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Abstract

Recent progress in the analysis of transcriptional regulation hasrevealed the presence of an exquisite functional network comprising the Maf and
Cap 'n’ collar (CNC) families of regulatory proteins, many of which have been isolated. Among Maf factors, large Maf proteins are important in
the regulation of embryonic development and cell differentiation, whereas small Maf proteins serve as obligatory heterodimeric partmer molecules
for members of the CNC family. Both Maf homodimers and CNC-small Maf heterodimers bind to the Maf recognition elerment (MARE). Since the
MARE contains a consensus TRE sequence recognized by AP-1, Jun and Fos family members may act to compete or interfere with the function of
CNC-small Maf heterodimers. Overall then, the quantitative balance of transcription factors interacting with the MARE determines its transcrip-
tional activity. Many putative MARE-dependent target genes such as those induced by antioxidants and oxidative stress are under concerted
regulation by the CNC family member Nrf2, as clearly proven by mouse germline mutagenesis. Since these genes represent a vital aspect of the
cellular defense mechanism against oxidative stress, Nrf2-null mutant mice are highly sensitive to xenobiotic and oxidative insults. Deciphering
the molecular basis of the regulatory network composed of Maf and CNC families of transcription factors will undoubtedly lead to a new paradigm

for the cooperative function of transcription factors. © 2002 Elsevier Science B.V. All rights reserved,

Keywords: Basic region leucine zipper structure; Maf recognition element; Nuclear factor erythroid 2; Antioxidant responsive element

1. The dawn of Maf-CNC biology
1.1, Isolation of Maf family proteins

The advent of ‘Maf-CNC biology’ arose from isolation of
the v-maf oncogene, the transforming gene of avian retro-
virus AS42, which causes musculoaponeurotic fibrosar-
coma in chickens (Nishizawa et al., 1989). A distinctive
feature of the v-Maf protein product of this oncogene is
its basic leucine zipper (bZip) domain, the crystal structure
of which has been determined in a GCN4 homodimer

Abbreviations: CNC, Cap 'n’ collar; bZip, basic region leucine zipper,
TRE, TPA responsive element; CRE, c-AMP responsive element; EHR,
extended homology region; MARE, Maf recognition element; Nrf2, NF-E2
related factor 2; NRL, neural retina leucine zipper; ALAS-E, §-aminolevu-
linate synthase-erythroid; PBGD, porphobilinogen deaminase; NF-E2,
nuclear factor-erythroid 2; EMSA, elecromobility shift assay, BTB,
broad complex, tramtrack, bric-a-brac; Bach, BTB and CNC homoclogy;
ATF4, activating transcription factor 4; CBP, CREB-binding protein;
SMRT, silencing mediator for retinoid and thyroid hormone receptors

* Corresponding author. Tel.: +81-298-53-6158; fax: -+81-298-53-7318.
E-mail address: masi @tara.tsukuba.ac.jp (M. Yamamoto).

(Ellenberger et al., 1992) and in the Jun-Fos (AP-1) hetero-
dimer (Glover and Harrison, 1995). The bZip domain is
comprised of a region rich in basic residues adjacent to a
‘zipper’ formed by a heptad repeat of hydrophobic, most
often leucine, residues, Typically, the basic region mediates
DNA binding to the MARE, whereas the leucine zipper is
responsible for homodimerization or forming dimers with
other bZip factors. The transforming activity of the v-Maf
protein is achieved through the presence of its bZip motif
and N-terminal two thirds, as revealed by detailed structure—
function analyses (Katacka et al.,, 1993},

Since the discovery of v-maf, its cellular counterpart c-
maf and six other v-maf-related genes have been identified
(Table 1). These genes constitute the Maf family and can be
divided into the large and small Maf subfamilies, Large Maf
proteins encompass c-Maf, MafB (Kataoka et al., 1994a),
Nrl (Swaroop et al., 1992), and L-Maf (Oginc and Yasuda,
1998) and possess an N-terminal acidic domain that serves
as a transactivation domain. Small Maf proteins include
MafK, MafF (Fujiwara et al., 1993), and MafG (Katacka
et al., 1995) and lack a canonical transactivation domain.

0378-1119/02/% - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Table 1
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Summary of Maf and CNC protein families

Phenotype of null-mutant mice

Reference

lens formation defect, lethality within 24 hours of birth

defective inner ear development in kreisler mutant
(hind brain-specific deficiency of MafB)

complete loss of rod cell function

defective platelet production from megakaryocytes
miid motor disorder

no abnormality

no abnormality

complete Jack of platelet production from
megakaryocytes

lethality in Jate embryonic stage due to non-cell
autonocmous anemia

Nishizawa et al. (1989)
Sakai et al. (1997)
Kawauchi et al. (1999)
Kim et al. (1999b)

Kataoka et al, (1994a)
Cordes et al. (1994)
Sakai et al. (1997)

Swaroop et al. (1992)
Mears et al. (2001)

Qgino et al. (1998)
Benkhelifa et al. (1998)
Kajihara et al. (2001)

Kataoka et al. (1995)
Shavit, et al. (1998)

Fujiwara et al. (1993)
Kotkow et al. (1996)
Shavit et al. (1998)

Fujiwara et al. (1993)
Onodera et al. (1999)

Andrews et al. (1993a)
Shivdasani et al. (1995)

Chan et al. (1993)
Caterina et al, (1994)

© Gene Expression profiles

c-maf (maf-2) lens, T-lymphocytes (mouse) spleen,
kidney, intestine, muscle (rat)

mafB (maf-1) hindbrain, lens {(mouse) intestine, liver,
spleen (chicken) spleen, liver, muscle (rat)

ntl retina (mouse)

L-maf lens {chicken) -

{mafA) retina (quail)

(s-maf) somite (zebrafish)

mafG various organs including heart, spleen, brain,
bone marrow, liver, lung,, kidney (mousz)

mafK vagious organs including lung, heart, spleen,
intestine (mnouse)

mafF various organs including fung, intestine
{mouse)

p45 hematopoietic cetls (mouse)

urfl various organs including heart, liver, kidney
(mouse)

nrf2 various organs including heart, liver,
intestine, kidney {(mouse)

nrf3 placenta (human) -

bachl hematopoietic cells (mouse) -

bachZ . B Iymphocytes, brain (mouse) -

impaired induction of antioxidant responsive genes

Chan et al. {1998)

Mot et al. (1994)
Ttoh et al. (1997)

Kobayashi et al. (1999}
Oyake et al. (1996)
Oyake et al. (1996)

Amino acid sequence alignment of the Maf proteins (Fig. 1)
illustrated a high conservation among their basic DNA-bind-
ing domains. In addition, immediately upstream of the basic
domain, a stretch of 23 amino acids referred to as the extended
homeology region (EHR) was found to be a highly conserved
domain specific to Maf family proteins (Fig. 1, pink box).
These two highly conserved regions, the EHR and the basic
domain, direct specific DNA binding of Maf proteins to a
palindromic consensus sequence (TGCTGAC(G)TCAGCA)
known as the MARE (Maf recognition element). There are two
types of MARE: a 13 bp T-MARE containing a TPA-respon-
sive element (TRE: TGACTCA) and-a 14 bp C-MARE
containing a cyclic AMP-responsive element (CRE:
TGACGTCA) (Kataoka et al., 1994b; Kerppola and Curran,
1994; Fig. 2). The specific flanking regions TGC and GCA at
either end of the core TRE/CRE are crucial for recognition of
the MARE by Maf proteins (Kerppola and Curran, 1994; see
Section 5.1). As well asbinding Maf factors, the TRE and CRE
motifs present in the MARE are recognized by the AP-1 and
ATF/CREB family of transcription factors, respectively.

1.2. Emergence of the CNC-small Maf heterodimer

The important roles that the CNC-small Maf heterodimer
plays in biological processes originally emerged from its
activity as an erythroid-specific transcriptional activator,
NF-E2. Four years after the discovery of the v-maf founder,
the study of the Maf family unexpectedly merged with
another stream of molecular biology, that of erythroid-
specific gene regulation. Analysis of erythroid-specific tran-
scription represents one of the most refined model systems
in which to decipher the mechanisms governing tissue-
specific gene regulation. Functional sequence elements in
the regulatory regions of various erythroid-specific genes,
such as ALAS-E (Cox et al., 1991; Lim et al., 1994), PBGD
(Mignotte et al., 1989a), ferrochelatase (Taketani et al.,
1992), and the globin locus control region (LCR; Talbot
and Grosveld, 1991), were defined. Thus, functional assays
with transgenic mice, transfection assays in erythroid cells,
and in vitro and in vivo DNA footprinting identified
CACCC, GATA, and AP-1-like motifs as major compo-

.



