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The small Maf proteins, MafF, MafG, and MafK, possess a leucine
zipper (Zip) domain that is required for homodimer or heterodimer
complex formation with other bZip transcription factors. In this
study we sought to determine the identity of the specific constit-
uent that collaboratively interacts with Nrf2 to bind to the Maf
recognition element in vivo. Studies in vitro suggested that Nrf2
forms heterodimers with small Maf proteins and then bind to Maf
recognition elements, but the bona fide partner molecules sup-
porting Nrf2 activity in vivo have not been definitively identified.
Nrf2 activity is usually suppressed by a cytoplasmic repressor,
Keap1, so disruption of the keap? gene causes constitutive acti-
vation of Nrf2. Nrf2 hyperactivity results in hyperproliferation of
keratinocytes in the esophagus and forestomach leading to peri-
natal lethality. However, simultaneous disruption of nrf2 rescued
keap1-null mice from the lethality. We exploited this system to
investigate whether small Mafs are required for Nrf2 function. We
generated keap? and small maf compound mutant mice and
examined whether keratinocyte abnormalities persisted in these
animals. The data show that loss of mafG and mafF in the keap1-
null mice reversed the lethal keratinocyte dysfunction and rescued
the keap1-null mutant mice from perinatal lethality. This rescue
phenotype of mafG::mafF::keap1 triple compound mutant mice
phenocopies that of the nrf2::keap1 compound mutant mice,
indicating that the small Maf proteins MafG and MafF must
functionally cooperate with Nrf2 in vivo.

central issue in deciphering the regulatory mechanisms me-

diated by the activity of transcription factors is how to best
evaluate the in vivo contribution of each protein—protein and
transcription factor—-DNA interaction that is defined in vitro. Tran-
scription factors that interact with Maf recognition elements
(MARE) possess a basic region-leucine zipper (bZip) domain and
form dimers that can be characterized by a potentially enormous
combinatorial array (1). In vitro analysis has shown that MARE
binding complexes consist mainly of: (i) four large Maf or three
small Maf protein homodimers; (ii) heterodimer complexes con-
taining a small Maf with any of six different Cap-N-Collar (CNC)
family proteins; and (iif) homo- or heterodimers composed of Jun
and Fos family members (2-4). To elucidate MARE-dependent
gene regulatory mechanisms, we need to identify the major par-
ticipants among all these possible interacting molecules in an in vivo
context.

The small Maf proteins, MARE-binding components that were
originally identified as cellular homologs of the v-maf oncogene
(4-6), dimerize among themselves and with other bZip factors,
usually CNC or Bach family proteins (7-11). The small Maf family
consists of only three members, MafF, MafG, and MafK, but to
date, other than their differential tissue distribution (12), no
functional differences among the three have been revealed. The
CNC family includes NF-E2 p45, Nrfl, Nrf2, and Nrf3 (7,9, 13, 14),
and Bach family proteins are closely related to CNC members (10).
While small Maf proteins lack any recognizable transcriptional
effector domains, CNC and Bach families possess transactivation or
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-repression domains unique to each molecule. Through het-
erodimerization, the small Maf protein confers DNA-binding spec-
ificity to its CNC or Bach partner molecule on the MARE
sequence, and enables these heterodimers to execute differential
activating or repressing activities as dictated by their encoded
functional domains.

The Maf proteins recognize either a T-MARE, containing a
TPA responsive element (TRE), or a C-MARE, containing a
cAMP responsive element (CRE) as a core sequence. In these
MARE:Ss, the core consensus motifs are flanked on each side by
three conserved residues “TGC” and “GCA” at the 5" and 3’ ends,
respectively. The DNA binding specificity of Maf proteins is
achieved through their inherent recognition of these flanking
sequences, whereas the other bZip factors, such as Nrf2 and Fos,
recognize primarily the TRE or CRE core sequences. A previous
NMR study revealed that the structural basis for the unique “GC”
requirement of Maf proteins for DNA binding is caused by the
presence of an extended homology region, which is conserved only
within the Maf family (15).

Germ-line mutagenesis of the nrf2 gene revealed that Nrf2 is an
essential component for antioxidant and detoxification enzyme
gene expression (16). Nrf2 transcriptional activity is controlled by
an interaction between Nrf2 and the cytoplasmic regulatory protein
Keapl (17). When cells are exposed to electrophiles or reactive
oxygen species (ROS), Nrf2 is released from Keapl cytoplasmic
capture, leading to its translocation to the nucleus, where Nrf2
activates transcription of target genes. The marked susceptibility of
nrf2-null mutant mice to the toxicity of electrophiles and ROS
demonstrates the importance of Nrf2 for protection against oxi-
dative stress (18-20). We therefore generated keap!-null mutant
mice, anticipating that Nrf2 might be constitutively activated in the
absence of Keapl, thereby conferring resistance to electrophilic
stress. To our surprise, the keapl-null mutant mice died before
weaning due to a hyperkeratotic proliferative disorder (21). The
cornified layers of esophageal and forestomach stratified squamous
epithelia were abnormally thickened, thereby obstructing the lu-
men. We found that this epithelial phenotype was completely
rescued by the additional disruption of nrf2, indicating that the
keap1-null phenotype reflects a gain of Nrf2 function.

There has been some uncertainty regarding the identity of the
heterodimeric partner molecule of Nrf2 in vivo. In vitro studies
have shown strong DNA binding activity of Nrf2-small Maf
heterodimers (16, 22, 23), which supported our contention that
this complex actually functions as a major transcriptional acti-
vator in vivo. However, although strong transactivation activity
was observed when Nrf2 was overexpressed in culture cells,
addition of small Maf to the transfection reaction led to reporter
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gene repression in most cases (22, 24-26). Hence, the question
we sought to answer was whether or not the Nrf2/small Maf
heterodimer is the functionally active species that acts at
MARE:S in vivo.

Alternative candidates for heterodimeric partner molecule of
Nrf2 have been suggested. For example, c-Jun and ATF-4 were
reported to cooperate with Nrf2 for gene activation in transfecto
(27, 28). However, because disruption of c-jun or atf-4 does not
cause a defect similar to that observed in n7f2-null mutant animals
(29-31), it remains to be clarified whether these factors can
heterodimerize with Nrf2 to transduce transcriptional responses
from MARESs in vivo. Similarly, a functional contribution of small
Maf proteins to Nrf2 activity has not been well documented in small
maf mutant mice.

Because disruption of the keapl gene causes severe dysfunction
of keratinocytes that leads to perinatal lethality, but simultaneous
disruption of nrf2 rescued keapl-null mice from the lethality, we
exploited this compound knockout-rescue approach to investigate
whether small Mafs actually function cooperatively with Nrf2 and
activate transcription in vivo. To this end, we generated keap::small
maf compound knockout mutant mice and examined whether a
reduction in small Maf activity, as does the loss of Nrf2, mitigates
the keapl-null phenotype. We show here that simultaneous dis-
ruption of the mafG and mafF genes rescued the keapI-null pups
from perinatal lethality, allowing them to survive to adulthood.
Thus, the small maf::keapl mutant mice phenocopy the rescue
phenotype of nrf2::keapl compound mutant mice, demonstrating
that the small Maf proteins cooperatively function with Nrf2 in vivo.

Materials and Methods

Generation of the Small maf::keap1 Compound Mutant Mice. Germ-
line mutagenesis of the murine mafF, mafG, mafK, nrf2, and keap1
genes has been described (12, 16, 21, 32). All of the mice examined
in this study were of mixed genetic background with contributions
from 129Sv/J, C57BL/6J, and ICR. Genotypes were determined by
PCR. The body weight of each mouse was measured weekly. More
than three independent animals of each genotype were first
weighed on postnatal day 7, and then followed to the 6th week.

Histological Analysis. Two-day-old pups, 10- to 12-day-old pups, and
4-month-old mice were killed, and the forestomach was dissected.
Samples for staining with hematoxylin and eosin were fixed in 3.7%
formaldehyde overnight and then embedded in paraffin. LacZ
staining was performed as described (33). Samples for immuno-
staining with antibodies against Nrf2 or keratin 6 were fixed in PBS
containing 1% formaldehyde, 0.2% glutaraldehyde, and 0.02%
Nonidet P-40 for 30 min, embedded in OCT compound (Tissue-tek,
Sakura Finetechnical, Chuo-ku, Tokyo), followed by frozen sec-
tioning with a cryostat. The antibody against Nrf2 (C-20, Santa
Cruz Biotechnology) was used at a 1:400 dilution; immunoreactivity
was visualized with an avidin-biotin-peroxidase kit (Vector Labo-
ratories). The antibody recognizing keratin 6 (PRB-169P, Covance,
Princeton) was used at a 1:500 dilution.

Quantitative Real-Time PCR. Total RNA was extracted from the
forestomach of 10- to 12-day-old pups using ISOGEN (Nippon
Gene, Toyama, Japan). Random cDNA was synthesized from the
isolated RNAs, and real-time PCR (ABI PRISM 7700) was per-
formed as described (12) with minor modifications. To measure the
copy number of each mRNA, plasmids harboring each cDNA were
used as standards. Oligonucleotide sequences used for detecting
MafF mRNA are available upon request.

RNA Blot Analysis. Total RNA was prepared as described above.
Total RNA (2 ug per lane) was used for electrophoresis, followed
by hybridization to radiolabeled probes. The keratin 6 probe was
generated by PCR (primer sequences are available upon request).
The PCR product was cloned, sequenced, and used as a probe for
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Fig. 1. Small maf::keap1 compound mutant mice survive beyond weaning.
(A) Body weight change for mice bearing single small maf gene disruptions in
the keap7-null background. Deletion of either mafK or mafF did not extend
the lifespan of keap7-null mutant pups. When mafG alone was disrupted in
additionto keap1, pups survived one week longer. (B) Body weight change for
mice with compound small maf gene disruptions in the keap7-null mutant
background. Simultaneous deletion of mafG and mafF rescued the lethality of
keap1-null mutant pups. The body weight of nrf2::keap1 mice was examined
as a control. WT indicates wild-type; FO, mafF—/—; KO, mafK—/—; GO,
mafG—/—; NO, nrf2—/—; KpO, keap1—/—.

detecting the transcripts of both keratin 6 genes (i.e., keratin 6a and
keratin 6b).

Results

Simultaneous Loss of mafG and mafF Rescues keap1-Null Mutant
Postnatal Lethality. To ask whether a reduction in small Maf activity
mitigates the keap-null phenotype, we crossed small maf mutant
mice with keapl mutants to generate compound mutant animals.
When mafK or mafF was deleted in addition to keapl, no pups
survived beyond weaning (Fig. 14; precisely the same phenotype as
in the keapl mutants), but the life span of mafG::keapl compound
mutant mice was approximately one week longer than mice bearing
only the keapl mutant alleles (Fig. 14, GOKpO mice), suggesting
that the mafG contribution to keratinocytic homeostasis is greater
than that of either MafK or MafF.

Because the results of small maf compound mutant analyses
indicate that three small Mafs are capable of compensating for one
another (34), we next further reduced the number of active small
maf alleles in the keapl-null background. Whereas mice bearing
disruptions in all three small maf genes might have been preferred
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Fig. 2. Histological examination of forestomach. Hematoxylin/eosin stain-
ing of 10-day-old forestomach thin sections from Kp0 (4), FOKpO (B), GOFOKpO
(C), WT (D), FO (E), and GOFO (F) pups are shown. Sections of the forestomach
from 4-month-old mice of WT (G), GOFOKpO (H), and NOKpO (/) genotypes are
also presented. Double-ended arrows indicate the cornified layer. (Scale bar,
150 um.)

for this analysis, mice lacking all small Mafs die by midgestation
(unpublished observations). Similarly, mafG::mafK compound mu-
tant mice expire before weaning (34). We therefore examined
instead two genotypes that were healthy and fertile (i.e.,
mafG:mafF and mafF::mafK compound mutants) in combination
with the mutant keap-null alleles (Fig. 1B). Whereas disruption of
both mafK and mafF did not rescue keapl mutant from lethality
(KOFOKpO mice), when the mafG and mafF genes were simulta-
neously deleted in the keapI-null background the mice survived for
more than four months (GOFOKpO mice in Fig. 1B).

Because we previously found that the simultaneous deletion of
nrf2 with keapl genes almost completely reversed the keapl-null
mutant phenotype (21), we compared the body weight gain of
GOFOKp0O mice with that of nrf2::keapl compound mutant mice
(NOKpO mice) to evaluate the efficiency of the rescue by simulta-
neous mafG and mafF deletion. Whereas NOKp0O mice showed a
similar body weight gain to that of wild-type mice, GOFOKp0 mice
were much smaller than both of these at 6 weeks after birth (Fig.
1). GOFOKp0 mice were also smaller than GOF0 mice (GOFOKpO0 vs.
GOFO in Fig. 1B), indicating that the effect of the Keapl deficiency
is only partially overcome in GOFOKpO mice. These results dem-
onstrate that Keapl deficiency provokes constitutive activation of
Nrf2 and the growth retardation of mice, but this deleterious effect
of Keap1 loss can be partially circumvented by the simultaneous loss
of MafG and MafF.

Improvement of Hyperkeratosis in Forestomach and Esophagus of
mafG::mafF::keap1 Triple Mutant Mice. We next performed histo-
logical analysis of the forestomach and esophagus of the rescued
triple compound mutant (i.e., GOFOKp0) animals at 10 days after
birth (Fig. 2 and data not shown). Heavily thickened cornified
layers, convoluted basal layers, and thickened spinous and granular
layers were observed in the forestomach of keap-null mutant and
FOKpO mice (Fig. 2 A and B), whereas GOFOKp0 mice displayed a
normal stratified squamous epithelium (Fig. 2C), similar to the
control samples (Fig. 2 D-F).

Because the body weight difference was apparent between
GOFOKp0 and NOKp0O mice at 6 weeks of age, we hypothesized that
the constitutive elevation of Nrf2 activity in the keapl-null back-
ground was only partially overcome in GOFOKp0 mice and that the
rescue of the keap-null phenotype might be incomplete. In support
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Fig.3. Expression profiles of Keap1, Nrf2, and small Mafsin the forestomach.
(A) LacZ staining of squamous cell epithelia in the forestomach of keap?
heterozygous mutant mice. Blue staining is observed in LacZ-expressing cells.
(B and C) Immunohistochemistry with anti-Nrf2 antibody. Brown punctate
staining, indicated by arrowheads, is observed within nuclei of keap7-null
mutant cells (C), whereas no staining develops in wild-type keratinocytes (B).
Nonspecific staining is observed in the cornified epithelial layers. (D-L) LacZ
staining of squamous cell epithelia of the forestomach in sections prepared
from mafG (D, G, and J), mafK (E, H, and K), and mafF (F, I, and L) heterozygous
mutant mice. Samples were prepared from 2-day-old (D-f), 10-day-old (G-/),
or 4-month-old (J-L) mice. The green lines indicate the position of basement
membranes. (Scale bar, 30 um throughout.)

of this contention, we found that the forestomach epidermal layers
of GOFOKp0O mice were hyperkeratotic, whereas those of the NOKp0
forestomach were almost indistinguishable from wild type (Fig. 2
G-I). We envisage that in contrast to keapl-null mutant mice,
thickening of the cornified epithelial layers develop more gradually
in the GOFOKpO forestomach as a consequence of residual elevated
Nrf2 activity.

Keratinocyte Abnormality Is Involved in the Hyperkeratosis Observed
in keap1-Null Mice. To determine whether diminished Keapl ex-
pression in keratinocytes might lead to the observed hyperkeratosis,
we examined keapl gene expression in the stratified squamous
epithelium by monitoring the expression of the LacZ gene that was
inserted into the keap! locus when the gene was disrupted (21).
B-Galactosidase activity was observed primarily in keratinocytes of
whole layers of stratified squamous epithelium, from the immature
cells in basal layers to the granular layers composed of more
differentiated cells (Fig. 34). The green lines in Fig. 3 define the
position of the basement membrane. These data indicate that
Keapl is predominantly expressed in keratinocytes, regardless of
differentiation stage.

We next examined Nrf2 activation in the unstimulated, but
pathologically expanded, forestomach epithelium of keapl-null
mutant mice by examining the epithelial cells for nuclear accumu-
lation of Nrf2 protein. Keap1 sequesters Nrf2 in the cytoplasm and
prevents it from traversing into the nucleus (17). Recent reports
showed that Nrf2 is constantly degraded by the proteasome when
cells are not stimulated (35-38), thus keeping Nrf2 concentration
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low, whereas Nrf2 is translocated into the nucleus and is stabilized
upon exposure to electrophilic reagents or oxidative stress. We
performed immunohistochemical examination of the keratinocytes
of keapI-null animals using an antibody that specifically recognizes
Nrf2. As expected, intranuclear foci were observed in the fore-
stomach epithelium of the keapl-null mutant mice (Fig. 3C, arrow-
heads); also as anticipated, no Nrf2 was detected in comparable
cells of a wild-type littermate (Fig. 3B), consistent with the notion
that proteasome-mediated turnover leads to rapid degradation of
Nrf2 in the unstimulated cytoplasm. These results thus demonstrate
that the control processes mediated by Nrf2 and Keapl1 are actually
extant in forestomach keratinocytes. The results also suggest that
gene dysregulation within keratinocytes is involved in the hyper-
keratosis observed in keapl-null mutant mice.

Small Maf Proteins Are Expressed in Forestomach Keratinocytes. The
rescue experiments described above suggest that diminished small
Maf activity is required for correction of the keapl-induced kera-
tinocytic abnormality, and that the small Mafs must therefore act
in the same genetic pathway as Nrf2 to execute the transcriptional
program in keratinocyte differentiation (Fig. 1). However, none of
the small maf mutant phenotypes described to date include kera-
tinocytic abnormalities; no report has emerged demonstrating any
functional contribution of small Mafs to keratinocyte biology.

Therefore, we examined the expression of the three small maf
genes in the forestomach epithelium by monitoring LacZ activity in
the small maf mutants, because each of the small maf knockouts was
generated by simultaneous insertion of a LacZ gene. While we
inserted the normal LacZ gene into the mafK and mafG loci, the
mafF insertion contained lacZ linked to a nuclear localization signal
(NLS). At 10 days after birth, B-galactosidase activity was observed
throughout the layers of stratified squamous epithelium in the
mafG mutant mice (Fig. 3G). Expression of mafK is weaker in the
basal cells and stronger in more differentiated cells of the spinous
and granular layers (Fig. 3H). Interestingly, mafF is expressed
almost exclusively in the most differentiated granular layer cells
(Fig. 3I). B-Galactosidase activity was localized in the cytoplasm of
keratinocytes in mafK and mafG mutant mice, which gave rise to
both diffuse and punctate staining (Fig. 3 G for mafG and H for
mafK), but the activity was exclusively nuclear in keratinocytes of
mafF mutant mice (Fig. 3I). These expression patterns were repro-
ducible when 2-day-old pups and 4-month-old adult mice were
analyzed for each small maf gene (Fig. 3 D-F and J-L). B-Galac-
tosidase staining was especially intense in the granular layer of mafK
mutant mice, regardless of developmental stage (Fig. 3 E, H, and
K). The abundance of all three small maf gene mRNAs was almost
constant from neonatal stages to adulthood, when monitored by
quantitative real-time PCR (data not shown). Thus, all three small
Maf proteins are expressed in the forestomach squamous epithe-
lium, and the expression patterns are indeed overlapping with those
of Nrf2 and Keapl.

MafG Is a Major Small Maf Protein Species in Keratinocytes. To
determine whether there were any correlations between the mRNA
abundance and the functional contribution of each small maf gene,
the copy numbers of each small Maf mRNA expressed in the
forestomach at 10 days after birth were quantified by quantitative
real-time PCR, and MafG mRNA was found to be the most
abundant small Maf (Fig. 4). The observed abundant MafG ex-
pression in the forestomach shows very good agreement with the
data in the small maf gene knockout-rescue experiments (Fig. 1),
which suggest that MafG makes the largest contribution to normal
keratinocyte function among the three small Maf proteins. We
conclude that mafG and mafF disruption attained a significant
enough reduction in the total amount of small Maf protein that
there was no longer sufficient Maf activity present in cells to
effectively execute Nrf2 function.
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Fig.4. Quantification of small Maf mRNA abundance in forestomach. cDNA
was synthesized from total RNA prepared from WT, Kp0, GOFO, and GOFOKp0
forestomach at 10 days after birth. MafG, MafK, and MafF mRNA levels were
quantified by quantitative real-time PCR using a plasmid containing each
cDNA as the abundance standard.

Increased Keratin 6 Expression Returns to Normal Levels in the
Forestomach of mafG::mafF:keap1 Triple Mutant (Rescued) Mice.
Keratin 6 is strongly induced in the keap-null mutant esophagus,
and it has been suggested to be a direct Nrf2 target gene in
keratinocytes. The expression of keratin 6 was dramatically induced
in the forestomach epithelium of the keap-null mice, judging from
the strong immunohistochemical anti-keratin 6 staining (Fig. 5 4
and B). Consistent with the distribution of constitutively activated
Nrf2 in the keapl mutant mice (see Fig. 3C), keratin 6 was induced
in all keratinocyte layers (Fig. 5SB). To investigate whether increased
keratin 6 expression in the keap-null mutant forestomach is caused
by constitutive activation of Nrf2, we analyzed keratin 6 expression
in NOKpO compound mutant mice. Keratin 6 mRNA was abundant
in the keapl mutant (Fig. 5D, lanes 3 and 4), but was scarcely
detectable in either the wild-type or NOKp0 animals (Fig. 5D, lanes
1,2, 11, and 12), thus confirming the Nrf2-dependency of keratin 6
gene activation.

We then examined the expression of keratin 6 in the rescued
GOFOKp0O mice. Application of anti-keratin 6 antibody did not
generate a signal in the forestomach epithelial layers of GOFOKp0
mice (Fig. 5C), and, as in the NOKp0 mutant, the GOFOKp0 mutant
forestomach expressed the same low levels of keratin 6 mRNA as
wild-type mice (Fig. 5D, lanes 9 and 10). These results thus
demonstrate that the small Maf proteins are required for Nrf2-
dependent transcriptional activation of the keratin 6 gene.

Although the double deletion of mafF and mafG rescued the
lethality of keapl null mutants, mafF deletion alone did not affect
the lifespan of keapl-null pups (FOKpO in Fig. 1), and ablation of
mafG extended their lifespan by only one week (GOKpO in Fig. 1).
These results suggested that the rescue efficiency of each compound
mutant mouse inversely correlates with the remaining small Maf
activity; KpO mice possess full activity, and small Maf abundance in
keratinocytes appears to be reduced in the order: FOKp0 > GOKp0
> GOFOKp0. Hence we hypothesized that the expression of keratin
6 mRNA would be higher in the order: Kp0 > FOKp0 > GOKp0 >
GOFOKp0. In the hope of detecting graded expression of keratin 6
mRNA, we further examined GOKp0O and FOKp0O mice.

Contrary to our expectation, keratin 6 mRNA was hardly de-
tectable except in the KpO and FOKp0O mutants (Fig. 5D, lanes 1, 2,
and 7-12). Considering the similarity in low-level expression of
keratin 6 in GOKpO and GOFOKpO mice, some additional factors
may be involved in the large difference in weight gain and viability
between the mice of two genotypes. A second unexpected result was
that keratin 6 is more abundant in mafF::keap double mutant than
keap1 single mutant forestomach (Fig. 5D, lanes 3-6). Interestingly,
when small maf expression levels were examined, mafG was found
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Expression of keratin 6 as a marker of Nrf2-mediated transcriptional activity. (A-C) Immunohistochemistry with anti-keratin 6 antibody. Keratin 6 is

no signals were observed in the wild-type (A) or rescued GOFOKpO (C) mice. (Scale

bar, 30 um in A-C.) (D) Keratin 6 expression levels were examined by RNA blot analysis. Total RNA prepared from wild-type (lanes 1 and 2), KpO (lanes 3 and 4),
FOKpO (lanes 5 and 6), GOKpO (lanes 7 and 8), GOFOKpO (lanes 9 and 10), and NOKpO (lanes 11 and 12) mice forestomachs are shown. The arrow and arrowheads
indicate keratin 6 mRNA and ribosomal RNAs (18S and 28S), respectively. (E) Relative expression levels of the three small maf genes in the forestomach of

wild-type, Kp0O, FOKpO, and GOKpO at 10 days after birth (compared with the

to be highly induced in mafF::keapl double mutant forestomach
(Fig. 5E).

Discussion

It has been postulated that the small Maf proteins function as major
heterodimeric partner molecules of Nrf2 based principally on in
vitro DNA binding evidence. Heterodimer formation between Nrf2
and the small Mafs was detected by using bacterially expressed
proteins or in vitro translated proteins (14, 16, 22, 24, 28, 39, 40), and
substantial efforts have been made to document endogenous
Nrf2-small Maf complexes capable of interacting with MAREs (23,
25, 41, 42). Although these studies have shown Nrf2-small Maf
heterodimer formation, the question remained whether Nrf2-small
Maf heterodimer actually functions as a transcription activator or
whether Nrf2 might require an alternative partner to activate
MARE-dependent target genes, because in many transfection
assays cooperative activation of Nrf2 and small Mafs was not
observed (22, 24-26). Hence the aim of this study was to test the
contention that small Mafs cooperate with Nrf2 to activate tran-
scription in an in vivo experimental system.

To address this issue, we generated keap! and small maf com-
pound gene knockout mice and asked whether the loss of one or
two small maf genes in concert with the keapl gene affected the
lethal phenotype of Keapl-null mutant mice caused by the hyper-
activity of Nrf2. We found that loss of mafG and mafF indeed
rescued the keapl-null mutant mice from perinatal lethality. Be-
cause the rescue phenotype of mafG::mafF::keapl triple compound
mutant mice is similar to that of the nrf2::keapl compound mutant
mice, we conclude that small Maf proteins are indispensable
components for Nrf2-dependent transcription in vivo. These results
further support the contention that Nrf2-small Maf heterodimers
serve as indispensable transcriptional regulators of keratinocytic
gene expression.

We suggested previously that loricrin and keratin 6 are potential
Nrf2 target genes in keratinocytes (21). There is one potential
MARE in loricrin “CCATGGTGACATAGCTTGAA”, and two
MARE:s in keratin 6, “TGATGGTGAGCTTGCAGAGT,” and
“GTGTGGTGAGGGGGCACACA,” ~40 bp and 300 bp 5’ to the
TATA boxes, respectively (nucleotides corresponding to a typical
T-MARE, “TGCTGAS®/cTCAGCA,” are italicized). These se-
quences correspond closely to the consensus sequence of antioxi-
dant responsive elements (ARE), well characterized Nrf2 target
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levels in wild-type mice).

sites that exist in the regulatory regions of phase 2 detoxifying
enzyme genes and oxidative stress-inducible genes (43). In this
study, we monitored keratin 6 as a parameter for measuring Nrf2
transcriptional activity, because the expression profile of keratin 6
corresponds closely to the distribution of Keapl-Nrf2 system in
forestomach (see Fig. 5 4 and B). Importantly, the increase in
expression of keratin 6 observed in the keap! mutant background
returned to normal levels by simultaneous deletion of either nrf2 or
deletion of both mafG and mafF.

When we examined mafF::keapl compound mutant forestomach
in the hope of detecting an intermediate expression level of keratin
6, an unexpected result emerged, in that the level of keratin 6
mRNA in FOKpO pups was higher than in the KpO pups (Fig. 5D).
One intriguing explanation for this result can be drawn from the
unanticipated induction of mafG expression in the FOKpO fore-
stomach (Fig. 5E). The regulatory mechanisms controlling mafG
levels in the forestomach seem to be sensitive to the total amount
of small Mafs, whereas those controlling mafK and mafF do not.
MafG mRNA expression might be elevated because of compen-
satory mechanisms whose nature is unknown at present, but may
involve autoregulation of a subset of the small Mafs. Consequently,
more small Maf proteins are produced in the FOKp0 forestomach,
ending in higher expression of keratin 6 mRNA than in Kp0 mice.
This result, although surprising, nonetheless further supports the
contention that small Maf cooperatively activates Nrf2-dependent
transcription in vivo.

Given the complexity of MARE-dependent gene regulation,
germ-line mutagenesis and loss of function studies of each gene
have proven to be a powerful approach to glean insight into the
function of the molecules that interact with this site in vivo. Because
small Maf proteins are capable of heterodimerizing with many bZip
factors, including the CNC and Bach proteins, diminished small
Maf abundance should be reflected by a functional defect in the
activity of these multiple partner molecules. Megakaryocytic de-
fects result as a consequence of defective p45 function or to a small
Maf deficiency (32, 44—46). Similarly, aberrant constitutive induc-
tion of heme oxygenase-1 can be attributed to a functional defect of
Bach1 with insufficient small Maf partner molecules (47, 48). The
other phenotypes observed in compound small maf mutant mice
are red cell membrane abnormalities and a profound neurological
disorder (34, 48), neither of which have been encountered in the
analysis of Nrf2-deficient mice. This observation likely indicates
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that the small Mafs also regulate batteries of genes that are not
under Nrf2 regulatory influence. However, it does not exclude the
possible involvement of Nrf2, because double or triple mutations
including nrf2 and other CNC transcription factor genes may
recapitulate these phenotypes.

We have shown in this study that both n7f2-null mutant mice and
small maf compound null mutant mice confer a similar rescue
phenotype to keapl-null mutant mice, demonstrating that Nrf2-
small Maf heterodimers play indispensable roles in keratinocytic
gene expression. Considering the fact that excess small Mafs have
been shown to repress transcription by forming inactive ho-
modimers, keratinocytic overexpression of small Mafs would also
be predicted to rescue keapl-null lethality. A recent study showed,
using chromatin immunoprecipitation, that Nrf2 and small Maf are
recruited to a MARE element in the mouse quinone reductase
gene promoter when the gene is activated (43). This result is in very
good agreement with the cooperative gene activation model exe-
cuted by Nrf2 and small Maf that we propose here. In addition to
oxidative stress-inducible genes, Nrf2 has been recognized as a
critical regulator of other biological processes, including wound
healing (49), endoplasmic reticulum stress response (40), inflam-
mation resolution (50), and apoptosis (51). We suggest that the
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contribution of small Mafs to each of these Nrf2-dependent pro-
cesses should be individually evaluated; some of the processes may
depend on both Nrf2 and small Mafs, whereas the others may be
independent of any small Maf contribution. Finally, the compound
knockout-rescue approach exploited in the present study is an
effective system for evaluating the in vivo contribution of test
regulatory factors to Nrf2 activity, as long as mice deficient in these
test factors are available. It would be interesting to apply this system
to other candidate molecules that have been touted to be required
for Nrf2 transcription activity, including other factors in the tran-
scriptional machinery itself as well as specific signal transduction
pathways.
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