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ABSTRACT

Maf family proteins are so named because of their
structural similarity to the founding member, the
oncoprotein v-Maf. The small Maf proteins (MafF, MafG
and MafK), as do all family members, include a
characteristic basic region linked to a leucine zipper
(b-Zip) domain which mediate DNA binding and subunit
dimerization respectively. The small Maf proteins form
homodimers or heterodimers with other b-Zip proteins
present in the cell and bind to Ma__f recognition
elements (MARE) in DNA. Since they lack known
transcriptional activation domains, the small Maf
proteins function either as obligatory heterodimeric
partner molecules with numerous large subunits,
discussed below, or alternatively as homo- or hetero-
dimeric transcriptional repressors. The three small Maf
proteins are expressed in a number of overlapping
tissues, but their expression profiles nonetheless
appear to be under meticulous tissue- and develop-
mental stage-specific control. The MARE bears a
striking resemblance to the NF-E2 binding sequence.
NF-E2 binding sites in the human  [-globin locus
control region have been directly implicated as integral
components in the circuitry required for eliciting
changes in chromatin structure that precede globin
gene activation. While the NF-E2 DNA sequence has
been shown to be important for erythroid-specific gene
regulation, a growing list of other genes may also be
regulated through the same, or very similar, cis
elements in non-erythroid cells. Taken together, these
observations argue that comprehensive analysis of
the activities of the small Maf proteins may provide a
unique perspective for expanding our understanding
of transcriptional regulation that can be elicited
through interacting transcription factor networks.

INTRODUCTION

off in different developing and migrating cells, tissues and organs.
This process is regulated by a variety of extrinsic and self-signaling
events which ultimately lead to the nucleus. There the transduced
signals exert regulatory control over transcription factors that
bind to specificcisregulatory elements which then activate or
repress expression of specific sets of genes. In this regard,
numerous oncoproteins and related cellular factors have become
conspicuous as critical players in this intricate regulatory pavane (1).

The founding member of the Maf protein family (v-Maf) was
originally discovered as the transduced transforming component
of avian nusculogoneurotic_ibrosarcoma virus, AS42 (2).
Subsequent studies identified the cellular homolog of this gene,
c-maf from which the vnafoncogene was originally transduced
(3), but in addition, enafwas found to be but one member of an
extended multigene family. Products of thaf proto-oncogene
and related family members (the Maf family proteins) share a
common, relatively well-conserved basic region and leucine
zipper (b-Zip) motif which mediate DNA binding and dimer
formation. Members of the Maf family are divided into two
subgroups: the large Maf proteins, c-Maf (3), M&f) and
NRL (5), all of which contain a distinctive acidic domain that
probably enables transcriptional activation, and the small Maf
proteins, MafK (6), MafF (6) and MafG (7), all of which lack
activation domains.

A direct physiological role(s) for Maf family proteins remained
elusive from 1989, when c- andwafwere originally described,
until (4 years later, when the small Maf proteins were first shown
to function as one subunit of nuclear factor-erythroid 2 (NF-E2),
an erythroid-specific transcription fac{®9). NF-E2 was shown
to be comprised of 45 and 18 kDa subunits, the former being p45
NF-E2 (the founding member of the vertebrate CNC transcription
factor family; below) and the latter was shown to be a small Maf
protein. Since then, studies detailing the functional activity of
various large and small Maf proteins have appeared and reports
describing their important contributions to development and
differentiation have become more widespréhd-13). In this
review we summarize recent progress in analysis of the small Maf
proteins (and, more briefly, describe the activity of the numerous

Mammalian embryogenesis is a complex process during whietmd sundry partners of the small Mafs) and present speculation
initially naive, often multipotent, cells proliferate, migrate andand evidence supporting the contention that both homodimers and
differentiate in response to inductive cues to form the tissues thaterodimers of the small Maf proteins exert finely articulated
will eventually comprise an independent organism. During thisanscriptional control over gene expression during development,
time, numerous signaling and response genes are turned on diffiérentiation and oncogenesis.
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A describe the DNA binding site and NF-E2 to indicate the protein
NF-E2 consensus 5/-TACIIGACTCALC-3" . . .
T-MARE consensus 5+~ TOC{TGACICAIICA 3/ in the rest of this review.
TRE consensus 5 IIeACTCAS Another crucial observation in furthering our understanding of
C-MPRE consensus 5'-Tad 3 the role of Maf proteins in development was that sequences
CRE consensus > d resembling the MARE motif were also identified in the regulatory

regions of several non-erythroid genes (4). This was especially
Figure 1. Consensus sequences for binding of Maf homodimers andintriguing when considering the fact that many such non-erythroid
?e‘ﬂé’dE"Q,i;ZgEM@f g.r‘d r.e'a:]ed b'Zitptr‘]’“itei”?hThl\j;égp cofisensus seqUENFAARE motifs contain TREs and that factors binding to these
s(i)rrnilarity to the ‘I'llgEm?ylpses-;M(;vanreacog?\it(i)gﬁ elgment (Tr'T-]l\(jl,lAlgE?V\élls).al?/Igfse elements had_been preV|ous_Iy presumt_ad tobe heterpd!mers of Jun
homodimers bind to a 13 bp palindromic sequence T-MARE or a 14 bpand Fos family members (i.e. subunits of transcription factor
palindromic sequence CRE-type MARE (C-MARE; 4). Note that the NF-E2 AP-1). For example, the type IV collagenase gene is a cellular
consensus sequence and T-MARE contain a TRE and C-MARE contains g PA-inducible gene containing a TRE within a MARE sequence
CRE. Both TRE and CRE sequences are boxed. and thus the DNA motif can interact not only with AP-1, but also

with NF-E2. Similarly, the antioxidant response element (ARE)

in the glutathione S-transferase and NAD(P)H:quinone reductase

genes shows marked similarity to the MARE sequence, and the

THE CIS-REGULATORY TARGETS OF MAF PROTEINS OpSin gene, a potential target of the Iarge Maf protein NRL
(specifically expressed in neural retina), harbors a TRE/MARE

; ; ; ; inding site. Recently the rhodopsin gene has been shown to be
Since thd3-globin gene clusters in vertebrate organisms undergk?Jn ). X
a highly orchestrated pattern of gene ‘switching’ during develop SPECIfic target for NRL (27,28). These obstovs all suggest

ment (where different genes are turned on and off at precise tin{ggt.ftranscrliptipn factors blind_ing to the l\/fIARst—tr)eguIatc:Ir y
during embryogenesis), they have proven to be an excell otll rr]nay play|mp<f)rtantfrohesmavlarletyo verte r?tﬁ ce ]Eypes
model system for analyzing both tissue-specific and temporﬁf‘ that only very few of the actual target genes of these factors

; : been identified. In the light of these observations, the small
aspects of gene regulati¢i). TheB-globin LCR (locus control A€ DEE ! . . »
region) plays a vitally important role in regulationsglobin Maf family proteins must be considered to be likely participants

gene expression. The LCR is composed of fivdDBase | in rlggulaltion d gNgAene elzxpresslion in mTuItipIe tissrl]J_es th_rough
hypersensitive sites, which together act both as a cooperatiyé R=Telate regulatory elements. To restate this conjecture

activity stimulating globin gene expressi¢h5-17) and to in"a more provocative way: of the numerous TPA response

dominate the required architectural changes in the locus Whi?J‘ements that have been identified in the literature, how many

result in chromatin ‘opening(L8). and whiqh) of these TREg are actuatiyivo targets for Maf
The humarB-globin LCR contains consensus binding motifs{ranscription factor activity*
for a variety of erythroid-restricted as well as (apparently)
ubiquitous transcription factors. Of these motifs, the GATA and
AP-1-related NF-E2 sequences are among the most intriguifgXPRESSION PROFILES OF THE SMALL MAF
since both GATA and NF-E2 motifs had been identified in thé’ROTEINS
‘core’ element domains of HS2, HS3 and HS4 (the three HS
elements that individually display the most significant enhancérhree different small Maf proteins (MafK, MafF and MafG) have
activity). These binding sites were shown to be important for theeen identified and characterized in chické6s’) and the
function of the individual HS elementd9-22,24). Thus, expression profiles ahafkK andmafF mRNAs have also been
identifying the LCR NF-E2 motif binding protein(s) became aexamined (6). The expression of both mRNAs was detected in
critical hurdle in further elucidating LCR function. many tissues and organs, but their abundance was found to differ
The NF-E2 binding site was originally identified in the between tissues. Recently cDNA and genomic clones encoding
promoter of the porphobilinogen deaminase g&a¢ and was human mafK and mafG have also been identified and the
subsequently identified in the regulatory regions of other erythroigxpression profiles ahafKandmafGmRNAs in human tissues
specific genes, such as ferrochelatase (26), as well as in the L@Rre also examined (29).Me both were detected in all tissues
The consensus sequence for binding of NF-E2 was found to beamined, mafKk mRNA was found to be relatively more
TGCTGA(CIG)TCA(T/C) (Fig. 1). We observed that the NF-E2abundant in (for example) the placenta, whiktfGmRNA was
motif bore a striking resemblance to the TRE [phorbo®12- more abundant in the brain.
tetradecanoate-13-acetate (TPA)-responsive element]-type Mafe previously cloned cDNAs encoding mouse MafK (also
recognition element (T-MARE). Maf homodimers were shown t&known as p18 NF-E2) and analyzed the expressiomaik
bind either to a 13 bp palindromic sequence T-MARE, TGCTGAMRNA in various murine tissues and cell lii&8). \While mouse
CTCAGCA, or a 14 bp palindromic sequence CRE (cAMPmafK mRNA was detected in numerous tissues by RNA blot
responsive element)-type MARE (C-MARE), TGCTGACGTC-analysis, the level of RNA was found to vary, often significantly,
AGCA (4). The resemblance between the NF-E2 binding site armttween tissues, as well as temporally during a particular
the T-MARE sequence provided our initial insight into the possibldevelopmental process. For example, the amoumnafi{mRNA
role that the small Maf proteins might play as an essential subuiitreases in parallel with hematopoietic activity in the mouse fetal
of transcription factor NF-E2 (9), while other investigatorsliver (30). These regdts showed that the expression level of the
arrived at many of the same conclusions through transcriptionafk gene is regulated temporally and spatially in a dynamic
factor purification and cloning by reverse genef®23). Since manner and raised the possibility that quantitative control over
NF-E2 has been used to describe botis@egulatory element MafK protein levels might significantly affect (for example)
and the transcription factor that binds to it, we use MARE tbiematopoietic differentiation. The mousafK gene is the only
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_ PARTNER MOLECULES OF THE SMALL MAF
(a) B0, ! PROTEINS

The small Maf proteins form homodimers (7), heterodimers with
1 - one anothe(7) and also hetedimers with an ever-increasing

constellation of additional b-Zip proteir(8,23,29,32,33). The

firstidentified partner molecule of the small Mafs was p45, which

(b) was initially isolated as the large subunit of transcription factor

i e, _AF NF-E2 (23,34,35). We and others then showed that the small Maf

s _"_L’~.}'-¢$=§".¢r.§\_-ngf=: = proteins serve as the lower molecular weight subunit (also
‘5’5'.41&.'@_,5 A i referred to as the ubiquitous p18 subunit) of NF{BX).

Z o Recently several p45-related molecules that participate in hetero-
S e Wi e ] dimeric complex formation with the small Maf proteins have also
been identified, named Nrfl, LCRF1 or TCHBE,37,60) and

P i - Nrf2 or ECH (32,38,39). Nrfl and NrfDiNAs were originally
LN A cloned from human erythroleukemia cells, whereas ECH was
TR 4 g S cloned from a chicken erythroid cell cDNA library. The structure
q'-i-; 14‘1'-@ TSI of ECH is very similar to that of Nrf2, suggesting that the two are
| L%ﬁ@%}ﬁl functional homologs. These three molecules (referred to as p45

NF-E2, Nrf1 and Nrf2) then form the ‘CNC family’ proteif3s),

since they share the conserved b-Zip structure originally identi-
Figure 2. Expression ofmafk mRNA in early mesodermal cellm situ fied in theDrosophilaCNC (cap’n’collar) proteirg40).
hybridization analysis was performed in murine embryos at 7.5 dpcl{at ( Expression of p45 is restricted within hematopoietic cells and
¢) Higher magnifications of the areas indicated by the arrow and the arrowhead . . . ] . .
respectively in). Intra-embryonic mesoderm and extra-embryonic mesoderm INtéstinal epithelia, while the expression profiles of both Nrfl and
(allantois, amnion and yolk sac) display signals indicating abundant expressioNrf2 show somewhat broader distribution. Nrfl is strongly
of mafk mRNA. Some of the blood cells in the yolk sac display a similarly expressed in heart and skeletal muscle, kidney, lung and ovary
intense signal. al, allantois; am, amnion; ne, neuroectoderm; ys, yolk sac. (37), whereas Nrf2 is most promintly expressed in kidney,

lung, fetal liver and fetal as well as mature mu¢8®). ECH

MRNA was most abundant in peripheral blood and was induced

during differentiation of chicken erythroid cell lin€32). As is

also the case for p45, neither N(f9) nor Nrf2 (29,32) form
small Maf family member whose developmental expressiohomodimers that effectively bind the T-MARE DNA sequence.
profile has been examined in detail (30,31). Instead, all three CNC family proteins appear to form obligate

The earliest thamafK mRNA has been detected in mouseheterodimers with one or another of the small Maf proteins, which
embryos is at 7.5 days post-coitus (d.[{21). At this stage itis then allows them to bind to a MARE to activate transcription
broadly expressed in mesodermal tissues, including intra-embryoif#;,29,30,41).
mesoderm, allantois, yolk sac and amnion, but not in other tissuedVhat are the possible advantages in this scheme of compulsory
of the embryo (Fig. 2). In early embryonic stages preceding 10teterodimeric interactions between these varied (CNC and small
d.p.c. the major expression sitenafkK MRNA is in mesenchymal Maf family members) b-Zip factors that only together constitute
cells. After that time, mesenchymal expression weakens reciprocaihe final activator proteins? One possible answer is that subtle
with an intensifying signal in hematopoietic cells of the fetal livervariations in DNA binding specificity or itrans-activation or
WhereasnafKmRNA was almost undetectable in the neural tubéransrepression potential (below) may well be generated through
prior to 10.5 d.p.c., ventrolateral cells and ventral midline cells idimer formation of only a limited number of b-Zip transcription
the spinal cord as well as dorsal root ganglia began to displéactor partners. This would then theoretically result in combina-
prominentmafK mRNA expression by 13 d.p.€31). These torially complex, but exquisitely sensitive control over gene
results thus demonstrated that expressianaiKis under quite expression. In this manner, the small Maf proteins enable CNC,
stringent cell lineage- and stage-specific transcriptional contrals well as other b-Zip proteins, to bind to DNA and exert their
during murine embryogenesis and further suggested that Mafiinction. Thus different biological activities, all elicited through
could be important for differentiation of early mesodermalsometimes slightly different MARE binding sites, may come into
mesenchymal, hematopoietic and neuronal cells. play depending on the partner molecules with which the small
In addition to this developmentally discrete temporal profileMaf proteins heterodimerize. The available CNC and small Maf

observed fomafK transcription, we also found that two distinct proteins that are present in any given tissue or at different stages
mafKmRNAs were generated in the mouse. cDNA and genomif differentiation in that tissue, as well as the relative affinities
structural analysis revealed that the mouaé& gene is directed between them, probably determine the final quality and quantity
by two independent promoters, which encode sepdrataréns-  of transcriptional effects exerted at individual MARE sites.
lated regions. The remaining two exons, containing the entireln this regard, it should be noted that the small Maf proteins do
coding portion ofmafK are used by both mature mRNAs. Thenot possess a canoniti@ns-activation domain and homodimers
upstream promoter (driving expression via exon IM) is used faf the small Maf proteins have been shown to act as direct
mesenchymal and hematopoietic expression, while the otheanscriptional repressors. It has been demonstrated that regulation
promoter (located 6 kbp 8f exon IM), which we called exon IN, from MARE sites can be turned on and off in living cells by
is used for neuronahafK transcription(31). experimentally manipulating the balance between the small Maf
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progenitor cells, but after commitment to differentiation of a
1245/“:;11 Maf mature erythrocyte, one of the large CNC family members could
p45 N be activated (or the expression of a small Maf protein inactivated),
emall Maf thereby shifting the balance from repression toward activation of

~— homodimer erythroid_ MARE target gene(‘nz_). As an dditional level of
7‘* > complexity, p45—-MafK heterodimers were reportedly able to

~— bind to chromatiiin vitro and disrupt nucleosomal structure (43),
possibly reflecting a dual role for this heterodimer as both a
I transcriptional activator and as an architectural remodeling compo-

nent of the LCR.
P fa In addition to CNC family members, new partner molecules of
small Maf the small Mafs have been described only very recently which
have been implicated as playing an even more prominent role in
MINIUINI] TGCTGACTCAC RIUTVININ modulating chromatin activity through the MARE element. The
Bach family proteins (33) harbor a prioteprotein interaction
147 domain (called a BTB domain, fordad complexramtrack loic
a brac, also known as a POZ domain, for pox and zinc finger) in
addition to the characteristic CNC-type b-Zip structural elements.
Both Bach1 and Bach2 bind to the MARE consensus sequence as
heterodimers with MafK (33). Since hotogous proteins
bearing a BTB domain are known to directly modulate chromatin
structure (44—46), the Bach family proteins, together with MafK,
may make it possible for MARE sites to exert transcriptional
regulatory effects while eliciting structural changes in chromatin.
Such bifunctional regulation could be advantageous for loci in
which chromatin structural alterations either precede or develop
0 . i . . . in concert with acquisition of transcriptional activity, for example
0.0 0.1 0.2 0.3 0.4 0.5 as is known to take place in tReglobin LCR in differentiating
hematopoietic cell§l8).

A final partner molecule with which the small Maf proteins are
Figure 3. The quantitative balance between the small Maf proteins and p45 i:JA_(nown to assomate through traditional proteln—prote_ln 'nteraCt'ons
essential for transcriptional activation or repression via MARE sites. (Upper)iS C-Fos, which has been reported to heterodimerize with small
A model for binary transcriptional regulation transduced through a MARE site Mafs and thence bind to the MARE consensus sequence,
28 oblgatony partner malecLies for inding (0 the MARE st 1 there exita a1/ Ve", the o-Fos-small Maf heterodimeric complex is unable
%Sw%r e?bun[:lyaﬂce of the small Mafs relativg to the amount of p;45, heterodime{;i0 aCt'V_a_te transc”ptlo_n_tthQh that site (7). It _'S We_" known _that
of the small Maf(s) and p45 are the dominant species in the cells, which thefn€ addition of TPA inhibits DMSO-induced terminal differentiation
activate transcription from the MARE site. If the abundance of the small Mafsof mouse erythroleukemia (MEL) cell@7) and the laove
gﬁgezgztthh;t ;’Lg“tﬁéﬂ‘i Smarlgs'\gatfrz Losrcm htmogi";ifcsum if:]e“ifhogimzfs é‘g?:@bservation provides one interesting possible explanation for this
(Lower) This relationshigpwas demonZtratedyexpeﬁ%egtally. Increasing%nhlblthn’. 1.e. since TPA. is a potent inducer Of_ AP-1, either
amounts of MafK were expressed in fibroblasts which had been transfectedf@nscription factor AP-1 itself or the c-Fos protein alone could
with a fixed amount of p45 (Naget al, in preparation). Transfected Mafk ~ act to reduce transcriptional activity mediated through MARE
exerts both pos_itive qnd n_egative tran_scriptional effects on a plasmid possessirgites. Since all MARE elements are also AP-1 binding sites, an
three MARE sites directing expression of a reporter gene. Note that only gncrease in AP-1 activity could result in a direct competition
4-fold dlf_fergnce in the amount of transfectedfK plasmid causes the change between AP-1 (Jun/Fos) and CNC/Maf for the site. Alternativel
from activation to repression. i h o Y,

induction of c-Fos alone could lead to sequestration of small Mafs

away from their presumptive CNC partner molecules, thus
proteins and partner molecules that contmamsactivation  providing another avenue to inhibit small Maf/CNC heterodimer
domains (Fig. 3). If the abundance of CNC partner molecules figrmation and activity (7).
inadequate to ‘titrate’ all of the small Maf proteins produced in a In summary, the small Maf proteins, acting in concert with
cell, homodimers of the small Mafs would then be predicted towultiple larger partner molecules, each of which displays its own
exert a dominant effect, leading to silencing through the MAREBNique developmental and temporal expression profile, form a
sites (9). We suspect that this mechanism could be opémative ~ complex network of interacting b-Zip transcription factors (Fig. 4).
as well as in cell culture, since the switch from activation tdn addition, the small Maf proteins form homodimers, which
repression was found to occur within only a 4-fold difference irshare DNA binding site specificity (unlike CNC family homo-
abundance of the small Maf protein (Nagfel.,in preparation).  dimers, which may not bind or bind only weakly to DNA). Some

If this activator to repressor switch (or the reverse) is operativaf the large Maf proteins are also capable of heterodimerizing
in vivg, it is intriguing to imagine the scenarios during cellwith components of AP-1 and these heterodimers then preferentially
differentiation where it would be advantageous for genes to l#nd to MAREciselements. One should probably conclude at the
guiescent until they are required to execute a terminally differepresent time that the b-Zip protein network that appears to
tiated function. For instance, the small Maf proteins might repregsipinge on transcription and chromatin structure includes the
the expression of erythroid-specific genes in hematopoietiarge and small Maf proteins, c-Fos (and, by extension, members

124

10

activity of reporter gene
bt

MafK
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might play in developmenimafK null mutant mice were found

to be viable, fertile and apparently normal and he&{tBy. Their
peripheral blood cell counts, red cell parameters and blood smears
were also within the normal range. NF-E2 binding activity in fetal
livers ofmafKnull mutants was indistinguishable from that of the
wild-type animals(49), siggesting the presence of a fully
complementing activity. Since the same three small Maf proteins
found in chickens(50) are also expressed in the mouse
(unpublished observations), the most likely explanation is that
MafF or MafG replace the ablatathfK gene function, since the
chicken small Maf proteins are able to functionally substitute for
one another (9).

Additional key insights into small Maf function were also
provided from forced expression experime(d®,51). When
mafK was stably transformed into murine erythroleukemia
(MEL) cells under the control of a conditionally inducible
(metallothionein gene) promoter, the MEL cells were induced to
differentiate simply by the addition of zinc to the culture medium
(i.e. in the absence of any other inducers; 50). This result
suggested that quantitative control oweafK expression was
neuronal calls important for the erythroid differentiation process (see Fig. 3).
The result could be interpreted in two ways. The ectopic increase
in MafK could have resulted in recruitment of a heterodimeric
partner molecule which could then activate transcription of

hematopoiet calls

mesenchymal cells
®
E 2 S8 % C()jo

- & terminal erythroid genes through MARE sites. Alternatively,
;:' ’ @%%@ increased levels of Mafk could have led to formation of
/ homodimers which then repressed transcription from target genes
required for proliferation and which normally inhibit differenti-

ation of MEL cells. A likely resolution to these alternative
explanations for the role of small Maf proteins in erythroid
i o o 3 oot ey aron e sesog erentation vas suggested by preparing a dominant negave
interactiogs amor?g the familigs of b-Zip transcr?[;tion factors. Thesepnetworkmu'[alnt _Of MafK (dnMafK), which was able to form homo'_ and
interactions appear to be important for the Maf family proteins to regulateN€terodimers but rendered any such complex unable to bind to a
differentiation of mesenchymal, hematopoietic and neuronal cells. MARE site (51). Expression of dnMafK in MEL cells lowered
the overall binding activity to MARE sites in cell extracts, as
anticipated, and led to decreased expression of the globin genes
of the Fos and Jun families) as well as the Bach and CNC proteif®l). These rests suggested that under normal conditions Mafk
(Fig. 4). might be limiting in uninduced MEL cells and that its forced
Barring the future cloning of a few more outlying members ofxpression allowed complex formation with an activating partner
these extended families, are these the likely limits of thenolecule that was already present in the cell.
interactions the small Maf proteins might have? Very recent Recently several publications have appeared which underscore
observations portend that, rather than having reached an endhe developmental significance of the large Maf family proteins
further interactions, there may be future collisions between twduring neurogenesis. c-Maf was shown to be an important
rather extended galaxies of transcription factor families. Thigegulator of neuron-specific7 gene expression in Purkinje cells
speculation rests on the recent demonstration that the CNC3). MafB plays an appargy critical role in segmentation of the
protein p45 can also interact with the thyroid hormone (T3R) arliindbrain (11), as concluded from the discovery that the mouse
retinoic acid receptors (RAR) to serve as a potent co-activator Kfeisler (kr) phenotype is due to mutation of thafBgene. The
these nuclear hormone recept¢d8); the small Maf proteins neural retina is another site where large Maf family proteins play
interact with p45 to antagonize this potentiation. Thus the smalrominent roles. Both the opsin and rhodopsin genes were shown
Mafs might also function as a switch to turn off nuclear hormont be targets for the activity of NRR7,28) and the tma-specific
signaling responses. The possibility exists that this report heral@R1gene has recently been shown to be activated by both c-Maf
the revelation of an increasing number of transcription factors thahd MafB (53). The expression profile of the small Maf protein
may participate in the Maf network by interacting with theseMafK largely overlaps that of the large Maf proteins in neural
proteins through functional domains lying outside the b-Zigissues (31).

structure. While hematopoiesis has been a focal topic for CNC family
activity for some time, large Maf molecules are also emerging as

CONTRIBUTION OF THE MAF NETWORK TO equally important players in hematopoietic differentiation. c-Maf

DEVELOPMENT was found to be a key regulator of Th2 (one subset of"dD4

helper cells)-specific expression of IL-4 (12). Tdigelements
Recent data from gene targeting experiments provide sontergeted by c-Maf in the IL-4 promoter differ substantially from
insight to help us understand the roles the small Maf proteitke MARE consensus sequence, which may explain the reason
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why synergy with NF-AT is critical for c-Maf to function on the comprehension and appreciation of the complexity of regulatory
IL-4 promoter. MafB was shown to interact with Ets-1 to inhibitcontrol over vertebrate gene expression elicited by Maf family
trans-activation of the transferrin receptor gene and additionallyranscription factors. The number of proteins that participate in
was found to exert an inhibitory effect on differentiation ofthe Maf network continues to grow, both through the discovery
chicken erythroblast cell line HE20). MafB is tighly expressed of new partner molecules that heterodimerize with the Maf
in myelomonocytic cells, but not in erythroid cells. Thus MafBleucine zipper motif and through apparently non-canonical
is a good candidate to play an important role in myelomonocytjrotein interaction domains. Where this will all eventually lead is
cell differentiation, possibly by inhibiting expression of erythroidunknown, but the recent intersection of the Maf network with the
genes. AP-1 and subsequently with the T3R/RAR networks leads to

Gene disruption of the CNC family members has also beamnticipation that the story will become even more intriguing
reported. Ap45 null mutant mouse showed unexpectedly severbefore it is complete.
hemorrhage due to a lack of platelets, indicating that p45 isAnalysis of small Maf proteins, along with analysis of NF-E2,
essential for megakaryopoieéigl). Surpriggly, erythropoiesis have led to significant new insights into the mechanisms that
was not affected significantly by the mutation, suggesting thamediate lineage determination and differentiation. We envisage
activation signals for erythroid transcription can be transducetthat esthlishing or elaborating a cell lineage occurs through
through MARE sites even in the absence of p45. Another membewsmbinatorial interactions that precisely balance the activities of
of the CNC family, Nrf2, has also been disrupfg8) andNrf2  all the factors that participate in this elaborate protein interaction
null mutant mice developed normally and were feillé2 null  network. This hypothesis suggests that it is the sum of a
mutant mice were not anemic, again indicating that erythropoiesismbination of interactive transcription factor affinities (both for
was not significantly affected by loss of Nrf2. Very recently theone another and for the target sites to which each binds in DNA)
third member of the CNC family, Nrfl, was disrup(€l). While  that finally dictates cellular responses which either prohibit or
Nrfl null mutant mice die prior to 7.5 d.p.c. from a failure toinitiate differentiation and growth programs. This concept thus
complete gastrulatiomrf1 null ES cells injected into wild-type advocates the inverse view of the ‘master regulator’ hypothesis,
blastocysts contributed to all mesodermal lineages tested, includiwere it is thought that a single determinative protein dictates the
blood, indicating that thirfl homozygous null mutation results fate of multipotent cells to a particular differentiated tissue or cell
in a defect in hematopoiesis that is not cell autonomous. Thetspe.
results provoke the question: which is the genuine partnerFinally, it is also interesting to speculate how this finely
molecule of the small Maf proteins with which it binds to andbalanced intracellular equilibrium might become unbalanced during
activates erythroid MARE sites? Is there a new moleculencogenesis. One simple hypothesis suggests that cell transform-
involved, or are p45, Nrfl and Nrf2 mutually compensating foation may be the manifestation of perturbation of this b-Zip
one anothers’ loss in erythroid cells? network (7,42). It is well known that forced expression of

The B-globin LCR is generally agreed to confer the ability tocomponents of transcription factor AP-1 induces cell transformation
regulate transcription by first initiating structural alterations in(58,59). As discussed in this review, the gubty certainly
chromatin (18,57); what it does thereafter is thbjext of exists that inappropriately expressed AP-1 components may
considerable current debate. In this regard, it is interesting to natequester small Mafs or other members of the b-Zip network from
that the Bach proteins contain a so-called BTB domain, which h#seir partner molecules or target sequences, so that these AP-1
been implicated in remodeling of chromatin struci{dr&-46). components can inhibit the cellular differentiation process and
We speculate that the Bach proteins are one of the importgmmovoke cell transformation. To elucidate how this b-Zip protein
potential candidates for heterodimerizing partners of the smaiktwork contributes to cell differentiation processes and how its
Mafs in erythroid cells, since the very real possibility exists thgberturbation leads to cell transformation, it is important to identify
a heterodimer formed between a small Maf and a Bach protedmd comprehensively categorize the factors interacting with the
could be a key regulator of LCR chromatin structure. Disruptioiaf family proteins, to examine their modes of DNA binding and
of the Bach genes may provide further clues to this puzzle, sinteeanalyze the interactions among them.
several of the predicted phenotypes are so clear.
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