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ABSTRACT We recently reported development of an ex-
perimental model for the study of nitric oxide (NO’) toxicology
in vivo. SJL mice were injected with superantigen-bearing
ResX (pre-B-cell lymphoma) cells, which migrated to the
spleen and lymph nodes, where their rapid growth induced
activation of macrophages to produce large amounts of NO’
over a period of several weeks. In the experiments described
here, we used this model to investigate mutagenesis in spleno-
cytes exposed to NO' during RcsX cell growth. Transgenic
mice were produced by crossbreeding animals of the pUR288
transgenic C57BL/6 and SJL strains. ResX cells were injected
into F; mice and NO' production was confirmed by quantifi-
cation of urinary nitrate, the ultimate metabolite of NO".
Mutant frequency in the lacZ gene of the pUR288 plasmid was
determined in DNA isolated from spleen (target) and kidney
(nontarget) tissues. A significant elevation in mutant fre-
quency was found in the spleen, but not in the kidney, of
tumor-bearing mice. Furthermore, increases in mutant fre-
quency in the spleen as well as NO" production were abrogated
by administration of N-methylarginine, a NO" inhibitor, to
mice following injection of ResX cells. These results indicate
that NO' had mutagenic activity in ResX tumor-bearing mice
and thus support a possible role for its involvement in the
carcinogenic process.

Elevation of risk for certain cancers by persistent inflammation
has been suggested by extensive observational data (1, 2), but
a causal relationship has yet to be established for any cancer.
Central to proposed mechanisms through which inflammation
may contribute to carcinogenesis is the migration of inflam-
matory cells to sites of infection or injury accompanied by
release of reactive free radicals. The radicals, in turn, are
hypothesized to deregulate cellular processes, increase cell
turnover, and cause mutations that together facilitate the
carcinogenic process (3, 4). Recent data have shown that the
free radical nitric oxide (NO°) is present in inflammatory
conditions associated with malignancies (5, 6), while studies in
several in vitro experimental systems demonstrated that it is
capable of inducing cellular damage and mutations (reviewed
in refs. 2 and 7-9).

To assess in vivo toxicological responses to excess NO
production in intact animals, an experimental model utilizing
the SJL mouse was developed (10, 11). In this model, mice
were injected with superantigen-bearing ResX (pre-B-cell
lymphoma) cells. The superantigen is known to stimulate host
VB16™ T cells (12) to secrete cytokines which, in turn, support
the growth of ResX tumor cells (13). In the course of this
immune response, inducible NO synthase (iNOS) expression
was induced in macrophages located in spleen and lymph
nodes, resulting in a 50-fold increase in NO' production 14 days
after tumor cell injection (11).
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The experiments described here were designed to investigate
mutagenesis in splenocytes exposed to NO' produced by
splenic macrophages in response to RcsX cell growth. The
target gene used was the lacZ gene of the pUR288 plasmid (14,
15), which was introduced by breeding C57BL/6#60 (pUR288
transgenic mice) with SJL mice. The spleen and lymph nodes
of ResX lymphoma-bearing C57BL/6 X SJL F; (designated
SJL#60) mice comprised an environment in which splenocytes
were subjected to macrophage-derived NO' over a prolonged
period of time. A significant increase in mutant frequency was
observed in the lacZ transgene recovered from DNA of spleen,
but not kidneys, of tumor-bearing SJL#60 mice. The increase
was prevented by administration of the NO' synthase inhibitor,
NG-methyl L-arginine acetate (NMA). This report demon-
strates mutagenicity associated with endogenously produced
NO and suggests a potential mechanism for its involvement in
the carcinogenic process.

MATERIALS AND METHODS

Animals. Ten male SJL mice (The Jackson Laboratory)
were bred with 10 female C57BL/6#60 transgenic mice ho-
mozygous for the pUR288 plasmid (kindly provided by J. Vijg,
Beth Israel Hospital, Boston). Southern blot analyses were
performed on DNA from male F; offsprings to confirm that
the transgene was uniformly inherited. Twelve- to 14-week-old
female C57BL/6#60 X SJL F; mice were fed a low nitrate
control diet (AYN-76A; Bio-Serve, Frenchtown, NJ) for 3
weeks to minimize the background rate of nitrate excretion.
Animals were then weighed and placed in pairs in metabolic
cages, and their drinking water was replaced with either a 30
mM solution of the NO' synthase inhibitor NMA (Chem
Biochem Research, Salt Lake City) or 30 mM ammonium
acetate (Sigma). Two days later, six mice receiving NMA and
six mice receiving ammonium acetate were each injected
intravenously with 0.2 ml PBS containing 107 cells of the ResX
line (kindly provided by N. Ponzio, State University of New
Jersey Medical Center, Newark) isolated from lymph nodes of
SJL mice bearing actively growing tumors. Urine was collected
on alternate days into tubes containing 0.5 ml 0.5 M NaOH to
inhibit bacterial growth. As a measure of endogenous produc-
tion of NO;, total urinary nitrate concentration was deter-
mined as described (16) and normalized to body weight.
Animals were killed by CO, asphyxiation 20 days after injec-
tion of ResX cells; spleen, liver, and kidneys were removed
from each animal and immediately frozen in liquid nitrogen.

DNA Isolation. Tissues were homogenized by Polytron
sonication in lysis buffer (10 mM Tris/150 mM NaCl/10 mM
EDTA/1% SDS/100 pg/ml ribonuclease A). After homoge-

Abbreviations: ResX, pre-B-cell lymphoma cells; iNOS, inducible
nitric oxide synthase; NMA, NC-methyl L-arginine acetate; STL#60,
C57BL/6 X SJL F;.
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nization, proteinase K was added to a final concentration of 0.5
mg/ml, and the samples were incubated overnight at 37°C.
Samples were extracted once with phenol/chloroform/isoamyl
alcohol (10:10:1, vol/vol), and twice with chloroform. DNA
was precipitated in cold absolute ethanol, spooled onto a glass
rod and washed with 5 ml cold ethanol. Purified DNA was air
dried for 10 min and solubilized in 0.5 ml TE buffer (10 mM
Tris'HCl, pH 7.5/1 mM EDTA).

Plasmid Rescue and Mutation Assay. The mutation assay
was performed essentially as described by Dolle e al. (15),
based on the following general strategy. The pUR288 trans-
genic plasmid contains the Escherichia coli pBR322 origin of
replication together with lacZ and ampicillin resistance genes.
The plasmid is integrated into the genome of C57BL/6#60
transgenic mice in tandem arrays containing 40 copies of the
lacZ gene. In these experiments, the plasmid was isolated by
digestion of tissue DNA with HindIIl, followed by incubation
with magnetic beads coated with lacl protein, which captured
plasmid by binding to the lacZ promoter. After washing,
isopropyl B-D-thiogalactoside was added to the beads to re-
lease the plasmid. The isolated plasmid was circularized by
ligation and transformed by electroporation into the indicator
bacterial strain E. coli C (Alac, galE). Plating efficiency was
determined by plating 0.1% of the transformed bacteria on
medium containing ampicillin and 5-bromo-4-chloro-3-indolyl
B-D-galactoside; mutants were identified and enumerated by
plating the remainder of the bacteria on medium containing
ampicillin and phenyl B-D-galactopyranoside. In the presence
of active [-galactosidase, phenyl B-D-galactopyranoside is
converted to galactose. The first two genes of the galactose
operon convert galactose to UDP-galactose. Mutational inac-
tivation of galE, the third gene in the operon, blocks conversion
of UDP-galactose to UDP-glucose resulting in accumulation
of the toxic intermediate UDP-galactose in bacteria expressing
functional lacZ (14, 17). Thus, bacteria harboring wild-type
lacZ plasmids grow in the presence of ampicillin alone (plating
efficiency), but fail to grow in the presence of phenyl B-D-
galactopyranoside. In contrast, bacteria containing mutant
lacZ plasmids grow under both conditions. Mutant frequency
is therefore expressed as the ratio of phenyl B-D-galactopyr-
anoside resistant colonies to ampicillin-resistant colonies.

Isolation and Characterization of Mutant Plasmids. Total
numbers of mutants isolated from specific tissue DNA samples
varied from 7 to 139 (see Table 1). Whenever possible (the
majority of instances), 24 independent mutant bacterial clones
were selected from each mouse for characterization; other-
wise, all mutants isolated were characterized. Mutant colonies
were transferred from selective medium into 2 ml tubes
containing 500 ul TB medium (12 g/liter Bacto-tryptone/24
g/liter Bacto-yeast extract/0.4% glycerol/17 mM KH,PO,4/72
mM K,HPO,/25 pg/ml kanamycin/75 pg/ml ampicillin) and
incubated overnight at 37°C.

To identify lacZ mutants containing large deletions or
insertions, crude DNA preparations were isolated from bac-
teria in 400 pl of each culture and subjected to electrophoresis
on a 1% agarose gel according to the method of Liu and
Mishra (18). Bacteria containing DNA with gel mobility of the
wild-type plasmid were cultured in 6 ml TB medium overnight
at 37°C, after which plasmid DNA was isolated and purified
using the Perfect Prep kit (5 Prime — 3 Prime, Inc.). Sequences
of the lacZ gene in mutant plasmids were then determined by
automated cycle sequencing (Molecular Genetics Facility,
University of Georgia, Athens) using the following primers:
LacZ170, 5'-ttgtgtggaatt gtgagagcgg-3'; LacZ781, 5'-tgctgcgttg
gagtgacgge-3'; LacZ1382, 5'-ctgttcgcatt atccgaacc-3';
LacZ1984, 5'-gcggtgattt tggcgatacg-3'; LacZ2581, 5'-
cgctggataa cgacattgge-3'. Mutations were characterized by
comparison of wild-type and mutant sequences with the
SEQUENCHER program (Gene Codes, Ann Arbor, MI).
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Statistics. x> analysis revealed no excess variability among
experiments performed on different days with respect to
observed mutation frequency. Similarly, no excess variability
was evident with respect to mutation frequency in DNA from
kidneys of individual mice. Therefore, statistical analysis of
mutation frequencies in kidney DNA was carried out on
unpaired samples by the one-tailed Student’s ¢ test. Conversely,
in the case of spleen DNA, excess mouse-to-mouse variability
and unequal variances were found to exist in mutation fre-
quencies in different treatment groups; therefore, mutant
frequencies of spleen DNA samples were compared using the
two-sample ¢ test for independent samples with unequal vari-
ances (Satterwaite’s method) as suggested by Piegorsch et al.
(19) and described by Rosner (20).

RESULTS

Tumor Cell Growth and NO' Production. The objective of
this study was to adapt the pUR288 transgenic mutant detec-
tion system to the ResX tumor-bearing mouse model to assess
the mutagenicity of endogenously produced NO'. We first
attempted to generate a pUR288 transgenic mouse in the SJL
background by the conventional plasmid microinjection
method, but were unsuccessful due to poor reproductive
performance of SJL mice. Therefore, it was necessary to
produce transgenic animals by crossbreeding animals of the
C57BL/6#60 strain with SJTL mice (F; offspring designated as
SJL#60). The two strains were known to be antigenically
compatible, and C57BL/6#60 animals had previously been
shown to support the growth of SJL-derived RcsX cells (N.
Ponzio, personal communication). Preliminary experiments in
our laboratory confirmed the growth of ResX cells, and also
showed that iNOS was expressed in the spleen of RcsX
tumor-bearing SJL#60 mice (data not shown).

Four groups, each containing eight transgenic animals, were
subjected to the following treatments in this study: (i) mice
bearing the ResX tumor, (i) mice bearing the ResX tumor and
also treated with the NO' inhibitor NMA in their drinking
water, (iii) untreated control mice, and (iv) control animals
also administered NMA. Mice were each injected intrave-
nously with 107 ResX lymphoma cells on the first day of the
experiment. Urinary nitrate, the final metabolite of NO' in
vivo, was quantified to confirm NO° production. Urinary
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FiGg. 1. Nitrate excretion by RcsX bearing SJL#60 mice and
controls. Twelve SJL mice were injected i.v. on day 1 with 107 ResX
cells. Eight ResX-bearing and eight control mice received 30 mM
NMA in drinking water starting on day 2. All mice were killed on day
20.
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nitrate excretion showed that NO' production was strongly
elevated in ResX tumor-bearing mice (P < 0.05 by day 6), and
that the increase was abolished by administration of NMA in
the drinking water (Fig. 1).

Administration of NMA alone did not affect the body weight
of the animals, and no differences were observed in the weights
or gross appearance of organs from mice receiving NMA and
those from mice receiving ammonium acetate in the drinking
water. Spleens from ResX-injected mice receiving ammonium
acetate weighed 0.34 = 0.09 g and those from treated mice
receiving NMA weighed 0.31 = 0.07 g; peripheral lymph nodes
from animals receiving the same treatments weighed 0.083 =
0.30 and 0.078 = 0.19 g, respectively.

Mutant Frequencies. Mutant frequency was determined in
eight spleens (target organ) and four kidneys (nontarget
organ) isolated from RcsX tumor-bearing and control mice,
and results are summarized in Tables 1 and 2. In spleens (Fig.
2), a highly significant difference was observed between mu-
tant frequencies in ResX tumor-bearing mice and those of all
other treatment groups (compared with control mice, t = 4.18,
df = 10, P < 0.005; compared with ResX plus NMA mice, ¢ =
2.814, df = 10, P < 0.010; and compared with control plus
NMA mice, ¢t = 3.539, df = 11, P < 0.005). A significant
difference was also observed between the ResX plus NMA and
control groups (¢ = 2.097, df = 13, P < 0.050), but not between
ResX plus NMA and control plus NMA groups (¢ = 1.187, df =
13, P < 0.250). No differences in mutant frequencies were

Table 1. LacZ mutant frequencies in spleens of ResX
tumor-bearing and control mice

No. of Mutant

Animal colonies No. of frequency

Treatment code (X10%) mutants (X1079)
Control 303 5.60 67 12.0
305 1.28 7 5.5
306 1.68 6 3.6
307 6.00 54 9.0
301 5.12 50 9.8
304 2.62 20 7.6
309 2.16 16 7.4
310 9.80 70 7.1

7.7 +2.6
ResX 103 8.80 139 15.8
105 4.04 65 16.1
106 2.72 25 9.2
111 1.92 25 13.0
104 3.56 43 12.1
109 3.68 69 18.8
101 4.86 123 253
112 3.56 60 16.9

159+ 49
ResX + NMA 203 8.52 99 11.6
207 10.56 106 10.0
206 2.48 18 7.3
204 12.08 84 6.9
201 9.40 100 10.6
208 6.48 82 12.7
205 3.60 52 14.4
210 6.72 66 9.8

104 =25
Control + NMA 406 7.96 64 8.0
402 9.52 74 7.8
401 2.40 13 5.4
404 5.32 37 6.9
403 4.08 36 8.8
405 3.24 25 7.7
407 2.16 24 11.1
409 1.70 25 14.8

8.8 +29
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Table 2. LacZ mutant frequencies in kidneys of RcsX
tumor-bearing and control mice

No. of Mutant

Animal colonies No. of frequency

Treatment code (X10%) mutants (X1079)
Control 307 2.90 30 10.3
310 4.60 30 6.5
303 2.04 21 10.3
304 1.72 16 9.3

91x18
ResX 101 3.70 36 9.7
109 4.12 39 9.5
104 2.96 24 8.1
111 1.28 16 12

87x1.6
ResX + NMA 208 3.80 56 14.7
206 8.64 59 6.8
201 1.68 12 7.1
207 3.32 20 6.0

8.7 = 4.1
Control + NMA 401 5.52 41 7.4
407 3.00 30 10.0
405 1.64 17 10.4
403 252 18 7.1

87x1.7

observed in kidneys of animals of any of the treatment groups.
We therefore conclude that growth of the RecsX tumor in
SJL#60 mice was mutagenic in host splenocytes and propose
that NO" and/or other reactive species produced in response to
tumor growth were responsible for the observed mutagenicity.

Characterization of Spontaneous and Induced Mutants.
Activated macrophage-derived NO™ has previously been re-
ported to induce DNA strand breaks (7, 21). We hypothesized
that misrepaired strand breaks may lead to large deletions in
the lacZ transgene in ResX tumor-bearing mice. To test this
hypothesis, mutant plasmids isolated from control and RcsX
tumor-bearing mice were sized by migration through agarose
gel. An increase in the fraction of mutants with a change in the
apparent molecular weight was observed [control, 67/132
(51%); ResX treated, 94/161 (58%)] but the increase was not
statistically significant.

20

—y
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Mutant Frequency x10-5
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Control RcsX RcsX  Control
Treated +NMA + NMA

FiG. 2. LacZ mutant frequency in the spleen of RcsX tumor-
bearing SJL#60 mice.



Biochemistry: Gal and Wogan

To further characterize the mutations induced by NO;,
plasmids that migrated through the agarose gel with the same
apparent molecular size as wild-type plasmids were sequenced.
Twenty-eight spontaneous and 24 ResX-induced independent
mutants were identified. The results are reported in Tables 3
and 4. No difference in the patterns of mutations was observed
between the two treatment groups (Table 5), although the ratio
of G to A transition to G to T transversion was higher in the
ResX-induced group than controls (8/4 and 7/6, respectively).

DISCUSSION

When injected into immunologically compatible mice, RcsX
cells localize to the spleen and lymphatic tissues of the host
(22-24). In these target tissues, the superantigen presented on
the surface of the RcsX cells induces a potent inflammatory
response by stimulating VB16* T cells (12). We have previ-
ously shown by Western blot analysis that this immune re-
sponse resulted in iNOS expression in cells of the spleen and
lymph nodes of host animals. Expression of iNOS was limited
to a small number of cells in these lymphatic tissues, and
iNOS-expressing cells were identified as macrophages by im-
munohistochemistry (11). We subsequently used ResX tumor-
bearing SJL mice to assess the role of NO" in inflammation-
induced cellular damage by characterizing the pattern of
apoptosis and the presence of nitrotyrosine in cells of the
spleen and lymph nodes. Both the number of apoptotic nuclei
and the extent of nitrotyrosine staining were elevated in these
tissues, and both were diminished by administration of NMA.
Furthermore, immunohistochemical evidence demonstrated
that nitrotyrosine was localized in cells lying in close proximity
to macrophages expressing iNOS. The rate of apoptosis and
extent of nitrotyrosine staining were unaffected in the kidneys
of tumor-bearing animals (unpublished data).

On the basis of this evidence, we hypothesized that exposure
to NO' and other reactive species produced by macrophages in

Table 3. Spontaneous mutants in SJL#60 spleen
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the course of tumor growth would constitute a mutagenic
exposure for splenocytes of the host animal. To test this
hypothesis, we used the pUR288 transgenic mouse, in which
the lacZ gene serves as a mutational target. An experimental
system based on a transgenic (as opposed to endogenous)
target gene was chosen because of the wide range of tissues
that can be studied and the technical facility involved in their
use. The pUR288 system was specifically selected because it
permits detection of deletions, which were predicted to in-
crease in response to NO' exposure.

Growth of ResX superantigen-bearing lymphoma cells led
to a 10-fold increase in nitrate excretion in SJL#60 mice. Thus,
NO' flux within spleen and lymph nodes (tissues in which
NO-producing macrophages were localized) was estimated to
be substantially higher than in other tissues, since these
account for <5% of the body mass of the animal. A statistically
significant increase in mutant frequency was observed in
spleen of tumor-bearing mice (15.9 X 1073) compared with
control mice (7.7 X 107>). No increase was found in kidney
(nontarget tissue) of tumor-bearing animals. Furthermore, the
increase in spleen was largely blocked by administration of
NMA, a NO' synthase inhibitor. Collectively, these observa-
tions support the conclusion that the increased mutation
frequency was induced principally by NO'. With respect to
mutation frequencies observed in spleen, overdispersion and
substantial differences among variances of different treatment
groups existed. Similar findings have been reported in data
from other transgenic mouse models (19, 25, 26) and were not
surprising, considering the complex nature of this model.

It is of interest to compare the 2-fold increase in mutant
frequency observed in our experiment with previously re-
ported responses of transgenic mice to well-characterized
chemical mutagens. Increased mutation frequency induced in
the livers of pUR288 transgenic C57BL/6 mice by adminis-
tration of ethylnitrosourea at a dose of 250 mg/kg amounted
to 11.7-fold; benzo[a]pyrene at 50 mg/kg, 5.9-fold; and x-rays

Amino acid
Mouse ID Position Mutation Sequence change
309 266 G:Cto A:T ACTGGAAA Trp to stop
309 285 C:GtoT:A TACCCAACT Gln to stop
303 318-340 Multiple deletion Frameshift
303 409 A:T insertion TTTC_CGGC Frameshift
309 417 G:Cto T:A ACCAGAAGC Glu to stop
305 441 G:CtoT:A GCT&AGTG Glu to stop
309 630 C:GtoT:A AGGCAGAC Gln to stop
310 642 A:T to C:G AATTATTTT Ile to Leu
310 686 G:Cto T:A ACGG&CGCT Gly silent
306 886 G:Cto A:T ATCAGCGAT Ser to Asn
305 1128 G:Cto T:A CGCGAAAT Glu to stop
310 1230 G:CtoT:A GATTGAAAA Glu to Lys
307 1340 G:Cto C:G TGCAGATA Gln to His
301 1705 C:GtoT:A GCCAECGAT Thr to Ile
307 1732 2-bp deletion GCGGGTGG Frameshift
301 1749 C:GtoT:A CCAECCTT Pro to Ser
305 1810 G:Cto C:G ACGGCCCG Arg to Pro
303 1849 A:Tto T:A GGTACAGT Asn to Ile
307 1895 1-bp deletion AGTACCCC Frameshift
305 1900+ Multiple deletion Frameshift
309 1905 A:Tto C:G TTACAGGGC Giln to Pro
306 1940 G:Cto C:G AGTEGECTGA Ser silent
310 1951 AT to T:A AAATATGAT Tyr to Phe
307 1966 G:Cto T:A AAC&CAAC Gly to Val
310 2020 T:A to C:G CAGTCTGT Phe to Ser
310 2087 G:Cto C:G ACCACAGC GlIn to His
303 2110 T:Ato G:C CGTTATCC Leu to stop
305 2166 G:Cto A:T TAAGQGAGCT Glu to Lys




15106  Biochemistry: Gal and Wogan

Table 4. ResX induced mutants in SJL#60 spleen

Mouse ID Position Mutation Sequence
106 250 T:Ato G:C GTTTTACAC
101 265 G:Cto A:T GACTEGGAA
106 509 G:Cto A:T ATGE@CCCA
103 512 2-bp deletion GCGGCCCAT
106 676 G:CG:Cto A:T A:T CTGTGG GCA
111 1145 T:Ato G:C TCTATICGTG
106 1158 G:Cto T:A GGTTAACT
111 1194 G:Cto T:A AGCAAAGC
111 1214 C:GtoT:A GTTTCCGCG
112 1272 C:GtoT:A GATTCGAGG
106 1371 A:Tto G:C CTTTAACGC
111 1387 C:GtoT:A TGTTCGCAT
106 1411 G:Cto A:T CTGTGEGTAC
105 1524 A:Tto T:A GGCABTGAG
105 1570 1-bp deletion CACCGAGT
103 1784 1-bp deletion AAAAMRTGGC
111 1784 1-bp deletion AAAAMTGGC
111 1828 A:Tto T:A TGCRATAC
106 1893 T:Ato A:T TCAGATCC
103 1919 G:Cto T:A CTTGGICTG
101 2071 1-bp insertion CTGACGGA
101 2118 C:GtoT:A CGGGAAAC
101 2130 G:Cto T:A CGALTGAC
112 2482 G:Cto A:T AAGGTITGG

at 50 rads divided over 5 days, 4-fold (27). It should be noted
that these dose levels were employed to induce maximal
responses. By comparison, the increase observed in our ex-
periments was substantial in magnitude, and we propose was
attributable to NO" and/or other reactive chemical species.
Several factors may have been significant determinants of the
magnitude of the response as well as the difference in potency
in comparison with other mutagens studied to date. Within
spleen (the target tissue), the kinetics of NO' production
exposed splenocytes chronically over a prolonged period in
contrast to the short-term, massive doses used in studies of
other mutagens. NO" was therefore less likely to have over-
whelmed cellular defenses and repair mechanisms. Further,
delivery of NO' was localized and coordinated as part of a
repertoire of radicals and signaling molecules produced by
macrophages (28-30). Thus, relatively few potential target
cells may have been exposed to a NO' flux large enough to
have induced mutations. Patterns of nitrotyrosine staining
and apoptosis previously observed in this model support this
hypothesis.

On the other hand, the increase in mutant frequency
observed in these experiments was relatively large compared
with reported age-dependent rates of mutation accumulation.
The 2-fold increase in mutant fraction observed by us was
approximately equivalent to the annual increases in splenic
mutant frequency in the lacl phage system [3.5 X 107> in
newborn to 15.3 X 1073 in 2-year-old mice (31)]; the lacZ
phage system [3.2 X 107 in newborn to 83 X 107> in
1-year-old mice (32)]; and the pUR288 plasmid system [7 X
1073 in 6-week-old mice to 12 X 1073 in 18-month-old mice

Table 5. Types of mutations observed in RcsX and control
treatment groups

Mutation Spontaneous ResX
G:Cto A:T 7 8
Other transitions 2 2
G:Cto T:A 6 4
Other transversions 8 5
Frameshift 5 5

Total 28 24
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(27)]. The causes of spontaneous age-dependent increases in
mutant frequency are unknown, but have been suggested to be
attributable to endogenous production of reactive oxygen
species (3). Results presented here are consistent with the
postulate that endogenously produced NO™ may also be a
contributing factor.

The increased rate of cell replication associated with the
rapid growth of ResX cells in spleen may also have contributed
to the observed increase in mutant frequency in that tissue.
The importance of this factor cannot be fully evaluated on the
basis of current evidence but the antimutagenic effect of NMA
suggests that it was less significant than NO' as a determinant
of mutation frequency. Furthermore, if cell replication was
indeed involved in the process, a high fraction of sibling
mutants would have been expected when mutants were se-
quenced. This was not the case, because in a total of 34 mutants
sequenced, only 6 were siblings.

The spontaneous mutant frequencies observed in these
experiments (kidney, 9.1 = 1.8 X 107; spleen, 7.7 £ 2.6 X
107%) were somewhat higher than those previously reported by
Dolle et al. (15) (kidney, 5.9 X 1075 = 0.3; spleen, 5.4 X 1073
+ (.5). The basis for this difference is unknown, but may be
related to characteristics specific to strains of mice used
(SJL#60 vs C57BL/6). The types of spontaneous mutants
identified were in agreement with previous observations by
Martus et al. (27) and Dolle et al. (15) that ~50% of sponta-
neous mutants observed in pUR288 transgenic mice involved
size changes rather than base substitutions. Base substitutions
and frameshifts comprised the remaining mutations observed
in our experiments, as follows: G:C to A:T transitions, 7/28
(25%); G:C to T:A transitions, 6/28 (21%); and frameshifts,
5/28 (18%). Very few base substitutions have previously been
identified in spontaneous mutants of pUR288 transgenic
animals; 3/14 (21%) of these were G:C to A:T transitions (M.
E. T. I. Boerrigter, personal communication). A larger data
base has been accumulated regarding the spontaneous mutant
pattern in mice bearing lacl and lacZ transgenes. Zhang et al.
(33) report that ~80% of spontaneous mutants contained
single or multiple base substitutions, and the remainder con-
tained frameshifts. Base pair substitutions in the liver of lacZ
phage transgenic mice occurred most often in CpG islands,
with G:C to A:T transitions being most common (12/27, 45%)
(34). The spontaneous mutation pattern in spleen of lacl phage
transgenic mice has been studied by two groups, both of whom
found that base pair substitutions accounted for 80% of the
mutants. In one study, the most common were G:C to T:A
transversions (6/22, 27%) (33), and in the other G:C to A:T
transitions (7/16, 45%) (35).

NO' has been shown to be mutagenic in a variety of
experimental systems. NO" gas was mutagenic in TK6 cells (36)
and caused predominantly A:T to G:C transversions in plas-
mids (37) and C to T transitions in a bacterial system (38). NO’
donor drugs have been shown to cause predominantly G:C to
A:T transversions in plasmids replicated in bacteria (39), while
peroxynitrite caused strand breaks, G:T to T:A and G:Cto C:G
transversions (40) in the same system. Therefore, on the basis
of available evidence, no pattern of mutations that can be
specifically attributed to NO" has yet been characterized.

The experimental system used in our studies will be useful
in extending studies of mechanisms through which inflamma-
tion contributes to carcinogenesis. Transgenic C57BL/6 X SJL
F; mice were found to respond to growth of RcsX tumor cells
by production of excess amounts of NO' in spleen and lymph
nodes. This response was similar to that of the SJL parental
strain. In SJL mice, this syndrome develops spontaneously, and
we are currently introducing the pUR288 transgene into SJL
animals by backcrossing with transgenic C57BL/6 mice to take
advantage of that characteristic. With the SJL transgenic
animals, the possible role of NO™-induced mutagenesis in the
spontaneous development of lymphoma can be assessed. Spe-



Biochemistry: Gal and Wogan

cifically, mutagenesis in the mesenteric lymph nodes, where
the lymphoma is believed to arise, can be evaluated at early
stages and protective effects of NO" synthase inhibitors can be
assessed. The pUR288 transgenic SJL mouse could also be
crossed to superoxide dismutase overexpressing or deficient
mice to address the interaction of NO" and O, . These and
other related developments are currently in progress.
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