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Max is a common dimerization partner for a family of transcription factors (Myc, Mad [or Mxi]), and Mnt
[or Rox] proteins) that regulate cell growth, proliferation, and apoptosis. We recently characterized a novel
Max-like protein, Mlx, which interacts with Mad1 and Mad4. Here we describe the cloning and functional
characterization of a new family of basic helix-loop-helix–leucine zipper heterodimeric partners for Mlx termed
the Mondo family. MondoA forms homodimers weakly and does not interact with Max or members of the Myc
or Mad families. MondoA and Mlx associate in vivo, and surprisingly, they are localized primarily to the
cytoplasm of cultured mammalian cells. Treatment of cells with the nuclear export inhibitor leptomycin B
results in the nuclear accumulation of MondoA and Mlx, demonstrating that they shuttle between the cyto-
plasmic and nuclear compartments rather than having exclusively cytoplasmic localization. MondoA prefer-
entially forms heterodimers with Mlx, and this heterocomplex can bind to, and activate transcription from,
CACGTG E-boxes when targeted to the nucleus via a heterologous nuclear localization signal. The amino
termini of the Mondo proteins are highly conserved among family members and contain separable and
autonomous cytoplasmic localization and transcription activation domains. Therefore, Mlx can mediate tran-
scriptional repression in conjunction with the Mad family and can mediate transcriptional activation via the
Mondo family. We propose that Mlx, like Max, functions as the center of a transcription factor network.

The precise regulation of gene expression during cell growth
and differentiation requires active repression and transactiva-
tion mechanisms. The Max network of basic helix-loop-helix–
leucine zipper (BHLHZip) transcription factors clearly illus-
trates this point (27). Max is a dimerization partner for the
Myc family of transcriptional activators (c-Myc, N-Myc, and
L-Myc) and the Mad family of transcriptional repressors
(Mad1, Mxi1, Mad3, Mad4, and Mnt [also called Rox]) (20, 27,
29, 38). Consistent with a role in regulating proliferation and
growth, Myc-Max heterocomplexes drive cell growth and divi-
sion and Myc expression is down-regulated during cellular
differentiation. By contrast, Mad-Max complexes inhibit pro-
liferation and are upregulated during cellular differentiation
(1, 2, 9, 23, 37). Therefore, via the relative activities of the
Myc-Max and Mad-Max heterodimers, the Max transcription
factor network is thought to regulate growth and differentia-
tion.

Considerable evidence supports the positive effects of the
Myc family and the negative effects of the Mad family on cell
growth and proliferation. Overexpression of Myc proteins can
transform primary rat embryo fibroblasts in cooperation with a
number of oncogenes, most notably activated Ras (27). Ex-
pression of Mad family genes or Mnt blocks transformation by
Myc plus activated Ras (14, 16, 29, 30, 34, 52). The opposing
functions of the Myc and Mad families are also observed in
mice null for members of the myc or mad family and in trans-
genic mice overexpressing c-Myc or Mad1. Mouse embryos
null for c-myc arrest development at day 9.5 postcoitum (18),

and N-Myc null mice fail to fully develop the heart, lungs, and
nervous system (15, 40). By contrast, mad1 null animals have
defects in the differentiation capacity of granulocyte cluster-
forming cells (24), and mxi1 null mice show increased prolif-
eration in precursor cell populations of the prostatic epithe-
lium (48). The phenotypes generated by overexpression of myc
and mad family genes are reciprocal to those seen in the
genetic null animals; c-myc overexpression in murine B cells
results in cells that are larger than normal (31), and transgenic
mice overexpressing mad1 are smaller than normal (45).
Therefore, these phenotypes are entirely consistent with the
proposed positive effects of the myc family and the negative
effects of the mad family in regulating cell growth and differ-
entiation. These opposing effects of the Myc and Mad families
are likely also active in Drosophila melanogaster because flies
homozygous for hypomorphic alleles of dmyc are smaller than
normal (25) and overexpression of dmyc in wing imaginal discs
yields cells that are larger than normal (32).

Myc-Max and Mad-Max heterocomplexes both recognize
the CACGTG subclass of E-box elements; however, Myc-Max
heterocomplexes activate transcription while Mad-Max com-
plexes repress transcription (5, 9, 47). The opposing effects of
Myc and Mad may manifest themselves by reciprocally regu-
lating the expression of genes involved in cell growth and
proliferation. Consistent with this hypothesis, Myc transcrip-
tional targets include genes involved in metabolism (CAD,
ornithine decarboxylase, lactate dehydrogenase A, and dihy-
drofolate reductase genes) and cell cycle progression (cyclin A,
cyclin D2, cyclin E, and telomerase genes) (13, 17, 26, 44).
Furthermore, Mxi1 can downregulate ornithine decarboxylase
expression (55), and cyclin D2-associated kinase activity is dra-
matically reduced in fibroblasts that overexpress Mad1 (45).

Several experiments suggest that Myc and Mad family pro-
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teins utilize Max to activate or repress transcription. Yeast
two-hybrid, DNA binding, and coprecipitation assays all dem-
onstrate that Myc and Mad proteins form homodimers poorly
but readily form heterodimers with Max. Mutations that pre-
vent the formation of Myc-Max or Mad-Max heterodimers
block the ability of Myc or Mad proteins to activate or repress
transcription, respectively. Max proteins with mutations in the
basic region function in a dominant-negative manner to block
the transcriptional activities of both Myc and Mad proteins
(for examples and review, see references 7, 11, 12, 27, 42, and
53). Therefore, Max is a cofactor utilized by the Myc and Mad
proteins to bind DNA and produce changes in gene expression.

We recently characterized a new Max-like BHLHZip pro-
tein called Mlx (Max-like protein X) that also forms functional
heterodimers with Mad1 (10). Database searches revealed that
the Mlx BHLHZip domain is most similar to that of Max. In
addition, Mlx shares many biochemical properties with Max.
Like Max, Mlx forms homodimers poorly and has no intrinsic
transcriptional activity. Mlx and Mad1 readily form het-
erodimers that bind the CACGTG subclass of E-boxes. Like
Mad1-Max heterocomplexes, Mad1-Mlx heterocomplexes re-
press transcription by a mechanism that depends on the re-
cruitment of the mSin3A-histone deacetylase corepressor com-
plex. These findings, and the sequence similarity of Mlx and
Max, suggest that Mlx also functions as the center of a tran-
scription factor network. Similar to the Max network, the Mad
family constitutes the negative side of the proposed Mlx net-
work. However, Mlx does not interact with members of the
Myc family (10). Therefore, we proposed that the Mlx network
might have a positive side composed of new transcriptional
activators.

In this study, we describe the cloning of a novel BHLHZip
heterodimerization partner for Mlx that constitutes the posi-
tive side of the Mlx network. Because of the large size of the
mRNA and the protein product, we have called this new pro-
tein MondoA. We find that Mlx and MondoA localize to the
cytoplasm in cultured mammalian cells but shuttle through the
nucleus. Despite their cytoplasmic localization, MondoA-Mlx
heterocomplexes activate transcription from CACGTG-
dependent reporters when targeted to the nucleus. Structure-
function analysis of a Mondo family member, MondoA, iden-
tified a conserved region in the amino terminus that contains
separable transcriptional activation and subcellular localiza-
tion domains. Therefore, like Max, Mlx can mediate the tran-
scriptional activities of at least two families of transcriptional
regulators and as such is likely to function as the center of a
transcription factor network.

MATERIALS AND METHODS

Two-hybrid screening. The entire open reading frame of human Mlx (10) was
cloned into pBTM116 to generate a LexA-Mlx fusion. LexA-Mlx was introduced
into the L40 yeast strain and was used to screen a cDNA library constructed from
9.5 and 10.5 embryos (28) as previously described (8, 10).

Cloning human mondoA and invertebrate mondo homologues. The open read-
ing frame of human mondoA contains a GC-rich region that is not efficiently
reverse transcribed. In order to obtain clones for this region, cDNA libraries
were constructed with double-selected mRNA prepared from K562 cells with
oligo(dT) or random hexamers as primers, and the double-stranded cDNA was
size selected for molecules larger than 1 kb. The cDNA was ligated into
pCDNA3 (Invitrogen), and primary clones were arrayed in 96-well plates with an
average density of 100 per well. The pools were spotted in duplicate onto nylon
membranes at high density and then screened using conventional 32P-labeled
DNA probes. In addition, three minilibraries were constructed using gene-spe-
cific primers. A total of 6 million clones were screened to obtain three overlap-
ping cDNAs used to reconstruct the open reading frame. The full-length
MondoA cDNA was cloned into both pcDNA3 (Invitrogen) and pcDNA3.1/V5
(Invitrogen) in frame with the V5 epitope.

P1 clones for mondoA and mondoB were obtained by screening a human P1
library (Genome Systems) with random-primed 32P-labeled fragments of the

respective cDNAs. The chromosomal localization of the human mondo genes
was determined by in situ hybridization using the P1 clones as probes and was
performed by Genome Systems. The chromosomal localization of mondoB was
confirmed by the recent completion of the draft sequence of the human genome
(GenBank accession no. AC073846).

The Caenorhabditis elegans mondo homologue is located on cosmid T20B12.
The predicted open reading frame obtained from A Caenorhabditis elegans Data
Base, or ACeDB, differs from the open reading frame deduced by sequencing
cDNAs (kindly provided by Y. Kohara). The dmondo gene was identified by
BLAST searches (using mondoA as the query) of the Berkeley Drosophila Ge-
nome Project expressed sequence tag (EST) and genomic sequence database.
The open reading frame was deduced by sequencing the ESTs LD31826 (which
contains the initiating ATG and stops in all three upstream reading frames) and
LD27794 (which is a partial cDNA). All cDNAs were obtained from the Berke-
ley Drosophila Genome Project.

Expression analysis. Northern blot analysis was performed by probing adult
tissue blots (Clontech) with random-primed 32P-labeled mondoA and mondoB
probes at high stringency. There was no cross-reactivity between the mondoA and
mondoB probes.

Transcription assays. Luciferase reporter assays and cell transfections were
performed in triplicate, with the error given as the standard error of the mean as
previously reported (10). Transfection efficiency was normalized by cotransfec-
tion of a LacZ expression plasmid. Mutant derivatives of mlx and mondoA were
made using PCR with TurboPFU (Stratagene) and were verified by sequencing.
Gal4 DNA binding domain (Gal4DBD) fusions were made in the vector
pFA (Stratagene). The sequence of the simian virus (SV40) large T antigen is
MAPKKKRKV.

Antibodies and protein interaction assays. Antibodies against Mlx were di-
rected against the carboxy terminus of the protein (10). Antibodies against a
glutathione S-transferase (GST) fusion of the BHLHZip domain of murine
MondoA were raised in rabbits. The specificity of the antiserum was tested by
immunoprecipitating in vitro-translated [35S]Met-labeled MondoA with or with-
out blocking antigen. Bleeds were also tested for their ability to immunoprecipi-
tate MondoA from [35S]Met-labeled P19 cells. Indirect immunofluorescence was
performed using standard procedures (4). Anti-FLAG (Sigma), -V5 (Invitro-
gen), and -Gal4 (Santa Cruz) monoclonal antibodies were used at 1:500. Rabbit
polyclonal anti-MondoA and anti-Mlx antibodies were used at 1:500. Fluorescein
isothiocyanate-conjugated sheep anti-mouse (Jackson ImmunoResearch Labo-
ratories) and Alexa 594 goat anti-rabbit (Molecular Probes) antibodies were
used at 1:500 to detect the primary antibodies. Cells were analyzed 24 h after
transfection. To quantify staining patterns, each transfection was performed at
least twice in duplicate and scored blind. The cells were counterstained with
Hoechst 33342 (5 mg/ml) to discriminate nuclei, and only cells expressing both
proteins were counted. A minimum of 50 cells were counted for each transfec-
tion. The cells were treated with 10 ng of leptomycin B (kindly provided by M.
Yoshida)/ml for 10 h.

Immunoprecipitations and Western blotting were carried out as previously
described with the following modifications (6, 36). Cytoplasmic fractions were
prepared by resuspending cell pellets in buffer H (10 mM Tris-HCl [pH 7.9], 10
mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol, 0.1% NP-40, and “complete”
protease inhibitor) (Boehringer Mannheim/Roche), vortexing them briefly, and
incubating them for 10 min on ice. Nuclei were pelleted for 7 min at 2,000 3 g
and 4°C in a Sorvall tabletop centrifuge. Following a second wash in buffer H, the
supernatants were pooled and centrifuged for 10 min at 10,000 3 g and 4°C. The
protein concentrations of the supernatants were determined by Bradford assay.
Anti-Mlx immunoprecipitation was carried out on 3 mg of total cytoplasmic
protein in buffer H plus 175 mM KCl. Western blots of precipitations were
probed with anti-Mlx amino terminus (1:1,000) or anti-MondoA (1:500) anti-
serum.

Far-Western blots were performed by first transferring proteins separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to poly-
vinylidene difluoride (PVDF) membranes and incubating the membranes in a
blocking solution (13 phosphate-buffered saline, 1 mM dithiothreitol, 5% nonfat
dry milk, 0.2% NP-40, 10% glycerol) for 1 h at room temperature. Next, the
membranes were incubated in the same solution with 1% nonfat dry milk mixed
with a single 50-ml TNT (Promega) in vitro translation reaction programmed to
produce [35S]Met-labeled Mlx protein. The blot was incubated for 4 h at 4°C and
then washed extensively (six times over an hour) with block solution without
nonfat dry milk. The blot was dried and autoradiographed from overnight to 4
days with a Low Energy Biomax Transcreen (Kodak). Gel shift assays were
performed as described previously (7) with a 32P-labeled CACGTG oligonucle-
otide and in vitro-translated Mlx or DLZMlx used in combination with a purified
GST fusion protein containing the BHLHZip domain of MondoA.

DNA pulldown reactions were carried out in buffer H plus 175 mM KCl. Three
milligrams of total cytoplasmic protein was incubated with biotinylated double-
stranded oligonucleotide DNA (25 nM in a total volume of 500 ml) for 20 min at
room temperature. DNA-protein complexes were precipitated by incubation
with UltraLink Neutravidin beads (25 ml of a 50% slurry) (Pierce) for 30 min at
4°C with rocking. Following incubation, the beads were washed four times in 1 ml
of buffer H plus 175 mM KCl and then resuspended in SDS-PAGE sample
buffer. The oligonucleotide pair sequences were wild-type CM1 and Biotin (GA
TCCCCCCACCACGTGGTGCCTG and GATCCAGGCACCACGTGGTGG
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GGG), and mutant CM1 and Biotin (GATCCCCCCACCACCTGGTGCCTG
and GATCCAGGCACCAGGTGGTGGGGG) (underlining marks the E-box
core sequence).

Nucleotide sequence accession numbers. GenBank accession numbers for H.
sapiens MondoA, C. elegans Mondo, and D. melanogaster Mondo are AF312918,
AAA19059, and AAF53988, respectively. H. sapiens MondoB is identical to the
recently described putative hepatic transcription factor WBSCR14 (19). The
accession number for WBSCR14 is AAF68174.

RESULTS

Cloning and characterization of a novel Mlx-binding pro-
tein. Like Max, Mlx may function as a dimerization partner for
many transcription factors. To determine if we could identify
additional Mlx-interacting proteins, Mlx was immunoprecipi-
tated from P19 cells under nondenaturing conditions and the
immunoprecipitates were resolved by SDS-PAGE and trans-
ferred to PVDF membranes. The membranes were probed
with [35S]methionine-labeled Mlx protein (far-Western blot-
ting). A prominent and specific polypeptide of approximately
130 kDa was detected (Fig. 1A). Further, this protein was not
detected in immunoprecipitates incubated with the cognate
Mlx antigen (Fig. 1A, Block), demonstrating that it associated

specifically with Mlx. Thus, Mlx appears to directly associate
with at least one protein in P19 cells.

In order to clone Mlx-binding proteins, we carried out a
yeast two-hybrid screen using full-length Mlx as bait. Approx-
imately 107 primary transformants were obtained from a day
9.5 and 10.5 mouse embryo random-primed VP16 fusion
cDNA library. Of these transformants, 40 colonies scored pos-
itive in the interaction assay. One of the colonies contained a
VP16-Mad4 fusion clone, a previously known Mlx-binding
partner (10). The remaining 39 clones harbored a novel
BHLHZip domain. This BHLHZip domain is homologous to
members of the Max family, and it is most similar to the
BHLHZip domain of Mlx (Fig. 1B). The 13-amino-acid basic
region contains the conserved residues required for high-affin-
ity binding to CACGTG E-boxes (His5, Glu9, and Arg13) and
is therefore predicted to bind to this DNA sequence (3, 21, 22).
To determine whether this new BHLHZip domain could in-
teract with members of the Max network, we tested it for
interaction with Max, c-Myc, L-Myc, N-Myc, Mad1, Mxi,
Mad3, and Mad4 in a directed two-hybrid assay. None of these
Max network proteins interacted significantly with the new

FIG. 1. Identification and cloning of an Mlx-binding protein. (A) Mlx and associated proteins were immunoprecipitated from whole-cell extract with Mlx antibodies
and probed in a far-Western blot with [35S]Met-labeled Mlx. The arrow indicates an ;130-kDa Mlx-binding protein. Block, incubation (1) of the antibody with cognate
antigen as a control for the specificity of the immunoprecipitation reaction. (B) Alignment of the BHLHZip domain of MondoA with Mlx and members of the Max
network. Conserved residues in the basic region predicted to dictate binding to CACGTG are marked by dots, as are the hydrophobic amino acids that make up the
leucine zipper. The dashes indicate gaps in the aligned sequences. (C) Expression of mondoA in adult human tissues as determined by Northern blot analysis (Sk.
muscle, skeletal muscle; PBL, peripheral blood lymphocytes). (D) Domain diagram of the MondoA protein. The percentages of amino acid identity between MondoA
and D. melanogaster Mondo (dMondo), C. elegans Mondo (cMondo), and H. sapiens Mlx are shown. The serine-threonine-proline (STP) rich domain is shaded. The
TAD is within the STP domain.
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BHLHZip domain (data not shown), suggesting that it dimer-
izes specifically with Mlx but not with members of the Max
network.

Northern blot analysis demonstrated that the transcript en-
coding this BHLHZip protein is approximately 9 kb in length,
with a minor transcript of approximately 5.5 kb (Fig. 1C and
data not shown). We termed this new gene mondoA. Expres-
sion of mondoA is highest in skeletal muscle, but it is expressed
in most adult tissues (Fig. 1C). Subsequent database searches
uncovered an EST encoding a portion of another mondo fam-
ily member, mondoB. Northern blot analysis of mondoB ex-
pression revealed a broadly expressed transcript of approxi-
mately 4 kb (data not shown). Therefore, the 5.5-kb transcript
detected with the mondoA probe is unlikely to be mondoB. In
situ hybridization of mouse embryos with mondoA showed that
the transcript is broadly expressed from day 9.5 to at least day
15 postcoitum, with slightly elevated levels in the developing
central nervous system (data not shown). The chromosomal
localizations of human mondoA (mondoA) and human
mondoB (mondoB) were determined by in situ hybridization.

The mondoA and mondoB genes are located at 12q21.31 and
7q11.23, respectively. Williams syndrome, which has complex
clinical features, including supravalvular aortic stenosis, im-
paired visual-spatial constructive cognition, mental retarda-
tion, and infantile hypercalcemias, is caused by a contiguous-
genome deletion of greater than 1 Mb at 7q11.23 (50). This
deletion results in the loss of one allele of the mondoB locus
(19), suggesting that haploinsufficiency of mondoB may con-
tribute to the disease.

We cloned and sequenced the complete open reading frame
of mondoA. To facilitate the identification of functional do-
mains, we also cloned mondo homologues from D. melano-
gaster and C. elegans. MondoA is approximately 23% identical
and 35% similar over its entire length to its homologs from D.
melanogaster and C. elegans (data not shown). A domain map
of MondoA is shown in Fig. 1D. The open reading frame codes
for a 919-amino-acid protein. The amino terminus is conserved
among all members of the mondo family but has no sequence
homology to other known proteins (Fig. 1D). We have termed
this region the mondo-specific region, or MSR. A serine-threo-
nine-proline-rich region (12% serine, 12% threonine, and
19% proline) follows the MSR in MondoA (Fig. 1D). The
BHLHZip region is located in the carboxy-terminal third of
the protein. The BHLHZip region is followed by a region in
the carboxy terminus that has homology to the carboxy-termi-
nal region of Mlx (10). The function of this region is not yet
known, but its conservation suggests that mlx and mondo genes
may have a common evolutionary ancestry. The analysis de-
scribed in this report focuses on the human MondoA protein.

To determine whether MondoA associates with Mlx at nor-
mal physiological concentrations, whole-cell extracts from P19
cells were immunoprecipitated with Mlx antibodies and ana-
lyzed by far-Western blotting as shown in Fig. 1. Consistent
with the previous result, a single specific band was detected
(Fig. 2A, left gel). To determine whether this Mlx-binding
protein was MondoA, the same membrane was reprobed with
antibodies specific for the BHLHZip domain of MondoA. A
band that migrated similarly to that of the Mlx-binding protein
was detected by anti-MondoA antibodies (Fig. 2A, right gel),
demonstrating that the Mlx-binding protein is MondoA. To-
gether, these data demonstrate that under physiological con-
ditions, MondoA-Mlx heterodimers exist in P19 cells.

We also determined the subcellular localization of MondoA
in P19 cells by far-Western blotting. Nuclear and cytoplasmic
fractions were prepared and immunoprecipitated with Mlx an-
tibody. Surprisingly, the Mlx-binding activity of MondoA was

found in the cytoplasm (Fig. 2B). This result suggested that
Mlx might also be localized to the cytoplasm. To test this idea,
Mlx was immunoprecipitated from cytoplasmic or nuclear ex-
tracts and detected by Western blotting. The majority of Mlx
protein was also in the cytoplasmic fraction, with small
amounts present in the nuclear fraction (Fig. 2C). In contrast,
mSin3A, a known nuclear protein, was found primarily in the
nuclear fraction, with only small amounts localized in the cy-
toplasmic fraction (Fig. 2D). A similar analysis demonstrated
that Mlx is primarily restricted to the cytoplasm of HL60,
K562, and PC12 cells (data not shown).

MondoA binds CACGTG E-boxes and activates transcrip-
tion. MondoA and Mlx heterodimerize and are predicted,
based on primary amino acid sequence, to bind CACGTG
E-box sequences. To determine whether P19 cells contained
E-box-binding activity associated with MondoA-Mlx het-
erodimers, P19 cytoplasmic extracts were incubated with dou-
ble-stranded CACGTG oligonucleotides immobilized on
beads and, following extensive washing, retention of MondoA-
Mlx heterodimers on the DNA beads was determined by West-
ern blotting. Both Mlx and MondoA were retained on the
wild-type oligonucleotide beads (Fig. 3A, lanes 2 and 6) but
not on the mutant control oligonucleotide beads (Fig. 3A,
lanes 3 and 7). In addition, a positive control immunoprecipi-
tation of cytoplasmic extracts with Mlx antibody also coimmu-
noprecipitated Mlx and MondoA (Fig. 3A, lanes 1 and 5).
Therefore, MondoA-Mlx heterodimers can be isolated by im-

FIG. 2. Mlx and MondoA associate in the cytoplasm. (A) Mlx immunopre-
cipitates were resolved on SDS gels and transferred to a PVDF membrane, and
the blot was sequentially probed with 35S-labeled Mlx (left) or anti-MondoA
(right) antiserum. Block, incubation of the antibody (1) with cognate antigen as
a control for the specificity of the immunoprecipitation reaction. (B) Nuclear (N)
and cytoplasmic (C) compartments were prepared by hypotonic lysis, immuno-
precipitated with Mlx antibodies, and probed in a far-Western blot with
[35S]Met-labeled Mlx (left) or anti-MondoA (right) antiserum. An ;130-kDa
band is detected in the cytoplasmic fraction (arrow). (C and D) Nuclear and
cytoplasmic fractions were immunoprecipitated with Mlx (C) or mSin3 (D)
antibodies, and the immunoprecipitates were examined by Western blotting with
Mlx or mSin3A antibodies.
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munoprecipitation, and both MondoA and Mlx can be isolated
by using immobilized CACGTG binding sites. These results
suggest that the DNA binding activity is a heterocomplex
of Mlx and MondoA; however, it is possible that Mlx and
MondoA homodimers are also present in the cytoplasm and
the observed DNA binding resulted from homodimer rather
than heterodimer binding.

To test whether MondoA-Mlx heterodimers are favored
over homodimers of either protein, an electrophoretic mobility
shift assay (EMSA) was performed using a recombinant GST
fusion protein containing the BHLHZip domain of MondoA
and in vitro-translated Mlx. Previous results have demon-
strated that Mlx homodimerizes poorly (10), and we obtained
similar results (Fig. 3B, lane 2). Under the conditions used,
MondoA formed homodimers weakly on the CACGTG probe
(Fig. 3B, lane 4). However, Mlx and MondoA formed a specific
complex that migrated with lower mobility than MondoA ho-
modimers, indicating the formation of heterodimers (Fig. 3B,
lane 5). Antibodies against Mlx and GST, which recognize the
GST portion of the GST-Mondo fusion protein, completely
supershift the heterodimer, confirming the presence of both
proteins in the complex (Fig. 3B, right, and data not shown). A
mutant Mlx protein lacking its leucine zipper (DLZMlx) could
not heterodimerize with MondoA (Fig. 3B, lane 6). Thus, Mlx
and MondoA bind DNA as heterodimers, and heterodimer-
ization requires the leucine zipper of Mlx. Furthermore, the
EMSA data suggest that MondoA-Mlx heterodimers are pre-
ferred over homodimers of either protein. Together, these
experiments suggest that the cytoplasmic DNA binding activity
is composed primarily of MondoA-Mlx heterodimers as op-
posed to homodimers of either MondoA or Mlx.

Our biochemical fractionation (Fig. 2B and data not shown)
suggests that Mlx and MondoA are localized primarily to the
cytoplasm. The high degree of evolutionary conservation in the
BHLHZip domains of both MondoA and Mlx, however,
strongly suggests that they function in the nucleus to regulate
gene expression. It is possible that MondoA-Mlx heterodimers
are retained in the cytoplasm and only translocate to the nu-
cleus in response to extracellular signaling or that they enter
the nucleus but are rapidly exported. If the latter is true, it

would be expected that the heterodimer would not accumulate
to high levels in the nucleus at steady state. To test whether
MondoA-Mlx heterodimers are actively exported from the nu-
cleus, we transfected NIH 3T3 cells, which do not express
significant amounts of MondoA or Mlx (data not shown), with
expression vectors encoding FLAG-tagged Mlx and MondoA
and treated them with the nuclear export inhibitor leptomycin
B (35, 54). MondoA and Mlx subcellular localization was mon-
itored by indirect immunofluorescence, and we quantified the
effect of leptomycin B by determining the percentage of cells
that displayed exclusively cytoplasmic, nuclear, or equivalent
cytoplasmic and nuclear staining. As expected, MondoA and
Mlx were localized almost exclusively to the cytoplasm in un-
treated cells (Fig. 4). By contrast, leptomycin B treatment
resulted in a dramatic relocalization of MondoA and Mlx to
the nucleus (Fig. 4C). Therefore, consistent with a role for
MondoA-Mlx heterodimers in transcriptional regulation, they
are not exclusively cytoplasmic proteins but rather are present
transiently in the nucleus.

To test the transcriptional activity of MondoA-Mlx het-
erodimers, we sought to artificially target them to the nucleus.
To do so, we fused the strong nuclear localization signal (NLS)
of SV40 large T antigen to the amino terminus of Mlx
(NLSMlx). We initially determined the subcellular localization
of MondoA and NLSMlx by immunofluorescence as described
above. In contrast to wild-type MondoA and Mlx (Fig. 4),
NLSMlx and coexpressed MondoA localized almost exclu-
sively to the nucleus (Fig. 5A). The nuclear colocalization of
MondoA and NLSMlx provides further evidence for their in
vivo interaction. To determine the transcriptional activity of
MondoA-Mlx heterodimers, we transfected NIH 3T3 cells with
MondoA, Mlx, or NLSMlx expression vectors along with a
luciferase reporter gene containing four CACGTG binding
sites. Expression of Mlx, NLSMlx, MondoA alone, or the com-
bination of Mlx and MondoA did not appreciably affect re-
porter gene expression. However, coexpression of MondoA
with NLSMlx resulted in a fourfold increase in reporter gene
expression (Fig. 5B). Mlx does not possess intrinsic transcrip-
tional activity (10); hence, the transcriptional activation do-
main (TAD) must be supplied by MondoA. Transcriptional

FIG. 3. Mlx and MondoA interact in vivo and bind CACGTG sequences as heterodimers. (A) Cytoplasmic extracts of P19 cells were incubated with either
CACGTG E-box (W.T. CM1) or mutant E-box CACCTG (Mut CM1) oligonucleotides immobilized on agarose beads. As a control, cell extracts were also precipitated
with a-Mlx (IP Mlx). The arrow indicates MondoA (left) or Mlx (right). (B) EMSA was used to show specific dimerization and DNA binding by MondoA and Mlx.
Proteins in the indicated combinations were bound to a 32P-labeled oligonucleotide containing a single CACGTG binding site. DLZMlx lacks the leucine zipper and
cannot heterodimerize with Mondo. RL, reticulocyte lysate alone. On the right, MondoA-Mlx heterocomplexes were incubated with either preimmune or antiMlx/GST
serum. The asterisk indicates the supershifted heterocomplex. 1, present.
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activation depended on the presence of E-box sites in the
reporter, the DNA binding activity of Mlx, and the leucine
zipper of Mlx (data not shown). Therefore, even though
MondoA-Mlx heterodimers are predominantly cytoplasmic,
they activate transcription when redistributed to the nucleus.

Identification of a CLD in MondoA. To investigate the sub-
cellular localization of MondoA-Mlx heterodimers, we sought
to identify domains in MondoA that regulate their cytoplasmic
localization. Mondo proteins contain a unique and highly con-
served amino terminus (MSR [Fig. 1D]); therefore, we thought
it might be involved in regulating subcellular localization. A
series of MondoA amino-terminal truncation mutants, DN224,
DN322, and DN445 (diagramed in Fig. 6A), were each coex-
pressed with Mlx in NIH 3T3 cells, and the subcellular local-
ization of both proteins was quantified by immunofluorescence
as described above. Data from a minimum of 100 cells were
obtained from two independent transfections. As before, both
Mlx and MondoA localized to the cytoplasm of coexpressing
cells (Table 1 and Figure 4). However, when Mlx was coex-
pressed with either DN445MondoA or DN322MondoA, Mlx
and each MondoA protein localized to the nucleus (Table
1). Therefore, the sequences in MondoA that regulate lo-
calization of MondoA-Mlx heterocomplexes are located
amino terminal to residue 322. By contrast, coexpression of
Mlx and DN224MondoA resulted in their equivalent distri-
bution to both the nucleus and cytoplasm (Table 1). Thus,
the DN224MondoA mutant partially restores cytoplasmic lo-
calization. Therefore, these data suggest that amino acids 224
to 322 of MondoA function as a cytoplasmic localization do-
main (CLD), although additional sequences upstream of
amino acid 224 are required for full cytoplasmic localization.

To determine if the amino terminus of MondoA could func-
tion as a CLD in the context of a heterologous protein, differ-
ent regions of the amino terminus were fused to the Gal4DBD.
Consistent with the finding that the Gal4DBD has an NLS, it
localized to the nucleus in approximately 85% of cells (Table
2). By contrast, a fusion of the Gal4DBD to amino acids 82 to
445 of MondoA [Gal4DBD(82-445)MondoA] localized to the
cytoplasm in 100% of the expressing cells. Therefore, amino
acids 82 to 445 can completely override the activity of the Gal4
NLS, demonstrating that the CLD of MondoA is portable.
Furthermore, fusion of the SV40 large-T-antigen NLS to
Gal4DBD(82-445)MondoA did not result in a predominant
nuclear localization of the chimera. Therefore, even multiple
NLSs cannot completely overcome the activity of the CLD. A
fusion between amino acids 125 to 321 of MondoA and
Gal4DBD was almost completely cytoplasmic, further delin-

FIG. 4. Mlx and Mondo shuttle between the cytoplasmic and nuclear com-
partments. Expression vectors encoding FLAG-tagged Mlx and MondoA were
transfected into NIH 3T3 cells. Their subcellular localization was determined by
indirect immunofluorescence using anti-FLAG and anti-MondoA antibodies. (A
and B) Two representative cells coexpressing Mlx and Mondo, respectively. (C)
The subcellular distribution of Mlx and MondoA was quantified in the absence
or presence (1) of leptomycin B. Nuc, nuclear; Cyto, cytoplasmic. The error bars
indicate standard deviations.

FIG. 5. Nuclear-targeted MondoA-Mlx is a transcriptional activator. (A) V5
epitope-tagged Mondo and NLSMlx were transfected into NIH 3T3 cells, and
their subcellular localization was determined and quantified by immunofluores-
cence. MondoA and Mlx were detected using anti-V5 and anti-Mlx, respectively,
as the primary antibodies. (B) Transient-transfection assays were performed to
determine the transcriptional activities of NLSMlx and MondoA on CACGTG
E-boxes in NIH 3T3 cells. The cells were transfected with 0.5 mg of Mlx,
NLSMlx, or MondoA in the combinations shown, along with a luciferase re-
porter containing four CACGTG binding sites. The results are shown as fold
activation, and the error is expressed as the standard error of the mean. 1,
present; Nuc, nuclear; Cyto, cytoplasmic.
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eating the CLD. Amino acids 125 and 321 are in the evolu-
tionarily conserved MSR (Fig. 1D), suggesting that cytoplas-
mic localization of the Mondo family is a conserved aspect of
their function.

Identification of an autonomous activation domain in
MondoA. MondoA-Mlx heterodimers activated transcription
when targeted to the nucleus (Fig. 5B). In order to map the
transactivation domain, we tested the MondoA amino-terminal
deletions, which, when coexpressed with Mlx, localized to the
nucleus, for their ability to regulate a CACGTG E-box re-
porter gene. Expression of each of these proteins alone did not
significantly affect expression of the reporter gene (Fig. 6B).
Similarly, expression of either MondoA or DN445MondoA
with Mlx did not alter the expression of the reporter gene (Fig.
6B). As before (Fig. 5), Mlx and full-length MondoA localized
to the cytoplasm and did not activate transcription. By con-
trast, Mlx and DN445MondoA localized to the nucleus (Table
1), suggesting that the first 445 amino acids of MondoA con-
tain both a transactivation domain and the CLD. Strikingly,
nuclear localization of Mlx and DN322MondoA (Table 1)

resulted in an approximately sevenfold increase in reporter
gene expression (Fig. 6B), demonstrating the presence of an
activation domain between amino acids 322 and 445. Coex-
pression of Mlx and DN224MondoA resulted in approxi-
mately threefold activation of the reporter gene, lower than
that of DN322MondoA (Fig. 6B). Coexpressed Mlx and
DN224MondoA localized to the nucleus and cytoplasm (Table
1), suggesting that the reduction in transactivation seen for
DN224MondoA results from a decrease in nuclear localization.
Therefore, the amino terminus of MondoA contains a trans-
activation domain between amino acids 322 and 445.

To test whether amino acids 322 to 445 of MondoA could
function as an autonomous activation domain, they were fused
to the Gal4DBD and this chimera was tested for its ability to
activate a herpes simplex virus thymidine kinase promoter that
contains four Gal4 binding sites. Expression of the Gal4DBD
alone resulted in little transcriptional activation, while Gal4–
c-Jun, a control transcriptional activator, activated transcrip-
tion approximately 50-fold. Gal4DBD(322-445)MondoA acti-
vated transcription 200- to 700-fold, depending on the amount
of expression plasmid transfected (Fig. 6C). This Gal4-
MondoA fusion also activated transcription to a similar extent
from a minimal promoter under the control of four Gal4 bind-
ing sites (data not shown). Therefore, the amino-terminal re-
gion of MondoA contains an autonomous activation domain
between amino acids 322 and 445.

FIG. 6. The amino terminus of MondoA contains an autonomous transcriptional domain. (A) Diagram illustrating the amino-terminal MondoA deletions.
hMondoA, human MondoA. (B) The amino-terminal deletion series of MondoA was tested for transcriptional activation when coexpressed with Mlx. The subcellular
localization of coexpressed Mlx and MondoA is indicated. (C) Amino acids 322 to 445 of MondoA were fused to the Gal4DBD and tested for activity in NIH 3T3 cells
using a luciferase reporter gene containing the thymidine kinase promoter and four Gal4 binding sites. Gal4DBD (450 ng), Gal4–c-Jun (450 ng), or increasing amounts
(50, 150, and 450 ng) of Gal4DBD(332-445)MondoA were transfected. The results are shown as fold activation, and the error is expressed as the standard error of the
mean. 1, present; 2, absent.

TABLE 1. The amino terminus of human MondoA regulates its
subcellular localizationa

Coexpressed
proteins % Nuc % Nuc 5

cyto % Cyto

hMondoA 0 0 100
Mlx 4 6 1.4 6 6 1.4 90 6 2.8
DN445hMondoA 100 6 .4 0 0
Mlx 100 6 3 0 0
DN322hMondoA 100 0 0
Mlx 98.0 6 17.3 2 6 .01 0
DN224hMondoA 21.7 6 2.7 68.8 6 13 9.5 6 6.7
Mlx 53.2 6 6.3 42.1 6 1.2 4.8 6 3.4

a Percentages are given for the different staining patterns for Mlx and Mondo.
Cells were transfected with the indicated combinations of expression plasmids,
and the subcellular localization was scored in cells that expressed both proteins.
Nuc, exclusively nuclear staining; Cyto, exclusively cytoplasmic staining; Nuc 5
Cyto, equivalent nuclear and cytoplasmic staining; hMondoA, human MondoA.

TABLE 2. Residues 125 to 321 of human MondoA function
as an autonomous CLDa

Expressed protein % Nuc % Nuc 5
cyto % Cyto

Gal4 85 6 4.9 8 6 4.9 7 6 2.1
Gal4DBD(82-445)hMondoA 0 0 100
Gal4NLS(82-445)hMondoA 13 6 3.6 43 6 4.5 44 6 1.4
Gal4DBD(125-321)hMondoA 0 3 6 1.2 97 6 4.9

a Categories of staining patterns are the same as those shown in Table 1.
hMondoA, human MondoA.
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DISCUSSION

Previously, we identified the novel Max-like protein Mlx.
Here we describe the novel partner protein for Mlx, termed
Mondo. The predicted primary amino acid sequence of the
MondoA protein reveals a large BHLHZip protein with two
regions of sequence similarity at the amino- and carboxy-ter-
minal regions that are conserved among Homo sapiens, D.
melanogaster, and C. elegans mondo homologues. The carboxy-
terminal conserved domain is striking because it is conserved
among all of the mondo and mlx family members. This suggests
that mlx and mondo genes may have a common evolutionary
ancestor and that this region may be crucial for aspects of Mlx
and Mondo function. The amino terminus of the MondoA
protein has at least two functional domains, one that regulates
cytoplasmic localization of MondoA-Mlx heterocomplexes and
another involved in transactivation (see below). Thus, the mlx
and mondo genes form a new family of cytoplasmically local-
ized BHLHZip transcription factors.

Several lines of evidence support the physiological relevance
of the interaction between MondoA and Mlx. First, 39 of 40
positive clones in our two-hybrid screen to detect Mlx-inter-
acting proteins included the BHLHZip domain of murine
MondoA. Second, murine MondoA did not interact with other
members of the Max network in a directed two-hybrid screen.
Third, MondoA-Mlx heterodimers bound specifically to CAC
GTC sites and activated transcription from CACGTG-dependent
reporters in a manner that required dimerization and DNA
binding. Fourth, MondoA and Mlx localize to the cytoplasm
and redistribute to the nucleus together. Finally, we have de-
tected association between MondoA and Mlx in cytoplasmic
extracts of P19 cells by coimmunoprecipitation and DNA pull-
down assays. Together, these experiments provide compelling
evidence that MondoA-Mlx heterocomplexes exist in vivo.

Regulated nuclear import of many transcription factors is a
well-established biological control mechanism (51). MondoA-
Mlx heterodimers localize predominantly to the cytoplasm;
however, we propose that these proteins function in the nu-
cleus. Our strongest experimental support for this proposal
comes from targeting the heterocomplex to the nucleus with
a strong NLS grafted onto the amino terminus of Mlx. The
targeted heterocomplex activated transcription from CACG
TG-driven reporter genes. We have not yet identified the con-
ditions or cell types in which wild-type MondoA-Mlx hetero-
complexes accumulate in the nucleus, and therefore it is pos-
sible that the transcriptional activation attributed to MondoA
resulted from artificial nuclear targeting. However, as we ob-
served both nuclear localization and transcriptional activation
with wild-type Mlx and a MondoA mutant that lacks the CLD
(D322MondoA), it is unlikely that the 9-amino-acid NLS sup-
plies an artificial activation domain to Mlx. Furthermore, ad-
ditional evidence supports a nuclear function for MondoA-Mlx
heterodimers: (i) MondoA-Mlx heterodimers shuttle through
the nucleus and therefore are not constitutively cytoplasmic
proteins, (ii) the DBDs of both MondoA and Mlx are highly
conserved across species and are capable of specific CACGTG
binding, and (iii) the amino terminus of MondoA has a potent
autonomous TAD. Therefore, we propose that MondoA-Mlx
heterocomplexes function as transcriptional activators whose
nuclear activity is under tight control via their cytoplasmic
localization. A signal(s), as yet unidentified, may be required to
redistribute the heterocomplex from the cytoplasm to the nu-
cleus. Alternatively, MondoA-Mlx heterodimers may shuttle
rapidly through the nucleus and not reach high levels at steady
state. We are attempting to distinguish between these two
mechanisms.

While we propose a nuclear function for Mondo-Mlx het-
erodimers, we cannot rule out the possibility that the hetero-
complex has additional activities in the cytoplasm. A cytoplas-
mic function for MondoA might include the sequestration of
Mlx, which would limit the access of Mlx to other nuclear
dimerization partners, such as Mad1 and Mad4. When ex-
pressed on its own, however, Mlx localized to the cytoplasm
(A. L. Eilers, unpublished data), suggesting that cytoplasmic
localization of Mlx is an intrinsic property and is independent
of Mondo. However, at this time we cannot rule out a domi-
nant-negative role for MondoA in regulating the access of Mlx
to as-yet-unidentified transcription factors. Mondo-Mlx het-
erodimers may have cytoplasmic functions, but as our evidence
points strongly to a nuclear function for the heterocomplex, it
seems unlikely that it has exclusively cytoplasmic functions.

Other members of the Max network BHLHZip superfamily
are primarily nuclear but can also be regulated by subcellular
localization, and thus this type of regulation is not unique to
Mlx and Mondo. For example, though c-Myc is usually nuclear,
it is sequestered in the cytoplasm of Purkinje cells via an
interaction with the CDR-2 protein. This interaction is thought
to block c-Myc-induced cell death in Purkinje cells (43).

To decipher the regulation of cytoplasmic localization by
Mondo-Mlx heterodimers, we identified a CLD in MondoA.
The CLD (amino acids 125 to 321) provides a strong cytoplas-
mic localization signal that is capable of overriding the activity
of both Gal4 and the SV40 large-T-antigen NLS. Treatment of
cells with leptomycin B resulted in the nuclear accumulation of
Mlx and MondoA. Leptomycin B is an inhibitor of CRM-
dependent nuclear export (54), suggesting that the CLD of
MondoA functions via a known export pathway to maintain
MondoA-Mlx heterocomplexes in the cytoplasm. The CLD
does not show obvious sequence similarity to known export
signals (39, 41) and likely constitutes a novel regulatory do-
main.

Wild-type MondoA, N-terminal deletions of MondoA lack-
ing the CLD, and Mlx all localize to the cytoplasm when ex-
pressed individually (data not shown), suggesting that addi-
tional sequences in both MondoA and Mlx regulate their
subcellular localization. When coexpressed, wild-type Mlx and
MondoA also localize to the cytoplasm. However, when Mlx is
coexpressed with any of the MondoA deletions lacking the
CLD, they localize predominantly to the nucleus. Therefore, in
the absence of the CLD, heterodimerization of MondoA and
Mlx results in their nuclear localization. It is possible that
heterodimerization blocks the cytoplasmic localization func-
tions of monomeric MondoA and Mlx, or heterodimerization
may unmask a dominant NLS(s) in either MondoA, Mlx, or
both proteins. It is also possible that monomers of MondoA
and Mlx are rapidly degraded in the nucleus. However, as we
can detect NLSMlx in the nucleus when it is expressed alone
(data not shown), we consider this possibility less likely. There-
fore, our data suggest that in order for MondoA and Mlx to
accumulate in the nucleus multiple negative regulatory steps
must be overcome; the function of the CLD of MondoA must
be inactivated, perhaps by extracellular signaling, and the two
proteins must heterodimerize. Interestingly, a similar depen-
dence on heterodimerization for nuclear accumulation has
been observed for the Drosophila clock proteins PER and TIM
(46).

The amino terminus of MondoA also contains a TAD be-
tween amino acids 322 and 445 which is extremely active when
fused to the Gal4DBD. This activity is much greater than that
seen with the wild-type MondoA protein, possibly due to the
high affinity of the Gal4 homodimer for DNA. The MondoA
TAD is rich in serine, threonine, and proline, a characteristic
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shared with TADs of the PAX family (49). In spite of the other
functional similarities between Myc and Mondo, their TADs
have little specific sequence similarity. However, a segment of
c-Myc’s activation domain, amino acids 41 to 103, is proline
rich (33), suggesting that there may be functional similarities
shared by Myc and Mondo transactivation.

We have described a new transcription factor network whose
center is Mlx. Like Max, Mlx is a common partner for both
transcriptional activators, the Mondo proteins, and repressors,
the Mad proteins. Given the similarities between the Max
network and the Mlx network, it is likely that the Mlx network
will also function in the regulation of cell proliferation and
differentiation. Our preliminary data suggest that transcrip-
tional cross talk between the Max network and the Mlx net-
work regulates their activity. For example, in Mad1 null mice,
Mlx is upregulated in the granulosa cells of the ovary, and
Drosophila Myc appears to regulate Drosophila Mondo mRNA
levels (data not shown). Thus, it is likely that a web of regu-
latory interactions between the Max and Mlx networks regu-
lates the functions of these two transcription factor families.
Future experiments will be directed at understanding the com-
plicated interplay of these two networks.
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