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Abstract

The past decade has seen an exponential increase in the number of cancer therapies with defined molecular
targets. Interestingly, many of these new agents are also documented to raise levels of intracellular reactive
oxygen species (ROS) in addition to inhibiting a biochemical target. In most cases, the exact link between the
primary target of the drug and effects on cellular redox status is unknown. However, it is important to un-
derstand the role of oxidative stress in promoting cytotoxicity by these agents, because the design of multi-
regimen strategies could conceivably build on these redox alterations. Also, drug resistance mediated by
antioxidant defenses could potentially be anticipated and circumvented with improved knowledge of the redox-
related effects of these targeted agents. Given the large number of targeted chemotherapies, in this review, we
focus on selected agents that have shown promise in hematologic malignancies: proteasome inhibitors, histone
deacetylase inhibitors, Bcl-2-targeted agents, and a kinase inhibitor called adaphostin. Despite structural dif-
ferences within classes of these compounds, a commonality of causing increased oxidative stress exists, which

contributes to induction of cell death. Antioxid. Redox Signal. 11, 1123-1137.

HE TERM OXIDATIVE STRESS refers to an imbalance in the
antioxidant-to-prooxidant ratio within a cell. This ratio is
constantly negotiated in cells because homeostatic cellular
function generates oxidative species that are continuously
inactivated by antioxidant systems. Endogenous sources of
oxidant stress, such as mitochondrial electron transport and
activation of oxidases, generate free radicals as byproducts of
their function (Fig. 1). It has been estimated that ~1-2% of the
total oxygen consumption of mitochondria generates reactive
oxygen species (ROS); therefore, oxidative phosphorylation is
the major endogenous source of oxidative stress (41). Cellular
oxidases are another source of ROS. A prototypical example
of such an oxidase is the NADPH oxidase complex, which
functions to deliver a superoxide burst as a defense against
bacteria. Similarly, oxidases like the xanthine oxidases,
monoamine oxidases, and other flavoenzymes are also en-
dogenous sources of oxidants (33).
Superoxide is the specific byproduct of both mitochondrial
respiration and of the aforementioned oxidases and is one
example of a ROS. ROS refers to oxygen-containing break-

down products of molecular oxygen that are highly reactive
and are able to damage lipid membranes, proteins, and DNA
when present in high amounts. This damage is not necessarily
perpetuated by superoxide itself but by further breakdown
products of molecular oxygen. For example, superoxide is
inactivated primarily by the superoxide dismutase (SOD)
enzymes. The reaction by which superoxide is broken down
actually generates hydrogen peroxide, another ROS entity.
Unlike superoxide, hydrogen peroxide can traverse biologic
membranes, thereby expanding its range of reactivity because
it can travel from outside the cell to inside the cell and from
one subcellular organelle to another. Hydrogen peroxide can
be further inactivated by an array of antioxidants. However,
in the presence of transition metals such as Fe and Cu, the
Fenton reaction catalyzes the generation of hydroxyl radical,
the most highly reactive and damaging ROS species. There-
fore, overt damage to macromolecules is most often promoted
by the hydroxyl radical. Again, endogenous oxidative stress
rarely leads to damage, because a healthy cell generally pos-
sesses an armory of antioxidants to inactivate and dispel ROS,
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FIG. 1. Endogenous sources of oxida-
tive stress. Four sources of oxidative
stress that represent normal metabolic
pathways are represented. The NADPH
oxidase is a membrane-bound enzyme
complex that generates superoxide. Xan-
thine oxidase is an enzyme important for
uric acid formation, which also generates
superoxide as a byproduct of its function.
Flavoenzymes are a diverse group of

Transitio enzymes that are involved in numerous
metals biologic processes and include many
Fento monooxidases. Mitochondrial electron
reaction transport generates superoxide primarily

through complex I and IIl. Superoxide
dismutases inactivate superoxide but
generate hydrogen peroxide, which can
give rise to hydroxyl radical in the pres-
ence of transition metals.

thereby obviating any harm to the cell. However, when cel-
lular antioxidants are overwhelmed to a great degree, which
occurs in the context of external environmental challenges like
toxic insults or radiation, cell death is the expected outcome.

The type of cell death triggered by oxidative stress is de-
pendent on the dose and duration of the exposure. Necrotic
cell death is thought to result from a higher amount and ex-
posure to oxidant stress than the amount necessary to elicit
apoptotic cell death. The examples of cancer therapies to be
discussed in this article focus on oxidative stress—induced
apoptosis, although we cannot rule out the possibility that
some of these agents cause other types of cell death, such as
autophagy and necrosis.

A defining feature of apoptotic cell death is activation of
cysteine proteases called caspases that function to activate one
another and ultimately dismantle the cell (65). A multimem-
ber family of proteins, caspases that initiate the cell-death
cascade are caspase-8, caspase-9, caspase-2, and caspase-4.
Caspase-8 is the initiator for death signals stemming from
outside the cell, whereas caspase-9 is triggered by signals
within the cell. Mechanisms of caspase-2 and -4 activation are
less well understood, but are also internal to the cell. Caspase-
4 is thought to be activated by stress initiated in the endo-
plasmic reticulum (ER), also referred to as ER stress (45).

Mitochondria represent a convergence point for oxidative
stress—induced apoptosis. This organelle can serve as a start-
ing point of oxidative stress or a transducer of oxidative
stress—induced apoptotic signaling (116). A large percentage
of endogenously produced oxidants are generated continu-
ously during mitochondrial oxidative phosphorylation, with
superoxide being the predominant entity. A higher rate of
oxidative phosphorylation could initiate an oxidative stress if
mitochondrial antioxidants are not adequately protective (42).
In line with this concept, a loss of mitochondrial antioxidant
capacity could also initiate an oxidative stress from within
mitochondria, because the normal defenses would be reduced.

A buildup of oxidants outside mitochondria can also pro-
mote apoptosis. The mitochondrial permeability transition, a
pore complex that allows the exchange of solutes across mi-
tochondrial membranes, is triggered by oxidants (59). A major

player in promoting activation of caspases is the mitochon-
drial resident, cytochrome c. On exposure to an apoptotic
trigger perturbing mitochondria, cytochrome c leaves the in-
termembrane space of mitochondria and enters the cytosol.
Once in the cytosol, it forms a complex with dATP, an adaptor
molecule called Apaf-1, and caspase-9. This conglomerate,
called the apoptosome, functions to activate caspase-9, which
then activates caspase-3 (26, 58). Other proapoptotic mole-
cules are known to be released from mitochondria to promote
caspase activation, but of these, only the exit of cytochrome c
from mitochondria has been linked to redox (43). In the in-
termembrane space of mitochondria, cardiolipin, a mito-
chondrial phospholipids, tethers cytochrome c in place.
Oxidation of cardiolipin, under conditions of mitochondrial
oxidative stress, loosens cytochrome ¢ and promotes its re-
lease. Release of cytochrome ¢, in addition to the other various
proteins released when mitochondria are disrupted, is
thought to require permeabilization of the mitochondrial
outer membrane. This permeabilization exposes the rest of the
cell to various oxidant species normally housed (and neu-
tralized) within mitochondria.

The way in which oxidative stress triggers apoptosis can
loosely be characterized as a direct effect on apoptotic ma-
chinery or via an indirect effect on apoptosis (Fig. 2). Ada-
phostin, a kinase inhibitor, which is discussed in greater detail
later, is an agent that acts in a direct manner because the active
drug accumulates in mitochondria, thereby compromising
oxidative phosphorylation (58). Because oxidative phos-
phorylation is a major generator of ATP, the cellular energy
currency, this causes an ATP-depletion/energy crisis and
initiates apoptosis. Another example of chemotherapeutic
agents that directly modulate oxidative stress and cell death
are the Bcl-2 inhibitors (88, 114). In contrast, an indirect effect
on apoptosis induction would be a proteasome inhibitor
blocking proteasome function and then causing accumulation
of an ubiquitinated proapoptotic protein. Similarly, epige-
netically targeted agents also induce cell death indirectly
because the proximal targets for those agents are gene ex-
pression. All four of these classes of agents are discussed in
greater detail later.
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agents on oxidative stress—induced apoptosis.
The tyrphostin inhibitor, adaphostin, induces cell
death by a more direct route than do protea-
some inhibitors. Adaphostin (chemical structure
is shown) accumulates in mitochondria and
disrupts oxidative phosphorylation, causing mi-
tochondrial membrane depolarization. This per-
turbation of mitochondria causes an increase in
intracellular superoxide, intracellular peroxides,
and causes the release of cytochrome c. Cyto-
chrome c is a cofactor in caspase activation, which
results in the dismantling of the cell.

Several leukemia and lymphoma model systems have been
associated with heightened levels of oxidative stress. Instead
of triggering death pathways, this increased oxidative stress
in transformed cells, as compared with nontransformed cells,
appears to be part of the milieu in which the cancer cell
thrives. Consistent with this notion, numerous reports docu-
ment the ability of a low level of oxidative stress to stimulate
signaling, via activation of kinases or inactivation of phos-
phatases or both, that ultimately transduces a mitogenic
signal (27, 44, 52).

The source of the increased oxidative stress seen in hema-
tologic malignancies is likely not attributable to a single entity.
Hyperactivation of endogenous sources of ROS, such as
electron transport or the NADPH oxidase, has been docu-
mented in leukemia cells, potentially accounting for the ob-
served increased levels of ROS. Furthermore, specific
oncogenes are known to cause an increase in oxidative stress
in addition to exerting effects on downstream signaling mol-
ecules. Relevant to leukemia, the BCR/ABL oncogene, which
is expressed in chronic myeloid leukemia (CML), increases
levels of intracellular peroxides and superoxides (100, 108).
Electron transport and PI3-kinase signaling have been fin-
gered as responsible for ROS in BCR/ABL-expressing cells;
however, inhibitors of these processes yielded only a partial
reduction in ROS levels (48). In AML, mutation of the FIt3
receptor is seen in a subset of poor-prognosis patients and was
recently shown to increase ROS levels via a NADPH oxidase-
dependent pathway (99). Yet another explanation for
heightened ROS in leukemia cells invokes mitochondrial
DNA mutations that may alter electron transport (84). As
observed in other cancer cells, leukemia cells appear to use
glycolytic pathways more than do normal lymphocytes,
harkening back to the 1920s when Otto Warburg (14) pro-
posed that fundamental differences in metabolism exist be-
tween normal cells and cancer cells.

Proteasome Inhibitors

In 2003, bortezomib became the first-in-class proteasome
inhibitor approved by the United States Food and Drug
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Administration (FDA) for use in refractory multiple myeloma
(81, 93). A second FDA approval for mantle cell lymphoma
followed in 2006 (107). Bortezomib (the generic designation of
the drug) or Velcade was initially called PS-341 while in
preclinical development. These clinical indications were the
result of a decade of work exploring the role of the proteasome
in cancer.

The proteasome represents the terminal step of protein
degradation and therefore affects every cellular process
imaginable (34). Before proteasomal degradation, proteins are
tagged by ubiquitin; thus, this process of protein turnover is
called the ubiquitin proteasome pathway (79). Ubiquitination
of a protein substrate requires three distinct steps: activation
of the ubiquitin molecule by an E1 or ubiquitin-activating
enzyme; stringing together of a polyubiquitin chain by an E2
or ubiquitin-conjugating protein; and finally, the labeling of
the substrate protein with the polyubiquitin chain by an E3 or
ubiquitin ligase (39). Once labeled, the ubiquitinated substrate
is recognizable to the proteasome.

The 26S proteasome is a multi-subunit complex, composed
of two 19S regulatory caps that flank a 20S core (37). The 19S
caps recognize the ubiquitinated substrate protein in an ATP-
dependent manner, whereas the 20S core is responsible for
carrying out protein degradation. This 20S core contains
nonidentical « and f subunits (35). The enzymatic activities
that degrade proteins are housed within these f subunits.
Two sets of seven distinct f# subunits are present in the eu-
karyotic proteasome (54). Of these, specific enzymatic activi-
ties have been attributed to the 85, f1, and 2 subunits (95).
The 5 subunits contain the rate-limiting step in proteasomal
degradation—the chymotrypsin-like activity. This activity
represents the “target” for bortezomib and is the enzymatic
activity that bortezomib most effectively inhibits (12). The
other two activities, housed within the 2 and 1 subunits, are
responsible for the trypsin-like and peptidyl glutamyl- or
caspase-like activities. The term caspase-like activity is not to
be confused with apoptotic caspases, but instead refers ge-
nerically to the aspartic acid-directed activity contained
within the 1 subunit. All three of the enzymatic activities
(chymotrypsin-like, trypsin-like, and caspase-like activity)
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regulate one another to coordinate their actions on a substrate
protein (49). When the chymotrypsin-like activity is turned
on, the caspase-like and trypsin-like activities are off. Com-
pletion of a cycle of chymotrypsin-like activity then activates
the other two activities to process the protein substrate fur-
ther. This model for concerted and cooperative interactions
between the proteasome activities is termed the “bite/chew”
model, because the chymotrypsin-like activity bites a chunk
out of the substrate protein, and the other two activities chew
it into smaller pieces. Follow-up studies of this model for
proteasome action have confirmed that all three active sites
contribute significantly to protein breakdown and that inhi-
bition of multiple sites is required to decrease proteolysis
markedly (50). Furthermore, the relative importance of the
active site varies widely with the substrate, so inhibition of
one site may be relevant to some proteasome substrates but
not all.

The rationale to target the proteasome as a cancer therapy
arose from the concept that transformed cells possess more
damaged or misfolded proteins than do untransformed cells.
These damaged or misfolded cells are substrates for the pro-
teasome; therefore, it is thought that cancer cells rely more
heavily on proteasome activity. This concept has been vali-
dated by reports showing that transformed cells have a higher
number of ubiquitinated proteins than do untransformed
cells, specifically by comparing lymphocytes from chronic
leukemia patients with lymphocytes from healthy donors
(69). Notable selectivity of proteasome inhibitors in trans-
formed cells as compared with noncancerous cells is also seen
in multiple model systems (1). Given the clinical success of
proteasome inhibitors in two hematologic malignancies
(myeloma and mantle cell lymphoma), considerable interest
exists in expanding the use of proteasome inhibitors to leu-
kemias and other lymphomas. Unfortunately, bortezomib did
not exert substantial clinical activity in these other hemato-
logic malignancies (15), prompting studies to examine other
proteasome inhibitors and to understand better the role of the
proteasome in leukemia biology.

Although bortezomib is currently the only FDA-approved
proteasome inhibitor, two other compounds, carfilzomib and
NPI-0052, are in clinical trials (105). These two newer pro-
teasome inhibitors are structurally distinct from bortezomib
and from each other, and also exert effects that distinguish
them functionally from bortezomib. Proteasome inhibitors
can be loosely grouped by their chemical structures as either
peptide aldehydes, peptide boronates, f-lactones, or vinyl
sulfones (51). Of these, the peptide aldehydes and boronates
are reversible, whereas the other two classes are not. Borte-
zomib is a reversible peptide boronate and has been shown to
bind to the 5 subunit, thereby inhibiting the chymotrypsin-
like activity of the proteasome.

One of the newer, clinically relevant proteasome inhibitors,
NPI-0052, is structurally reminiscent of lactacystin, the first
described chemical inhibitor of the 20S proteasome (11).
Lactacystin is a microbial metabolite isolated from Strepto-
myces and, despite significant potency, is not suitable for
clinical use. NPI-0052, also known as salinosporamide A, is a
marine product and also contains a f-lactone ring and is ir-
reversible. Notably, it targets all three enzymatic activities of
the proteasome and is the only compound to do so that has
been described. Carfilzomib, formerly known as PR-171, is an
epoxyketone irreversible inhibitor (56). Carfilzomib is related
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to epoxomicin, a natural product isolated from an Actinomy-
cetes, which forms an adduct with the N-terminal threonine of
the 5 subunit. Other proteasome inhibitors, such as the vinyl
sulfones, have not reached clinical development and also have
overlapping specificities with other proteases.

The first report that proteasome inhibitors cause oxidative
stress came from a study examining bortezomib action in lung
cancer cell lines (61). An increase in superoxide levels was
noted that preceded caspase activation and appeared to be
coupled with mitochondrial dysfunction. Rotenone and an-
timycin A, inhibitors of mitochondrial electron-transport
chain complexes I and III, or cyclosporin A, an inhibitor of the
mitochondrial permeability transition pore, inhibited borte-
zomib-induced ROS generation and mitochondrial perturba-
tions, as did tiron, a chemical antioxidant. A pan-caspase
inhibitor did not affect bortezomib-induced ROS generation
but did prevent PARP cleavage and apoptotic death. In
prostate cancer cells overexpressing Bcl-2, a reduction in
bortezomib-induced ROS generation was observed and cor-
related with cellular resistance to bortezomib.

Taken together, these results indicated mitochondria as a
source of bortezomib-induced ROS and placed ROS genera-
tion upstream of caspase activation in the scheme of borte-
zomib cytotoxicity (Fig. 3). This conclusion was challenged by
another group that used an array of diverse cancer cell lines
and found that N-acetylcysteine, butylated hydroxyanisole,
and glutathione all failed to protect cells from bortezomib-
induced cell death (122). Vitamin C, however, did inhibit
bortezomib-induced apoptosis, but this was attributed to in-
terference directly with bortezomib. A vitamin C-bortezomib
complex was found to be formed that would render the drug
inactive and limit its membrane permeability, thereby pre-
venting the drug from entering into the cell. These same
authors concurred with the finding that Tiron protected cells
from bortezomib-induced cell death but offered an alternate
explanation for the finding—that tiron contains structural
features (vicinal diols), which are capable of strongly binding
with a boronic acid moiety, as is present in bortezomib.
Therefore, they posed the argument that Tiron, instead of
working as an antioxidant, is functioning as vitamin C did in
their hands, via formation of a biologic inactive complex with
bortezomib (Fig. 4).

A more recent study from a separate group proposes that
cytochrome p450 activation by bortezomib causes ROS gen-
eration, which then deboronates bortezomib, inactivating the
drug, because the boronic acid moiety is the portion of the
compound thought to bind to the active-site N-terminal
threonine residue of the proteasome (57).

Many other studies have probed the role of ROS in
bortezomib-induced cell death in model systems, including
myeloma (83), mantle cell lymphoma (85), and leukemia (71),
as well as solid tumor models like colon cancer (72), endo-
metrial cancer (62), and head and neck squamous cell carci-
noma (29). Across the hematologic malignancy models, the
ability of bortezomib to increase ROS appears conserved, with
a number of different antioxidants, such as NAC, showing
cytoprotection. Furthermore, the ability of bortezomib to in-
crease ROS levels in leukemia and myeloma cells has been
suggested as the basis for synergy with other agents.

In the solid-tumor model systems, the data are less
streamlined. In head and neck squamous cell carcinoma cell
lines, ROS and ER stress are implicated as major players in
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FIG. 3. Proteasome inhibitor-induced apoptosis
and potential sites of ROS generation. The pro-
teasome inhibitor, bortezomib, and its structurally
similar relative, MG132, have been found to in-
crease intracellular ROS levels. At least two ex-
planations have been offered for this observation.
An accumulation of polyubiquitinated proteins
overwhelms the protein-handling machinery of the
cell, causing endoplasmic reticular (ER) stress,
which may then cause oxidative stress. Mitochon-
drial perturbations by proteasome inhibitors can
cause release of mitochondrial resident oxidants
and cytochrome ¢, promoting caspase activation.
A connection between these two pathways is de-
picted by the dashed line and includes the ability
of ROS generated from mitochondria to cause ER
stress.
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bortezomib cytotoxicity (29). Supporting this model, in mye-
loma cell lines (U266 and RPMI8226) and in myeloma patient
specimens, antioxidants blunt bortezomib toxicity, and de-
pletion of glutathione with buthionine sulfoximine (BSO)
sensitizes cells to bortezomib-induced cell death (77). The
same study shows that two markers of ER stress, induction of
the transcription factors ATF4 and CHOP, occur after borte-
zomib exposure (77). ER stress as a consequence of proteasome
inhibition has been demonstrated in a number of studies (70).

However, distinct cell types may be more susceptible to ER
stress or ROS induction or both by bortezomib. An example of
a susceptible cell type is the multiple myeloma cell, which is a
malignant plasma cell. Plasma cells are terminally differenti-
ated B cells that function to generate antibody and therefore
handle high volumes of protein, tipping them toward a higher
threshold of ER stress. Proteasome inhibition, which causes a
further protein-processing problem, is theorized to be more
effective in these cells because of their basal level of high ER
stress. In contrast, some cell types do not seem to respond to

bortezomib with an oxidative stress or ER stress response. For
example, in colon cancer lines, oxidative stress by the pre-
clinical predecessor of bortezomib, MG132, or bortezomib
itself, was not observed (22). These varied findings regarding
the occurrence of oxidative stress by bortezomib have led to
acceptance of the idea that ROS induction by bortezomib may
be cell-type specific.

In support of a strong role for redox modulation by pro-
teasome inhibitors are the numerous observations that other
classes of proteasome inhibitors also cause an oxidative stress
(20). Lipid peroxidation and oxidative DNA damage have
been observed in a dose-dependent manner in lactacystin-
treated cells. Gene-array analysis of primary neural cells
treated with lactacystin shows upregulation of heat-shock
proteins, antioxidants, and cell-cycle inhibitors, indicating
major gene-expression consequences of the observed oxida-
tive stress (118). As for the newer, clinically relevant protea-
some inhibitors, NPI-0052 causes a greater increase of
intracellular superoxide than does bortezomib (71). A unique

FIG. 4. Alternate explanation
for antioxidant protection of
bortezomib-induced cell death.
A role for oxidative stress in
the mechanism of action of bor-
etzomib is supported by the
ability of antioxidants to protect
against cytotoxicity. However, it
has been argued that the antiox-
idants tiron and vitamin C may
inactivate bortezomib by bind-
ing to the boronate group of the
compound.

proteasome

Vitamin C

Tiron

bortezomib
antioxidants

that prevent

bortezomib

induced cell
death



http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2302&iName=master.img-002.jpg&w=276&h=245
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2302&iName=master.img-003.jpg&w=342&h=197

1128

feature of NPI-0052 is its reliance on caspase-8 activation,
whereas bortezomib activates both caspase-8 and caspase-9
equivalently. The antioxidant NAC blocks NPI-0052-induced
cell death but does not affect proteasome-activity inhibition or
caspase-8 processing in leukemia cells; therefore, increased
superoxide levels and increased intracellular peroxide levels
are likely causing the demise of the cell in a parallel pathway
to caspase-8 activation. To date, the effect of carfilzomib on
redox has not been explored.

The cellular response to an oxidative stress usually involves
the upregulation of antioxidant defenses. In the case of pro-
teasome inhibitor-induced oxidative stress, several antioxi-
dants are noted to increase. In neurons, synthesis of the
ubiquitous and plentiful antioxidant, glutathione (GSH), is
stimulated by lactacystin, which acts on the Nrf2 transcription
factor (117). Nrf2 drives the expression of many antioxidant
enzymes, including the enzyme that catalyzes the first and
rate-limiting step in GSH synthesis: y-glutamylcysteine syn-
thetase. Nrf-2 has also been implicated in promoting expres-
sion of heme oxygenase-1 (HO-1), a heat-shock protein also
referred to as hsp32 and antioxidant. In astrocytes, exposure
to MG-132 (a proteasome inhibitor structurally similar to
bortezomib) causes an induction of HO-1 (103). Over-
expression studies with HO-1 and other antioxidant proteins
indicate that these antioxidants also possess antiapoptotic
properties, so it is conceivable that HO-1 induction by pro-
teasome inhibitors may ultimately promote drug resistance.

Hsp72, another cytoprotective heat-shock protein, is re-
ported to be upregulated by exposure to MG132 (86). In line
with this concept, another small heat-shock protein, hsp27,
has been implicated in bortezomib resistance in lymphoma
(13). Antisense directed toward hsp27 sensitized bortezomib-
resistant lymphoma lines to bortezomib, and overexpression
of hsp27 rendered sensitive cells resistant to bortezomib.

The detoxification protein GST P1 is also an Nrf2 target and
is upregulated in response to proteasome inhibitors such as
MG132 and lactacystin (111). Interestingly, Nrf2 activity is
regulated by the proteasome. Nrf2 is sequestered in the cy-
toplasm by Keapl (Kelch-like ECH-associated protein-1)
(Fig. 5). Ubiquitination of Keapl and its proteasomal degra-
dation promote the translocation of Nrf2 to the nucleus, en-
abling it to function as a transcription factor. Therefore, the
antioxidant response to proteasome inhibitors is dually reg-
ulated by the proteasome: first at the level of ROS generation
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by proteasome inhibitors, and also by Keap1 degradation by
the proteasome.

Interestingly, the proteasome itself is amenable to modu-
lation by oxidative stress. With purified proteasomes, elec-
trophile-induced oxidative stress was shown to decrease the
ability of the proteasome to degrade substrates, likely through
modification of an ATPase on the 19S proteasome (102). Ex-
amination of the 20S proteasome showed a similar pattern of
regulation—exposure to large amounts of oxidants like hy-
drogen peroxide or peroxynitrite caused a decrease in the
proteasome’s ability to break down a particular substrate
protein (36). A comparison of the 20S and 26S proteasome
revealed that the 20S proteasome is more resistant to oxida-
tive stress than is the 26S proteasome, which was attributed to
the ATP dependence of the 26S proteasome (92). Cumula-
tively, these studies suggest that ROS generated by endoge-
nous sources or by cellular perturbations can modulate
proteasome activity, thereby affecting the action of the pro-
teasome inhibitors. Therefore, redox status may be an element
to consider in trying to maximize the utility of the proteasome
inhibitors.

Epigenetically Targeted Agents

Epigenetics is defined as changes in gene expression that
are not due to any alteration in the DNA sequence. The best-
known epigenetic markers are DNA methylation and histone
acetylation. Both of these processes control gene activity and
the architecture of chromatin. DNA methylation and modifi-
cations of histone proteins control in tandem the coiling of
DNA, thereby enabling or disabling transcription (112). His-
tones are best known as DNA-packaging proteins, but also
participate in the regulation of gene expression. Posttransla-
tional modifications on histones, such as acetylation, methy-
lation, and phosphorylation, affect the binding of histones to
DNA, thereby regulating portions of DNA as accessible to
transcription factors. Acetylation of histone lysines, for ex-
ample, is generally associated with transcriptional activation.
The term “histone code” refers to distinct histone modifica-
tions present in normal tissue; these are maintained by the
coordinated activity of histone acetyl transferases (HATs) and
histone deacetylases (HDACs). A precise pattern of DNA
methylation and histone modification is essential for the
physiologic activities of cells and tissues. In cancer, this pat-
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FIG. 5. Proteasome inhibitors can promote an anti-
oxidant response. After an oxidative stress is achieved
by proteasome inhibitors, a cellular antioxidant re-
sponse mediated by the transcription factor Nrf2 has
been documented. Nrf2 is antagonized by Keapl,
which sequesters it in the cytoplasm. Nrf2 drives
transcription of several redox-modulating genes that
have been implicated in proteasome inhibitor-treated
cells including heme oxygenase-1, y-glutamyl synthe-
tase, and glutathione S-transferase. These antioxidants
may in turn soak up ROS and potentially mediate re-
sistance to the drug.
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tern is thought to be dysregulated, with silencing of tumor
suppressors and activation of aberrant genes (96).

The hypomethylating agents have gained momentum
in cancer therapeutics with the intense study of epigenetic
alterations in cancer. Two such agents, 5-azacytidine (Vidaza)
and 5-aza-2’-deoxycytidine (decitabine), have been approved
as treatments for myelodysplastic syndrome (MDS) (32). Both
of these drugs have been available for >40 years but were
always categorized as classic cytostatic agents. More recent
work has highlighted their ability to inhibit DNA methyla-
tion, prompting their reclassification as epigenetically tar-
geted drugs.

As early as the 1980s, decitabine was found to possess ROS-
generating characteristics in AML cell lines (74). At the time,
this was attributed to an effect on differentiation, because a
myeloid cell line was used, and it was assumed that differ-
entiation of these cells would enable a functional NADPH
oxidase. However, this was purely speculation, and no ex-
periments to address this possibility have been conducted.
Building on those observations, both azacytidine and 5-aza-2-
deoxycytidine are seen to cause increased ROS alone or in
combination with other epigenetically targeted agents, such
as HDAC inhibitors (31). Antioxidants able to stem this in-
crease in ROS are those that bolster levels of GSH, suggesting
that GSH depletion plays a role in the mechanism of action of
these agents. These same antioxidants are protective against
cell death induced by the hypomethylating agents, indicating
that the oxidative stress figures into the induction of cyto-
toxicity. However, the precise source for the oxidative stress
remains unknown for the hypomethylating agents.

Another intriguing question is how redox may affect DNA
methylation and vice versa. The DNA methyltransferases
(DNMTs) are a group of enzymes that control methylation
status. A recent study linked DNMT1 to sensitivity to oxida-
tive stress by generating Rat-1 cells that overexpress DNMT1
and somatic HCT116 knockout cells that do not express either
DNMT1 [DNMT1(-/-)] or DNMT3B [DNMT3B(-/-)] (73).
The former were relatively resistant to hydrogen peroxide-
induced cell death, and the latter were more sensitive to hy-
drogen peroxide-mediated cytotoxicity as compared with
control HCT116 cells. These results highlight a role for
DNMTT1 as potentially more relevant to cell death and drug
sensitivity than other members of the DNMT family in colon
cancer. An explanation of this unique effect of DNMT1 may lie
in the fact that it is a downstream target of the AP-1 tran-
scription factor complex member, Fos. Increased AP-1 activity
has been linked to resistance to oxidative stress induced by
chemotherapy, and DNMT1 may be an effector of this re-
sponse (4). With the success of the hypomethylating agents in
MDS, uncovering potential mediators of resistance becomes
more urgent. Understanding redox alterations caused by
those agents should help this pursuit. Additional basic studies
of the enzymes that control epigenetic alterations and the re-
dox dependence of these enzymes also will provide much-
needed insight into these processes. These data are likely
forthcoming from focused studies of the numerous enzymes
that control posttranslational modifications of chromatin-
associated proteins. For example, lysine-specific demethylase-
1 (LSD1), also known as KDM], is a flavin-dependent histone
demethylase. Activity of LSD1 is limited to mono- and di-
methylated lysines; however, it can cooperate with the
other classes of histone demethylases that are able to act on
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mono-, di-, and trimethylated lysine residues. Like other fla-
vin-dependent amine oxidases, LSD1 produces hydrogen
peroxide by oxidation of an amino group of its substrates
through an FAD-dependent mechanism (28). Therefore, its
action can influence the redox environment proximal to
chromatin; however, whether LSD1 itself is sensitive to
changes in the redox environment as well remains un-
answered.

The histone deacetylase (HDAC) inhibitors are a structur-
ally diverse class of agents that induce growth arrest, differ-
entiation, and cell death in vitro (68). Suberoylanilide
hydroxamic acid (SAHA or vorinostat) is the first drug of this
type to be approved by the FDA and is used for the treatment
of cutaneous T-cell lymphoma (23). Many other HDAC in-
hibitors have emerged and are in various stages of testing.
In clinical trials, HDAC inhibitors are associated with a low
incidence of adverse events and are generally well tolerated
by patients as either monotherapy or in combination with
other agents (94). Structurally, the HDAC inhibitors have
been grouped into four categories: hydroxamic acids, short
fatty chain acids and their derivatives, benzamides, and cyclic
peptides (7). The HDAC inhibitors are also grouped based on
what HDAC family members they inhibit. Eleven HDAC
proteins, grouped into classes I-IV, have been described in
mammals and vary with respect to subcellular distribution,
tissue-specific expression, and function (66). The majority of
the hydroxamic acid HDAC inhibitors (vorinostat, trichosta-
tin A, PXD101, LBH589, and LAQ824) are pan-inhibitors of
the HDAC family. However, more specific hydroxamic acid
HDAC inhibitors are emerging. CRA-024781/PCI-24781
preferentially inhibits class I and I HDAC family members
and displays increased potency to inhibit those enzymes as
compared with vorinostat. It is orally bioavailable and is
currently in phase I trials (5).

Although several structurally distinct HDAC inhibitors
cause oxidative stress, vorinostat, the hydroxamic acid, has
been the best characterized with respect to ROS production
(Fig. 6). The initial report of vorinostat (SAHA) affecting redox
focused on apoptosis induction and concluded that the drug
promotes expression of the proapoptotic Bcl-2 family mem-
ber, Bid. Bid translocation to mitochondria and subsequent
disruption of mitochondria was identified as the source of
ROS by vorinostat (98). Recent reports highlighted a role for
the antioxidant, thioredoxin (Trx), in sensitivity to vorinostat.
Trx is a ubiquitous antioxidant and electron donor for ribo-
nucleotide reductase and for several peroxidases (2). The
flavoenzyme, thioredoxin reductase, keeps Trx in a reduced
state by using NADPH as a cofactor. Vorinostat induces the
expression of Trx-binding protein 2 (TBP-2), which binds to
and inactivates Trx, providing a model by which an important
antioxidant is inactivated by the drug, thereby permitting
oxidative stress to proceed (6). A later study attributed Trx
levels to vorinostat sensitivity in transformed cells (110). An
increase in Trx was observed in normal human fibroblasts
cell lines treated with vorinostat, but not in a myeloma cell
line or in an SV40-transformed cancer cell line. Similar results
were obtained with the benzamide HDAC inhibitor, MS/
SNDX-275.

MS-275, now being developed by Syndax Pharmaceuticals,
hence its renaming as SNDX-275, has been shown to generate
ROS by several groups in leukemia cell lines and primary
patient specimens (16, 97). Because MS-275 targets class I
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FIG. 6. Role of oxidative stress in the selective effects of
HDAC i on transformed cells. The antioxidant thioredoxin
may be a key in the observed selectivity of the HDAC in-
hibitors vorinostat and MS-275 on cancer cells. In normal,
untransformed cells, thioredoxin is upregulated and protects
cells from oxidative stress. In cancer cells, gene expression of
thioredoxin-binding protein-2 (TBP-2) and the cleavage of
the proapoptotic protein, Bid, are documented. TBP-2 re-
duces activity of Trx by binding and inactivating it, thereby
promoting oxidant stress. Bid disrupts mitochondria, caus-
ing oxidative stress.

HDACS, and within this class, exerts specificity for HDAC1, 2,
and 3, it is plausible that inhibition of the class I family
members accounts for the generation of ROS (Fig. 6).

For both vorinostat and MS-275, the oxidative stress caused
by the drug leads to caspase activation, but caspase inhibi-
tors do not prevent ROS generation (64). A similar pattern
is seen with other HDAC inhibitors, such as PCI-24781. Like
the hypomethylating agents, a source for the oxidative stress
has as yet to be identified. However, because chemical anti-
oxidants block cell death by the HDAC inhibitors, it is clear
that redox is an important component of the action of these
agents.

BCL-2 Inhibitors

The Bcl-2 oncogene, a potent antiapoptotic protein, is a
logical candidate for therapeutic targeting. Bcl-2 is found on
virtually every cell membrane, including plasma membranes,
mitochondrial membranes, ER membranes, and nuclear
membranes (78). Localization of Bcl-2 on the mitochondrial
membrane has been attributed to its antiapoptotic action,
because it can bind proapoptotic Bcl-2 family members such
as Bax and Bak, thereby inactivating their ability to exert ef-
fects on mitochondria (89). However, several studies also cite
other models for Bcl-2 action, including a role in modulating
cellular redox status (53). The first tie between apoptosis
and ROS came from the observation that, when over-
expressed, Bcl-2 protected cells from hydrogen peroxide— and
menadione-induced lipid and thiol oxidation. Later work
showed that expression of the ubiquitous cellular antioxidant
glutathione (GSH) is much higher in cells expressing Bcl-2,

CHANDRA

suggesting that Bcl-2 promotes GSH retention, stability, or
synthesis (113). Other antioxidants, such as MnSOD, also
appear to be modulated by Bcl-2 expression; however, this
may be through the activation of common transcription
factors such as NF-«B that promote both Bcl-2 and MnSOD
levels (55).

Overexpression of Bcl-2 protects virtually any cell type
from induction of apoptosis, and in CLL, lung cancer, and
lymphoma, overexpression of Bcl-2 is an observed feature
(90). Consequently, numerous strategies targeting Bcl-2 have
evolved in recent years, ranging from antisense to small-
molecule inhibitors to natural products (90). Strategies to
target Bcl-2 have spanned inhibiting its gene expression with
HDACI, reducing mRNA expression with antisense, and
preventing the function of the protein with small molecules.
The antisense strategies were the first to be explored in a
clinical context. Relevant to hematologic malignancies, clini-
cal trials were conducted in relapsed or refractory CLL, acute
myeloid leukemia (AML), and myeloma by using antisense
oligodeoxynucleotides targeting BCL-2 mRNA. The mole-
cules used clinically (G3139; Genasense; oblimersen sodium)
are nuclease-resistant phosphorothioates, which hybridize to
the first 18 nucleotides within the open reading frame of BCL-
2 mRNAs and induce degradation (91). Despite potentially
interesting data in leukemia model systems, concern exists
about the specificity of this antisense approach, prompting the
development of other modalities to inhibit Bcl-2. A consistent
correlation between clinical response and knockdown of BCL-
2 mRNA or protein levels in patients undergoing treatment
with G3139 has not been shown; however, this could be attri-
buted to the slow degradation of Bcl-2 (67).

The majority of efforts to inhibit Bcl-2 as a therapeutic
modality have focused on small-molecule inhibitors that
directly bind Bcl-2 or related antiapoptotic proteins. Of
these, gossypol and its analogues, originating from a natural
product used as a herbal remedy in China, have been the most
extensively studied. Gossypol binds a regulatory site on the
surface of antiapoptotic Bcl-2 family proteins, preventing
docking with proapoptotic proteins, which usually inacti-
vates the proapoptotic family members (87). The net result
is that the proapoptotic proteins are free to promote cell
death. Conceptually similar but structurally different small-
molecule inhibitors of Bcl-2 and related antiapoptotic family
members such as Bcl-Xp, and Mcl-1 have been developed, and
many are on the cusp of entering clinical trials. HA14-1, a
chromene derivative (115), and antimycin analogues (109)
were identified by computational modeling. BH3I-1 and -2 are
a thiazolidin derivative and a benzene sulfonyl derivative,
respectively, identified by screening by using a BH3 peptide
displacement assay (19). Theaflavins and epigallechatechins
(EGCGs) are natural products abundant in black and green
tea, respectively (60). ABT737 is a synthetic small-molecule
inhibitor produced by Abbott Laboratories by using NMR-
guided, structure-based drug design, representing the most
deliberate attempt at designing a Bcl-2 inhibitor (80). GX15-
070 (also generated by a pharmaceutical firm, in this case,
Gemin X), is a synthetic broad-spectrum inhibitor of Bcl-
2-family proteins. No side-by-side comparisons of these
chemical inhibitors of antiapoptotic Bcl-2 proteins has been
reported, but one major point difference between the com-
pounds is their binding affinity for Bcl-2 or Bcl-X;, with
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FIG.7. Two models for how Bcl-2 inhibitors can cause an
oxidative stress: mitochondrial disruption and depletion of
glutathione. Functional studies of Bcl-2 indicate that this
antiapoptotic protein can bind and sequester proapoptotic
family members like Bax and Bak from localizing to mito-
chondria. Bcl-2 also can increase levels of cellular glutathi-
one, likely by preventing efflux. Therefore, Bcl-2 inhibitors
that antagonize the function of Bcl-2 can antagonize those
two pathways, as depicted.

ABT737 being the strongest binder and antimycin having the
weakest binding properties (90).

A handful of studies have examined the ability of Bcl-2
inhibitors to modulate redox status. Interestingly, many of
these compounds, including 2-methoxy antimycin A, BH3I-2,
HA14-1, ABT-737, gossypol (and the gossypol enantiomer,
AT101), and the stapled BH3 helical peptide SAHB-BID also
inhibit Bcl-xL (120). Bcl-xL overexpression has also been
linked to heightened GSH levels; therefore, these compounds
may exert redox effects by inhibition of multiple Bcl-2
family members (3) (Fig. 7). Given the antioxidant functions
of Bcl-2 mentioned earlier (increased expression of GSH,
MnSOD, etc.) it is not surprising that the Bcl-2 inhibitors cause
an increase in intracellular peroxide and superoxide levels.
This has been documented for HA14-1 (121) and for ABT-737,
a small-molecule BH3 mimetic from Abbott Pharmaceuticals
(Fig. 7). ABT-737 is the parent compound, whereas ABT-263 is
the second-generation drug, currently in clinical trial. For
these agents, it has not been carefully determined whether
decreased GSH or MnSOD, as a consequence of Bcl-2 inhibi-
tion, is responsible for the oxidative stress, or whether mito-
chondrial dysfunction is the reason for ROS generation.

Adaphostin: A Unique Kinase Inhibitor

Many kinase inhibitors elicit changes in cellular redox sta-
tus, and this topic alone could be covered in a dedicated re-
view article. The majority of kinase inhibitors (the clinically
approved BCR/ABL kinase inhibitor, imatinib, being the ar-
chitypical example) are directed toward the ATP-binding site.
Adaphostin is unique in that it is a second-generation tyr-
phostin kinase inhibitor. The term tyrphostin refers to a class
of drugs designed to mimic tyrosine binding to kinases (24).
The parent drug of adaphostin, AG957, was studied exten-
sively as a BCR/ABL kinase inhibitor (46). A key feature of
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AG957 was that its affinity for BCR/ABL was competitive
with regard to substrate rather than ATP (like imatinib).
However, owing to a serum half-life of <20 min, AG957 was
modified. Adaphostin, formerly known as NSC 680410,
emerged as a more-promising compound, with a longer
serum half-life and greater potency (47). As imatinib gained
momentum in treating chronic myeloid leukemia (CML),
adaphostin was shown to exert a distinct pattern of activity in
BCR/ABL-expressing cells, characterized by induction of
ROS and an ability to degrade BCR/ABL protein (9). These
two effects are independent of one another, because an anti-
oxidant does not prevent the degradation of BCR/ABL (8).
However, the ROS induction is clearly linked to apoptosis,
because it precedes caspase activation, and because diverse
antioxidants prevent apoptotic DNA fragmentation.

These unique attributes of adaphostin (ROS generation and
BCR/ABL degradation) are retained in imatinib-resistant cells
(10). Regardless of whether imatinib resistance was conferred
by BCR/ABL mutation or mutation-independent alterations,
adaphostin induced apoptosis in these lines. Notably, even
the most potently imatinib-resistant form of BCR/ABL,
the T315I mutant (which is resistant to second-generation
BCR/ABL inhibitors such as nilotinib and dasatinib), was
susceptible to adaphostin-induced oxidative stress and cell
death. Closer inspection of the chemical structure of ada-
phostin reveals that it is a dihydroquinone derivative, and
from studies in primary acute myelogenous leukemia (AML)
(119) and chronic lymphocytic leukemia (CLL) cells (101), as
well as a host of cell lines that do not express BCR/ABL (63,
75), it is clear that the activity of adaphostin activity does not
depend on the presence of the BCR/ABL kinase. Transcrip-
tional and proteomic profiling of adaphostin effects in a panel
of cells that included BCR/ABL-positive and BCR/ABL-
nonexpressing cells, provides independent confirmation
of these findings (40, 106). Upregulation of oxidative stress—
related genes such as heat-shock proteins and proteins such as
glutathione S-transferase and superoxide dismutase were
described in these studies. Data from our laboratory indicate
that the heat-shock protein and antioxidant, heme oxygenase-
1, is upregulated after adaphostin exposure in glioblastoma
cells (63). An explanation for the induction of oxidative stress
by adaphostin was recently proposed. HPLC analyses con-
ducted by Scott Kaufmann and colleagues (58) indicated that
adaphostin accumulates in mitochondria 3,000-fold over ex-
tracellular concentrations. Although the mechanism for this
mitochondrial accumulation is not known, it is responsible for
disrupting electron transport, promoting ROS generation at
complex III. Taken together, these various independent
studies indicate that adaphostin is a redox-modulatory agent.
The selectivity of adaphostin for AML, CML, and CLL cells
may potentially be explained by increased endogenous oxi-
dative stress in these leukemic cells. Therefore, the further
oxidative stress generated by adaphostin is more effective at
inducing cell death in these leukemia cells than in normal
lymphocytes.

Combinations of These Agents

The past and future of cancer therapy relies on combining
agents for maximal activity. In hematologic malignancies in
particular (with the exception of CML), multidrug regimens
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Currently open clinical trials Tor leukemia using combinations of
targeted agents that raise ROS

Agents being combined Disease

Vorinostat, decitabine AML, ALL, CML, NHL “\
Azacytidine; MS-275 MDS, CMML, AML

Vorinostat; flavopiridol AML, ALL, MDS

Bortezomib, tipifarnib AML, ALL, CML

Bortezomib, daunorubicin; AML

cytarabine

Bortezomib; mitoxantrone; AML, ALL

etoposide >
Bortezomib; dexamathasone; | Pediatric ALL

PEG-asparaginase;

doxorubicin; cytarabine;

methotrexate; vincristine

Decitabine; bortezomib AML

Vorinostat, gemtuzumab AML

Azacytidine; gemtuzumab ANML

Azacytidine, bortezomib AML, MDS /
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FIG. 8. Combinations of targeted agents that
increase levels of intracellular ROS that are cur-
rently in clinical trials for leukemia. A partial list
of currently accruing clinical trials for leukemia
with agents discussed in this review. Information
was condensed from web postings current as of
August 2008 on www.clinical trials.gov. Expan-

Potential | sion of abbreviations used in the table are AML,
forfutthef  acute myeloid leukemia; ALL, acute lymphocytic
Increase | Jeukemia; CML, chronic myeloid leukemia; NHL,
L1 non-Hodgkins lymphoma; MDS, myelodysplastic
oxidative . .

atrens syndrome; CMML, chronic myelomonocytic leu-

kemia. Because at least one agent listed in these
combination trials is documented to increase intra-
cellular ROS levels, a potential exists to measure a
further increase in oxidative stress in the context of
these trials as a putative biomarker for drug action.

are a mainstay of treatment. All the agents described in this
review article have been tested for synergy with other
existing or emerging drugs in cell lines, and clinical trials
applying these combinations are being formulated. Inter-
estingly, all of the classes of compounds covered in this re-
view have been combined with each other, and ROS have
been implicated in most of the additive or synergistic effects
in vitro.

Of these combinations, the proteasome inhibitors and
HDAC inhibitors are furthest along in development, with
several clinical trials open testing bortezomib with either
vorinostat or other HDAC inhibitors (Fig. 8). In multiple
myeloma (83), mantle cell lymphoma (38), CML (83), and
non-small cell lung cancer (21), oxidative stress is seen with
the boretzomib/vorinostat combination. Reports of syner-
gistic cell death extend to additional cell-line models includ-
ing pancreatic cancer (76), hepatomas (25), and MDS (30).
Aside from bortezomib, other proteasome inhibitors such as
NPI-0052 also synergize with HDAC inhibitors. Our work
shows that oxidative stress is potentiated in leukemia cells
treated with NPI-0052 and MS-275 (71).

Bortezomib has also been combined with adaphostin or
with Bcl-2 inhibitors in cell lines. Oxidative stress was cited as
the major mechanism of cytotoxicity in AML and CML cells
treated with bortezomib and adaphostin. For the bortezo-
mib/Bcl-2 inhibitor combinations, numerous instances of
synergistic or additive effects have been reported in liquid
and solid cancer cell lines; however, a role for ROS has not
been addressed (17, 18, 82, 104).

Conclusions and Future Directions

The fact that the agents discussed in this review cause an
oxidative stress that figures prominently in their mechanism
of action is of direct clinical value and is an end point that is
underused. Monitoring oxidative stress as a biologic marker
in clinical trials may provide insight into clinical responses or
lack thereof. Methods to quantitate ROS levels by flow cy-
tometry are straightforward and easily applied in mononu-
clear cells isolated from peripheral blood of cancer patients.

Monitoring ROS in cancer patients will enable the answering
of many interesting questions. Do ROS levels after drug ex-
posure predict clinical response? Does dietary supplementa-
tion with antioxidants such as vitamin C, vitamin E, or
selenium, for example, provide protection from targeted
chemotherapy? Because of the bias that induction of oxida-
tive stress is a nonspecific cellular event, it is challenging to
argue for monitoring it in the context of a clinical trial for a
biologically targeted agent. However, oxidative stress can be
cancer cell specific, because a different spectrum and activity
of endogenous oxidant sources and antioxidant enzymes is
present in normal versus malignant cells. Widespread ac-
ceptance of the fact that oxidative stress is a relevant and
requisite outcome of many new cancer therapies will enable a
better understanding of this field and provide insight into
using these new agents more intelligently.
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