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Abstract

Characteristics of cancer cells include a more oxidized redox environment, metabolic 

reprogramming, and apoptosis resistance. Our studies with a lymphoma model have explored 

connections between the cellular redox environment and cancer cell phenotypes. Alterations seen 

in lymphoma cells made resistant to oxidative stress include: a more oxidized redox environment 

despite increased expression of antioxidant enzymes, enhanced net tumor growth, metabolic 

changes involving the mitochondria, and resistance to the mitochondrial pathway to apoptosis. Of 

particular importance, the cells show cross-resistance to multiple chemotherapeutic agents used to 

treat aggressive lymphomas. Analyses of clinical and tumor data reveal the worst prognosis when 

patients’ lymphomas have gene expression patterns consistent with the most oxidized redox 

environment. Lymphomas from patients with the worst survival outcomes express increased levels 

of proteins involved in oxidative phosphorylation, including cytochrome c. This is consistent with 

these cells functioning as metabolic opportunists. Using lymphoma cell models and primary 

lymphoma cultures, we observed enhanced killing using genetic and drug approaches which 

further oxidize the cellular redox environment. These approaches include increased expression of 

SOD2, treatment with a manganoporphyrin that oxidizes the glutathione redox couple, or 

treatment with a copper chelator that inhibits SOD1 and leads to peroxynitrite-dependent cell 

death. The latter approach effectively kills lymphoma cells that overexpress the anti-apoptotic 

protein BCL-2. Given the central role of mitochondria in redox homeostasis, metabolism and the 

intrinsic pathway to apoptosis, our studies support the development of new anti-cancer drugs to 

target this organelle.
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Redox Signaling in Cancer

Cancer cells frequently function with a more oxidized redox environment [5]. An expanded 

set of cancer hallmarks was proposed by Luo et al. in 2009 and includes oxidative stress 

[24]. Indications of altered cellular redox homeostasis in lymphomas compared to normal 

lymphoid tissue include differences in expression levels of antioxidant enzymes [2;41] and 

increased markers of oxidative damage [30]. These associations raise the important question 

of causality: do reactive oxygen species (ROS) drive lymphomagenesis or are they simply 

the consequence of oncogene activation and metabolic activity in highly proliferative cells? 

One argument in favor of ROS as drivers is that chronic inflammation increases the risk of 

cancer developing in the affected tissue. Examples of hematologic malignancies arising in 

this setting include aggressive lymphomas that develop in patients with rheumatoid arthritis 

or Sjögren syndrome [36]. The mechanism underlying the connection between chronic 

inflammation and cancer is an active area of investigation. It appears to be multi-faceted, 

involving redox signaling and oxidative damage to DNA. Inflammatory cells produce ROS 

and reactive nitrogen species (RNS) that can activate redox-sensitive signaling proteins [35]. 

These species can also cause DNA mutations and genomic instability [13].

Mitochondria have a central role in the cancer cell phenotypes of altered redox homeostasis, 

metabolic rewiring and apoptosis resistance (Fig. 1). Metabolism in cancer cells resembles 

proliferative tissues, which rely on aerobic glycolysis to a greater extent than do 

differentiated tissues, which are quiescent [43]. This was first reported in the 1920s by Otto 

Warburg, who noted that cancer cells take up glucose more avidly than their normal 

counterparts [44]. He postulated that they rely on aerobic glycolysis due to impaired 

oxidative phosphorylation. Metabolic profiling with modern tools has confirmed that aerobic 

glycolysis explains the increased demand for glucose seen in cancer cells [33;43]. Aerobic 

respiration is not impaired, but substrates for mitochondrial metabolism are provided 

through increased oxidation of fatty acids and glutaminolysis, in addition to the pyruvate 

supplied by glycolysis. Glutaminolysis converts glutamine to α-ketoglutarate that feeds into 

the tricarboxylic acid (TCA) cycle in mitochondria. This metabolic reprogramming provides 

the cancer cells with precursors needed for the synthesis of nucleic acids, lipids, and 

proteins, along with substrates for energy production [11]. An additional benefit of cancer 

metabolism is high levels of NADPH for redox homeostasis [47].

Resistance to chemotherapeutic drugs can often be traced to mitochondria as many of these 

agents work through the intrinsic pathway to apoptosis. A classic example is overexpression 

of BCL2, which was the first oncogene discovered to function by inhibiting cell death [20]. 

At the mitochondria, BCL-2 maintains the integrity of the outer mitochondrial membrane by 

interacting with pro-apoptotic BCL-2 family members [8]. This prevents the formation of 

pores through which several mitochondrial proteins, including cytochrome c, enter the 

cytoplasm. These proteins commit the cell to death. BCL-2 also functions in an indirect 

manner to prevent oxidative stress-induced apoptosis. While the molecular details have yet 

to be elucidated, the evidence points to BCL-2 regulating mitochondrial metabolism, with 

the result being an increase in ROS levels [21;23]. The cell responds by augmenting cellular 

defenses against ROS. This affords protection against further oxidative stress that would 

otherwise be lethal.
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Manipulating Redox Homeostasis Results in More Aggressive Cancer 

Phenotypes

Our series of studies with a lymphoma model has investigated connections between the 

cellular redox environment and more aggressive cancer phenotypes. Oxidative stress-

resistant variants of the WEHI7.2 murine lymphoma cell line were established through 

stable transfection with a catalase expression vector [38] or gradual selection for growth in 

the presence of 200 μM H2O2 [39]. The variants are designated as CAT2, CAT38, and 200R 

cells. All three have significantly higher catalase and superoxide dismutase activity than 

WEHI7.2 cells [40]. Despite this, they are in a more oxidized state, as shown by evaluation 

of the GSH/GSSG redox couple using the Nernst equation [40]. In contrast to measuring 

total GSH or the GSH/GSSG ratio, the Nernst equation gives a more accurate indication of 

the cellular redox environment by taking into account that two molecules of GSH are 

consumed when one molecule of GSSG is made [19;34]. As a further indication of the more 

oxidized redox environment in the variants, the expression of glutathione S-transferases and 

NAD(P)H:quinone oxidoreductase is increased compared to WEHI7.2 cells [40]. These 

phase II enzymes are up-regulated under conditions of increased oxidative stress.

Concurrent with a more oxidized redox environment, the WEHI7.2 variants acquire 

phenotypes of more malignant cells. When CAT38 cells are grown as xenografts in 

immunodeficient mice, they develop into significantly larger tumors compared to xenografts 

of control WEHI7.2 cells stably transfected with the neor vector [38]. The mitotic rate is not 

increased in the CAT38 cell xenografts, suggesting that the difference in net growth is 

caused by a lower rate of apoptosis. Increased resistance to cell death, as compared to 

WEHI7.2 cells, is evident when all three variants are exposed to agents used clinically to 

treat lymphoma: cyclophosphamide, doxorubicin, vincristine, and the synthetic 

glucocorticoid, dexamethasone [40]. Metabolic profiling of CAT38 cells indicates that these 

cells maintain mitochondrial production of ATP at a higher rate than WEHI7.2 cells 

following exposure to dexamethasone [42]. This likely contributes to their apoptosis 

resistance. Another potential contributor to this phenotype is increased hexokinase activity, 

along with a higher hexose/triose phosphate ratio, as seen in untreated CAT38 cells 

compared to WEHI7.2 cells [42]. Hexokinase regulates apoptosis through interactions with 

BCL-2 family members and the mitochondrial permeability transition pore complex 

[9;12;25]. A further metabolic difference between the CAT38 and WEHI7.2 cells is a pattern 

consistent with CAT38 cells using glutaminolysis to a greater extent than WEHI7.2 cells: a 

decrease in glutamine and glutamate coupled with an increase in aspartate when CAT38 

cells are given fresh media, as compared to no or minimal change in these amino acids for 

WEHI7.2 cells under the same conditions [42].

Although the precise molecular mechanism for the increased resistance of the WEHI7.2 

variants to chemotherapeutic agents is not clear, it involves mitochondria. A resistance 

mechanism that is intrinsic to mitochondria is revealed through cell-free assays testing for 

release of cytochrome c when mitochondria are isolated from the cells and incubated with 

the pro-apoptotic BCL-2 family member protein tBid [46]. Cytochrome c is released from 

WEHI7.2 mitochondria with 250 nM tBid, whereas higher concentrations are required for 
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release from 200R or CAT38 (500 nM) and CAT2 (1,000 nM) mitochondria. This pattern 

mirrors the sensitivity of the intact cells to glucocorticoid-induced apoptosis; 200R or 

CAT38 cells show intermediate resistance, and CAT2 cells are the most resistant compared 

to WEHI7.2 cells [38;39]. Cell death induced by glucocorticoids involves the intrinsic 

pathway to apoptosis. Differences in levels of pro- or anti-apoptotic BCL-2 family members 

do not explain the resistance of the variant cells’ mitochondria to the intrinsic pathway to 

apoptosis [46]. Increased cytochrome c levels are present in mitochondria from the variants 

[45] and this may play a role.

Redox Homeostasis and Cancer Hallmarks in Lymphoma Patients

Lymphomas make up a heterogeneous group of neoplasms with subtypes arising from 

different stages of B and T cell development [15]. The majority of lymphomas are B cell-

derived and the most common indolent and aggressive forms of these are follicular 

lymphoma and diffuse large B-cell lymphoma (DLBCL), respectively. DLBCL is noted for a 

variable response to treatment. The standard-of-care therapy cures approximately half of the 

patients; the remainder die relatively quickly of treatment-refractory disease present at the 

time of diagnosis or upon relapse. The variable outcomes seen for DLBCL patients suggest 

underlying biological differences between tumors that are not apparent from the 

morphological features. DLBCL was one of the first malignancies for which such 

differences were explored using gene expression profiling. The studies compared expression 

patterns in diagnostic tumor specimens to clinical characteristics (e.g., patient age and tumor 

stage) that are correlated with survival time following treatment. These studies reveal 

molecular signatures associated with survival outcomes that are based on the expression of 

genes involved in tumor proliferation, state of differentiation, and recognition by the 

immune system [1;32].

We have tested whether gene expression patterns in DLBCL support a connection between 

redox homeostasis and resistance to multi-agent therapy. From the set of genes included in 

the published DLBCL gene expression profiling data set [1;32], we chose genes encoding 

antioxidant defense enzymes, proteins involved in the thioredoxin system and genes that are 

upregulated in response to oxidative stress. Comparing the expression levels in the 

diagnostic tissue specimens to patients’ predicted survival time, the worst prognosis is 

associated with decreased expression of antioxidant enzymes (superoxide dismutases, 

SOD2, SOD3, and catalase) and increased activity of the thioredoxin system [41]. In the 

WEHI7.2 lymphoma cell model, the variants have increased catalase and SOD, but are 

resistant to multiple drugs used clinically to treat lymphoma [40]. The redox environment in 

those cells is more oxidized than in WEHI7.2 cells. Increased activity of the thioredoxin 

system in DLBCLs from patients with the worst prognosis is indicative of a more oxidized 

redox environment. Thus, chemoresistance appears to track with the overall balance of 

antioxidant defenses versus ROS, as indicated by the redox environment, rather than with 

the expression levels of antioxidant enzymes. In support of this, a study of 106 DLBCL 

patients used immunohistochemistry to show increased levels of thioredoxin, nitrotyrosine 

and 8-hydroxydeoxyguanosine in tumors from patients with worse survival outcomes [30]. 

Nitrotyrosine and 8-hydroxydeoxyguanosine are products of oxidative damage to protein 

and DNA, respectively.
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To extend our analyses of the DLBCL gene expression data, we used a systems biology 

approach to evaluate the relationship between the redox environment and treatment outcome. 

The approach combines expression levels of the different proteins involved in redox 

homeostasis and takes into account that expression of some genes increases, while others 

decrease, in association with aggressive cancer phenotypes (Fig. 2). A mathematically-

derived redox score is calculated for each patient; low redox scores reflect a more oxidized 

redox environment and increased thioredoxin system function [41]. The 5-year survival 

percentages for the quartiles of DLBCL patients with the lowest and highest redox scores are 

37% and 57%, respectively (P < .001) [41]. When the patients are first separated into the 

subtypes previously shown to predict survival outcome based on the differentiation state of 

the tumor, patients with low redox scores still have significantly shorter 5-year survival than 

patients with higher scores. Thus, the redox score adds information to previously reported 

predictors of response to treatment in DLBCL.

Treatment-Refractory Lymphomas are Metabolic Opportunists

Alterations in mitochondrial metabolism may contribute to treatment-refractory disease in 

lymphoma patients. Monti et al. [27] have reported an “oxidative-phosphorylation 

(OxPhos)” gene expression signature in DLBCL that predicts response to therapy. The genes 

included in this signature are involved in oxidative phosphorylation and apoptosis. Cell lines 

derived from tumors with the OxPhos signature have enhanced mitochondrial energy 

transduction, greater flux through the TCA cycle and increased glutathione levels compared 

to non-OxPhos DLBCLs [7]. In light of these findings and the mitochondrial changes seen 

in the WEHI7.2 variants, we compared the expression of cytochrome c with response to 

therapy in different lymphoma subtypes [45]. No association is seen for patients with 

follicular lymphoma, an indolent form of the disease. Increased expression of cytochrome c 
does correlate with shorter survival in patients with the aggressive lymphoma subtypes: 

DLBCL and mantle cell lymphoma. Within the DLBCL patient set, significantly increased 

expression levels of genes needed for electron transport chain (ETC) function are seen in 

patients with the worst prognosis. These genes encode NADH dehydrogenase, cytochrome c 
reductase, and cytochrome c oxidase. These patients also have significantly decreased 

expression of pyruvate dehydrogenase kinase 3. This regulatory protein inhibits conversion 

of pyruvate to acetyl-Co-A, which is a substrate for the TCA cycle. Taken together, the 

expression patterns of mitochondrial proteins are consistent with increased use of the TCA 

cycle and oxidative phosphorylation in aggressive lymphoma. This reprogramming would 

allow the cells to function as metabolic opportunists, using aerobic glycolysis in conjunction 

with glutaminolysis to support biosynthesis needed for continual growth [43]. Our studies 

suggest that an additional advantage of this mitochondrial metabolism in aggressive 

lymphoma is enhanced chemoresistance.

Redox Homeostasis as a Chemotherapeutic Target

A number of chemotherapeutic agents cause increased oxidative stress in their target cells 

and this can contribute to the mechanism of cell killing. These agents include 

cyclophosphamide and glucocorticoids, used to treat aggressive lymphomas. A relatively 

new concept for cancer chemotherapy has been the development of agents to specifically 
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target cellular components that maintain redox homeostasis [6;26;29;37]. The rationale is 

that the more oxidized redox environment in cancer cells places them closer to an apoptotic 

threshold, thus creating a therapeutic window for agents that deplete specific antioxidant 

defenses or increase levels of reactive species (ROS or RNS).

An attractive target for disrupting redox homeostasis in cancer cells is SOD2 (also known as 

manganese SOD). This mitochondrial enzyme converts the relatively short-lived superoxide 

anion radical to the more stable H2O2, which can traverse membranes and initiate redox 

signaling. SOD2 is overexpressed in some cancers but appears to function as a tumor 

suppressor in other types of cancer [14]. In DLBCL, a decreased level of SOD2 is associated 

with aggressive disease [41]. We used a genetic approach to examine the impact of increased 

SOD2 expression on lymphoma cells. Stable transfection with an SOD2 expression vector 

increases sensitivity of WEH7.2 cells to glucocorticoid-induced apoptosis [17]. As a 

pharmacologic approach, we treated WEHI7.2 cells with a manganoporphyrin, Mn(III) 

meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+). Based on its superoxide 

scavenging properties in cell-free systems [3], it was initially thought that MnTE-2-PyP5+ 

would act as an SOD2 mimetic. Studies with intact cells, however, indicate that 

manganoporphyrins can have either anti-oxidative or pro-oxidative properties depending on 

the cellular redox environment [4]. We found that treatment with MnTE-2-PyP5+ alone does 

not induce apoptosis but inhibits growth in a dose-dependent manner [17]. Co-treatment 

with MnTE-2-PyP5+ sensitizes WEHI7.2 cells to killing by glucocorticoids or 

cyclophosphamide [17]. Although H2O2 is required for enhanced killing in lymphoma cells 

treated with MnTE-2-PyP5+ and glucocorticoids, the mechanism of cell death does not 

simply involve elevated steady-state levels of this ROS, as one might expect for a drug 

acting simply as an SOD2 mimetic. Rather, MnTE-2-PyP5+ cycles with glutathione, oxidizes 

the 2GSH:GSSG redox couple and glutathionylates the p65 subunit of NF-κB [16]. NF-κB 

is critical for survival signaling in lymphoma cells [10] and glutathionylation inhibits its 

activity [31].

A second potential redox target in cancer cells is SOD1 (copper-zinc superoxide dismutase). 

This enzyme is primarily a cytoplasmic scavenger of superoxide, but is also found in the 

mitochondrial inter-membrane space of some cell types [28]. SOD1 is inhibited by the 

copper chelator ATN-224 (choline tetrathiomolybdate) [18]. This drug is FDA-approved for 

treatment of Wilson disease, a disorder of copper accumulation in the liver. Low nanomolar 

concentrations of ATN-224 effectively kill 200R cells and WEHI7.2 variants made resistant 

to oxidative stress and apoptosis through BCL-2 overexpression [22]. Treatment with 

ATN-224 leads to a rapid loss of SOD1 activity. This is accompanied by increases in 

superoxide and peroxynitrite levels in the cells. Peroxynitrite is a potent oxidant generated 

by the reaction of superoxide with nitric oxide. It is critical for ATN-224’s mechanism of 

action, as cell death is blocked in the presence of a peroxynitrite scavenger. ATN-224 

induces death of tumor cells from patients with B-cell acute lymphoblastic leukemia [22]. 

This cancer commonly overexpresses BCL-2, indicating the potential clinical utility of 

ATN-224 for treatment-refractory lymphomas.
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Conclusions

As we gain a better understanding of cancer, redox signaling has earned a rightful place next 

to kinase signaling. Conditions of chronic inflammation provide selective pressure for 

increased cellular resistance to oxidative stress. Results from studies with the WEHI7.2 

lymphoma model indicate that altered redox homeostasis is accompanied by hallmarks of 

aggressive cancer. In patients with lymphoma, aggressive and treatment-refractory disease is 

predicted based on the expression of genes involved in redox homeostasis. Altered redox 

homeostasis is linked to metabolic reprogramming, as cancer cells optimize the synthesis of 

macromolecules needed for new cells with production of ATP and NADPH. Agents that 

target critical components of redox homeostasis can restore sensitivity to apoptosis. The 

central role of mitochondria in redox homeostasis, cancer cell metabolism, and the intrinsic 

pathway to apoptosis provides ample precedent for further development of anti-cancer drugs 

targeting this organelle.
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Abbreviations

ROS reactive oxygen species

RNS reactive nitrogen species

TCA tricarboxylic acid

DLBCL diffuse large B-cell lymphoma

SOD1 copper-zinc superoxide dismutase

SOD2 manganese superoxide dismutase

MnTE-2-PyP5+ Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin

ETC electron transport chain

MOMP mitochondrial outer membrane permeability

HK hexokinase
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Figure 1. 
Mitochondria are central to redox homeostasis, metabolism and apoptosis resistance in 

cancer cells. Factors contributing to a more oxidized redox environment in cancer cells 

include altered mitochondrial metabolism, changes in antioxidant defenses and increased 

oncogenic signaling. Signaling through growth factor receptor-mediated pathways leads to 

ROS generation by NADPH oxidases downstream of RAS; aberrant signaling due to RAS 

mutations or other oncogenes can elevate ROS levels. Aerobic glycolysis and glutaminolysis 

supply substrates for the TCA in mitochondria, which in turn generates substrates for the 

ETC, a major source of ROS. Mutations that alter ETC subunits can result in increased ROS. 

The anti-apoptotic protein BCL-2 appears to increase ROS levels by regulating ETC 

subunits. Mitochondrial-generated ROS regulate apoptosis by interacting with the 

permeability transition pore complex (PTPC) or pro-apoptotic proteins (e.g., BAX and 

BAK) that control mitochondrial outer membrane permeability (MOMP). Increased MOMP 

allows pro-apoptotic proteins including cytochrome c and apoptosis inducing factors to 

move from the intermembrane space to the cytosol. BCL-2 can inhibit apoptosis by 

regulating the PTPC and MOMP. Binding of hexokinase II (HK) to the PTPC inhibits 

apoptosis.
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Figure 2. 
A systems biology approach to assess the redox environment in tumors based on gene 

expression. A redox score is calculated for each tumor by summing the expression values of 

the genes in group A and subtracting the expression values of the genes in group B. Based 

on the known functions of these genes, a high redox score reflects a less oxidized tumor 

while a low redox score is indicative of a more oxidized tumor and higher proliferation rate. 

Gene names: SOD, superoxide dismutase; GPX, glutathione peroxidase; CAT, catalase; 

TXNRD, thioredoxin reductase; TXNIP, thioredoxin interacting protein; GSTA, glutathione 

S-transferase alpha; GSTO, glutathione S-transferase omega; TXN, thioredoxin; MGST, 

microsomal glutathione S-transferase.
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