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Lymphoma cells with increased anti-oxidant defenses
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Abstract. Chronic inflammation increases lymphoma risk.
Chronic inflammation exposes cells to increased reactive
oxygen species (ROS). Constant exposure to ROS selects for
oxidative stress-resistant cells with upregulated anti-oxidant
defense enzymes. The impact of oxidative stress resistance on
the redox biology and chemotherapy response in lymphoma
has not been rigorously tested. To measure the effect of anti-
oxidant defense enzyme upregulation in lymphoid cells, we
created oxidative stress-resistant WEHI7.2 thymic lymphoma
cell variants. We selected a population of WEHI7.2 cells for
resistance to hydrogen peroxide and constructed catalase-
overexpressing WEHI7.2 transfectants. The WEHI7.2 variants
had: i) increased catalase and total superoxide dismutase
activities; ii) an altered GSSG/2GSH redox potential; iii) a
more oxidized NADP*/NADPH pool; and iv) increased
phase 2 enzymes, NAD(P)H:quinone oxidoreductase and
glutathione S-transferases p and ;. Regression analysis showed
a correlation between the GSSG/2GSH redox potential and the
increased phase 2 enzyme activities. As predicted from the
anti-oxidant defense enzyme profile, the variants were more
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resistant to the oxidants hydrogen peroxide and paraquat.
The variants exhibited resistance to the common lymphoma
chemotherapeutics, cyclophosphamide, doxorubicin, vincris-
tine and glucocorticoids. These data indicate that chronic ROS
exposure results in lymphoid cells with multiple changes in
their redox biology and a chemoresistance phenotype. These
data further suggest that lymphomas that arise at the site
of chronic inflammation develop chemoresistance due to a
combination of drug detoxification and removal of ROS.

Introduction

Chronic infectious disease and inflammation increase
lymphoma risk (1). Certain infectious agents are connected to
specific types of lymphoma, including Helicobacter pylori in
MALT lymphoma and human T-cell leukemia virus in adult
T-cell leukemia/lymphoma (2). Several types of chronic infec-
tion, for example those caused by hepatitis C and Epstein-Barr
virus, are a risk factor for multiple types of hematologic
malignancies (3,4). Although the connection between chronic
inflammation and increased lymphoma risk is well established,
how chronic inflammation contributes to lymphoma etiology
and affects the response to chemotherapeutic intervention is
not well understood.

One factor that cells at the site of chronic inflammation
encounter is an increase in reactive oxygen species (ROS) as
the host mounts an immune response. Infection of lymphoid
cells with Epstein-Barr virus also directly increases intracel-
lular ROS (5). Chronic exposure to ROS results in cells with
increased anti-oxidant defense enzymes that allow cells to
survive under these conditions (6-8). The impact of oxida-
tive stress resistance on lymphoma chemotherapy response is
unknown. To test the consequences of chronic ROS exposure
on lymphoma drug response, we selected a population of
WEHI7.2 murine thymic lymphoma cells resistant to hydrogen
peroxide (H,0,) (8), one of the ROS found at inflammatory
sites. We also constructed WEHI7.2 transfectants that overex-
press catalase (9), an enzyme that detoxifies H,O,, as proof of
principle. Previously, we found that the oxidative stress resis-
tant cells were cross-resistant to glucocorticoids, a commonly
used lymphoma chemotherapeutic (8,9).

Our hypothesis is that an alteration in anti-oxidant defense
enzymes (or development of resistance to oxidants) results in
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multiple redox changes that contribute to chemoresistance. We
predict that the oxidative stress-resistant cells will be resis-
tant to agents that depend on ROS generation to cause death.
However, we also expect cross-resistance to agents that do not
depend on ROS per se, but are detoxified via pathways that
respond to redox regulation. To test this hypothesis, we first
measured primary anti-oxidant defense enzymes, small-mole-
cule reductants and the phase 2 detoxification enzymes in the
variants to assess the impact of anti-oxidant defense enzyme
modulation on the redox biology of lymphoid cells. We then
evaluated the response to chemotherapeutic drugs. These
data indicate that: i) modulation of one anti-oxidant defense
enzyme alters a web of redox responsive pathways in the cell;
and ii) oxidative stress resistance potentially contributes to the
chemoresistant phenotype in lymphoma.

Materials and methods

Drugs and chemicals. 4-Hydroxynonenol was purchased from
Cayman Chemical Co. (Ann Arbor, MI, USA). All other drugs,
chemicals and purified enzymes were purchased from Sigma
Chemical Co. (St. Louis, MO, USA), except as noted.

Cell culture and development of variants. The mouse thymic
Ilymphoma WEHI7.2 parental cell line (10) and variants
overexpressing rat catalase (CAT2, 2-fold increase; CAT38,
1.4-fold increase), vector only (Neo2, Neo3) (9) or selected
for resistance to 200 xM H,O, (200R) (8), were maintained
in suspension cultures, as described in the indicated refer-
ences. Any variant normally grown in the presence of drug
was cultured in the absence of drug for 1 week prior to each
experiment. For all measurements, except EC5, and EC,,, cells
were subcultured in new medium 24 h before the samples were
taken.

Protein measurements. Cellular protein was measured in clari-
fied lysates using the BCA Protein Assay kit (Pierce, Rockford,
IL, USA) according to the manufacturer's instructions.

Enzyme activity measurements. Prior to enzyme activity
measurements, cells were washed twice with phosphate-
buffered saline (PBS) at 4°C. For the measurement of catalase,
glutathione peroxidase, glutathione reductase and NAD(P)
H:quinone oxidoreductase (NQOLI), cells were resuspended
in 10 mM Tris-HCI, pH 7.5, 250 mM sucrose, | mM EDTA,
0.5 mM dithiothreitol, 0. mM phenylmethylsulfonyl fluoride
and 1% Triton X-100. Samples were incubated for 30 min at
4°C and centrifuged at 10,000 x g for 15 min at 4°C. Activity
was measured in the supernatant fractions. Catalase and
glutathione peroxidase activities were measured as described
in Tome and Briehl (8). Glutathione reductase activity was
measured in the supernatant by monitoring the disappearance
of NADPH in the presence of glutathione disulfide (GSSG)
(11). Activity was calculated using an extinction coefficient
of 6.3 6.3 mM'cm™. NQOI1 activity was measured as the
rate of 2,6-dichlorophenol-indophenol (DPIP) reduction
(12). Rates were calculated using the extinction coefficient
2.1x10* M'em™. The difference in rates in the presence and
absence of dicumerol, which corrects for non-specific NAD(P)
H oxidase activity, was used to calculate specific NQOI1
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activity. Total superoxide dismutase (SOD) and glutathione
S-transferase (GST) activities were measured as described in
Tome and Briehl (8). Enzyme activities were normalized to
cell protein. Glucose 6-phosphate dehydrogenase (G6PDH)
activity was measured as in Tome et al (13). Enzyme activity
was normalized to cell number.

Northern blots. Peroxiredoxin 1-3 expression was measured by
northern blotting as previously described (8).

EC;,and EC,, measurements. Cells were grown in a range of
drug or oxidant concentrations for 48 h. For H,0,, relative cell
number was measured using the Cell Proliferation kit IT (XTT)
(Roche Diagnostics, Mannheim, Germany) according to the
manufacturer's protocol. For all other drugs and oxidants, rela-
tive cell number was measured using the Non-radioactive Cell
Proliferation Assay (MTS) according to the manufacturer's
protocol (Promega Corp., Madison, WI, USA). For both types
of assays, the plates were read at 490 nm using a Microplate
Autoreader (Bio-Tek Instruments). Fraction control absor-
bance was calculated as previously described (14). The ECy, or
EC,, was defined as the concentration at which the absorbance
was 50 or 90% that of the control, respectively. For each cell
variant, at least three independent plates were assayed.

Apoptosis measurements. Sensitivity to dexamethasone was
determined by incubating cells in a final concentration of
1 uM dexamethasone in an ethanol vehicle (final concentra-
tion of ethanol = 0.01%) or an equivalent amount of vehicle
alone. Apoptotic cells were measured by flow cytometry as
in Tome et al (15). The percentage of apoptotic cells in the
presence of dexamethasone was corrected for that in the
vehicle-treated cells for each cell variant.

Glutathione (GSH), glutathione disulfide and pyridine
nucleotide measurements. GSH and GSSG were measured as
dansyl derivatives using an HPLC with fluorometric detection
as described by Jones et al (16), or using the Bioxytech GSH/
GSSG 412 kit (Oxis Research, Portland, OR, USA) according
to the manufacturer's protocol. Pyridine nucleotides were
extracted and measured using the enzymatic cycling method
of Jacobson and Jacobson (17), which depends on the oxida-
tion of thiazolyl blue. All measurements were normalized to
cellular protein. Cell volume was calculated using the cell
diameter measured with the Vi-Cell 1.01 (Beckman Coulter,
Fullerton, CA, USA). Redox potential was calculated using a
simplified Nernst equation E, (in mV) = E;, + 30 log [(GSSG)/
(GSH)*] using molar concentrations of GSH and GSSG and E,
=-264 mV for pH 7.4 (18).

ROS measurements. ROS was measured as in Tome
et al (15) using the fluorescent dyes 5-(and-6)-carboxy-
2'7'dichlorofluorescein diacetate (cDCFH-DA/cDCFH)
(C-369), 2'7'dichlorodihydrofluorescein diacetate (DCFH-DA/
DCF)(D-399) (Molecular Probes, Inc., Eugene, OR, USA) and
propidium iodide. Cells that were propidium iodide-positive
were excluded from analysis. Fluorescence due to DCF, which
indicates ROS, was corrected for the relative cDCFH fluores-
cence to account for differences in dye uptake between the
variants and the WEHI7.2 cells.
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Immunoblots. Proteins were separated by gel electrophoresis
and blots were prepared as previously described (9). Blots were
probed as previously described (9) using primary antibodies
as follows: 1:7,500 dilution anti-Cu,ZnSOD (Abcam Inc.,
Cambridge, MA, USA); 1:2,000 dilution anti-MnSOD (19);
1:2,000 dilution anti-GPX-1 (Lab Frontiers, Seoul, Korea);
1:500 dilution anti-GST Ybl (GSTw) and GSTa (Biotrin,
Dublin, Ireland); 1:1,000 dilution anti-GSTx (Biotrin); or
1:10,000 anti-B-actin (Abcam). Proteins were detected by incu-
bating with a 1:2,000 dilution of horseradish peroxidase-linked
anti-rabbit or anti-mouse Ig (GE Healthcare, Piscataway, NJ,
USA) as appropriate, and visualized using chemiluminescence
reagents as previously described (9).

Statistics. Means were compared by t-tests using the algo-
rithms in Excel (Microsoft Corp., Redmond, WA, USA) or the
formulas from Moore and McCabe (20). When a comparison
required multiple t-tests, the Dunn-Bonferoni method was
used to control for type I error (21). Correlation between vari-
ables was analyzed using the regression algorithm in Excel
(Microsoft Corp.).

Results

Primary anti-oxidant defense enzyme activity. To fully
characterize the redox biology in the WEHI7.2 cells and
WEHI7.2 variants, we first quantified the primary anti-
oxidant defense enzymes (Table I). In mammalian cells,
the primary anti-oxidant defense enzymes metabolize H,O,
and superoxide (O,"). For detoxifying H,0O,, cells depend on
catalase, glutathione peroxidase and peroxiredoxins. In expo-
nentially growing cells, as shown in Table I, catalase activity
was increased by approximately 2-fold in the CAT?2 catalase
transfectants and by approximately 1.4-fold in the CAT38 cells
(9). The 200R cells, which are selected for growth in 200 xM
H,0,, also had approximately 1.4-fold the parental cell cata-
lase activity (8). The vector only-overexpressing cells (Neo2,
Neo3) had catalase activity similar to that in the WEHI7.2
cells. Glutathione peroxidase 1 (GPX1) protein was similar in
the WEHI7.2 and WEHI7.2 variant cells (Fig. 1A). Although
GPX1 protein was detectable by immunoblotting, activity was
not detectable using either cumene hydroperoxide or H,O, as
substrates. There was no difference in the expression of perox-
iredoxins 1-3 (data not shown).

Superoxide is metabolized by superoxide dismutase (SOD).
MnSOD is located in the mitochondrial matrix and Cu,ZnSOD
is located in the cytosol and mitochondrial intermembrane
space. Total SOD activity was increased in all the variants
compared to the WEHI7.2, Neo2 and Neo3 cells (Table I).
Elevated Cu,ZnSOD protein was noted in the cells with higher
total SOD activity, while MnSOD protein remained similar
to that in the WEHI7.2 cells (Fig. 1B). This suggests that
the increased SOD activity was likely due to an increase in
Cu,ZnSOD.

Increasing catalase modulates small-molecule reductants and
the redox environment. Small-molecule reductants, including
GSH and NADPH, contribute to the ability of the anti-oxidant
defense enzymes to detoxify ROS. Ratios of the oxidized and
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Table I. Primary anti-oxidant defense enzyme activities in the
WEHI7 .2 cells and WEHI7.2 variants.

Cell variant Catalase Superoxide
(umol H,0O,/ dismutase
min/mg prot) (U/mg prot)

WEHI7.2 14.64+0.28 10.6+0.4

Neo2 13.10+0.93 8.4+0.6

Neo3 13.57+1.53 8.7+1.1

CAT2 27.19+0.73* 18.9+0.7*

CAT38 19.27+0.22%> 18.0+£0.7*

200R 19.94+0.22* 18.8+0.6*

Values represent the means + SEM (n=6). “Significantly different
from WEHI7.2 values (p<0.05) after controlling for type I error.
"CAT38 are significantly different from CAT2 values (p=<0.05).

9 .,Zﬁ\(}«q, ,\‘b‘b <
ALIEFE TS

e e e 5PX |
ﬁ Actin

4% o)
9, L @ ,<'], ,<5 &
B & ¥ &

|- —— | C..ZnSOD
-..—| MnSOD
...-—-| Actin

Figure 1. Analysis of anti-oxidant defense enzyme proteins in the WEHI7.2
cells and WEHI7.2 variants. (A) Immunoblots of whole cell lysates from
parental WEHI7.2, vector only-transfected (Neo2, Neo3), catalase-trans-
fected (CAT2, CAT38) and H,0O,-resistant (200R) cells probed for GPXI.
(B) Immunoblots probed for MnSOD and Cu,ZnSOD. Actin was included
as a loading control. These are representative blots that have been replicated.

reduced forms of these molecules, in particular GSH, are also
used to assess the intracellular redox environment (18,22,23).
To determine whether the WEHI7.2 variants had alterations
in small-molecule reductants and the redox environment, we
measured the status of the GSSG/GSH and NADP*/NADPH
redox couples. As shown in Table II, the amount of GSH per
milligram protein was decreased in the CAT2, CAT38 and
200R cells. These differences were more pronounced when
the molarity of GSH in the WEHI7.2 variants was calculated
(Table II). There was no difference in the amount of GSSG.
As an indication of the ability of the cells to reduce GSSG
to GSH, we also measured glutathione reductase. Glutathione
reductase activity was similar in all the cells.

To examine the redox state of the glutathione disulfide-
glutathione redox couple, we first calculated the GSH/GSSG
ratio. Only slight differences in the GSH/GSSG ratio were
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Table II. Glutathione (GSH)/glutathione disulfide (GSSG) redox couple in the WEHI7.2 cells and WEHI7.2 variants.

Cell GSH GSH GSSG Glutathione reductase GSH/GSSG E,

variant (nmol/mg prot) (mM) (nmol/mg prot) (umol NADPH/ (mV)
min/mg prot)

WEHI7.2 80.56+1.60 7.05+0.28 1.48+0.13 443+0.8 57.82+5.40 -251.88+1.35

CAT2 64.03+2.12° 4.14+0.22* 1.34+0.13 44.8+0.7 50.36+4.31 -243.18+1.13*

CAT38 61.74+2 88" 4.60+0.35" 1.24+0.14 46.4+4 3 54.19+6.10 -245.24+1.70*

200R 75.61£2.42 5.24+0.27* 1.64+0.23 35.7+0.6 51.72+5.88 -246.33+1.12*

Values represent the means + SEM (n=8). “Significantly different from WEHI7.2 values (p<0.05) after controlling for type I error.

Table III. NADP*/NADPH redox couple in the WEHI7.2 cells and WEHI7.2 variants.

Cell NADPH NADP(H) total % reduced Glucose 6-phosphate

variant (pmol/mg prot)* (pmol/mg prot)* dehydrogenase activity
(nmol TNBT/10° cells/min)®

WEHI7.2 5348 58+4 91+14 178.72+9.04

CAT2 46+5 72+6° 64+12 229.29+10.88°

CAT38 27+4%4 83+4¢ 33+9¢4 249.07+10.73¢

200R 38+6 67+4 57+9¢ 265.45+16.13¢

*Values represent the means + SEM (n=6). *Values represent the means + SEM (n=10). “Significantly different from WEHI7.2 values (p<0.05)
after controlling for type I error. ‘CAT38 values are significantly different from CAT2 values (p<0.05).

noted (Table IT). However, since two molecules of GSH are
required to form one molecule of GSSG, using the Nernst
equation to calculate a redox potential is a better indicator of
the redox environment (22,23). When we calculated the redox
potential (E,) of GSSG/2GSH, we found that the E, was higher
in the CAT2, CAT38 and 200R cells (p<0.05) than in the
parental cells indicating a more oxidized redox environment in
these variants (Table II). The E, in the vector only-transfected
cells was similar to that in the WEHI7.2 cells (0.97 mV more
reduced and 1.49 mV more oxidized for the Neo2 and Neo3
cells, respectively).

The ultimate source of reducing equivalents to recycle
GSSG is NADPH (22). Catalase also binds NADPH, although
this does not seem to be required for activity (24). Bound
NADPH eventually becomes oxidized and is replaced by a
new molecule of NADPH (24). Cells with more catalase may
use more NADPH. This suggests that the NADP*/NADPH
redox couple may be critical in the WEHI7.2 variants. When
we compared the NADPH in the variants to that in the
parental cells, we found that the amount of the reduced form
was similar (Table IIT). However, the total pool (NADPH +
NADP*) was increased in all the variants compared to the
WEHI7.2 cells. Neo2 and Neo3 cells were similar to the
WEHI7.2 cells (data not shown). This indicated that there was
more NADP" in the oxidative stress-resistant variants and the
NADP*/NADPH ratio was altered. In most unstressed cells,
>90% of the NADP(H) pool is in the reduced or NADPH form
(22), similar to what was observed in the WEHI7.2 cells. The
NADP(H) pool was generally more oxidized in the oxidative
stress-resistant variants.

GO6PDH is the first and rate-limiting step in the pentose
phosphate pathway, the major source of NADPH in the cell.
Since the NADP(H) pool may be affected by G6PDH activity,
we measured the GOPDH activity in the parental cells and the
variants. As shown in Table III, GOPDH activity was increased
in the WEHI7.2 variants, which would be consistent with an
increased demand for NADPH. Vector only-transfected cells
were similar to the WEHI7.2 cells (data not shown).

Although not directly involved in the regulation of the
redox environment, the NAD*/NADH redox couple acts as an
electron sink (22). When we compared the NAD* and NADH
in the variants and WEHI7.2 cells, we found no difference in
the amount of NAD* or NADH (Table V).

Phase 2 enzyme activity is increased in the catalase-
overexpressing WEHI7.2 variants. A more oxidized redox
environment, as measured by GSH/GSSG alterations, has
been implicated in upregulating glutathione S-transferase
(GST) and NQOI (23,25). These phase 2 enzymes detoxify
chemotherapeutic drugs and metabolize oxidation products to
decrease oxidative damage (26,27). Increases in these enzymes
have the potential to impact chemoresistance in lymphoma. As
indicated in Table V, GST and NQOI1 enzyme activities were
increased in the WEHI7.2 variants compared to the WEHI7.2
parental cells. Neo2 cells had significantly higher NQOI1
activity compared to WEHI7.2 cells, while Neo3 cells did not
(1.81+0.09- vs. 1.17+0.07-fold WEHI7.2 cell activity, respec-
tively). GST activity in the Neo2 and Neo3 cells was similar
to WEHI7.2 values (data not shown). Regression analysis of
the enzyme activities with the GSSG/2GSH E, in the CAT2,
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Table IV. NAD*/NADH redox couple in the WEHI7.2 cells
and WEHI7 .2 variants.

Cell NADH NAD(H) total % reduced
variant (pmol/mg prot)  (pmol/mg prot)

WEHI7.2 152+14 4,057+630 3.8+0.9
CAT2 12115 4,356+595 2.8+0.7
CAT38 14112 44614623 3.2+0.7
200R 104+15 3,777+237 2.8+0.6

Values represent the means + SEM (n=6). This is a representative
experiment that has been replicated. “Significantly different from
WEHI7.2 values (p<0.05) after controlling for type I error.

Table V. Phase 2 enzymes in the WEHI7.2 cells and WEHI7.2
variants.

Cell Glutathione S-transferase ~ NAD(P)H:quinone
variant (umoles/min/mg prot) oxidoreductase
(umoles DPIP reduced/
min/mg prot)
WEHI7.2 55.28+3.94 12.99+0.82
CAT2 133.00+8.21* 42.46+1.02*
CAT38 80.71x1.172° 28.83+4.872°
200R 66.07+4.14 23.08+1.85*

Values represent the means + SEM (n=6). *Significantly different
from WEHI7.2 values (p<0.05) after controlling for type I error.
PCAT38 values are significantly different from CAT2 values (p=<0.05).

CAT38 and 200R cells showed that GST and NQOI-specific
activity was correlated with the E, (p=0.0025 and 0.0000746,
respectively). A further analysis of the GST isozymes showed
that both the p and misozymes were increased in the WEHI7.2
variants (Fig. 2). GSTa was below the limits of detection on
our immunoblots.

Increasing catalase does not alter intracellular ROS in
unstressed cells. The elevated catalase and SOD activities in
the WEHI7.2 variants have the potential to affect the amount
of ROS in the cell by increasing the removal of H,O, and
0,”. We measured the basal ROS using the ROS-sensitive
dye, DCFH-DA. ROS levels (DCF fluorescence) in the CAT?2,
CAT38, 200R and vector only-transfected cells were similar
to those in the WEHI7.2 cells (Fig. 3). The lack of change
in DCF fluorescence was not due to differential dye uptake,
since all the values were corrected for the fluorescence of
5-(and-6)-carboxy-2'7'dichlorofluorescein diacetate (C-369;
Molecular Probes), a dye that fluoresces in the cell indepen-
dent of ROS production (28).

Enhanced anti-oxidant defenses result in oxidant resistance.
Based on the primary anti-oxidant defense enzyme profile, we
predicted that the WEHI7.2 variants would be more resistant
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Figure 2. Immunoblotting of glutathione S-transferase p and & isoforms in
the WEHI7.2 cells and WEHI7.2 variants. Cell variants are abbreviated as
in the legend of Fig. 1. GSTp is the lower of the two bands. Actin is included
as a loading control. This is a representative blot which has been replicated.
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Figure 3. Comparison of intracellular ROS in the WEHI7.2 cells and
WEHI7.2 variants. Values have been corrected for cDCFH dye uptake
relative to WEHI7.2 cells. Values represent the means + SEM (n=6). a.u.,
arbitrary fluorescence units.

to H,0, and O,". To test this prediction, we measured the
sensitivity of the WEHI7.2 cells and the variants to a number
of oxidants. In addition to H,0,, we compared the resistance to
paraquat, which enters the cells and is metabolized to produce
endogenous O, (29); 4-hydroxynonenol, a lipid peroxidation
byproduct that reacts with and damages proteins and lipids
(30); and tert-butyl hydroperoxide, which causes toxicity via
lipid peroxidation and oxidation of thiols (31). As expected,
elevated catalase activity (CAT2, CAT38 cells) increased
the resistance to H,0, (Table VI). The ECs, for H,O, in the
catalase transfectants was not as high as in the 200R cells
that were selected for H,0, resistance. All the variants were
more resistant to paraquat suggesting an increased ability to
metabolize O,”. The CAT38 and 200R cells were more resis-
tant to 4-hydroxynonenol and the CAT?2 cells more resistant
to tert-butyl hydroperoxide. The vector only-transfectants
had only two significant differences from the WEHI7.2 cells:
i) Neo3 cells were 1.13+0.02-fold more resistant to paraquat;
and ii) Neo2 cells were 1.53+0.06-fold more resistant to
4-hydroxynonenol.

Enhanced anti-oxidant defenses increase resistance to
multiple lymphoma chemotherapeutics. The oxidative stress-
resistant variants showed increased resistance to H,0, and
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Table VI. Oxidant sensitivity in the WEHI7.2 cells and WEHI7.2 variants as measured by ECs, values.

Cell variant H,0, (uM) Paraquat (uM) 4-hydroxynonenol (zM) Tert-butyl hydroperoxide (#M)
WEHI7 .2 105.37+2.94 32.73+6.68 12.67+1.23 0.939+0.045

CAT2 201.08+12.99* 84.38+5.90° 9.97+0.57 1.433+0.062*

CAT38 348.58+4 .48 418.77+44 .50 16.90£1.58*° 1.143+£0.009°

200R 1,049.26+9.83* 77.00+8.96* 20.33+0.83* 1.098+0.068

Values represent the means + SEM (n=3-6). “Significantly different from WEHI7.2 values (p<0.05) after controlling for type I error. "CAT38

values are significantly different from CAT?2 values (p=<0.05).

Table VII. Sensitivity of the WEHI7.2 cells and WEHI7.2 variants to lymphoma chemotherapeutics.

Cell Cyclophosphamide Doxorubicin Doxorubicin Vincristine Vincristine Dexamethasone
variant ECs, (mM)* ECs, (nM)* ECy, (nM)* ECs, (nM)* ECy, (nM)? (apoptosis %)
WEHI7.2 1.82+0.03 8.60+0.58 23.74+0.65 2.37+0.17 4.26+0.34 21.73+1.03
CAT2 9.04+0.39¢ 13.80+0.96¢ N.D. 6.04+0.42¢ 10.75+1.04¢ 0.29+0.09¢
CAT38 7.69+0.07¢ 27.28+2.93%4 37.19+1.62¢ 6.06+0.79¢ 24.45+0.13%¢ 1.08+0.45¢
200R 5.71+£0.18¢ 11.40+1.11 28.66+0.72¢ 9.01£3.90 48.43+3.53¢ 10.75+0.61¢

“Values represent the means + SEM (n=3). "Values are the mean percentage of apoptosis after a 24-h treatment with 1 zM dexamethasone cor-
rected for percentage of apoptosis in vehicle-treated cells (n=9). N.D., not determined. “Significantly different from WEHI7.2 values (p=<0.05)
after controlling for type I error. ‘CAT38 values are significantly different from CAT2 values (p=<0.05).

0,” concomitant with increased GST activity. Based on this
profile, we predicted that the oxidative stress-resistant cells
would be resistant to lymphoma drugs that depend on ROS
generation for cell death or are detoxified via GST-dependent
mechanisms.

To assess the relative resistance of the WEHI7.2 variants
and WEHI7.2 parental cells to lymphoma chemotherapeutics,
we measured the response to cyclophosphamide, vincristine,
doxorubicin and glucocorticoids, all components of standard
lymphoma therapy (32). Previous studies indicate that gluco-
corticoids and doxorubicin increase ROS in lymphoid cells
(15,33); doxorubicin, vincristine and cyclophosphamide are
all detoxified by GST-dependent mechanisms (34-38). As
shown by the EC;, measurements in Table VII, the CAT2
and CAT?38 cells were more resistant to cyclophosphamide,
doxorubicin and vincristine than the WEHI7.2 cells (p<0.05).
The 200R cells were more resistant than the WEHI7.2 cells
to cyclophosphamide, as indicated by the higher ECs,. Using
the ECy, as a measure, the 200R cells were not more resistant
to doxorubicin or vincristine. However, the EC,, measure-
ments for both doxorubicin and vincristine indicated that the
200R cells were more resistant to both these drugs than the
WEHI7.2 cells (p<0.05). To assess dexamethasone resistance,
we tested for a delay or prevention of apoptosis after treatment
of the cells with 1 xM dexamethasone, the concentration of
dexamethasone required to saturate the receptors (8,9). As
shown in Table VII, the variants had decreased apoptosis 24 h
after the addition of dexamethasone indicating a decreased
dexamethasone sensitivity. The vector only-transfected cells
were not more resistant to any of the chemotherapeutics (data
not shown). These data indicate that increasing the oxidative

stress resistance in the WEHI7.2 cells resulted in chemoresis-
tance to multiple lymphoma chemotherapeutic drugs.

Discussion

The data presented here suggest that lymphomas that are
derived from sites of chronic inflammation acquire a chemo-
resistant phenotype resulting from enhanced anti-oxidant
defenses. The variants with increased catalase, via transfection
or selecting for H,0, resistance, had widespread resistance to
the chemotherapy agents we tested. One possible explana-
tion is that increased H,O, removal is universally protective.
However, none of the variants were resistant to all of the
oxidants we tested. This suggests that increased H,O, removal
is unlikely to be the sole mechanism of resistance. A second
possibility is that an increase in catalase upregulates pathways
responsible for a more generalized drug resistance. We did not
see an increase in anti-apoptotic Bcl-2 family members or a
decrease in pro-apoptotic Bcl-2 family members that could
explain a generalized drug resistant phenotype (unpublished
data). However, in addition to the increased catalase activity,
the variants had an altered redox environment with concomi-
tant increases in SOD activity and the phase 2 enzymes GST
and NQOI. In other model systems, these enzymes cause
drug resistance (26). Our data indicate that altering catalase
modulates multiple redox responsive pathways, including ones
that detoxify drugs by H,0,-independent mechanisms. This
could account for a more generalized resistance than would be
predicted by H,O, removal alone.

For the chemotherapeutics we tested, both an increase
in the ability to detoxify ROS directly and elevated phase 2
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enzymes likely play a role in resistance. Direct removal of ROS
may play a role in the resistance to glucocorticoids and doxo-
rubicin, since treatment with each of these agents increases
ROS production (15,33). There is considerable evidence
that the addition of chemical or enzymatic anti-oxidants, or
preventing ROS generation after glucocorticoid treatment,
protects lymphoid cells from glucocorticoid-induced apoptosis
(9,15,39). Doxorubicin treatment increases intracellular ROS
in lymphoid cells (33), most likely due to its ability to redox
cycle in the cell to produce superoxide (40). However, doxoru-
bicin has multiple cellular effects (41). Although the poisoning
of topoisomerase II is often considered the most clinically
relevant, the relative contributions of individual doxorubicin
effects, including ROS generation, is not clear (41-43). Direct
ROS removal is unlikely to play a role in the resistance to
cyclophosphamide, a DNA strand-crosslinking agent (44), or
vincristine, a microtubule polymerization inhibitor (33,45).
Treatment of lymphoid cells with these drugs has not been
connected with an increase in ROS (33,44).

The increase in GSTp and min the WEHI7.2 variants likely
contributed to the observed chemoresistant phenotype. These
GST isozymes detoxify neoplastic agents by conjugating GSH
to them to facilitate their export (26,27). Although GSH was
lower in the CAT2,CAT38 and 200R cells than in the WEHI7.2
parental cells, there may still have been enough GSH present
for these enzymes to function. Increases in GSTp and/or &
have been shown to decrease the toxicity of cyclophosphamide
(34,35), doxorubicin (36,37) and vincristine (36,38). GSTs also
inhibit apoptosis due to multiple agents via regulation of the
MAP kinase pathway. GSTr binds to and inhibits the activity
of c-Jun N-terminal kinase (JNK1) (46,47). INK1 activation
has been implicated in the cytotoxicity mechanism of doxo-
rubicin and vincristine (47). Increases in GSTp also inhibit
activation of p38-MAPK and Bim which are important for
glucocorticoid-induced apoptosis (48).

The H,O,-resistant 200R cells most closely model a cell
population that would be found at the site of chronic infec-
tion/inflammation, with the catalase-overexpressing clones
useful as proof of principle. A critical examination of the data
suggests that the 200R cells appear less resistant to many drugs
than the other WEHI7.2 variants. This is deceptive because
for most of the drugs and oxidants there is a small population
of cells that shows much greater resistance. We have noted
this phenomenon in response to other agents (8,14). Thus, an
EC,, measurement may not always reflect this response. The
vincristine response is a good example of this phenomenon.
The EC, for the 200R cells did not differ much from that in
the WEHI7.2 cells. However, the EC,, was very high compared
to both the ECs, in the 200R cells and the EC,, in the WEHI7.2
cells. Drug treatment in the clinic may select for the resistant
population, posing a significant barrier to successful treatment.

Taken together, these data indicate that upregulation of
anti-oxidant defenses by chronic ROS exposure or by transfec-
tion results in cells with a chemoresistant phenotype. Our data
show that modulation of one anti-oxidant defense enzyme or
selection for oxidant resistance causes coordinate changes in
the web of redox-sensitive molecules. These data serve as a
cautionary tale for studies that make the assumption that if
catalase is increased by transfection, and the resultant cells
are resistant to a particular drug, the mechanism of cell death
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must depend on hydrogen peroxide. This study suggests one
mechanism by which the development of oxidative stress
resistance contributes to a general chemoresistant phenotype.
Multiple mechanisms probably exist. Although we do not
have an explanation for the mechanism by which increased
H,0, resistance (or increased catalase) causes all the redox
alterations we observed in the WEHI7.2 variants, the resulting
chemoresistant phenotype has potential clinical consequences.
Successful treatment of lymphomas arising at the site of
chronic inflammation must take into account the multiple
alterations likely to have occurred in the lymphoma cells.
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