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the loss of constitutive expression in the Nrf2 KO mice. It

remains to be established whether a functional ARE exists,

further upstream of the §’-flanking region that was described by
Reinhart and Pearson [42]. The alternative possibility that BHA
induction of Gstm3 is regulated indirectly by Nrf2 also cannot be
discounted. According to this hypothesis, Nrf2 would affect
induction of transcription factors that are regulated through
ARE enhancers. Such examples could include c¢-Jun, JunB,
ATF3 or ATF4, since they have been reported to be induced by
tBHQ [46,47). Further investigations are required to test these
possibilities.

Class Pi Gstpl and Gsip2 are modestly inducible in female
mice. The sequence 5-TTGAGTCAGCA-3" is found not only
between nt — 60 and — 50 flanking Gstpl, but also between nt
—71 and —61 flanking Gstp2 [48,49]. Given the fact that
induction of Gstpl, and, to a lesser extent, Gstp2, by BHA is
abolished in the KO mice, it seems likely that this putative cis-
element serves as a recognition site for Nrf2, even though it is not
a perfect ARE.

Sex-specific induction

The present study has revealed that BHA is a more potent
inducer of many GST genes in the livers of fernale mice than in
the livers of tnale mice. This finding might be due to some type
of co-operative interaction between the ocstrogen receptor and
Nrf2. Alternatively, BHA may be metabolized in a sex-specific
fashion. It could be postulated that t-BHQ accumulates to a
greater extent in the livers of female mice than their male
counterparts. Sex-specific differences may exist in sulphation or
glucuronidation of BHA, or the O-demethylation of BHA to
t-BHQ, or the oxidase and GST responsible for conversion
of t-BHQ into t-butyl-1,4-benzoquinone and subsequent conju-
gation with GSH (see [50] for details of biotransformation of
BHA). These possibilities warrant investigation,

Concluding comments

TagMan® real-time PCR has been used to examine the effect of
the Nrf2 bZIP transcription on expression of individual anti-
oxidant and/or detoxication genes in a gene KO mouse model.
Such assays, along with conventional analytical biochemistry
methods, have shown that the constitutive hepatic expression of
various class Alpha and class Mu GST, along with expression
of GCLC, is reduced significantly in Nrf2-/~ mice. In Nrf2-~
mice, the ability of BHA to affect induction of protein/mRNA
appeared to be independent of the changes in constitutive
expression affected by the bZIP factor. Qur results suggest that
the innate loss of hepatic detoxification capacity in the Nrf2-/~
mouse, as much as failure to elicit an adequate adaptive response,
is responsible for the mutant mouse being less able to tolerate
chemical and oxidative stress than WT mice. This apparent
dissociation between constitutive and inducible expression
warrants further investigation.
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The small Maf proteins form heterodimers with CNC and Bach famiiy proteins to elicit transcriptional
responses from Maf recognition elements (MAREs). We previously reported germ line-targeted deficiencies in

mafG plus mafK compound

mutant mice. The most prominent mutant phenotype was a progressive maf
dosage-dependent neuromuscular dysfunction. However,
effects of altered small-maf gene expression on neurological

there has been no previous report regarding the
1 dysfunction. We show here that MafG and MafK

are expressed in discrete central nervous system (CNS) neurons and that mafG:maK compound mutants

display neuronal degeneration coincident with surprisingly
malities. The CNS merphelogical changes are concurrent
mutants, and the behavioral changes are accompanied by

selective MARE-dependent transcriptional abnor- .
with the onset of a neurological disorder in the
reduced glycine receplor subunit accumulation.

Bach/small Maf heterodimers, which normally gencrate transcriptional repressors, were significantly under-

represented in nuclear extracts prepared from maf mutant brains,
normally in nuclel, Thus compound mafG:orafK mutants develop age-

and Bach proteins fail to accumulate
and maf gene dosage-dependent cell-

autonomous neuronal deficiencies that lead to profound neurological defects.

The small Maf proteins were originally identified by their
strong homology to the transforming v-Maf oncoprotein of
avian retrovirus AS42 (16). Three members constitute the
small Maf family, MafF, MafG, and MalK, but no differences
between them have been revealed in functional studies (14).
All three small Maf proteins possess a basic region-leucine
zipper (bZip) motif that mediates DNA binding and dimer
formation; however, they lack any recognizable transcriptional
effector domain. The small Maf proteins can form homodimers
or heterodimers among themselves, and they can also bet-
erodimerize with other bZip transcription factors, including
CNC proteins, Bach proteins, and Fos family members, and
thus can bind to Maf recognition elements (MARES) in DNA
(24, 25). Large Maf proteins and AP-1 family members also
bind to MARBES, as the extended MARE sequence also con-
tains an internal tetradecanoyl phorbol acetate-responsive ele-
ment (24, 25). All of these factors have the potential to par-
ticipate in transctiptional regulation through MARES in the
promoters and enhancers of many different genes, most prom-
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inently in the hematopojetic system but also in key phase I
detoxifying-enzyme genes (11, 24).

One powerful approach 1o glean insight into the functional
roles of specific gene producis is through loss-of-function anal-
ysis. To date, three of the four CNC genes have been disrupted
by gene targeting, and conspicuous phenotypes have been re-
ported. For example, p45 NP-E2-null mutant mice are severely
thrombocytopenic and therefore defective in megakaryopoi-
esis and platelet production (33). arfl-null mutant mice die
during gestation of 4 non-cell-autonomous anemia (5). nrf2-
null mutant mice are viable but have severely impaired anti-
oxidant and phase II detoxificationt enzyme gene responses
(11).

The small Maf proteins are obligatory partner molecules of
CNC and Bach family proteins in generating both repressing
and activating transcriptional activities. The small Maf proteins
are expressed in broadly overlapping, but individually distinct,
patterns (27), and their expression changes dynamically during
embryonic development (9, 15, 22). These observations sug-
gested that small Maf abundance in any given tissue could be
critical for MARE-dependent gene regulation. However, no
apparent phenotype was detected in either mafK- or mafF-null
mutant mice (19, 27, 31). In contrast, mafG mutant mice dis-
played both mild neurological and hematological phenotypes
(31). Because of their partially overlapping embryonic expres-
sion profiles and apparently identical biochemical characteris-
tics, we suspecied that the small Maf proteins might be par-
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tially or completely redundant for any single disruption in gene
function. :

After combining the maf mutations, we discovered that the
mafG:mafK compound mutants displayed far more severe
phenotypes than did mutants with the mafG mutation-alone:
thrombocytopenia was exacerbated (thus phenocopying the
p45 NF.E2 mutation) (33), while the neurological phenotype
presented much earfier in development (28). Only a fraction of
mafG~!~ mutant mice displayed hind leg clasping, a mild mo-
tor dysfunction, with initial onset at about 6 months of age

(31). In contrast, mafG~'~umafK*/~ (bearing one active mafK
allele) mice displayed a more severe neuromuscular disorder,

with a far earlier onset in all of the mice. Neither mafG*/~::

mafK*= nor mafG*"~ umafK~'" mice displayed a significant - -

phenotype (28). Therefore, based on the severity of these phe-
notypes, the genotypes of the compound maf mutant mice
could be ordered by rank: rank 1 (essentially unaffected mice),
mafK—=, mafG*'~zmafK* '™, and mafG™'" imafK™'"; rank 2
(mice with mild adult onset), mafG~/~; rank 3 (mice with
severe pubertal onset), mafG ™'~ umafK*'~; rank 4 (mice that
died at weaning), mafG~'"::mafK~"". When we analyzed the
exptession of all three small maf genes in a spectrum of dif-
ferent tissues by RNase protection and quantitative PCR, we
found that neatly 90% of total small maf mRNA expressed in
the brain was derived from mafG (28). Consequently, the phe-
notypic severity is what might have been predicted from the
small Maf expression abundances. These results implied that
gene dosage (and thus the total small Maf concentration)
might be an important underlying cause of the neurological
disorder and thus that small Maf proteins might act upstream
in & motor pathway that normally regulates an unknown, but
critical, behavioral determinant(s). '

In support of this “Maf dosage” hypothesis, we recently
reported that small-Maf protein abundance is crucial for
MARE-dependent regulation of the terminal stages of
megakaryopoiesis (23). However, since the mafG mutants, but
not any CNC gene mutants, additionally exhibited a neurolog-
ical phenotype, we exploited this unique, dosage-dependent
characteristic of the small maf gene loss-of-function mutations
to explore the molecular mechanisms underlying the neurclog-
ical disorder.

We first examined tissues histologically to identify changes
in neural tissue(s) that correlated with the progressive motor
disease. We found that pathological changes initiated after
birth and were widespread in neurons of the central nervous
system (CNS) but not in glial cells. The maf mutant mice
displayed a hypertonic motor disorder and abnormal responses
to startle stimuli. In exploring similarities between the maf

mutants and mice with spentanecus neurological mutations |

that have been reported in the literature, we discovered that
mice bearing mutant glycine receptors also exhibited abnormal
startle responses (17, 18, 30). In keeping with the hypothesis
that the pathways leading to the similar phenotypes might
intersect, we found that the abundance of the glycine receptar
a 1 (Glral) subunit s reduced in symptomatic maf mutant
mice and that the progression of neurological changes in the
maf mutants begins postnatally at 3 weeks, coincident tempo-
rally with Glral gene transcriptional induction in wild-type
mice. Although we anticipated that antioxidant genes in the
CNS that are normally regulated through MAREs would be

Mot CeLL. BioL.

repressed in the mutants, we observed mstead only selective
induction of MARE-dependent antioxidant genes, We found
that CNS MARE-binding proteins, comprising in part Bacly
small Maf heterodimers, were diminished in symptomatic mu-
tant animals and that nuclear accumulation of the Bach pro-
teins was severely impaired. We conclude from these data that
compound mafG ™~ :mafK*/~ mutant mice display cell-auton-
omous neuronal abnormalities that are accompanied by mis-
regulated neuronal MARE-binding activity and that one ele-
ment of the complex neuropathology exhibited by these mice
may be due to a glycine receptor deficiency. Thus the small
Maf proteins play a critical role in the maintenance of normal
CNS funetion, as they do in megakaryopoiesis.

MATERIALS AND METHODS

Behavioral studies. A cobort of 31 mafG*~umafK*/~ mice and 30 mafG~/=2
mafK+~ mice were tested at 3, 6, and 9 weeks of age to determine the time of
onset and penetrance of the neurclogical phenotype. When a mouse was held by
the tail and displayed hind limb clasping (see Fig. 1A) within 1 min, it was scored
as positive, When a mouse was put on the table and myoclonus was triggered in
limb extremities at least once within a minute, this mouse was judged to display
myoclonus, .

Eight- to 11-week-old mice were used for testing acoustic responses. The MRC
Institution of Hearing Research click box generates a brief 18- to 20-kHz tone at
94 dB sound pressure level. For measuring locomotor activity, an entpty plastic
cage was used and locomotion was recorded by SUPERMEX {Muromachi Kikai
Co.). Ambulation was scored by using a personal computer interfaced to @ mouss
body temperature-sensitive sensor. {6, 20). To evaluate diminished locomotor
activity after acoustic stimuli, we adopted the valué of thé mean Jocomotor
activity for 2 min after a stirsutus divided by the activity for the 5 min preceding
the stimulus. Five mice of each genotype were tested, and acoustic stimuli were
generated sequentially three times, separated by 10-min intervals.

LacZ activity. Mouse brains were fixed in 1% formaldefyde-0.2% glutaralde-
hyde-0.02% NP-40 in phosphate-buffered saline and embedded in OCT com-
pound (Tissue-Tek; Sakura). Sections were stained with X-Gat (S-bromo-4-
chloro-3-indoiyl-8-p-galactopyranoside) solution as previously described (15).
Nuclear fast red was used for counterstaining.

Hislologica! analyses. Mouse tissues were fixed in 3.7% formaldehyde and
embedded in paraffin. For Nissl staining, the paraffin was remaved prior 10 cresyl
violet stafning. For ubiquitin immunostaining, sections were protessed for im-
munohistochenistry with the ABC horseradish peroxidasa kit {Vector Labora-
tory) after paraffin removal. The ubiquitin antibody (Santa Cruz Bictechnology)
was diluted to 1:200, diamincbenzidine was used as the substrate for chromogen
development, and methy! green was used for counterstaining.

In situ hybridization. Mouse brafn stems were fixed in 4% paraformaidehyde-
phosphate-buffered saline and embedded in parafiin. In situ hybridizations were
carried out with a digoxigenin-alkaline phosphatase system {Roche). The HO-
¢DNA in pBluescript was 2 generous gift from T, Ishif (University of Tsukuba)
and was used to generate RNA probes, Hybridization was performed as previ-
ously described (22). T

RNA blots, Total RNA was prepared by using Isogen (Nippon Gene). RNA
was electrophoresed on a formaldehyde-agarose gel and transferred to a aylon
membrane, *2P-Jabeled probes were prepared from the same HO- cDNA that
was used for in situ hybridization, Glral and Girb ¢DNAs were generaled by
PCR, and NMDAR1 was a generous gift from S. Nakanishi (Kyoto University).

Electrophoretic mobility shift assay (EMSA). Brain nuclear extracts were
prepared as described previously (4), Double-stranded MARE oligonucleotide
probe no. 25 (14} was radiolabeled with **P, and incubation of the probe and
nuclear extracts was carried out as described previously (14). The protein-DNA
complexes and free probe were resolved by electrophoresis on a 5% polyacryl-
amide gel in 1 Tris-borate-EDTA buffer. An anti-Bach antibody (F69-1 [29])
and an anti-srall Mafl antibody (8) were used as originally described.

Western blots, For the detection of Bach proleins, 10 ug of auclear extract or
whole-cell extract was separated by sodium dodecy! sulfate-polyacrylamide gel
electrophoresis and then transferred to a polyvinylidene difluoride membrane.
Expression of Bach and Nrfl proteins was examined with the anti-pan-Bach
antibedy (F69-1) and an anti-Nrf1 antibody (Santa Cruz Biotechnology}, respec-
tively, For the detection of the Glral subunit, whole-cell extracts were prepared
from brain stems of 7-month-0ld mice. Thirty micrograms of protein wes used
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FIG. 1. Behavioral analysis of mafG::maf/K compound mutant mice. (A) A ma —~umafK*T mutant mouse (6 weeks old) displaying

characteristic hind leg clasping. (B) A mafG='"umafK™'~

mutant mouse (10 weeks) with long-lasting myoclonus. {C) The penetrance of the motor

disorder was examined at 3, 6, and 9 weeks of age, Bars indicate frequencies of mice displaying each phenotype. GIKI and GOKl, mafG*=u

mafK+'
and mafG*'"~umafK*'"

control and mafG~/—:mafK*/~ mutant, respectively. (D) Representative pattern of locomotor activities of mafG~'~:mafK™*~ (mutant)
{control) mice. Each bar indicates the frequency of ambulation per minute. Arrows, times of acoustic stimuli. (E) Com-

parison of the influences of acoustic stimuli on the locomotor activities of mutant and control mice. The mean ambulation count for 2 min after

stimulus (red bars in panel D) was divided by that for 5 min before stimulus. This value was

as a bar, Error bars, standard deviations.

per sample lane. The antibody recognizing the Glral subunit was purchased from
Calbiochem. :

Transfection and immunostaining. pCMV/Bachl and pCMV/Bachl were
used for forced expression of Bachi and Bach, respectively (29). pIM-MafK and
pIM-MafKI2PM4P were used for transient expression of MafK and a MafK
leucine zipper-defective mutant (MafKL2PMA4P), respectively (23). These ex-
pression vectors were transfected into NIt 3T3 cells with FuGENES (Roche).
At 24 b after transfection, cells were fixed with methanol at =20°C for 5 min and
treated with 0.1% Triton X-100. After being blocked with 2% goat serum, cells
were reacted with the anti-Bachl antibody for 1 h snd then with fuorescein
Isothiocyanate-conjugated anti-rabbit immunoglobulin G. After the secondary-
- antibody solution was washed away, cell nuclei were stained with DAPI (4°,6"-
diamidino-2-phenylindole). One hundred transfected cells were examined and
classified inlo three categories: C>N (predominantly cytoplasmic staining);
C=N {2 roughly equal distribution between cytoplasmic and nuclear compart-
ments), and C<N (predominantly nuclear staining). :

_ RESULTS

mafG"“’::majK*" mice display a progressive motor disor-
der. The neurological phenotype in mafG mull mutant mice
was detectable only after approximately 6 months of age and
was incompletely penctrant (31). The same (but fully pene-
trant) phenotype appeared eatliest in mafG™'" umafK~'~
(compound null) mutant mice, but these animals survived only

averaged for five independent animals and depicted

to about 3 weeks of age (28). We therefore chose to subject
mafG~":mafK*/~ compound mutants, bearing one active
mafK allele, 1o detailed scrutiny since they had an almost
normal life span and yet the neurological phenotype occurred
early and was fully penetrant, For this analysis we compared
the neurological phenotypes of the mafG~/~::mafK™*/~ mice to
those of the mafG*' " umafK*'~ control littermates (mutant
for one allele of both mafK and mafG), which display no
neurological phenotype. )

More than one-half of the mafG~/~r:mafK*'~ mutant mice
developed a characteristic hind leg clasping by the sixth week
after birth (Fig. 1A and C). Two-thirds of the mutant mice
began to show intermittent and long-lasting hind limb or tet-
rapodic myoclonus (Fig. 1B}, and this aberrant behavior was
fully penetrant by 9 weeks of age (Fig. 1C). None of the
mafG*'~:mafK* (Fig. 1C) control mice were affected.

Myoclonus occurred spontaneously in the mutant mice but
could also be triggered by external stimuli, By monitoring the
nocturnal behavior of the mutant mice, we discovered that the
hind leg myoclonus was triggered when the mutant mice began
to eat with their forepaws. Myoclonus was also observed when
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activity (blue) was observed exclusively in neurons (not in glial cells) in the spinal cord (A and B), pons (C), medulla (D), and cerebeliar auclei
(E). Solid arrowheads, neurons; open arrowheads, glia; arrows beside V, ventral side. Scale bar, 450 (A and E), 90 (B), 110 (C), or 150 um (D).
¢e, central canal; ah, anterior horn; ph, postgrior horn; pn, pontine nuclei; rn, reticular nuclel; cn, cerebellar niclet; ce, cerebellum.

the mutants approached the edge of a table during free loco-
motion, behavior that seemed to be triggered by visual stimuli
(data not shown).: . :

Anticipating that this neurological deficiency might originate
inthe CNS (see below), we menitored the Jocomotor activity of
mafG ™'~ mafK*'~ mutant mice in response to acoustic stim-
uli, and Fig. 1D shows a representative paitern of activity
before and after stimulation. The activity of mafG™/"x
mafK*'~ mutant mice was quantifiably repressed after stimu-
lation, while mafG™*/~::mafK™/~ control littermates displayed
little response. Five mice of each genotype were examined, and
the average locomotor activities for 2 min following the acous-
tic stimulus were compared. The data depict a qualitative dif-
ference in acoustic response between mafG ™/~ ::mafK*™/~ con-
trol and mafG~'"zmafK*~ mutant mice (Fig. 1E).

MafG and MafX are both expressed in nenrons. We previ-
ously reported that MafK is widely expressed in neurons, but
not in ghial cells, of the CNS. The large cells morphologically
identified as neurons penerally express MafK mRNA in the
spinal cord, brain stem, hippocampus, and dorsal root ganglia
(22). To ask whether diminished MafK and MafG expression
might lead to exclusively neuronal deficiencies, we examined
mafG expression in the CNS by monitoring the expression of

the lacZ gene, which was used to replace the coding sequences
of mafG during the generation of the targeted mutant mice
(31). p-Galactosidase activity was observed primarily in neu-
rons, but not in glia, of the spinal cord (Fig. 2A and B); this was
also true in the brain stem (Fig. 2C to E) and hippocampus and
dorsal root ganglia (data not shown). Especially in spinal cord
gray matter and cerebellar nuclei, almost all the recognizable
neurons expressed MafG (Fig. 2A and E) as well as MafK (22),
indicating overlapping expression of the two genes, The data
show that MafG and MafK are predominantly, if not exclu-
sively, expressed in neurons in the CNS. .

CNS neuronal degeneration in mafG '~ imafK*'~ mice. To
investigate the underlying cellular basis for the observed neu-.
ronal disorder, we performed histclogical examination of neu-
ral tissues from 10-week-old mafG~'~zmafK ™'~ mice that dis-
played pathological behavior. The numbers of Nissl-staining
neurons in the gray matter of the spinal cord in mafG "=
mafKH™ mutant mice and mafG*/~umafK*/~ controls ap-
peared to be almost the same, albeit with slightly weaker stain-
ing in the mutants (Fig. 3A and B). When the same sections
were examined at higher magnification, however, a conspicu-
ous difference between the two genotypes was consistently
observed. Many of the neuronal nuclei in the affected mouse
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FIG. 3. Histopathological changes in CNS neurons of maf mutant mice. (A 1o D) Nissl staining of spinal cord sections from 10-week-old
mafG*'=:mafK*"~ control mice (A and C) and mafG ™~ :mafK™'" mutant mice (B and D) displaying myoclonus. Solid arrowheads (D), swolfen
nuclei with minimal cytoplasm in the affected mice. (E to G} Inmunostaining for ubiguitin in spinal cord sections from control mafG ™'~ ma ‘St

mice (E) and ma

“~1mafK** mutant mice (F and G). The mutants display far more intense staining, primarily in neuronal nuclei (G).

(H) Double staining for B-galactosidase activity and ubiquitin immunohistological activity on brain stem sections prepared from 4-week-old

mafG~/"ma

arrowheads). Scale bar, 400 (A, B, E, and F), 40 (C and D), 120 (G), or

spinal cord were swollen, and their cytoplasm was thin, con-
taining few Niss! bodies (Fig. 3C and D). The neurons in the
anterolateral column of the spinal cord were less severely af-
fected but still contained fewer Niss] bodies than controls. The
same morphological characteristics were observed along the
entire lengil of the spinal cord and brain stem. Similarly af-
fected neurons were also distributed throughout the thalamus,
hippocampus, and cerebral cortex (data not shown). These
same cellular changes were not detected in the comparable
tissues of 1-week-old mutants but became apparent even as
early as 3 weeks of age (before the mutant mice became symp-
tomatic; Fig. 1C). These results suggested that the abnormal
neurons in these young mafG~"":mafK*'~ mutant mice could
be degenerating. ‘

One of the most prominent histological features of many

fK+~ mutant mice. Note that all the cells in which ubiquitin has accumnulated (intense brown signal) are also LacZ positive (open
60 wm (H), Abbreviations are as defined in the legend fo Fig. 2.

neurodegenerative disorders is the intracellular deposition of
aggregated, ubiquitinated proteins (1), Since many neurons
with swollen nuclei were observed in the symptomatic mice,
we suspected that protein aggregates might have accumulated
in their nuclei, and therefore we assessed these cells for evi-
dence of ubiquitinated proteins. Indeed, spinal cord neurons of
asymptomatic 3-week old mafG™'"imafK*/~ mutant mice
showed greatly elevated spinal cord ubiquitin immunostaining
compared to those of their control littermates (Fig. 3F and B,
respectively), primarily in the nuclej of the affected neurons
(Fig. 3G). Ubiquitin immunostaining was also observed in the
brain stem, thalamus, hippocampus, and subsections of the
cerebral cortex of the mutants (data not shown).

. Importantly, the distribution of the affected neurons in mu-
tant mice that were identified by Nissl staining largely over-
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lapped that of ubiquitin-positive cells. In contrast, no ubiquitin
immunostaining was observed in Purkinje cells or granule cells
of the cerebellum (data not shown). An increased high-molec-
ular-welght smear of ubiquitin immunoreactivity was observed
inwhole-cell lysates prepared from ma =mafK*'~ mutant
spinal cords in comparison to controls (data not shown). Thus
the increased neuronal nuclear ubiguitin immunostaining in
the mutant mice reflected coordinately increased accumulation
of ubiquitinated protein aggregates in the same cells. Elevated
ubiquitin levels were not detected in spinal cords of -week-old
mutant mice, further supporting the hypothesis that patholog-
ical changes in these neurons are iitially detectable around 3
weeks of age, coincident with the earliest onset of any nervous
system phenotype (Fig. 1C).

A comparison between the expression profiles of MafK (22)
and MafG (Fig. 2) taken together with the results of ubiquitin
immunostaining suggested that the neurodegeneration was a
cell-autonomous phenomenon. To substantiate this possibility,
we performed double staining for both ubiquitin (using im-
munohistochemistry) and B-galactos:dase (monitoring LacZ
activity from the mafG knock-in) on sections from the spinal
cords of 4-week-old mafG~'"umafK™'~ mice. As shown Fig.
3H, almost all of the ubigquitin-positive cells also stained
for LacZ activity. Taken together, these results strongly sug-
gest that the neurodegeneration observed in the mafG~ =
mafK*'™ mice is cell autonomous.

Accumulation of ubiquitin conjugates suggested that the
molecular mechanisms responsible for the neuronal degener-
ation observed in the mafG~""ramaf*™ mutam mice might
have a common link to other neurodegenerative disorders.
Therefore we assessed these same tissue sections for the pres-
ence of apoptotic neurons, whose presence is a common con-
sequence of neurodepenerative diseases (21). We observed
that neurons in the CA3 region of the hippocampus as well as
several thalamic neurons were Jost due to apoptosis by 6 weeks
of age. Importantly however, we failed to detect a diminished
number of nenrons in the rest of the CNS, such as in the brain
stem or spinal cord (data not shown). Consistent with these
observations, neuronal loss was no more apparent in 30-week-
old mutants than in the 10-week-old mutants. Thus the pro-
gressive and dosage-dependent defect in the small maf gene
mutant mice differs from most nevrodegenerative disorders in

iy —

that, although the neurons display many cytopathological hall-

marks of functional impairment, these are not accompanied by
neuronal cell death.

Diminished expression of plycine receptor o 1 receptor in
small maf gene mutant mice. We next addressed how Lhe
neurocytological abnormalities detected in the mafG~'":
mafK* ™ mutants might lead to the abnormal startle response
since this was the single most prominent phenotype of these
mutant mice. In surveying the literature describing phenotypes
similar 10 those described here, we found several reports de-
scribing natural mouse mutamts that display an abnormal re-
sponse to startle stimuli, including mutations in the o (18, 30)
and B subunit (17) genes of the murine. inhibitory glycine
receptors. Each of these Glr mutants displays long-lasting my-
oclonus and exaggerated startle responses. Glycine is 2 major
inhibitory neurotransmitier in the spinal cord and brain stem,
where its receptor is most abundant. Since neuronal degener-
ation was most prominent in the spinal cords and brain stems

MoL. CELL. BioL.

of these mafG '~ zmafK*'™ mutant mice, we conjectured that
defective glycine receptor expression might account for at least
a subset of the behavioral abnormalities displayed by the maf
mutant animals. ,

To test the hypothesis that a small Maf deficiency might lead
to diminished expression of mhibitory glycine receptors, we
examined the steady maf accumulation of glycine receptor
subunits in the small-naf gene mutant animals by RNA blot
analysis. Diminished abundance of the Glral transcript in the
brain stems of symptomatic mutant mice (Fig. 4A) was con-
firmed by quantitative analysis (Fig. 4B), although changes in
Girb transeript accumulation in symptomatic mutant mice was
not statistically significant. The difference in abundance of
mRNA expressed by one of the glutamate receptor genes
(NMDARI) between mafG*' umafK*'~ and mafG™""
mafK*'~ mice was insignificant (Fig. 4A and B), sugg esmng
that Giral transcription was selectively diminished. Thus the
reduction in Glral mRNA abundance (Fig. 4A) was directly
reflective of reduced neuronal receptor abundance (Fig. 4C).

Finally, we examined Glral mRNA Jevels during the course
of neonatal development. Since Glral begins to be expressed
between 2 and 3 weeks after birth, no expression was observed
in newborns (Fig. 4D, lanes 1 to 4). At 3 weeks, Glral expres-
sion in the mutant animals was slightly diminished in compar-
ison to controls (Fig. 4D, lanes 5 to 8). However, by 10 weeks
of age, Glral mRNA accumulation was significantly lower in
the mutant CNS (Fig. 4D, lanes 11 and 12) than in the control
(Fig. 4D, lanes 9 and 10) CNS. Therefore, Glral reduction
coincides with the progress of neuronal degeneration and phe-
notypic onset.

Small Maf loss in the CNS of affected mice results in selec-
tive alteration of MARE-dependent gene expression. Since
MafG and MafK exert their function through homo- or het-
erodimeric binding 1o MARESs, we suspected that altering the
molecular ratios between various large-subunit (CNC and
Bach) transcription factors that interact with small Maf pro-
teins might be distorted in mafG ™'~ :mafK*~ mutant neurons
(3, 24, 25). However, since it is not known whether or not Glral
is regulated by MARE(s), we examined the influence of al-
tered small Maf abundance on MARE-dependent antioxidant
gene regulation in the CNS. We showed previously that a large
group of ‘antioxidant-responsive genes are regulated through
MARESs (10, 12), and, since an impaired defense mechanism
against oxidative stress is regarded as a possible cause of neu-
rodegeneration (1), we examined the expression of four well-
characterized MARE-dependent oxidative stress-responsive
genes in the maf mutants: genes encoding NAD(PJH quinone
oxidereductase (NQO1), MSP23 (also called peroxiredoxin I),

‘glutathione S-transferase subunit Pi (GST-Pi), and heme oxy-

genase 1 (HO-1) (10). We found that HO-I gene expression
was dramatically induced in 10-week-old mafG~ = mafKH™
mutant brains in comparison to mafG*' " imafK* = control
brains: HO-1 induction was observed in the cerebrum, cerebel-
lum, brain stem, and spinal cord (Fig. SA, top). In surprising
contrast, very little change in GST-Pi (Fig. 5A, middle) or
NQOI or MSP23 (data not shown) was detected.

To jdentify the cells expressmg the most abundant HO-1
mRNA, we performed in situ hybridization analysis on brain
stem sections. Strong staining was observed in neurons of
mafG~'~mafK*'~ mutant brains (Fig. 5B), but no staining
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FIG. 4. Expression of glycine receptor al and B subunits in the
CNS of small maf gene compound mutant mice. (A) RNA samples
prepared from individual mafG ™ umafRK*'™ control mice (lanes 1 1o
3) ot mafG '~ zmafK*'~ mutant mice (lanes 4 to 6) were hybridized to
probes corresponding to the Glral, GIrb, or NMDARI genes; these
were normalized to B-actin expression as the internal control. (B) The
data shown in panel A were quantified on a phosphorimager and then
normalized to the internal control. # P < 0.05. (C) The abundance of
2 Glral receptor subunit was examined by immunoblotting using an
anti-al subunit antibody. Protein samples were prepared from indi-
vidual mafG*'"zmafK*’~ contro) mice (lanes 1 10 3) and mafG~'"x
mafK*'~ mutant mice (lanes 4 o 6). Protein staining was used to
confirm equivalent protein loading. GUK1 and G1K1 are as defined for
Fig. 1. (D) Gl reduction was examined by RNA blot analysis using
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FIG. 5. HO-1 is induced in the mafG™'"umafK'~ mutant CNS.
{A) RNA blot analysis was performed to examine the expression of
HO-1 and GST-Pi by using RNA samples prepared from the cere-
brums (Janes 1 to 4), cercbellams (lanes 5 to B), brain stems (Janes 9 to
12), and spinal cords (lanes 13 to 16) of individual 10-week-old mafG ™/
—smafi*~ control mice (lanes 1, 2, 5, 6, 9, 10, 13, and 14) and
mafG =/~ tmafK mutant mice (fanes 3, 4, 7, 8, 11, 12, 15, and 16),
GUK1 and G1K1 are as defined for Fig. 1. (B and C) In situ hybrid-
ization was performed to examine the distribution of HO-I-expressing
cells in the mafG =/~ mafK ™ mutant brain stems at 5 weeks of age.
Arrowheads, positively stained neurons, Scale bar (C), 60 wm.
(D) HO-1 induction was examined by RNA blot analysis using RNA
samples prepared from the CNS of individual newborn mice (lanes 1 to
4) and animals 3 (lanes 5 to 8), 10 (lanes 9 10 12}, or 30 weeks of age
(lanes 13 to 16). RNA samgples from mafG™ ~zmafK*'™ controls
(tanes 1, 2, 5, 6, 9, 10, 13, and 14) and mafG !~ 1mafK*'~ mutant
littermates (lanes 3, 4, 7, 8, 11, 12, 15, and 16) were examined.

above background was observed in neurons of the mafGHi
mafK*~ controls (data not shown). Hence, selective HO-1
induction is observed only in CNS neurcns of the affected
mafG™'"zmafK**" mutant animals.’

We then examined HO-1 mRNA levels during the course of
neonatal development. In newboms, where no morphological

RNA samples prepared from the CNS of individual newborm mice
(lanes 1 to 4) or animals 3 (lanes 5 to 8), 10 (lanes 9 10 12), or 30 weeks
of age (lanes 13 to 16). RNA samples from mafG™*/~zmafK */~ control
(lanes 1, 2, 5, 6, 9, 10, 13, and 14) and mafG~/~=mafK™'~ mutant
litermates (lanes 3, 4, 7, 8, 11, 12, 15, and 16) were examined.
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FIG. 6. MARE-binding actmty of the Bach/small Maf heterodimer is reduced due to inhibition of Bach nuclear localization in the maf mutant
mouse brain. (A) EMSA was performed with a probe containing a consensus MARE (see Materials and Methods). The probe was incubated
without added nuclear extract (lanes 1 and 8) or with nuclear extract prepared from mafG*'~umafK*'~ control mouse brains (lanes 210 4 and
9 t0 15) and mafG " :mafK™’" mutant mouse brains (lanes 5 to 7). The intensity of the Jowest-mobility complex (arrow) was reduced in the mutant
brains {(lanes 5 to 7). Formation of this complex was inhibited by preincubation of extracts with an anti-small Maf antibody (lane 9) or an anti-Bach
antibody (lane 12) but not with anti-p45 NE-E2, anti-Nifl, anti-Fos, anti-Tun, or preimmune antibodies (Janes 10, 11, 13, 14, and 15, respectively).
GOK1 and G1KI1 are as defined for Fig. 1. (B and C) Nuclear extracts (lanes I to 4) and whole-cell extracts (lanes 7 to 10) were prepared from
control mafG " umaf**~ mouse brains (lanes 1, 2, 7, and 8) or mafG™' " umafK*/~ mutant mouse brains (lanes 3, 4, 9, and 10). Recombinant
Bachl and Bach2 proteins served as the positive control (rBach; lanes 5, 6, 11, and 12). Anti-Bach (B) and anti-Nrfl (C) antibodies were used for

immunoblot analysis. Arrows 1 and 2, mobilities of Bachl and Bach2, respectwely

or phenotypic changes are yet apparent in the maf mutant
brain, HO-1 expression was slightly elevated in comparison to
controls (Fig. 5D, Janes 1 to 4). However, after 3 weeks of age,
-the earliest detectable time of any neuropathology in these
mice, HO-1 mRNA. accumulation was significantly higher in
the mutant (Fig. 5D, lanes 7 and 8) than in the control CNS
(Fig. 5D, lanes 5 and 6}, and this differential expression per-
sisted into adulthood (Fig. 5D, lanes 9 to 16). Therefore, HO-1
induction preceded the onset of any morphological changes in
affected CNS neurons and became prominent coincident with
the time of progressing neuronal degeneration and phenotypic
onset. These results strongly suggested that the disturbance of
MARE-dependent transcriptional regulation was responsible
for the failure to maintain normal CNS function in the maf
mutant mice.

Baclh/small Maf heterodimers are reduced in abundance in
the maf mutant CNS, We next examined MARE-dependent
binding activities in mafG ™ ":mafK™ brain extracts, We per-
formed EMSA using a consensus MARE sequence as the
probe (see Materials and Methods). Using nuclear extracts
prepared from compound heterozygous mutant (control)
brains, we found that several proteins formed complexes with
the MARE (Fig. 6A, lanes 2 to 4), When equivalent samples
from the mafG='~ .mafK*"‘ mutant mice were examined in
kind, only the lowest-mobility band was significantly altered in
intensity (Fig. 6A, lanes 5 to 7). This complex was specifically
inhibited by the addition of an excess of an unlabeled MARE-
containing oligonucleotide but not by a scrambled cligonucle-
otide (data not shown), indicating that this binding activity was
specific for the MARE sequence.

When an antibody against the smal! Maf proteins was in-
cluded jn the EMSA reaction, most of the complexes (includ-
ing the entire lowest-mobility band) diminished in intensity
(Fig. 6A, lane 9), demonstrating that small Mafs participate in
these complexes. Addition of an antibody that recognizes both

Bach proteins (29) interfered with formation of the lowest-
mobility complex (Fig. 6A, lane 12). In contrast, this same
complex was unaltered when antibodies recognizing p45 NF-
E2, Nrfl, c-Jun, or c-Fos were preincubated with the extracts
(Fig. 6A, lanes 10, 11, 13, and 14, respectively). These data
indicated that the electrophoretically distinet lowest-mobility
complex contained both small Maf and Bach proteins and was
significantly less abundant in the mafG™""mafK™'~ mutant
than in the control brain. We tentatively concluded that the
reduction in abundance of Bachy/small Maf heterodimers in
the mutants might represent a key biochemical deficiency,
thus altering the normal transcription of genes regulated by -
MARE:s in the CNS of the mafG™/" tmafK*/~ mutant migce.
Suppression of Bach protein nuclear localization in small
maf gene mutant brains. To test the hypothesis that diminished
Bach/small Maf complex formation might be attributable to
reduced small Maf abundance in the mutant CNS, we next
asked whether or not the abundance of Bach proteins in the
mutants was altered (since Bach homodimers cannot bind to
MARESs [29]). To this end, we compared nuclear extracts pre-
pared from the brains of mutant and control mice by immu-
noblotting using an-anti-Bach antlbody The levels of both
Bachl and Bach2 were significantly reduced in mafG /"3
mafK*/~ mutant brain nuclear extracts compared to those in
mafG*~ :mafK*t~ eontrols (Fig. 6B, lanes 1 to 6), while the
abundance of another CNC family protein, Nrf1, in mice with
the two genotypes was unchanged (Fig. 6C). When we re-
peated the immunoblot analysis with whole-cell extracts in-
stead of nuclear extracts, we were surprised to find that there
was no difference in Bach protein abundance between the two
samples (Fig. 6B, lanes 7 to 12). We tentatively concluded that
the Bach proteins, normally found exclusively in the nucleus,
reside predominantly in the cytoplasmm in the neurons of
mafG™"tmafK* mutant mice. If true, this conclusion also
implied that stable nuclear acenmulation of the Bach proteins
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FIG. 7. Small Maf proteins promote nuclear localization of Bach2.
NIH 3T3 cells were examined for subcellular localization of trans-
fected Bach2 protein (A to C) or location of nuclef in these cells using
DAPI (D to F). The Bach2 expression plasniid was either transfected
alone (A and D) or cotransfected with a vector direcling expression of
mafK (B and E) or a mafK mutant in two positions that disrupts
dimerization (MafKL2PMA4P; C and F). (G) Quantitative analysis of
subcellular localization of Bach2. A total of 100 transfected cells were
examined for Bach2 localization and classified into three different
categories: C>N, predominantly cytoplasmic; C=N, equally distrib-
uted; C<N, predominantly nuclear.

depends directly on the availability and/or abundance of small
Maf proteins.

Small Maf proteins promote nuclear localization of Bach
proteins. To test the hypothesis that small Maf proteins can
affect the subcellular distribution of Bach factors, Bach2 was
transiently expressed in NIH 3T3 cells and its subcellular Jo-
calization was determined by indirect immunoflucrescence us-
ing the anti-Bach antibody. When Bach2 alone was trans-
fected, immunostaining was observed exclusively in the
cytoplasm as previously reported (Fig. 7A and D) (7). In con-
trast, when Bach?2 was transfected with MafK, Bach2 accumu-
lated predominantly within nuclei (Fig. 7B and E). The same
result was observed when Bach2 and MafG were coexpressed
{not shown), while coexpression of Bach2 with the MafK
Jeucine zipper mutant, MafKL2PM4P (23), which fails to het-
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erodimerize with Bach or CNC proteins, failed to promote
Bach? nuclear localization (Fig. 7C and F). When Bachl was
transfected instead of Bach2, MafG and MafK had effects
identical to those that they had on Bach2 cellular localization
(data not shown). Taken together, these results demonstrate
that the small Maf proteins promote translocalization of Bachl
and Bach? from the cytoplasm into the nucleus and that the
leucine zipper motif of the small Mafs is essential for this
function. These results suggested an intriguing possibility for a
novel function of the small Maf proteins in transcriptional
regulation: besides being required for binding site specificity
for the MARE (extended AP-1) sequence (25), they may pro-
mote preferred nuclear localization of heterodimeric partner
subunits {CNC and Bach family members) that are reqnired
for transcriptional activation and repression.

DISCUSSION

In this study, we focused on a progressive neurological dis-
order that we first detected in »iafG homozygous mutant mice
(31) and that was quite dramatically exacerbated in mafG::
mafK compound mutant animals (28). While the neurological
symptoms in mafG ™/~ mice were detectable in only a fraction
of the mutant animals and only after they reached 25 weeks or
more of age, a more exireme version of essentially the same
neuropathology was fully developed by 9 weeks of age in
mafG~'"mafK*'~ mice with >90% penetrance. One charac-
teristic of this neuropathology was intermittent and long-tast-
ing myoclonus, which could be triggered by external or internal
stimuli, This phenotype immediately suggested that neuronal
excitability was abnormally facilitated or that inhibitory inputs
to neuromotor function were defective. .

Since we found that the maf mutants displayed abnormal
startle responses that could be triggered by acoustic stimuli, we
searched for natural mutants that were reported to have sim-

- ilar characteristics. The example of natural mutant mice with

defective glycine receptor subunit genes (Glral and Glrb) was
most intriguing (17, 18, 30). Glycine is a major inhibitory neu-
rotransmitter after birth, affecting transmission in the spinal
cord and brain stem. The glycine postsynaptic receptor consists
of ligand-binding o and structural 8 subunits, which assemble
to form a glycine-gated chloride channel. Mice homozygous for
oscillator (spd®?, a null mutation in the Glral gene, develop
severe tremors and die by 3 weeks of age, while heterozygous
oscillator animals display no abnormal behavior but have an
increased acoustic startle response, conferred by a haploinsuf-
ficiency in glycine receptor function (18). We therefore sus-
pected that aspects of the phenotype observed in mafG™'
mafK '~ mice might be caused by diminished glycine receptor
expression.

' As anticipated, we found reduced glycine recepior expres-
sion in the CNS of mafG ™ :mafK*'~. mice. The phenotype
observed in these mutant mice was more severe than that
observed in heterozygous spd® mice but milder than that ob-
served in the homazygous mutant animals. This imermediate
phenotype may indicate that « 1 receptor expression in
mafG ™'~ umafK*'™ mice is severely reduced but not com-
pletely eliminated. Diminished 8 subunit expression may also
contribute to the symptoms of mafG ™/~ ::mafK*'~ mice, al-
though we were unable to document a statistically significant



1172  KATSUCOKA ET AlL.

diflerence in Glrb abundance. In this regard, it has been shown
that GIrb transgene-complemented spastic mice that retain
25% of wild-type Glr activity display little phenotype (2), sug-
gesting that the twofold Glr reduction exhibited in the mafG=~/
-zmafK ™ mutants must be at most only partially responsible
for the complex neuromotor disturbance reported here.

Reduced glycine receptor accumulation in the maf mutants
could be a direct consequence of small Maf deficiency or a
refiection of protein aggregation in neurcnal nuclej that indi-
rectly interferes with cellular processes that ultimately impair
the functionality of these proteins. Since very little is known
about the transcriptional regulatory mechanisms controlling
Glral and Glrb, we cannot distinguish between these possibil-
ities at present (attempts to identify MAREs i the two pro-
moters by simple sequence searches failed to reveal genuine
small Maf regulatory target sites). It should be noted that
neurological signs observed in mafG~""::mafK*/~ mice did not
completely overlap with those in the natural glycine receptor
mutants. In particular, affected neurons are distributed
throughout the CNS, not only in the spinal cords and brain
stems, of mafG~'":mafK*'~ mice. However, we found that
the CA3 region of the hippocampus and a part of the thalamus
both suffer almost complete cellular loss from apoptosis in the
mutant, but not in the control, animals (data not shown), Thus
lesions in other regions of the brain may be responsible for
additional neurological abnormalities that lead to complex
" phenotypes in these mice that we have not yet deciphered. To
better understand the molecular origins of the compound maf
mutant phenotypes, we are in the process of detailed compar-
isons to several mouse neurological mutations (escillator, star-
gazer, spasmodic, and spastic) (2, 17, 18, 30} whose phenotypes
each display overjapping similarities to the phenotypes re-
ported here.” :

Histological examination of the small maf gene compound
mutants revealed that neurons in the spinal cord, brain stem,
and other parts of the CNS became chromatolytic and that
ubiquitinated protein aggregates increased in the nuclei of
these affected neurons. Accumulation of aggregated proteins is
frequently observed in neurodegenerative diseases (1), and

three major factors have been proposed for the formation of
inclusion bodies or extracellular aggregates: one is that a mu-’

tated gene product itself aggregates, & second is that proteins
become oxidized and denatured due to oxidative stress, and a
third is that protein degradation mechanisms are somehow
rendered defective. In the mafG ™/ ::mafK*/~ mutant mice, we
anticipated that general neuronal defense mechanisms against
oxidative stress might be impaired since most antioxjdant-re-
sponsive genes are regulated through MARE sequences (11,
24). To our surprise, however, we detected changes in the
expression of only one of the four antjoxidant genes examined,
HO-1 (see below). We concluded from these data that cyto-

logical changes in nevrons of the mafG—/'~imafK*'~ mutant

mice share some, but not all, of the characteristics that are
often found in human neurodegenerative disorders. Although
we first anticipated that reduced expression of MARE-depen-
dent genes in neurons might lead to neuronal degeneration, all

of the MARE-dependent target genes we examined were un-

changed except for HO-1, and there was no apparent age-
dependent reduction in the number of neurons throngh either
cell death or apoptosis. Unexpectedly, HO-1 was markedly
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' induced, coincident with a clear reduction in the Bach/small

Maf EMSA complex, in brain nuclear exiracts prepared from
the mafG™~ " 1mafl(*'~ mutant mice. Since Bach proteins are
expressed in neurons (29), as are MafK and MafG (25) (Fig.
2), Bach/small Maf heterodimers were predicted to exist in
neuronal cells. Bach family proteins are reported to be tran-
scriptional repressors (29), and thus any reduction in the
amount of Bach/small Maf heterodimers would be expected to

" lead to relief of repression (induction) of Bach/small Maf-

regulated MARE-dependent genes. Recently, we reported
that Bachl null mutant mice also exhibit increased HO-1
mRNA accumulation (34). In that report, we performed chro-

- matin immunoprecipitation assays to demonstrate that small

Maf proteins bind to the functional MARE sequence located
in the HO-1 regulatory sequences {34). HO-1 induction in the
maf mutant mice serves as clear complementary evidence for
disturbance of this MARE-dependent regulatory event. While
increased HO-I gene expression might contribute to increased
cytotoxicity (35), abundant HO-1 itself may not be an under-
lying cause for the observed neuronal deterioration in the maf
mutants, since HO-1 also plays a role in cytoprotection a2gainst
oxidative stress (35). Dysregulation of some currently uniden-
tified MARE-dependent gene(s) (encoding glycine receptor
subunits, proteasome components, or other factots in this cir-
cuitry) may be the primary pathiogenic event. -

Although diminished expression of Bach/small Maf het-
erodimers was the most readily apparent alteration in the
EMSA pattern of maf matant brain extracts, we cannot over-
look the far more abundant contribution of CNC regulatory
proteins that partner with small Mafs (Ntfl, Nrf2, and Nrf3) to
regulate transcription through MAREs (e.g., the most abun-
dant gel shift product in Fig. 6A}, since all of these CNC family
members are also expressed in the brain. The antiserum
against the small Maf proteins reacts not only with the low-
mobility Bach/small Maf heterodimer but also with all the
other more abundant complexes (Fig. 6A, lane 9}. Since the
intensity of this broad, higher-mobility band in the mafG~/'"=:
mafKH" brain extracts was essentially the same as that in
control extracts, one imitial assumption might be that the cor-
responding binding activities in the mutant extracts may be
unchanged. However, since the tissue extracts are not purely
neuronal, contributions from glia might mask even quite sig-
nificant neuronal depletion of any of the CNC proteins. If this
were the case, then altered neuronal composition of the high-
er-mobility band could also be a contributing factor to the
observed neurcnal deterioration, To address the question .of
which MARE-interacting proteins are directly responsible for
the motor disorder, we would need 1o know the detailed con-
sequences of mutations in each of these CNC genes in the
CNS, but, to date, germ line mutation of the CNC genes has
failed to display neurological phenotypes (5, 11, 32, 33).

We showed that small Maf proteins facilitated nuclear lo-
calization of Bach proteins in vivo and in vitro, revealing an-
other novel aspect of small Maf function in transcriptional
regulation. Bachl and Bach2 both have nuclear and cytoplas-
wmic localization signals (NLS and CLS, respectively) (7), and
Bach? nuclear localization is regnlated by the cellular nuclear
export system through its CLS in response to stimuli such as
oxidative stress (7). It was also reported that Bachlt, which
facks a CLS, confers a preferred nuclear localization to Bachl,
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and the hypothesis that subcellular localization of Bach is de-
termined by the net balance between NLS and CLS activity was
proposed (13). This hypothesis can now be extended if we
incorporate the properties of the Bach/small Maf complex
described here. We showed that, under normal conditions, the
Bach proteins, possessing one CLS and one NLS, are prefer-
entially localized in the cytoplasmic compartment (presumably
because of greater CLS activity or lesser NLS activity). After
Bach proteins heterodimerize with small Mafs, which possess
only an NLS, the two proteins together now bear two NLS and
one CLS. We infer that the two-to-one ratio between NLS and

CLS activities within this heterodimeric complex may be re-

quired for stable nuclear accunmulation of Bach proteins. Since
MafKL2PM4P, a leucine zipper MafK mutant, was unable to
facilitate nuclear import of Bach, we conclude that het-

erodimerization between Bach and small Maf proteins is es- .

sential for the nuclear confinement of Bach proteins, support-
ing this NLS-CLS “balance™ hypothesis.

This study provides the first insights detailing the signifi-
cance of MARE-dependent transcriptional regulation in the
execution of normal CNS function. In this work, we chose to
examine mafG '~ :mafK*’~ mice for the analysis of a specific
neurological disorder. Although this severe motor phenotype
is fully penetrant in mafG™'~:mafK*'~ mice, the mice still

have an almost-normal life span. When an even greater num- '

ber of defective small maf alleles are introduced into this
background, the effect is lethal, either before weaning or in
utero (28; F. Katsuoka and H. Motchashi, unpublished data).
The degree of small Maf reduction in the mafG ™" umafK*/~
mutant mice was optimal for generating the neuropathology
we wished to analyze. Thus one important conclusion of this
work is that hypomorphic mutants, created by combining le-
sions in multiple genes that are likely to be compensatory may
serve as a powerful tool for analyzing the pathogenesis of adult
human diseases, since these expetimental animals exhibit spe-
cifically impaired cellular functions and yet survive.
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The cancer chemopreventive actions of oltipraz (4-methyl-
5-[2-pyrazinyl]-1,2-dithiole-3-thione) have been primarily
associated with the induoction of phase 2 detoxifying
enzymes through transeriptional activation of the antioxid-
ant response element (ARE) in the promater regions of
these genes. The transcription factor Nrf2 has been shown
to bind to and activate AREs, Previously, we demonstrated
that nrf2-deficient mice had low basal expression of phase
2 enzymes and were substantially more sosceptible to
benzojalpyrene (B[a]P)-induced neoplasia of the forestom-
ach than wild-type. Moreover, loss of Nrf2 abrogated the
chemopreventive action of oltipraz, when administered 48 h
before Bla)P, an interval allowing maximal induction of
many phase 2 enzymes. Oltipraz also inhibits some
cytochrome P450s involved in the bioactivation of Bla]P.
In the present study we observed that oltipraz had no
protective effect on tamor burden in the forestomach of
nrf2-deficient mice when administered 1 h before Bla]P, a
timeline that selectively optimizes for possible inhihitory
effects on cytochrome P450s, To evaluate the role of nrf2
genotype on B[a]P disposition, levels of B[a]P-DNA adducts
were measured as tetrols released from DNA isolated from
target (forestomach) and non-target tissues (liver) of wild-
type and nrf2-deficient mice treated with either vehicle or
oltipraz 1 or 48h hefore B[a]P. Levels of Bla]P-DNA
adducts in forestomach were significantly higher in nrf2-
deficient compared with wild-type mice, Oltipraz treatment
at 1 or 48h before B[a]P had no protective effect on
forestomach tetrol levels in nrf2-deficient mice, whereas a
significant reduction was observed in wild-type mice treated
with oltipraz 48 h, but not 1 h, before carcinogen. Combin-
ing all treatments and genotypes, there was a strong
correlation (R? = 0.91) between levels of Bla]P-DNA
adducts in forestomach and subsequent yield of tumors. In

contrast to the results in forestomach, nrf2 genotype did

not modify hepatic Blz]P-DNA adduct levels while both
oltipraz treatments were protective, suggesting that Nrf2-
independent mechanisms (e.g. P450 inhibition) for oltipraz
can also occur in vive in some tissues.

Abbreviations: ARE, antioxidant response element; B[a]P, benzelzlpyrene;
(t)-trans-B[alP-7,8-diol, (= -trans-7,8-dihydroxy-7 8-dibydrobenzola]pyrene;
CYP, cytochrome P450; GST, glitathione 5-transferase; HPLC, high-pressure
liquid chromatography; NQOL, NAD(P)H:quinone oxidoreductase; oltipraz,
4-methyl-5-[2-pyrazinyl}-1.2-dithiole-3-thione; TA, trans-anti-B[a]P-terol

@© All rights reserved. Oxford University Press 2003

Intreduction

Cancer chemoprevention is a strategy for cancer control that
utilizes chemical agents to block, retard or even reverse the
carcinogenic process through the administration of one or
several compounds, Many classes of cancer chemopreventive
agents including phenolic antioxidants, 1.2-dithiole-3-thiones,
isothiocynates, flavones and coumarins are effective at blocking
DNA damaging steps in the carcinogenic process by modulat-
ing the metabolic activation and detoxication of carcinogenic
substances. Oltipraz (4-metbyl-5-[2-pyrazinyl]-1,2-dithiole-3-
thione), a substituted 1,2-dithiole-3-thione, is known to inhibit
experimental twmorigenicity elicited by many structurally
diverse carcinogens in numerous target tissues (I1-3). The
chemopreventive actions of oltipraz bave been largely associ-
ated with the induction of phase 2 detoxifying enzymes,
such as, glutathione S-transferase (GST), NAD(P)H:quinone
oxidoreductase (NQO1) and UDP-glucuronosylransferase

{UGT), as well as epoxide hydrolase (4-6).

Increased expression of phase 2 detoxifying enzymes is
primarily the result of franscriptional aclivation of their corres-
ponding genes. This increased expression is mediated. in part,
by an ARE (anfioxidant response element) in their promoter
regions (7-9) and the Nrf2 transcription factor has been shown
to bind to and activate ARE sequences of these genes (10,11).
Nrf2, a member of (he basic-leucine zipper family of transcrip-
tion factors, has been shown to heterodimerize with members
of the small Maf family proteins {12~14). The involvement of
Nrf2-Maf heterodimers in the ARE-mediated regulation of
phase 2 detoxifying enzymes, as well as of oxidative stress
responsive proteins, has been confirmed by studies using
nrf2 knockout mice. Siguificantly reduced expression and
inducibility of NQO1, GST subunils and y-glutamylcysieine
synthetase in mice lacking NIf2 indicates an in vivo role of
this transeription factor in the regulation of these genes
(11,15-19).

Studies in nrf2-disrupted mice have demonstrated the import-
ant role of Nif2 in protecton against different chemical
toxicifies, such as acute pulmonary injury by the food preservat-
ive butylated hydroxytoluene (20) or by hyperoxic conditions
(21); to DNA addnct formation in Jung after exposure to
diesel exhaust (22); the vulnerability of arf2 knockout to
acetaminophen hepatotoxicity (23.24); and in inflammation
during the wound repair process in skin (25). In addition to
these findings, we reported previously that nrf2-deficient mice
were more susceptible o benzo[alpyrene (Bla]P)-induced
neoplasia of the forestomach than wild-type mice. This
increased susceptibility was associated with low basal expres-
sion of several phase 2 gene transcripts as well as low total
GST and NQO! enzymatic activities in the stomach (26).
Moreover, we observed that loss of expression of Nif2 com-
pletely abrogated the chemopreventive actions of oltipraz when

_ administered 48 b before B{a]P, an interval allowing maximat

induction of many phase 2 enzymes. Using a similar experi-
mental system, Fahey er al. (27) observed that sulforaphane,
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an isothiceyanate isolated from cruciferous vegetables, did not
reduce the number of gastric tumors in nrf2-disrupted mice,
but had a protective effect in wild-type mice when administered
in the diet before and during B[4]P exposure. Collectively,
these results highlight the prime importance of elevated phase
2 gene expression in the cancer chemopreventive actions of
oltipraz and sulforaphane,

Nonetheless, multiple studies have shown that oltipraz is
also an inhibitor of some cytochrome P450 enzymes, such as
CYP1A1/2, CYPIB1, CYP3A4 and CYP2E] (28-31). A time-
course analysis in primary cultures of rat hepatocytes showed
that inhibition of ethoxyresorufin-C-deethylase (EROD) activ-
ity {associated with CYP1A1/2) by oltipraz was detectable
after 40 min and maximal between 2 and 12 b of exposure (28).
Inhibition of the bioactivation of B[a]P could be envisioned to
contribute to the chemopreventive actions of oltipraz. This
possibility was assessed in a tumnorigenesis study by adminis-
tering oltipraz 1 h before dosing with B[a]P to nrf2-deficient
mice. To further characterize the role of nrf2 genotype on
B[g]P disposition, we measured the levels of B[a]P-DNA
adducts in target (forestormach) and non-target tissues (liver)
of wild-type and nrf2-deficient mice treated with either vehicle
or oltipraz 1 or 48 k prior to the carcinogen. Our results on
modulation of B[«}P-DNA binding and tumor burden of the
forestomach of wild-type and nrf2-deficient mice give further
evidence for the in vive role of the Nrf2 transcription factor
in regulating susceptibility to chemical-induced carcinogenesis.

Material and methods

Chemicals

B[a]P and other chemicals were purchased from Sigma Chemical Co. (St Louis,
MO). BlalP metabolite standards were obtained from the National Cancer
Institute  Chemical Carcinogen Reference Standard Repository (Midwest
Research Institute, Kansas City, MO). 5-(2-PyrazinyD-4-methyl-1,2-dithiole-
3-thione {oltipraz) was provided by the Division of Cancer Prevention,
National Cancer Institute, High-pressure Jiquid chrematography (HPLC)-grade
water, methanol and ethyl acetate were pwrchased Fom I.T. Baker (Phillipsburg,
NI). HQl (Ultapurex) and NaOH (I N Titdsoly were obtained from EM
Science (Gibbstown. NJ). The enzymes for DNA purification. proteinase
K and RNase A were obtained from Boehringer Mannheim Biochemical
{(Indianapolis, IN).

Animals and treatments .

Nrf2-disrupted mice were generated as described by Itok f af. (11) and
genotypes of homozygous wild-type and arf2-deficient mice were confirmed
as reported previously (26). For the DNA adduct studies, female mice (7-9
weeks old), fed AIN-T6A diet and water ad libitim, were treated wiih a single
dose of oltipraz (500 mg/ke in 0.1 ml of [% cremophor and 25% glycerol)
or vehicle only by gavage, 1 or 48 h before dosing with BI#]P (10§ mg/kg in
0.2 m! comu cil, p.o.). Mice were killed 24 h after B[a]P treatment and DNA
was isolated from forestomach and liver tissues as described below, For the
carcinogenesis study, female nrf2-deficient mice (7-9 weeks old) were
randomized into groups of 20 mice and fed AIN-76A diet and waler ad
libitum. Animals were given oltipraz or vehicle by gavage and B[s]P was
given 1h later by orul intobation. This sequence of oltipraz and B[a]P
administration was repeated once a week for a tolal of 4 weeks. Animals
were weighed weekly and killed 30 weeks after the initial treatment. Fore-
stomach tissues were removed and fixed in 10%-buffered formalin solution.
Tumors of the forestomach were counted grossly as described by Wattenberg
{32). Experiments on animals were conducted in compliance with protocols
approved by the Animal Care and Use Committee of the Johns Hopkins
Medical Institutions. ‘

DNA isolation from tissues and hydrolysis

Tissues were homogenized in 50 mM Tris-FHCL 10 eaM MgCl,, 25 mM KT,
0.25 M sucrose buffer, pH 7, and centrifuged at 300 g for 10 min, Supernatants
were discarded and pellets resuspended in Triton X-100-Tris—sucrose buffer
and centrifuged at 500 g for 10 min, twice. Pellets were resuspended m Tris—
sucrose buffer and incubated with 1% sodium dodecyl sulfate and proteinase
K (300 pg/ml) for 6h at 56°C. To improve the recovery of DNA from a
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single forestomach. the suspension was extracted twice with chloro-
form:iscamyl alcohol (24:1) and DNA was precipitated from the aqueous
phase with ice-cold ethunol The DNA was then dissolved in Tris buffer,
40 mM NaCl, 5 mM EDTA, pH 7, and meubated with RNase A (190 pgfml)
for 1 hat 37°C. DNA was exiracted two more times with chloroform:isoamy(
aleohol (24:1), precipitated with ice-cold ethanol after the addition of 1/10
vol of 3 M sodiom acetate, pH 53, and washed three times witk 70%
ethanol. DNA was dissolved o H,O and the concentration was estimated
spectrophotometrically by measurement of UV ahsorbance ratio at 260/280 nm.
Bfa]P-tewrols were released by acid hydrolysis of DNA (~150 pg) isolated
from mouse forestomach and Liver at 80°C for 41 in a final concentration of
0.01 NHCI and stored at ~20°C until analyzed by a reverse-phase HPLC-
fluorometric method (33). Before mjection, an aliquot of the sample was taken
for analysis of guanine, The B[a]P-tetrols were extracted with saturated ethyl
acetate, dried down with a stream of N, resuspended in 20% methanol
for analysis.
HPLC fluoremeiric analysis of Bla]P-tetrols and guanine
Analysis of Bla]P-tetrols by HPLC was perfoomed with a Hewlett Packard
Series 1050 System with an autosampler coupled to an amtomated gradient
controller and a solvent delivery system. All solvents were filtered through
0.22 pm Millipore membranes, degassed uader vacuum prior to use and
continuously sparged with high purity He throughout the analyses (34).
Sepatations performed with a Luna C18 {Phenomenex, Torrance, CA) reverse
phase column (5 pm, 250X4.6 mm) were camied out at 25°C with a fow
rate of 0.7 ml/min wing a methanol/waler lnear gradient. Initiaf solvent
conditions were 55% methanol in water with a linear gradient to 75% in 35
min, a linear gradient to 100% methanol in 10 min, followed by 10 min at
100% medsancl, then a linear gradient to 55% methanol in 5§ mim and 20 mim
al 55% methanol before the next injection. The Bfa]P-teirols were detected
with a HP [046A, programmable fluorescence detector. The excitation wave-
length was set at 246 om and the emission was measured at 393 nm, after
trapping and scanning a B[a]P-tetrol standard in the fluorescence fiow cell.
Quuntification was by comparison with 2 standerd curve using authentic
B[a]P-tetrol standards analyzed prior to and immediately following the analysis
of each set of samples. The lower limit of detection with the instrumentation
used was 2 pg of trans-anti-Bla]P-tetro]l (TA) and ~3 pg of the other three
tetrals. B[g]P-trio} (r-7.5-8,c-9-wihydroxy-7,8.9,10-dihydrobenzolaJpyrene)
was used ag an internal standard due to its similar chemical properties to the
tetrols. The internal standard was added to each sample before ethyl acetate
extraction Lo detect variafions in extraction recovery and fluorometric analysis.
Silanized, amber, high recovery autosampler vials were prepared so that
100 pg of hydrolyzed DNA would be injected in a 200 (fiver) or 220
pl (forestomach) injection. Levels of Bla]P-tetrols released from mouse
forestomach and liver were expressed as picomole per micromole guanine.
Guanine from, ~1 pg DNA per injection was eluted from a Whatman Pariisit
10 SCX column, isocratically, with 50 mM ammonium phosphate buffer pH 2,
at a flow rate of 1 mUmin. Guanine was detected with the excitation wavelength
set at 246 nm and the emission was measured at 354 nm. Levels of guanine
were determined by comparison with a standard curve usmg suthentic guanine
standard in 0.01 N HCL (35).
Statistical aralysis
Statistical significance was determined by one-way ANOVA followed by
Tukey's multiple comparison. Experimental valuss are given as mean = SE.

Results

Effect of oltipraz treatment on Bfa]P-induced neoplasia of the
Jorestomach

Tn order to evaluate the possible role of P450 iphibition by
oltipraz on B{a]P-induced neoplasia of the forestomach, female
nrf2-deficient mice were treated weekly with oltipraz or vehicle
only 1 b before Bla]P administration. This sequence of dosing
was done for 4 consecutive weeks and animals were killed 30
wecks after the initial treatment. Initial mean body weights of
both vehicle- and oltipraz-treated nrf2-deficient mice (22.8 =
1.9 and 224 * 1.6 g, respectively} were similar to those in
the 48 h oltipraz pre-treatment experiment (22.1 * 2.1 and
224 * 2.1 g, respectively). The body weight gains at the end
of the 30-week experiment were 8.7 and 7.4 g for nrf2-distupted
vehicle- and oltipraz-pre-treated groups (1 h), respectively,
compared with 86 and 79 g in the 48 h pre-treatiment
experiment (26). Therefore, we observed no difference on



Effects of nrfZ genotype and oltipraz on Bla]P-DNA adducts

Table L Effect of oltipraz treatment on Bla]P-induced necplasia of the forestomach of wild-type and nrfZ-deficient mice

Genotype Treatment

Interval between oltipraz and B{a]P

ih

48 b4

Wild-type Vehicle ND*
Oltipraz N.D.
arf2-deficient Vehicle

Oltipraz

2.7+ 1.7% (n = 10F
202%17( =123

952 1.0 (m = 14)

P <001

4605 @ =18 '

141+ 12 (o = 14)
P=058

136 = 11 @ = 16) :

‘Not done.

bastrie tinor per mouse + SE.

*Number of mice at risk at tecmination of experiment.
9From reference (26).

body weight gains by oltipraz treatment, pre-treatment intervals
or by genotype. As observed previously, several animals from
each group died before the end of the 30-week experiment
with symptoms of respiratory distress. Upon autopsy, the
thymus was found to be enlarged, occupying most of the
thoracic space and compressing the lungs against the posterior
wall. Overal! survival rate and tumor morphology were also
similar to those obtained in a previous sdy (26). In the nrf2-
deficient vehicle-treated group, six mice died between the 17th
and 28th weeks, each with between 25 and 35 gastric tumors.
An additional mouse had a tumor burden too numerous to
count. In the nrf2-disrupted oltipraz-freated group, five mice
died between weeks 19 and 27, with 27-35 tumors, whereas
an additional mouse had a tumor burden too extensive to
count. Two animals in the vehicle-treated group and one
mouse in the oltipraz-treated group did survive the 30-week
experimental period but had such extensive tumor formation
that an accurate tumor count was not possible. All animals in
both nrf2-deficient groups bore tumors. There were no tumor-
related early deaths. However, comparing the tumors of those
animals that died before the end of the 30-week experiment,
it was observed that tumors progressed from individual large
pinpoint excrescences to caulifiower growths. As shown in
Table 1, oltipraz treatment had no protective effect on tumor
multiplicity in the forestomach of nrf2-deficient mice under
these experimental conditions (P = 0.83). Both nrf2-disrupted
vehicle- and oltipraz-treated mice had similar numbers of
neoplasms of the forestomach (29.7 = 1.7 and 29.2 * 1.7,
respectively). For purpose of comparison, the number of gastric
tumors per mouse obtained when animals were treated with
oltipraz 48 b before dosing with B[a]P in an carlier experiment
were also included (26). In this initial experiment, nrf2-
deficient mice had more and larger tumors than wild-type
mice. Moreover, oltipraz had no effect on gastric tumor burden
in the nrf2-deficient mice. The results were the same when

tumor yield from animals before the scheduled termination of -

the experiment were included in the analysis.

Effect of nif2 genotype and oltipraz treatment on Bla]P-
DNA adducts

To examine the effect of nrf2 genotype and oltipraz reatment
on formation of B[a]P-DNA adducts, an eatly step in the
process of carcinogenesis, wild-type and nrf2-disrupted mice
were treated with vehicle or oltipraz 1 or 48 h before the
carcinogen and killed 24 h after dosing with B[a]P. Tine-
course studies by Sticha et af. (34) indicated that 24 h was the
point of highest tetrol burden in {be Liver of Bla]P-treated
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Fig. 1. Representative reverse-phase HPLC-fluorometric profile of the
B{a]P-tetrols after hydrolysis of DNA isolated from mouse forestomach or
liver. (A) Chromatogram of forestomach DNA (100 jig) from a nrf2-
deficient mouse killed 24 h after B[a]P administration. (B} Separation of
avthentic standards. Details of the animal treatments, and the procedure for
isolation and sepamtion of the Bla]P-tetrols are given in Material and
rethods. TA, trans-anti-, TS, trans-syn-, CA, ds-antl-, CS, cis-syn-Bla]P-
tetrol; X, unknown; IS, intemal standard.

mice. A representative profile of the tetrol hydrolysis products
from forestomach DNA of a nrf2-deficient mouse killed 24 h
after B[¢]P administration is shown in Figure 1A, TA was the
major tetrol detected in the forestomach and liver of wild-type
and nif2-distupted mice, followed by CS. Peaks other than
those corresponding to authentic tetrols standards were also
detected, especially a shoulder on the TA. This unknown
compound, called X, is likely to be a B[a]P metabolite, as it
was only found after B[4]P treatment and was not detected in
DNA from cremophor-glycerol-vehicle and com oil-vehicle
treated animals, nor in DNA from untreated mice. Interestingly,
the area under the curve of this peak, relative to the amount
of DNA hydrolysate on column, was larger (~4-fold) in
chromatograms obtained from the hydrolysis of DNA isolated
from forestomach than those obtained from liver samples of
the same animal and of the entire treated group. An HPLC
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Table IL Effect of arf2 genotype and oltipraz treatment on BPDE-DNA adducts

Treatment interval Ih 48h

Genotype wild-type nrf2-deficient wild-type nrf2-deficient

Treatment vehicle oltipraz vehicle oltipraz vehicle olipraz vehicle oltipraz

B[a)P-tetrol (pmolfpmol of guanine)
Forestomach
Total tetrols 405+ 041* 550+ 040 1094 = 0.50% 14.92 + 0.82** 421 + 0.25 299 £005* 6358013* 658016

TA 2182028 264x02] 536> 041%  7.83 & 0.49%* 251014 181 £0.11* 433 £ 0.15% 43440328
CA 034003 056%=004 098 = 0.04* 126 * 0.07* 041 2004 0302002 0.75=003* 066006
TS 0732009  0.93 =005 116 + 0.08* 1.35 = 0.09 040006 0262002 040 £0.03 0.3 004
cs 080 =003 137015 344 = 0.33% 448 > 0257 089008 0622009 L10x012* 123024

Liver

Totul tetrols 377=045 13220200 312x022 213*016 318~ 0.4 165=020* 320002 244020

TA 279+ 032 092 =016 233x016 152=*016 217+028 098 x0I7* 250002 187x0.10
CA 0.36 + 0.06 0.16 + 0.01* 030004 QIZB0.02 030006 018002 030004 022002
TS 021002 03000 (152 001* 015000 025003 017£004 0172002 014002
Cs 041 =006 0.J1=000* 034*0.02 0.28 +0.07 046 +0.12 0322005 0322003 021004

*Mean £SE (n = 3 or 4),

*P < (.05, compared with wild-type vehicle-treated mice.

**P < 0.05, compared with nzf2-deficient vehicle-treated mice.

chromatogram of authentic standards is shown in Figure 1B. Discussion

Bla]P-tetrol standards were also taken through ethyl acetate
extraction to determine the efficiency of recovery at different
concentrations. The recovery for the four tetrols and Bla]P-
triol was ~95-99%, over the range of concentrations from 2
to 254 pg.

The results of the analyses in forestomach (target organ)
showed that, although not statistically significant, 1 h oltipraz
treatment increased the levels of total tetrols in the forestomach
of wild-type mice by ~35% (Table II). Similarly, levels of
total DNA adducts were significantly increased afier oltipraz
treatment in the forsstomach of nrf2-disropted mice (36%,
P < 0.01). Analyses of the individual tetrols showed that TA
was the major B[a]P-tetrol increased by oltipraz, accounting
for ~50% of the total increased levels. In both nrf2-deficient
vehicle- and oltipraz-treated mice levels of total B[a]P-tetrols
were higher compared with those observed in wild-type mice.
I contrast to the results with a 1h oltipraz pre-reatment,
DNA adduct levels were inhibited by 26% (P = 0.04) by 48 h
olfipraz pre-treatment in the forestomach of wild-type mice.
However, this inhibitory effect was not observed in the
forestomach of nrf2-deficient mice (P = 1.00). Both nrf2-
disrupted vehicle- and oltipraz-treated mice again had higher
levels of total DNA adducts than wild-type mice (P << 0.01).

In contrast to the results in forestomach tissue, the analyses
in liver (non-target organ} of wild-type mice showed that
Bla]P-DNA adducts were inhibited by 66% (P < 0.01) by
1 h oltipraz pre-treatinent. Although not statistically significant,
this inhibitory effect was also observed in the liver of nrf2-
deficient mice by 48 h oltipraz pre-treatment (36% inhibition}.
Interestingly, both nif2-distupted vehicle- and oltipraz-treated
mice had levels of adducts sinilar to the corresponding wild-
type treated mice. No enhancement of hepatic adduct burden
was observed in the knockout mice. As in the case of 1h
oltipraz treatment, DNA adduct levels were significantly (P =
0.01) inhibited by 49% with 48 h oltipraz pre-treatment in the
liver of wild-type mice. Mcreover, DNA adducts were also
decreased with 48 h oltipraz pre-treatment in the liver of nrf2
knockout mice {28%, P = 0.13).

464

The forestomach was the primary target for B{a]P-induced
carcinogenesis in the mice (ICR/129Sv background) used in
this study and tumor burden could be significantly inhibited
when oltipraz was administered to wild-type mice 48 h before
the carcinogen (26}, in accord with the original findings of
Wattenberg and Bueding (1). However, as indicated in Table
1, pre-treatment with oltipraz either 1 or 48 h before Bla]P
was devoid of chemoproteciive efficacy in nrf2-deficient mice.
In addition, these transcription factor knockout mice were
intrinsically more sensitive to B[a]P carcinogenesis. Therefore,
to further characterize the susceptibility of rrf2-deficient mice
to chemical-induced carcinogenesis, we measured by HPLC-
fluorescence detection the interactive effects of nrf2 genotype
and oltipraz treatment on Bla]P-DNA adduct levels in the
forestomach (target organ) and liver (non-target organ) of wild-
type and nrf2-deficient mice.

B([a]P and its penultimate metabolite. (% )-trans-B[a]P-7,8-
diol require metabolic activation by cytochrome P450s to exert
many of their adverse biological effects, including binding to
DNA, RNA and proteins, toxicity, mutagenicity and carcino-
genicity. Several studies in yeast, baculovirus-infected cells,
or in bicistronic systems, have shown that recombinant
CYP1A1 was the most active enzyme involved in the oxidation
of Bla]P, followed by CYPIB1 and to a lesser extent by
CYP1A2 and CYP3A4, whereas CYP2C9, CYP2C19 and
CYP2E] formed relatively low amounts of B[a]P products
(36,37). More rccently, using cDNA-bascd recombinant sys-
tems expressing different forms of human cytochrome P450s
and NADPH-P450 reductase, Shimada e al. (38) showed that
CYP1Al and CYPIBI1 had similar catalylic activity toward
B[a4]P and (*)-trans-B[a]P-7,8-diol. Comparing the metabol-
ism of B[a]P and (*)-trans-Bla]P-7,8-diol by recombinant
human P450s in the presence of DNA, Kim et al. (37} observed
that CYP1Al, CYP1A2 and CYP1B1 each formed the tetrol -
metabolites of (*)-trans-B[a]P-7,8-diol with similar stereo-
selectivity by producing the TA tetrol at the greatest rate. TA
is derived from the 7R,3S5,95,10R-enatiomer of anti-



7.8-dibydroxy-9,10-epoxy-7.8,9,10-tetrahydrobenzolalpyrene
which is the most carcinogenic metabolite formed from (*)-
trans-B[a]P-7,8-diol. Our analyses of B[a]P-DNA adducts in
mouse tissues were in agreement with this metabolite pattern,
as TA was the major B[z]P-tetrol detected in DNA isolated
from both forestomach and liver of wild-type and nrf2-deficient
vehicle- and oltipraz-treated mice.

The in vitro smdies on the metabolic activation of B[a]P
indicate that CYP1A1 should dominate the oxidation of B[a]P
in tissues where it is constitutively and inducible expressed.
Although, CYP1A1 is expressed predominantly in extrabhepatic
organs, as well as tumor tissues, it'is also highly induced in
liver by polyeychic aromatic hydrocarbons (39.40). Studies on
the expression patterns of cytochrome P450s failed to detect
either constitative expression of CYPIAl and CYPIA2
mRNAs by in situ hybridization or their protein catalytic
activities (EROD, methoxyresorufin-0-deethylase) in the stom-
ach of female untreated C37BL6N mice and the forestomach
of vebicle-treated male Swiss albino mice, respectively (41,42).
Treatment of mice with 3-methylcholanthrene led to induction
of CYP1Al, but not CYP1A2, transcripts in the mucosa of
the stomach (41). However. this induction was modest com-
pared with the effect in other tissues of the gastrointestinal
tract. Effects on CYP1B1 mRNA expression and protein were
not measured. This pattern of tissue expression of cytochrome
P4350s suggests that enzymes other than CYP1A!l and CYP1A2
are involved in the biotransformation of B[a]P in the mouse
forestomach, '

Analysis of B[a]P-DNA adduct burden in mouse fore-
stomach showed that the levels of individual or total tetrols
were higher in nrf2-deficient mice, whether vehicle or oltipraz
treated, compared with the corresponding wild-type mice. The
increased levels of B{a]P-DNA adducts in the forestomach of
the koockouts presumably reflect the lower basal expression
of phase 2 enzymes contributing to B[a]P detoxication. mRNA
levels for GSTAL/2, GSTP1/2 and NQOI and their enzymatic
activities are substantially (30-70%) reduced in forestomach
of nrf2-deficient mice (26). Moreover, inducibility of these
and other gene transcripts by oltipraz, while marked (3-7-
fold) in wild-type mice, is lost in the knockout mice. Oltipraz
had no protective effect on tetrol levels when administered
either I or 48 h before B{a]P in the knockout mice. Moreover,
reduction in tetrol levels in forestomach DNA of wild-type
mice was only observed when oltipraz was administered 48 h,
but not 1 h, in advance of the carcinogen Collectively, these
results indicate that the protective actions of oltipraz against
B[a]P carcinogenesis in the forestomach were mediated by
altering phase 2 gene expression without any contribution
through inhibition of cytochrome P430 enzymes. This expecta-
tion is consistent with our observation that pre-treatment of
mice with oltipraz 1 h before B{a]P had no protective effect
against tumorigenesis. The isoforms of CYP inhibited to the
greatest extent by oltipraz are not expressed in this target organ.

CYP1A2 is expressed predominantly in liver. Recent studies
reported that CYP 1Al and 1B1 are also constitutively
expressed, albeit at very low levels, in the liver of AhR
knockout and CSTBI/6) mice (43.44). Hence, this tissue
expression pattern suggests that CYP1A1, CYP1B1, CYPIA2,
as well as CYP3A4, and CYP2C enzymes activate Bla]P in
the liver of wild-type and nrf2-deficient mice and, for some
isoforms (CYP1Al, CYP1A2, CYP3A4) could be affected by
oltipraz treatment (29). Indeed, in contrast to the findings in
forestomach, oltipraz treatment reduced the levels of bepatic
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Fig. 2, Correlation between levels of DNA adducty and tumor burden in the
mouse farestomach. Circles, wild-type mice; triangle and square symbols,
nrf2-deficient mice.

B[a]P-DNA adducts in (i) animals pre-treated at both 1 and
48 h and (ii) both genotypes of mice, In fact, reductions in
tetrol content of hepatic DNA were slightly greater at 1 h pre-
treatment with oltipraz than at 48 h, suggesting that inhibition
of cytochrome P450s may contribute substantively to the
reductions in DNA damage. This mechanism might assume
importance under circumstances in which first pass metabolisin
of Bl]P in the liver affects the qualitative and quantitative
distribution of B[a]P and its metabolites to distal target tissues,
such as the lung and bone marrow.

Overall, inhibition of B[¢]P-DNA adduct burden was 26%
(P = 0.04) in forestomach when oltipraz was administered
48 h before carcinogen; this level of redoction was also seen
for each of the .four individual tetrol products. However, -
inhibition of mmor multiplicity was ~50% (P < 0.01) in two
studies using identical dosing protocols as the adduct study
(1.26). There are other examples where reduction in target
organ DNA adduct burden undersstimates chemopreventive
efficacy of an intervention with oltipraz. Oltipraz is an effective
inhibitor of aflatoxin-induced hepatocarcinogenesis; however,
dose-response experiments consistently indicate that near com-
plete abrogation of tumor burden is reflected in 60-80%
reductions in hepatic levels of aflatoxin-DNA adducts (45).
Similarly, Sticha er al. (34) have observed that changes in
Bla]P-DNA adduct levels by the chemopreventive agents
benzyl isothiocyanate and phenethyl isothiocyanate do not
fully account for their effects on B[a]P-induced lung tamori- -
genesis. The underestinate in the present study may reflect
inhibition by oltipraz of other actions of B[a]P metabolites,
such as cytotoxicity, on the carcinogenic process. Nevertheless,
combining all treatments and genotypes, a strong positive
linear correlation (R? = 0.91) was observed between the levels
of tota] B[a]P-tetrols and the number of pastric tumors per
mouse (Figure 2},

In conclusion, using Bla]P as a model chemical carcinogen,
our results expand the evidence that the determination of
chemical-specific markers for DNA damage, measured here
as individual B[a]P-tetrols, provide a mechanistic linkage
between exposure and disease outcome as well as a monitor
for the efficacy of a chemopreventive intervention, Different
effects of oltipraz on the levels of B[a]P-DNA adducts in
target and non-target tissues were observed. Although oltipraz
appeared fo reduce DNA adducts in a manner consistent with
inhibition of cytochrome P450 in liver, such an effect was not
observed in forestomach due to lack of expression of suscept-
ible cytochrome P450s. The lack of protective effect of oltipraz
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when administered 1 b before Bfa]P, coupled with the complete
abrogation of its protective effects when administered (o nrf2-
disrupted mice 48 h before B{a)P, strongly indicates that the
anticarcinogenic activity of oltipraz in forestomach can be
fully accounted for by modulation of Nrf2-regulated genes.
Further understanding of the factors controlling the fate of
Nif2 and its downstream effects, should provide insight and
opportunities for the development of effective chemopreven-
tive agents.
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