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Bach2 is a B-cell- and neuron-specific transcription repressor that forms heterodimers with the Maf-related
oncoproteins. We show here that Bach2 activates transcription by interacting with its novel partner MAZR.
MAZR was isolated by the yeast two-hybrid screen using the BTB/POZ domain of Bach2 as bait. Besides the
BTB/POZ domain, MAZR possesses Zn finger motifs that are closely related to those of the Myc-associated Zn
finger (MAZ) protein. MAZR mRNA was coexpressed with Bach2 in B cells among hematopoietic cells and in
developing mouse limb buds, suggesting a cooperative role for MAZR and Bach2 in these cells. MAZR forms
homo- and hetero-oligomers with Bach2 through the BTB domain, which oligomers bind to guanine-rich
sequences. Unlike MAZ, MAZR functioned as a strong activator of the c-myc promoter in transfection assays
with B cells. However, it does not possess a typical activation domain, suggesting a role for it as an unusual
type of transactivator. The fgf4 gene, which regulates morphogenesis of limb buds, contains both guanine-rich
sequences and a Bach2 binding site in its regulatory region. In transfection assays using fibroblast cells, the
fgf4 gene was upregulated in the presence of both MAZR and Bach2 in a BTB/POZ domain-dependent manner.
The results provide a new perspective on the function of BTB/POZ domain factors and indicate that BTB/POZ
domain-mediated oligomers of transcription factors may serve as combinatorial codes for gene expression.

Eukaryotic genes are most often regulated by the simulta-
neous, synergistic activity of several transcription factors. Pro-
tein-protein interactions play important roles in synergistic
activity among these factors. In this respect, the BTB/POZ
domain (2, 4, 43) may be of particular interest because of its
recurrent presence in transcription factors and its activity with
regard to directing specific interactions. The genome project of
Caenorhabditis elegans revealed that worms possess more than
100 genes that code for BTB/POZ domain proteins. Thus the
BTB/POZ domain constitutes one of the largest families of
protein domains in multicellular organisms (10). Interestingly,
transcription factors encoding this domain are thought to play
a variety of structural and organizational roles (1, 2, 4, 13, 21,
34, 35). For example, the Drosophila GAGA factor is involved
in chromatin remodeling and in mediating enhancer-promoter
interactions (34). Alterations of the PLZF and BCL6 genes,
both encoding BTB/POZ factors, are associated with oncogen-
esis (9, 41). BTB/POZ domains appear to direct specific pro-
tein-protein interactions. However, the exact significance of
such interactions in transcription regulation remains unclear.

The mammalian transcription factors Bach1 and Bach2 (36)
belong to the CNC-related bZip factors that include the he-
matopoietic factors NF-E2 p45 (3), Nrf1 (6, 7, 28), Nrf2 (18,
31), and Nrf3 (24). Among these factors, Bach1 and Bach2 are
unique in that they each possess a BTB/POZ domain. The
CNC-related factors form heterodimers with the Maf-related

factors through the leucine zippers and bind to the DNA se-
quence motif called MARE, which contains an AP-1 binding
sequence. MARE is found in regulatory regions of various
genes like b-globin genes, immunoglobulin heavy-chain genes,
antioxidant response genes (e.g., GST genes), and crystallin
genes (20). These observations suggest that transcription fac-
tors binding to the MARE may play important roles in a
variety of vertebrate cell types and that only very few of the
actual target genes of the CNC family have been identified.

Among the CNC-related factors, Bach1 and Bach2 function
as transcription repressors. In B cells, Bach2 represses the
immunoglobulin heavy-chain 39 enhancer, or LCR, perhaps
through binding to the corepressor SMRT (32). Since Bach2
possesses the BTB/POZ domain in the N terminus, it may
regulate gene expression by interacting with other factors
through the BTB/POZ domain. In this study, we identified a
new BTB/POZ domain factor, MAZR, which associates with
Bach2 through the BTB/POZ domain. MAZR stimulated tran-
scription despite of its lack of any apparent transcription acti-
vation domain. Rather, BTB/POZ-mediated oligomer forma-
tion was important for transcriptional activity, suggesting that
MAZR might be not a typical transactivator but an architec-
tural transcription factor like Drosophila GAGA factor (21).
Together with previous observations, our results suggest that
BTB/POZ-mediated oligomers of transcription factors play
important roles in gene activation.

MATERIALS AND METHODS

Abbreviations. The following abbreviations are used: AER, apical ectodermal
ridge; Bach1 and Bach2, BTB and CNC homology factors 1 and 2, respectively;
BTB, broad complex tramtrack bric-a-brac; bZip, basic region leucine zipper;
CNC, Cap’n’ collar; DBD, DNA binding domain; dpc, days post coitus; EMSA,
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FIG. 1. Cloning and structure of MAZR. (A) Nucleotide sequence and deduced amino acid sequence of mouse MAZR cDNA. The BTB/POZ domain is indicated
by the opened box. The Zn finger domains and the Cys and His residues in these domains are indicated by the thick lines and circles, respectively. The underlined ATG
is a putative initiation codon. (B) Comparison of the BTB domains of mod (mdg4), GAGA factor, Tramtrack, Bach1, Bach2, ZF5, and BCL6. Boxes indicate amino
acids conserved among at least four proteins. The Gly- and Ala-rich sequence within the BTB domain of MAZR is indicated below. (C) Schematic comparison of
MAZR, its alternative form, and MAZ. (D) Nucleotide and amino acid sequences of the alternative form of MAZR. Junctions of the alternative exon are indicated
with arrowheads. (E) Comparison of mouse and human MAZR. Exons for human MAZR were predicted from the genomic sequence (DDBJ accession no. AC005003),
and were used to deduce the amino acid sequence.
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electrophoretic mobility shift analysis; FGF, fibroblast growth factor; MARE,
Maf recognition element; MAZ, Myc-associated Zn finger protein; MAZR,
MAZ-related factor; MBP, maltose-binding protein; LCR, locus control region;
POZ, pox and Zn finger; GAD, GAL4 activation domain; GBD, GAL4 DNA-
binding domain; G-rich, guanine rich; PLZF, promyelocytic leukemia Zn finger;
BCL6, B-cell lymphoma 6; GST, glutathione S-transferase; SMRT, silencing
mediator of retinoid and thyroid receptor.

Two-hybrid screen and assays. The bait plasmid pGBD-Bach2/BTB was con-
structed by inserting a portion of the Bach2 cDNA, encoding the amino-terminal
413 residues, into the EcoRI site of pGBT9 (Clontech) after isolating the cDNA
fragment by PCR. The yeast two-hybrid screen was performed, as described
previously (36), by using pGBD-Bach2/BTB as bait and a 17-dpc embryo cDNA
library (Clontech). Approximately 2 3 108 yeast transformants were screened for
His autotrophy, and b-galactosidase filter assay was used to isolate three positive
clones. One of them was sequenced in both directions. The transformation of
Saccharomyces cerevisiae SFY526 and measurements of b-galactosidase activities
were performed as described previously (24).

Plasmids. pEF-MAZR was generated by inserting the 2.4-kbp EcoRI fragment
into the fill-ended BssHII site of pEF-BssHII (30). The FLAG epitope-tagged
expression plasmids pEF-fMAZR, pEF-fMAZRDBTB, pEF-fMAZRD(1-219) and
pEF-fMAZRD(1-288) were created as follows. The 2.4-kbp EcoRI fragment of
GAD-MAZR and the PCR-created fragments were inserted into the EcoRI site of
pBSK-FLAG (a kind gift from K. Itoh). The BssHII fragments of the resultant
plasmids were subcloned into the BssHII site of pEF-BssHII. The primers used were
59-CGGAATTCAGGTCGGTCATCGAGATCTG-39, 59-CGGAATTCATTGCG
GGCCAAGCTTCTCT-39, 59-CGGAATTCGCAGGCATCCTTCCATGTGG-39,
and T7. The 2.4-kbp fill-ended BamHI fragment of the resultant plasmid was in-
serted into the blunt-ended BssHII site of pEF-BssHII. Expression plasmids of
GAD-MAZR/BTB and GBD-MAZR/BTB were constructed by inserting the
900-bp PCR-created fragment of GAD-MAZR into the EcoRI sites of GAD424
and GBD, respectively, and that of GBD-Bach2/bZip was constructed by insert-
ing the 1.3-kbp PCR-created fragment of pCMSV Bach2J/F into the EcoRI-
BamHI site of GBD. GAD-MAZRDBTB was created by inserting the 2-kbp
EcoRI fragment of pEF-fMAZRDBTB into the EcoRI site of GAD424. pGBD-
Bach1/BTB, which expresses Bach1 BTB domain fused with the GBD, was
described previously (36). Expression plasmids of pcDNA GAL4DBD and
pcDNA GAL-MAZR(1-288) were generated by inserting the 900- and the
1,900-bp HindIII fragments of pGBT9 and GBD-MAZR/BTB into the HindIII
site of pcDNA3.1/Myc-HisC (Invitrogen), respectively. pcDNA-GAL-MAZR,
pcDNA-GAL-MAZR(288-641), pcDNA-GAL-MAZR(1-145), pcDNA-GAL-
MAZR(145-288), pcDNA-GAL-MAZR(145-219), and pcDNA-GAL-MAZR
(219-288) were created by subcloning the 2,400-bp EcoRI fragment of
GAD#49-1 and the respective PCR-created fragments into the EcoRI site of
pcDNA GAL4. The primers used were 59-CGGAATTCAGCAGCACCTGTG
GCCCTGG-39, 59-CGGAATTCTCAATCAGCAGGAACTTGGC-39, 59-CGG
AATTCCCTCAAGCCCCCTGGA-39, 59-CGGAATCAGGTCGGTCATCGA
GATCTG-39, and 59-TACCACTACAATGGATG-39.

RNA blot analysis. Total RNA samples from various tissues and cultured cell
lines were prepared by the guanidine-acidified phenol chloroform method (11).
RNA samples were electrophoresed with a 1.0% agarose gel containing 1.1 M
formaldehyde and transferred onto ZetaProbe membranes (Bio-Rad). Radiola-
beled probe was prepared from the full-length cDNA of MAZR and hybridized
at 65°C for 1 h with ExpressHybri (Clontech).

In situ RNA hybridization. Embryos (10.5 dpc) were analyzed for MAZR,
Bach2, and FGF4 expression by whole-mount in situ hybridization with digoxy-
genin-labeled RNA probes, as described previously (40). MAZR probe (full
length of cDNA), Bach2 probe (nucleotides 232 to 793), and FGF4 (full-length
cDNA; a kind gift from G. Martin [15a]) in pBluescript were transcribed in the
antisense and sense directions. In situ hybridization was performed essentially as
described previously (40), with 0.3 to 0.5 mg of cRNA probe per ml at 65°C for
1 h.

Transient transfection assay. pMycluc was constructed by inserting a HindIII
fragment of about 2,400 bp from pMycCAT (a kind gift from Kazunari
Yokoyama, RIKEN) into the HindIII site of pGL3 (Promega). An internal
deletion of the pMycluc was performed by the PCR amplification of a desired
fragment using primers 59-CGCTGAGTATAAAAGCCGGTTTTCGGGGC
T-39 and 59-AGGCAGGAGGGGAGCCAGGGACGGCCGGGG-39 and liga-
tion. The 2,000-bp HindIII fragment of the resultant plasmid was resubcloned
into the HindIII site of pGL3 (pMycDMEluc). pFGF4luc was generated by
inserting the 4,300-bp PCR-created fragment of 59 fgf4 promoter into the KpnI
site of pGL3. The primers used were 59-GGTCCGCACAAAGGGCCACACA
CTGCTAGGCTGAT-39 and 59-TTGTACCGCGCGCCCAGCCCTCCGGAG
CAGTGGTATA-3. pFGF4Dluc was generated by deletion of the 600-bp EcoRI-
Asp718 fragment from pFGF4luc. Transient transfection assay and luciferase
assay were performed as described previously (24).

DNA binding site selection and EMSA. MBP-MAZR(251-641) was con-
structed by inserting the 1,800-bp PCR-created fragment into the EcoRI-SalI site
of pMAL-c2 (New England Biolabs). Primers used were 59-CGAATTCCCTAA
TGTGGCATCCAG-39 and M13-20. Expression of MBP-MAZR(251-641) in
Escherichia coli was performed as described previously (24), but with a minor
modification. Briefly, a chimeric protein bound on the amylose resin was eluted
with buffer (20 mM Hepes-NaOH [pH 7.9], 100 mM NaCl, 4 mM MgCl2, 1 mM

EDTA, 20% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,
and 0.1% NP-40) containing 10 mM maltose. DNA binding site selection assay
was performed as described previously (36). The oligonucleotide probe used for
the EMSA contained both the G-rich element and the MARE and had the
following sequence: 59-GATCCTCTGTGGGGGGGGGACACTCGAAAGGA
GCTGACTCATGCTAG-39 (each recognition element indicated by underlin-
ing). An oligonucleotide probe containing the G-rich element and a mutated
MARE had the following sequence: 59-GATCCTCTGTGGGGGGGGGACAC
TCGAAAGGATCTTACTTATGCTAG-39 (mutations indicated by underlin-
ing).

In vivo pull-down assay. The expression plasmid of GST-MAZR was gener-
ated by inserting the 1,800-bp BamHI fragment of pEF-fMAZR into the BamHI
site of pBosGST (23). Pull-down assays were performed as described previously
(23). Precipitated Bach2 was visualized by immunoblot analysis using anti-F69-2
antibody (36).

Preparation of antisera. The expression plasmid of MBP-fused MAZR (ami-
no acids 490 to 641) was generated by inserting the PCR-created fragment into
the EcoRI and SalI sites of pMAL-c2. The primers used were 59-GGAATTCA
GTGAGGGGCCCAGCAACTT-39 and T7. Expression and purification of
MBP-fused MAZR (amino acids 490 to 641) were carried out as described
above. The purified fusion protein was used to immunize two Japanese White
rabbits by an adjuvant system (RIBI Immunochem Research, Inc.).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases with the accession number AB029397.

RESULTS

Isolation of a cDNA encoding a Bach2-associated factor. We
searched for a protein molecule(s) which associates with the
BTB/POZ domain of Bach2, by using a yeast two-hybrid
screen. The yeast cell Hf7c was transformed with a 17-dpc
mouse embryo cDNA library (2 3 108 CFU) along with a bait
plasmid that expressed a fusion protein of the BTB/POZ do-
main of Bach2 and GBD. Positive transformants were selected
for His autotrophy, and three positive cDNA clones were iso-
lated. After DNA sequencing, one of them was found to en-
code a BTB/POZ domain in the N terminus and seven C2-H2
type Zn finger domains in the C-terminal end (Fig. 1A). No
preceding in-frame stop codon was noted within the 59 region
of this cDNA. We tentatively assigned the first methionine
codon in this clone as an initiation codon (Fig. 1A) because
BTB/POZ domains are usually located at the N termini of
proteins. The nucleotide sequence around the putative initia-
tion ATG codon matches the translation initiation site consen-
sus sequence reported by Kozak (26). The open reading frame
encodes a predicted protein of amino acid residues with a
calculated molecular mass of 69,034 Da (Fig. 1A). We refer to
it as MAZR (see below).

The BTB/POZ domain encoded by this clone is distinct from
those of other BTB/POZ proteins in that a glycine- and ala-
nine-rich short sequence was inserted into its middle (Fig. 1B).
This inserted sequence might confer some specific function to
this domain. Among the Zn finger domains, the second to the
sixth fingers show 72% homology to those of MAZ (Fig. 1C)
(5, 22, 38). MAZ was identified as a regulatory factor that
binds to a G-rich element within the promoter region of the
c-myc gene. The similarity of the Zn fingers of MAZ and
MAZR suggests the possibility that MAZR also recognizes a
G-rich element through these Zn finger motifs (described be-
low). We also found an alternative form of MAZR during
expression analyses by reverse transcription-PCR (data not
shown). A 73-bp alternative exon was inserted into the bound-
ary between exons which encode the sixth and the seventh Zn
finger domains, respectively. This insertion results in a shifting
of the reading frame, creating an in-frame termination codon
in the seventh Zn finger exon (Fig. 1D). Therefore, this alter-
native form lacks the seventh Zn finger and thus has a calcu-
lated molecular mass of 57,996 Da.

A search for related sequences in the databases identified a
human genomic DNA sequence (GenBank accession number
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AC005003) that covers a 198-kbp region. Four segments within
this sequence showed significant homology to mouse MAZR
cDNA, indicating that these segments are exons for the human
MAZR gene. Predicted human MAZR cDNA showed 91%
identity with mouse MAZR cDNA. At the amino acid level,
they showed 99% identity (Fig. 1E). The AC005003 sequence
is derived from chromosome 22 (22q12-14). This chromosomal
localization was confirmed by chromosome mapping using the
human radiation hybrid panel (data not shown).

Expression profile of MAZR overlaps that of Bach2. To shed
light on the biological function of MAZR, its expression profile
was determined by RNA blot analyses (Fig. 2A). High levels of
MAZR mRNA were detected in thymus, fetal liver (13.5 dpc),
and bone marrow. In addition to hematopoietic tissues, various
other tissues expressed MAZR mRNA at much lower levels.
Since Bach2 shows a stage-specific expression during B-cell
differentiation, we compared the expression of MAZR and
Bach2 in various cell lines representing each stage of B-cell
differentiation (Fig. 2B). Expression of MAZR was highly
abundant in the early stages of B cells (i.e., pro- and pre-B-cell
lines). These results suggest that MAZR regulates gene ex-
pression in hematopoietic cells and that MAZR cooperates
with Bach2 during early stages of B-cell differentiation.

To test further the possible function of Bach2 and MAZR in
development, we investigated the expression of MAZR and
Bach2 during embryogenesis by whole-mount in situ hybrid-
ization. Interestingly, MAZR and Bach2 mRNAs were both
expressed strongly in the limb buds of 10.5-dpc mouse em-
bryos. Both MAZR and Bach2 mRNA showed broad patterns
of expression within the limb buds (Fig. 3A, B, E, F, H, and I).
However, their expression increased toward the edges of limb
buds, where the AER was located. Expression of FGF4

mRNA, a marker for AER, was confined to the AER (Fig. 3C,
G, and J) but contained within the Bach2- and MAZR-express-
ing regions. These observations suggest that, in addition to
cooperating in B-cell differentiation, Bach2 and MAZR coop-
erate in limb bud development. Besides being expressed in the
limb buds, MAZR mRNA was expressed strongly in the mid-
brain region.

In vivo interaction between MAZR and Bach2. We verified
an interaction between MAZR and Bach2 by the in vivo pull-
down assay. GST-fused MAZR was transiently expressed
along with Bach2 in the human embryonic kidney cell line,
293T, and was pulled down by glutathione beads. The precip-
itates were separated on a sodium dodecyl sulfate-polyacryl-
amide gel and examined for the presence of Bach2 by immu-
noblot analysis (Fig. 4A and B). Bach2 could be precipitated
with GST-MAZR (Fig. 4B, lane 4) but not with the GST tag
alone (Fig. 4B, lane 3). These results indicate that MAZR
indeed interacts with Bach2 in mammalian cells as well as in
yeast cells. Interestingly, when FLAG-tagged MAZR was ex-
pressed along with GST-MAZR, it was also precipitated to-
gether with GST-MAZR (Fig. 4C), indicating that MAZR
could form a homomeric complex.

MAZR interacted with Bach2 through BTB/POZ domain.
To examine the specificity of the association between MAZR
and Bach2, we attempted to define regions that are involved in
the interaction by the two-hybrid system. For this purpose, the
S. cerevisiae strain SFY526, which carries a LacZ reporter gene
with binding sites for GAL4, was used. Several domains of
MAZR and Bach2 were fused to the GBD or the GAD (Fig.
5) and were expressed in yeast cells. Interactions between these
chimeric proteins were determined by measuring the LacZ
activities. As shown in Table 1, control experiments using GBD

FIG. 2. Expression profile of MAZR. RNA blot analyses with total RNAs derived from mouse tissues (A) and B-cell lines representing various developmental stages
(B). Positions of 28S rRNA are indicated by lines.
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plasmid and GAD424, GAD-MAZR, GAD-MAZR/BTB, or
GAD-MAZRDBTB did not reveal any LacZ reporter activity.
Similarly, another set of control experiments using GAD424
and GBD-MAZR/BTB or GBD-Bach2/BTB showed no LacZ
activities. GBD-Bach2/bZip was found to activate the LacZ
reporter expression (1.4 Miller units). This might be due to a

cryptic transactivation domain present on Bach2. Significant
enhancement of LacZ activity was observed when yeast cells
were transformed with GBD-Bach2/BTB and GAD-MAZR or
GAD-MAZR/BTB. GAD-MAZRDBTB (lacking the BTB/
POZ domain) did not exhibit association activity with GBT-
Bach2/BTB. Taken together, these data suggest that interac-

TABLE 1. MAZR interacts with Bach1 and Bach2 through their BTB/POZ domains in a yeast two-hybrid systema

Domain or fusion
b-Galactosidase activity (Miller units) of cells transformed with:

GAD424 GAD-MAZR GAD-MAZR/BTB GAD-MAZRDBTB

GBD 0.029 (1) 0.025 (0.86) 0.062 (2.1) 0.04 (1.4)
GBD-MAZR/BTB 0.053 (1) 14 (264) 7.7 (145) 0.052 (0.98)
GBD-Bach2/BTB 0.034 (1) 0.56 (16) 0.014 (4.1) 0.026 (0.76)
GBD-Bach2/bZip 1.4 (1) 4.4 (3.1)
GBD-Bach1/BTB 0.065 (1) 0.88 (13)

a Yeast strain SFY526 containing the lacZ gene under the control of the GAL1 promoter was transformed with the plasmids indicated, and b-galactosidase activities
were determined. Values in parentheses are b-galactosidase activities normalized relative to each control experiment shown on the left.

FIG. 3. Whole-mount in situ hybridization on 10.5-dpc mouse embryos with MAZR, Bach2, and FGF4 cRNA probes. (A to D) Lateral views of 10.5-dpc embryos
hybridized with MAZR, Bach2, FGF4 cRNA probes, and sense probe, respectively. Limb buds are indicated with arrow heads. (E to J) Higher magnifications of the
forelimbs (E to G) and hindlimbs (H to J) revealing MAZR, Bach2, and FGF4 expressions, respectively.
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tion between MAZR and Bach2 is mediated primarily by their
BTB/POZ domains. Besides this interaction, MAZR appeared
to interact with the bZip domain of Bach2, but at a lower
affinity than with BTB domain of Bach2 (GAD-MAZR and
GBD-Bach2/bZip). Interestingly, MAZR formed a homomeric
complex more efficiently than it formed a heteromeric complex
with Bach2 in yeast cells (compare GAD-MAZR and GBD-
MAZR/BTB with GAD-MAZR and GBD-Bach2/BTB). In ad-
dition to interacting with Bach2, MAZR interacted with Bach1
(GAD-MAZR and GBD-Bach1/BTB).

MAZR recognizes G-rich sequences in vitro and activates
c-myc promoter. To gain clues regarding target genes regulated
by MAZR and Bach2, we determined the optimal recognition
element of MAZR by the DNA-binding site selection experi-
ment. A C-terminal end of MAZR including seven Zn fingers
was expressed in E. coli as an MBP fusion protein [MBP-
MAZR(251-641)]. After three rounds of selection by EMSA
and PCR amplification, bound DNA fragments were sub-
cloned and sequenced. As tabulated in Fig. 6, MAZR bound to
G-rich sequences. As expected from the similarity in their Zn
finger domains, the binding site consensus for MAZR is highly
related to that of MAZ (Fig. 6, below). Thus, MAZR and
MAZ likely regulate a similar set of target genes.

One of the target genes of MAZ is c-myc. A majority of
c-myc transcripts initiate at its P2 promoter, which contains the
G-rich sequence elements ME1a1 and ME1a2 (Fig. 7A). MAZ
represses P2 promoter activity through binding to ME1a2 (19).
We compared effects of MAZR and MAZ on the c-myc pro-
moter activity in a transfection assay using the pro-B-cell line
18-81. As shown in Fig. 7B, MAZR strongly activated the
expression of the c-myc promoter plasmid in a dose-dependent
manner, whereas MAZ showed only marginal effects. Unex-
pectedly, internal deletion of both ME1a1 and ME1a2 ele-
ments from the P2 promoter did not abolish the effect of
MAZR (Fig. 7A and C). Perhaps the presence of other G-rich

sites in c-myc promoter (Fig. 7A) compensated for the loss of
ME1a1 and ME1a2 elements. These results indicated that,
even though MAZ and MAZR possess similar DNA binding
Zn finger domains, they are endowed with distinct biochemical
functions. MAZR may be a physiological transcriptional acti-
vator of the c-myc gene in B cells.

MAZR functions as an unusual type of transcription factor.
Having established that MAZR is a transcription activator, we
next examined various MAZR derivatives to locate the trans-
activation domain of MAZR using the c-myc reporter gene. As
shown in Fig. 8A, N-terminal deletion mutants of MAZR were
expressed in 18-81 cells. Interestingly, deletion of BTB domain
from MAZR (fMAZRDBTB) reduced its transcription activ-
ity, whereas deletion of most of the region N-terminal to the
Zn finger domains abolished its activity. To test whether the
N-terminal region is a transactivation domain, we utilized the
GAL4 fusion system (Fig. 8B). Chimeric proteins of several
portions of MAZR fused to the GBD were expressed in 18-81
cells along with the reporter plasmid which contains four cop-
ies of the GAL4 binding sites. As a positive control, GAL-
p45(1-272) which contains the transactivation domain of
NF-E2 p45 (33) was also compared. GAL-p45(1-272) strongly
activated expression of the reporter gene, so that the level was
about 250-fold greater (Fig. 8B, row 9). In contrast, all of the
MAZR fusion proteins showed only very weak activity (Fig.
8B, rows 2 to 8). Most importantly, the N-terminal region of
MAZR, including the BTB/POZ domain, did not show any
transcriptional activity (Fig. 8B, rows 3, 5, and 6). Expression
levels of these fusion proteins were determined by Western
blotting, as shown in Fig. 8C. These intriguing results sug-
gested that MAZR functions not as a typical transactivator but
as another type of transcription factor, like GAGA, which is
also a BTB/POZ factor (see Discussion).

Synergistic transactivation of fgf4 gene expression by MAZR
and Bach2. The above results suggest that a target gene(s)
regulated by MAZR and Bach2 would contain both the G-rich
sequence and MARE in its regulatory region. We searched for
genes with such regulatory sequences in the genomic database

FIG. 4. In vivo interaction between MAZR and Bach2. (A) Schematic rep-
resentation of GST-fused MAZR and FLAG-tagged MAZR (fMAZR). Dotted
box indicates the FLAG epitope. (B and C) GST-MAZR, Bach2 and fMAZR
were transiently expressed in 293T cells in various combinations as indicated.
Whole-cell extracts were incubated with glutathione beads and precipitates were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and im-
munoblotting using anti-Bach2 (aF69-2 serum) (B) and anti-FLAG (C). Posi-
tions of molecular markers (116 and 83 kDa) are shown on the left. G, GST;
G-M, GST-MAZR.

FIG. 5. Schematic representation of GAL4 fusions. MAZR, Bach2, and
Bach1 proteins were fused to the GBD and the GAD.
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using Genetyx Mac software. Of several candidate genes (data
not shown), the fgf4 gene was found to contain multiple puta-
tive MAZR-binding sites and a single MARE in its 59 regula-
tory region (shown in Fig. 9A). It should be noted that FGF4
plays an important role in the development of limb buds, along
with FGF2, -8, and -10 (29). The presence of these clustered
binding sites, as well as the expression profiles (Fig. 3), pro-
voked us to examine regulatory roles for MAZR and Bach2 in
the expression of the fgf4 gene. The fgf4 gene reporter plasmid,
which contains the 4,300-bp 59 promoter fused to the luciferase
gene, was created (Fig. 9A). The fgf4 reporter plasmid was
introduced into NIH3T3 cells along with expression plasmids
of MAZR, Bach2, and its partner MafK. MAZR alone or
Bach2 or MafK alone slightly activated the expression of the
reporter. In the presence of the Bach2-MafK complex, MAZR
enhanced the reporter gene expression synergistically (Fig. 9B,
lane 4). This enhancement was diminished by deletion of the
BTB/POZ domain of MAZR (MAZRDBTB) (Fig. 9B, lane 6),
indicating that this synergistic effect was mediated through the
BTB/POZ domain of MAZR. Deletion of the G-rich site and
MARE in the 59 terminal end of the fgf4 gene promoter
(FGF4Dluc) (Fig. 9A) slightly reduced the synergistic activity
between MAZR and Bach2 (Fig. 9B, right panel). Such syn-
ergism between MAZR and Bach2 was not observed with the
pRGBP4 reporter plasmid (16) which contains only a minimal
TATA box promoter (Fig. 7C). Taken together, these data
indicated that a complex generated between MAZR and
Bach2 functions as an activator of the fgf4 gene promoter.
Transcription activation by the MAZR-Bach2 complex is in
clear contrast to functions of other BTB/POZ proteins, most of
which repress transcription (8, 12, 27).

The synergistic activation of the FGF4Dluc reporter by
MAZR and Bach2 (Fig. 9B) could point to two mechanisms.
First, three AP-1-like sites in the fgf4 promoter (dotted boxes
shown in Fig. 9A) may compensate for loss of the MARE
because Bach2 can recognize an AP-1 site (36). Second, only
G-rich elements might be sufficient to recruit Bach2 onto
DNA, resulting in the synergistic activation. To test the second
possibility, we investigated an interaction between MAZR and
Bach2 on DNA by EMSA. The oligonucleotide probe con-
tained both a G-rich element and a MARE (Materials and
Methods). Each factor was transiently expressed in 293T cells
and subjected to EMSA.

As shown in Fig. 10A, MAZR bound to the probe efficiently,
whereas Bach2 did not bind under the conditions examined
(Fig. 10A, lanes 3 and 4). Binding of MAZR was competed
with a cold oligonucleotide DNA containing only a G-rich site
(Fig. 10A, lanes 5 and 6), verifying its site-specific binding.
Coexpression of MAZR and Bach2 resulted in formation of

another distinct band with slower mobility (Fig. 10A, lane 5).
Formation of this complex was inhibited by specific antibodies
against Bach2 or MAZR (Fig. 10A, lanes 9 and 10), showing
that it contained both MAZR and Bach2. This complex was
specifically competed out by a cold G-rich oligonucleotide but
not by a MARE oligonucleotide (Fig. 10A, lanes 6 and 7)
(molar excess, 100-fold). Furthermore, an interaction between
MAZR and Bach2 on DNA was also observed in EMSA using
a probe which contained the G-rich site and a mutated MARE
(Fig. 10B). Taken together, these results indicated that Bach2
associated with MAZR on a G-rich site of probe DNA and that
MARE is not critical for their association.

To evaluate transcriptional activity of MAZR-Bach2 com-
plex, we carried out a mammalian two-hybrid assay (Fig. 11).
When expressed individually, GAL-MAZR showed no effect
on the GAL4-dependent reporter gene expression, but GAL-
Bach2 repressed transcription. Thus, these two factors lacked
transcription activation potential on their own. However, si-
multaneous expression of the GAL-MAZR and nonfusion
Bach2 resulted in activation, indicating that MAZR-Bach2
complex acquired transactivation activity.

DISCUSSION

The BTB/POZ domain appears to play diverse roles in me-
diating interactions among proteins that are involved in tran-
scription regulation, chromatin structures, and cytoskeleton
organization. In this study, we have identified a new BTB/POZ
transcription factor, MAZR, which interacts with Bach2
through respective BTB/POZ domains. The significance of the
results is twofold. First, MAZR was found to be a strong
transactivator of c-myc promoter whose activity was indepen-
dent of the presence of a transcription activation domain.
Second, Bach2, which has been regarded as a transcription
repressor, functions as a part of the transcription activating
complex on certain promoters like the fgf4 gene by interacting
with MAZR. Protein-protein interaction mediated by the
BTB/POZ domain was shown to play critical roles in both of
the two aspects.

An increasing number of BTB/POZ proteins have been
identified and characterized; most of these proteins form ho-
mo- and/or hetero-oligomers through their BTB/POZ domains
(4, 41). However, the significance of such interactions in tran-
scription regulation has remained unclear. Isolation of MAZR
allowed us to address this issue. The results of quantitative
two-hybrid assays and EMSA showed that MAZR regulates
gene expression as both homomeric and heteromeric com-
plexes (Table 1 and Fig. 10). The central question raised by the
present results is how MAZR activated transcription in the

FIG. 6. Selection of G-rich sequences by MAZR. The tally was compiled by aligning sequences of 39 independent clones selected by MBP-MAZR(251-641). The
n for each position varies, because whenever nonrandom portions of the DNA overlapped with the aligned sequence, these sequences were excluded from the analysis.
The consensus site is shown below the tally. The consensus sequence for MAZ binding (37) is also shown below the tally.
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absence of transcription activation domain. Considering the
recent reports regarding BTB/POZ domain proteins, one of
the interesting possibilities is that MAZR functions as an ar-
chitectural transcription factor. One of the most-characterized

BTB/POZ domain proteins is Drosophila GAGA factor.
GAGA factor binds to regulatory DNA sequences that contain
multiple GAGA sites by generating multimers through its
BTB/POZ domain. Electron microscopy observations revealed

FIG. 7. MAZR transactivates the c-myc promoter. (A) Schematic structures of pMycluc and pMycDMEluc reporters. (B and C) Increasing amounts of MAZR and
MAZ expression plasmid (0.1 and 1 mg) were transfected into 18-81 B-cell lines along with the pMycluc, pRGBP4, or pMycDMEluc reporter (1 mg) and an internal
control plasmid, pEF-SP (0.25 mg). The results are the means of five independent transfections.
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FIG. 8. Examination of MAZR transactivation domain. (A) Schematic representation and transcriptional activity of MAZR deletion mutants. The experiment
procedure is described in the legend of Fig. 7. (B) Schematic representation and transcriptional activity of portions of MAZR fused to the GBD. Each expression
plasmid (1 mg) was introduced into 18-81 cells along with pG4TATAluc reporter (1 mg) and pEF-SP (0.25 mg) as an internal control. GAL-p45(1-272) was described
previously (33). (C) Western blot analysis of QT6 whole-cell extracts expressing GAL4-MAZR fusion proteins using anti-GAL4 DBD antibody (Upstate Biotechnol-
ogy). Molecular size markers are shown to the left. (2), mock transfection.
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that target DNAs wrap around such a GAGA multimer (21),
indicating its structural role in gene regulation. Another inter-
esting example in this line is Bach1. Bach1-MafK heterodimer
generates a higher-order complex through the BTB/POZ do-
main of Bach1 (17, 42). This resulting higher-order complex
binds to target DNA sequences with multiple MAREs, gener-
ating DNA loops (42). These observations suggest that BTB/
POZ domain transcription factors regulate transcription as

architectural factors (42). In this sense, it should be noted that
both c-myc and fgf4 promoters contain multiple potential tar-
get sites for MAZR. Thus, it is highly likely that binding of
multimers of MAZR can generate topological changes within
the promoter regions. The observed dependence on the BTB/
POZ domain is consistent with this idea. Structural changes
induced by binding of architectural factors may directly or
indirectly lead to activation of transcription.

FIG. 9. MAZR and Bach2 synergistically transactivate expression of the fgf4 gene. (A) Schematic structure of the fgf4 gene reporters and pRGBP4 (16), which
served as a negative control. (B and C) MAZR, Bach2, and MafK expression plasmids (0.5 mg each) were transfected into NIH 3T3 cells along with pFGF4luc and
pFGF4Dluc reporters (B) or the pRBGP4 reporter (C) (1 mg each) in the combinations indicated. The results are the means of three experiments.
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The role of Bach2 as an integral part of the activating com-
plex on the fgf4 promoter was unexpected because previous
results implicated Bach2 as a transcriptional repressor. For
example, Bach2 represses expression of the IgH gene through
MARE in its 39 enhancer in B cells (32). The mechanistic role
for Bach2 in the transactivating complex is still unknown. One
possibility is that Bach2 carries a transcription activation do-
main whose activity is manifested under specific contexts. This
is supported by the fact that the GBD-Bach2/bZip fusion pro-
tein induced LacZ activity in yeast cells (Table 1). The results
of a mammalian two-hybrid assay (Fig. 11) are also consistent
with this idea. Alternatively, binding of Bach2 to MAZR may
induce further structural changes of regulatory regions as sug-

gested above. Of course, these two possibilities are not mutu-
ally exclusive and further analysis is required to understand the
detailed mechanism. Thus far, most of the BTB/POZ domain
transcription factors have been found to repress transcription
(8, 12, 27). However, the results presented here suggest that
some of them may also participate in transcription activation
by interacting with other factors through BTB/POZ domains.

c-myc plays important roles in cell proliferation and differ-
entiation. As such, its expression must be tightly regulated.
Regulation of c-myc occurs at multiple levels, including initia-
tion and termination of transcription, and attenuation of tran-
scription. MAZ is implicated in repression of the c-myc gene
(19). There are several transcription factors, such as b-catenin–

FIG. 10. Association between MAZR and Bach2 on DNA. (A) EMSA was carried out with the oligonucleotide probe containing both the G-rich element and the
MARE. Lane 1, empty; lane 2, mock transfection; lanes 3 through 10, whole-cell extracts from 293T cells transiently expressing Bach2 (lane 3), MAZR (lane 4), and
MAZR and Bach2 (lanes 5 to 10) were prepared and subjected to EMSA. Cold competitor DNAs, containing either G-rich site or MARE (lanes 6 and 7, respectively),
were added at 100-fold molar excess prior to addition of the radiolabeled probe. The antibodies used were a control preimmune (PI) rabbit serum (lane 8), anti-Bach2
(lane 9), and anti-MAZR (lane 10). The asterisk indicates an unknown binding complex in rabbit serum. (B) EMSA of whole-cell extracts of 293T cells expressing
neither Bach2 nor MAZR (lane 2), Bach2 (lane 3), MAZR (lane 4), or Bach2 and MAZR (lane 5) was carried out with the oligonucleotide probe carrying the G-rich
element and the mutated MARE. Lane 1 was empty. The arrowheads and the arrows indicate MAZR and MAZR-Bach2 complexes, respectively.
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Tcf-4 complex, that activate the c-myc expression (15). Our
results, including high levels of expression observed in hema-
topoietic tissues, suggest MAZR is a candidate for activators of
c-myc in hematopoietic cells. Because MAZR and MAZ pos-
sess similar Zn fingers and DNA recognition specificities, c-
myc may be regulated by competing activities of transcription
factors that target similar cis-DNA elements. Competition be-
tween MAZ and MAZR is expected to confer strict regulation
of gene expression. Previous reports indicated that the ME1a1
and ME1a2 elements are the target of MAZ (19, 25). How-
ever, our results suggest that MAZR regulates transcription
through binding to other G-rich elements scattered within the
promoter region as well. Further studies are necessary to iden-
tify critical sites for MAZR and/or MAZ effects. In any case,
the involvement of BTB/POZ-Zn finger proteins in develop-
ment and cancer (2) makes MAZR an interesting candidate
for being an upstream regulator of the c-myc gene.

The observed synergistic activity of MAZR and Bach2 ap-
pears biologically relevant. Besides B lymphoid cells, we found
by whole-mount in situ hybridization that Bach2 and MAZR
are coexpressed in limb buds of 10.5-dpc mouse embryos (Fig.
3). The limb development requires a complex program of
events which is directed by a number of signaling molecules,

such as FGFs and Sonic hedgehog, whose expressions are
under strict regulation (29). The present results suggest that
gene regulation in limb buds utilizes a combinatorial code of
Bach2 and MAZR. One of the potential targets in limb buds is
fgf4. However, these two proteins are not the sole determinants
of fgf4 expression, since Bach2 and MAZR are expressed out-
side the AER as well.

If a combinatorial usage of BTB/POZ domain transcription
factors is widespread among higher eukaryotes, BTB/POZ do-
mains will shed a novel light on cancer etiology. Several BTB/
POZ transcription factors have been implicated in malignant
transformation (9, 41). Ectopic expression (e.g., BCL6) or gen-
eration of fusion proteins (e.g., PLZF) of BTB/POZ domain
factors could negatively influence some important combinato-
rial codes of transcription factors within a cell, resulting in
deregulated gene expression. Because of its potential involve-
ment in c-myc regulation, MAZR is an interesting candidate
for being a target in hematopoietic cells.

ACKNOWLEDGMENTS

We thank K. Yokoyama (RIKEN) for plasmids and discussion, G.
Martin (University of California) for plasmids, and T. Tanaka
(Tsukuba University) for discussion. We also thank K. Furuyama for

FIG. 11. Mammalian two-hybrid assay revealing transcriptional activity of MAZR-Bach2 complex. (A) GAL4 fusion and nonfusion factors used in the assay. (B)
Expression plasmids (1 mg) were introduced into 18-81 cells in the combinations indicated along with pG4TATAluc reporter (1 mg) and pEF-SP (0.25 mg) as an internal
control.

VOL. 20, 2000 A NOVEL MEMBER OF Myc-ASSOCIATED ZINC FINGER PROTEIN 1745



database searching, R. Matano for preparation of an antibody, and M.
Mochita for construction of plasmids.

This work was supported by grants-in-aid from the Ministry of Ed-
ucation, Science, Sports, and Culture, an RFTF grant from the Japa-
nese Society for the Promotion of Sciences, and grants from Naito
Foundation, Uehara Memorial Foundation (to K.I.), Mochida Memo-
rial Foundation, and Yamanouchi Foundation for Research on Met-
abolic Disorders (to A.K.).

REFERENCES

1. Ahmad, K. F., C. K. Engel, and G. G. Prive. 1998. Crystal structure of the
BTB domain from PLZF. Proc. Natl. Acad. Sci. USA 95:12123–12128.

2. Albagli, O., P. Dhordain, C. Deweindt, G. Lecocq, and D. Leprince. 1995.
The BTB/POZ domain: a new protein-protein interaction motif common to
DNA- and actin-binding proteins. Cell Growth Differ. 6:1193–1198.

3. Andrews, N. C., H. Erdjument-Bromage, M. B. Davidson, P. Tempst, and
S. H. Orkin. 1993. Erythroid transcription factor NF-E2 is a haematopoietic-
specific basic-leucine zipper protein. Nature 362:722–728.

4. Bardwell, V. J., and R. Treisman. 1994. The POZ domain: a conserved
protein-protein interaction motif. Genes Dev. 8:1664–1677.

5. Bossone, S. A., C. Asselin, A. J. Patel, and K. B. Marcu. 1992. MAZ, a zinc
finger protein, binds to c-MYC and C2 gene sequences regulating transcrip-
tional initiation and termination. Proc. Natl. Acad. Sci. USA 89:7452–7456.

6. Caterina, J. J., D. Donze, C.-W. Sun, D. J. Ciavatta, and T. M. Townes. 1994.
Cloning and functional characterization of LCR-F1: a bZIP transcription
factor that activates erythroid-specific, human globin gene expression. Nu-
cleic Acids Res. 22:2383–2391.

7. Chan, J. X., X.-L. Han, and Y. W. Kan. 1993. Cloning of Nrf1, an NF-E2-
related transcription factor, by genetic selection in yeast. Proc. Natl. Acad.
Sci. USA 90:11366–11370.

8. Chang, C.-C., B. H. Ye, R. S. K. Changanti, and R. Dalla-Favera. 1996.
BCL-6, a POZ/zinc finger protein, is a sequence-specific transcriptional
repressor. Proc. Natl. Acad. Sci. USA 93:6947–6952.

9. Chen, Z., N. J. Brand, A. Chen, S. J. Chen, J. H. Tong, Z. Y. Wang, S.
Waxman, and A. Zelent. 1993. Fusion between a novel Kruppel-like zinc
finger gene and the retinoic acid receptor-alpha locus due to a variant
t(11;17) translocation associated with acute promyelocytic leukaemia.
EMBO J. 12:1161–1167.

10. Chervitz, S. A., L. Aravind, G. Sherlock, C. A. Ball, E. V. Koonin, S. S.
Dwight, M. A. Harris, K. Dolinski, S. Mohr, T. Smith, S. Weng, J. M. Cherry,
and D. Botstein. 1998. Comparison of the complete protein sets of worm and
yeast: orthology and divergence. Science 282:2022–2028.

11. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159.

12. Deweindt, C., O. Albagli, F. Bernardin, P. Dhodain, S. Quief, D. Lantoine,
J. P. Kerckaert, and D. Leprince. 1995. The LAZ3/BCCL6 oncogene en-
codes a sequence-specific transcriptional inhibitor: a novel function for the
BT/POZ domain as an autonomous repressing domain. Cell Growth Differ.
6:1459–1503.

13. Dhordain, P., O. Albagli, S. Ansieau, M. H. Koken, C. Deweindt, S. Quief, D.
Lantoine, A. Leutz, J. P. Kerckaert, and D. Leprince. 1995. The BTB/POZ
domain targets the LAZ3/BCL6 oncoprotein to nuclear dots and mediates
homomerisation in vivo. Oncogene 11:2689–2697.

14. Dong, S., J. Zhu, A. Reid, P. Strutt, F. Guidez, H. J. Zhong, Z. Y. Wang, J.
Licht, S. Waxman, and C. Chomienne. 1996. Amino-terminal protein-pro-
tein interaction motif (POZ-domain) is responsible for activities of the
promyelocytic leukemia zinc finger-retinoic acid receptor-alpha fusion pro-
tein. Proc. Natl. Acad. Sci. USA 93:3624–3629.

15. He, T.-C., A. B. Sparks, C. Rago, H. Hermeking, L. Zawel, L. T. D. Costa,
P. J. Morin, B. Vogelstein, and K. W. Kinzler. 1998. Identification of c-MYC
as a target of the APC pathway. Science 281:1509–1512.

15a.Hebert, J. M., C. Basilico, M. Goldfarb, O. Haub, and G. R. Martin. 1990.
Isolation of cDNAs encoding four mouse FGF family members and charac-
terization of their expression patterns during embryogenesis. Dev. Biol.
138:454–463.

16. Igarashi, K., K. Kataoka, K. Itoh, N. Hayashi, M. Nishizawa, and M.
Yamamoto. 1994. Regulation of transcription by dimerization of erythroid
factor NF-E2 p45 with small Maf proteins. Nature 367:568–572.

17. Igarashi, K., H. Hoshino, A. Muto, N. Suwabe, S. Nishikawa, H. Nakauchi,
and M. Yamamoto. 1998. Multivalent DNA binding complex generated by
small Maf and Bach1 as a possible biochemical basis for beta-globin locus
control region complex. J. Biol. Chem. 273:11783–11790.

18. Itoh, K., K. Igarashi, N. Hayashi, M. Nishizawa, and M. Yamamoto. 1995.
Cloning and characterization of a novel erythroid cell-derived CNC family
transcription factor heterodimerizing with the small Maf family proteins.
Mol. Cell. Biol. 15:4184–4193.

19. Izzo, M. W., G. D. Strachan, M. C. Stubbs, and D. J. Hall. 1999. Transcrip-

tional repression from the c-myc P2 promoter by the Zinc finger protein
ZF87/MAZ. J. Biol. Chem. 274:19498–19506.

20. Kataoka, K., M. Noda, and M. Nishizawa. 1994. Maf nuclear oncoprotein
recognizes sequences related to an AP-1 site and forms heterodimers with
both Fos and Jun. Mol. Cell. Biol. 14:700–712.

21. Katsani, K. R., M. A. Hajibagheri, and C. P. Verrijzer. 1999. Co-operative
DNA binding by GAGA transcription factor requires the conserved BTB/
POZ domain and reorganizes promoter topology. EMBO J. 18:698–708.

22. Kennedy, G. C., and W. J. Rutter. 1992. Pur-1, a zinc-finger protein that
binds to purine-rich sequences, transactivates an insulin promoter in heter-
ologous cells. Proc. Natl. Acad. Sci. USA 89:11498–11502.

23. Kobayashi, A., K. Numayama-Tsuruta, K. Sogawa, and Y. Fujii-Kuriyama.
1997. CBP/p300 functions as a possible transcriptional coactivator of Ah
receptor nuclear translocator (Arnt). J. Biochem. (Tokyo) 122:703–710.

24. Kobayashi, A., E. Ito, T. Toki, K. Kogame, S. Takahashi, K. Igarashi, N.
Hayashi, and M. Yamamoto. 1999. Molecular cloning and functional char-
acterization of a new Cap’n’ collar family transcription factor Nrf3. J. Biol.
Chem. 274:6443–6452.

25. Komatsu, M., H.-O. Li, H. Tsutusi, K. Itakura, M. Matsumura, and K.
Yokoyama. 1997. MAZ, a Myc-associated zinc finger protein, is essential for
the ME1a1-mediated expression of the c-myc gene during neuroectodermal
differentiation of P19 cells. Oncogene 15:1123–1131.

26. Kozak, M. 1989. The scanning model for translation: an update. J. Cell Biol.
108:229–241.

27. Li, J.-Y., M. A. English, H. J. Ball, P. L. Yeyati, S. Waxman, and J. D. Licht.
1997. Sequence-specific DNA binding and transcriptional regulation by the
promyelocytic leukemia zinc finger protein. J. Biol. Chem. 272:22447–22455.

28. Luna, L., O. Johnsen, A. H. Skartlien, F. Pedeutour, C. Turc-Carel, H.
Prydz, and A. Kolsto. 1994. Molecular cloning of a putative novel human
bZIP transcription factor on chromosome 17q22. Genomics 22:553–562.

29. Martin, G. R. 1998. The roles of FGFs in the early development of vertebrate
limbs. Genes Dev. 12:1571–1586.

30. Mizushima, S., and S. Nagata. 1990. pEF-BOS, a powerful mammalian
expression vector. Nucleic Acids Res. 18:5322.

31. Moi, P., K. Chan, I. Asunis, A. Cao, and Y. W. Kan. 1994. Isolation of
NF-E2-related factor 2 (Nrf2), a NF-E2-like basic leucine zipper transcrip-
tional activator that binds to the tandem NF-E2/AP1 repeat of the beta-
globin locus control region. Proc. Natl. Acad. Sci. USA 91:9926–9930.

32. Muto, A., H. Hoshino, L. Madisen, N. Yanai, M. Obinata, H. Karasuyama,
N. Hayashi, H. Nakauchi, M. Yamamoto, M. Groudine, and K. Igarashi.
1998. Identification of Bach2 as a B-cell specific partner for small Maf
proteins that negatively regulates the immunoglobulin heavy chain gene 39
enhancer. EMBO J. 17:5734–5743.

33. Nagai, T., K. Igarashi, J. Akasaka, K. Furuyama, H. Fujita, N. Hayashi, M.
Yamamoto, and S. Sassa. 1998. Regulation of NF-E2 activity in erythroleu-
kemia cell differentiation. J. Biol. Chem. 273:5358–5365.

34. Ohtsuki, S., and M. Levine. 1998. GAGA mediates the enhancer blocking
activity of the eve promoter in the Drosophila embryo. Genes Dev. 12:3325–
3330.

35. Okada, M., and S. Hirose. 1998. Chromatin remodeling mediated by Dro-
sophila GAGA factor and ISWI activates fushi tarazu gene transcription in
vitro. Mol. Cell. Biol. 18:2455–2461.

36. Oyake, T., K. Itoh, H. Motohashi, N. Hayashi, H. Hoshino, M. Nishizawa, M.
Yamamoto, and K. Igarashi. 1996. Bach proteins belong to a novel family of
BTB-basic leucine zipper transcription factors that interact with MafK and
regulate transcription through the NF-E2 site. Mol. Cell. Biol. 16:6083–6095.

37. Parks, C. L., and T. Shenk. 1996. The serotonin 1a receptor gene contains a
TATA-less promoter that responds to MAZ and Sp1. J. Biol. Chem. 271:
4417–4430.

38. Pyrc, J. J., K. H. Moberg, and D. J. Hall. 1992. Isolation of a novel cDNA
encoding a zinc-finger protein that binds to two sites within the c-myc
promoter. Biochemistry 31:4102–4110.

39. Tsukiyama, T., P. B. Becker, and C. Wu. 1994. ATP-dependent nucleosome
disruption at a heat-shock promoter mediated by binding of GAGA tran-
scription factor. Nature 367:525–532.

40. Wilkinson, D. G. 1992. In situ hybridization: a practical approach. Oxford
University Press, London, United Kingdom.

41. Ye, B. H., F. Lista, F. Lo Coco, D. M. Knowles, K. Offit, R. S. Chaganti, and
R. Dalla-Favera. 1993. Alterations of a zinc finger-encoding gene, BCL-6, in
diffuse large-cell lymphoma. Science 262:747–750.

42. Yoshida, C., F. Tokumasu, K. Hohmura, J. Bungert, N. Hayashi, T. Naga-
sawa, J. D. Engel, M. Yamamoto, K. Takeyasu, and K. Igarashi. 1999. Long
range interaction of cis-DNA elements mediated by architectural transcrip-
tion factor Bach1. Genes Cells 4:643–655.

43. Zollman, S., D. Godt, G. G. Prive, J. L. Couderc, and F. A. Laski. 1994. The
BTB domain, found primarily in zinc finger proteins, defines an evolution-
arily conserved family that includes several developmentally regulated genes
in Drosophila. Proc. Natl. Acad. Sci. USA 91:10717–10721.

1746 KOBAYASHI ET AL. MOL. CELL. BIOL.


