long), BimL (long) and BimS (short) – which differ in their 

capacity to induce apoptosis [104, 121].  Cells are most sensitive to overexpression of 

BimS, because unlike BimEL and BimL, this isoform lacks the binding domain necessary 
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for association with the dynein light chain LC8 (DLC1), a component of the dynein 

motor complex on microtubules [122].  UV irradiation or treatment with the microtubule 

stabilizing chemotherapeutic paclitaxel stimulates release of BimEL and BimL from the 

dynein motor complex, enabling them to engage anti-apoptotic Bcl-2 proteins [122].  

While sequestration by DLC1 regulates Bim activation in endothelial cells, all three Bim 

isoforms are primarily localized to the mitochondrial outer membrane in T cells where 

they are bound by Mcl-1 [123, 124].  Binding of Noxa to Mcl-1 disrupts this complex, 

which results in Bim-dependent apoptosis in response to stimuli that induce noxa 

expression in primary T cells and T cell leukemia lines [115, 125, 126].  While these 

observations do not address how Bim promotes activation of Bax and Bax once released 

from Mcl-1, they nevertheless demonstrate that Noxa can functions as a ‘sensitizer’ by 

freeing Bim from sequestration by anti-apoptotic Bcl-2 proteins. 

 In addition to these post-translational mechanisms, bim expression is induced in 

response to intracellular Ca2+ flux, endoplasmic reticulum stress (ER) stress and 

withdrawal of survival factors.  The increase in bim expression following ER stress is 

induced by the transcription factors CCAT-enhancer binding protein-α (CEBP-α) or 

CEBP homologous protein (CHOP) [127].  Bim expression is induced by the 

transcription factor FOXO3a in a manner analogous to puma following withdrawal of 

cytokines or other survival factors [128].  As observed in puma-/- mice, T cells from mice 

lacking bim are resistant to cytokine withdrawal in vitro and display extended survival 

after resolution of an immune response [129-131].  In addition, bim-/- mice have elevated 

(3- to 5-fold) numbers of T and B cells as well as macrophages and granulocytes in their 
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lymphoid tissues and develop a fatal autoimmune disease resembling human systemic 

lupus erythematosus (SLE) [132]. 

 Bmf: This BH3-only protein shares a conserved amino-terminal dynein light 

chain-binding motif with Bim [133].  However, Bmf preferentially interacts with the 

DLC2 subunit of the myosin V motor complex that is associated with the actin 

cytoskeleton [134].  Release of Bmf from DLC2 is triggered by UV irradiation or anoikis, 

a form of apoptosis that results from detachment of endothelial cells from their extra-

cellular matrix [133].  Release of Bmf from DLC2 in response to UV light is thought to 

function in conjunction with noxa induction to neutralize all five anti-apoptotic Bcl-2 

proteins [95, 133].  Bmf is also regulated at the transcriptional level with induction 

observed in response to the pro-oxidant Trisenox, along with HDAC inhibitors and 

glucocorticoids [115, 135, 136].  Finally, immune system development and homeostasis 

appear normal in bmf-/- mice, although aged animals develop a B cell-restricted 

lymphadenopathy [136].   

  Bad: Bad was identified by screening a λ-phage expression library for binding 

partners of Bcl-xL [137].  The pro-apoptotic activity of Bad is inhibited by 

phosphorylation.  Stimulation of growth factor and cytokine-receptors promotes 

phosphorylation of Bad at Ser136 by Akt [138].  Phosphorylation of Ser136 inactivates 

Bad by promoting binding to 14-3-3 adaptor proteins [139].  In addition, phosphorylation 

of Ser136 induces a conformational change in Bad exposing a cryptic phospho-residue 

(Ser155) within the BH3-only domain [140, 141].  Phosphorylation of Ser155 by protein 

kinase A (PKA) or p90 ribosomal S6 kinase (RSK) disrupts binding of Bad to Bcl-xL or 

Bcl-2 [140, 141].  Ser136 can be dephosphorylated by the Ca2+-dependent protein 
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phosphatase, calcineurin, which promotes release of Bad from 14-3-3 proteins in 

response to Ca2+ ionophores [142].  These findings suggested that Bad might play a key 

role in apoptosis that is induced by deprivation of survival factors or intracellular Ca2+ 

flux.  However, developmental abnormalities are not observed in bad-/- mice, and 

lymphocytes, MEFs and hepatocytes derived from these animals display normal 

sensitivity to a broad range of apoptotic stimuli [143]. 

 Bik: Although Bik is expressed in the haematopoietic system, T and B cells from 

bik-/- mice remained sensitive to apoptosis that is induced by cytokine deprivation, 

glucocorticoids, phorbol esters, Ca2+ ionophores, DNA-damaging agents, and antigen-

receptor stimulation [144].  As suggested by the sensitivity of bik deficient lymphocytes 

to these apoptotic stimuli, the haematopoietic system appears developmentally normal in 

bik-/- mice.  The absence of an apoptotic phenotype may result from the inability of Bik to 

neutralize Mcl-1 [144].  This proposal is supported by the increased sensitivity of 

HCT116 colon carcinoma cells to overexpression of Bik if the Mcl-1 levels are reduced 

by siRNA knockdown or neutralized by overexpression of Noxa [145].  Finally, Bik 

levels are upregulated in response to proteasome inhibitors in a variety of cell-types [146-

148], leading to speculation that this response acts in concert with Noxa induction to 

neutralize all five anti-apoptotic Bcl-2 proteins [149]. 

Hrk: This BH3-only protein was identified as a protein that is rapidly induced 

following deprivation of rat sympathetic neurons of nerve growth factor [150, 151].  Hrk 

induction appears to be specific for cells of the nervous system because levels of this 

BH3-only protein are not elevated in fibroblasts of hepatocytes subject to growth-factor 

withdrawal [152].  Consistent with the preferential induction of Hrk in neural cells, 
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expression of this BH3-only protein is restricted to the central and peripheral nervous 

system in vivo [152].  Surprisingly, the nervous systems from hrk-/- mice are also free of 

developmental abnormalities, and neurons isolated from these animals remain sensitive to 

NGF withdrawal [152].  By contrast, neurons from bim-/- mice displayed marked survival 

in the absence of NGF, suggesting that Bim is the BH3-only protein primarily responsible 

for growth-factor induced apoptosis in neural tissues [152].   

T cell apoptosis and immune system homeostasis: The immune system is 

programmed to mount responses involving both lymphocytes and cells of the innate 

immune system (macrophages, granulocytes, mast cells and dendritic cells) in response to 

bacterial and viral pathogens [153].  Innate immune cells non-specifically identify 

pathogens via Toll-like receptors (TLRs), which recognize pathogen-associated 

molecular patterns such as bacterial cell wall lipopolysaccharides (LPS) or CpG motifs 

characteristic of viral DNA [154].  TLR stimulation promotes ingestion of pathogens, 

which are then processed into small fragments known as antigens [155].  These fragments 

are displayed on the surface of antigen-presenting cells (APCs) such as macrophages and 

dendritic cells by loading onto major histocompatability complexes (MHCs) [154, 155].  

In addition, TLR stimulation induces upregulation of non-specific alert signals such as 

the co-stimulatory molecules B7.1 and B7.2 on the surface of APCs [156].  Both the 

antigen•MHC and co-stimulatory signals are required to activate T cells with surface-

antigen receptors specific for the pathogen fragments displayed on APCs [153, 157].   

Following antigenic stimulation, T cells rapidly proliferate and differentiate into 

specific effector classes.  CD4+ T cells, or helper T cells, express the cluster-of-

differentiation 4 (CD4) glycoprotein on their cell surface and secrete cytokines that 
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stimulate other T and B cells as well as cells of the innate immune system.  Once 

activated, some CD4+ T cells secrete cytokines such as interleukin-4 and -10 (IL-4 and     

-10) that support further T cell proliferation and antibody production by B cells [158].  

Other activated CD4+ T cells produce cytokines such as interferon-γ (IFN-γ), which act as 

positive feedback signals for macrophages and other APCs [158].  All activated CD4+ T 

cells produce IL-2, a cytokine that promotes proliferation of both T and B cells [159, 

160].  CD8+ T cells, or cytotoxic T cells, kill infected host cells by secretion of perforin 

and granzyme [161, 162].  Perforin forms pores in the plasma membrane of target cells, 

allowing entrance of the serine protease granzyme, which induces apoptosis by cleaving 

caspase-3 and the BH3-only protein Bid [159, 160].   

By promoting antibody production by B cells and killing infected cells, activated 

CD4+ and CD8+ T cells mediate a coordinated immune response that efficiently removes 

pathogens [157, 163].  However, activated CD4+ and CD8+ T cells lymphocytes must 

themselves be elminated at the conclusion of an immune response to limit damage to 

healthy tissue [157, 163].  Hence, the vast majority of activated T cells generated during 

an immune response undergo apoptosis following clearance of the pathogen [130].  

Defects in this phenomenon, known as T cell contraction, result in immunopathology 

because many effector mechanisms (e.g., inflammatory cytokines) are not antigen-

specific [153].  In addition, failure to delete T cells that are activated by self-antigens 

(i.e., autoreactive T cells) can be particularly deleterious because self-antigens, which 

cannot be cleared, provide persistent survival and activation stimuli [164, 165].   

 An early model of T cell contraction was developed from studies of mice with a 

lymphoproliferative (lpr) disorder [166].  This disorder arises due to a rearrangement in 
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the gene encoding the Fas death receptor that prevents transcription of full-length Fas 

mRNA [167, 168].  The Fas death receptor plays an essential role in activation-induced 

cell death (AICD), a process in which repetitive antigenic stimulation causes apoptosis in 

T cells due to upregulation of FasL expression [163, 169].  These findings suggested that 

T cell contraction is mediated by Fas-FasL signaling between activated T cells, which 

when impaired, results in the pathogenic accumulation of lymphocytes.   

Studies of the timing of T cell apoptosis relative to pathogen clearance after an 

acute immune response raised questions concerning the AICD contraction model.  

Specifically, apoptosis of activated T cells was found to occur after pathogen clearance.  

AICD is unlikely to be engaged under these conditions because the antigens required to 

induce FasL expression by TCR re-stimulation have been eliminated [163, 170].  More 

significantly, normal contraction of activated T cells was observed in Faslpr/lpr mice 

following a infection with herpes simplex virus (HSV), which induces an acute immune 

response [129, 130].   

The finding that T cell contraction occurs normally in mice with defective Fas-

FasL signaling raised question of how activated T cells are killed in vivo.  An important 

clue to this question came from the early studies of cell death that is induced by cytokine-

withdrawal, which was found to depend on the intrinsic (mitochondrial) apoptotic 

pathway [171, 172].  For instance, cytokine or growth-factor withdrawa- induced 

apoptosis is blocked by overexpression of Bcl-2 or Bcl-xL [126, 173, 174], which 

suggests that cytokine withdrawal might trigger induction of BH3-only proteins.  Bim 

appeared to be a likely candidate because levels of this BH3-only protein are elevated 

following withdrawal of cytokines or growth factors [126, 132, 173, 174].  Consistent 
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with these observations, activated T cells from bim-/- mice are resistant to apoptosis that is 

induced by IL-2 deprivation [132].  More significantly, contraction of HSV-specific T 

cells was delayed in bim-/- mice, and no additional accumulation of activated T cells was 

detected in bim-/-Faslpr/lpr animals [129, 130, 175].   

Deletion of the bim gene, however, provides less protection against cytokine-

withdrawal induced apoptosis than overexpression of Bcl-2 [58, 130], suggesting that 

other BH3-only proteins may contribute to cytokine-withdrawal induced apoptosis.  

Puma appeared to be a likely candidate because, like Bim, elevated levels of this BH3-

only protein are observed in T and B cells following withdrawal of pro-survival 

cytokines.  In addition, contraction of HSV-specific T cells is delayed in puma-/- mice 

[117].  These findings in bim-/- and puma-/- mice indicate that contraction of activated T 

cells following an acute immune response results from induction of BH3-only proteins 

rather than stimulation of the Fas death receptor.  

While contraction of activated T cells after an acute immune response is mediated 

by induction of BH3-only proteins, the lymphoproliferative autoimmune disease 

observed in Faslpr/lpr mice suggests that AICD nevertheless plays a role in immune system 

homeostasis.  A distinguishing characteristic of autoimmune responses is that, unlike 

foreign antigens associated with acute infections, self-antigens cannot be cleared [164, 

165].  This difference suggests that persistent stimulation of autoreactive T cells by self-

antigens might maintain pro-survival cytokines (e.g., IL-2) at a level sufficient to 

maintain Akt activation and suppress expression of bim and puma [129, 176].  Although 

repetitive stimulation of T cells appears to block cytokine withdrawal induced apoptosis, 

it also induces FasL [169, 177].  These findings suggest that Fas-FasL signaling serves to 
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limit expansion of autoreactive T cells that otherwise would be subject to persistent 

stimulation with self-antigens [177].  Consistent with this model, mice with deficient 

expression of Fas or FasL appear unable to eliminate autoreactive CD4+ T cells, which 

results in development of an autoimmune disease resembling SLE [166].   

Persistent antigenic stimulation also occurs during chronic viral infections [178], 

suggesting that Fas signaling might also play a role in reducing activated T cell 

populations in this context [163].  Corresponding to this prediction, elevated levels 

activated T cells specific for murine γ-herpes virus, which causes a chronic lung infection 

[179], were observed following infection of Faslpr/lpr mice [129].  In sum, Bim-dependent 

mitochondrial apoptosis is engaged under conditions where pro-survival cytokines 

become limiting, such as after acute infections.  Fas-FasL signaling, on the other hand, is 

upregulated by persistent antigenic stimulation and eliminates T cells responding to self-

antigens or chronic viral infections  (Figure 3.8). 

Lymphoproliferative autoimmune disease in Fas-deficient mice: As described in 

the previous section, Fas-FasL signaling is essential for limiting proliferation of 

autoreactive T cells.  This is made apparent by the observation that mice harboring the lpr 

mutation, in which autoreactive T cells accumulate, resulting in lymphadenopathy and 

splenomegaly [180].  The lymphoproliferative disorder in lpr mice is accompanied by 

production of auto-antibodies against nuclear antigens including DNA, histones, and 

ribonuclear proteins on some strain backgrounds [166, 180, 181].  Deposition of the 

resulting immune complexes in the kidneys results in fatal glomerulonephritis [182].  

While the lpr mutation causes pathogenic accumulation of lymphocytes in a variety of 

strain backgrounds, severity of the accompanying autoimmune disease is variable.  For  
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Figure 3.8 - Role of intrinsic and extrinsic apoptotic pathways in immune 

system homeostasis. During immune responses, T cells become activated and 
proliferate.  If the antigen is rapidly cleared, survival factors from the tissue and from the 
T cells themselves become limited.  As a consequence, expression of the BH3-only 
proteins Bim and Puma is induced, which then triggers the intrinsic apoptotic pathway.  If 
antigen persists, however, T cells receive successive activation, resulting in increased 
survival factors and expression of FasL. The resulting Fas-FasL signaling eliminates 
persistently activated T cells via the extrinsic apoptotic pathway.  Figure adopted from 
[177]. 

 
 

instance, autoimmune disease is accelerated on the MRL background, leading to 50% 

mortality by 6 months of age [180].  In contrast, disease severity is diminished on the 

C57BL/6 background, such that no change in lifespan is observed [180].  These 

differences suggest that genetic abnormalities in the MRL strain promote activation of 

autoreactive T cells, which cannot be eliminated due to defective AICD in MRL/MpJ-

Faslpr (MRL-lpr) mice. 
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The lymphoproliferative disorder in MRL-lpr mice results in splenomegaly and 

lymphadenopathy due to accumulation of CD4+ and CD8+ T cells, as well as a large 

number of an unusual double-negative T cell subset (DN T cells), which lack both CD4 

and CD8 but express the B cell marker B220 [180, 182, 183].  Due to the enormous 

expansion of DN T cells, this lymphoid subset was thought to be responsible for 

immunopathology in MRL-lpr animals [183].  However, treatment of MRL-lpr mice with 

a depletive anti-CD8 monoclonal antibody blocks the appearance of DN T cells without 

significantly attenuating autoimmune disease [184].  Depletion of CD4+ T cells, in 

contrast, reduced autoantibody levels and ameliorated renal disease without decreasing 

the number of DN T cells in the spleen and lymph nodes [184].  Autoimmune disease in 

MRL-lpr mice, therefore, results from accumulation of activated autoreactive CD4+ T 

cells, which mediate disease by mechanisms including stimulation of autoantibody 

production by B cells [185]. 

T cell activation defects in MRL-lpr mice: In a process referred to as central 

tolerance, immature T cells with antigen-receptors that bind tightly to self-peptides are 

deleted in the thymus [186, 187].  Studies of MRL-lpr mice that express TCRs which are 

genetically constrained to recognize only particular antigens have demonstrated that 

immature T cells are deleted normally in the thymus after injection of the corresponding 

antigen [188].  This finding indicates that Fas-FasL signaling does not regulate central 

tolerance, and as such, autoimmune disease in MRL-lpr mice results from an inability to 

restrain mature, autoreactive T cells in the spleen and other peripheral lymphoid organs 

[185].   
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As a result of negative selection in the thymus, only those autoreactive T cells 

expressing antigen-receptors with low affinity for self-peptides escape to the periphery 

[189].  As described above, peripheral tolerance is maintained by a combination of 

mechanisms that prevent these autoreactive T cells from mounting an immune response 

to self-peptides [189, 190].  For instance, repetitively stimulated autoreactive T cells can 

be deleted by AICD, although this mechanism is not functional in MRL-lpr mice [168].   

Autoreactive T cells that have escaped negative selection in the thymus and 

migrated to the periphery are constrained by the requirement for stimulation of both their 

TCRs and co-receptors (e.g., CD28) to induce an activation response [191].  As described 

in the discussion to Chapter 2, TCR stimulation triggers a rise in intracellular Ca2+ that 

leads to dephosphorylation of nuclear factor of activated T cells (NFAT), a transcription 

factor that regulates many processes essential for T cell activation [192].  Ligation of 

CD28 potentiates T cell activation by initiating mitogen-activated protein (MAP) kinase 

signaling cascades leading to activation of transcription factors including AP1, CREB 

and NFκB [192].  Stimulation of the TCR in the absence of CD28 results in defective 

assembly of transcription factor complexes (e.g., binding of NFAT•AP1 complexes to 

the IL-2 promoter is necessary for induction of this pro-survival cytokine) and renders T 

cells hypo-responsive to subsequent TCR stimulation (see Chapter 2 Introduction; [193-

196]).  Induction of this unresponsive state, known as anergy, is an important mechanism 

to maintain tolerance to self-antigens and relies on the fact that such self-antigens are not 

accompanied by pathogen-associated inflammatory triggers such as LPS or viral DNA 

[190, 193, 194, 197, 198].  
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The increased severity of lpr-related autoimmune disease on the MRL 

background suggests that this strain might harbor genetic abnormalities that reduce the 

dependence of T cells on co-stimulation.  The role of co-stimulation in MRL-lpr 

autoimmunity was initially addressed by genetic deletion of either CD28 or its cognate 

co-stimulatory molecules (e.g., B7 receptors) on APCs.  Deleting CD28 reduced 

autoantibody production and glumeronephritis in MRL-lpr mice [199].  Renal pathology 

and serum autoantibody levels were similarly reduced in MRL-lpr mice lacking B7.1 and 

B7.2 [200].  These findings demonstrate that blocking CD28-dependent signaling in 

MRL-lpr mice from birth attenuates disease.  However, because these studies use genetic 

approaches, they cannot address whether co-stimulatory CD28 signaling contributes to 

the persistent stimulation of autoreactive T cells throughout the course of disease.  This 

distinction is clinically relevant because most SLE patients are diagnosed with active 

disease, and as such, prophylactic measures that only block the initial activation of 

autoreactive T cells are unlikely to be ideal clinical strategies [201, 202]. 

The role of co-stimulation in later stages of disease in MRL-lpr mice has been 

examined using a fusion protein comprised of the extracellular domain of cytotoxic T 

lymphocyte antigen-4 and the constant region of immunoglobulin G1 (CTLA-4Ig) [203].  

Full-length CTLA-4 is a CD28 homolog that is upregulated in activated T cells and binds 

to B7 molecules with higher avidity than CD28 (See Chapter 3 Discussion; [204, 205]).  

However, unlike CD28, CTLA-4 dampens T cell activation by transducing negative co-

stimulatory signals [204, 205].  CTLA-4Ig does not bind to T cells, but instead prevents 

transduction of co-stimulatory signals by occupying B7 molecules [206].   
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Administration of CTLA-4Ig in MRL-lpr mice immediately after weaning 

reduces autoantibody production, kidney disease and mortality to a similar degree as 

knockout of CD28 or B7.1/2 [207].  However, improved survival was reduced by >40% 

when treatment was initiated after two months [208], which is prior to clinical 

manifestations of disease [166].  A similar time-dependence is observed when CTLA-4Ig 

is administered to NZB/W mice, which develop a lupus-like autoimmune disease due to 

pathogenic expansion of germinal center B cells (see Chapter 2 Introduction).  CTLA-4Ig 

greatly improves survival (93% after 12-months versus <10% for controls) and prevents 

development of serum autoantibodies when administered to five-month-old NZB/W mice 

[209].  In contrast, the reduction of serum autoantibody titers and improvement in 

survival was reduced by ~50% when treatment is started after eight months, at which 

points ~40% of NZB/W mice have died [209].  The reduced efficacy of CTLA-4Ig in 

MRL-lpr or NZB/W mice with established disease suggests that, while co-stimulation is 

necessary for the initial activation of autoreactive lymphocytes, their dependence on 

CD28/B7 signaling decreases over the disease course.  

The reduced contribution of CD28/B7 signaling over the disease course in MRL-

lpr mice suggests that CD4+ T cells from these animals may be intrinsically (genetically) 

hyper-responsive to TCR stimulation even in the absence of CD28/B7 signaling.  To test 

the intrinsic responsiveness of MRL CD4+ T cells to TCR stimulation, Craft, et al 

prepared a Fas-intact MRL strain expressing a TCR restricted to binding amino acids 88-

104 of pigeon cytochrome c (PCC) [210].  The activation response of MRL CD4+ T cells 

was then compared to CD4+ T cells from two non-autoimmune strains (CBA/CaJ and 

B10.BR) expressing the same restricted TCR [210].  MRL CD4+ T cells display an 
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elevated activation response (i.e., more cell divisions and greater IL-2 production) 

following stimulation with PCC [210].  These differences were exacerbated by 

stimulation with PCC-derived peptides with reduced affinity for the TCR, which are 

thought to mimic the low affinity interactions of autoreactive, peripheral T cells with self-

peptides [210-212].  Further studies demonstrated that TCR induced Ca2+ flux is elevated 

(two-fold) and prolonged (three-fold) in MRL CD4+ T cells [213].  Intracellular Ca2+ flux 

is essential for T cell activation and the magnitude of this response correlates with the 

degree to which T cells proliferate and produce cytokines after TCR stimulation [214].  

Hence, the enhanced activation phenotype observed in MRL-lpr CD4+ T cells may result 

from exaggerated Ca2+ flux following antigenic stimulation, which allows these cells to 

avoid anergy and respond even when TCR stimulation occurs in the presence of reduced 

levels of co-stimulatory CD28 signaling [213].   

CD4+ T cells derived from MRL, CBA/CaJ, and B10.BR mice all initially 

proliferate after injection into mice expressing membrane-bound PCC.  However, 

CBA/CaJ- and B10.BR-derived CD4+ T cells fail to respond to subsequent ex vivo 

antigenic stimulation, which is a phenotype characteristic of anergized cells [215].  By 

contrast, MRL CD4+ T cells proliferate and produce IL-2 in response to this subsequent 

ex vivo stimulation [215].  Collectively, these studies provide direct evidence that MRL 

CD4+ T cells have an altered activation threshold, which predisposes them to respond 

productively to stimulation of the TCR with low-affinity self-antigens in the presence of 

reduced levels of co-stimulatory CD28 signaling. 

Phosphatidylinositol-3-kinase (PI3K)-Akt signaling in MRL-lpr mice: The 

pronounced accumulation of lymphocytes in MRL-lpr mice indicates that levels of 
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inflammatory cytokines and other survival factors are sufficient to prevent growth-factor 

withdrawal induced apoptosis.  A primary intracellular signaling molecule downstream of 

CD28 as well as cytokine and chemokine receptors is the serine/threonine kinase Akt 

[216].  Once activated, Akt promotes survival by several mechanisms, which include 

suppressing expression of the BH3-only proteins bim and puma by inhibitory 

phosphorylation of forkhead box O3 (FOXO3) transcription factors [217].  Activation of 

Akt results results from recruitment of this kinase to the inner face of the plasma 

membrane via interactions with the lipid second messenger phosphatidylinositol-3,4,5-

triphosphate (PtdIns(3,4,5)P3) [218].  Binding to PtdIns(3,4,5)P3 promotes Akt activation 

by inducing a conformation change exposing the phospho-residues Thr308 and Ser473 

[217].  Pleckstrin homology-domain kinase1 (PDK1) and mammalian target of 

rapamycin (mTOR) then phosphorylate Akt at Thr308 and Ser473, respectively [217].  

These phosphorylation events stimulate Akt activity by stabilizing the kinase domain 

[219].   

Once activated, Akt dissociates from the plasma membrane and promotes survival 

and proliferation phosphorylates by phosphosphorylation a variety of substrates in the 

cytoplasm and nucleus (Figure 3.9; [217]).  For example, Akt phosphorylation limits the 

apoptotic activity of Bad by promoting association of this BH3-only protein by 14-3-3 

proteins [140].  Similarly, phosphorylation of forkhead box O (FOXO) proteins by Akt 

sequesters this transcription factor in the cytosol by promoting binding to 14-3-3 proteins, 

thereby suppressing expression of the BH3-only proteins Bim and Puma [118, 220].  In 

addition to regulating BH3-only proteins, Akt blocks apoptosis by inhibitory 
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phosphorylation of caspase-9 [221], as well as inducing expression of negative regulators 

of apoptosis including the X-linked inhibitor of apoptosis (XIAP) and Bcl-xL [222, 223]. 

PtdIns(3,4,5)P3 are generated upstream of Akt by phosphorylation of the D3-

position of the inositol ring headgroup of plasma membrane lipids by class I 

phosphoinositide 3-kinases (PI3Ks) [218].  PI3Ks are heterodimers of a 110-kDa 

catalytic subunit and a smaller, tightly-associated regulatory subunit that controls their 

activation and subcellular localization [218].  Class IA PI3Ks (p110α, p110β and p110δ) 

are recruited to the intracellular tyrosine kinase motifs of antigen, growth factor, and 

cytokine receptors [224].  The Class IB isoform PI3Kγ is driven by G-protein-coupled 

receptors (GPCRs) such as the CXC chemokine receptor (Figure 3.9; [224]).   

Genetic deletion of the ubiquitously expressed PI3Kα and β isoforms results in 

embryonic lethality [225].  PI3Kδ and γ, in contrast, are expressed primarily in cells of 

the hematopoetic system and mice lacking either isoform are viable and have normal 

lifespans [224, 225].  However, PI3Kδ-/- and PI3Kγ-/- mice display altered responses when 

their immune systems are acutely stressed [224, 225].  For example, T cells from mice 

lacking PI3Kδ display reduced proliferation and cytokine production in response to 

antigenic stimulation in vitro and blunted T cell-dependent antibody production in vivo 

[226].   

PI3Kγ is primarily associated with GPCRs like the CXC chemokine receptor on 

APCs such as macrophages, monocytes and neutrophils as well as T cells.  Chemokines 

emitted from damaged tissues are often responsible for recruitment of macrophages and 

neutrophils to sites of inflammation [227].  Consistent with the role of PI3Kγ in 

transmitting intracellular signals downstream of chemokine receptors, macrophages and  
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Figure 3.9 - Phosphatidylinositol-3-kinase (PI3K)-Akt signaling.  In response 

to stimulation of cell surface receptors, class I PI3Ks are recruited to the inner face of the 
plasma membrane, where they generate phosphatidylinositol-3,4,5-triphosphate 
(PtdIns(3,4,5)P3) by direct phosphorylation of phosphatidylinositol-4,5-diphosphate 
(PtdIns(4,5)P3).  Generation of PtdIns(3,4,5)P3 is opposed by the lipid phosphatase 
PTEN.  Class IA PI3K isoforms (p110α, p110β and p110δ) associate with receptor 
tyrosine kinases through interaction their regulatory subunit (p85) with tyrosine-
phosphorylated recognition motifs on the cytoplasmic domains of receptors.  The only 
class IB isoform (p110γ) is recruited to G-protein-coupled receptors (GPCRs) by direct 
interaction with G-protein βγ subunits.  The lipid second messenger PtdIns(3,4,5)P3 acts 
as a docking platform for the pleckstrin-homology-domain-containing kinase Akt (also 
known as PKB).  Phosphorylation of membrane-associated Akt by pleckstrin-domain 
kinase1 (PDK1) and mammalian target of rapamycin (mTOR) activates Akt by 
stabilizing the catalytic domain.  Activated Akt promotes survival and proliferation by 
phosphorylating a variety of substrates.  MDM2, murine double minute2; FOXO, 
forkhead box, subgroup O; BAD, Bcl-2 agonist of cell death; GSK3β, glycogen-synthase 
kinase 3β; HK, hexokinase; PFK, phosphofructokinase.  Figure adopted from [224, 228]. 
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neutrophils recruitment is impaired in PI3Kγ-/- mice in response to seeding of Listeria 

monocytogenes or Escherichia coli into the peritoneal cavity [229, 230].  In addition, 

PI3Kγ plays a role in T cells activation by regulating formation of stable interactions with 

APCs [231].Because PI3Kδ and γ serve as an essential link between cell-surface 

receptors with intracellular signaling in haematopoietic cells, these lipid kinases are 

attractive targets for drug discovery [224, 228, 232]. 

PI3K-Akt signaling is reduced cytokine-withdrawal, which leads to induction of 

the intrinsic (mitochondrial) apoptotic pathway by induced of the BH3-only protens Bim 

and Puma.  Autoreactive T cells are subject to persistent stimulation with self-antigens, 

which may lead to production of sufficient levels of pro-survival cytokines (e.g., IL-2) to 

maintain PI3K-Akt signaling.  In support of this hypothesis, Carrera, et al found a >10-

fold increase in phospho-Akt levels in splenic CD4+ T cells from four month-old MRL-

lpr mice relative to age-matched controls from the non-autoimmune C57BL/6 strain 

[233].  Akt signaling appears to be necessary for disease in this model because reducing 

phospho-Akt levels with the PI3Kγ inhibitor AS605240 was accompanied by a specific 

reduction in activated CD4+ T cells as well as decreased serum autoantibody titers and 

renal disease [233].  In addition to the MRL-lpr model, elevated PI3K activity is also 

observed in T cells from mice with chronic graft-versus-host disease [234].  Likewise, 

elevated phospho-Akt levels are detected in splenic T cells from mice where 

lymphoproliferative autoimmune disease results from establishing the Sle1 lupus-

susceptibility allele in combination with the Faslpr/lpr mutation on the non-autoimmune 

prone C57BL/6 background [235].  Collectively, these studies demonstrate that PI3K-Akt 
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activity is hyperactivated in MRL-lpr mice, along with other murine models of 

autoimmunity, and that modulating this signaling axis can be therapeutic. 

Therapeutic effects of Bz-423 in MRL-lpr mice: The immunomodulatory 

benzodiazepine Bz-423 improves autoimmune glumerulonephritis in the (NZB x 

NZW)F1 (NZB/W) murine model of lupus, which results from the pathogenic expansion 

of germinal center (GC) B cells (See Chapter 2 Introduction).  Bz-423 induces apoptosis 

in GC-derived Burkitt’s lymphoma B cell lines in vitro, and disease improvement in Bz-

423-treated NZB/W mice is accompanied by specific apoptosis of GC B cells [236].   

Mechanistic studies in Burkitt’s lymphoma B cells demonstrated that a rapid rise 

in cellular superoxide (O2
•–) is the first detectable response induced by Bz-423 [236].  

This reactive oxygen species (ROS) response is necessary for Bz-423-induced cell death 

because antioxidants that scavenge O2
•– block all downstream components of the 

apoptotic cascade [236].  Cell fractionation experiments revealed that this response 

results from interaction of Bz-423 with a target in mitochondria [236].  An affinity-based 

screen identified the oligomycin sensitivity-conferring protein (OSCP) subunit of the 

mitochondrial FoF1-ATPase as a binding partner for Bz-423, and Bz-423 inhibits this 

enzyme in mitochondrial preparations and whole cells [237].  The OSCP was validated as 

the target responsible for Bz-423-induced inhibition of the FoF1-ATPase and apoptosis 

using biochemical reconstitution studies and RNAi [237].  Inhibition of the FoF1-ATPase 

in respiring cells both reduces ATP synthesis and induces transition from active to resting 

(state 3-to-4) mitochondrial respiration [238].  During a mitochondrial respiratory 

transition, proton motive force within the mitochondria becomes sufficiently high (Δψm 

>150 mV) that reactive intermediates (e.g., Fe-S clusters, flavoproteins and 
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ubisemiquinones) capable of one-electron reduction of molecular oxygen have extended 

half-lives [239].  Consistent with this mechanism, Bz-423 induce O2
•– production is only 

observed in mitochondria under conditions supportive of active (i.e., state 3) respiration 

[236].  

The selectivity of some drugs results from binding to proteins that are expressed 

in a disease-specific fashion.  For example, iminatib mesylate selectively induces 

apoptosis in chronic myelogenous leukemias by inhibiting BCR-Abl, an oncogenic 

kinase specific to this cancer [240].  The selective effects of Bz-423 in NZB/W mice 

could arise from elevated expression of the OSCP in GC B cells.  In support of this 

hypothesis, OSCP expression is greater than four-fold higher in lymphocytes relative to 

the median expression in all other cell types [241].  However, because the FoF1-ATPase is 

present in all nucleated cells, other factors are likely to also contribute to selectivity 

[238].  For instance, selective depletion of NZB/W GC B cells may in part result from 

phenotypic changes that sensitize these cells to Bz-423.  Because NZB/W GC B cells are 

autoreactive, these cells are subject to persistent stimulation with self-antigens.  Hence, 

the selective effects of Bz-423 on the GC B cells compartment of NZB/W mice may 

result from abnormalities associated with persistent antigenic stimulation.  Specific 

abnormalities in autoreactive lymphocytes expected to predispose these cells to respond 

to Bz-423 are described in the discussion to this chapter. 

The hypothesis that phenotypic changes contributes to specific apoptosis of GC B 

cells in NZB/W mice treated with Bz-423 suggests that similar selectivity (and 

therapeutic benefits) might be observed in other diseases where pathogenic cells harbor a 

similar phenotype.  As an initial test of this hypothesis, splenocytes were isolated from 
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MRL-lpr mice and incubated with Bz-423 ex vivo.  Under culture conditions where 

lymphotoxicity is observed in Burkitt’s lymphoma B cells, Bz-423 caused in 

concentration- and time-dependent cell death in MRL-lpr splenocytes [242].  Analysis of 

B, T, CD4+ T and CD8+ T subsets revealed no differences in their sensitivity to Bz-423 

[242].  These results indicate that the in vitro lymphotoxic activity of Bz-423 extends to 

MRL-lpr splenic T cells and does not depend on Fas signaling.  In addition, MRL-lpr 

mice were administrated a therapeutic dose of Bz-423 (60 mpk, IP) that is therapeutic in 

the NZB/W mice [236, 242]) or vehicle control daily.  Analysis of the spleen after one 

week revealed a significant decrease in CD4+ T cells (12%; p < 0.03) as well as the 

atypical DN T cell subset (32%; p < 0.005) compared to control animals, while B cell and 

CD8+ T cell populations were not reduced [242].  The selective reduction of CD4+ and 

DN T cells in vivo suggests that the lymphotoxic activity of Bz-423 in vivo is modulated 

by factors not reproduced in ex vivo culture conditions.  In addition, these results suggest 

that NZB/W GC B cells and MRL-lpr CD4+ T cells possess a shared drug-responsive 

phenotype, perhaps related to pathogenic lymphocyte activation, which sensitizes them to 

Bz-423. 

Given that autoreactive CD4+ T cells mediate disease in MRL-lpr mice [184, 

185], the reduction of this lymphoid subset in short-term dosing experiments suggests 

that Bz-423 might improve disease in this strain.  This hypothesis was examined by 

treating 8 week-old MRL-lpr mice with Bz-423 for 14 weeks, at which point renal 

disease (glomerulnephritis) is severe [180].  Mice treated with Bz-423 exhibit improved 

renal function as evidenced by decreased proteinuria and lower levels of serum blood 

urea nitrogen [242].  The drugs therapeutic effect on kidney function was accompanied 
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by histopathological evidence showing less glomerulonephritis along with reduced 

immune complex deposition.  Decreased kidney damage was accompanied by lower 

levels of autoantibodies directed to DNA as well as other nuclear antigens [242].  

Importantly, a decrease in total serum immunoglobulines (IgG and IgM) was not 

observed, indicating that the reduction in autoantibody levels induced by Bz-423 does not 

result from non-specific suppression of antibody production.   

In addition to these histological and serological measurements, splenic 

lymphocyte populations were assessed at the conclusion of treatment.  An overall affect 

on lymphoproliferation (i.e., spleen weight) or percentage of DN T cells was not 

observed in Bz-423-treated mice [242].  However, a statistically significant reduction in 

CD4+ T cells was observed (14%; p < 0.05), while the percentage of B cells and CD8+ T 

cells was unchanged [242].  The reduction of CD4+ T cells in Bz-423-treated MRL-lpr 

mice is consistent with data indicated that this lymphoid subset is responsible for 

autoantibody production and glomerulonephritis [184].   Cytokine production is a 

primary effector function of activated CD4+ T cells.  Consequently, the number of 

cytokine-producing splenocytes was assessed in Bz-423-treated MRL-lpr mice to 

determine if the reduction in CD4+ T cells was accompanied by changes in immune 

effector function.  These measures identified reductions in the number of cells producing 

IL-4 and IL-10 (p < 0.001 for both cytokines) [242], which promote B cell maturation 

and antibody production [158].  These changes were accompanied by increased number 

of cells secreting IFN-γ, a cytokine that stimulates macrophages and other APCs [158].  

This increase is difficult to interpret because the role of IFN-γ in the MRL-lpr 

autoimmune syndrome is complex.  For instance, the severity of glomerulonephritis is 
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reduced in IFN-γ knockout or IFN-γ-receptor deficient mice [243, 244].  However, anti-

IFN-γ mAbs fail to modulate disease [245, 246], and administration of IFN-γ reduces 

anti-DNA autoantibody titers and improves renal disease [247].  In contrast, reduction in 

the number of cells secreting IL-4 and IL-10 is consistent with disease improvement.  

Elevated levels of both cytokines are detected in MRL-lpr mice [248], and IL-10 levels 

are reduced in MRL-lpr mice treated with the mitochondrial pro-oxidant Trisenox [249].  

In addition, blocking IL-4 signaling by genetic deletion of this cytokine or treatment with 

a soluble IL-4-receptor decoy improves renal disease [243, 250]. 

The magnitude of the decrease in CD4+ T cells is small (14%) relative to the 

improvement in autoimmune disease in mice administered Bz-423 for 14 wk [242].  It is 

possible that these two responses are disproportionate because Bz-423 induces apoptosis 

selectively in those autoreactive CD4+ T cells responsible for disease.  This hypothesis is 

supported by studies indicating that only 15% of CD4+ T cells from SLE patients are 

capable of stimulating production anti-DNA autoantibody production by B cells [251, 

252].  In addition, unlike the modest overall decrease in CD4+ T cells profound 

reductions were observed in the number of cells secreting IL-4 and IL-10 [242].  Because 

cytokine production is a primary effector function of CD4+ T cells, the greater magnitude 

of the effect on IL-4 and IL-10 producing cells is consistent with the hypothesis that Bz-

423 acts selectively within the CD4+ T cell population. 

Bioenegetics of T cell activation: Resting T lymphocytes are quiescent cells with 

low energetic demands [253].  The energetic requirements of T cells increase in response 

to antigenic stimulation, which triggers rapid proliferation and secretion of effector 

molecules (e.g., cytokines) [254].  Activated T cells appear to meet this increased 
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energetic demand primarily by increasing glycolytic ATP production.  While oxidative 

phosphorylation is upregulated following stimulation of naive T cells with mitogens or 

agonist antibodies against the TCR and CD28, the increase in O2 consumption is less than 

two-fold [255].  In contrast, glycolytic ATP production is upregulated to a larger degree 

as evidenced by approximately four-fold increases in glucose uptake and lactate 

production [255].  Hence, activated T cells appear to meet their energy demands 

primarily through increased aerobic glycolysis, which is a metabolic profile characterized 

by increased glycolytic ATP production despite the presence of sufficient O2 to support 

oxidative phosphorylation [253, 254, 256]  

 The reliance of activated T cells to aerobic glycolysis is surprising because 

oxidative phosphorylation produces >15-fold more ATP per molecule of glucose than 

glycolysis.  One possible explanation for the reliance of activated T cells on this less 

efficient mechanism of ATP production is that they have limited capacity to upregulate 

oxidative phosphorylation.  This hypothesis suggests that T cells should be unable to (1) 

increase O2 consumption and (2) proliferate and produce cytokines when subject 

antigenic stimulation under conditions of glucose deprivation.  These possibilities have 

been assessed by stimulation of human peripheral blood CD4+ T cells with agonist 

antibodies against the TCR and CD28 in media containing reduced levels of glucose.  

While O2 consumption is increased less than two-fold by TCR/CD28 stimulation in 

standard media (11 mM glucose), this change is greater than seven-fold in media where 

the concentration of glucose is reduced to 0.4 mM [255].  The larger increase in O2 

consumption in low-glucose media indicates that activated CD4+ T cells preferentially 

produce ATP via aerobic glycolysis rather than fully utilizing oxidative phosphorylation.  
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However, this finding also suggests that activated human CD4+ T cells may be able to 

produce sufficient ATP by oxidative phosphorylation to proliferate and produce 

cytokines when glucose is limiting. 

The contribution of glycolytic ATP production to T cell activation responses (e.g., 

proliferation and cytokine production) has been assessed by antigenic stimulation of 

naïve T cells in glucose-free media.  In these studies, increased oxidative phosphorylation 

appears to partially compensate for reduced glycolytic ATP production.  For example, the 

fraction of human peripheral blood CD4+ T cells proliferating in response to TCR/CD28 

stimulation declined from >50% in 11 mM glucose to <20% in glucose-free media [257].  

In contrast, production of the cytokines IL-2, TNF-α, IFN-γ and IL-4 was unaffected by 

glucose deprivation [257].  However, because cytokine production was assessed in 

human peripheral blood CD4+ T cells stimulated with the mitogens phorbol 12-myristate 

13-acetate (PMA) and ionomycin, a direct comparison with the proliferation and O2 

consumption data is not possible [257].   

The effects of glucose-deprivation on T cell activation have also been assessed in 

murine T cells.  Splenic CD4+ T cells from C57BL/6J mice were unable to proliferate or 

produce IL-2 and IFN-γ in response to TCR/CD28 stimulation in the absence of glucose 

[258].  However, in media containing 0.5 mM glucose, which is comparable to conditions 

used in the O2 consumption study [255], proliferation as well as production of IFN-γ and 

IL-2 was only reduced by ~25% relative to the response in full glucose [258].  This study, 

together with the effects of glucose restriction on human peripheral blood CD4+ T cells, 

demonstrates that glycolytic ATP production is essential for maximum proliferation and 

cytokine production by activated T cells.  However, these findings also suggest that CD4+ 
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T cells can produce sufficient ATP via oxidative phosphorylation to respond to antigenic 

stimulation, albeit to a reduced degree, when glucose is limiting. 

  The increases in glycolytic and mitochondrial ATP production in activated T cells 

are mediated by distinct mechanisms [253].  The PI3K/Akt pathway, which is activated 

in response to stimulation of CD28, plays an essential role in upregulating glucose 

metabolism [255].  Akt promotes trafficking of the glucose transporter Glut1 to the 

plasma membrane activity and stimulates activity of the glycolytic enzymes hexokinase 

and phosphofructokinase [253, 258].  However, Akt activation is not sufficient to trigger 

a conversion to aerobic glycolysis.  For instance, murine CD4+ T cells expressing a 

constitutively active Akt transgene do not increase glucose uptake and lactate production 

in response to TCR stimulation [258].  Instead, additional signals conveyed by CD28 

activation are required to induce Glut1 expression to levels that are adequate to support 

aerobic glycolysis (Figure 3.10; [258]).   

Whereas CD28-dependent signals promote glycolytic ATP production, TCR 

stimulation increases oxidative phosphorylation by modulating intracellular Ca2+ levels.  

TCR engagement promotes recruitment of kinases and adaptor molecules resulting in 

activation of phospholipase C-γ (PLC-γ).  This enzyme mediates a key step in the TCR-

induced Ca2+ flux by hydrolyzing phosphatidylinositol-3,5-bisphosphate to inositol-1,4,5-

trisphosphate (InsP3).  Binding of this second messenger to InsP3 receptors on the 

endoplasmic reticulum (ER) leads to release of Ca2+ stored in this organelle.  Intracellular 

Ca2+ levels are further elevated following depletion of ER stores by uptake of 

extracellular Ca2+ through plasma-membrane calcium release-activated Ca2+ (CRAC) 

channels [214].  These processes combine to increase in intracellular Ca2+ approximately 
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two-fold (from ~75 to ~150 nM) within seconds of TCR engagement [259].  This early 

rise in intracellular Ca2+ is followed by a decline to basal levels over the period of 1 h 

[259].  Increased intracellular Ca2+ promotes proliferation and cytokine production, in 

part, by activating transcription factors such as nuclear factor of activated T cells (NFAT) 

and cAMP response element-binding protein (CREB) [214]). 

In addition to promoting Ca2+-dependent gene transcription, TCR-induced Ca2+ 

flux stimulates the tricarboxylic acid (TCA)-cycle due to uptake of intracellular Ca2+ into 

the matrix by transient opening of the mPT pore [260].  Elevated matrix Ca2+ stimulates 

the TCA-cycle enzyme pyruvate dehydrogenase (PDH) by increasing the activity of PDH 

phosphatase, which dephosphorylates and activates PDH.  In addition, increased matrix 

Ca2+ directly activates isocitrate dehydrogenase and oxoglutarate dehydrogenase by 

lowering the Km of these enzymes.  Stimulation of these Ca2+-dependent TCA-cycle 

dehydrogenases results in a greater than two-fold increase in NADH levels [259].  

Elevated levels of NADH then stimulate the MRC causing proton transport to outpace 

dissipation of Δψm by the passage of protons through Fo during ATP synthesis.  While 

this effect promotes production of ATP by the FoF1-ATPase, it also forces the MRC into a 

reduced state characterized by elevated Δψm and increased O2
•– production [254, 259, 

261].  

Increased mitochondrial O2
•– production appears to play an essential signaling 

role in T cell activation.  This possibility was first suggested by the observation that 

intracellular H2O2 and O2
•– levels are elevated within 10 minutes of TCR stimulation 

[262, 263].   The contribution of this ROS response to T cell activation was then 

demonstrated by the ability of antioxidants to limit proliferation and cytokine production 
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induced TCR stimulation.  For instance, reducing H2O2 with the glutathione peroxidase 

mimetic Ebselen or ectopic expression of catalase reduced proliferation of TCR/CD28 

stimulated murine CD4+ T cells by >80% [259].  This suggests that, like InsP3 and Ca2+, 

H2O2 is an essential second messenger in the signaling cascade leading to T cell 

activation (Figure 3.10). 

The MRC is not the sole source of H2O2 in activated T cells.  H2O2 can also be 

produced by a plasma membrane NADPH oxidase following TCR stimulation [263].  T 

cells from mice in which this enzyme is not functional (Ncf1-/- and Cybb-/-) display a 

~40% reduction in H2O2 production following TCR stimulation [263].  In contrast, the 

flavin-modifying compound diphenylene iodonium (DPI), which inhibits both NADPH 

oxidase and complex I of the MRC, reduced production of H2O2 by >75% following TCR 

stimulation [263].  As suggested by the role of H2O2 as second messenger in T cell 

activation, DPI causes a concentration-dependent decrease (maximum inhibition >80%) 

in TCR induced proliferation of murine CD4+ T cells [259].  Along with DPI, the 

complex I inhibitors rotenone, piercidin A, and metformin all induce concentration-

dependent reductions in H2O2 levels following TCR stimulation [264].    Likewise, 

knockdown of the chaperone protein NADPH dehydrogenase (ubiquinone) 1α 

subcomplex, assembly factor 1 (NDUFAF1), which is required for complex I assembly, 

decreased H2O2 levels by >90% following TCR stimulation [264].  The magnitude of this 

effect suggests that production of H2O2 downstream of the plasma membrane NADPH 

oxidase is signaled by H2O2 generated by complex I of the ETC. 
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Figure 3.10 - Energy metabolism during T cell activation.  Stimulation of the 

co-receptor CD28 enhances glucose utilization.  This results primarily from PI3K-
dependent activation of Akt, which promotes localization of the glucose transporter 
GLUT1 to the plasma membrane and enhances the activity of glycolytic enzymes.  
However, Akt-independent signals downstream of CD28 are required to induced GLUT1 
expression.  Stimulation of the T cell-receptor (TCR)-CD3 complex triggers an 
intracellular Ca2+ flux (see text for details).  Uptake of elevated intracellular Ca2+ into the 
mitochondrial matrix stimulates Ca2+ dependent tricarboxylic acid (TCA)-cycle enzymes, 
resulting in a doubling of NADH.  Increased NADH levels stimulates activity of the 
electron transport chain (ETC), which both increases production of ATP via oxidative 
phosphorylation and release of superoxide (O2

•–) from complex I into the matrix.  
Because the mitochondrial inner membrane is impermeable to charged species, O2

•– 
released into the matrix is converted to H2O2 prior to release from the mitochondria.  
H2O2 derived from the ETC serves an essential second messenger that stimulates T cell 
proliferation in response to TCR/CD28 stimulation.  Figure adopted from [254].  
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Analysis of the “topology” of ROS production by the MRC indicates that 

complex I selectively releases O2
•– into the matrix (See Chapter 1).  Because the 

mitochondrial inner membrane is impremeable to charged species, O2
•– released into the 

matrix must dismutate to H2O2 in order to escape from mitochondria.  Dismutation of 

O2
•– into H2O2 occurs spontaneously (k = 4.5 x 105), but is accelerated in the matrix by 

MnSOD (k = 1.2 x 109) [265].  This suggests a model whereby the TCR induced H2O2 

response is derived from dismutation of O2
•– released into the matrix by complex I.   

This proposal is at odds with data demonstrating that the MnSOD mimetic 

MnTBAP causes an ~50% decrease in IL-2 production by activated murine T cells [266].  

If increased H2O2 levels are an essential signal for T cell activation, MnTBAP would be 

expected to promote T cell activation by converting O2
•– generated by the MRC into 

H2O2.  However, commercial lots of MnTBAP can possess both SOD and catalase 

activity resulting in the full reduction O2
•– to water rather than simply dismutation to 

H2O2 [267].  As such, the inhibitory effects of MnTBAP on T cell activation might result 

from its SOD and catalase activity.  This explanation is supported by two studies in 

which MnTBAP was shown to reduce O2
•– and H2O2 production induced by TCR 

stimulation [262, 268].  Unfortunately, TCR/CD28 induced proliferation and cytokine 

production has not been assessed in T cells with elevated levels of MnSOD.  However, 

Marrack, et al. has shown that MnSOD overexpression fails to protect T cells from 

apoptosis induced by staphylococcal enterotoxin B (SEB) [131].  This “superantigen” 

pathologically activates the fraction of T cells (~20%) that express a TCR bearing 

variable β chain motif 8 (Vβ8) [269].  In contrast, catalase overexpression caused a three-
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fold increase survival of Vβ8+ T cells following stimulation with SEB, which suggests 

that H2O2 is necessary for this response [131]. 

In sum, although glycolytic ATP production is increased to a greater extent than 

oxidative phosphorylation in activated T cells, alteration of mitochondria function 

appears to play a role in this response.  Stimulation of the TCR triggers an intracellular 

Ca2+ flux. Uptake of excess intracellular Ca2+ into the mitochondrial matrix leads to a 

doubling of NADH levels by stimulating Ca2+-dependent TCA-cycle enzymes.  Increased 

NADH stimulates mitochondrial ATP production allowing T cells to respond (albeit 

partially) to antigenic stimulation when glucose is limiting.  In addition, increased NADH 

levels force the MRC into a reduced state favoring production of O2
•–.  This ROS is then 

is converted to H2O2, which is an essential second messenger in the T cell activation 

cascade.  Hence, Ca2+-dependent changes in mitochondrial bioenergetics occurs during T 

cell activation even though the majority of cellular ATP is produced via glycolysis. 

Statement of Problem: Prior work in Burkitt’s lymphoma B cells has established 

that Bz-423-induced apoptosis is signaled by a rise in intracellular O2
•– within the first 

hour of treatment.  This ROS response results from modulation of the mitochondrial FoF1-

ATPase.  Bz-423 slows the rate of ATP synthesis by the FoF1-ATPase, which forces the 

ETC into a reduced state favoring production of O2
•–.  Although Bz-423-induced O2

•– is 

necessary for downstream apoptotic changes (e.g., cytochrome c release), the signal 

transduction pathway linking O2
•– to the apoptotic machinery had not been determined.  

In addition, although Bz-423 kills MRL-lpr T cells, studies of Bz-423-induced apoptosis 

have been primarily carried out in B cells so it was unknown whether a similar process 

was engaged in T cells.  To address these questions, the apoptotic response initiated by 
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Bz-423-induced O2
•– was characterized in several CD4+ T cell leukemia lines.  These 

experiments identified factors that dictate if and how a cell responds to perturbation of 

mitochondrial bioenergetics with Bz-423.  Identification of these factors, in turn, 

provided insight into the basis for the selective effects of Bz-423 on pathogenic 

lymphocytes (e.g., MRL-lpr CD4+ T cells) in vivo. 
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RESULTS 

Choice of system: The apoptotic response to Bz-423 was characterized in the 

Jurkat, MOLT-4, and CCRF-CEM human CD4+ T cell leukemia lines.  Transformed T 

cells were employed rather than primary MRL-lpr CD4+ T cells because they can be 

continuously cultured and are more amenable to genetic manipulation [270].  The Jurkat, 

MOLT-4 and CCRF-CEM T cells lines were specifically studied because these lines are 

deficient in phosphatase and tensin homolog (PTEN) [271].  Lack of PTEN renders PI3K 

activity unopposed in these lines, which results in constitutive activation (i.e., 

phosphorylation) of Akt [272, 273].  Elevated phospho-Akt levels in these T cell 

leukemia lines is similar to the Akt activation state in MRL-lpr CD4+ T cells (see Chapter 

3 Introduction; [233]).  

Bz-423 has cytotoxic activity in CD4+ T cell leukemia lines: Akt activation is a 

pleotropic stimulus that promotes survival and proliferation by blocking apoptosis and 

stimulating glucose metabolism (see Chapter 3 Introduction).  In terms of glucose 

metabolism, Akt stimulates activity of the glycolytic enzymes hexokinase and phospho-

fructokinase and promotes trafficking of the glucose transporter Glut1 to the plasma 

membrane [253, 258].  Perhaps due to these effects resulting from constitutive Akt 

activation, comparisons of lactate production and O2 consumption indicate that Jurkat T 

cells produce the majority (60-70%) of their ATP by glycolysis [274-276].    

The primary dependence of Jurkat T cells on glycolytic ATP production suggests 

that this cell line may not be susceptive to killing by agents that impair oxidative 

phosphorylation.  In support of this hypothesis, Jurkat T cells remain viable for 24 h 

when treated with concentrations of oligomycin >100-fold Ki ~10 nM (Figure 3.11A and 
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[277]).  Oligomycin is cytotoxic in Jurkat T cells at >500-fold Ki (Figure 3.11A).  

However, at these micromolar concentrations, oligomycin also inhibits the vacuolar H+-

ATPase (V-ATPase) [278], which is an ATP-driven H+ pump responsible for 

acidification of lysosomes [279].  Specific V-ATPase inhibitors (e.g., bafilomycin A) are 

cytotoxic [280-282], which suggests inhibition of V-ATPases may contribute to cell 

death induced by concentrations of oligomycin (>5 µM) in Jurkat T cells (Figure 3.11A).  

The resistance of Jurkat T cells to cell death induced by concentrations of oligomycin <5 

µM does not appear to result from impaired uptake of this FoF1-ATPase inhibitor into 

cells or mitochondria.  This is because oligomycin inhibits oxidative phosphorylation 

(i.e., O2 consumption) in Jurkat T cells with an IC50 ~25 nM (Figure 3.11A), which is 

near the Ki for inhibition of the FoF1-ATPase by oligomycin in mitochondrial preparations 

[283].  These data indicate that Jurkat T cells are resistant to cell death induced by 

suppression of oxidative phosphorylation by inhibiting the FoF1-ATPase with oligomycin. 

An explanation for the ability of Jurkat T cells to survive in the presence of 

concentrations of oligomycin that inhibit oxidative phosphorylation by >85% could be 

that this cell type generates sufficient ATP via glycolysis to compensate for a block in 

mitochondrial ATP production.  This hypothesis is supported by studies demonstrating 

that Jurkat T cells produce ~65% of their ATP via glycolysis, and the remaining ~35% by 

oxidative phosphorylation [274-276].  Additionally, these studies suggest that inhibition 

of glycolysis is likely to have a larger effect on ATP levels in Jurkat T cells than 

suppressing oxidative phosphorylation with oligomycin.  Nevertheless, the capacity of 

the Jurkat T cells used in this study to maintain ATP levels when oxidative 

phosphorylation is impaired was evaluated by treatment with a concentration of  
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Figure 3.11 - Jurkat T cells are resistant to cell death resulting from 

inhibition of oxidative phosphorylation with oligomycin. (A) Jurkat T cells were 
treated with the indicated concentrations of oligomycin and O2 consumption () was 
measured after 1 h using a BD oxygen biosensor system, while cell death () was 
quantified in terms of PI permeability after 24 h. Dashed line: Ki for inhibition of the 
FoF1-ATPase by oligomycin in mitochondrial preparations [283]. (B) Jurkat T cells were 
treated with oligomycin (Oligo; 0.5 µM) or 2-deoxyglucose (2-DG; 250 mM) and, at 
which point cells were lysed with perchloric acid and intracellular ATP levels quantified 
using a luciferin-luciferase assay.  Data is representative of two independent experiments. 
 

 
 

oligomycin (0.5 µM) that inhibits O2 consumption by >85%, but is not cytotoxic (Figure 

3.11A).  As a control, Jurkat T cells were also treated with 2-deoxyglucose (2-DG), a 

metabolically inactive glucose analog that reduces glycolytic ATP production by 

inhibiting hexokinase [284].  In this experiment, oligomycin reduced ATP levels by 

~35% in Jurkat T cells after 1 h (Figure 3.11B).  In contrast, 2-DG caused a larger 

reduction in cellular ATP levels (>65%) at the same timepoint (Figure 3.11B).  These 

data suggest that suppressing oxidative phosphorylation with oligomycin is not lethal in 

Jurkat T cells because they primarily generate ATP via glycolysis.  Furthermore, this 

decreased reliance on oxidative phosphorylation suggests that Jurkat T cells, and other 

PTEN-deficient T cell leukemia lines, might be desensitized to Bz-423-induced 

apoptosis, which also results from modulation of the FoF1-ATPase [237].  
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Along with stimulating glucose metabolism, Akt activation promotes survival by 

suppressing pro-apoptotic signals as well as stabilizing negative regulators of apoptosis 

(see Chapter 3 Introduction).  Hence, constitutive activation of Akt in Jurkat, MOLT-4 

and CCRF-CEM T cells is expected suppress apoptosis in these lines.  The hypothesis 

that constitutive Akt activation acts as a barrier to apoptosis in PTEN-deficient T cell 

lines is supported by the observation that Jurkat, MOLT-4 and CCRF-CEM T cells are 

killed by the PI3K inhibitor LY294002, which is not cytotoxic in the T cell leukemia line 

HUT-78, which expresses PTEN [271].  In addition, sub-toxic concentrations of 

LY294002 sensitize Jurkat T cells to apoptosis induced by the histone deacetylase 

inhibitor MS-275, the DNA-damaging agent cytosine arabinoside, and 2-

methoxyestradiol (2ME), which is thought to stimulate mitochondrial O2
•– production by 

inhibiting SODs [285-287].   

Constitutive activation of Akt stimulates glucose metabolism and suppresses 

apoptosis, two effects which could desensitize Jurkat T cells and other PTEN-deficient T 

cell leukemia lines to Bz-423-induced cell death.  This possibility was evaluated by 

comparing lymphotoxic activity of Bz-423 in Jurkat, MOLT-4 and CCRF-CEM T cells to 

Ramos B cells, a PTEN+/+ Burkitt’s lymphoma line in which the majority of mechanistic 

studies of Bz-423-induced apoptosis have been conducted [236, 237, 288-292].  Despite 

the potentially inhibitory effects of constitutive Akt activation, the T cell leukemia lines 

were sensitive to Bz-423-induced cell death after 24 h, with EC50 values similar to that 

observed for Ramos B cells under equivalent culture conditions (Table 3.1). (Figure 

3.12C).  Surprisingly, this concentrations of oligomycin only increased the fraction of 

cells with elevated intracellular O2
•– levels by 22% (Figure 3.12B). 
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Cell Line Cell Type PTEN Status Cell Death 

Ramos Burkitt’s B Cell 
Lymphoma + 6.1 ± 0.2 

Jurkat T Cell Leukemia - 7.0 ± 0.3 
CCRF-CEM T Cell Leukemia - 7.8 ± 0.3 

MOLT-4 T Cell Leukemia - 5.9 ± 0.6 
 

 
Table 3.1 - Lymphotoxic activity of Bz-423 against T cell leukemia lines. Cell 

death was quantified in terms of PI permeability after 24 h.  EC50 values (µM) were 
calculated in triplicate via non-linear regression of the corresponding dose-response 
curves. 

 
 

Modulation of the FoF1-ATPase by Bz-423 increases O2
•– production without 

depleting ATP: There are two consequences of inhibition of the FoF1-ATPase in cells 

undergoing active (i.e., state 3) respiration (see Chapter 1).  First, the rate of 

mitochondrial ATP synthesis is reduced [293, 294].  Second, passage of protons through 

the Fo channel is blocked, which result in their accumulation in the MIS and 

hyperpolarization of Δψm (>150 mV) [293, 294].  Increased proton motive force under 

these conditions (i.e., state 4 respiration) slows electron transport by the MRC, such that 

reactive intermediates (e.g., Fe-S clusters, flavoproteins, and ubisemiquinones) capable of 

single-electron reduction of O2 are more reduced on average [239].  Transfer of electrons 

from these reactive intermediates to O2 is expected to underlie the increase in 

mitochondrial O2
•– production during state 4 respiration [295].  As described in Chapter 

1, an increase in intracellular O2
•– levels can signal apoptosis by a variety of mechanism 

including activation of the cytosolic redox sensor ASK1, which leads to activation of the 

downstream MAP kinases such as p38 MAPK and JNK.  Therefore, along with effects on 

mitochondrial ATP synthesis, modulating the FoF1-ATPase may induce apoptosis by 

stimulating production of O2
•– by the MRC. 
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Jurkat T cells are resistant to cell death induced by concentrations of oligomycin 

that inhibit mitochondrial respiration by >85% (Figure 3.11A and [277]), presumably 

because this cell line generates ATP primarily via glycolysis [274-276].  However, Jurkat 

T cells (and other PTEN-deficient T cell leukemia lines) are sensitive to killing by Bz-

423.  This contrast between Bz-423 and oligomycin suggests that Bz-423-induced cell 

death is signaled by an increase in intracellular O2
•– levels, rather than depletion of ATP.  

In support of this hypothesis, intracellular O2
•– levels are elevated in Ramos B cells 

treated with Bz-423 for one hour [236].  In addition, scavenging Bz-423-induced O2
•– 

with the antioxidants MnTBAP or vitamin E blocks killing in Ramos B cells [236, 290, 

296].   

As an initial test of the hypothesis that the lymphotoxic activity of Bz-423 in 

Jurkat T cells results from increased mitochondrial O2
•– production rather than depletion 

of ATP, intracellular O2
•– and ATP levels were evaluated in Jurkat T cells treated with 

Bz-423. O2
•– was measured with dihydroethidium (DHE), a redox-sensitive dye that is 

specifically oxidized by this ROS (Figure 3.12A; [297]).  To measure ATP levels, cells 

were lysed with perchloric acid and insoluble proteins removed by centrifugation.  The 

resulting supernatants were neutralized and ATP levels were quantified with a luciferin-

luciferase assay [298].  Similar to the observations in Ramos B cells, treatment of Jurkat 

T cells with Bz-423 for 2 h resulted in a concentration-dependent increase in intracellular 

O2
•– levels with >80% cells displaying elevated DHE staining at 10 µM (Figure 3.12B).  

In contrast, cellular ATP levels were not reduced by Bz-423 at this timepoint (Figure 

3.12C).  Oligomycin (0.5 µM) reduced cellular ATP levels by ~40% at this timepoint  
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Figure 3.12 - Bz-423 elevates intracellular O2

•– levels without depleting ATP. 
(A) Oxidation of dihydroethidium (DHE) by O2

•– generates hydroethidum, which 
intercalates into DNA resulting in increased red fluorescence (λmax 567 nm) [299]. (B and 
C) Jurkat T cells were incubated with vehicle, indicated concentrations of Bz-423 or 
oligomycin (Oligo) for 2 h, at which point (B) intracellular O2

•– levels where measured 
by DHE staining or (C) cells were lysed with perchloric acid and intracellular ATP levels 
quantified using a luciferin-luciferase assay. *, P <0.05; **, P <0.005. Data is 
representative of at least four separate experiments. 

 
 

These data highlight a significant contrast between the cellular consequence of 

modulting the FoF1-ATPase with Bz-423 or oligomycin.  Bz-423 increases intracellular 

O2
•– levels without depleting ATP, while oligomycin significantly reduces ATP but 

promotes a modest O2
•– response.  It is unclear why concentrations of oligomycin that 

reduce O2 consumption by >85%, and deplete ATP levels, elevate intracellular O2
•– levels 

to a lesser extent than Bz-423.  However, differences in the binding site and affinity of 

these two FoF1-ATPase inhibitors may contribute to these contrasting effects.  

 Oligomycin binds within Fo, while the recognition site for Bz-423 is the OSCP 
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[237], which is a component of the peripheral stalk of the FoF1-ATPase.  In addition, 

oligomycin is ~103 fold higher affinity inhibitor of the F1Fo-ATPase than Bz-423 (Ki ~10 

nM and 10 µM, respectively) [283].  Because oligomycin directly binds to Fo, it may 

more effectively block passage of protons through this channel than Bz-423.  Therefore, 

oligomycin may trigger regulatory mechanisms (e.g., activation of mitochondrial 

uncoupling proteins in response to hyperpolarization of Δψm; [300]), which are not 

engaged by moderate affinity inhibitors such as Bz-423.  In support of this hypothesis, 

the moderate affinity F1Fo-ATPase inhibitor 3,3’-diindolylmethane (DIM; Ki ~25 µM) 

elevates intracellular ROS levels in MCF-7 human mammary carcinoma cells by >70% 

within 1 h, but only depletes ATP levels by ~10% at this timepoint [301].  In addition, 

like Bz-423, the pro-apoptotic and growth-inhibitory activities of DIM are blocked by 

anti-oxidants [301, 302].  Effects of oligomycin, Bz-423 and DIM on the FoF1-ATPase 

are considered in more detail in the discussion to Chapter 3.  

A possible explanation for the lack of an effect of Bz-423 on cellular ATP levels 

in Jurkat T cells is that Bz-423 is unable to inhibit the FoF1-ATPase in this cell type.  This 

is explanation is unlikely, however, because the OSCP and other components of the FoF1-

ATPase are present in Jurkat T cells (Figure 3.13A).  In addition, although Jurkat T cells 

rely heavily on glycolysis, the effects of oligomycin on O2 consumption and cellular ATP 

levels suggest that the FoF1-ATPase is active.  Nevertheless, to exclude this possibility, 

the effect of Bz-423 on mitochondrial ATP synthesis rates was examined in Jurkat T 

cells.  For this assay, Jurkat T cells were permeabilized with digitonin, a detergent that 

preferentially disrupts the plasma membrane [303, 304].   
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Figure 3.13 - Bz-423 inhibits mitochondrial ATP synthesis in Jurkat T cells. 

(A) Lysates from human heart mitochondria (HHM) or Jurkat T cells were 
immunoblotted with antibodies specific for the OSCP, or subunits α (cV-α) or d (cV-d) 
of the FoF1-ATPase. (B) Jurkat T cells were permeabilized with digitonin, ADP and 
malate/glutamate were added and cells were treated with the indicated concentrations of 
Bz-423.  The rate of ATP synthesis was measured using a luciferase-luciferin reporter 
assay and ΔRLU was converted to ΔATP using an ATP standard curve. Data are 
representative of two independent experiments. 

 
 
 
Selective permeabilization of the plasma membrane depletes glycolytic enzymes 

from the cytosol, which forces Jurkat T cells to generate ATP solely by oxidation of 

exogenous respiratory substrates [298].  In this experiment, ETC activity was stimulate 

by the addition of malate and glutamate, which promotes production of the complex I 

substrate NADH by the TCA cycle [298].  Malate and glutamae were employed, rather 

than the complex II substrate succinate, because complex I supported respiration is 

thought to better reflect physiological MRC activity [303].  Finally, mitochondrial ATP 

production in permeabilized Jurkat T cells respiring on malate and glutamate was 

quantified using a luciferin-luciferase assay [298].   
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As observed in mitochondrial preparations and Ramos B cells, incubation of 

permeabilized Jurkat T cells with Bz-423 resulted in a concentration-dependent decrease 

in the rate of mitochondrial ATP synthesis (Figure 3.13B).  These data demonstrates that 

the lack of an effect of cytotoxic concentrations of Bz-423 on cellular ATP levels in 

Jurkat T cells does not result from an inability to inhibit mitochondrial ATP synthesis.  

Rather, maintenance of cellular ATP levels in the presence of Bz-423 may arise from the 

capacity of Jurkat T cells to compensate for a ~50% decrease in FoF1-ATPase activity by 

upregulating other components of the oxidative phosphorylation machinery as well as 

increasing glycolytic ATP production (see Chapter 3 Discussion).   

Bz-423-induced apoptotic changes in T cells: Incubation of Jurkat T cells with 

Bz-423 for 24 h results in cell shrinkage, cytoplasmic vacuolization, membrane blebbing 

and chromosomal condensation, which are morphological evidence of apoptosis (Figure 

3.14A).  These changes are accompanied by biochemical evidence of apoptotic DNA 

fragmetation (Figure 3.14B).  To characterize the apoptotic mechanism in Jurkat T cells, 

changes in Δψm, release of apoptogenic proteins from the MIS, caspase activation and the 

appearance of hypodiploid DNA were measured over time.  These endpoints were 

selected in order to compare the response in T cells with apoptotic indicators already 

determined in Ramos B cells treated with Bz-423 [236].  Δψm, monitored using the 

mitochondria-selective potentiometric probe tetra-methyl rhodamine methylester 

(TMRM) [305], began to collapse after 3 h, and by 7 h was depolarized in >80% of cells.  

The time-course of caspase activation, detected by proteolytic cleavage of the pan-

caspase-sensitive fluorescent substrate carboxyfluorescein-Val-Ala-Asp-fluoromethyl 

ketone (FAM-VAD-fmk), lagged behind the collapse of Δψm such that >40% of cells  
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Figure 3.14 - Apoptotic changes induced by Bz-423 in Jurkat T cells. (A) 

Jurkat T cells were labeled with nuclear stain Hoechst (0.5 µg/mL), treated with vehicle 
or Bz-423 (10 µM) and analyzed by fluorescence and differential interference contrast 
micrographs (630x) after 16 h. (B) Jurkat T cells were treated (24 h) with Bz-423 (10 
µM) or vehicle and DNA content was assessed by PI staining. (C) Jurkat T cells were 
treated with Bz-423 (10 µM) and data is presented as percent cells with indicated 
response relative to time matched vehicle controls.  No significant changes in vehicle 
treated cells were observed during this timeframe.  Absence of error bars indicates <1% 
standard deviation. (D) Jurkat T cells were treated with Bz-423 (10 µM) and separated 
into mitochondrial and cytosolic fractions at the indicated times, which were then 
immunoblotted with antibodies for AIF, Smac/DIABLO, cytochrome c (Cyt. c), GAPDH 
and β-subunit of the FoF1-ATPase.  Data for all panels is representative of at least three 
experiments.   
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were positive by the caspase assay at 7 h.  Finally, apoptotic DNA fragmentation was 

detected over a time-course similar to caspase activation (Figure 3.14C). 

Release of apoptogenic proteins (e.g., cytochrome c, Smac/DIABLO, AIF) from 

the MIS is often the point at which a cell commits to undergo apoptosis [13].  

Cytochrome c and Smac/DIABLO promote apoptosome formation and inhibit IAPs, 

respectively [1, 6].  AIF is an endonuclease that is released from the MIS following 

caspase activation [8].  To determine if Bz-423 induces release of proapoptotic MIS 

proteins, cytosolic and mitochondrial fractions of Bz-423-treated Jurkat T cells were 

separated and immunoblotted for cytochrome c, Smac/DIABLO and AIF.  Cytochrome c 

and Smac/DIABLO were detected in the cytosol by 4 h and were significantly depleted 

from mitochondrial fractions by 8 h (Figure 3.14D).  Although increased AIF levels are 

evident in the cytosol by 4 h, this protein was not depleted from mitochondrial fractions 

by 8 h.  Singe cell analysis with fluorescently-tagged variants of cytochrome c, 

Smac/DIABLO and AIF has demonstrated that, while cytochrome c and Smac/DIABLO 

undergo rapid, complete release in response to apoptotic stimuli, AIF release is slower 

and caspase-dependent [12].  Based on this precedent, complete release of AIF may not 

occur until after 8 h because <50% of Bz-423-treated Jurkat T cells are positive for 

caspase activation at this time point.  These results demonstrate that release of pro-

apoptotic MIS proteins occurs in response to Bz-423 and the timing of this response, 

which begins at 4 h, coincides with collapse of Δψm and caspase activation.  In sum, 

analyzing the timing of Bz-423-induced apoptotic changes in Jurkat T cells reveals a set 

of changes analogous to those observed in Ramos B cells, wherein increased O2
•– 

production is detected prior to downstream apoptotic events. 
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Decreased ATP levels accompany Bz-423-induced mitochondrial apoptotic 

changes: Many apoptotic processes are ATP-dependent.  For example, 2’-deoxy-ATP 

(dATP) is necessary co-factor for assembly of cytochrome c, apaf-1 and pro-caspase-9 

into the apoptosome, which leads to proteolytic processing of pro-caspase-9 into active 

caspase-9 [1, 306, 307].  Moreover, apoptosis is often signaled by protein kinases (e.g., 

p38 mitogen-activated protein kinase (p38 MAPK) or c-Jun amino-terminal kinase 

(JNK)), which require ATP as the phosphoryl donor for phosphorylation of substrate 

proteins [308, 309].  Finally, ATP is required for de novo synthesis of BH3-only proteins 

[310].  The need for sufficient energy reserves to fuel these apoptotic processes suggests 

that severe depletion of ATP may preclude apoptosis.  In support of this hypothesis, 

reduction of ATP levels in Jurkat T cells with oligomycin renders Jurkat T cells unable to 

undergo apoptosis in response to staurosporine (STS) or tumor necrosis factor-α (TNF-α) 

[311].  Instead, STS or TNF-α trigger necrosis in Jurkat T cells with reduced ATP levels 

[311].  Similarly, apoptosis (but not necrosis) is blocked neuronal, cervical carcinoma 

and multiple myeloma cell-types by depletion of ATP prior to administration of an 

apoptotic stimulus [312-314]. 

Despite the requirement for ATP in early stages of apoptosis, cells undergoing 

this form of cell death eventually lose the capacity to maintain ATP levels.  For example, 

STS causes a >50% reduction in ATP levels in Jurkat T cells within 2 h (Figure 3.15A 

and [311]).  ATP levels are also reduced in Jurkat T cells treated with TNF-α for 4 h 

[311].  These decreases in ATP levels may result from impairment of MRC function due 

to release of cytochrome c from the MIS [315].  In support of this hypothesis, Δψm 

depolarization and redistribution of cytochrome c from the mitochondrial to cytosolic  
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Figure 3.15 - Reduced ATP levels accompany mitochondrial apoptotic 

changes in Jurkat T cells. (A) Jurkat T cells were treated with staurosporine (0.25 µM) 
and cellular ATP levels () or collapse of Δψm (TMRMLow; ) were evaluated at the 
indicated times. (B) Mitochondrial and cytosolic fractions of Jurkat T cells treated with 
staurosporine (STS; 0.25 µM) were immunoblotted with an antibody specific for 
cytochrome c (Cyt. c). 

 
 

                           

 
 
Figure 3.16 - Bz-423 depletes cellular ATP levels after the onset of apoptosis. 

Jurkat T cells were treated with Bz-423 (6 µM; ), (8 µM; ) and (10 µM; ) for the 
indicates times, at which point cells were lysed with perchloric acid and intracellular ATP 
levels quantified using a luciferin-luciferase assay.  Absence of error bars indicates <1% 
standard deviation.  Data is representative of at least two experiments. 
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fractions is apparent in Jurkat T cells treated with STS for 2 h (Figure 3.15B).  These 

findings demonstrate ATP levels are decrease in Jurkat T cells in a time-frame coincident 

with mitochondrial apoptotic changes.  In addition, because this decrease in ATP levels 

appears to be a component of the apoptotic cascade, further depletion of ATP after 

release of cytochrome c and collapse of Δψm is unlikely to prevent apoptosis.  In support 

of this hypothesis, addition of oligomycin to Jurkat T cells 2 h after treatment with STS 

fails to prevent DNA fragmentation and related apoptotic changes [311]. 

The reduction in cellular ATP levels accompanying STS induced collapse of Δψm 

and cytochrome c release suggests that a similar decrease might accompany Bz-423-

induced mitochondrial apoptotic changes.  In support of this hypothesis, Bz-423 caused a  

concentration-dependent reduction in cellular ATP content beginning at 4 h (Figure 

3.16), which corresponds to the timing of cytochrome c and collapse of Δψm.  The timing 

of this response, which coincides with collapse of Δψm and release of cytochrome c, 

suggests that it results from the onset of apoptosis. 

Bz-423-induced T cell apoptosis is O2
•–-dependent: Increased O2

•– is detected in 

Jurkat T cells within 1 h of treatment suggesting that, as in Ramos B cells, it might signal 

apoptosis.  To test this hypothesis, Bz-423-induced O2
•– was scavenged with the 

antioxidants MnTBAP or vitamin E.  MnTBAP is porphyrin-based manganese 

superoxide dismutase (MnSOD) mimetic that catalyzes dismutation of O2
•– to H2O2 

(Figure 3.17A; [316]).  Vitamin E is collective term for a set of eight lipid-soluble 

tocopherols and tocotrienols (α-tocopherol was specifically used in this study) that react 

with a variety of oxidants (Figure 3.17A; [317]).  Consistent with prior work in Ramos B 

cells, scavenging O2
•– blocked Bz-423-induced apoptotic morphological changes (Figure  
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Figure 3.17 - Scavenging O2

•– inhibits Bz-423-induced cell death in Jurkat T 
cells. (A) Chemical structures of the anti-oxidants MnTBAP and vitamin E (B) Jurkat T 
cells were pre-treated with vitamin E (100 µM; ), MnTBAP (100 µM; ) or vehicle 
() for 30 min then incubated with Bz-423 for 2 h and intracellular O2

•– was measured 
with DHE staining. (C) Interference contrast microscopy (630x magnification) of Jurkat 
T cells pre-treated with vitamin E (100 µM), MnTBAP (100 µM) or vehicle for 30 min 
and then incubated with Bz-423 (10 µM) for 18 h. (D and E) Jurkat T cells were treated 
as in A and cell death and DNA fragmentation were measured at 24 h in terms of PI 
permeability and the presence of Sub-G0 DNA, respectively.  MnTBAP and vitamin E 
were used at concentrations shown to inhibit Bz-423-induced cell death in Ramos B cells 
[236]. Absence of error bars indicates <1% standard deviation.  Figure is representative 
of at least four independent experiments. 
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Cell Line Anti-
oxidant O2

•– Δψm Apoptosis Cell Death 

MOLT-4 - 7.2 ± 0.7 10.2 ± 0.6 6.5 ± 0.5 7.1 ± 0.2 
MOLT-4 MnTBAP 12 ± 1.2 >15 9.5 ± 0.8 10.4 ± 0.4 
MOLT-4 Vitamin E >15 >15 11 ± 0.6 11.1 ± 1.1 

CCRF-CEM - 7.9 ± 0.6 7.5 ± 1.4 6.2 ± 0.4 7.1 ± 0.7 
CCRF-CEM MnTBAP >15 10.2 ± 0.2 10.5 ± 0.6 10.2 ± 0.2 
CCRF-CEM Vitamin E >15 10.5 ± 0.5 10.1 ± 0.2 10.6 ± 0.5 

 
 
 
Table 3.2 - Effect of the anti-oxidants MnTBAP and vitamin E on EC50 (µM) 

values for Bz-423-induced endpoints in T cell leukemia lines.  Dose response curves 
were generated for each cell line pretreated with vitamin E (100 µM) or MnTBAP (100 
µM) for 30 min then incubated with Bz-423 for indicated times.  Intracellular O2

•– was 
measured at 2 h with DHE staining.  Δψm was measured at 8 h with TMRM staining. 
Apoptosis was measured in terms of accumulation of Sub-G0 DNA at 24 h.  Cell death 
was quantified by PI permeability after 24 h. EC50 values were calculated in triplicate via 
non-linear regression of the corresponding dose-response curves. 

 
 

3.17C), and doubled the EC50 for cell death and accumulation of apoptotic (Sub-G0) DNA 

in Jurkat T cells (Figure 3.17D and 3.17E).  Similar shifts in the EC50 for Bz-423-induced 

apoptosis (quantified in terms of accumulation of Sub-G0 DNA) and overall cell death are 

observed in MOLT-4 and CCRF-CEM T cells pretreated with MnTBAP or vitamin E 

(Table 3.2).  Because significant differences were not detected in the apoptotic responses 

between each of the CD4+ T cell leukemia lines to Bz-423, subsequent experiments 

focused on the Jurkat T cells.  This line was selected because it has been widely used for 

characterizing the apoptotic response to other agents and a variety of clones with 

deletions of apoptotic and T cell signaling proteins are available [270]. 

The inhibitory effect of MnTBAP or vitamin E on Bz-423-induced cell death 

suggests O2
•– is likely to also signal the mitochondrial apoptotic changes.  This 

hypothesis was again tested by pre-incubating Jurkat T cells with MnTBAP or vitamin E, 
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treating with Bz-423, and analyzing for collapse of Δψm, reduction in ATP levels at 6 h 

and release of pro-apoptotic MIS proteins.  As predicted by their inhibitory effects on Bz-

423-induced cell death, MnTBAP and vitamin E protect against collapse of Δψm and 

maintained ATP levels in Jurkat T cells (Figure 3.18A and 3.18B).  Likewise, MnTBAP 

and vitamin E also prevented Bz-423-induced Δψm depolarization in MOLT-4 and 

CCRF-CEM T cells (Table 3.2).  Finally, MnTBAP blocked cytochrome c, 

Smac/DIABLO and AIF release in Jurkat T cells (Figure 3.18C).  Taken together, these 

results demonstrate that Bz-423 induces T cell apoptosis via a mechanism in which all 

components of the death cascade not only follow, but also depend on the increase in 

intracellular O2
•– levels observed during the first two hours of treatment. 
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Figure 3.18 - Scavenging O2

•– blocks Bz-423-induced mitochondrial apoptotic 
changes in Jurkat T cells. (A) Jurkat T cells were pre-treated with vitamin E (100 µM; 
), MnTBAP (100 µM; ) or vehicle () for 30 min then incubated with Bz-423 for 8 h 
and intracellular Δψm was measured with TMRM staining. (B) Jurkat T cells were pre-
treated with vitamin E (100 µM; grey bars), MnTBAP (100 µM; black bars) or vehicle 
(white bars), at which point cells were lysed with perchloric acid and intracellular ATP 
levels quantified using a luciferin-luciferase assay. (C) Jurkat T cells were pre-treated 
with MnTBAP (100 µM) and then incubated with Bz-423 (10 µM) and separated into 
mitochondrial and cytosolic fractions at the indicated times.  These fractions were then 
immunoblotted with specific antibodies as indicated.  MnTBAP and vitamin E were used 
at concentrations shown to inhibit Bz-423-induced cell death in Jurkat T cells (Figure 
3.17).  Absence of error bars indicates <1% standard deviation.  Data is representative of 
at least two independent experiments. 
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Bz-423-induced T cell apoptosis is independent of FasL signaling: The extrinsic 

apoptotic pathway is initiated by binding of cell surface death receptors by their cognate 

ligands (see Chapter 3 Introduction; [318]).  Death receptor ligation leads to recruitment 

procaspases-8 and/or -10.  Subsequent activation of caspase-8 or -10 initiates a 

proteolytic cascade that culminates in cell death (Figure 3.1).  This pathway has been 

studied extensively in T cells using the activation-induced cell death (AICD) tissue 

culture model [163].  In AICD, in vitro stimulation of T cells through their antigen 

receptor or with chemical mitogens induces expression of Fas ligand (FasL), which is 

both secreted and displayed on the cell surface [169].  Subsequent binding of FasL to its 

cognate death receptor (Fas) signals extracellular apoptosis [169]. 

While the Fas death receptor is present on the surface of quiescent T cells, FasL 

levels are below the limits of detection prior to stimulation, but are highly induced during 

AICD [163].  This increase appears to depend on the ROS (O2
•– and H2O2) burst that 

accompanies T cell activation [319-321].  Similarly, FasL-dependent apoptosis is 

observed in response to the pro-oxidant menadione, which generates O2
•– as a result of 

redox cycling in the MRC [322].  It is tempting to speculate, therefore, that Bz-423-

induced O2
•– might signal T cell apoptosis by stimulating FasL expression.  However, this 

hypothesis is not consistent with the observation that T cells isolated from MRL-lpr mice, 

which have defective Fas expression, are killed by Bz-423 [242].  In addition, cell 

membrane FasL levels are not elevated on Jurkat T cells treated with Bz-423 for 4 h, at 

which point mitochondrial apoptotic changes are observed (Figure 3.19A).  In addition, 

pre-incubation of Jurkat T cells with a Fas antagonist antibody did not protect against Bz-

423-induced cell death, but  
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Figure 3.19 - Bz-423-induced apoptosis is independent of Fas signaling. (A) 

Jurkat T cells were incubated with vehicle (shaded histogram), PMA and ionomycin 
(both 0.25 µM; black histogram) and Bz-423 (10 µM; red histogram) and cell surface 
FasL levels were measured by staining with a anti-Fas antibody. (B and C) Jurkat T cells 
were pre-treated with the Fas antigonist antibody ZB4 (1 µg/mL; ) or vehicle () for 
30 min and then treated (24 h) with the indicated concentrations of Bz-423 and cell death 
and apoptosis were measured in terms of PI permeability and accumulation of Sub-G0 
DNA, respectively.  Insets, Jurkat T cells treated pre-treated with ZB4 (1 µg/mL; white 
bars) or vehicle (blacks bars) were incubated with the Fas agonist antibody CH11 (0.25 
µg/mL) and cell death and apoptosis were measured in terms of PI permeability and 
accumulation of Sub-G0 DNA, respectively.  ZB4 and CH11 were used at concentrations 
previously shown to inhibit or induce Fas-dependent apoptosis, respectively [323].  
Absence of error bars indicates <1% standard deviation.  All data is from a single 
experiment. 

 
 

did block apoptosis induced by a Fas agonist antibody (Figure 3.19B and 3.19C).  These 

results, combined with the prior studies using MRL-lpr splenocytes, demonstrate that Bz-

423-induced apoptosis in T cells is independent of Fas-FasL signaling.  
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Role of caspase activation in Bz-423-induced cell death: Caspase activation is a 

key downstream apoptotic event that orchestrates DNA fragmentation and morphological 

changes characteristic apoptosis [324].  Small molecule caspase inhibitors or genetic 

deletion of molecules required for caspase activation (e.g., apoptotic protease activating 

factor-1 (apaf-1)) prevents these changes, and in some cases, maintains cell viability [4, 

324-326].  Although caspase inhibition prevents accumulation of apoptotic DNA in 

Ramos B cells treated with Bz-423, cell death is still observed [236, 292].  This 

observation suggests that Bz-423-induced mitochondrial apoptotic changes (e.g., 

cytochrome c release) are sufficient to cause cell death even in the absence of caspase 

activation.   

To determine whether Bz-423-induced cell death is independent of caspases in T 

cells, caspase activation was blocked in Jurkat T cells with the pan-caspase inhibitor N-

benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethyl ketone (zVAD-fmk) prior to 

incubation with Bz-423.  In contrast to observations in Ramos B cells, pan-caspase 

inhibition blocked Bz-423-induced cell death in Jurkat T cells (Figure 3.20B - 3.20D).  

To determine if the dependence of Bz-423-induced cell death on caspase activation is a 

unique characteristic of Jurkat T cells, MOLT-4 and CCRF-CEM T cells were pre-

incubated with zVAD-fmk, treated with Bz-423, and analyzed for changes in DNA 

fragmentation and overall viability.  Like Jurkat T cells, blocking caspase activation 

inhibited apoptosis (i.e., DNA fragmentation) and cell death in MOLT-4 and CCRF-CEM 

T cells after 24 h (Table 3.3).  These findings demonstrate that caspase activity is 

required for the lymphotoxic activity of Bz-423 in the T cell leukemia lines observed at 

24 h and highlights a key mechanistic difference with the response in Ramos B cells. 
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Figure 3.20 - The short-term effects of Bz-423 on viability in Jurkat T cells 

are caspase-dependent. (A) Jurkat T cells were treated with zVAD-fmk (50 µM; ) or 
vehicle () for 30 min then incubated with Bz-423 for 2 h and intracellular O2

•– was 
measured with DHE staining. (B) Interference contrast microscopy (630x magnification) 
of Jurkat T cells treated with zVAD-fmk (50 µM) or vehicle for 30 min and then 
incubated with Bz-423  (10 µM) for 24 h. (C and D) Jurkat T cells were treated as in A 
and cell death and DNA fragmentation were measured at 24 h in terms of PI permeability 
and the presence of Sub-G0 DNA, respectively.  zVAD-fmk was used at a concentration 
shown to inhibit Bz-423-induced DNA fragmentation in Ramos B cells [236]. Absence of 
error bars indicates <1% standard deviation.  Figure is representative of at least four 
independent experiments. 

 
 
 

 



 225 

Cell Line zVAD-fmk O2
•– Δψm Apoptosis Cell Death 

MOLT-4 - 7.2 ± 0.7 10.2 ± 0.6 6.5 ± 0.5 6.1 ± 0.2 
MOLT-4 + 8.0 ± 0.5 11.2 ± 0.7 >15 12.4 ± 0.5 

CCRF-CEM - 7.9 ± 0.6 7.5 ± 1.4 6.2 ± 0.4 7.1 ± 0.7 
CCRF-CEM + 8.2 ± 0.4 6.9 ± 0.5 >15 11.2 ± 0.6 

 
 
Table 3.3 - Effect of the caspase inhibitor zVAD-fmk on EC50 (µM) values for 

Bz-423-induced endpoints in T cell leukemia lines.  Dose response curves were 
generated for each cell line pretreated zVAD-fmk (50 µM) or vehicle for 30 min then 
incubated with Bz-423 for indicated times.  Intracellular O2

•– was measured with DHE 
staining after 2 h.  Δψm was measured with TMRM staining after 8 h.  Cell death was 
quantified by PI permeability at 24 h.  Apoptosis was measured in terms of the presence 
of Sub-G0 DNA at 24 h.  EC50 values were calculated in triplicate via non-linear 
regression of the corresponding dose-response curves. 

 
 
The dependence of Bz-423-induced cell death on caspase activation in T cell 

leukemia lines suggests that release of cytochrome c and Smac/DIABLO and/or collapse 

of Δψm might also be caspase-dependent.  Support for this hypothesis comes from studies 

in which zVAD-fmk has been shown to block cytochrome c release induced by a variety 

of apoptotic stimuli [327-329].  The apparent dependence of cytochrome c release on 

caspase activity in other models has suggested the presence of a proteolytic amplification 

loop - fractional cytochrome c release activates caspases, which then leads to “large-

scale” release of pro-apoptotic MIS proteins [4].  One mechanism by which caspase 

acivation may promote loss of mitochondrial outer membrane integrity is through 

cleavage of the Bid, which leads to activation this BH3-only protein [330].  In its 

truncated, activate form (tBid), this BH3-only protein promotes activation of the multi-

BH-domain pro-apoptotic proteins Bax and Bak, which can lead to permeabilization of 

the mitochondrial outer membrane (see Chapter 3 Introduction).  
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 Other evidence, however, raises doubts about this two-step mechanism of 

cytochrome c release.  Most significantly, fractional release of cytochrome c has yet to be 

detected experimentally [331, 332].  In addition, the failure to detect release of 

cytochrome c in cells exposed to apoptotic stimuli in the presence of zVAD-fmk may be 

an artifact of sustained proteasome activity under these conditions [333].  To circumvent 

this issue, Green, et al prepared fluorescently-tagged variants of cytochrome c, 

Smac/DIABLO and AIF, which enables release events to be temporally monitored in 

individual cells [12, 334].  These studies demonstrated that a variety of apoptotic stimuli 

induce complete, caspase-independent release of cytochrome c and Smac/DIABLO from 

all mitochondria in an individual cell in <5 min [12, 334].  In contrast, AIF release is 

slower and depends on caspase activation [12].  These data suggest that release of 

cytochrome c and Smac/DIABLO is a rapid, complete process that is solely dependent on 

factors that regulate integrity of the mitochondrial outer membrane (e.g., Bcl-2 family 

proteins).  

To determine if caspase activation is required for Bz-423-induced release of pro-

apoptotic MIS proteins, Jurkat T cells were pre-incubated with zVAD-fmk, treated with 

Bz-423, and then separated into mitochondrial and cytosolic fractions.  Immunoblots of 

these fractions revealed that Bz-423-induced release of Smac/DIABLO and cytochrome c 

does not depend on caspase activity (Figure 3.21C).  In accordance with studies 

indicating that AIF release is caspase-dependent [11, 12], reduced levels of this MIS 

protein were detected in the cytosolic fraction of cells treated Bz-423 in the presence of 

zVAD-fmk (Figure 3.21C).  These observations demonstrate that Bz-423-induced release 

of Smac/DIABLO and cytochrome c is caspase-independent.  However, they raise 
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questions concerning how zVAD-fmk pre-treated Jurkat T cells remain viable (at least for 

24 h) despite release of cytochrome c from the mitochondria. 

One possibility is that Bz-423-induced release of cytochrome c is not sufficient to 

collapse Δψm and impair oxidative phosphorylation in Jurkat T cells.  Because 

depolarization of Δψm often coincides with cytochrome c release, it has been assumed to 

be a consequence of impaired ETC function due to loss of th electron shuttle between 

from complex III and IV [315].  There is accumulating evidence, however, that release of 

cytochrome c (and other pro-apoptotic MIS proteins) and collapse of Δψm occur via 

distinct processes.  For example, inhibition of caspase activity with zVAD-fmk maintains 

Δψm and ATP levels in HeLa cervical carciomal cells for up to 24 h following release of 

cytochrome c caused by either cytotoxic drugs (e.g., STS, etoposide or actinomycin D 

(Act D)) or perforin/granzyme [11, 335, 336].  The dependence Δψm depolarization on 

caspase activity in these studies suggests that (1) concentrations of cytochrome c in the 

MIS are sufficient to sustain oxidative phosphorylation even after release and (2) that 

components of the MRC may be caspase substrates.  The latter prediction has been 

verified by identification of a caspase-3 cleavage site in the 75-kDa subunit of complex I 

[337].  Mutation of this site to a non-cleavable sequence preserves Δψm, maintains ATP 

levels and delays death in HeLa cells treated with STS or Act D [337].   

The role caspases in disabling the MRC after cytochrome c release suggests that 

zVAD-fmk may inhibit Bz-423-induced cell death by preventing collapse of Δψm.  To 

evaluate this hypothesis, changes in Δψm were monitored in Jurkat T cells pre-incubated 

with zVAD-fmk and then treated with Bz-423.  Similar to the release of cytochrome c  
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Figure 3.21 - Bz-423-induced mitochondrial apoptotic endpoints are not 

caspase-dependent. (A) Jurkat T cells were treated with zVAD-fmk (50 µM; ) or 
vehicle () for 30 min then incubated with Bz-423 for 8 h and intracellular Δψm was 
measured with TMRM staining. (B) Jurkat T cells were pre-treated with zVAD-fmk (50 
µM; black bars) or vehicle (white bars), at which point cells were lysed with perchloric 
acid and intracellular ATP levels quantified using a luciferin-luciferase assay. (C) Jurkat 
T cells were pre-treated with zVAD-fmk (50 µM) and then incubated with Bz-423 (10 
µM) and separated into mitochondrial and cytosolic fractions at the indicated times.  
These fractions were then immunoblotted with antibodies for AIF, Smac, cytochrome c 
(Cyt. c), GAPDH and β-subunit.  zVAD-fmk was used at a concentration shown to 
inhibit Bz-423-induced cell death in Jurkat T cells (See Figure 3.20).  Absence of error 
bars indicates <1% standard deviation.  This figure is representative of at least two 
independent experiments. 
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and Smac/DIABLO, blocking caspase activation with zVAD-fmk failed to prevent Bz-

423-induced Δψm collapse in Jurkat T cells (Figure 3.21A) or MOLT-4 and CCRF-CEM 

T cells (Table 3.3).  One possible interpretation of these data is that, unlike HeLa cells, 

cytochrome c release may be sufficient to collapse Δψm in T cell leukemia lines.  

The failure of zVAD-fmk to block Bz-423-induced collapse of Δψm in Jurkat, 

MOLT-4 and CCRF-CEM T cells together with evidence that caspase activity is required 

for Bz-423-induced cell death argues that Jurkat (and other CD4+ T cells leukemia lines) 

produce sufficient ATP via glycolysis to maintain viability when oxidative 

phosphorylation is impaired due to collapse of Δψm.  This hypothesis is supported by 

studies comparing O2 consumption and lactate production in Jurkat T cells, which 

indicates that this cell-type generate between 60-70% of their ATP via glycolysis [274-

276].  To determine whether glycolytic ATP production is sufficient to compensate for 

the mitochondrial apoptotic changes induced by Bz-423, Jurkat T cells were pre-

incubated with zVAD-fmk and ATP levels were measured after treatment with Bz-423 

for 6 h.  In this experiment, cellular ATP content was reduced to a similar degree (~70%) 

in Jurkat T cells treated with Bz-423 in the presence or absence of zVAD-fmk (Figure 

3.21C).  These data indicate that glycolytic ATP production does not compensate for the 

complete disruption of oxidative phosphorylation resulting from release of cytochrome c 

and collapse of Δψm.  However, the ability of zVAD-fmk to maintain viability suggests 

that Jurkat T cells are able to survive (at least for 24 h) despite reduction of cellular ATP 

concentrations to ~30% of their normal levels. 

The failure of zVAD-fmk to prevent the Bz-423-induced collapse of Δψm and 

ATP depletion suggests that the short-term inhibition of cell death by zVAD-fmk may 
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not translate into survival and proliferation at time-points beyond 24 h.  The ability of 

caspase inhibition to promote long-term proliferation and survival has been investigated 

in HeLa cells treated with etoposide, Act D and STS [325].  As observed for Bz-423 in 

Jurkat T cells, zVAD-fmk blocked cell death induced by all three cytotoxic drugs for up 

to 3 d despite the release of cytochrome c after 12 h [325].  However, this short-term 

maintenance of viability did not translate into clonegenic survival (i.e., colony formation 

when plated on soft-agar) after two weeks [325].  In fact, no colonies were observed 

when etoposide, Act D or STS were removed after 12 h and HeLa cells were maintained 

in the presence of zVAD-fmk [325].  This study suggests that in the absence of caspase 

activation, release of pro-apoptotic MIS proteins can nevertheless kill cells by a 

mechanism termed caspase-independent cell death (CICD). 

To identify regulators of CICD, Green, et al treated Jurkat T cells that had been 

transfected with a retroviral cDNA library with STS in the presence or absence of zVAD-

fmk [325].  This approach identified glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) as a potential inhibitor of CICD, but not caspase-dependent cell death.  While 

GAPDH is best known for its role in glycolysis, this protein also contributes to nuclear 

envelope assembly, transcriptional co-activation and DNA repair [338-340].  Studies with 

GAPDH deletion constructs indicate that GAPDH inhibits CICD by both increasing 

glycolytic ATP production and inducing expression of the autophagy gene Atg12 [325].  

These findings suggest a mechanism whereby the increase in glucose metabolism 

stimulated by GAPDH maintains ATP levels while damaged mitochondria are removed 

by autophagy [341]. 
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Figure 3.22 - Caspase inhibition delays, but does not block Bz-423-induced 

cell death. Jurkat T cells were treated with zVAD-fmk (50 µM; ,) or vehicle (,) 
for 30 min then incubated with Bz-423 (10 µM; ,) or vehicle (,) for 24 h, at 
which point both agents were removed.  Cells were then maintained in media containing 
zVAD-fmk (50 µM) and the number of viable cells was determined daily by Trypan 
exclusion.  zVAD-fmk was used at a concentration shown to inhibit Bz-423-induced cell 
death in Jurkat T cells (see Figure 3.20).  Absence of error bars indicates <1% standard 
deviation.  Figure is from a single experiment. 

 
 
GAPDH levels increase under conditions where glucose metabolism is 

upregulated.  For instance, GAPDH levels are elevated four-fold during the increase in 

glycolytic ATP production that accompanices antigen receptor stimulatio of T cells [342].  

This increase in GAPDH levels appears sufficient to impair CICD because TCR 

stimulation of murine CD4+ T cells causes a five-fold improvement in long-term survival 

when treated with Act D and zVAD-fmk, but provides no protection to Act D alone 

[342].  These findings suggest that Jurkat T cells may express sufficient GAPDH to 

preclude CICD induced by combined exposure to Bz-423 and zVAD-fmk.  To examine 

this possibility, Jurkat T cells were treated with a concentration of Bz-423 (10 µM) 

sufficient to promote release of cytochrome c and Smac/DIABLO as well as collapse 

Δψm in the presence of zVAD-fmk (Figure 3.22).  After 24 h, Bz-423 was removed and 
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Jurkat T cells were maintained in the presence of zVAD-fmk.  Despite continued 

inhibition of caspase activity with zVAD-fmk, Jurkat T cells exposed to Bz-423 

gradually died over the course of five days (Figure 3.22).  This result suggests that 

unstimulated Jurkat T cells lack sufficient levels of GAPDH to suppress CICD.  

Altogether, studies of the Bz-423-induced death cascade in the presence of zVAD-fmk 

demonstrates that caspase activity is required for rapid killing of Jurkat T cells by Bz-

423, but caspase-independent release of cytochrome c and Smac/DIABLO commits a cell 

to the death program. 

Extra-mitochondrial factors are required for Bz-423-induced release of MIS 

proteins: Although zVAD-fmk blocks rapid killing by Bz-423, Jurkat T cells nevertheless 

die over the course of several days, which suggests the possiblity that release of 

cytochrome c and Smac/DIABLO is the point at which they commit to the death 

program.  In contrast, scavenging Bz-423-induced O2
•– blocks all downstream 

components of the apoptotic cascade and maintains viability at 24 h.  A key mechanistic 

question, therefore, is whether mitochondrial O2
•– is sufficient to trigger release of MIS 

proteins, or whether factors outside this organelle are also required.  This question is 

significant because if Bz-423-induced O2
•– is sufficient to trigger release of cytochrome c 

and Smac/DIABLO, then selectivity will soley be determined by factors controlling this 

ROS response.  Conversely, if signal transduction pathways outside the mitochondria 

play a role, levels and activation state of these mediators will also dictate if and how a 

cell responds to Bz-423. 

As described in the introduction to Chapter 3, apoptogenic proteins are liberated 

from the MIS by opening of the mitochondrial permeability transition (mPT) pore or 
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mitochondrial outer membrane permeabilization (MOMP).  The mPT pore is a multi-

protein complex that spans the inner and outer mitochondrial membranes [13].  Proposed 

components of this complex include voltage-dependent anion channels (VDACs), 

adenine nucleotide translocator (ANT), cyclophillin D (CypD), hexokinase (HK), 

creatine kinase (CK) and the peripheral benzodiazepine receptor (PBR) (Figure 3.2).  

Sustained opening of the mPT permits deregulated influx of cytosolic ions and small 

molecules (<1.5 kDa) into the matrix resulting in osmotic swelling, disruption of Δψm 

and rupture of the outer membrane [13].  This process can occur independent of cytosolic 

factors and has been implicated in apoptosis induced by oxidative stress associated with 

ischemia/reperfusion as well as the ETC inhibitors rotenone and the arsene oxid (As2O3) 

Trisenox [13, 32, 343].  Oxidative stress induced mPT opening may involve oxidation of 

cysteine residues on the matrix face of the ANT [344-346].  Opening of the mPT pore in 

response to the Bz-423-induced mitochondrial O2
•– production is mechanistically 

consistent with the caspase-independent release of MIS proteins. 

Pro-apoptotic proteins can also be released from the MIS by selective 

mitochondrial outer membrane permeabilization (MOMP), which is regulated by the Bcl-

2 protein family.  A subset of Bcl-2 proteins, termed BH3-only proteins, are 

transcriptionally induced or post-translationally activated in response to cell stress [58].  

Anti-apoptotic Bcl-2 proteins such as Bcl-2, Bcl-xL and Mcl-1 promote survival by 

blocking activity of the BH3-only proteins.  The multi-BH-domain proapoptotic Bcl-2 

proteins Bax and Bak integrate inputs from BH3-only proteins and anti-apoptotic Bcl-2 

proteins and undergo a conformational change (termed activation) when signals from 

BH3-only proteins predominate.  Following activation, Bax and Bak homo-oligomerize 
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and form pores in the mitochondrial outer membrane enabling release of apoptogenic 

proteins from the MIS.  Apoptosis induced by 2-methoxyestradiol (2ME) or tumor 

necrosis factor-α (TNF-α), two agents that simulate O2
•– production, involves activation 

of Bax and Bak [286, 347].  Although Bz-423-induced O2
•– originates in the 

mitochondria, apoptosis may likewise depend on activation of Bax and Bak. 

Unlike rotenone and ATO, Bz-423 does not directly inhibit the MRC [32, 348], 

but instead triggers a mitochondrial respiratory transition by modulating the FoF1-

ATPase.  As a result, reactive intermediates (e.g., ubisemiquinones) accumulate at 

reactive sites on the matrix and MIS faces of complex III resulting in release of O2
•– into 

both compartments [293, 349]. O2
•– can also be formed on the matrix side of complex I 

by transfer of electrons from partially-reduced flavin mononucleotides to molecular 

oxygen [350].  These findings suggest that Bz-423 may promote release of O2
•– into both 

the matrix and the MIS.   

The TCA-cycle enzyme aconitase contains an active site Fe-S cluster that is 

rapidly oxidized by O2
•– (k = 3.5 x 106 m-1s-1; [351]).  This reaction forms the basis of a 

sensitive assay for elevated levels of O2
•– in the mitochondrial matrix (Figure 3.23A; 

[352, 353]).  Aconitase catalyzes the stereo-specific isomerization of citrate to iso-citrate, 

which is rate-limiting relative to the subsequent step in the TCA-cycle, oxidation of 

isocitrate to α-ketoglutarate by isocitrate dehydrogenase (Figure 3.23A; [352]).  

Aconitase activity in mitochondrial extracts from Jurkat T cells was assayed by 

measuring NAD+ reduced as a byproduct of isocitrate oxidation [353].  Dependence of 

the observed NADH production on aconitase activity was validated with the competitive 

aconitase inhibitor fluorocitrate (FC) (Figure 3.23B; [354]).  
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Figure 3.23 - Bz-423-induced O2

•– does not inactivate aconitase. (A) Aconitase 
is a O2

•–-sensitive TCA-cycle enzyme that converts citrate to isocitrate.  This reaction is 
rate limiting relative oxidation of iso-citrate to α-ketoglutarate by isocitrate 
dehydrogenase, which can be monitored in terms of reduction of NAD+. (B) 
Mitochondria isolated from Jurkat T cells were incubated in aconitase reaction buffer (see 
Materials and Methods) and aconitase activity monitored in terms of NAD+ reduction by 
isocitrate dehydrogenase.  Specificity was demonstrated by inclusion of the indicated 
concentrations of FC or exclusion of citrate from the reaction buffer. (C) Jurkat T cells 
were incubated with the indicated concentrations of Bz-423 or Antimycin A (0.5 µM) for 
2 h and aconitase activity was assayed in mitochondrial fractions in terms of NAD+ 
reduction by iso-citrate dehydrogenase.  FC was used at concentrations shown to inhibit 
aconitase in other systems [354].  Antimycin A was used at a concentration shown to 
induce O2

•–-dependent inactivation of aconitase by inhibiting complex III of the MRC 
[355].  Panels B and C are representative of two independent experiments. 
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To determine whether Bz-423 promotes release of O2
•– into the mitochondrial 

matrix, Jurkat T cells were treated with Bz-423 for 2 h, at which point the increase in 

intracellular O2
•– levels is maximal.  After 2 h, mitochondrial fractions were isolated and 

resuspended in aconitase reactions buffer.  Surprisingly, aconitase activity was not 

reduced in the mitochondrial fraction of Jurkat T cells incubated with Bz-423 for 2 h 

(Figure 3.23C).  In contrast, reduced aconitase activity was observed in cells treated with 

antimycin A, a fungicidal antibiotic that promotes release of O2
•– into the matrix by 

blocking ubiquinone reduction by complex III [30].  The absence of a reduction in 

aconitase activity indicates that matrix O2
•– levels are not elevated in response to Bz-423, 

which suggests that production of this ROS likely occurs at the quinol-oxidizing site on 

the MIS face of complex III.  A hypothesis for the absence of O2
•– release into the 

mitochondrial matrix in the response to Bz-423 is presented in the discussion to this 

chapter. 

The mitochondrial pro-oxidants rotenone and ATO cause release of cytochrome c 

from isolated mitochondrial by triggering sustained mPT pore opening [348, 353, 356].  

In addition, both ATO and rotenone have been shown to cause a decrease in aconitase 

activity, which indicates that they increase matrix O2
•– levels [31, 353].  Elevation of 

matrix O2
•– levels may lead to mPT pore by oxidizing matrix-exposed cysteine residues 

on the ANT, a component of the mPT pore that spans the inner mitochondrial membrane 

[357].  This hypothesis is suggested by studies with liposomes reconstituted with 

recombinant ANT in which oxidation of these cysteines with H2O2, t-BHP or thiol-

crosslinking reagents to the corresponding disulphides locks the ANT in a high-

permeability conformation [35, 37, 345].  Together, these studies suggest a mechanism 
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whereby release of O2
•– into the matrix in response to rotenone or ATO triggers mPT 

pore opening by oxidizing ANT cysteines.   

Unlike rotenone and ATO, Bz-423 does not elevate matrix O2
•– levels in Jurkat T 

cells, which suggests that Bz-423 may not cause sustained opening of the mPT pore.  The 

hypothesis that Bz-423 does not trigger mPT pore opening is supported by observationsin 

rat liver mitochondria treated with Bz-423, in which O2
•– production was not 

accompanied by large-amplitude swelling [236].  Along with large-amplitude swelling, 

release of pro-apoptotic MIS proteins from isolated mitochondria is diagnostic of 

sustained opening of the mPT pore [13].  To test the hypothesis that Bz-423-induced O2
•– 

is not sufficient to trigger release of pro-apoptotic MIS proteins mitochondria were 

isolated from Jurkat T cells, labeled with DHE, incubated under conditions supporting 

active (i.e., state 3) respiration, and treated then with Bz-423.  While increased O2
•– was 

observed after 30 min (Figure 3.24A), release of cytochrome c, Smac/DIABLO and AIF 

was not detected in this cell-free assay (Figure 3.24B).  In contrast, incubation of isolated 

mitochondria with tBid, a BH3-only protein that triggers Bak activation, promoted 

release of all three MIS proteins [358].  These results, combined with the absence of 

large-amplitude swelling in rat-liver mitochondria, suggest that Bz-423 does not trigger 

sustained opening of the mPT pore. 

To further examine the role of mPT pore opening in Bz-423-induced apoptosis, 

Jurkat T cells were pretreated with specific inhibitors of this process, cyclosporine A 

(CsA) and bonkrekic acid (BA).  CsA blocks pore opening by disrupting the association 

of CypD with ANT (Figure 3.2; [22, 359]).  BA inhibits opening of the mPT pore by 

enforcing a closed confirmation of the ANT (Figure 3.2 [33]).  No effect on O2
•–  
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Figure 3.24 - Isolated mitochondria respond to Bz-423, but do not release 

pro-apoptotic MIS proteins. (A) Images (630x) of mitochondria isolated from Jurkat T 
cells following incubation (30 min, 37 °C) with Bz-423 (10 µM) or control in buffer 
containing ADP and malate/glutamate.  Mitochondria were stained with DHE (4 µM) to 
visualize O2

•–. (B) Mitochondria isolated from Jurkat T cells were treated with Bz-423 
(10 µM), tBid (0.1 µg/mL) or vehicle in buffer containing ADP and malate/glutamate and 
isolated after 2 h.  Release of the pro-apoptotic MIS was determined by immunoblotting 
isolated mitochondrial fractions and supernatants for AIF, Smac/DIABLO and 
cytochrome c (Cyt. c).  tBid was used at a concentration shown to induce cytochrome c 
release from mouse liver mitochondria [358].  Data is from a single experiment.   

 
 
 

production or any of the downstream apoptotic endpoints was observed with either 

inhibitor (Table 3.4).Together, these findings demonstrate that although isolated 

mitochondria respond to Bz-423, extra-mitochondrial factors are necessary to couple O2
•– 

production to release of proapoptotic MIS proteins and cell death.  
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Inhibitor O2
•– Δψm collapse Apoptosis Cell Death 

- 6.3 ± 0.2 8.4 ± 0.8 7.2 ± 0.6 7.1 ± 0.4 
Bongkrekic acid 7.4 ± 0.6 9.2 ± 0.3 6.4 ± 0.8 7.5 ± 0.4 
cyclosporin A 7.2 ± 0.6 8.0 ± 1.1 7.3 ± 0.4 6.4 ± 0.3 

 
 
 
Table 3.4 - Effect of mPT pore inhibitors on EC50 (µM) values for Bz-423-

induced apoptotic endpoints in T cell leukemia lines.  Dose response curves were 
generated for each cell line pretreated with Bongkrekic acid (50 nM) or cyclosporin A 
(50 nM) for 30 min then incubated with Bz-423 for indicated times.  Intracellular O2

•– 
was measured at 2 h with DHE staining.  Δψm was measured at 8 h with TMRM staining.  
Apoptosis was measured in terms of accumulation of Sub-G0 DNA at 24 h.  Cell death 
was quantified at 24 h in terms of PI permeability.  Bongkrekic acid (50 nM) or 
cyclosporin A (50 nM) were used at concentrations shown to inhibit mPT pore opening in 
other systems [343]. EC50 values were calculated in triplicate via non-linear regression of 
the corresponding dose-response curves. 

 
 
 
Bz-423 does not cause peroxidation of mitochondrial phospholipids: The data 

presented above suggest that release of MIS proteins in response to Bz-423 occurs by 

MOMP rather than opening of the mPT pore [13].  While the Bcl-2 protein family  

regulates mitochondrial outer membrane integrity, mobilization of cytochrome c 

following MOMP may involve an oxidative amplification loop [5].  Specifically, ~15% 

of the cytochrome c pool is bound to cardiolipin (CL) and can oxidize this mitochondrial-

specific phospholipid in response after treatment with H2O2 [360, 361].   

The role of CL peroxidation in cytochrome c release has been primary studied in 

mouseembryonic fibroblasts (MEFs) [360, 362, 363].  These studies suggest the CL 

oxidation may be a general characteristic of mitochondrial apoptosis, rather than a 

specific response to oxidative stress.  For instance, CL peroxidation is observed prior to 

release of pro-apoptotic MIS proteins and caspase activation in MEFs treated with the 
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RNA polymerase inhibitor Act D, which is not redox active [360].  This timing suggests 

that oxidation of CL by cytochrome c may be required for release of pro-apoptotic MIS 

proteins from the MIS.  In support of this model, oxidation of CL as well as release of 

Smac/DIABLO from the MIS is not observed in cytochrome c-/- MEFs, although Bax 

translocation and activation is still detected [360].  Conversely, actinomycin D treatment 

fails to induce CL oxidation in MEFs deficient in the multi-BH-domain pro-apoptotic 

Bcl-2 proteins Bax and Bak [362].  Together, these data suggest that oxidation of CL by 

cytochrome c is an essential step in release of MIS proteins following activation of Bax 

and Bak. 

After release into the MIS, O2
•– is rapidly converted into H2O2 by Cu,Zn-SOD (k 

= 108 m-1s-1) [364, 365], suggesting that Bz-423 may trigger CL peroxidation by elevating 

H2O2 levels.  To test this hypothesis, Jurkat T cells were incubated with C11-

BODIPY581/591, a hydrophobic dye containing conjugated diene that is oxidized (k = 6.0 x 

103 M-1s-1) by lipid peroxides (Figure 3.25A; [366]).  Diene oxidation increases green 

fluorescence (λmax 520 nM) of the BODIPY dye (Figure 3.25A; [367]).  In preliminary 

experiments, localization of C11-BODIPY581/591 to the mitochondria was demonstrated by 

co-labeling Jurkat T cells with the mitochondrial specific probe MitoTracker Green 

(Figure 3.25B).  Elevated green fluorescence was observed in >95% of Jurkat T cells 

treated with t-BHP for 1 h, while ~20% increase was detected in response to H2O2.  By 

contrast, Bz-423 triggered a <3% increase in C11-BODIPY581/591 green fluorescence at this 

timepoint (Figure 3.25C and 3.25D).  After 4 h, at which point release of MIS proteins is 

observed, no further increase in green fluorescence was detected in response to Bz-423  
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Figure 3.25 - Bz-423 does not cause oxidation of mitochondrial 

phospholipids. (A) Oxidation of the conjugated diene moiety by lipid hydroperoxides 
increases green fluorescence of C11-BODIPY581/591. (B) Images (630x) of Jurkat T cells 
co-labeled (30 min) with C11-BODIPY581/591  (50 nM) and MitoTracker Green (50 nM). 
(C) Jurkat T cells were labeled with C11-BODIPY581/591  (50 nM) for 30 min and C11-
BODIPY581/591 green fluorescence was measured after 1 h following treatment with t-BHP 
(100 µM; green histogram), H2O2 (100 µM; blue histogram), Bz-423 (10 µM; red 
histogram) or vehicle (shaded histogram) for 1 h. (D) Jurkat T cells were treated with the 
indicated concentrations of Bz-423, t-BHP (100 µM) or H2O2 (100 µM) for 2 h and lipid 
peroxidation measured in terms of the increase in C11-BODIPY581/591 green fluorescence. 
(E) Jurkat T cells were treated as in D, but increased C11-BODIPY581/591 green 
fluorescence was measured after 4 h.  Panel B is from a single experiment.  Panels C – E 
are representative of two independent experiments. 
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(Figure 3.25E).  These observations demonstrate that unlike t-BHP and H2O2, Bz-423 

does not cause peroxidation of mitochondrial phospholipids. 

While CL oxidation appears to be necessary for release of MIS proteins in MEFs 

treated with actinomycin D, the generality of this mechanism in unclear.  For instance, 

the MRC complex I inhibitor rotenone does not induce CL peroxidation despite 

stimulating mitochondrial O2
•– production [362].  In addition, although cytochrome c 

binds tightly to CL (Kd ~ 2 nM; [368]), only a small fraction of cytochrome c (~15%) 

interacts with CL because cytochrome c is localized to the MIS while CL is primarily 

present on the inside face of the mitochondrial inner membrane [369].   Instead, the 

majority of cytochrome c is either soluble in MIS or loosely associated with the inner 

membrane via electrostatic interactions.   

Some reports suggest that cytochrome c can be retained in the MIS by 

electrostatic interactions following MOMP [363, 370], these studies have employed low-

ionic-strength buffers, which are not physiological, and promote electrostatic interactions 

between cytochrome c and the inner mitochondrial membrane [5].  Finally, single-cell 

imaging has revealed no difference in the kinetics of cytochrome c release relative to 

other pro-apoptotic MIS proteins (e.g., Smac/DIABLO and Omi/Htra2) in HeLa cells 

treated with actinomycin D [12], which suggests that additional biochemical events are 

unnecessary to mobilize cytochrome c after MOMP.  The absence of detectable lipid 

peroxidation in response to Bz-423 corresponds to studies, which suggest that CL 

oxidation is not required for efficient release of cytochrome c after MOMP. 

Bz-423 does not induce phosphorylation of p56Lck: Although elevated intracellular 

O2
•– levels is the first response detected following treatment with Bz-423, escape of this 
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ROS from mitochondria is difficult to comprehend because it is charged, and therefore 

cannot diffuse through lipid bilayers [371].  Nevertheless, the ability of the SOD mimetic 

MnTBAP to block Bz-423-induced cell death suggests that O2
•–, rather than H2O2, is the 

ROS that initiates the extra-mitochondrial signaling.  In addition, the absence of a 

reduction in aconitase activity suggests that Bz-423 causes preferential release of O2
•– 

into the MIS.  While the inner mitochondrial membrane is impermeable to charge 

species, O2
•– can be transported out of the MIS by channels (e.g., VDAC) located in the 

outer mitochondrial membrane (see Chapter 1; [295, 372]).   

As described in Chapter 1, due to differences in their chemical properties O2
•– and 

H2O2 modulate distinct cellular pathways.  Therefore, it may be possible to gain insight 

into the signal leaving the mitochondria in response to Bz-423 by examining responses 

characteristic of either ROS.  For example, protein tyrosine phosphatases (PTPs) are 

inactivated by H2O2 in vitro by oxidation of a catalytic site cysteine residue to the 

corresponding sulfenic acid [373-375].  PTP inactivation is observed following 

stimulation of a variety of cell surface receptors and plays an essential role in propagation 

of the resulting intracellular kinase cascades (e.g., phosphorylation of extra-cellular 

regulated kinase-1/2 (Erk1/2)) [376-378].  Regulation of PTP by ROS has been studied 

extensively in the context of endothelial cells stimulated with growth-factors [308, 309].  

Levels of both O2
•– and H2O2 are elevated in MEFs and other endothelial cells following 

growth factor stimulation [379-383].  However, several lines of evidence suggest that 

H2O2 is the relevant ROS.  First, O2
•– reacts with cysteine thiols at rate (k <103) that is 

slow relative to dismutation to H2O2, which can occur spontaneously (k ~4.5 x 105) or be 

catalyzed by SODs (k ~109) [384, 385].  Second, the Cu,Zn-SOD inhibitor ATN-224 or 
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reducing expression of this enzyme by siRNA increase O2
•– levels, decreases H2O2 levels, 

and reduce phosphorylation of Erk1/2 in response to growth factor stimulation [379].  

Together, these data demonstrate that Cu,Zn-SOD plays an essential role in growth-factor 

signaling by converting O2
•– to H2O2, which mediates oxidative inactivation of PTPs. 

Elevated H2O2 levels are also observed in primary and leukemia T cells within 10 

minutes of antigenic stimulation (See Chapter 3 Introduction).  Evidence that this ROS 

response is essential for T cell activation comes from studies in which antioxidants 

reduce proliferation following stimulation of the TCR [259, 386].  In addition, anti- 

oxidant pre-treatment reduces phosphorylation of signaling molecules downstream of the 

T cell receptor [262, 386, 387].  One example is lymphocyte-specific kinase (p56Lck) 

[388], a non-receptor tyrosine kinase that plays an essential role in proximal TCR 

signaling [389].  Following antigenic stimulation, p56Lck phosphorylates intracellular 

domains of the TCR complex, which promotes recruitment of effector proteins including 

PI3Ks and phospholipase C [390].   

In addition to TCR stimulation, p56Lck phosphorylation can be induced by 

treatment of Jurkat T cells with H2O2 (Figure 3.26A; [388]).  p56Lck phosphorylation, 

then, serves as a biomarker/sensor for elevated levels of cytosolic H2O2.  To evaluate 

p56Lck phosphorylation status in the presence of Bz-423, lysates were prepared from 

Jurkat T cells treated with Bz-423 for 1 or 2 h, at which point the O2
•– response is 

maximal.  While no changes were observed in response to Bz-423, H2O2 induced 

phosphorylation of p56Lck is indicated by a shift in mobility towards increased molecular 

weight on SDS-PAGE and immunoreactivity with a phospho-specific p56Lck antibody  
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Figure 3.26 - Bz-423 does not induce phosphorylation of p56Lck. (A) In T cells, 

phosphorylation of intracellular signaling molecules such as p56Lck is pro-longed by 
inhibition of PTPs by H2O2 produced after engagement of the TCR (see text for details). 
(B) Lysates prepared from Jurkat T cells were treated with the indicated concentrations of 
Bz-423 or H2O2 (100 µM) for 1 or 2 h were immunoblotted with antibodies specific for 
total p56Lck, p-p56Lck or GAPDH.  Panel B is from a single experiment. 

 
 
 

(Figure 3.26B).  These observations, combined with inhibitory effect of MnTBAP, 

suggest that cytosolic H2O2 levels are not increased in response to Bz-423. 

Bz-423-induced cell death involves the Bcl-2 protein family: The absence of 

evidence for mPT pore opening suggests that release of pro-apoptotic MIS proteins in 

response to Bz-423 occurs by MOMP, which is regulated by the Bcl-2 protein family [38, 

391].  Anti-apoptotic Bcl-2 proteins suppress MOMP by preventing homo-

oligomerization of Bax and Bak, and in so doing, confer resistance to a variety of death 

stimuli [48].  To evaluate the role of Bcl-2 proteins in the death mechanism, the apoptotic 
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response to Bz-423 was evaluated in a Jurkat T cell clone over-expressing Bcl-2 (Figure 

3.27A).  The EC50 for Bz-423-induced accumulation of apoptotic DNA and overall cell 

death were increased >2-fold in the Bcl-2 clone (Figure 3.27B & 3.27C).   

To determine the point at which Bcl-2 overexpression interferes with the Bz-423 

apoptotic response, O2
•– production, Δψm collapse and release of MIS proteins were 

evaluated in the Bcl-2 clone.  Although some reports suggest that Bcl-2 has anti-oxidant 

properties [392, 393], Bz-423-induced O2
•– production was indistinguishable between the 

Bcl-2 clone and vector control cells (Figure 3.27D).  This data indicate that over-

expression of Bcl-2 does not suppress Bz-423-induced apoptosis by blocking the increase 

in intracellular O2
•– levels.  In contrast to the effect on cell death, only a 12% shift in the 

EC50 for Δψm depolarization was observed in cells overexpressing Bcl-2 (7.0 ± 0.2 to 8.0 

± 0.2 µM; Figure 3.27E).  However, over-expression of Bcl-2 prevented release of 

cytochrome c, Smac/DIABLO and AIF from the MIS (Figure 3.27F).  These results are 

consistent with release of MIS proteins in response to Bz-423 occurring via MOMP and 

further suggests that this process may involve multi-BH-domain pro-apoptotic family 

members Bax and Bak.  However, Bz-423-induced collapse of Δψm is observed in cells 

overexpressing Bcl-2.  This finding suggests that MOMP and dissipation of Δψm are 

separable elements of Bz-423-induced apoptosis, with the latter being independent of the 

Bcl-2 protein family. 
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Figure 3.27 - Effect of Bcl-2 overexpression on Bz-423-induced apoptosis. (A) 
Lysates from single Jurkat T cell clones stably transfected with a plasmid encoding Bcl-2 
or empty vector were immunoblotted with antibodies specific for Bcl-2 or GAPDH. (B 
and C) Jurkat T cell clones stably transfected with Bcl-2 () or an empty vector () 
were treated with the indicated concentrations of Bz-423 for 24 h at which point cell 
death and apoptosis were assessed in terms of PI permeability and accumulation of Sub-
G0 DNA, respectively. (D and E) Jurkat T cell clones stably transfected with Bcl-2 () or 
an empty vector () were treated with the indicated concentrations of Bz-423 and O2

•– 
production was determined by DHE staining at 2 h, while Δψm was measured by TMRM 
staining at 8 h. (F) Cytosolic fractions prepared from Jurkat T cell clones stably 
transfected with Bcl-2 or empty vector following treatment (indicated times) with Bz-423 
(10 µM) were immunoblotted with antibodies specific for AIF, Smac/DIABLO, 
cytochrome c (Cyt. c), and GAPDH.  Figure is representative of at least two separate 
experiments. 

 
 
 
Collapse of Δψm often results from damage of MRC complexes by caspases 

activated following release of cytochrome c and Smac/DIABLO from the MIS [337].  

Hence, it is surprising that Bz-423-induced Δψm depolarization occurs under conditions 

where the outer membrane remains intact.  To determine if this independence is specific 

to Bz-423 or a general property of Jurkat T cells undergoing apoptosis, we evaluated how 

the Bcl-2 clone responded to staurosporine(STS), a non-specific kinase inhibitor that 

induces apoptosis through mitochondrial-dependent signals (Figure 3.28A; [394]).  In 

contrast to the results with Bz-423, Bcl-2 over-expression blocked Δψm depolarization, 

release of pro-apoptotic MIS proteins, DNA fragmentation and cell death triggered by 

STS (Figure 3.28B - 3.28E).  This data, together with the finding that overexpression of 

Bcl-2 does not block O2
•– production, suggest that the ability of Bz-423 to dissipate Δψm 

independent of MOMP is unique to this compound rather than a general property of the 

apoptotic response in Jurkat T cells. 
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Figure 3.28 - Effect of Bcl-2 over-expression on staurosporine (STS) induced 
apoptosis. (A) The pro-apoptotic pan-kinase inhibitor STS. (B) Jurkat T cell clones 
stably transfected with Bcl-2 () or an empty vector () were treated (6 h) with the 
indicated concentrations of STS and Δψm was measured by TMRM staining. (C) 
Cytosolic fractions prepared from Jurkat T cell clones stably transfected with Bcl-2 or 
empty vector following treatment (indicated times) with STS (0.5 µM) were 
immunoblotted with antibodies specific for AIF, Smac/DIABLO, cytochrome c (Cyt. c), 
and GAPDH. (D and E) Jurkat T cell clones stably transfected with Bcl-2 () or an 
empty vector () were treated (24 h) with the indicated concentrations of Bz-423 and 
cell death and apoptosis were assessed in terms of PI permeability and accumulation of 
Sub-G0 DNA, respectively.  Panel C is from a single experiment.  Panels B, D and E are 
representative of at least three independent experiments. 

 
 

 
To determine if Δψm depolarization is sufficient to cause cell death in the absence of 

MOMP, the Bcl-2 clone was treated with a concentration of Bz-423 (10 µM) sufficient to 

collapse Δψm.  After 24 h, Bz-423 was removed and proliferation assessed over the next 7 

d by vital dye exclusion.  Whereas Bz-423-induced release of MIS proteins eventually 

results in cell death even when caspase activity is blocked, the Bcl-2 clones survive and 

after a 2 d lag, proliferate normally (Figure 3.29A).  This lag may correspond to the time 

needed to regenerate systems that produce and maintain Δψm, which is fully recovered in 

the Bcl-2 clones 48 h after washout of Bz-423 (Figure 3.29B).  These findings reinforce 

that MOMP, rather than dissipation of Δψm, is the point at which Jurkat T cells 

irreversibly commit to cell death in response to Bz-423. 
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Figure 3.29 - Despite collapse of Δψm, Bcl-2 over-expression blocks Bz-423-

induced cell death. (A) Jurkat T cells stably transfected with Bcl-2 (,) or an empty 
vector (,) for 30 min were incubated with Bz-423 (10 µM; ,) or vehicle (,) 
for 24 h, at which point Bz-423 agents was removed and the number of viable cells 
determined daily by Trypan exclusion. (B) Jurkat T cells stably transfected with Bcl-2 or 
an empty vector were treated with Bz-423 (10 µM; black bars) or vehicle (grey bars) for 
24 h, at which point Bz-423 was removed.  Δψm was determined at indicated times by 
TMRM staining.  Absence of error bars indicates <1% standard deviation.  Figure is from 
a single experiment. 
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The multi-BH-domain pro-apoptotic Bcl-2 protein Bak is preferentially activated 

in response to Bz-423: As described in the introduction to Chapter 3, the mitochondrial 

outer membrane resident protein Bak undergoes a conformational changes in response to 

apoptotic stimuli that promotes homo-oligomerization and formation of proteolipid 

channels [53].  Activation of Bax is also associated with homo-oligomerization and the 

formation of proteolipid channels in the mitochondrial outer membrane.  However, since 

Bax is cytosolic, it must translocate to the mitochondria in order to induce MOMP [395].  

To test the hypothesis that Bax is engaged in response to Bz-423, cytosolic and 

mitochondrial fractions of Jurkat T cells treated with Bz-423 were immunoblotted to 

define the sub-cellular distribution of this protein.  Bz-423 causes redistribution of Bax 

from the cytosol to the mitochondria after 8 h, which is significantly delayed relative to 

MOMP (4 h) based on the appearance of cytochrome c in the cytosol (Figure 3.30A).  

This delay indicates that although Bz-423 engages Bax in the Jurkat T cells, it is unlikely 

to mediate MOMP.  

Bak activation does not involve sub-cellular redistribution, but involves a 

conformational change that exposes a cryptic amino-terminal epitope [391].  To 

determine if Bak is activated in response to Bz-423, an antibody specific for this epitope 

was used to monitor its activation, while an antibody that recognizes an analogous region 

of Bax was used to confirm the Bax translocation results.  For these experiments Jurkat T 

cells were fixed to glass slides with paraformaldehye, permeabilized with the detergent 

saponin and binding of Bax or Bak amino-terminal specific antibodies was visualized 

with a biotin-conjugated secondary antibody followed by strepavidin-fluorescein 

conjugate.  Using this immunofluorescence approach, Bak activation is apparent within  
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Figure 3.30 - Bak is preferentially activated in response to Bz-423. (A) 

Mitochondrial and cytosolic fractions of Jurkat T cells treated with Bz-423 (10 µM) or 
vehicle were immunoblotted with antibodies specific for Bax and cytochrome c (Cyt. c), 
GAPDH and the β-subunit of the FoF1-ATPase. (B) Jurkat T cells were pre-incubated 
with MnTBAP (100 µM) or zVAD-fmk (50 µM) for 30 min prior to treatment with Bz-
423 (10 µM) or vehicle for the indicates times.  Bax or Bak activation was detected by 
immunofluorescence microscopy with antibodies specific for an amino-terminal epitope 
of either protein exposed during activation.  Data is representative of at least two 
independent experiments. 
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Figure 3.31 - Both Bax and Bak are activated in Jurkat T cells treated with 

STS. (A) Mitochondrial and cytosolic fractions of Jurkat T cells treated with STS (0.5 
µM) or vehicle were immunoblotted with antibodies specific for Bax and cytochrome c 
(Cyt. c), GAPDH and the β-subunit of the FoF1-ATPase. (B) Jurkat T cells were treated 
with STS (0.5 µM) or vehicle for 3 h.  Bax or Bak activation was detected by 
immunofluorescence microscopy with antibodies specific for an amino-terminal epitope 
of either protein exposed during activation.  Figure is representative of at least four 
separate experiments. 

 
 
 

4 h (31 ± 5% of cells positive versus 8 ± 1% in vehicle-treated cells) and the majority of 

cells (63 ± 10%) were positive by 8 h (Figure 3.30B).  Activated Bax, on the other hand, 

was not detected at 4 h while 28 ± 3% of cells were positive for activated Bax by 8 h 

(Figure 3.30B).  In contrast, treatment of Jurkat T cells with STS for 3 h promoted 

simultaneous redistribution of Bax to the mitochondria and appearance of cytochrome c 

in the cytosol (Figure 3.31A), and equivalent activation of Bax and Bak (Figure 3.31B).  

Consequently, preferential activation of Bak appears to be a property of the response to 

Bz-423 rather than a general characteristic of apoptosis in Jurkat T cells. 

Scavenging O2
•– blocks all components of the Bz-423 death response in Jurkat T 

cells.  This inhibitory effect suggests that Bz-423-induced activation of Bax and Bak was 
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also likely to be O2
•–-dependent.  In support of this hypothesis, pre-treating T cells with 

MnTBAP blocked activation of both Bax and Bak (Figure 3.30B).  In contrast to O2
•– 

production, caspase activation is required for Bz-423-induced apoptosis, but not release 

of cytochrome c, Smac/DIABLO and AIF from the MIS.  The independence of Bz-423-

induced apoptotic mitochondrial changes on caspase activity suggests that activation of 

Bax and Bak may likewise be caspase-independent.  In support of this hypothesis, Bak 

activation (61 ± 7% of cells positive) was unaffected by zVAD-fmk pretreatment, which 

suggests that Bak mediates the caspase-independent release of pro-apoptotic MIS 

proteins in response to Bz-423.  Bax activation, in contrast, was not observed (6 ± 2% of 

cells positive) in cells pretreated with zVAD-fmk (Figure 3.30B).  Collectively, these 

data reveal that Bax and Bak respond differentially to Bz-423-induced O2
•– such that Bak 

is activated earlier and to a larger extent (greater than two-fold), and occurs within a time 

frame consistent with it triggering MOMP.  Activation of Bax, by contrast, occurs after 

MOMP and is caspase-dependent. 

Bak is required for Bz-423-induced cell death, while Bax is not: Bak is activated 

to a greater extent than Bax in response to Bz-423.  In addition, Bak activation is 

coincident with MOMP, while Bax translocation and activation is only observed 

afterwards.  Because MOMP is the point at which Jurkat T cells commit to die in 

response to Bz-423, Bak is predicted to be necessary for Bz-423-induced apoptosis, while 

Bax is likely dispensable.  To evaluate this hypothesis, Jurkat T cells were transiently 

transfected with siRNAs targeting Bax and Bak.  This approach produced cells in which 

with a control siRNA sequence (Figure 3.32A).  Reducing levels of Bak resulted in a  
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Figure 3.32 - Bak is required for Bz-423-induced cell death in Jurkat T cells 

while Bax is not. (A) Lysates from Jurkat T cells transiently transfected with siRNAs 
targeting Bax or Bak or a control siRNA sequence were immunoblotted with antibodies 
specific for Bax, Bak or GAPDH. (B and C) Jurkat T cells transiently transfected with 
siRNAs targeting Bax (), Bak (), both proteins () or a control siRNA sequence () 
were treated (24 h) with the indicated concentrations of Bz-423 and cell death and 
apoptosis were assessed in terms of PI permeability and accumulation of Sub-G0 DNA, 
respectively.  Absence of error bars indicates standard error is <1%.  Figure is 
representative of at least three independent experiments. 

 
 

greater than two-fold increase in the EC50 for Bz-423-induced DNA fragmentation and 

cell death, while Bax knockdown did not protect against either response.  In addition, 

knocking down Bax along with Bak provided no additional protection (Figure 3.32B & 

3.32C).  The dependence of Bz-423-induced cell death on Bak is consistent with the 

hypothesis that Bak is solely responsible for MOMP.   
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Figure 3.33 - Bak is required for Bz-423-induced cell death in MOLT-4 and 

CCRF-CEM T cells, while Bax is not. (A) Lysates from MOLT-4 or CCRF-CEM T 
cells transiently transfected with siRNAs targeting Bax (X), Bak (K), both proteins (XK) 
or a control siRNA sequence (S) were immunoblotted with antibodies specific for Bax, 
Bak or GAPDH. (B) MOLT-4 and (C) CCRF-CEM T cells transiently transfected with 
siRNAs targeting Bax (), Bak (), both proteins () or a control siRNA sequence () 
were treated (24 h) with the indicated concentrations of Bz-423 and cell death was 
assessed in terms of PI permeability. Absence of an error bar indicates <1% standard 
error.  Figure is from a single experiment. 

 
 

Bax and Bak function redundantly during development and in a variety of models 

of apoptosis including MEFs exposed to Bz-423 [87, 396].  This contrast raised questions 

regarding whether this principle role Bak plays in Bz-423-induced apoptosis in Jurkat T 

cells extends to other CD4+ T cell leukemia lines.  To answer this question, Bax and Bak 

levels were reduced in the MOLT-4 and CCRF-CEM T cell leukemia lines (Figure 
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3.33A).  Similar to the results in the Jurkat T cells, reducing Bax expression did not block 

Bz-423-induced cell death in MOLT-4 T cells, while the EC50 was increased greater than 

two-fold by Bak knockdown (Figure 3.33B).  Again, no additional protection was 

provided by knocking down Bax along with Bak in MOLT-4 T cells (Figure 3.33B).  

Reduction of Bak levels resulted in a greater than two-fold increase in the EC50 for Bz-

423-induced cell death in CCRF-CEM T cells (Figure 3.33C).  Bax appears to be entirely 

dispensable in this cell line because basal levels of this protein were below the limits of 

detection by immunoblotting (Figure 3.33A). These data demonstrate that dependence on 

Bak is not unique to the Bz-423 death response in Jurkat T cells, but is also observed in 

other PTEN-deficient T cell leukemia lines.  

To determine at what point reducing Bak levels interferes with the Bz-423 

apoptotic cascade, O2
•– production, Δψm collapse, and release of cytochrome c, 

Smac/DIABLO and AIF was assessed in Jurkat T cells transiently transfected with 

siRNAs targeting this protein.  The O2
•– response in Jurkat T cells with reduced Bak 

levels was equivalent to control cells, and only a 13% increase in the EC50 for Δψm 

collapse (8.1 ± 0.5 and 9.1 ± 0.2 µM, respectively) was observed (Figure 3.34A and 

3.34B).  In contrast, reducing Bak levels prevented release of apoptogenic MIS proteins 

in response to Bz-423 (Figure 3.34C). These data demonstrate that Bak is required for 

Bz-423-induced MOMP and support a model where Bax is only activated after release of 

cytochrome c and Smac/DIABLO from the MIS. 
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Figure 3.34 - Bak knockdown blocks Bz-423-induced release of pro-apoptotic 

MIS proteins in Jurkat T cells. (A and B) Jurkat T cells transiently transfected with 
siRNAs targeting Bak () or a control siRNA sequence () were treated with the 
indicated concentrations of Bz-423 and O2

•– production was measured with DHE staining 
at 2 h, while Δψm was measured with TMRM staining at 8 h. (C) Mitochondrial and 
cytosolic fractions from Jurkat T cells transiently transfected with siRNAs targeting Bak 
or a control siRNA sequence were treated with Bz-423 (10 µM, 8 h) were immunoblotted 
with antibodies specific for AIF, Smac/DIABLO, cytochrome c (Cyt. c), GAPDH, Bak 
and Hsp60.  Panels A and B are representative of three independent experiments, while 
panel C is from a single experiment.  Absence of an error bar indicates <1% standard 
error. 
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Figure 3.35 - Bak knockdown blocks Bz-423-induced Bax activation in 

Jurkat T cells. (A) Lysates from Jurkat T cells transiently transfected with siRNAs 
targeting Bax or Bak or a control siRNA sequence were immunoblotted with antibodies 
specific for Bax, Bak or GAPDH. (B) Jurkat T cells transiently transfected with siRNAs 
targeting Bax, Bak or a control siRNA sequence were treated (8 h) with Bz-423 (10 µM, 
black bars) or vehicle (white bars) and Bax or Bak activation was detected by 
immunofluorescence microscopy using antibodies specific for amino-terminal epitopes of 
Bax or Bak exposed during activation.  

 
 
 
Finally, the ability of the caspase inhibitor zVAD-fmk to block Bax activation 

suggests that this response occurs downstream of Bak-dependent MOMP.  As such, Bax 

activation was also expected to be suppressed by reduction of Bak levels.  To evaluated 

this hypothesis, Bz-423-induced Bax and Bak activation were examined Jurkat T cells 

transiently transfected with siRNAs targeting either protein or a control sequence (Figure 

3.35A).  Consistent with hierarchical activation of Bax and Bak, Bz-423-induced Bax 

activation was not observed in Jurkat T cells transfected with siRNAs targeting Bak 

(Figure 3.35B).  In contrast, Bax knockdown increased the fraction of cells positive for 

Bak activation relative to control (Figure 3.35B).  Collectively, analysis of the Bz-423 

response in T cells with reduced levels of Bax and Bak identifies a hierarchical  
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Figure 3.36 - Bz-423 induces hierarchical activation of Bax and Bak in 

Jurkat T cells.  See text for details. 
 
 

mechanism in which Bak activation links Bz-423-induced O2
•– production to MOMP and 

cell death, while Bax is engaged downstream of release of cytochrome c and 

Smac/DIABLO from the MIS (Figure 3.36). 

Bz-423 promotes changes in the levels of Bcl-2 proteins that are consistent with 

preferential Bak activation: In unstressed cells, Bak activation is opposed by direct 

binding of the anti-apoptotic Bcl-2 proteins Bcl-xL, A1 and Mcl-1 [54].  As described in 

the introduction to Chapter 3, BH3-only proteins are pro-apoptotic members of the Bcl-2 
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family that promote Bak activation by neutralizing anti-apoptotic Bcl-2 proteins.  BH3-

only proteins are either expressed at low levels or restrained by post-translational 

mechanisms in unstressed cells, but are transcriptionally induced or post-translationally 

activated in response to stress signals (see Chapter 3 Introduction and Figure 3.7).  

Among these proteins, Noxa is specifically linked to Bak activation because binding of 

this BH3-only protein to Mcl-1 displaces Bak and targets Mcl-1 for proteasomal 

degradation [54].  In addition, Noxa expression is induced by oxidative stress [114-116].  

As such, Bz-423-induced O2
•– is hypothesized to signal Bak activation through changes 

in Noxa and Mcl-1 levels.   

As an initial test of this hypothesis, levels of Noxa and Bak were measured by 

immunoblotting lysates from Bz-423-treated Jurkat T cells.  Mcl-1 levels were reduced 

by 40% at 4 h, and continued to decrease to <10% of levels in vehicle treated cells at 8 h 

(Figure 3.36).  The timing of the Mcl-1 decrease (4 h) is consistent with its mechanistic 

involvement in MOMP and Bak activation, which are also first observed at 4 h.  The 

decrease in Mcl-1 levels was preceded by a three-fold increase in Noxa at 2 h, which was 

sustained for up to 8 h (Figure 3.36).  These observations support a model in which the 

rise in Noxa levels promotes Bak activation by triggering proteasomal degradation of 

Mcl-1. 

As a result of inhibitory binding of Bak by both Mcl-1 and Bcl-xL, neutralizing 

Mcl-1 by Noxa overexpression is not sufficient to activate Bak in MEFs [54].  In 

contrast, overexpression of Noxa in Bcl-xL-deficient MEFs or in conjunction with a BH3-

only protein that neutralizes Bcl-xL (e.g., Bad) is lethal in wild-type MEFs [54].  Similar 

studies have not been reported in hematopoetic cells.  The dependence of Bak activation                
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Figure 3.36 - Changes in the levels of Bcl-2 proteins induced by Bz-423. 

Lysates from Jurkat T cells treated with Bz-423 (10 µM) or vehicle for indicated times 
were immunoblotted with antibodies specific for Bcl-2, Bcl-xL, Mcl-1, Bak, Bax, Bid, 
Bik, Bim, Bmf, Noxa, Puma and GAPDH.  Lane A, Lysates from Ramos B cells; Lane B, 
recombinant human tBid.  This figure is representative of at least two independent 
experiments. 

 
 
 

on neutralization of both Mcl-1 and Bcl-xL suggests that the response to Bz-423 is likely 

to involve changes in Bcl-2 family proteins in addition to the observed effects on Noxa 

and Mcl-1.   
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The hypothesis that Bz-423 causes changes in Bcl-2 proteins in addition to the 

observed effects on Noxa and Mcl-1 is supported by literature indicating that BH3-only 

proteins and anti-apoptotic Bcl-2 proteins are regulated by oxidative stress.  For instance, 

the decrease in bcl2 and bclxl transcripts following TCR stimulation appears to be redox-

regulated because this change is blocked by pre-treatment with the antioxidant vitamin E 

[131].  It is not clear whether O2
•– or H2O2 signal this decrease in bcl2 and bclx mRNA 

because both ROS are elevated following TCR stimulation and scavenged by vitamin E 

[262, 317].  Regardless, if bcl2 or bclx transcripts are destabilized by Bz-423-induced 

O2
•–, these effects are not reflected at the protein level (Figure 3.36).  Finally, neither of 

the anti-apoptotic Bcl-2 proteins A1 and Bcl-w are anticipated block Bak activation 

because levels of these anti-apoptotic Bcl-2 proteins were below the limits of detection 

by immunoblotting in Jurkat T cells (Figure 3.36). 

Expression of the BH3-only protein Bim, which can neutralize both Mcl-1 and 

Bcl-xL, is induced by oxidative stress accompanying T cell activation as well as H2O2 and 

Trisenox [397-399].  Similarly, O2
•– production induced by the histone deacetylase 

Vorinostat leads to proteolytic processing of the BH3-only protein Bid to its active, 

truncated form (tBid) [109].  However, neither increased Bim levels, nor Bid cleavage 

were observed in Jurkat T cells treated with Bz-423 (Figure 3.36).  Levels of the BH3-

only protein Bad are elevated in response to Bz-423 in MEFs [396].  This response 

appears to be cell-type specific, however, because an increase in Bad levels was not 

detected in Jurkat T cells treated with Bz-423 for up to 8 h (Figure 3.36).  Additionally, 

levels of the BH3-only proteins Bmf and Puma were stable in response to Bz-423 for up  
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Figure 3.37 - Expression of the anti-apoptotic Bcl-2 proteins A1 and Bcl-w is 

not detected in Jurkat T cells. Lysates from Jurkat T cells (Jurkat), human embryonic 
kidney 293 (HEK 293) and Ramos B cells (Ramos) were immunoblotted with antibodies 
specific for Mcl-1, A1, Bcl-w and GAPDH.  Figure is representative of a single 
experiment. 
 
 
to 8 h, while expression of the BH3-only protein Bik was not detected in Jurkat T cells 

(Figure 3.36).  Based on these results, Noxa appears to be the only BH3-only protein 

induced Bz-423-treated Jurkat T cells.  However, several BH3-only proteins are regulated 

post-translationally (e.g., Bad is sequestered by 14-3-3 proteins [400], while Bmf is 

bound dynein motor complexes [122, 134]) and, therefore, may be activated in response 

to Bz-423 despite the lack of changes in their levels. 

Expression of Bax and Bak in typically not elevated in response to apoptotic 

stimuli [38].  Instead, activation of these multi-BH-domain proteins is regulated post-

translationally by the relative levels of BH3-only proteins and anti-apoptotic Bcl-2 

proteins [38].  However, there are several examples where Bak levels are increased 

during apoptosis.  For instance, Bak expression induced by stimulation of HL-60 B cells 

with interferon-γ as well as in HeLa cervical carcinoma cells treated with cyclooxygenase 

inhibitor Celecoxib [401, 402].  In the latter case, Bak induction is mediated by the  
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Figure 3.38 - Bz-423 induces changes in Bcl-2 proteins consistent with 

preferential Bak activation.  Levels of the BH3-only protein Noxa along with Bak are 
elevated in Jurkat T cells treated with Bz-423.  Noxa neutralizes the anti-apoptotic Bcl-2 
protein Mcl-1, which in conjuction with increased Bak levels, is expected to promote 
activation of Bak.  

 
 

growth arrest and DNA damage (GADD) inducible transcription factor GADD153 [401]. 

In addition, Bak mRNA and proteins levels are elevated following exposure of SH-SY5Y 

neuroblastoma cells to H2O2, which is thought to result from increased binding of the 

transcription factors NFκB and NFAT to the bak1 promoter region [403].  The induction 

of bak1 expression by H2O2, along with pivotal role this protein plays in Bz-423-induced 

apoptosis, suggests that Bak levels might be elevated in response to Bz-423.  In support 

of this hypothesis, Bak levels were induced two-fold within 2 h of Bz-423 treatment and 

steadily increased till present at levels greater than six-fold above control by 8 h (Figure 

3.36).  In contrast, no change in Bax levels was observed following treatment with Bz-

423 treatment (Figure 3.36).  Collectively, these data suggest that Bz-423-induced Bak 
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activation results from neutralization of Mcl-1 by Noxa in conjunction with an increase in 

Bak levels that overwhelms the inhibitory capacity of Bcl-xL (Figure 3.38). 

Noxa contributes to, but is not required for, Bz-423-induced T cell apoptosis: To 

assess the role of Noxa in Bz-423-induced apoptosis, Jurkat T cells were transiently 

tranfected with siRNAs targeting this BH3-only protein or a control sequence which 

reduced Noxa by >95% (Figure 3.39A).  Jurkat T cells with reduced Noxa levels are 

sensitive to Bz-423, albeit with a 25% shift in the EC50 for cell death (7.4 ± 0.2 to 9.8 ± 

0.4 µM) (Figure 3.39B).  Cell death was accompanied accumulation of hypodiploid 

DNA, again at elevated concentrations of Bz-423 relative to control cells, demonstrating 

that cell death does not occur via necrosis in the absence of Noxa (Figure 3.39C).  Bak 

activation was attenuated in cells where Noxa expression was reduced (26 ± 2% cells 

positive) relative to those transfected with a control siRNA sequence (48 ± 5% positive; 

Figure 3.39D).  This partial inhibition of Bak activation was sufficient to block, or at least 

delay, the downstream activation of Bax at 8 h (Figure 3.39D).  These data demonstrate 

that Noxa contributes to, but is not solely responsible for, Bz-423-induced Bak activation.  

Low concentrations of cycloheximide attenuate Bz-423-induced cell death: The 

ability of Bz-423 to trigger apoptosis in cells with reduced levels of Noxa suggests that 

the observed increase in Bak levels is required for the death response.  To determine 

whether de novo protein synthesis is required for death response, Jurkat T cells were 

incubated with varying concentrations of the protein synthesis inhibitor cycloheximide 

(CHX) prior to treatment with Bz-423 (Figure 3.40B; [404]).  Consistent with inhibition 

of protein synthesis, CHX promoted a concentration-dependent decrease in the levels of 

the labile proteins c-Myc and cyclin D3 (t1/2 ~30 min; [405, 406]), with reduced levels of 
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Figure 3.39 - Noxa contributes to Bz-423-induced apoptosis in Jurkat T cells. 

(A) Lysates from Jurkat T cells transiently transfected with siRNAs targeting Noxa, Bak 
or a control siRNA sequence (Scr) were immunoblotted with antibodies specific for 
Noxa, Bak or GAPDH (B and C) Jurkat T cells transiently transfected with siRNAs 
targeting Noxa (), Bak () or a control siRNA sequence () were treated (24 h) with 
the indicated concentrations of Bz-423.  Cell death and apoptosis were assessed in terms 
of PI permeability and accumulation of Sub-G0 DNA respectively. (D) Jurkat T cells 
transiently transfected with siRNAs targeting Noxa or a control siRNA sequence (Scr) 
were treated (8 h) with Bz-423 (10 µM,) or vehicle and Bax or Bak activation was 
detected by immunofluorescence microscopy using antibodies specific for amino-
terminal epitopes of Bax or Bak exposed during activation.  Panels A-C are 
representative of two independent experiments, while panel D is from a single 
experiment.  Absence of error bars indicates that standard error is <1%. 
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both proteins apparent at 0.1 µg/mL CHX (Figure 3.40B).  Concentrations of CHX above 

0.5 µg/mL reduced Myc and cyclin D3 levels by >90% (Figure 3.40B).  However, these 

concentrations of CHX were cytotoxic in Jurkat T cells, obscuring the potential to 

determine if inhibiting protein synthesis blocks Bz-423-induced apoptosis (Figure 

3.40C). 

While [CHX] >0.5 µg/mL are toxic in Jurkat T cells, concentrations on CHX 

below <0.5 µg/mL where tolerated and modestly inhibited Bz-423 induce killing.  For 

example, at 0.1 µg/mLCHX increased the EC50 for Bz-423-induced cell death by 28% 

(6.8 ± 0.3 µM to 9.4 ± 0.5 µM) (Figure 3.40C).  This protection could result from 

inhibition of de novo synthesis of Bak and Noxa.  However, studies in in rat embryonic 

hippocampal cells have demonstrated that low concentrations of CHX have 

cytoprotective effects related to the induction of anti-oxidant and pro-survival molecules 

[407].  For instance, concentrations of CHX <0.5 µg/mL protect rat embryonic 

hippocampal cells from oxidative insults by inducing expression Bcl-2 and MnSOD [407, 

408].  Induction of MnSOD and Bcl-2 would be expected to protect Jurkat T cells from 

killing by Bz-423 by scavenging O2
•– or inhibiting activation of Bak, respectively.  To 

determine low concentrations of CHX attenuate Bz-423-induced apoptosis by blocking 

induction of Noxa and Bak, lysates were prepared Jurkat T cells pre-incubated with 

[CHX] <0.5 µg/mL prior to treatment with Bz-423.  In this experiment, [CHX] <0.5 

µg/mL failed to block the Bz-423-induced increases in Noxa and Bak levels, although c-

Myc and cyclin D3 levels were reduced (Figure 3.40D).  These results demonstrate that 

attenuation of Bz-423-induced cell death by [CHX] <0.5 µg/mL does not result from 

inhibition of de novo synthesis of Noxa Bak.   
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Figure 3.40 - Effect of the protein synthesis inhibitor cycloheximide on Bz-

423-induced apoptosis in Jurkat T cells. (A) Chemical structure of the protein synthesis 
inhibitor cycloheximide. (B) Lysates from Jurkat T cells treated (6 h) with the indicated 
concentrations of cycloheximide (CHX) were immunoblotted with antibodies specific for 
c-Myc, cyclin D3 and GAPDH.  (C) Jurkat T cells were pretreated (3 h) with CHX (0.1 
µg/mL; ), (0.25 µg/mL; ▲), (0.5 µg/mL; ), (1 µg/mL; ), (2 µg/mL; ●) or vehicle 
(■) and then incubated with Bz-423 for 24 h and cell death and apoptosis was assessed in 
terms PI permeability. (D) Lysates from Jurkat T cells that were pre-treated (2 h) with the 
indicated concentrations of CHX and then incubated (6 h) with Bz-423 (10 µM) or 
vehicle were immunoblotted with antibodies specific for c-Myc, cyclin D3, Bak, Noxa 
and GAPDH. Absence of error bars indicates that standard error is <1%.  Panels A-C are 
representative of two independent experiments, while panel D is from a single 
experiment.   

 
 

Bz-423 induces dephosphorylation of Akt: Along with neutralization by Noxa, 

Mcl-1 is subject to several additional regulatory mechanisms [409].  Of particular 

interest, phosphorylation of Mcl-1 by glycogen synthase kinase-3β (GSK-3β) targets this 

anti-apoptotic Bcl-2 protein to the ubiquitin-proteasome pathway [410].  GSK-3β 

activity, in turn, is subject to inhibitory phosphorylation by serine/threonine kinase  
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Figure 3.41 - Inhibitors of Akt activation. Wortmannin and LY294002 prevent 

recruitment of Akt to the plasma membrane by directly inhibiting PI3Ks [228].  2-
methoxyestradiol (2ME) elevates intracellular O2

•– levels by inhibiting SODs, which 
results in O2

•–-dependent inactivation of Akt [286]. 
 
 
 

protein kinase B (PKB, also known as Akt) [273].  Activation of Akt depends on 

recruitment of this kinase to the plasma membrane via interaction between its amino-

terminal Pleckstrin homology (PH) domain and 3,4,5-phosphoinositides 

(PtdIns(3,4,5)P3).  Binding of the PH domain to plasma-membrane PtdIns(3,4,5)P3 

induces in a conformational change in Akt enabling phosphorylation of Thr308 by 

Pleckstrin homology-domain kinase1 (PDK1) at Thr308 and by a rapamycin-insensitive 

mTOR•Rictor complex at Ser473.  Phosphorylation of both residues stabilizes the kinase 

domain of Akt leading to fully activity.  Once active, Akt promotes survival and 

proliferation by modulating a variety of pathways in addition to stabilizing Mcl-1 

downstream of GSK-3β (see Chapter 3 Introduction). 

PtdIns(3,4,5)P3 are generated upstream of Akt by phosphorylation of the D3-
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position of inositol ring headgroup of plasma membrane lipids by class I 

phosphoinositide 3-kinases (PI3Ks) [218].  The class I PI3Ks δ and γ are expressed 

primarily in leukocytes and are activated in response to cytokine, chemokine and antigen-

receptor stimulation (Figure 3.9; [224]).  PI3K activity is unopposed in Jurkat, MOLT-4 

and CCRF-CEM T cells due to deficent expression of the lipid phosphatase PTEN, which 

results in elevated basal PtdIns(3,4,5)P3 levels and constitutive activation of Akt [411].  

The dependence of these T cell leukemia lines on Akt activity for survival is evidenced 

by their sensitivity to the PI3K inhibitors wortmannin and LY294002, which do not kill T 

cell leukemia lines that express PTEN (Figure 3.41; [271]).   

Akt inactivation (i.e., dephosphorylation) is also observed in response to O2
•– 

induced by 2-methoxyestradiol (2ME), which is thought to inhibit SODs (Figure 3.41; 

[286]).  Treatment of Jurkat T cells with 2ME results in a decrease in Akt 

phosphorylation, which coincides with Mcl-1 destabilization and cytochrome c release 

[286].  These findings suggest that Akt may also be inactivated by Bz-423-induced O2
•–, 

which could account for Mcl-1 degradation independent of Noxa.  This hypothesis is 

supported by the observation that Akt phosphorylation at Ser473 was decreased by 50% 

in Jurkat T cells treated with Bz-423 for 4 h, and was further reduced to <10% of control 

after 8 h (Figure 3.42A). 

GSK-3β is an Akt substrate that, once activated, promotes apoptosis by 

destabilizing Mcl-1 [410].  Regulation of GSK-3β by Akt is unusual because 

phosphorylation of an amino-terminal residue (Ser9) by Akt generates a “pseudo-

substrate” that self-inhibits GSK-3β by occupying the catalytic site [412].  The decrease 

in Akt phosphorylation induced by Bz-423 suggests that Akt activity might be reduced,  
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Figure 3.42 - Bz-423 causes O2

•–-dependent inactivation of Akt. (A) Lysates 
from Jurkat T cells treated with Bz-423 (10 µM), wortmannin (50 nM) or vehicle for the 
indicated times were immunoblotted with antibodies specific for Akt, phospho-Akt, 
GSK-3β, phospho-GSK-3β or GAPDH. (B) Lysates from Jurkat T cells pre-treated with 
MnTBAP (100 µM) or vehicle for 30 min and then incubated (6 h) with the indicated 
concentrations of Bz-423 or wortmannin (50 nM) were immunoblotted with antibodies 
specific for Akt, phospho-Akt or GAPDH.  Wortmannin was used at a concentration 
shown to cause Akt dephosphorylation in Jurkat T cells [271].  All panels are from single 
experiments.   

 
 

which could lead to an increase in GSK-3β activity and destabilization of Mcl-1.  To 

evaluate this hypothesis, levels of GSK-3β phosphorylation at Ser9 were measured in 

lysates from Jurkat T cells treated with Bz-423.  In these lysates, the decrease in Akt 

phosphorylation was accompanied by reduced phosphorylation of GSK-3β at Ser9 

(Figure 3.42A).  The decrease phosphorylation GSK-3β at Ser9 indicates that Bz-423 

reduces Akt activity and suggests that destabilization of Mcl-1 may result increased 

activity of GSK-3β.  

Scavenging O2
•– with MnTBAP blocks the decrease in Akt phosphorylation and 

apoptosis induced by 2ME [286].  MnTBAP likewise inhibits all components of the Bz-

423 apoptotic response.  These inhibitory effects of MnTBAP suggest that Bz-423-  
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Figure 3.43 - Bz-423-induced Akt dephosphorylation is independent of Bak. 

Jurkat T cells were transiently transfected with siRNAs targeting Bak or a control siRNA 
sequence (Scr) and then treated with Bz-423 (10 µM), wortmannin (50 nM) or vehicle 6 
h.  Lysates were prepared from these cells and immunoblotted with antibodies specific 
for PARP (, full length PARP; , cleaved PARP), Akt, phospho-Akt, GSK-3β, 
phospho-GSK-3β, Mcl-1, Bak, Noxa or GAPDH.  Data is from a single experiment. 

 
 
 

induced Akt dephosphorylation might also be O2
•–-dependent.  To evaluate this 

hypothesis Jurkat T cells were pre-incubated with MnTBAP and then treated with Bz-

423.  In this experiment, Bz-423-induced Akt dephosphorylation displayed a 

concentration-dependence (IC50 ~7 µM) that is similar to cell death and was prevented by 

scavenging O2
•– with MnTBAP (Figure 3.42B).  In sum, in an effect similar to that 

observed for 2ME, Bz-423 induces O2
•–-dependent dephosphorylation of Akt in Jurkat T 

cells. 
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Figure 3.44 - Bz-423-induced Akt dephosphorylation is independent of Bak. 

(A) The GSK-3β inhibitor SB415286. (B) Jurkat T cells pre-treated with the indicated 
concentrations of SB415286 or vehicle for 30 min and then incubated with Bz-423 (10 
µM) or LY294002 (20 µM) for 6 h.  Lysates were prepared from these cells and 
immunoblotted with antibodies specific for β-catenin, Mcl-1, or GAPDH.  SB415286 
was used at concentrations sufficient inhibit GSK-3β in other systems [413].  Panel B is 
from a single experiment. 

 
 

Effects of Bz-423 on Akt, Mcl-1 and Noxa in cells with reduced levels of Bak: 

Bz-423-induced Akt dephosphorylation is first detected at 4 h (Figure 3.42), which 

corresponds to the timing of MOMP and collapse of Δψm.  This timing suggests that the 

reduction in Akt phosphorylation could be a downstream consequence of the 

mitochondrial apoptotic changes induced by Bz-423, rather than an upstream signal for 

Bak activation.  To address this possibility, the effect of Bz-423 on Akt phosphorylation  

was assessed in Jurkat T cells with reduced Bak levels.  As described above, transient 

transfection with siRNAs targeting Bak blocked Bz-423-induced apoptosis as indicated 

by maintenance of viability and reduced cleavage of the caspase-3 substrate poly (ADP-

ribose) polymerase (PARP) (Figure 3.43; [414]).  Despite this block in apoptosis, Bz-

423-induced Akt desphosphorylation as well as the downstream phosphorylation of GSK-

3β at Ser9 were observed in cells with reduced levels of Bak (Figure 3.43).   
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The observation that Bz-423 decreases Akt and GSK-3β phosphorylation in cells 

with reduced expression of Bak suggests that the downstream effect on Mcl-1 levels will 

also be observed in the absence of Bak.  Inconsistent with this hypothesis, reduction of 

Bak expression by siRNA blocked the Bz-423-induced decrease in Mcl-1 levels (Figure 

3.43).  This data is inconsistent with a mechanism in which Mcl-1 destabilization results 

from an increase in GSK-3β activity because these effects should not be blocked by 

reduction of Bak levels.  In addition, pre-incubation of Jurkat T cells with the GSK-3β 

inhibitor SB415286 failed to block the reduction in Mcl-1 levels induced by Bz-423 

(Figure 3.44B).  Inhibition of GSK-3β by SB415286 was demonstrated in this experiment 

by the accumulation of β-catenin, a transcription factor that is targeted for ubiquitin-

dependent proteasomal degradation after phosphorylation by GSK-3β (Figure 3.44B; 

[413]).   

The inhibitory effect of reducing Bak expression on the Bz-423-induced decrease 

in Mcl-1 levels, suggest data that this effect is not mediated by GSK-3β.  The inhibitory 

effect of Bak on Bz-423-induced Mcl-1 destablization instead suggests that this response 

may result from caspase activation after MOMP.  For instance, caspase-dependent 

degradation of Mcl-1 is observed in Jurkat T cells undergoing apoptosis following 

treatment with the histone deactylase inhibitor LBD589 [135].  

In contrast to the effects on Mcl-1, an increase in levels of the BH3-only protein 

Noxa was observed following Bz-423 treatment in Jurkat T cells with reduced expression 

of Bak (Figure 3.43).  This finding is consistent with a model where Noxa induction 

serves as an upstream signal for activation Bak.  Collecively, analysis of the effects of 

Bz-423 on Akt phosphorylation as well as Mcl-1 and Noxa levels in cells with reduced 
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expression of Bak demonstrates that (1) the decrease in phospho-Akt levels is 

independent of the mitochondrial apoptotic changes, but (2) Mcl-1 destabilization is not 

mediated via an increase in GSK-3β due to inactivation of Akt. 

Bz-423-induced cell death is independent of Akt dephosphrylation: The GSK-3β 

inhibitor SB415286 does not block Bz-423-induced Mcl-1 destabilization, which 

suggests that decreased inhibitory phosphorylation of GSK-3β by Akt is not responsible 

for the reduction in Mcl-1 levels triggered by Bz-423.  However, Akt promotes survival 

by a variety of signals in addition to inhibitory phosphorylation of GSK-3β (see Chapter 

3 Introduction).  The diversity anti-apoptoic signals downstream of Akt suggests that the 

Bz-423-induced inactivation of this kinase might promote Bak activation by a 

mechanism(s) other than Mcl-1 degradation.   

2ME induced apoptosis is blocked by expression of an Akt construct bearing an 

amino-terminal myristoylation sequence (MyrAkt) (Figure 3.45A; [415]).  Enzymatic 

attachment of a hydrophobic myristic acid moiety to amino-terminal Myr sequence 

targets the MyrAkt transgene to lipid membranes independent of PtdIns(3,4,5)P3 levels, 

which leads to constitutive activation of Akt.  The inhibitory effect of MyrAkt expression 

on 2ME-induced apoptosis along with the myriad of anti-apoptoic signals downstream of 

Akt suggests that Bz-423-induced cell death might also be blocked by constitutive 

activation of Akt.   

To determine whether Akt dephosphorylatin (i.e., inactivation) is required for Bz-

423-induced cell death, Jurkat T cells were transiently transfected with a construct in 

which a MyrAkt transgene is followed by an internal ribosome entry site (IRES) that 

directs translation of green fluorescent protein (GFP) (Figure 3.45A).  Translation 
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typically begins at the 5’ end of an mRNA molecule because recognition of the 5’-7-

methylguanosine cap by a series of eukaryotic initiation factors (eIF proteins) is 

prerequisite for ribosome binding [416].  However, IRES enable initiation of translation 

in the middle of an mRNA by directly recruiting the 40S ribosomal subunit [417].  As a 

result, translation of MyrAkt and GFP occurs independently, with the former resulting 

from a 5’-cap-dependent initiation and the latter directed by the IRES (Figure 3.45A).  

Consequently, cells with elevated green fluorescence due to expression of GFP will also 

express the MyrAkt transgene.  This allows for the specific assessment of the viability of 

cells expressing MyrAkt due to their elevated green fluorescence by PI staining of a 

mixed population (Figure 3.45B).   

Transient transfection of Jurkat T cells with either the MyrAkt-IRES-GFP or a 

vector control plasmid only expressing GFP resulted in 15% and 20% increases in green 

fluorescence over mock transfected cells, respectively (Figure 3.45B).  In vehicle treated 

MyrAkt or vector control samples >75% of GFP+ cells are viable based on PI staining.  

However, no difference in Bz-423-induced cell death was observed in the GFP+ 

populations of Jurkat T cells transfected with MyrAkt or the control plasmid (Figure 

3.45C).  These data suggest that Akt dephosphorylation is not a critical signal for Bz-423-

induced cell death.   

Reduced Akt phosphorylation can also result from mechanisms unrelated to PI3K 

activity.  For instance, H2O2, UV radiation or the mitochondrial pro-oxidant fenretinide 

increases levels of the lipid second messenger ceramide by inducing sphingomyelin 

hydrolysis [418-421].  Elevated ceramide levels then stimulate cellular protein  
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Figure 3.45 - Constitutive Akt activation fails to block Bz-423-induced 
apoptosis. (A) pMIG plasmid expressing MyrAkt along with GFP driven by an internal 
ribosome entry sequence (IRES). (B) Simultaneous PI and GFP staining of Jurkat T cells 
transiently transfect with pMIG-MyrAkt-GFP or pMIG-Vector following treatment with 
Bz-423 (10 µM) or vehicle for 24 h. (C) Jurkat T cells were transient transfected with 
pMIG-MyrAkt-GFP () or pMIG-Vector () and treated with the indicated 
concentrations of Bz-423 for 24 h.  Cell death was assessed in the GFP+ population in 
terms of PI permeability. (D) Jurkat T cells were transient transfected with pMIG-
MyrAkt-GFP or pMIG-Vector and then incubated with Bz-423 (10 µM), wortmannin (50 
nM) or vehicle for 6 h.  Lysates prepared from these cells were immunoblotted with 
antibodies specific for Akt, phospho-Akt (Ser473), phospho-Akt (Thr308) or GAPDH.  
Absence of error bars indicates that standard error is <1%.  Panel B and C are 
representative of two separate experiments.  Panel D is from a single experiment. 

 
 
 

phosphatase 2A (PP2A)-like activity resulting in dephosphorylation of a variety proteins 

including Akt [420, 422, 423]. 

To determine whether Bz-423-induced Akt dephosphorylation results from a 

mechanism other than decreased PI3K activity, Jurkat T cells transiently transfected with 

MyrAkt or the vector control plasmid where treated with Bz-423 (10 µM, 6 h).  

Consistent with the findings for 2ME, dephosphorylation of Akt residues Thr308 and 

Ser473 by Bz-423 was prevented in cells transfected with MyrAkt (Figure 3.45D).  This 

protection suggests that Bz-423-induced Akt dephosphorylation is a consequence of 

impaired PI3K activity, although unlike 2ME, maintenance of Akt phosphorylation does 

not inhibit cell death [286]. 

Summary of results: Inhibition of the FoF1-ATPase in respiring cells has two 

direct consequences: decreased ATP synthesis and increased mitochondrial O2
•– 

production [238].  The latter effect arises because protons pumped into the MIS by the 

ETC are unable to return to the matrix via the Fo channel when the FoF1-ATPase is 

inhibited.  Excess accumulation of protons in the MIS (i.e., Δψm hyperpolarization) 
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impedes electron transport placing the MRC in a reduced state that favors generation of 

O2
•– by one-electron reduction of molecular oxygen [293, 350].  The Latter effect appears 

to be predominant in the case of Bz-423 because elevated intracellular O2
•– levels are 

detected in Jurkat T cells treated with Bz-423 for 1 h, while ATP levels are maintained 

until the onset of apoptosis at 4 h.  The observation that Bz-423-induced O2
•– production 

precedes the fall in ATP levels, along with the inhibitory effect of antioxidants on cell 

death, demonstrates that Bz-423 signals apoptosis by elevating O2
•– rather than depleting 

ATP.  

Studies in isolated mitochondria and reconstituted liposomes indicate that pro-

oxidants can promote release of apoptogenic proteins from the MIS by oxidizing matrix-

exposed cysteine residues on the ANT [20, 32, 34, 35].  Oxidation of these residues then 

triggers a conformational change in the ANT which results in sustained opening of the 

mPT pore [13, 37].  However, unlike pro-oxidants rotenone and ATO [32, 343], Bz-423 

does not promote release of O2
•– into the mitochondrial matrix, nor stimulate release of 

MIS proteins from isolated mitochondria.  As a result, extra-mitochondrial factors appear 

necessary to couple the Bz-423-induced O2
•– response to release of cytochrome c and 

other apoptogenic proteins from the MIS.  Pro-apoptotic MIS proteins can also be 

liberated by permeabilization of the mitochondrial outer membrane as a result of 

activation of the pro-apoptotic Bcl-2 proteins Bax and Bak [13, 332].  While these 

proteins play redundant, overlapping roles in response to a variety of apoptotic stimuli 

[87, 391], they are hierarchically activated in response to the Bz-423.  Bak is activated 

earlier and to a greater extent than Bax, and is required for Bz-423-induced MOMP and 



 282 

                
 
 
 
Figure 3.46 - Pro-apoptotic signaling induced by Bz-423 in Jurkat T cells. 

Levels of the BH3-only protein, Noxa, and Bak are rapidly elevated following treatment 
with Bz-423.  These changes lead to preferential activation of Bak, MOMP and 
apoptosis.  Bz-423 also reduces phosphorylation of the pro-survival kinase Akt at 4 h.  A 
similar decrease in Akt phosphorylation is observed in Jurkat T cells treated with 2ME, 
which generates O2

•– by inhibiting SODs [286].  Decreased Akt phosphorylation is 
required for 2ME-induced apoptosis, whereas inactivation of Akt is not required for Bz-
423-induced apoptosis.  This contrast between Bz-423 and 2ME may result from 
differences in the kinetics of O2

•– production.  See text for further detail. 
 

apoptosis.  In contrast, Bax is engaged downstream of Bak activation and is dispensable 

for killing by Bz-423 (Figure 3.46). 

Bak activation is opposed by direct binding of the anti-apoptotic Bcl-2 proteins 

Bcl-xL and Mcl-1 [38, 54, 84].  These inhibitory signals are overcome in response to Bz-

423 in part by an increase in levels of Noxa, a pro-apoptotic BH3-only protein that 

specifically neutralizes Mcl-1 [424].  Bak levels are similarly elevated during this 
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timeframe suggesting a mechanism in which Noxa and Bak combine to overwhelm the 

inhibitory capacity of Mcl-1 and Bcl-xL.  In addition, Bz-423 causes O2
•–-dependent 

inactivation (i.e., dephosphorylation) of Akt, which can destabilize Mcl-1 independent of 

Noxa.  Akt is activated following recruitment of this pro-survival kinase to the plasma 

membrane through interactions with PtdIns(3,4,5)P3.  Production of this lipid second 

messenger is, in turn, mediated by PI3Ks downstream of cell-surface receptors.  Bz-423-

induced O2
•– appears to interfere with PI3K activity because Akt dephosphorylation is 

blocked by expression of a myristoylated Akt construct that is constitutively targeted to 

the plasma membrane.  However, unlike the apoptotic response of Jurkat T cells to O2
•– 

induced by the SOD inhibitor 2ME, MyrAkt expression fails to protect Jurkat T cells 

from killing by Bz-423.   

This difference between Bz-423 and 2ME may derive from the kinetics of O2
•– 

production induced by each pro-oxidant.  While Bz-423-induced O2
•– production peaks at 

2 h, levels of this ROS are not elevated in response to 2ME until after 6 h [286].  

Corresponding to this early increase in O2
•–, Noxa and Bak levels are elevated in Bz-423-

treated Jurkat T cells by 2 h followed by mitochondrial apoptotic changes at 4 h.  In 

contrast, 2ME induced Akt dephosphorylation along with cytochrome c release and 

caspase activation is first observed at 12 h [286].  It is tempting to speculate, therefore, 

that the Bz-423 cell death is insensitive to MyrAkt expression because the early rise in 

O2
•– triggers apoptotic responses (e.g., elevated Noxa and Bak levels) that are 

independent of the effects on Akt activation.  Collectively, these studies demonstrate that 

O2
•–-dependent activation of Bak links the effects of Bz-423 on the FoF1-ATPase to loss 

of mitochondrial outer membrane integrity and apoptosis in T cells (Figure 3.46).  
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Discussion 

The mitochondrial FoF1-ATPase is expressed in all nucleated cells and is required 

for oxidative phosphorylation [238].  Toxicity associated with many drugs that inhibit 

oxidative phosphorylation has discouraged exploration of this enzyme as a drug target 

(e.g., the LD33 of oligomycin is <0.5 mg/kg in rats [425]).  Oligomycin toxicity is thought 

to result from depletion of ATP, which can trigger necrotic cell death [311, 313, 425, 

426].  However, in addition to reducing ATP synthesis, inhibiting the FoF1-ATPase in 

respiring cells forces the MRC into a reduced state that promotes production of O2
•– [237, 

238, 293].  As described in Chapter 1, O2
•– and other ROS are increasingly recognized as 

important signaling molecules.  Hence, FoF1-ATPase inhibitors that promote 

mitochondrial O2
•– production without significantly depleting ATP may have regulatory 

and/or therapeutic properties [283, 301].  For instance, the anti-proliferative and pro-

apoptotic activities of the 1,4-benzodiazepine FoF1-ATPase inhibitor Bz-423 result from 

increased mitochondrial O2
•– production rather than depletion of ATP ([236, 237, 289, 

290, 292] and this work).  Bz-423 is well tolerated in rodents (>100 mg/kg) and 

ameliorates disease in murine models of lupus, arthritis and psoriasis by selectively 

depleting pathogenic lymphoid subsets or inhibiting proliferation of psoriatic skin cells, 

respectively [236, 290, 427].  The therapeutic properties of Bz-423 raise questions 

regarding why this FoF1-ATPase inhibitor does not deplete ATP, how the increase in 

mitochondrial O2
•– signals apoptosis and, most significantly, what predisposes pathogenic 

cells (e.g., autoimmune lymphocytes) to its mechanism of action.   

The experiments described in this chapter were performed to investigate the 

apoptotic response of CD4+ T cell leukemia lines to Bz-423 in order to identify factors 
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that regulate if and how T cells to Bz-423.  Some oxidizing agents induce release of 

cytochrome c and other pro-apoptotic MIS proteins from isolated mitochondrial by 

causing sustained opening of the mPT pore [29, 32, 343, 356].  In contrast, the loss of 

mitochondrial outer membrane integrity observed in response to Bz-423-induced O2
•– 

depends on signaling outside the mitochondria that leads to activation of the pro-

apoptotic Bcl-2 protein Bak.  In unstressed cells, Bak is restrained by direct inhibitory 

binding of the anti-apoptotic Bcl-2 proteins Bcl-xL and Mcl-1 [38, 54, 84].  Following 

treatment with Bz-423, Bak is freed from these inhibitory interactions, in part, by an 

increase in the levels of Noxa, a BH3-only protein that specifically neutralizes Mcl-1 

[424].  Bak levels also rise in response to Bz-423 suggesting that increases in both 

proteins combine to circumvent the inhibitory capacity of Mcl-1 and Bcl-xL. Integrating 

knowledge of this apoptotic cascade with unique characteristics of autoimmune 

lymphocytes provides insight into the selective effects of Bz-423 in vivo.  

Effect of Bz-423 on steady-state ATP levels: Bz-423 does not reduce steady-state 

ATP levels in normally respiring (non-permeabilized) Jurkat T cells prior to the onset of 

apoptosis at ~4 h.  In contrast, modulation of the FoF1-ATPase with Bz-423 elevates 

intracellular O2
•– levels in Jurkat T cells within 1 h of treatment.  Scavenging Bz-423-

induced O2
•– with MnTBAP or vitamin E blocks all downstream components of the 

apoptotic cascade.  Together, these data support a model in which Bz-423-induced 

apoptosis is a consequence of increased mitochondrial O2
•– production rather than 

depletion of ATP.   

The ability to promote mitochondrial O2
•– production without depleting ATP is 

critical is a critical component of the mechanism of action of Bz-423 because apoptosis is 
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an ATP-dependent process [313, 314].  Unlike Bz-423, FoF1-ATPase inhibitors that cause 

large decreases in cellular ATP levels (e.g., oligomycin) that can kill cells via necrosis 

[311, 428].  The lack of a reduction in steady-state ATP concentrations is not due to the 

failure of Bz-423 to inhibit the FoF1-ATPase in Jurkat T cells.  Instead, Bz-423 causes a 

concentration-dependent decrease in the rate of mitochondrial ATP synthesis in Jurkat T 

cells with an IC50 similar to the Ki (~10 µM) for inhibition of the FoF1-ATPase 

mitochondrial preparations.  In contrast to the lack of an effect on ATP levels, 

concentrations of Bz-423 approaching Ki induce a large increase in intracellular O2
•– 

levels that signals apoptosis.  These observations suggest that Bz-423 inhibits FoF1-

ATPase activity to a degree that promotes mitochondrial O2
•– production without 

depleting cellular ATP levels.  

Bz-423 is a mixed inhibitor of ATP synthesis by the FoF1-ATPase that binds to 

both free enzyme and an enzyme•substrate complex with moderate affinity (i.e., Ki ~7 

and ~10 µM, respectively) [283].  By binding to free enzyme, Bz-423 is a competitive 

inhibitor of ADP binding.  However, competitive inhibition of the FoF1-ATPase by Bz-

423 is suppressed in the presence of physiological (high micromolar to low millimolar), 

concentrations of ADP >> Ki [429].  In addition, Bz-423 acts as an uncompetitive 

inhibitor that blocks catalytic activity of the FoF1-ATPase after ADP is bound.  Because 

substrate must be bound in order for an uncompetitive inhibitor to affect catalysis, 

increased [substrate] potentiates uncompetitive inhibition by enhancing formation of 

enzyme•substrate complex.  Therefore, competitive inhibition of the FoF1-ATPase by Bz-

423 will be suppressed at physiological concentrations of ADP, while the uncompetitive 

component of the mechanism will be enhanced.  
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As described in Chapter 1, there are two primary consequences of inhibiting the 

FoF1-ATPase in respiring cells: a reduction in the rate of mitochondrial ATP synthesis 

and a transition from active to resting respiration (state 3 to 4).  The latter effect results 

from the inability of protons to pass through the Fo channel when the FoF1-ATPase is 

inhibited, which causes their accumulation in the MIS and hyperpolarization of Δψm 

(>150 mV) [293, 294].  Increased proton motive force under these conditions (i.e., state 4 

respiration) slows electron transport by the MRC.  This extends the half-lives of reactive 

intermediates (e.g., Fe-S clusters, flavoproteins and ubisemiquinones) capable of single-

electron reduction of O2, which results in increased production of O2
•– [239].  The pro-

apoptotic activity of Bz-423 is, therefore, a consequence of the fact that moderate 

inhibition of the FoF1-ATPase appears sufficient to induce a mitochondrial respiratory 

transition, and as a result, promote production of O2
•–.  This is apparent in the ability of 

[Bz-423] approaching Ki to hyperpolarize Δψm and elevate intracellular O2
•– levels ([237] 

and Figure 3.12B). 

Unlike Bz-423, the polyketide FoF1-ATPase inhibitor oligomycin depletes ATP 

and induces necrosis in cells that rely primarily on oxidative phosphorylation [311, 313, 

425, 426].  Although oligomycin is also a mixed inhibitor of ATP synthesis by the FoF1-

ATPase, it binds free enzyme and an enzyme•substrate complex with much higher 

affinity (i.e., Ki ~10 nM and ~12 nM, respectively) than Bz-423 [283].  Because 

oligomycin binds tightly to the free enzyme, physiological concentrations of ADP will 

compete less effectively (i.e., Ki << Km).  In addition, physiological [ADP] will potentiate 

uncompetitive inhibition of the FoF1-ATPase by oligomycin resulting in high-affinity 

inhibition of both free and substrate-bound enzyme.  Like Bz-423, oligomycin induces a 



 288 

mitochondrial respiratory transition and stimulates mitochondrial O2
•– production [237, 

430].  However, these effects are outweighed by a large decrease in FoF1-ATPase activity 

and the resulting depletion of cellular ATP.  

The effect of oligomycin on cellular ATP levels highlights the importance of 

uncompetitive inhibition to the mechanism of action of Bz-423.  A competitive inhibitor 

of the FoF1-ATPase must be high affinity in order to bind in the presence of physiological 

concentrations of ADP.  However, a high affinity competitive inhibitor is expected to 

also potently block FoF1-ATPase activity resulting in depletion of ATP and necrotic cell 

death.  High affinity binding is not required for activity of an uncompetitive inhibitor 

because it does not compete with substrate.  Therefore, although Bz-423 has moderate 

affinity for FoF1-ATPase (Ki ~10 µM), binding is possible in the presence of 

physiological concentrations of ADP because it is an uncompetitive inhibitor [283].  

Since moderate inhibition of FoF1-ATPase activity appears sufficient to trigger a 

mitochondrial respiratory transition, Bz-423 is able to stimulate production of O2
•– by the 

MRC without inhibiting mitochondrial ATP production to a degree that reduces cellular 

ATP levels. 

The unique characteristics (i.e., moderate affinity, uncompetitive inhibition) of 

Bz-423 may derive from binding to the oligomycin sensitivity-conferring protein (OSCP) 

[237, 283].  The OSCP is a component of the peripheral stalk that links the integral 

membrane Fo component of the mitochondrial FoF1-ATPase with the soluble catalytic F1 

domain [431].  Cryoelectron microscopy images of the FoF1-ATPase show the majority of 

the OSCP (amino acids 1-120) atop F1 with the carboxy-terminal amino acids (120-213)  
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Figure 3.47 - Cryo-electron microscopy images of the FoF1-ATPase and 

peripheral stalk. Blue regions of all images correspond to the F1-c10-ring subcomplex, 
while green regions represent the peripheral stalk and membrane-associated Fo domains. 
(A) Top view of the FoF1-ATPase.  The OSCP is the terminal subunit of the peripheral 
stalk and forms a cap over the central axis of F1.  The OSCP is the recognition site for 
Bz-423 [237]. (B) Side view of the peripheral stalk and membrane-associated Fo subunits. 
(C) Side view of the FoF1-ATPase showing location of peripheral stalk and membrane-
associated Fo domain in relation to F1-c10 ring.  Oligomycin binds at the interface of c10 
ring and membrane-associated Fo domain [432].  Cryo-electron microscopy images 
adapted from [433].  

 
 

interacting with the peripheral stalk (Figure 3.47).  These structural data indicate that the 

OSCP is solvent-exposed.  As such, small molecules are expected to be able to rapidly 

associate with and dissociate from the OSCP.  This prediction is supported by the 

observation that Bz-423 rapidly dissociates (apparent rate constant >0.3 s-1) from the 

FoF1-ATPase [283].  In contrast, dissociation of oligomycin from the ATPase is >10-fold 

slower than Bz-423 (apparent rate constant >0.03 s-1), which is consistent with a tight-
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binding, slow-dissociating inhibitor [283].  The binding site for oligomycin is within Fo 

[434].  Hence, the slow off-rate of oligomycin may derive from the constraints associated 

with dissociation from this membrane-embedded proton channel. 

Concentrations of Bz-423 approaching Ki reduced the rate of mitochondrial ATP 

synthesis by ~50% in permeabilized Jurkat T cells.  Although this degreee of inhibition is 

moderate, it is nevertheless surprising that concentrations of Bz-423 approaching Ki  do 

not deplete cellular ATP levels.  The lack of an effect of Bz-423 on cellular ATP levels 

indicates that Jurkat T cells possess mechanisms to “buffer” a moderate decrease in FoF1-

ATPase activity. 

Inhibition of cytosolic enzymes typically causes a corresponding decrease in flux 

through the pathway controlled by that enzyme.  For instance, reducing activity of the 

glycolytic enzyme 6-phosphofructo-1-kinase with the small-molecule inhibitor 3-(3-

pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) in Jurkat T cells leads to corresponding 

decreases in production of the glycolytic endproduct lactate [435].  This contrasts with 

MRC components, which are present in biochemical excess [436].  Due to this excess 

capacity, inhibition of ETC complexes or the FoF1-ATPase must exceed a critical 

threshold before an overall reduction in respiration (i.e., O2 consumption) and ATP levels 

is observed [436].  

This “mitochondrial threshold effect” is thought to limit the deleterious effects of 

mutations in mitochondrial DNA (mtDNA), which encodes critical subunits of MRC 

complexes I, III and IV as well as the FoF1-ATPase [437].  mtDNA accumulates 

mutations at a rate >10-fold higher than nuclear DNA presumably due to absence 

protective proteins (e.g., histones) and exposure to ROS generated by the ETC [438].  
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Inactivating mutations in mtDNA that impair oxidative phosphorylation and/or stimulate 

production of O2
•– by the MRC are associated with a wide variety of degenerative 

diseases [439].  The mitochondrial threshold effect was first observed in studies where 

cells lacking mtDNA (i.e., ρ0 cells) were reconstituted with a combination of wild-type 

and mutant mtDNA [440].  This approach revealed that mutant mtDNA had to be present 

in excess (>90% in some cases) over wild-type mtDNA before a reduction in 

mitochondrial respiration (i.e., O2 consumption) was observed [441-443].  This 

observation indicates that a subset of wild-type ETC complexes or FoF1-ATPase subunits 

is sufficient to support normal mitochondrial function until their levels fall below a 

critical threshold. 

The presence of excess oxidative phosphorylation capacity also limits the effects 

of small-molecule inhibitors on mitochondrial respiration.  Just as wild-type subunits can 

maintain mitochondrial function in the presence mtDNA encoding for an inactive mutant, 

uninhibited MRC complexes or copies of the FoF1-ATPase can support oxidative 

phosphorylation in the presence of an inhibitor.  Thus, inhibitors of MRC complexes or 

the FoF1-ATPase must overcome the mitochondrial threshold effect in order to disrupt 

oxidative phosphorylation.  For example, FoF1-ATPase activity in rat heart mitochondria 

must be inhibited by ~80% before a decrease in respiration can be detected [444].  Hence, 

moderate inhibition of the FoF1-ATPase by Bz-423 may not exceed the threshold needed 

to impair mitochondrial ATP synthesis in Jurkat T cells.  

In addition, the extent to which inhibition of the FoF1-ATPase overcomes 

mitochondrial threshold effects and impairs oxidative phosphorylation can be offset by 

increased glycolytic ATP production.  For instance, increases in glucose uptake and/or 
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production of the glycolytic end-product lactate are often observed cells treated with 

inhibitors of the MRC or the FoF1-ATPase [274, 445-447].  Lactate production is 

increased by ~30% in Jurkat T cells following inhibition of oxidative phosphorylation by 

the complex III inhibitor antimycin A [274].  This effect is not unique to Jurkat T cells; 

lactate production is elevated in PC-3 colon carcinoma cells (26%) or rat hepatocytes 

(greater than two-fold) treated with oligomycin [445, 446].  Similarly, lactate production 

is increased three-fold in MEFs treated with the complex I inhibitor metformin [447].   

A cellular energy sensor that upregulates glucose metabolism following 

impairment of oxidative phosphorylation is AMP-activated protein kinase (AMPK) 

[448].  AMPK is activated by an increase in cellular AMP/ATP ratio such as that caused 

by treatment of MEFs or hepatocytes with the complex I inhibitor metformin or exposure 

of Jurkat T cells to oligomycin [447, 449, 450].  Once activated, AMPK induces a 

cellular response characterized by up-regulation of catabolic pathways that generate ATP 

and down-regulation of ATP-consuming processes [451].  For example, AMPK 

activation induces expression of the glucose transporter Glut1 and activates the glycolytic 

enzyme phosphofructokinase [452, 453].  The essential role of AMPK in up-regulating 

glucose metabolism following inactivation of oxidative phosphorylation is demonstrated 

by the inability of ampk-/- MEFs to increase lactate production following treatment with 

metformin [447].  

In sum, in the presence of physiological concentrations of ADP, Bz-423 is an 

uncompetitive inhibitor of the FoF1-ATPase with a Ki ~10 µM.  At concentrations 

approaching Ki, Bz-423 inhibits mitochondrial ATP synthesis in permeabilized Jurkat T  
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Figure 3.48 - Chemical structures of the FoF1-ATPase inhibitors oligomycin, 

PK 11195, diindoylmethane and Bz-423.  
 
 
 

cells by ~50%.  However, the same concentrations of Bz-423 increase intracellular O2
•– 

levels, but do not deplete ATP in normally respiring Jurkat T cells.  These data indicate 

that inhibition of FoF1-ATPase activity by Bz-423 may not be sufficient to overcome the 

mitochondrial threshold effect and impair oxidative phosphorylation.  In addition, the 

small degree to which Bz-423 may reduce mitochondrial ATP production is likely offset 

by up-regulation of glucose metabolism, perhaps due to activation of AMPK.  These 

buffering effects are essential for the mechanism of activation of Bz-423 because they 

maintain ATP at level sufficient for apoptosis to occur in response to the O2
•– signal. 

There are FoF1-ATPase inhibitors with properties similar to Bz-423.  For instance, 

micromolar concentrations of the PBR ligand PK11195 inhibit the FoF1-ATPase in an 

OSCP-dependent manner (Figure 3.48; [296]).  Like Bz-423, PK11195 stimulates O2
•– 
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production in Ramos B and Jurkat T cells and scavenging this ROS with MnTBAP 

blocks apoptosis in both cell-types [296].  These observations suggest that the cytotoxic 

and anti-proliferative activity observed with micromolar concentrations of this PBR result 

may result from modulation of the FoF1-ATPase.   

The tryptophan dimer diindolylmethane (DIM) is an anti-tumor agent isolated 

from Brassica vegetables, which has been shown to inhibit the FoF1-ATPase and promote 

mitochondrial ROS production (Figure 3.48; [301]).  Analogous to Bz-423, DIM induced 

ROS production precedes depletion of ATP and the effects of this FoF1-ATPase inhibitor 

of viability and proliferation are blocked by antioxidants [301, 302].  The anti-tumor 

properties of DIM in animal models of cancer [454, 455], along with efficacy of Bz-423 

in murine models of lupus, arthritis and psoriasis [236, 292, 427], suggests that the FoF1-

ATPase can be targeting therapeutically by inhibitors that induce ROS production 

without severely depleting ATP. 

Bz-423-induced O2
•– production: Electrons enter the MRC at complexes I or II 

and exit at complex IV, which catalyzes the four-electron reduction of molecular O2 to 

water (see Chapter 1; [239, 350, 456]).  This process is tightly regulated to prevent 

single-electron reduction of molecular oxygen by redox-active ETC intermediates (e.g., 

Fe-S clusters, flavoproteins and ubisemiquinones) [239, 457].  To minimize this side 

reaction, reactive ETC intermediates are sequestered within large, hydrophobic protein 

complexes in the mitochondrial inner membrane [350].  Nevertheless, between 0.5-3% of 

O2 consumed during active respiration (i.e., state 3, see Chapter 1) is converted to O2
•– 

[458-460].  Accumulation of O2
•– is prevented by superoxide dismutases (SODs), which 

rapidly convert O2
•– into H2O2 (k ~108 M-1s-1) [384].  In the matrix, this reaction is 
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accomplished by an SOD containing a manganese co-factor, while another isoform 

(Cu,Zn-SOD) is present in the cytosol and MIS [265].  H2O2, in turn, is reduced to water 

by catalase or glutathione peroxidase [457, 461].  Together these systems maintain O2
 - 

and H2O2 produced as byproducts of oxidative phosphorylation at ~10-11 and ~10-7 M, 

respectively [371, 462, 463]. 

Production of O2
•– is enhanced under conditions where FoF1-ATPase activity is 

reduced (e.g., by treatment with xenobiotic inhibitors or low ADP levels) relative to 

proton pumping by the MRC [293, 464].  Decreased FoF1-ATPase activity prevents 

passage of protons through the Fo channel, which result in their accumulation in the MIS 

and hyperpolarization of Δψm (>150 mV) [293, 294].  Increased proton motive force 

under these conditions (i.e., state 4 respiration; see Chapter 1) slows electron transport by 

the MRC.  As such, electrons reside longer at redox active sites, which extends the half-

lives of reactive intermediates (e.g., Fe-S clusters, flavoproteins and ubisemiquinones) 

capable of single-electron reduction of O2 [239].   

Although single-electron reduction of molecular oxygen can in principle occur 

throughout the MRC, studies with isolated mitochondria suggest that complexes I and III 

are the primary sources of O2
•– [465-467].  Complex I (NADH ubiquinone 

oxidoreductase) transfers electrons from NADH to a prosthetic flavin-mononucleotide 

and then a series of Fe-S clusters before reducing ubiquinone (Q) to ubiquinol (QH2) 

(Figure 3.49; [468]). O2
•– production by complex I has been studied using the rodenticide 

rotenone, which inhibits the passage of electrons from the terminal Fe-S cluster (N2) to 

ubiquinone (Figure 3.49; [469]).  This block leaves proximal complex I intermediates in a 

reduced state and the N1 and N2 Fe-S centers [470, 471], flavin mononucleotide co-  
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Figure 3.49 - Production of O2

•– by complex I.  NADH transfers two electrons  
(e-) to a prosthetic flavin-mononucleotide (FMN).  These electrons are then passed 
through a series of iron-sulfur (Fe-S) clusters (N1-N5) before reducing ubiquinone (Q) to 
ubiquinol (QH2).  The complex I inhibitor rotenone blocks electron transfer from the 
terminal Fe-S cluster (N2) to the Q binding site(s).  This block leaves distal intermediates 
in a reduced state that can react with O2 to form O2

•–, which is then released into the 
mitochondrial matrix.  See text for additional detail.  Figure adopted from [457]. 

 
 

factors [472] as well as enzyme-bound NADH [473] have all been implicated in O2
•– 

production.  However, the ability of the flavin-modifying compound 

diphenyleneiodonium (DPI) to inhibit rotenone induced O2
•– production argues that the 

flavin-mononucleotide co-factors are the site of incomplete reduction of molecular 

oxygen [472].  Regardless of which reactive intermediates are implicated, a number of 

studies have demonstrated that O2
•– produced by complex I is released solely into the 

mitochondrial matrix [30, 31, 348, 467, 469, 472, 474, 475].   
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Due to the need to maintain Δψm, the mitochondrial inner membrane lacks non-

specific ion channels (porins), which makes it impermeable to charged species.  Those 

charged species that cross the mitochondrial inner membrane do so via specific channels 

such as the adenosine nucleotide translocator (ANT), which mediates ATP/ADP 

exchange [238, 357].  As a result, O2
•– released from the ETC into the matrix is trapped 

in this compartment as demonstrated by the failure to detected increase release of O2
•– 

from isolated mitochondria in response to rotenone [462, 476].  Instead, the increase in 

matrix O2
•– induced by this complex I inhibitor is detected as enhanced release of the 

lipid-soluble O2
•– dismutation product H2O2 from mitochondria [30, 31]. 

Complex III (ubiquinone-cytochrome c oxidase) shuttles electrons from QH2 to 

cytochrome c via a series redox intermediates including hemes, Fe-S clusters and 

ubisemiquinones (QH•–) [477].  Among these intermediates, production of O2
•– by 

complex III occurs via autooxidiation of ubisemiquinone (Reaction 3.1; [457, 466, 478, 

479]). 

 

(3.1)     QH•– + O2  Q + H+ + O2
•–  

 

QH•– are formed at both the QO and QI reaction sites on complex III, which are adjacent 

the MIS and matrix, respectively (Figure 3.50; [480, 481]).  Oxidation of QH2 at QO 

occurs over two steps: the first electron transfer (the QH2 to QH•– redox transition) is to a 

Fe-S cluster.  This redox center is the first in a series of intermediates ultimately resulting 

in reduction of soluble (mobile) cytochrome c.  The second electron (the QH•– to Q redox 

transition) is transferred to the QI reaction site via cytochromes bL and bH (Figure 3.50).   
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Figure 3.50 - Sites of O2

•– production within the Q-cycle of electron transfer 
reactions in complex III. Complex III oxidizes ubiquinone (QH2) to ubiseminquinone 
(QH•–) at the Qo reaction site adjacent the intermembrane space.  This electron (e-) is 
transferred to cytochrome c (Cyt. c) via a Fe-S cluster and heme (c1) intermediates.  The 
e- generated from the subsequent oxidation of QH•– to ubiquinone (Q) is transferred to the 
Qi site via two heme intermediates (bL and bH).  Two-step transfer of electrons from bH to 
Q regenerates QH2 at Qi with the accompanying H+ transfers accounting for proton 
pumping by complex III.  Antimycin A blocks the second e- transfer at Qi, which leads to 
accumulation of QH•– at this reaction center as well as the Qo reaction center adjacent the 
MIS. QH•– autooxidation then leads to production of O2

•– into both the mitochondrial 
matrix and intermembrane space.  The Qi site inhibitors myxothiazole A and stigmatellin 
block initial reduction of QH2, and thereby inhibit antimycin A induced O2

•– production.  
See text for additional detail.  Figure adopted from [457]. 
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This electron transfer sequence leads to regeneration of QH2 by the two-step reduction of 

ubiquinone at the matrix QI site (Figure 3.50). 

While O2
•– is trapped in the matrix, it escapes from the MIS at a rate of ~0.04 

nmol/min/mg protein in normally respiring mitochondria [372].  Consistent with release 

of O2
•– into both the matrix and MIS, this value is increased >8-fold in the presence of 

antimycin A [372].  Transport of O2
•– out of the MIS is likely mediated by ion channels 

(porins) in the mitochondrial outer membrane (e.g., voltage-dependent anion channel 

(VDAC), translocase of the outer membrane (TOM) and the peptide-sensitive channel 

(PSC)) that allow non-specific equilibration of solutes <5 kDa with the cytosol (see 

Chapter 1; [482]).  A specific role for the VDAC in this process has been demonstrated 

by inhibition of this porin with 4,4’-diisothiocyanon-2,2-disulfonic acid stilbene (DIDS), 

which reduced release of O2
•– from isolated mitochondria by >50% [372].   

Transport of O2
•– into the cytosol by VDAC is thought to represent an important 

mechanism for removal of this ROS from the MIS in addition to dismutation of into H2O2 

Cu,Zn-SOD.  VDAC is selective for transports anions due to the presence of positively 

charged residues in the core of this channel [483].  Therefore, positively charged amino 

acids in VDAC may function analogously to positively charged copper atoms which 

attract O2
•– to the catalytic site of Cu,Zn-SOD [484].  In addition, in regions where the 

inner and outer mitochondrial membranes are parallel, the average width of the MIS is 

~22 nM [485].  This distance is less than estimates of the mean displacement of O2
•– in 

the matrix, which is >400 nM even taking into account dismutation by MnSOD [486].  If 

this estimate is applied to the MIS, O2
•– released into this compartment from complex III 
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is predicated to survive long enough to reach VDAC and other mitochondrial outer 

membrane porins. 

Unlike rotenone and antimycin A [30, 353], Bz-423 does not inactivate the O2
•–-

sensitive TCA-cycle enzyme aconitase.  This finding indicates that Bz-423 does not 

cause release of O2
•– into the mitochondrial matrix, which precludes a role for complex I 

in this response.  This conclusion is consistent with the inhibitory effect of the SOD 

mimetic MnTBAP on Bz-423-induced apoptosis. O2
•– release into the matrix would have 

must be converted to H2O2 to escape mitochondria and induce apoptotic signaling outside 

this organelle.  In this case, MnTBAP would be expected to potentiate rather than inhibit 

Bz-423-induced apoptosis by enhancing formation of H2O2. 

Release of O2
•– from isolated mitochondria is increased more than four-fold 

during state 4 respiration induced by treatment with oligomycin [295], which indicates 

that O2
•– is released into the MIS during state 4 respiration.  This observation suggests 

that complex III is the source of O2
•– during state 4 because this complex can release O2

•– 

into the MIS.  The lack of an effect of Bz-423 on aconitase activity further suggests that 

O2
•– is preferentially released into the MIS from complex III under state 4 conditions.  

This contrasts with inhibition of complex III by antimycin A, which promotes production 

of O2
•– on both sides of the mitochondrial inner membrane due to accumulation of QH•– 

at QO and QI (Figure 3.50; [30, 466]).  Although the basis for selective release of O2
•– into 

the MIS by Bz-423 is not clear, an important difference between inhibition of complex III 

with antimycin A is that Δψm is hyperpolarized during state 4 respiration [237].  

Therefore, elevated Δψm may promote preferential release of O2
•– into the MIS from 

complex III by suppressing formation and/or autooxidation of QH•– at the QI reaction site.  
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Kinetic modeling of the influence of Δψm on complex III activity supports the 

hypothesis that O2
•– is preferentially released into the MIS when Δψm is hyperpolarized 

[487].  According to this model, production of O2
•– by complex III increases when Δψm 

exceeds 150 mV because the rate of electron transfer between hemes bL and bH is reduced 

[487].  This redox-reaction is thought to be suppressed because it involves transfer of 

electrons against Δψm from the QO site on the positive face complex III to the QI site near 

the matrix, which is negatively charged [487].  Due to the reduced passage of electrons 

from bL and bH, QH•– intermediates accumulate at the QO reaction site.  Conversely, 

formation of QH•– is suppressed at QI because electrons are not available at bH [487].  

Although the topology was not explicitly addressed in this study, O2
•– is predicted to be 

primarily released into the MIS because QH•– accumulate at QO, while formation of this 

reactive intermediate is suppressed at QI [487].  Hence, the Bz-423-induced O2
•– 

production is predicted to be a consequence of QH•– autooxidation at the QO site of 

complex III.  Once released into the MIS, this ROS can be transported into the cytosol by 

porins (e.g., VDAC) in the mitochondrial outer membrane.  This mechanism is consistent 

with the inhibitory effect of MnTBAP on Bz-423-induced apoptosis because O2
•– itself is 

predicted to be signal that escapes the mitochondria.  

Comparison to other pro-oxidants: Intracellular ROS levels are commonly 

elevated in cells undergoing apoptosis [488].  However, this increase in cellular ROS 

levels often coincides with mitochondrial apoptotic changes such as cytochrome c release 

and collapse of Δψm and is observed during apoptosis induced by agents that are not 

redox active [315, 332, 336].  These findings suggest that increased ROS levels in 

apoptotic cells are a downstream consequence of mitochondrial dysfunction rather than a 
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specific pro-apoptotic signal [315].  A model in which ROS levels are elevated in 

apoptotic cells due to mitochondrial apoptotic changes is supported by the identification 

of a caspase-3 cleavage site in the 75-kDa subunit of MRC complex I [337].  Moreover, 

mutation of this site to a non-cleavable sequence preserves Δψm and reduces O2
•– 

production in HeLa cells treated with STS or Act D [337].   

Although the increase in ROS levels in apoptotic cells appears to often be a 

consequence of mitochondrial dysfunction, a variety of pro-apoptotic agents induce ROS 

early in their death cascade as a means of initiating specific downstream effector 

mechanisms.  For example, the inflammatory cytokine tumor necrosis factor-α (TNF-α) 

signals apoptosis by stimulating production of O2
•– from plasma membrane NADPH 

oxidases [489].  ROS production also plays a proximal role in apoptosis induced by 

small-molecules such as the histone deacetylase (HDAC) inhibitors Vorinostat (Figure 

3.51; [109, 490]).  HDAC inhibition promotes ROS production by suppressing expression 

of the thioredoxin (Trx), a 12-kDa protein that contributes to cellular redox balance by 

reducing disulphide linkages (see Chapter 1; [491]).  Similarly, the proteasome inhibitor 

Bortezomib induces ROS production in Jurkat T cells and primary mantle-cell 

lymphomas prior to the onset of apoptosis (Figure 3.51; [114, 492]).  Although the 

molecular basis for the ROS response accompanying proteasome inhibition is unclear, 

anti-oxidants inhibit apoptotic signaling (e.g., induction of the proapoptotic Bcl-2 protein 

Noxa) along with cell death induced by Bortezomib [114, 492].  FDA approval of 

Vorinostat and Bortezomib for treatment of cutaneous T cell lymphoma and multiple 

myeloma [493, 494], respectively, demonstrates that small-molecules with pro-oxidant 

properties can be clinically useful.  
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Figure 3.51 - Chemical structure of Bortezomib and Vorinostat.  
 
 
 
 
In addition to Bz-423, a variety of agents signal redox-regulated apoptosis by 

perturbing mitochondrial function.  For instance, the estrogen metabolite 2-

methoxyoestradiol (2ME) induces apoptosis in primary leukemia cells and transformed B 

and T cell lines by promoting a gradual accumulation of O2
•– (Figure 3.52; [495, 496]).  

2ME induced O2
•– production is often attributed to inhibition of SOD activity [348, 495, 

496],  however, some reports have suggested other mechanisms including suppression of 

hypoxia-inducible factor-1α (HIF-1α) expression and microtubule destabilization [497-

500].  Consistent with inhibition of SOD activity, 2ME enhances the response of small 

molecules that induce mitochondrial O2
•– production [348].  The selectivity of 2ME for 

neoplastic cells is thought to arise from their increased reliance on antioxidant enzymes 

such as SOD to detoxify elevated basal ROS levels [348, 501, 502].  Initial clinical 

studies of 2ME were halted due to poor bioavailability [503, 504], however, Phase II 

trials using an improved formulation are ongoing [505]. 
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Figure 3.52 - Chemical structure of 2-Methoxyestradiol and Imexon.  
 
 
 
Gradual accumulation of O2

•– is also observed during apoptosis induced by the 

Imexon, a cyanoaziridine that forms covalent adducts with sulphydryls (Figure 3.52; 

[506, 507]).  As a result, Imexon induced O2
•– production may result from depletion of 

cellular GSH pools [506, 507])..  Mitochondrial ultra-structural changes (i.e., swelling) 

consistent with opening of the mPT pore are observed after Imexon treatment in RPMI-

8226 multiple myeloma cells [506].  This data suggests that Imexon, like other thiol 

cross-linking agents, may also trigger mPT pore opening by directly reacting with ANT 

cysteine residues [506].  Imexon has anti-tumor activity in animal models of cancer [508, 

509], and was well tolerated in a Phase I clinical trial [510].  Together, the therapeutic 

properties of 2ME and Imexon demonstrate that modulating cellular redox buffering 

capacitymay be a therapeutically useful strategy to selectively kill cancer cells. 

While rotenone and antimycin A are unsuitably toxic for clinical use, some MRC 

inhibitors have therapeutic properties [475, 511].  For instance, the arsine oxide (As2O3) 

Trisenox is currently marketed for treatment of acute promyelocytic leukemia [512].  

This drug inhibits mitochondrial respiration (i.e., O2 consumption) and induces O2
•– 

production in a variety of cell-types [348, 513].  Trisenox induced O2
•– production 
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requires MRC activity because this response is not observed in cells where oxidative 

phosphorylation is impaired by depletion of mitochondrial DNA [348].  On a 

biochemical level, Trisenox conjugates vicinal cysteine residues due to the strong affinity 

of thiols for the soft As(III) ion [513, 514].  The resulting dithioarsenite linkages 

modulate the activity proteins that depend on the cross-linked cysteine residues [514, 

515].  Trisenox, like other thiol cross-linking agents, induces large-amplitude swelling 

and cytochrome c release in isolated mitochondria [343].  Both responses are diagnostic 

of mPT pore opening, which suggests that Trisenox may cross-link ANT cysteine 

residues.  However, Trisenox induced mPT pore opening and apoptosis are inhibited by 

anti-oxidants that scavenge O2
•– [343, 348], which suggests that these responses are 

mediated by an ROS intermediate rather than direct conjugation of ANT cysteines. 

As described in the preceding section, the FoF1-ATPase inhibitor DIM, like Bz-

423, stimulates mitochondrial ROS production without depleting cellular ATP levels 

(Figure 3.48; [301, 516]).  Consistent with an ROS-dependent mechanism, the growth-

inhibitory and pro-apoptotic activities of DIM are both inhibited by anti-oxidants [301, 

302].  In addition, therapeutic activity of DIM has been demonstrated by successful 

treatment (i.e., reduced tumor volume) of mammary cancer in female Sprague-Dawley 

rats exposed to the chemical mutagen 7,12-dimethylbenz(a)anthracene [454, 455], 

Collectively, these results demonstrate that increased intracellular ROS levels can 

act as an upstream signal leading to apoptosis.  Although some inhibitors of the MRC are 

toxic (e.g., oligomycin, rotenone and antimycin A), the SOD inhibitor 2ME and the FoF1-

ATPase inhibitors DIM and Bz-423 have have demonstrated efficacy in pre-clinical 

models of cancer and autoimmune disease.  Together, these studies suggest that small-
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molecule mitochondrial pro-oxidants can have therapeutic properties.  In addition, the 

recent FDA approval of the proteasome-inhibitor Bortezomib and HDAC-inhibitor 

Vorinostat, both of which induce ROS-dependent apoptosis, further supports the assertion 

that small molecule pro-oxidants can be clinically useful. 

Preferential Bak activation: Release of cytochrome c and other pro-apoptotic 

proteins from the MIS is often (as in the case for Bz-423) the point at which cells commit 

to apoptosis.  The pro-apoptotic Bcl-2 proteins Bax and Bak promote release of 

cytochrome c from the MIS by permeabilizing the mitochondrial outer membrane.  In 

response to apoptotic stimuli Bax and Bak undergo a conformational change (termed 

activation) that results in formation of homo-oligomeric pores [517].  Reconstitution of 

activated Bax or Bak with liposomes indicates that the multimeric forms of either protein 

are sufficient to permeabilize lipid bilayers [518].  The ability of either Bax or Bak to 

each individually permeabilize liposomes suggests that they function redundantly, which 

should allow for apoptosis to proceed if either protein is deleted. 

The capacity of Bax and Bak to function redundantly during apoptosis has been 

tested by determining the sensitivity of MEFs derived from bax-/-, bak-/- or double-

knockout mice to a range of apoptotic stimuli [87, 89, 396].  In contrast with the 

redundant activity of Bax and Bak in liposome permeabilization assays, MEFs derived 

from bax-/- or bak-/- mice display equivalent, partial protection (~50%) to apoptosis 

induced by DNA damage, microtubule destabilization, growth factor deprivation and 

endoplasmic reticulum stress [87].  Consistent with the response to other apoptotic 

stimuli, partial protection from Bz-423-induced cytochrome c release and apoptosis is 

observed in bax-/- or bak-/- MEFs [396].  The inability of Bax and Bak to fully compensate 
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for one another is not unique to MEFs.  Partial protection from dexamethasone or 

cytokine-deprivation induced apoptosis is observed in thymocytes from bax-/- or bak-/- 

mice [89].  Likewise, in vivo hepatocyte apoptosis was reduced by ~35% in bax-/- or bak-/- 

mice following administration of a Fas agonist antibody [87].  While apoptosis induced 

by ligation of the Fas death receptor is independent of the mitochondria in lymphocytes, 

this response depends on activation of Bax and Bak by tBid in hepatocytes [103]. 

One explanation for the protection of bax-/- or bak-/- MEFs from apoptotic stimuli 

is that liposomes are a poor model of the mitochondrial outer membrane, which contains 

a variety of proteins (e.g., components of the mPT pore or the mitochondrial 

fission/fussion machinery) that interact with Bax and Bak [53, 519].  These interactions 

could limit Bax or Bak activation such that both proteins are necessary to efficiently 

permeabilize the mitochondrial outer membrane.  This hypothesis is not supported by 

studies using isolated mitochondria as a model system [358, 518].  For instance, Bak 

activation and quantitative release of cytochrome c is observed when mitochondria 

isolated from the liver of bax-/- mice are stimulated with the active, truncated form of the 

BH3-only protein Bid (tBid) [358].  Likewise, the combined addition Bax and tBid can 

permeabilize mitochondria isolated from the liver of bak-/- mice [518].  The ability of Bax 

or Bak to permeabilize isolated mitochondria suggests that many cell-types may lack 

sufficient levels of Bax and Bak for either protein to individually permeabilize the 

mitochondrial outer membrane.  However, bax-/- MEFs are as sensitive as wild-type 

MEFs to apoptosis induced by the combined over-expression of Bad and Noxa, which 

activates Bak by neutralizing Bcl-xL and Mcl-1, respectively [97].  This experiment 

suggests that solitary activation of Bak is sufficient to induce MOMP in a cellular 
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context.  As such, the resistance of Bax- or Bak-deficient cells to apoptotic stimuli may 

result from inefficient activation of the remaining protein. 

The sensitivity of bax-/- MEFs to combined over-expression of Bad and Noxa 

demonstrates that Bak is sufficient to induce MOMP.  However, expression of full-length 

BH3-only proteins is not a viable therapeutic approach and small-molecule BH3-domain 

mimetics have not been validated clinically [520, 521].  An important question, therefore, 

is whether apoptotic stimuli that do not directly engage Bcl-2 proteins can activate Bak to 

the same extent as combined over-expression of Bad and Noxa.  This question is 

particularly relevant for induction of apoptosis in cancer cells or autoimmune 

lymphocytes, which often harbor signals (e.g., elevated PI3K-Akt activity or Bcl-2 

overexpression; [224, 228, 521]) that suppress mitochondrial translocation and activation 

of Bax (see Chapter 3 Introduction).  Therefore, robust activation of Bak could be used to 

induce MOMP in cells where translocation and/or activation Bax is impaired.  

In contrast to the results in MEFs, Bax and Bak function non-redundantly during 

Bz-423-induced apoptosis in Jurkat T cells.  Bak is activated earlier (i.e., during a 

timeframe coincident with MOMP) and to greater extent than Bax in Jurkat T cells 

treated with Bz-423.  In addition, reducing expression of Bak blocks Bz-423-induced 

MOMP.  In contrast, activation of Bax is only detected after MOMP and is blocked by 

the pan-caspase inhibitor zVAD-fmk or knockdown of Bak by siRNA.  Together, these 

observations indicate that Bak mediates Bz-423-induced MOMP, while Bax is activated 

as part of a caspase-dependent amplification loop after release of cytochrome c and 

Smac/DIABLO.  Given that release of cytochrome c and other apoptogenic proteins from 

the MIS is the point at which Jurkat T cells commit to die in response to Bz-423, it is not 
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surprising that Bak is necessary for Bz-423-induced apoptosis, while Bax is dispensable.  

These findings demonstrate that Bak is both necessary and sufficient to permeabilize the 

mitochondrial outer membrane in Jurkat T cells treated with Bz-423. 

The preferential activation of Bak in Jurkat T cells treated with Bz-423 suggests 

the presence of regulatory mechanisms that specifically suppress activation of Bax in this 

cell-type.  Recent advances in the understanding in the understanding how Bax and Bak 

are regulated supports this hypothesis.  Differential regulation of Bax and Bak is apparent 

in their sub-cellular distribution; Bak is constitutively localized to the mitochondrial outer 

membrane [53], while Bax resides in the cytosol and redistributes to the mitochondria in 

response to apoptotic stimuli [395].  The signal(s) responsible for Bax translocation 

appear to be distinct from the Bcl-2 family because anti-apoptotic Bcl-2 proteins only 

bind Bax at the mitochondrial outer membrane [38, 84].   

In contrast, phosphorylation appears to play a role in regulating the sub-cellular 

distribution of Bax (see Chapter 3 Introduction).  For instance, translocation of Bax to the 

mitochondria is opposed by the pro-survival kinase Akt.  This was first demonstrated by 

Rathmell, et al who found that activation of Bak due to cytokine deprivation in the 

FL5.12 hematopoietic precursor cell line was suppressed by expression of a constitutively 

active Akt transgene [62].  Subsequently, constitutive activation of Akt has also been 

shown to impede Bax translocation in neutrophils and T cells [63, 64].  In primary human 

neutrophils this results from phosphorylation of Bax by Akt at Ser184 [64].  In the 2B4 

and D11S murine T cell lines, however, Akt-dependent sequestration of Bax in the 

cytosol requires amino-terminal amino acids 13-29 [63].  Regardless of the precise 

domain requirements, the finding that Akt activation blocks Bax translocation suggests 
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that this response may be suppressed in Jurkat T cells, where deficiency of the lipid 

phophatase PTEN leads to elevated basal levels of Akt activity [411].   

If constitutive activation of Akt suppresses Bax translocation in Jurkat T cells, 

inactivation of PI3K-Akt signaling should promote this response.  In support of this 

hypothesis, Bax translocation is first observed in Bz-423-treated Jurkat T cells at 8 h, 

while levels of phosphorylated (i.e. active) Akt levels are reduced by 4 h.  In contrast to 

Bz-423, Bax translocation coincides with MOMP in Jurkat T cells treated with STS.  The 

apoptogenic activity of STS results from inhibition of cytosolic kinases including c-Src, 

protein kinase C, IκB kinase as well as Akt [394].  The Ki for inhibition of Akt is ~20 nM 

[522], which is well below the concentration of STS (0.5 µM) used in this study.  As a 

result, the nearly quantitative (i.e., >90%) translocation and activation of Bax in response 

to STS is expected to result from direct inhibition of Akt, which frees this proapoptotic 

Bcl-2 protein to redistribute to the mitochondria. 

 Even after Bax translocates to the mitochondrial outer membrane in response to 

Bz-423, Bax activation opposed by anti-apoptotic Bcl-2 proteins.  As described in the 

introduction to Chapter 3, regulation of Bax and Bak also differs with regards to binding 

of anti-apoptotic Bcl-2 proteins (Figure 3.4).  Bak is subject to inhibitory binding by Mcl-

1, A1 and Bcl-xL [54, 83].  By contrast, after redistribution to the mitochondrial outer 

membrane, Bax activation is inhibited by association with Mcl-1, Bcl-2, Bcl-xL and Bcl-

w [84].  These differences suggest that the barrier for activation of Bak is lower because 

(1) it is not obligated to translocate to the mitochondrial outer membrane and (2) it is 

bound by fewer anti-apoptotic Bcl-2 proteins.  Of note, levels of A1 and Bcl-w were 

below the limits of detection by immunoblot in Jurkat T cells (Figure 3.37).  Hence, 
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activation of Bak in Jurkat T cells is expected to only require neutralization of Mcl-1 and 

Bcl-xL.   

Levels of the BH3-only protein Noxa are elevated in Jurkat T cells treated with 

Bz-423.  An increase in Noxa levels is consistent with preferential activation of Bak 

because this BH3-only protein specifically binds to Mcl-1, which frees Bak from this 

inhibitory interaction (see Chapter 3 Introduction).  In addition to playing a role in the 

apoptotic response of Jurkat T cells to Bz-423, an increase in Noxa levels contributes to 

apoptosis induced by other oxidizing agents.  For example, levels of this BH3-only 

protein are elevated in multiple myeloma cell lines following treatment with Trisenox or 

oxidative stress associated with the inhibition of the proteasome [114, 115].  In both 

cases, Bak is displaced from Mcl-1 following binding of Noxa, although the relative 

contribution of Bax and Bak to cell death was not examined [114, 115].  In addition, 

expression of Noxa is induced in SK-N-SH neuroblastoma cells by the herbicide 

paraquat, which generates O2
•– by redox cycling reactions in the MRC [116].  Hence, the 

increase in Noxa levels following treatment with Bz-423 is consistent with the apoptotic 

cascades induced by other oxidizing agents as well as preferential activation of Bak.   

Noxa was first identified as a p53 response gene [111].  However, p53-dependent 

induction of Noxa is unlikely to contribute to the increased levels of Noxa following 

treatment with Bz-423 because Jurkat T cells lack this transcription factor [523].  Given 

that Noxa is induced in response to apoptotic stimuli (e.g., oxidative stress, proteasome 

inhibition and hypoxia) besides DNA damage, it is not surprising that noxa expression 

can be induced by other transcription factors including c-Myc, E2F-1 and hypoxia 

inducible transcription factor-1α (HIF-1α) [524-526].   
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The cytotoxic activity of the proteasome inhibitor Bortezomib in melanomas 

results from over-accumulation of c-Myc, which then induces expression of Noxa [524].  

A similar mechanism is not anticipated to underlie the increase in Noxa levels triggered 

by Bz-423 in Jurkat T cells.  This is because Bz-423 has been shown to block growth in 

Ramos B cells by stimulating proteasomal degradation of c-Myc (see Chapter 2; [289]).  

In addition, c-Myc levels are reduced in Jurkat T cells treated with by pro-apoptotic 

concentrations of Bz-423 (Figure 3.40).   

After release from retinoblastoma protein (pRb), E2F transcription factors 

stimulate expression of genes that mediate G1-S phase cell cycle progression [527], but 

have also been shown to induce BH3-only proteins including Puma, Noxa and Bim [526].  

In Ramos B cells, Bz-423-induced growth arrest is associated with a reduction in pRb 

phosphorylation [289].  In its hypophosphorylated form, pRb binds to E2F proteins and 

suppresses their ability to activate transcription [528].  As a result, Bz-423 treatment is 

expected to result in decreased E2F transcriptional activity, which suggests that induction 

of noxa by E2F proteins are unlikely to be responsible for the increase in levels of this 

protein in response to Bz-423. 

HIF-1α is the principle regulator of the cellular response to hypoxia, which 

involves upregulation of genes involved in glucose metabolism, cytoskeletal 

reorganization, iron homeostasis, angiogenesis and apoptosis (e.g. Noxa) [529].  While 

HIF-1α is expressed constitutively, it is rapidly degraded by the ubiquitin-proteasome 

system (UPS) at physiological O2 tension [530].  Targeting of HIF-1α to the UPS 

involves hydroxylation of proline residues by prolyl hydroxylases, which use O2 and non-

heme Fe2+ as co-factors [531].  Although prolyl hydroxylase activity is reduced during 
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hypoxia due to diminished availability of O2 [532], inactivation by mitochondrial-derived 

ROS also appears to play a role [529].  This was first suggested by the observation that 

HIF-1α stabilization is reduced when HeLa cells which have an inactive MRC due to 

depletion of mitochondrial DNA are exposed to hypoxic conditions [533].  O2
•– fhas been 

specifically implicated in prolyl hydroxylase inactivation due to the ability of MnTBAP 

to block hypoxia induced HIF-1α stabilization in wild-type HeLa cells [533].  Finally, 

stabilization of HIF-1α has also been observed under physiological O2 tension in 

response to the O2
•– burst induced following stimulation of rat alveolar epithelial cells 

with TNF-α [534].  Hence, Bz-423-induced O2
•– might likewise promote inactive prolyl 

hydroxylase activity leading to stabilization of HIF-1α and induction of noxa.  

As described in the introduction to Chapter 3, inhibitory binding by Mcl-1 and 

Bcl-xL blocks activation of Bak in unstressed cells.  Noxa binds tightly to Mcl-1, but does 

not associate with Bcl-xL [95].  Hence, Bz-423-induced activation of Bak is anticipated to 

require an additional signal to neutralize Bcl-xL.  Another BH3-only protein could serve 

as this signal.  For instance, apoptosis induced by UV irradiation of MEFs is a 

consequence of increased expression of Noxa and release of Bmf from the DLC2 subunit 

of the myosin motor complex [133, 535].  Once released from DLC2, Bmf binds tightly 

to Bcl-xL, which leads to activation of Bak when combined with neutralization of Mcl-1 

by Noxa.  However, levels of the BH3-only proteins Bim and Puma were not elevated in 

response to Bz-423.  Likewise, processing of Bid to its active, truncated from is not 

observed.  Together, these data argue against a contribution by these BH3-only proteins, 

which bind promiscuously to all five anti-apoptotic Bcl-2 proteins (see Chapter 3 

Introduction).  In addition, engagement of Bim, Puma and Bid is inconsistent with 
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preferential activation of Bak because these BH3-only proteins would neutralize Bcl-2 

along with Bcl-xL, which could lead to activation of Bax [95].   

A role for Bad and Bmf are similarly difficult to reconcile with preferential 

activation of Bak because these BH3-only proteins can activate Bax by neutralizing Bcl-2 

[95].  More importantly, levels of Bad and Bmf were stable in Jurkat T cells following 

treatment with Bz-423 for up to 8 h.  Engagement of Bik or Hrk is consistent with 

preferential activation of Bak because both BH3-only proteins bind Bcl-xL, but not Bcl-2 

[95].  However, Bik levels were below the limits of detection by immunoblot in both 

vehicle and Bz-423-treated Jurkat T cells.  Changes in Hrk were not examined because 

expression of this BH3-only protein is restricted to the nervous system where it 

contributes to apoptosis induced by withdrawal of neural growth factors [152].  

While increased levels of BH3-only proteins (i.e., besides Noxa) is not observed, 

Bak levels are elevated more than two-fold after exposure to Bz-423 for 2 h and continue 

to rise till present at a level greater than six-fold above control at 8 h.  The increase in 

Bak levels in Bz-423-treated Jurkat T cells is unusual because Bax and Bak are not 

typically regulated transcriptionally, with activation of these proteins instead depending 

on the relative levels of BH3-only proteins and anti-apoptotic Bcl-2 proteins [38, 97].  

There are examples, however, where Bak levels are elevated during apoptosis.  Bak 

expression is induced in HL-60 B cells stimulated with interferon-γ as well as in HeLa 

cervical carcinoma cells treated with cyclooxygenase inhibitor Celecoxib [401, 402].  In 

the latter case, Bak induction is mediated by the growth arrest and DNA damage 

(GADD) inducible transcription factor GADD153 [401].  In addition, Bak expression has 

been shown to be induced by oxidative stress.  For example, Bak mRNA and proteins 
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levels are elevated in SH-SY5Y neuroblastoma cells treated with H2O2.  Induction of Bak 

by H2O2 is associated with increased binding of the transcription factors NFκB and 

NFAT to the bak1 promoter region [403]. 

Given the essential role that Bak activation plays in Bz-423-induced apoptosis in 

Jurkat T cells, it seems likely that increased Bak levels might contribute to this response.  

This hypothesis is consistent with the indirect activation model, which contends that 

neutralization of anti-apoptotic Bcl-2 proteins is sufficient to signal activation of Bax and 

Bak (see Chapter 3 Introduction).  Therefore, an increase in Bak levels is predicted to be 

a potent apoptotic stimulus because unbound Bak and Bax (i.e., after translocation to the 

mitochondrial outer membrane) do not require an additional stimulus to induce MOMP 

[84, 98].  Hence, a contribution by BH3-only proteins in addition to Noxa may not be 

required to for activation of Bak in response to Bz-423.  Instead, neutralization of Mcl-1 

by Noxa combined with the increase in Bak levels is predicted to saturate Bcl-xL resulting 

in accumulation of free (i.e., active) Bak.  This mechanism is consistent with preferential 

activation of Bak in response to Bz-423 because neither Noxa nor Bak has been shown to 

disrupt association of Bax with Bcl-2 [84, 95].  In addition, an increase in Bak levels 

alone could be sufficient to overwhelm the inhibitory capacity of Mcl-1 and Bcl-xL, 

which may explain why Bz-423-induced apoptosis is only partially blocked (i.e., the EC50 

for cell death is increased by ~25%) iin Jurkat T cells by reduction of Noxa expression. 

Hierarchical activation of Bak and Bax has been described in apoptotic models 

besides Jurkat T cells treated with Bz-423.  For instance, Bax and Bak are hierarchical 

activated in HeLa cervical carcinoma or A549 non-small cell lung cancer cells treated 

with pro-oxidant concentrations of the DNA-damaging agent cis-  
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Figure 3.53 - Mechanistic hypothesis for preferential activation of Bak by Bz-

423 in CD4+ T cells leukemia lines.  Bax activation is suppressed by inhibitory 
mechanisms that do not affect Bak.  The pro-survival kinase Akt, which is constitutively 
active in CD4+ T cell leukemia lines, suppresses Bax translocation to the mitochondria.  
In addition, Bax activation is inhibited by Bcl-2, Bcl-xL and Mcl-1, while activation of 
Bak is only blocked by Bcl-xL and Mcl-1.  Bz-423 increases levels of Bak and the BH3-
only protein Noxa, which speciically neutralizes Mcl-1.  The resulting increase in free 
Bak levels overwhelms the inhibitory capacity of Bcl-xL, leading to Bak activation, 
MOMP and apoptosis.  Bax is not activated by the increases in Noxa and Bak levels 
because these responses do not reduce Akt activity or disrupt Bax•Bcl-2 interactions.  
See text for additional detail. 

 
 
 

diamminedichloridoplatinum(II) (CDDP) [536, 537].  CDDP is an inorganic platinum 

complex that cross-links DNA by coordinating basic sites on purine nucleotides [538].  

These adducts activate cellular DNA damage machinery, which can cause activation of 

p53 [539].  Indeed, p53-depedent mechanisms (e.g., induction of Puma) mediate 



 317 

apoptosis induced by concentrations of CDDP below ~40 µM [540].  However, CDDP 

induced apoptosis is independent of p53 at concentrations >40 µM and is instead thought 

to result from increased intracellular O2
•– levels [540].  Depletion of GSH as well as 

direct oxidation of the platinum ion have been suggested as mechanisms for CDDP 

induced O2
•– production [541].  Regardless of the mechanism by which CDDP elevates 

intracellular O2
•– levels, apoptosis induced by 50 µM or 100 µM CDDP is prevented by 

pre-incubation of A549 cells with the GSH precursor N-acetylcysteine (NAC) [542]. 

The kinetics of Bax and Bak activation have not been examined in HeLa or A549 

cells treated with concentrations of CDDP >40 µM [537, 542].  However, in both cases 

reducing expression of Bak blocks CDDP induced Bax activation [537, 542].  

Conversely, activation of Bak in response to CDDP is unaffected by knockdown of Bax 

[537, 542].  As observed for Bz-423-induced apoptosis in Jurkat T cells, knockdown of 

Bak blocked CDDP induced cytochrome c release in HeLa cells, while reducing Bax 

expression provided no protection [537].  The role of Bax or Bak in mediating 

mitochondrial apoptotic changes induced by CDDP was not examined in HeLa cells 

[542].  However, reducing Bak expression protected A549 cells from cell death induced 

100 µM CDDP to a greater extent (55%) than knockdown of Bax (35%) [542]. 

 The herbicide paraquat stimulates mitochondrial O2
•– production by participating 

in redox cycling reactions in the MRC and induces O2
•–-dependent apoptosis in SK-N-SH 

neuroblastoma cells [116, 475].  As described above, levels of Noxa are elevated in SK-

N-SH cells treated with paraquat [116].  Also similar to the effects of Bz-423 in Jurkat T 

cells, Bax and Bak function non-redundantly in paraquat induced apoptosis in SK-N-SH 

cells [116].  Reducing Bak levels with siRNA protected SK-N-SH cells against paraquat 



 318 

induced apoptosis, while Bax knockdown had no effect [116].  Along with these effects 

in SK-N-SH cells, primary neurons from bak-/- mice were resistant to paraquat-induced 

apoptosis in vivo [116].  

Two common themes emerge from these studies of the role of Bax and Bak Bz-

423, CDDP and paraquat induced apoptosis.  First, Bak activation is both necessary and 

sufficient to induce MOMP in several cell-types.  Second, preferential activation of Bak 

appears to be shared response to increased intracellular O2
•– levels, perhaps due to 

induction of Noxa.  As described above, both points are consistent with recent 

developments in the understanding of the regulation of Bcl-2 proteins, which indicate that 

the activation barrier for Bak is lower than for Bax [63, 64].  While preferential activation 

of Bak had been demonstrated by genetic approaches (e.g., combined over-expression 

Bad and Noxa), these studies demonstrate that similar specificity can be obtained with 

agents that do not directly engage Bcl-2 proteins.  This finding is significant because 

inducing MOMP (and as a result apoptosis) by specifically activating Bak alone 

represents a means to circumvent blocks in Bax translocation and/or activation often 

observed in cancer cells and autoimmune lymphocytes.  

Bioenegetics of autoimmune lymphocytes: Characterization of Bz-423-induced 

apoptosis in CD4+ T cell leukemia lines revealed two critical points of regulation: 

mitochondrial O2
•– production and activation of the pro-apoptotic Bcl-2 protein Bak.  

This section of the discussion will focus on factors predisposing autoimmune 

lymphocytes to produce O2
•– in response to Bz-423. 

Bz-423-induced O2
•– production results from modulation of the FoF1-ATPase.  As 

described above, inhibition of the FoF1-ATPase in respiring cells reduces the rate of 
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mitochondrial ATP synthesis and forces the MRC into a reduced state favoring the 

production of O2
•– (see Chapter 1).  This ROS then activates signaling external to the 

mitochondria that leads to activation of Bak, and as a result, MOMP and apoptosis.  This 

mechanism of action suggests that increased reliance on oxidative phosphorylation will 

sensitize cells to Bz-423.  This hypothesis is supported by studies in which HepG2 

hepatocarcinoma cells were cultured in media in which galactose is substitutued for 

glucose [543].  While galactose is substrate for glycolysis, its conversion to lactate yields 

no net ATP, which leads to increased metabolic flux through oxidative phosphorylation 

[544].  HepG2 cells in galactose/glutamine media were at least four-fold more sensitive 

to cell death induced by the FoF1-ATPase inhibitor oligomyin, the complex I inhibitor 

rotenone or the complex III inhibitor antimycin A relative to control cells cultured in the 

presence of glucose [543].  Importantly, rotenone induced apoptosis has been shown to 

be O2
•–-dependent [348], which suggests that increasing dependence on oxidative 

phosphorylation will sensitize a cell to agents that promote mitochondrial O2
•– 

production.  As such, cells that depend heavily on mitochondrial respiration for ATP 

production are likely to be sensitized to Bz-423-induced O2
•– production and apoptosis. 

Administration of Bz-423 to MRL-lpr mice improves autoimmune 

glumeronephritis and causes specific depletion of splenic CD4+ T cells, which is the 

lymphoid subset responsible for disease in this murine model of lupus.  Differential 

expression of the OSCP (e.g., levels of this protein are elevated nearly three-fold in 

lymphocytes relative to other cell-types; [241]) may play a role in the selective effects of 

Bz-423 in MRL-lpr mice.  However, because the FoF1-ATPase is present in all nucleated 

cells, other factors are likely to contribute to selectivity.  For instance, specific depletion 
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of MRL-lpr CD4+ T cells may result, in part, from phenotypic changes that sensitize this 

lymphoid subset to Bz-423.  In this case, Bz-423 might also display efficacy in other 

diseases where the pathogenic cells share a similar phenotype.  In support of this 

hypothesis, Bz-423 improves autoimmune glomerulonephritis in the (NZB x NZW)F1 

(NZB/W) murine model of lupus, which results from pathogenic expansion of germinal 

center (GC) B cells (see Chapter 2 Introduction).  Disease improvement in NZB/W mice 

is accompanied by specific apoptosis of GC B cells.  The lineage-specific effects of Bz-

423 in MRL-lpr and NZB/W mice suggest that autoimmune lymphocytes may harbor a 

common set of abnormalities that confer sensitivity to Bz-423.  As described above, 

increased reliance on mitochondrial ATP production sensitizes Hep2G cells to drugs that 

modulate mitochondrial metabolism [543].  Therefore, increased mitochondrial 

metabolism is expected to likewise predispose cells to produce O2
•– in response to 

inhibition of the FoF1-ATPase, and perhaps, act as a phenotype that predisposes 

autoimmune lymphocytes to Bz-423.   

 The hypothesis that autoimmune lymphocytes harbor mitochondrial bioenergetic 

abnormalities that predispose them to Bz-423 is challenging to evaluate because a means 

of identifying the pathogenic cell population is not available [201].  Nevertheless, 

information on disease-related changes in autoimmune lymphocytes can be extracted 

from examination of the total population (i.e., both pathogenic and non-pathogenic) of 

peripheral blood lymphocytes from systemic lupus erythematosus (SLE) patients. 

Analysis mitochondrial and redox characteristic of peripheral blood lymphocytes from 

SLE patients has been carried out by Perl, et al. [294, 545-547].  These experiments have 

demonstrated that peripheral blood T cells from SLE patients display a ~50% increase in 
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mitochondrial mass relatove to T cells from healthy volunteers (147 vs. 100 mean 

fluorescence units, respectively) as measured with MitoTracker Green, a Δψm-insensitive 

mitochondrial dye [548].  This increase in mitochondrial mass likely results from the 

presence of larger numbers of mitochondria per cell in peripheral blood T cells from SLE 

patients (8.76 ± 1.0) compared to healthy volunteers (3.18 ± 0.28) [548].  Additionally, 

mitochondria in peripheral blood T cells from SLE patients are more highly energized 

(i.e., Δψm is hyperpolarized) than those of healthy volunteers (130 vs. 100 mean 

fluorescence units) as measured by the Δψm-sensitive dye TMRM [548].  Finally, 

mitochondrial respiration (i.e., O2 consumption) is elevated by >50% in peripheral blood 

lymphocytes from SLE patients [549].  Collectively, these findings provide evidence that 

increased mitochondrial metabolism is a common feature of autoimmune lymphocytes. 

 The increase in proton motive force that accompanies hyperpolarization of Δψm 

slows electron transport by the MRC by energetically disfavoring translocation of protons 

across the mitochondrial inner membrane (see Chapter 1) [239].  As a result, the half-life 

of reactive ETC intermediates (e.g., Fe-S centers, flavoproteins and ubisemiquinones) 

capable of single-electron reduction of O2 is extended, which favors production of O2
•–.  

Hence, the increase in Δψm in peripheral blood lymphocytes from SLE patients suggests 

that levels of O2
•– and other ROS might be elevated in these cells.  This possibility has 

been assessed usitg the redox-sensitive dyes DHE, which is specifically oxidized by O2
•–, 

and dichlorofluorescein-diacetate (DCF-DA), which reacts with a variety of ROS 

including H2O2, hydroxyl radical, peroxynitrite and lipid peroxides [366].  This approach 

identified a 43% increase in O2
•– levels in peripheral blood lymphocytes from SLE 

patients relative to healthy volunteers (143 vs. 100 mean fluorescence units, 
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respectively), while levels of DCF-DA reactive ROS were increased by 40% (140 vs. 100 

mean fluorescence units, respectively).  Hence, basal ROS levels are elevated in 

peripheral blood lymphocytes from SLE patients, which may be a byproduct of increased 

mitochondrial metabolism in these cells. 

Cellular antioxidant systems maintain O2
•– and other ROS at sub-micromolar 

levels (see Chapter 1).  For example, SODs convert O2
•– to H2O2 [265].  H2O2 is, in turn, 

decomposed to water and O2 by catalase or the glutathione peroxidase/reductase system 

[550, 551].  Reduction of H2O2 by catalase is accomplished by oxidation of a heme 

cofactor Fe2+ [550].  By contrast, reducing equivalents for reduction of H2O2 by 

glutathione peroxidase are obtained by oxidation of glutathione (GSH) to the 

corresponding disulphide (GSSG) [550].  The elevated levels of O2
•– and DCF-DA 

reactive ROS in peripheral blood lymphocytes from SLE patients are expected to strain 

cellular anti-oxidants defense, an effect that may be manifest in reduced GSH stores.  In 

support of this hypothesis, glutathione levels are reduced in peripheral blood lymphocytes 

from SLE patients relative to the concentrations in peripheral blood lymphocytes from 

healthy controls (3.6 vs. 5.1 ng GSH / µg protein, respectively) [547].  These data suggest 

that oxidative stress resulting from the presence of elevated levels of O2
•– and other ROS 

tax in lupus lympohcytes cellular anti-oxidant systems resulting in depletion of GSH. 

Along with peripheral blood lymphocytes from SLE patients, cellular GSH levels 

have been assessed in splenic T cells from MRL-lpr mice using the thiol-reactive 

fluorescein derivative CMFDA [552].  In this study, glutathione levels were reduced 

more than five-fold in splenic T cells from four-month-old MRL-lpr mice relative to the 

same lymphoid compartment of age-matched MRL+/+ animals (<100 versus >500 mean 
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fluorescence units, respectively) [249].  Hence, a decrease in cellular glutathione stores 

appears to be a shared characteristic of human and murine lupus lymphocytes.  This 

commonality suggests that basal ROS levels are likely also elevated in MRL-lpr splenic 

T cells, an effect which again may derive from an increase in oxidative metabolism. 

Collectively, these studies in lymphocytes from SLE patients and MRL-lpr mice 

make a strong case that mitochondrial metabolism is elevated in lupus lymphocytes.  

Because production of O2
•– due to leak of electrons to O2 is natural consequence of 

electron transport by the MRC, this increase in oxidative metabolism is expected to 

contribute to the elevated basal ROS levels and decreased glutathione stores in lupus 

lymphocytes.  The mitochondrial bioenergetic phenotype in lupus lymphocytes is 

predicted to sensitize these cells to Bz-423.  For instance, cells with increased number of 

mitochondria are predicted to have elevated levels of the OSCP along with other 

components of the FoF1-ATPase.  This effect, combined with hyperpolarization of Δψm, 

should predisposes lupus T cells to generate O2
•– in response to Bz-423 by increasing the 

number of available binding partners as well as lowering the threshold of FoF1-ATPase 

inhibition required to trigger a mitochondrial respiratory transition.  In addition, the 

capacity of lupus lymphocytes to detoxify Bz-423-induced O2
•– will be compromised by 

the decrease in GSH stores.  The latter effect has been demonstrated experimentally in 

MEFs, which are sensitized to Bz-423-induced cell death (42% decrease in EC50) by 

treatment with L-buthionine sulfoximine (BSO), an inhibitor of the rate-limiting step in 

GSH synthesis [553]. 

 More generally, the presence of mitochondrial and redox abnormalities in lupus 

lymphocytes suggests that bioenergetic characteristics of a T cell vary depending on 
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whether it is responding normally to foreign (typically infections) or abnormally to self-

antigens.  T cells activated in response to foreign antigens meet their increased energy 

demands by upregulating glucose metabolism (see Chapter 3 Introduction).  This 

bioenergetic state is termed aerobic glycolysis because glycolytic ATP production is 

increased despite the presence of sufficient O2 to support oxidative phosphorylation 

[253].  In contrast, the mitochondrial bioenergetic phenotype in lupus lymphocytes 

suggests that T cells responding to self-antigens may generate ATP primarily via 

oxidative phosphorylation.  This hypothesis has important implications for the diagnosis 

and treatment of autoimmune disorders.  For instance, markers of elevated oxidative 

metabolism (e.g., hyperpolarized Δψm or increased mitochondrial mass) could be used to 

identify the subset of autoreactive T cells mediating disease.  More significantly, 

however, agents that modulate mitochondrial metabolism (e.g., Bz-423) may be able to 

selectively kill or inactivate autoreactive lymphocytes without affecting T cells 

responding to foreign antigens.  Such phenotypic selectivity would enable treatment of 

autoimmune disorders (e.g., SLE) without the increased risk of infection resulting from 

suppression of normal immune function [201].  An essential question, therefore, is why 

lupus T cells display a mitochondrial bioenergetic phenotype when lymphocytes 

activated by foreign antigens meet their energetic demands via aerobic glycolysis. 

Enhanced proliferation and cytokines are observed following stimulation of the T 

cell receptor (TCR) and co-stimulatory receptors such as CD28 [193].  Ligation of CD28 

is an essential signal for conversion of activated (i.e., TCR-stimulated) T cells to aerobic 

glycolysis with many of the intracellular consequences of CD28 stimulation mediated by 

induction of PI3K-Akt signaling (see Chapter 3 Introduction; [253]).  In contrast, 
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oxidative phosphorylation is regulated downstream of the TCR [214, 259].  The presence 

of distinct signaling networks leading to upregulation of glucose or mitochondrial 

metabolism suggests that the balance of TCR and CD28 stimulation may dictate how an 

activated T cell generates ATP. 

 Stimulation of the TCR and CD28 leads to upregulation of both mitochondrial 

and glucose metabolism [255, 256, 258].  Glucose uptake and lactate production are 

increased to a greater extent (approximately six-fold) than mitochondrial respiration (i.e., 

O2 consumption is increased nearly two-fold) [255].  The larger increase in glucose 

metabolism suggests that activated T cells may be unable to generate sufficient ATP via 

oxidative phosphorylation to meet their energy demands.  However, stimulation of 

human peripheral blood T cells with a TCR agonist antibody in the absence of ligands for 

CD28 results in a nearly four-fold increase in O2 consumption, whereas lactate 

production is not elevated [255].  While T cells stimulated via both the TCR along with 

CD28 preferentially produce ATP via glycolysis rather than fully utilizing oxidative 

phosphorylation, additional mitochondrial respiratory capacity is tapped when the TCR is 

engaged in the absence of CD28.  Together these results suggest that the mitochondrial 

bioenergetic phenotype in lupus lymphocytes may arise due to factors that limit CD28 

engagement and/or signaling during stimulation of autoreactive T cells. 

T cells are activated in vivo by stimulation of the TCR with antigens displayed by 

MHC complexes on antigen-presenting cells (APCs) such as macrophages, monocytes, 

mast cells and dendritic cells [153].  The endogenous ligands for CD28 are B7.1 and 

B7.2, which are upregulated by APCs in response to stimulation of Toll-like receptors 

(TLRs) by non-specific, pathogen-associated inflammatory triggers such as bacterial cell 
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wall lipopolysaccharides (LPS) or viral DNA [154].  These non-specific pathogen-

associated antigens activated APCs leading to upregulation of the co-stimulatory 

molecules B7.1 and B7.2 (see Chapter 3 Introduction) [190, 197]. 

  One distinguishing characteristic of self-antigens (e.g., plasma-membrane 

phospholipids, fragments of DNA or nuclear proteins), therefore, is that they not 

accompanied by non-specific, pathogen-associated inflammatory triggers [154, 190].  

Thus, hile self-antigens are loaded on MHC complexes by APCs, their display is not 

accompanied by increased levels of B7 molecules [154, 155].  Therefore, the presence of 

low levels of B7 molecules on APCs displaying self-antigens is one mechanism that may 

reduce co-stimulatory CD28 signaling during activation of autoimmune lymphocytes. 

Presentation of foreign antigens declines after the pathogen they are derived from 

is cleared [163, 170].  The decrease in pathogen-derived antigens signals termination of 

an immune response (see Chapter 3 Introduction; [177]).  In the absence of antigenic 

stimulation activated T cells cease to produce pro-survival cytokines such as IL-2.  The 

drop in pro-survival cytokines then leads to induction of the BH3-only proteins Bim and 

Puma in activated T cells, which initiate a mitochondrial apoptotic cascade by activation 

of Bax and Bak.  In contrast, self-antigens recognized by lupus lymphocytes (e.g., 

plasma-membrane phospholipids, fragments of DNA or nuclear proteins) are ubiquitous 

due to their presence on cell membranes or continual release from dying cells [554, 555].  

As a result of persistent stimulation with self-antigens, autoreactive T cells produce of 

sufficient levels of pro-survival cytokines to suppress apoptosis and perpetuate 

autoimmune responses [177].   
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In addition to preventing cytokine-withdrawal apoptosis, persistent antigenic 

stimulation may contribute to the mitochondrial bioenergetic phenotype in lupus 

lymphocytes by triggering mechanisms that suppress co-stimulatory CD28 signaling.  For 

example, repeated TCR stimulation of naïve, CD28+ human peripheral blood T cells 

(either CD4+ or CD8+) results in progressive loss of CD28 expression [556].  While <2% 

of naïve CD4+ T cells display low levels of CD28 on their cell-surface (i.e., are CD28null), 

whereas >70% are CD28null after 10 rounds of stimulation with an agonist TCR antibody 

[557].  This process, termed CD28 extinction, is thought to be responsible for 

accumulation of CD28null T cells with age [556]. CD28null cells comprise <5% of the 

CD4+ T cell population of adolescents, but are observed at a frequency of up to 70% in 

individuals older than 50 years [558].  The observation that CD28null T cells are reactive 

to ubiquitous self-antigens such as DNA fragments and histones also supports a model in 

which CD28 extinction observed in vivo is a consequence of repeated antigenic 

stimulation [559, 560].  In addition, accumulation of CD28null T cells is accelerated in a 

variety of autoimmune disorders including rheumatoid arthritis, multiple sclerosis and 

SLE [561-563].   

A decrease in levels of a receptor on the cell-surface can result from 

transcriptional repression and/or decreased trafficking to the plasma membrane [564].  

The contribution of these mechanisms to CD28 extinction has been investigated in 

CD4+CD28null T cells isolated from rheumatoid arthritis patients or generated by 

repetitive ex vivo stimulation [557, 565].  Both approaches have demonstrated that CD28 

extinction results from transcriptional repression [557, 565].  A transcription factor 

complex composed of nucleolin and heterogeneous ribonucleoprotein-D0 (hnRNP-D0) 
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regulates CD28 expression in naïve T cells [556].  Surprisingly, nucleolin and hnRNP-D0 

remain associated with the CD28 promoter in CD4+CD28null T cells, but are functionally 

inactive [557, 565].  These observations suggest that activity of the nucleolin•hnRNP-D0 

complex is regulated post-translationally [556].   

 In addition to CD28 extinction, persistent antigenic stimulation of T cells also 

suppress co-stimulatory CD28 signaling by upregulating negative regulators such as 

cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed death-1 (PD-1).  CTLA-4 

is a cell-surface receptor that shares the B7 ligand with CD28, but binds with higher 

avidity [566].  Although PD-1 is structurally related to CD28 and CTLA-4, it binds to 

PD-1 ligand (PD-1L) rather than B7 [567].  CTLA-4 and PD-1 are both present at low 

levels on the surface of naive T cells [568, 569].   However, cell surface levels of CTLA-

4 are increased six-fold in splenic CD4+ T cells from C57BL/6 mice following ex vivo 

TCR/CD28 stimulation [569].  Similarly, administration of an anti-TCR mAb to 

C57BL/6 mice results in a 60% increase in cell-surface PD-1 levels in splenic CD4+ T 

cells after 72 h [568].  CTLA-4 and PD-1 suppress CD28-PI3K-Akt signaling by 

biochemically distinct mechanisms [570].  Ligation of CTLA-4 stimulates activity of 

protein phosphatase 2A (PP2A), which dephosphorylates Akt at Thr308 and Ser473 

[570].  Phosphorylation of both residues activates Akt by stabilizing the kinase domain 

and activity [219].  In contrast, stimulation of PD-1 reduces Akt activation by inhibiting 

generation of PtdIns(3,4,5)P3 by PI3Ks [570].  In sum, upregulation of CTLA-4 and PD-1 

along with suppression of CD28 expression may contribute to the mitochondrial 

bioenergetic phenotype in lupus T cells by dampening co-stimulatory CD28 signaling.    
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The combined effects of CD28 extinction along with upregulation of CTLA-4 and 

PD-1 is expected to reduce phospho-Akt levels in autoimmune lymphocytes.  However, 

phospho-Akt levels are elevated nearly five-fold in splenic CD4+ T cells from four-

month-old MRL-lpr mice relative to the same lymphoid subset in MRL+/+ mice or the 

non-autoimmune C57BL/6 strain [233].  A potential explanation for this apparent 

inconsistency is the presence of multiple PI3K isoforms that are activated by different 

classes of cell-surface receptors.  In T cells, PI3Kγ is activated by stimulation of the G-

protein-couple receptors (GPCRs) that respond to chemokines, which are low-molecular 

weight cytokines (<10 kDa) that recruit hematopoetic cells to sites of inflammation 

(Figure 3.54; [224]).  In contrast, the increase in PtdIns(3,4,5)P3 levels following ligation 

of CD28 is mediated by PI3Kδ, which interacts with tyrosine kinase motifs on the 

intracellular tail of CD28 (Figure 3.54; [224]).   

The contribution PI3Kγ activity to the increase in phospho-Akt levels in MRL-lpr 

mice has been investigated using inhibitors specific to this isofom (Figure 3.54).  For 

instance, administration of the PI3Kγ specific inhibitor AS605240 to MRL-lpr mice 

resulted in a >90% decrease in PI3Kγ activity in bulk splenocytes, while no change in 

PI3Kδ activity was observed [233].  However, γ-isoform specific inhibition was 

sufficient reduce phospho-Akt levels by >75% splenic CD4+ T cells [233].    The 

dependence of phospho-Akt levels on PI3Kγ activity MRL-lpr CD4+ T cells suggests that 

co-stimulatory CD28 signaling may be suppressed in this lymphoid subset.  If CD28-

PI3Kδ signaling where primarily responsible for generating PtdIns(3,4,P3 necessary for 

activation of Akt in MRL-lpr CD4+ T cells, inhibition of PI3Kγ would not be expected to 

reduce phospho-Akt levels.  
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Figure 3.54 - PI3K signaling in T lymphocytes.  Studies involving blockade of 

PI3Kδ or PI3Kγ function, either by gene targeting or pharmacological inhibition (e.g., 
with the PI3Kγ specific inhibitor AS605240), indicate that these isoforms function 
downstream of specific cell-surface receptors in T cells.  The increase in PtdIns(3,4,5)P3 
levels and resulting activation of Akt following engagement of the co-stimulatory 
receptor CD28 is highly sensitive to inhibition of PI3Kδ, but not PI3Kγ.  By contrast, 
PI3Kγ primarily mediates GPCR chemokine-receptor signaling, which is essential for 
recruitment of T cells to sites of inflammation.  Stimulation of CD28 also activates 
PI3Kδ-Akt independent signals by recruiting effector molecules such as GRB2, which 
leads to activation of Raf  MEK  ERK MAPK cascade (see Chapter 1).  As a result, 
some downstream effects of CD28 stimulation (e.g., Glut1 and Bcl-xL) induction are 
independent of PI3Kδ-Akt signaling.  See text for additional detail.  Figure adopted from 
[224]. 

 
 
 
In addition to PI3Kδ, ligation of CD28 leads to recruitment of signaling 

molecules including growth factor receptor bound protein-2 (Grb-2), lymphocyte-specific 

kinase (p56Lck) and IL-2 inducible kinse (Itk).  As a result, MAP kinases (e.g., c-Jun 

amino-terminal kinase (JNK) and transcription factors (e.g., nuclear factor-κB (NFκB)) 

are activated following CD28 stimulation in an Akt-independent manner (Figure 3.54) 
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[216, 571].  Not surprisingly then, the upregulation of effector molecules including the 

anti-apoptotic Bcl-2 protein Bcl-xL and the glucose transporter Glut1 in response to 

ligation of CD28 stimulation does not depend on PI3K-Akt signaling (Figure 3.54; [258, 

570]).   

The presence of PI3K-Akt independent signaling cascades downstream of CD28 

has important implications for the bioenergetics or autoreactive T cells because induction 

Glut1 expression is necessary for upregulation of glycolytic ATP production.  Akt plays 

an essential role in regulating Glut1 activity by stimulating trafficking of this glucose 

transporter to the plasma membrane [258].  However, expression of constitutively active 

Akt transgene is not sufficient to induce Glut1 expression and increase glycolytic ATP 

production when CD28 is not engaged [258].  Hence, the increase in phospho-Akt levels 

in splenic CD4+ T cells from MRL-lpr mice may not correspond to an increase in glucose 

metabolism in these cells.  Rather, the dependence of Akt phosphorylation on PI3Kγ 

activity suggests that CD28-PI3Kδ signaling may be suppressed in this lymphoid subset, 

which would be consistent with transcriptional suppression of CD28 due to persistent 

TCR stimulation. 

Proliferation and cytokine production following TCR stimulation of autoreactive 

T cells is inhibited by a combination of mechanisms collectively termed peripheral 

tolerance [189].  For instance, repetitive antigenic stimulation of T cells induces 

expression of FasL, which then triggers extrinisic apoptotic pathway by engaging the Fas 

death receptor (see Chapter 3 Introduction).  This mechanism, termed activation-induced 

cell death (AICD), can serve to eliminate persistently stimulated autoreactive T cells 
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[170].  However, this peripheral tolerance mechanim is not engagned in MRL-lpr mice 

due defective expression of the Fas death receptor [167, 168, 188]. 

Another mechanism by which peripheral tolerance is maintained is suppression 

co-stimulatory CD28 signaling [192, 194].  Self-antigens are not accompanied by non-

specific pathogen-associated inflammatory triggers, and therefore, so do not induce 

expression of CD28 ligands (i.e., B7 molecules) on APCs [197].  In addition, as 

described above, B7/CD28 signaling may be suppressed in persistently stimulated T cells 

due to transcriptional repression of CD28 as well as upregulation of negative regulators 

such as CTLA-4 and PD-1 [216, 556, 570].  Stimulation of the TCR in the absence of co-

stimulatory CD28 signaling can induce anergy, a hyporesponse state in which T cells fail 

to proliferate or produce cytokines in response to antigenic stimulation (see Chapter 2 

Discussion) [193, 194].   

Despite peripheral tolerance mechanisms that limit their activation and survival, 

some autoreactive T cells respond productively (i.e., proliferate and produce cytokines) 

following stimulation with self-antigens, which can result in autoimmune disease [189]-.  

The ability of autoreactive T cells to evade peripheral tolerance mechanisms suggests that 

they contain inherent defects enabling response to TCR stimulation in the absence of co-

stimulatory CD28 signaling.  The hypothesis that pathogenic autoreactive T cells are 

hyper-responsive to TCR stimulation has been directly evaluated by Craft, et al using the 

Fas-intact MRL (MRL+/+) strain [210, 213, 215].  The lymphoproliferative (lpr) allele 

conveys an AICD defect that results in splenomegaly and lymphoadenopathy in a variety 

of strains [166, 180].  However, the associated autoimmune disorder is more severe (i.e., 

increased autoantibody production, glumerulonephritis and early mortality) when 
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established on the MRL background [180].  This suggests that the MRL strain harbors 

defects predisposing autoreactive T cells to respond to self-antigens.  While the 

lymphoproliferative disorder in MRL-lpr mice is marked by accumulation of a variety of 

lymphoid subsets, studies with depletive antibodies indicate that CD4+ T cells mediate 

autoimmune disease [184].  Hence, CD4+ T cells from Fas-intact MRL were used to 

evaluate whether autoimmune T cells are hyper-responsive to engagement of the TCR in 

the absence of CD28 [210, 213, 215]. 

To eliminate differences in TCR affinity, Craft, et al prepared a MRL+/+ strain 

expressing a TCR restricted to recognition of amino acids 88-104 of pigeon cytochrome c 

(PCC) [210].  The activation response of MRL CD4+ T cells was then compared to CD4+ 

T cells from two non-autoimmune strains (CBA/CaJ and B10.BR) expressing the same 

PCC-restricted TCR [210].  In support of the hypothesis that autoimmune T cells are 

hyper-responsive to TCR stimulation, MRL CD4+ T cells display an elevated activation 

response (i.e., more cell divisions and greater IL-2 production) following stimulation with 

PCC [210].  These differences were exacerbated by stimulation with PCC-derived 

peptides with reduced affinity for the TCR, which are thought to mimic the low affinity 

interactions of autoreactive, peripheral T cells with self-peptides [210-212].   

Further studies demonstrated that TCR induced Ca2+ flux is elevated (two-fold) 

and prolonged (three-fold) in MRL CD4+ T cells [213].  This exaggerated TCR-induced 

Ca2+ flux may be a consequence of increased phosphorylation of the inositol-1,4,5-

triphosphate (InsP3) receptor, which has been shown to promote release of ER Ca2+ stores 

[213, 572].  The increase in [Ca2+]i following TCR stimulation is necessary for T cell 

activation and the magnitude of this response correlates with proliferation and cytokine 
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production [214].  Hence, enhanced proliferation and cytokine production by MRL+/+ 

CD4+ T cells may be a consequence of the exaggerated Ca2+ flux following TCR 

stimulation [213].  Collectively, these studies provide direct evidence that autoreactive T 

cells are hyper-responsive to stimulation of TCR in the absence of ligands CD28.  

Elevated Ca2+ flux after TCR stimulation is also observed in peripheral blood T 

cells from SLE patients [548, 573-576].  For example, peak [Ca2+]i levels are increased by 

>50% in peripheral blood T cells from SLE patients compared to healthy controls 

following TCR stimulation and remain elevated for more than five minutes [573].  This 

exaggerated Ca2+ flux may to result from “rewiring” of proximal TCR signaling.  In SLE 

T cells the ζ-chain of the TCR complex is replaced with the γ chain of the receptor for the 

antibody constant fragment (FcR) [576].  This substitution results in recruitment of 

spleen tyrosine kinase (Syk) to the TCR instead of Zap70, and the FcRγ•Syk signaling 

complex has been shown to transduce an increased Ca2+ response relative to 

TCRζ•Zap70 [575, 577].  In addition to elevated Ca2+ flux following TCR stimulation, 

resting peripheral blood T cells from SLE patients have nearly 40% higher resting [Ca2+]i 

levels than peripheral blood T cells from healthy volunteers [548].  This increase in basal 

[Ca2+]i in lupus lymphocytes likely results from the exaggerated Ca2+ flux after 

engagement of the TCR combined with persistent antigenic stimulation by self-antigens.  

In sum, exaggerated Ca2+ flux following TCR stimulation and elevated basal [Ca2+]i are a 

shared characteristic of human and murine lupus lymphocytes, which may contribute to 

the ability of these cells to respond to stimulation by self-antigens even when B7/CD28 

signaling is suppressed. 
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As described in Chapter 1, TCR-induced Ca2+ flux stimulates the TCA-cycle due 

to uptake of [Ca2+]i into the matrix by the Ca2+-uniporter in the mitochondrial inner 

membrane and transient opening of the mPT pore and [260].  Elevated matrix Ca2+ 

increases the TCA-cycle activity by stimulating Ca2+-dependent dehydrogenases, which 

elevates NADH levels more than two-fold [259].  This increase in NADH levels then 

stimulates the ETC causing proton transport to outpace dissipation of Δψm by passage of 

protons through the FoF1-ATPase during ATP synthesis (see Figure 1.9).  While this 

increase in Δψm stimulates production of ATP by the FoF1-ATPase, it also forces the ETC 

into a reduced state characterized by increased O2
•– production [254, 259, 261].  Hence, 

the mitochondrial bioenergetic phenotype (e.g., elevated O2 consumption, Δψm and O2
•– 

levels) observed in lupus lymphocytes could be a result of increased TCA-cycle activity 

due to abnormalities in Ca2+ flux and homeostasis.   

To evaluate the hypothesis that TCA-cycle activity is elevated in autoimmune 

lymphocytes, Wahl, et al administered uniformly 13C-labeled glucose to lupus-prone 

NZB/W and non-autoimmune Balb/c mice [578].  Levels of 13C-labeled lactate and CO2 

were then assessed to determine whether glucose is consumed via glycolysis or the TCA-

cycle [579].  This approach identified a >40% increase in production of 13CO2 in bulk 

splenocytes from nine-month old NZB/W mice relative to age-matched Balb/c controls, 

while incorporation of the 13C label into lactate was unchanged between the two strains 

[580].  The increase in CO2 production by NZB/W splenocytes is consitent with a model 

where elevated in Ca2+ flux and increased basal [Ca2+]i contributes to the mitochondrial 

bioenergetic phenotype in lupus lymphocytes by stimulating the TCA-cycle. 
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 In sum, glycolytic and mitochondrial ATP production are regulated via distinct 

mechanisms in activated T cells.  Engagement of the TCR stimulates mitochondrial 

respiration, while glucose metabolism is upregulated by co-stimulatory CD28 signaling.  

Because the ligands for the TCR and CD28 are both present on APCs displaying foreign 

antigens, T cells responding to foreign antigens rely primarily on glycolysis to meet their 

energetic demands.  However, mitochondrial respiration is induced in the absence of 

changes in glucose metabolism when the TCR is stimulated in the absence of ligands for 

CD28.  Interestingly, lupus lymphocytes are characterized by increases in mitochondrial 

mass, Δψm and O2 consumption as well as elevated basal O2
•– levels and decreased 

antioxidant stores.  This mitochondrial bioenergetic phenotype suggests that co-

stimulatory CD28 signaling is suppressed in autoreactive T cells.  

In addition to increasing glycolytic ATP production, engagement of CD28 

activates signaling cascades, which prevent induction of anergy following stimulation of 

the TCR.  Autoreactive T cells are prevented from responding to stimulation by 

ubiquitous self-antigens by mechanisms (e.g., CD28 extinction or upregulation of CTLA-

4 and PD-1) that suppress co-stimulatory CD28 signaling.  In order to mediate 

autoimmune, disease autoreactive T cells presumably acquire the ability respond to TCR 

stimulation in the absence of co-stimulatory CD28 signaling.  This hypothesis has been 

demonstrated experimentally in CD4+ T cells from lupus-prone MRL mice, which are 

hyper-responsive to TCR stimulation in the absence of co-stimulatory CD28 signaling.  

However, due to suppression of co-stimulatory CD28 signaling, autoreactive T cells 

responding to persistent TCR stimulation by self-antigens may be unable to upregulate 

glucose metabolism.  The mitochondrial bioenergetic phenotype in lupus lymphocytes is, 
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therefore, hypothesized to arise because suppression of co-stimulatory CD28 signaling 

forces autoreactive T cells to generate ATP primarily via oxidative phosphorylation.  

Regulation of Bcl-2 proteins in activated T cells: In addition to mitochondrial O2
•– 

production, Bz-423-induced T cell apoptosis depends on activation of the pro-apoptotic 

Bcl-2 protein Bak.  In unstressed cells, the anti-apoptotic Bcl-2 proteins Mcl-1 and Bcl-xL 

inhibit Bak activation [54].  Treatment of Jurkat T cells with Bz-423 leads to an increase 

in levels of Bak and the BH3-only protein Noxa within 2 h.  Both effects are expected to 

promote accumulation of free, uninhibited Bak.  Noxa liberates Bak by binding tightly to 

Mcl-1 [95].  Increased Bak levels are then expected to saturate the inhibitory capacity of 

Bcl-xL (Figure 3.53).  Several pieces of evidence support an indirect activation model 

(see Chapter 3 Introduction), in which neutralization of anti-apoptotic Bcl-2 proteins is 

sufficient to cause Bak to undergo a conformational change (termed activation) that 

promotes homo-oligomerization [84].  Bak homo-oligomers then form pores in the 

mitochondrial outer membrane, which promote release pro-apoptotic proteins (e.g., 

cytochrome c) from the MIS [98].  Based on this apoptotic mechanism, cells with 

elevated levels of Noxa and Bak and/or reduced levels of Mcl-1 and Bcl-xL are predicted 

to be sensitized to Bz-423-induced apoptosis. 

Signal transduction pathways downstream of the TCR and/or CD28 regulate 

Noxa, Bcl-xL and Mcl-1 [410, 570, 581].  In addition to upregulating glucose metabolism, 

stimulation of CD28 promotes survival of activated T cells by a variety of mechanisms 

including post-translational stabilization of Mcl-1 and induction of Bcl-xL (see Chapter 3 

Introduction).  Downstream of CD28, stabilization of Mcl-1 is mediated by inhibitory 

phosphorylaton of GSK-3β by Akt [410].  In its unphosphorylated form, GSK-3β 
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phosphorylates Mcl-1, which targets this anti-apoptotic Bcl-2 protein to the ubiquitin-

proteasome pathway [410].  Unlike post-translational stabilization of Mcl-1, induction of 

Bcl-xL expression is independent of the PI3K-Akt signaling.  For example, the pan-PI3K 

inhibitor LY294002 blocks TCR/CD28 induced phosphorylation of Akt, but only reduces 

Bcl-xL induction by ~20% [570].  The PI3K-Akt independent induction of Bcl-xL 

expression is consistent with the activation of multiple signaling cascade following 

stimulation of CD28 (Figure 3.54; [216, 571]).  Similarly, induction of the glucose 

transporter Glut1 following stimulation of the TCR and CD28 is not blocked by PI3K 

inhibitors [258].   

As described previously, phospho-Akt levels are elevated nearly five-fold in 

splenic CD4+ T cells from four-month old MRL-lpr mice compared to Fas-intact MRL+/+ 

mice or the non-autoimmune C57BL/6 strain [233].  This increase in phospho-Akt levels 

suggests that Mcl-1 is likely to be stabilized in MRL-lpr CD4+ T cells.  However, Bcl-xL 

expression may not be elevated in MRL-lpr CD4+ T cells because Akt phosphorylation 

appears to depend on PI3Kγ in this lymphoid subset [233]. PI3Kγ-specific 

phosphorylation of Akt in this lymphoid subset has been demonstrated by administration 

of PI3Kγ-selective inhibitor AS605240 to MRL-lpr mice [233].  As described previously, 

PI3Kγ is activated by stimulation chemokine-responsive GPCRs, while CD28 ligation 

activates PI3Kδ (Figure 3.54) [224].  The dependence of phospho-Akt levels on PI3Kγ 

activity in MRL-lpr CD4+ T cells, therefore, argues that co-stimulatory CD28 signaling is 

be suppressed in this lymphoid subset.  This is because inhibition of PI3Kγ activity would 

not be predicted to affect phospho-Akt levels in the presence of robust CD28-PI3Kδ 

signaling.  This apparent suppression of co-stimulatory CD28 signaling in MRL-lpr CD4+ 
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T cells, therefore, suggests that Bcl-xL expression may not be elevated in this lymphoid 

subset. 

In contrast to Mcl-1 and Bcl-xL, expression of Noxa is regulated by signaling 

downstream of the TCR [581].  TCR stimulation of murine CD4+ or CD8+ T cells leads to 

induction of Noxa expression (three- or five-fold, respectively) after 24 h [581].  These 

changes in Noxa levels were maintained for up to 72 h, and no addition increase was 

afforded by combined stimulation of the TCR and CD28 [581].  Induction of Noxa 

expression in response to TCR stimulation contrasts with regulation of the BH3-only 

proteins Bim and Puma in activated T cells, which are induced by the reduction in PI3K-

Akt following the drop in pro-survival cytokines after pathogen clearance [117, 129, 

175].  This contrast suggests that Noxa induction may serve as mechanism to predispose 

chronically activated T cells to mitochondrial apoptosis, rather than acting to eliminate 

acutely activated T cells at the conclusion of an immune response [170].  Furthermore, 

Noxa expression is likely to be induced in autoreactive T cells because they are subject to 

persistent TCR stimulation by self-antigens.   

Of note, elevated expression of Noxa was not observed in a genome-wide 

microarray profile of bulk MRL-lpr splenocytes [582].  However, Bz-423 depletes a 

relatively small population (~14%) of CD4+ T cells, which are present overall in low 

numbers relative to atypical DN T cells in spleens of MRL-lpr mice [182, 183].  As such, 

induction of Noxa expression in a relatively small population of CD4+ T cells may not be 

detected by assessment of mRNA levels in bulk MRL-lpr splenocytes. 

In sum, expression of the BH3-only protein Noxa is induced by stimulation of the 

TCR, while levels of anti-apoptotic Bcl-2 proteins such as Bcl-xL and Mcl-1 are regulated 
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downstream of CD28.  As described above, negative regulators of co-stimulatory CD28 

signaling are upregulated in response to persistent TCR stimulation.  These effects are 

predicted to suppress co-stimulatory CD28 signaling in autoreactive T cells.  Consistent 

with this hypothesis, phospho-Akt levels are elevated in MRL-lpr splenic CD4+ T cells, 

this increase appears to result from stimulation of chemokine-responsive GPCRs rather 

than CD28 in CD4+ T cells from MRL-lpr mice.  As such, Noxa levels are predicted to be 

elevated in persistently TCR stimulated autoreactive T cells, while Bcl-xL expression may 

not be induced.  This combination of effects should predispose autoreactive lymphocytes 

(e.g., MRL-lpr CD4+ T cells) to Bz-423-induced increases in Noxa and Bak levels.  

Summary: The series of experiments described in this chapter identify key 

signaling events in apoptotic response that is induced by the 1,4-benzodiazepine FoF1-

ATPase inhibitor, Bz-423, in T cells.  Unlike polyketide inhibitors of the FoF1-ATPase 

(e.g., oligomycin), Bz-423 promotes mitochondrial O2
•– production without depleting 

cellular ATP levels.  This lack of an effect on ATP levels (i.e., prior to the commitment 

to apoptosis) is expected to arise because Bz-423 is a moderate affinity, uncompetitive 

inhibitor of the FoF1-ATPase.  As such, Bz-423 does not reduce activity of the FoF1-

ATPase beyond cellular capacity to buffer a decrease in oxidative phosphorylation by 

upregulating glycolytic ATP production.   

Some oxidizing agents release of apoptogenic MIS proteins (e.g., cytochrome c) 

from isolated mitochondria by triggering sustained opening of the mPT pore.  While 

isolated mitochondria produce O2
•– when treated with Bz-423, this response is not 

sufficient to cause release of cytochrome c in this cell free system.  Instead, Bz-423-

induced apoptosis depends on extra-mitochondrial factors activated in response to the 
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increase in mitochondrial O2
•– production.  The signal that escapes mitochondria to 

trigger apoptosis in response to Bz-423 has yet to be defined.  However, conversion of 

Bz-423-induced O2
•– to H2O2 with the MnSOD mimetic MnTBAP blocks cell death, 

which suggests that O2
•– may directly link the initial mitochondrial response to the 

subsequent apoptotic signaling.  This proposal is supported by reports indicating that 

once present in the MIS, O2
•– is transported out of mitochondria by VDAC and other 

porins. 

Regardless of what signal escapes the mitochondria in response to Bz-423, 

increased levels of the pro-apoptotic Bcl-2 proteins Noxa and Bak are key elements in the 

resulting apoptotic cascade.  Together these effects lead to activation of Bak, which 

commits a cell to die in response to Bz-423 by releasing of cytochrome c and other 

apoptogenic proteins from the MIS.  Bak bears a high degree of homology to Bax, and 

these pro-apoptotic Bcl-2 proteins function redundantly in response to many apoptotic 

stimuli.  However, Bak is preferentially activated in response to Bz-423 and is required 

for apoptosis, while Bax is dispensable.  Preferential activation of Bak is expected to 

result from the presence of mechanisms that selectively inhibit activation of Bax in CD4+ 

T cell leukemia lines such as constituitive activation of the pro-survival kinase Akt. 

Finally, integrating knowledge of this apoptotic mechanism with properties of 

autoimmune lymphocytes provides insight into the selective effects of Bz-423 on 

pathogenic lymphocytes (e.g., specific depletion of splenic CD4+ T cells in MRL-lpr 

mice) in vivo.  Mitochondrial and glycolytic metabolism are regulated by signals 

downstream of the TCR and CD28 co-stimulatory receptor, respectively.  Persistent TCR 

stimulation, like that experienced by autoreactive lymphocytes, leads to suppression of 
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co-stimulatory CD28 signaling, which may contribute to the mitochondrial bioeneretic 

phenotype (i.e., increased mitochondrial numbers, Δψm, basal O2
•– levels and decreased 

anti-oxidant stores) in lupus T cells.  Together, these mitochondrial bioenergetic 

abnormalities are expected to predispose autoreactive T cells to produce O2
•– in response 

to modulation of the FoF1-ATPase.  In addition, stimulation of the TCR leads to induction 

of Noxa, while anti-apoptotic Bcl-2 proteins (e.g., Mcl-1 and Bcl-xL) are upregulated by 

engagement of CD28.  Autoreactive T cells are, therefore, predicted to have elevated 

levels of Noxa in the absence of similar increases in Mcl-1 and Bcl-xL.  Thus, the 

selective effects of Bz-423 in vivo likely derive from intersection of the apoptotic 

mechanism described in this chapter with these unique vulnerabilities of autoreactive 

lymphocytes. 

Statement of collaboration: Quantification of intracellular ATP levels and 

mitochondrial ATP synthesis rates were performed collaboratively with Lara Swenson.  

Whole cell O2 consumption experiments were conducted with Lara Swenson.  The Jurkat 

T cell clones ectopically expressing Bcl-2 or the corresponding empty vector were 

prepared by Li Wang.  The pSFFV-Bcl-2 plasmid and corresponding empty vector were a 

gift from Gabriel Nunez (University of Michigan Comprehensive Cancer Center).  

Immunoblots for phospho-Akt levels were performed in collaboration with Dan Wahl.  

The pMIG1-MyrAkt plasmid and corresponding empty vector were a gift from Jeffrey 

Rathmell (Duke University Medical Center). 
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Materials and Methods 

Reagents: Bz-423 was prepared in DMSO (16 mM), which was diluted to a 10X 

stock with culture media.  SB415286, alpha-tocopherol (Vitamin E), recombinant human 

tBid, staurosporine (STS), human recombinant iso-citrate dehydrogenase, cycloheximide 

(CHX), wortmannin, LY294002, oligomycin, antimycin A, N-benzoylcarbonyl-Val-Ala-

Asp-fluoromethylketone (zVAD-fmk), hydrogen peroxide, tert-butyl hydroxperoxide, 

ionomycin and phorbol 12-myristate 13-acetate (PMA) were purchased from Sigma. 

Manganese(III) meso-tetrakis(4-benzoid acid)porphyrin (MnTBAP) was purchased from 

Alexis Biochemicals and prepared as a 100 mM stock in 1:1 EtOH:dH2O (v/v).  

Dihydroethidium (DHE), tetramethyl rhodamine methyl ester (TMRM), C11-

BODIPY581/591 were obtained from Invitrogen.  Fluoro-citrate was purchased from Pfaltz 

& Bauer.  siRNAs targeting Bax, Bak or Noxa were purchased from Dharmacon as 

siGENOME SMARTpool reagents.  All other reagents were purchased from Sigma-

Aldrich.  

Cell lines and culture: Ramos B cells were purchased from the American Type 

Culture Collection.  Jurkat T cells were obtained from V. Castle (Univ. of Michigan).  

MOLT-4 and CCRF-CEM T cells were obtained from the National Cancer Institute.  All 

lines were maintained in RPMI 1640 containing 10% heat-inactivated fetal bovine serum 

(FBS: Mediatech), penicillin (100 U/mL), streptomycin (100 µg/mL) and L-glutamine 

(290 µg/mL) (Gibco).  Cells were propagated in a humidified incubator (37 °C, 5% CO2).  

Experiments were performed in media (5 x 105 cells/mL) containing 2% FBS.  Cells were 

incubated with inhibitors at 37 °C for 30 min prior to addition of the compounds being 

tested. 
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Mitochondrial ATP synthesis assay: Cells (5 x 106) were isolated by 

centrifugation and washed once with ice-cold PBS.  Cell pellets were resuspended in PBS 

(200 µL) with digitonin (50 µg/mL) at 0 °C for 2 min and then with ice-cold PBS (5 mL) 

and isolated by centrifugation.  Permeabilized cells were resuspended in 300 µL of ATP 

synthesis buffer; 150 mM KCl, 25 mM Tris-HCl, 2 mM EDTA, 10 mM KH2PO4, 0.1 mM 

MgCl2, 11 mM AMP, 5 mM malate and 5 mM glutamate, pH 7.4.  A portion of this cell 

suspension (15 µL) was combined with ATP-free water (85 µL) in single wells of a white 

96-well plate containing 50x drug or DMSO vehicle control (0.5% DMSO final).  

Promega ENLIGHTEN rLuciferin/Luciferase reagent (100 µL) was then added to each 

well.  Reactions were initiated by addition of ADP (1 mM) and emission at 560 nM was 

monitored by continuously sampling every 10 s for 10 min using a Molecular Devices 

Lmax microplate luminometer.  Synthetic rates were evaluated over a time frame from 2-

4 min in which the increase in luminescence was linear and relative luminescence units 

were converted to ATP concentrations using a standard curve (10-3 - 10-8 M ATP). 

Detection of cellular ATP content: Cells (5 x 105) were isolated by centrifugation 

and washed once with ice-cold PBS.  Cell pellets were resuspended in lysis buffer (50 

µL) containing 1% trichloroacetic acid (TCA) along with 2 mM EDTA at room 

temperature for 1 min.  Lysis was by neutralization of samples with 25 mM Tris-acetate 

(1 mL), pH 7.75.  ATP content was determined by combining neutralized sample (5 µL) 

with 95 µL of ATP-free water (Promega) in one well of a white 96-well plate followed 

by addition of ENLIGHTEN rLuciferin/Luciferase reagent (100 µL; Promega).  ATP 

content was determined by measuring fluorescence emission at 560 nM using a 
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Molecular Devices Lmax luminometer.  Relative luminescence units were converted to 

ATP concentrations using a standard curve (10-3 to 10-8 M ATP).  

Oxygen consumption measurements: Oxygen consumption was determined using 

the BD Oxygen Biosensor System (BD Biosciences,) as described previously [275].  

Jurkat T cells were suspended in treatment media (RPMI with 2% FBS) at a density of 5 

x 106 cells/mL and transferred to a 96-well BD Oxygen Biosensor plate (1 x 106 

cells/well).  After treatment, levels of oxygen consumption were measured using a 

Molecular Devices Lmax luminometer at 2 min intervals for 1.5 h with an excitiation of 

485 nm and emission of 630 nm.  For semiquantitative data analysis the slope from a 

linear portion of curve (typically 0.5 – 1 h) was converted into arbitrary units.    

Transient transfections: Jurkat, MOLT-4 or CCRF-CEM T cells (6 x 106) were 

washed once with ice-cold PBS, resuspended in electroporation buffer T (100 µL; 

Amaxa), combined with desired plasmid (8 µg) or siRNA (4 µg) and electroporated using 

a 2.0-mm cuvette and a Amaxa Nucleofection apparatus set to program G-16.  Samples 

were then diluted in fresh complete media.  Cells were transfected once a day for two 

days and cells were used to prepare lysates or incubated with Bz-423 three days after the 

initial transfection.  

Detection of intracellular O2
•–, Δψm, and lipid peroxidation: Intracellular O2

•– was 

measured using DHE.  Stocks of DHE (10 mM) were prepared in DMSO prior to each 

use.  To measure intracellular O2
•– levels cell cultures (5 x 105 cells/mL) were incubated 

with DHE (4 µM) for 30 min at 37 °C.  The DHE-treated cells were immediately 

evaluated by flow cytometry.  Ethidium fluorescence from the oxidation of DHE was 

detected in the FL2 channel of a FACSCalibur flow cytometer (Becton Dickinson).  
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Measurement of the mitochondrial electrochemical gradient (Δψm) was conducted by 

labeling cells TMRM (50 nM) for 1 h at 37 °C.  Samples were immediately analyzed 

using the FL2 channel of a BD FACSCalibur flow cytometer.  Carbonyl cyanide 4-

(trifluoromethoxy) phyenylhydrazone (FCCP; 30 µM) was used as a positive control for 

disruption of Δψm.  For measurement of lipid peroxides, cells were labeled with for 30 

min with C11-BODIPY581/591 (50 nM) and increased green fluorescence arising from dye 

oxidation were quantified in the FL1 channel of a FACSCalibur flow cytometer (Becton 

Dickenson).  Data for all three dyes was analyzed using the CellQuest software (Becton 

Dickinson).   

Detection of cell death and cellular DNA content:  Cell viability was assessed by 

staining with propidium iodide (PI, 1 µg/mL) at room temperature (~25 °C) for 5 min.  PI 

fluorescence was measured in the FL3 channel using a FACSCalibur.  Measurement of 

hypodiploid DNA content was conducted after incubating cells in labeling solution (50 

µg/mL of PI in PBS containing 0.2% Triton and 10 µg/mL RNAse A) at 4 ˚C for 12 h.  

PI fluorescence was measured in the FL2 channel on a linear scale.  Data were analyzed 

excluding aggregates using the CellQuest software (Becton Dickinson). 

Detection of cell-surface FasL levels: Cell surface FasL levels were evaluated by 

labeling cells (0.5 x 106) with a primary biotin-conjugated FasL antibody (Becton 

Dickenson; catalog #556374) for 20 min at 4 ˚C.  Cells were washed twice with ice-cold 

PBS containing 2% FBS and then resuspended in the same buffer along with a 

Steptavidin-FITC conjugate (Becton Dickenson; catalog #554061) for 20 min at 4 ˚C.  

Cells were again washed twice with ice-cold PBS containing 2% FBS, resuspended in the 

same buffer and FITC fluorescence measured of the FL1 channel of a FACSCalibur flow 
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cytometer (Becton Dickinson). Data were analyzed excluding aggregates using the 

CellQuest software (Becton Dickinson).  

Preparation of whole cell extracts:  Cells (6 x 106) were isolated by centrifugation.  

Cell pellets were washed once with ice-cold PBS (5 mL) before lysis in whole cell extract 

(WCE) buffer (500 µL; 25 mM Hepes pH 7.7, 150 mM NaCl, 2.5 mM MgCl2, 0.2 mM 

EDTA, 0.1% Triton X-100, 20 mM β-glycerophophate, 0.5 mM DTT) with protease 

inhibitors (1 mM PMSF and complete protease inhibitor cocktail pellet (Roche)) and 

phosphatase inhibitors (3.3 mM NaF and 0.1 mM sodium orthovanadate).  Following 

incubation on ice for 30 min, the lysed cells were centrifuged (12,000g, 30 min at 4 °C).  

Total protein content in the supernatant was quantified by the Bradford protein assay 

[583]. 

Mitochondrial isolation: Cells (7 x 106) were harvested and washed once with ice 

cold PBS.  Cells were resuspend in ice cold buffer A (200 µL; 20 mM Hepes-KOH, pH 

7.5, 10 mM KCL, 10 mM β-glycerophosphate, 5 mM NaF, 1.5 mM MgCl2, 1 mM 

sodium EDTA, 1 mM sodium EGTA, 1 mM DTT, 1 mM sodium orthovanadate, 250 mM 

sucrose, complete cocktail protein inhibitors and 0.1 mM PMSF). The cell suspension 

was incubated on ice for 20 min and then disrupted by 10 strokes through a 28.5 G 

needle.  The homogenate was spun at 1,000 x g for 10 min at 4 °C to pellet nuclei. The 

mitochondrial fraction was harvested by centrifugation at 10,000 x g for 30 min at 4 °C.  

The purity of fractions was assessed by immunoblotting with antibodies specific for 

either β-tubulin (cytoplasmic fraction) or Hsp60 (mitochondrial fraction). 

Detection of MIS protein release from and microscopy of isolated mitochondria: 

Isolated mitochondria were diluted (0.25 mg/mL) in buffer C (200 mM sucrose, 10 mM 
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Tris, pH 7.4, 1 mM KH2PO4, 10 µM EGTA, 5 mM malate, 5 mM glutamate, 11 mM 

ADP, 2 mM MgCl2) containing DHE (5 µM).  Mitochondria were incubated for 30 

minutes (37 °C), and an aliquot was examined by microscopy using a Leica DM-LB 

microscope. Light from a mercury lamp (100 W) was passed through a FITC/rhodamine 

prism (Chroma). Images (630X) were captured using a SPOT RS slider digital camera 

(Diagnostic Instruments Inc.) interfaced to a Macintosh PC.  After 2 h, mitochondria 

were isolated by centrifugation by centrifugation at 10,000 x g for 15 min at 4 °C.  

Supernatants were collected and mitochondria lysed using WCE buffer (30 µL). 

Sub-cellular fractionation: Cells (7 x 106) were harvested and washed once with 

ice cold PBS.  Cells were suspended in 100 µL cell lysis and mitochondrial isolation 

(CLAMI) buffer (150 mM KCl and 150 µg/mL digitonin in PBS) and incubated on ice 

for 5 min.  Permeabilized cells (mitochondrial fraction) were separated from supernatants 

(cytosolic fraction) by centrifugation at 1,000 x g for 7 min at at 4 °C.  Supernatants were 

decanted and lysates prepared from the cell pellets (mitochondrial fraction) by 

resuspending in WCE lysis buffer (60 µL). 

Aconitase activity assay: Aconitase activity was determined spectrometrically in 

mitochondria-enriched fractions by monitoring the formation of NADPH at 340 nm in 

assay buffer containing 50 mM Tris-HCl, 60 mM sodium citrate, 1 mM MnCl2, 0.2 mM 

NADP+ and 4 units of NADP+ isocitrate dehydrogenase, pH 7.5 [584].  Mitochondria-

enriched fractions were prepared by sub-cellular fractionation of cells (40 x 106) and 

mitochondrial extract (100 µg) was diluted to 150 µL in 50 mM pH 7.5 Tris-HCl and 

loaded into one well of a 96-well plate.  Reactions were initiated by the addition of assay 

buffer (150 µL) and the absorbance change at 340 nm was measure for 30 min at 37 °C 
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using a Molecular Devices Versamax tunable microplate reader.  The competitive 

aconitase inhibitor fluorocitrate was used to validate the specificity of this assay [354].  

Aconitase activity was evaluated over a timeframe in which the increase in absorbance at 

340 nm was linear and an extinction coefficient of 6.22 mM-1cm-1 was used for NADH to 

calculate nmol citrate isomerized/min.  

Immunoblot analysis: Cell lysates were denatured by boiling with one-fifth 

volume of 5x SDS sample buffer (250 mM Tris Cl pH 6.8, glycerol (40% v/v), SDS (8% 

w/v), 2-mercaptoethanol (8% v/v), Bromophenol Blue (0.2% w/v)).  Proteins were 

subjected to electrophoresis by SDS-PAGE and transferred on to a PVDF membrane 

(Bio-Rad), and incubated with primary antibodies from the proteins of interest in 

phosphate buffered saline containing 5% nonfat dry milk, 0.1% Tween 20.  The 

antibodies for AIF (catalog # sc-13116) and Bik (catalog # sc30552) were purchased 

from Santa Cruz Biotechnologies.  Antibodies for Lck (catalog #2752), phospho-Lck 

(Tyr505; catalog #2751), Akt (catalog #4691), phospho-Akt (Thr308; catalog #2965), 

phospho-Akt (Ser473; catalog #4060) and GSK-3β (catalog #9332), phospho-GSK-3β 

(Ser9; catalog #9336), PARP (catalog #9542), and Bid (catalog #2006) were purchased 

from Cell Signaling Technology.  Antibodies for Myc (catalog #551101), β-Catenin 

(catalog #610514), cyclin D3 (catalog #554195), Bim (catalog #559685), Bad (catalog 

#610392), Bcl-xL (catalog #556361), Hsp60 (catalog #610392) and cytochrome c 

(catalog #556433) were purchased from Becton Dickenson.  The antibody to Mcl-1 

(catalog #600-401-394) was purchased from Rockland Immunochemicals. The antibody 

to the β-subunit of the FoF1-ATPase (catalog #A21351) was purchased from Invitrogen. 

The antibodies to GAPDH (catalog #MAB374), Bax (catalog #06-499) and Bak (catalog 
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#06-536) were purchased from Millipore.  The antibody to Smac (catalog #ALX-210-

788-C100) was purchased from Alexis Biochemicals. The antibody to Bcl-2 (catalog 

#M0887) was purchased from DakoCytomanin.  The antibody to Bmf (catalog #ab9655) 

was purchased from Abcam. The antibody to Puma (catalog #PC686) was purchased 

from Calbiochem. The antibody to Noxa (catalog #IMG-349A) was purchased from 

Imgenex.  Membranes were then incubated with horseradish peroxidase conjugated 

secondary antibodies and immune complexes visualized with Enhanced 

Chemiluminescence Reagent (GE Healthcare). 

Statistical analysis: P-values were calculated using a two tailed Student T-test.  

Data are presented as mean ± standard deviation. 
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