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The MafB transcriptional activator plays a pivotal role in regulating lineage-specific gene expression during
hematopoiesis by repressing Ets-1-mediated transcription of key erythroid-specific genes in myeloid cells. To
determine the effects of Maf family proteins on the transactivation of myeloid-specific genes in myeloid cells,
we tested the ability of c-Maf to influence Ets-1- and c-Myb-dependent CD13/APN transcription. Expression of
c-Maf in human immature myeloblastic cells inhibited CD13/APN-driven reporter gene activity (85 to 95%
reduction) and required the binding of both c-Myb and Ets, but not Maf, to the promoter fragment. c-Maf’s
inhibition of CD13/APN expression correlates with its ability to physically associate with c-Myb. While c-Maf
mRNA and protein levels remain constant during myeloid differentiation, formation of inhibitory Myb-Maf
complexes was developmentally regulated, with their levels being highest in immature myeloid cell lines and
markedly decreased in cell lines representing later developmental stages. This pattern matched that of
CD13/APN reporter gene expression, indicating that Maf modulation of c-Myb activity may be an important
mechanism for the control of gene transcription during hematopoietic cell development.

The association of the Myb and Ets-1 proteins serves as a
paradigm for the functional and cooperative interactions be-
tween hematopoietic transcription factors. The E26 virus con-
tains the DNA binding and transactivation domains of both the
Myb and Ets-1 proteins fused to form a single oncoprotein (14,
43). While expression of either the single v-Myb or v-Ets pro-
teins is weakly transforming, coexpression of the proteins ei-
ther as a fusion construct or separately in the same cells results
in a much higher transforming activity than the additive effects
of the individual proteins, suggesting that their combination
potentiates the transformation of avian hematopoietic cells
(11, 45). In addition, c-Myb and Ets family members have been
shown to cooperate to transactivate myeloid-specific promot-
ers (10, 60). Attempts to demonstrate a physical interaction
between Myb and Ets-1 have not been successful (10, 14,
44–46), indicating that accessory proteins may be required to
facilitate their cooperative interaction.

While it appears to be the rule that Ets family members
interact with accessory proteins, resulting in either positive or
negative regulatory effects (52, 59, 65), the isolation of direct
protein partners for Myb has proved elusive. Recently, how-
ever, two reports have shown that the interaction of Myb with
the CREB binding protein transcriptional coactivator results in
increased transcriptional ability (6, 55), presumably by linking
c-Myb to the basal transcriptional machinery. Similarly, c-Myb
interacts with the p100 transcriptional coactivator through the
highly conserved EVES motif (8). In addition, a physical as-
sociation between c-Myb and the C/EBP transcription factor is
essential for their cooperative regulation of the avian mim-1
promoter (48) and may account for their combinatorial acti-
vation of myeloid genes in heterologous cells (3).

Members of the Maf family of basic region/leucine zipper
(bZIP) transcription factors can affect transcription in either a

positive or negative fashion, depending on their particular pro-
tein partner and the context of the target promoter (21, 26,
29–34, 38, 62). Previous reports (62) have shown that enforced
expression of MafB in avian erythroid cells results in its phys-
ical interaction with the Ets-1 transcription factor and repres-
sion of Ets-1 transcriptional activity. MafB is normally ex-
pressed in mature avian myeloid cells but not in erythroid cells,
a pattern consistent with MafB repression of the erythroid
gene program in myeloid cells. These observations prompted
us to investigate the effect of Maf family members on genes
regulated by the Ets-1 protein in myeloid cells.

The CD13/APN gene is expressed very early in myeloid cell
development and is restricted to cells of the granulocyte/mac-
rophage lineage (15, 16, 23). c-Myb and Ets-1 transcription
factors act cooperatively to positively regulate CD13/APN gene
transcription in myeloid cell progenitors (60). Here we report
that c-Maf inhibits transcription of CD13/APN, and this inhi-
bition profoundly affects the c-Myb–Ets-1 cooperative interac-
tion. Furthermore, c-Maf physically interacts in vitro with the
c-Myb DNA binding domain, and the Myb-Maf complex is
detected in myeloid cell lines. Finally, although c-Maf mRNA
and protein are expressed at equal levels in human myeloid cell
lines arrested at progressive stages of differentiation, the for-
mation of Myb-Maf inhibitory complexes appears to be devel-
opmentally regulated. These results suggest a crucial role for
c-Maf in regulation of cooperative interactions between c-Myb
and Ets-1 in early myeloid cell differentiation.

MATERIALS AND METHODS

Cell lines. Human cell lines included the myeloid leukemia lines HL-60
(ATCC CRL 1593), U937 (ATCC CRL 1593), KG1 (ATCC CCL 246), KG1a, a
phenotypically primitive, developmentally arrested revertant of the KG1 cell line
that is incapable of further myeloid differentiation (37) (ATCC CCL 246.1), and
KCL22 and NB-4 (generous gifts of H. P. Koeffler) as well as the epithelial cell
line C33A (ATCC HTB 31). Nonadherent cell lines were grown in RPMI 1640
medium, and adherent lines were maintained in Dulbecco’s modified Eagle
medium, each supplemented with 2 mM L-glutamine and 10% fetal calf serum.
The HL-60 and U937 cell lines were induced to differentiate by using 12-O-
tetradecanoylphorbol diester (TPA; 1026 M) added to the culture medium; cells
were harvested at 6 and 24 h after addition.
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Plasmid construction. The wild-type reporter construct 2411luc contains
genomic sequences from bp 2411 through 165 of the CD13/APN myeloid
promoter in the pGL2basic backbone (Promega) (60). The 59-deletion mutant
2291luc was constructed from this parent plasmid by DdeI enzyme digestion.
The consensus Myb site in the 2411luc reporter construct was mutated from
TAACGGAC to TCTTGGAC, using a Transformer kit (Clontech) to produce
the Mybmutluc plasmid. Etsdelluc, lacking the 30-bp segment between 2330 and
2360 which includes the three consensus Ets binding sites, was constructed by
overlap extension (22) using 59 primer UP2-PMC (59-CTGTTGGGAAGGGC
GATCGGTGC-39), 39 primer DN2-PMC (59-CCTGGGATGCACCAGGGCT
CCTG-39), and the complementary overlap primer DN(UP)-ESPMC (59-CAC
CACCCAGCTGCACGG/GCACAGAGCTCCCTGCGGT-39). pRc/RSVcMaf
was made by inserting the full-length murine c-Maf cDNA (38) into the BamHI/
XbaI sites of the pRc/RSV plasmid (Invitrogen). The pMT-CB6-cMaf construct
used to produce the U937 cell line inducibly expressing c-Maf in response to
Zn21 was made by cloning the full-length c-Maf cDNA (38) into HindIII/XbaI-
cut pMT-CB6 (a gift of A. T. Look).

The Myb-LexA fusion protein was constructed in the yeast expression plasmid
Y.LexA (a gift from Steven Dalton). In this construct, c-Myb codons 1 to 240
were fused in frame to the lexA operator binding domain (codons 2 to 202) of the
LexA protein as an NcoI/HincII restriction fragment. Fusion constructs of the
herpes simplex virus protein VP16 transactivation domain with c-Maf (amino
acids 123 to 370), c-Fos, and c-Jun (38) as well as USF2 (40) are reported
elsewhere. nrl cDNA (34) was a gift from Tom Kerppola. Kreisler cDNA was
generated by reverse transcription-PCR using primers based on published se-
quences (5). The VP16 fusion of Nrl amino acids 118 to 237 and full-length
Kreisler were made in pSD.10a (7). In both the Y.LexA and pSD.10a vectors,
expression of the hybrid proteins was under the control of a GAL10-CYC1 hybrid
yeast promoter. This made bait and prey gene expression glucose repressible and
galactose inducible (18).

Transfection of recombinant plasmids and reporter gene assays. To compare
transcriptional activity among cell lines, we electroporated the KG1a, U937, and
HL-60 cell lines with 5 mg of the wild-type promoter constructs and 2 mg of the
control b-actin–secreted alkaline phosphatase (SEAP) plasmid as described else-
where (60). The transfection efficiency with each construct was normalized to the
control level of SEAP activity (1); the reported values were calculated as relative
light units per unit of SEAP activity. To compare results among the cell lines, we
expressed transcriptional activity as the fold increase over that produced with the
promoterless luciferase vector, pGL2basic, determined in parallel transfections.
Each point was determined at least four times. For transactivation assays, C33A
epithelial cells (which are negative for CD13/APN and c-Myb expression) were
transfected by the calcium phosphate method (60) with 1 mg of each of the
2411luc reporter plasmid and b-actin–SEAP control plasmid, plus the indicated
amounts of reporter and expression plasmids (Fig. 2): pRc/RSVcMaf, encoding
the full-length murine c-Maf protein, pCMV4cMyb, encoding the full-length
murine c-Myb protein (60); and pEVRFO-Ets-1, encoding the full-length murine
Ets-1 protein (54) (kindly provided by Barbara Graves, University of Utah).
Assays to detect luciferase activity were performed as described previously (60);
100-ml aliquots of total cellular protein from lysates representing each transfec-
tion condition were tested for luciferase activity, and the resulting values were
normalized to SEAP activity, assayed as described elsewhere (1).

Northern and immunoprecipitation/Western blot analyses. Poly(A)1 RNA
was extracted from the various cell lines by using a FastTrack 2.0 kit (Invitrogen).
Ten micrograms of poly(A)1 RNA from the indicated cell lines was separated on
a 1% agarose-formaldehyde gel, transferred to a nylon membrane, and sequen-
tially probed with the BstEII/NcoI fragment containing the 59 region of murine
c-Maf (which excludes the bZIP domain) and the b-actin cDNA probes. Relative
expression levels between the cell lines were normalized to b-actin levels by using
a Molecular Dynamics PhosphorImager. For immunoprecipitation/Western blot
analysis of c-Maf proteins, KG1a or HL-60 cells were immunoprecipitated as
specified by the manufacturer (Santa Cruz Biotechnology). Briefly, cells were
harvested, washed, resuspended in radioimmunoprecipitation assay buffer, and
disrupted by aspiration through a 21-gauge needle. The supernatant was pre-
cleared with normal rabbit immunoglobulin G (IgG) and protein A-Sepharose.
Rabbit anti-v-Maf antiserum (1 mg; Santa Cruz Biotechnology) was added to 10
mg of total protein for 1 h at 4°C, and antibody complexes were precipitated with
protein A-Sepharose. Proteins were separated on a sodium dodecyl sulfate
(SDS)–12% polyacrylamide gel and transferred onto a nitrocellulose membrane.
Membranes were blocked with 5% milk in Tris-buffered saline; the primary
antibody used was rabbit anti-v-Maf polyclonal antiserum (1 mg/ml), followed by
a 1:2,000 dilution of horseradish peroxidase-linked donkey anti-rabbit IgG. Spe-
cific horseradish peroxidase-conjugated protein complexes were detected by the
enhanced chemiluminescence method (Amersham).

DNA binding assays. For DNA binding assays, whole-cell lysates from myeloid
cell lines were prepared by resuspending and washing pelleted cells in cold
phosphate-buffered saline and resuspending the pellet in lysis buffer (20 mM
Tris-HCl [pH 7.5], 2 mM dithiothreitol [DTT], 20% glycerol, 50 mM KCl)
containing a protease inhibitor cocktail (Boehringer Mannheim Complete). Af-
ter addition of Triton X-100 to 0.5% (vol/vol) final concentration, the lysate was
incubated on ice for 60 min, and the debris was pelleted for 15 min at 14,000 rpm.
Cleared lysate was quantitated and stored at 280°C until use. Glutathione
S-transferase (GST) fusion proteins (1 mg) or cell lysates from myeloid cell lines

(20 mg) were preincubated in binding buffer [10 mM HEPES (pH 7.9), 50 mM
KCl, 5 mM MgCl2, 10% glycerol, 1 mM DTT, 1 mg of poly(dI-dC)] in 25-ml
reactions with or without 0.1 mg of the consensus or mutant double-stranded
oligonucleotide competitors mimAmyb (CTAGGACATTATAACGGTTTTTT
AGT), mimAmybmut (CTAGGACATTAGCCAGATTTTTTAGT (60), and
MARE (TCGAGCTCGGAATTGCTGACTCAGCATTACTC) (31) for 15 min
at 4°C before the addition of probe. For supershift experiments, 1 ml of an
anti-v-Maf polyclonal antibody (cross-reactive with c-Maf; Santa Cruz Biotech-
nology) or control antibody was preincubated with lysate for 10 min at 4°C before
addition of probe. The 32P-end-labeled genomic fragment probe (XbaI/DdeI
fragment containing bp 2426 through 2291 of the CD13/APN promoter) was
then added, and the mixture was incubated for an additional 15 min at 4°C.
Binding reactions were electrophoresed through a 3.5% acrylamide gel contain-
ing 10% glycerol in Tris-acetate-EDTA buffer at 4°C. Gels were dried and
exposed to X-ray film. For stability comparisons in Fig. 10, binding reaction
mixtures containing bacterial protein and probe were incubated for 15 min at 4°C
before addition of 50 ng of a 70-bp oligonucleotide (Myb/Ets-70) consisting of
sequences corresponding to bp 2320 to 2390 (including the Myb and Ets
consensus sites [60]) of the CD13/APN promoter. Reaction mixtures were loaded
on the gel at the times indicated in the figure.

Bacterial protein preparations and protein-protein interactions. Recombi-
nant GST fusion protein containing the bacterially expressed Ets-1 DNA binding
domain (GST-Ets-1-DBD), Myb DNA binding domain (GST-Myb-DBD), and
c-Maf (GST-c-Maf) were purified from bacterial cell lysates by a standard glu-
tathione (GSH)-bead method (58). The GST-Myb-DBD plasmid was the gift of
Kevin Ess. GST pull-down assays were performed as described previously (58).
Briefly, GSH-beads were preblocked for nonspecific protein interactions using
normal rabbit serum, followed by two washes with PC 1 100 buffer (20 mM
HEPES [pH 7.9], 100 mM KCl, 0.2 mM EDTA, 5 mM MgCl2, 0.1% Nonidet
P-40, 20% glycerol, 0.01% bovine serum albumin, 1 mM DTT, 1 mM phenyl-
methylsulfonyl fluoride, 1 mg of leupeptin per ml [58]); 10 ml of in vitro-tran-
scribed and -translated [35S]methionine-labeled protein was added to the GSH-
beads and rotated for 30 min. GSH-beads were washed three times in ice-cold
PC 1 100 buffer and boiled in 20 ml of 23 SDS-gel sample buffer before
SDS-polyacrylamide gel electrophoresis (PAGE).

Yeast two-hybrid analysis. Saccharomyces cerevisiae S260 contained a lexA
operator-lacZ (b-galactosidase) reporter fusion gene integrated into its genome
and was a gift from Steven Dalton (39). S260 has been cotransformed as de-
scribed previously (38) with two plasmids, one encoding Myb-LexA (bait) and
one encoding a VP16 hybrid (prey). Selection of transformants and assays for
b-galactosidase activity were performed as previously described (7, 38). The
development of blue color in the yeast colonies was monitored for 6 h.

RESULTS

c-Maf inhibits CD13/APN gene transcription in early my-
eloid cells by affecting Myb-Ets functional cooperation. In the
hematopoietic compartment, the CD13/APN cell surface gly-
coprotein is expressed exclusively on cells of the myeloid lin-
eage. To investigate the contribution of Maf family proteins to
the transcriptional regulation of this myeloid-specific and Ets-
1-regulated gene in human myeloid cells (60), we transiently
cotransfected an expression plasmid driving murine c-Maf ex-
pression together with a CD13/APN-luciferase reporter plas-
mid containing the minimal promoter necessary to direct
CD13/APN transcription in myeloid cells (60). Increasing the
amount of c-Maf in KG1a early myeloid cells (as confirmed by
Western blot analysis [data not shown]) resulted in a dose-
dependent reduction in luciferase activity of the CD13/APN
promoter constructs (Fig. 1A). By contrast, there was either no
effect or, often, a weak transactivating effect of c-Maf expres-
sion on transcription of control luciferase constructs driven by
either the human elongation factor-1a promoter (EF-luc [35])
or the thymidine kinase promoter (tk-luc), arguing against a
general downregulation of transcription by c-Maf (Fig. 1B).
Therefore, inhibition of CD13/APN promoter activity by c-Maf
is selective.

To determine whether c-Maf repression of CD13/APN pro-
moter activity was occurring through an effect on c-Myb-
and/or Ets-dependent transactivation, we initially assessed ef-
fects in C33A human epithelial cells (Fig. 2). These cells do not
express CD13/APN or c-myb mRNA (data not shown), allow-
ing us to observe c-Maf’s effect without influence from endog-
enous proteins. Expression of Ets-1 or c-Myb individually in
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C33A cells leads to weak activation of the CD13/APN reporter
plasmid, while coexpression of these proteins results in higher
than additive transactivation (60). However, increasing levels
of c-Maf substantially repressed the cooperative transactiva-
tion of the CD13/APN promoter by c-Myb and Ets-1 in com-
bination, and transactivation by either c-Myb or Ets-1 alone
was also reduced to background levels (Fig. 2). Myb and Ets-1
protein levels were not affected by cotransfection of c-Maf
(data not shown). Importantly, c-Maf did not alter CD13/APN
basal promoter activity, indicating that c-Maf-mediated repres-
sion was specific (Fig. 2).

To determine whether c-Maf inhibited Ets-1 or c-Myb tran-
scriptional activity, we tested its ability to inhibit CD13/APN
reporter constructs containing either mutations or deletions of
the essential c-Myb (Mybmut) or Ets (Etsdel) consensus bind-

ing sites (60). The reduced levels of transcription from the
single-site-mutated promoters should be unaffected if c-Maf
acts exclusively to inhibit the activity of either Myb or Ets-1
alone. Alternatively, if c-Maf suppresses the ability of both
c-Myb and Ets-1 to transactivate the CD13/APN promoter, it
should retain some or all of its inhibitory capacity when either
site is altered. Introduction of c-Maf into CD13/APN-express-
ing KG1a myeloid cells (which contain endogenous c-Myb and
Ets-1) inhibited transcription from both the wild-type and mu-
tated promoter constructs (Fig. 3) to near or below baseline
levels. By contrast, c-Maf had no effect on a promoter con-
struct lacking both the Myb and Ets binding sites (2291luc),
thus localizing the target of c-Maf inhibition to this region.

c-Maf physically interacts with c-Myb both in vitro and in
vivo. The observation that c-Maf showed a functional effect on
Ets-1/c-Myb transactivation suggested that these proteins
might physically interact. In a GST pull-down assay, bacterially
expressed Myb or Ets-1 DNA binding domain fusion proteins
were incubated with [35S]methionine-labeled, in vitro-trans-
lated murine c-Maf (Fig. 4A). As shown in lanes 3 and 4, c-Maf
was specifically retained by the Myb DNA binding domain
(lane 3), as well as by the Ets-1 DNA binding domain that
interacts with MafB (lane 4) (62). By contrast, GST alone (lane
2) failed to retain c-Maf, despite loading of equivalent amounts
of protein in these lanes (Fig. 4B).

The in vivo interaction between c-Myb and c-Maf was dem-
onstrated by a yeast two-hybrid assay using the amino-terminal
third of c-Myb (amino acids 1 to 240) fused to the yeast lexA
DNA binding domain as bait. Prey constructs contained hy-
brids between different leucine zipper-containing proteins and
the VP16 transcriptional activation domain. Development of
blue color in bait-prey-cotransformed yeast colonies in a b-ga-
lactosidase activity assay indicated an association between the
bait and prey proteins. Colonies of c-Myb-LexA–c-Maf-VP16-
cotransformed yeast became blue within 60 min, indicating a
strong interaction between c-Myb and c-Maf (Table 1). The
result depended on the presence of both c-Myb and c-Maf
(data not shown). Two additional Maf family members with
bZIP domains closely related to that of c-Maf, Nrl (63) and the
putative murine MafB homolog Kreisler (5), also interacted
with c-Myb in this system, albeit with apparently weaker affinity
(blue colonies within 120 min [Table 1]). Finally, three c-Maf-

FIG. 1. c-Maf selectively abrogates transcription from CD13/APN promoter
constructs in myeloid cells. (A) c-Maf inhibition is dose dependent. Increasing
amounts (0.1 to 4.0 mg) of the expression construct pRc/RSVcMaf were cotrans-
fected with 4 mg of the CD13/APN wild-type reporter construct (2411luc) into
KG1a immature myeloblastic cells, and luciferase activity was assayed at 24 h.
(B) Inhibition by c-Maf is selective. The indicated reporter plasmids (4 mg) were
transfected with equal amounts of c-Maf expression plasmids or the empty
expression vector. All values are normalized to those for a cotransfected control
plasmid (MAP1-SEAP). RLU, relative light units.

FIG. 2. c-Maf affects the c-Myb–Ets-1 functional cooperation on the CD13/
APN promoter. The C33A human epithelial cell line was cotransfected with 1 mg
of the 2411luc reporter construct and increasing amounts (0.3 to 3.0 mg) of
pRc/RSVcMaf along with either empty vectors only (none), 0.5 mg of pEVRFO-
Ets-1 only (Ets-1), 1 mg of pCMV4cMyb only (c-Myb), or 1 mg of pCMV4cMyb
cotransfected with 0.5 mg of pEVRFO-Ets-1 (Ets-1 1 Myb). All values are
normalized to those for a cotransfected control plasmid (MAP1-SEAP) both for
transfection efficiency and as a control for the c-Myb, Ets, and Maf effect on
other promoters. Results are expressed as fold activation above that obtained
with cotransfection of equal amounts of the empty expression plasmid.

FIG. 3. c-Maf inhibits c-Myb and Ets-1 transcriptional activity. Representa-
tions of the wild-type reporter plasmid (2411luc) indicating the c-Myb and Ets-1
consensus sites, and those containing deletions from the 59 end (2291luc), point
mutations (Mybmut), or internal deletions (Etsdel) of the CD13/APN myeloid
promoter, are depicted on the left. Reporter plasmids (5 mg) were transiently
transfected into the immature myeloblastic cell line KG1a along with 5 mg of
pRc/RSVcMaf expression construct [(1) c-Maf)] or the empty expression vector
[(2) c-Maf] and assayed for luciferase activity. All data are normalized to values
for the cotransfected MAP1-SEAP control plasmid both for transfection effi-
ciency and as a control for c-Maf’s effect on other promoters. Results are
expressed as fold stimulation above the normalized activity of the empty reporter
plasmid pGL2basic.
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interacting proteins, including c-Fos and c-Jun (34), as well as
the bHLH-ZIP protein USF2 (40), failed to interact with c-
Myb in this sensitive assay.

Mutation of the Myb binding site diminished c-Maf’s ability
to inhibit CD13/APN transcription, indicating that c-Maf-me-
diated repression requires Myb binding to its cognate recog-
nition site on the promoter. To address whether the Myb-Maf
interactions can occur on the relevant CD13/APN promoter
fragment, we performed electrophoretic mobility shift assays
(EMSAs) (Fig. 5). Bacterially expressed GST fusion proteins
incorporating either the c-Myb DNA binding domain (GST-
Myb) or full-length c-Maf fused to GST (GST-Maf) were in-
cubated with a 135-bp XbaI/DdeI genomic DNA fragment con-
taining the region necessary for c-Maf inhibition of CD13/APN
transcription (bp 2426 through 2291 [Fig. 3]). Incubation of
both Myb and Maf proteins with this probe resulted in the
formation of a complex of lower mobility (lane 5, complex B)
compared with that seen with GST-Myb alone (lane 3, complex
A). Importantly, GST-Maf alone (lane 4) did not retard the
probe, showing that c-Maf acts not by binding to the DNA but
through its physical association with Myb. Complex B con-
tained c-Maf, since incubation with c-Maf antibody abrogated
complex formation, presumably by binding to c-Maf and in-
hibiting Myb-Maf interactions (lane 6). Both of the shifted
complexes (GST-Myb and GST-Myb plus GST-Maf) were

abolished by the addition of excess unlabeled oligomer con-
taining the Myb consensus site from the mim-1 promoter
(mimAmyb [lanes 10 and 11]) but not by a competitor oli-
gomer containing point mutations in the Myb consensus site
(mimAmybmut [lanes 12 and 13]), indicating that complex B
also contains Myb protein and that Myb binding to the CD13/
APN Myb consensus site is necessary for secondary complex
formation. Finally, addition of an excess of unlabeled oligomer
containing the Maf consensus binding site (MARE [31]) also
eliminated formation of the more slowly migrating complex B,
suggesting that Maf is unable to interact with Myb when Maf
is bound to DNA. Importantly, no higher-order complexes are
formed in experiments combining probe with GST and GST-
Myb or GST and GST-Maf, indicating that Myb and Maf do
not interact via dimerization of the GST portions of the fusion
proteins (data not shown).

Myb-Maf complex formation correlates with CD13/APN
transcription rates at different stages of myeloid differentia-
tion. If Maf is present in myeloid cells and inhibits transcrip-
tion of CD13/APN, why is the gene expressed in such cells?
One possibility is that c-Maf expression levels and CD13/APN
transcription shift coordinately during myeloid cell differenti-
ation. To demonstrate the activity of CD13/APN reporter con-
structs during myeloid cell development, we transiently trans-
fected the CD13/APN reporter construct into human cell lines
representing three progressive stages of myeloid differentia-
tion: KG1a (immature myeloblastic), HL-60 (promyelocytic),
and U937 (monoblastic) (50). The CD13/APN reporter gene
transcription levels were lower in cell lines arrested at later
stages of myeloid cell development (Fig. 6), suggesting that
c-Maf levels may correlate with decreases in CD13/APN tran-

FIG. 4. Full-length c-Maf binds to the c-Myb and Ets-1 DNA binding do-
mains. (A) [35S]methionine-labeled c-Maf produced in vitro was incubated with
GST alone (lanes 2) or with GST-Myb-DBD (amino acids 1 to 240) (lane 3) or
GST-Ets-1-DBD (amino acids 322 to 440) (lane 4) fusion protein. The interact-
ing proteins were purified on GSH-beads and analyzed by SDS-PAGE and
autoradiography. The arrowhead indicates full-length c-Maf; molecular size
markers are indicated in kilodaltons. Input (lane 1) shows 10% of the c-Maf used
in each pull-down assay. GST acts as a negative control for c-Maf binding. (B)
Coomassie blue staining of the same gel indicates that comparable amounts of
GST fusion proteins were used in each assay.

FIG. 5. c-Myb and Maf proteins form higher-order complexes on the CD13/
APN promoter in vitro. An end-labeled 135-bp promoter fragment probe (bp
2426 through 2291) containing the functionally defined Maf target sequences
was incubated with bacterially expressed GST fusion proteins. Lane 1, probe
alone; lane 2, GST control; lanes 3, 8, 10, and 12, GST-Myb-DBD only; lane 4,
GST-Maf only; lanes 5 to 7, 9, 11, and 13, equal amounts of GST-Myb-DBD and
GST-Maf. Antibodies recognizing the c-Maf protein (lane 6) or an isotype-
matched control antibody (Ab) (lane 7) were added in equal amounts to binding
reactions. Unlabeled competitor oligonucleotides containing either the consen-
sus Maf binding site (MARE; lanes 8 and 9), the consensus Myb site from the
mim-1 promoter (mimAmyb; lanes 10 and 11), or a mutated Myb site (mimAm-
ybmut; lanes 12 and 13) were added to the assays in 100-fold molar excess. A, the
specific DNA-protein complex formed by GST-Myb-DBD; B, the ternary com-
plex containing DNA, c-Myb, and c-Maf; Probe, free probe.

TABLE 1. Protein-protein interactions of Myb-LexA
in the yeast two-hybrid system

Prey construct

Interaction
with Myb

(amino acids
1–240)-LexAa

c-Maf (amino acids 123–370)-VP16............................................11
Nrl (amino acids 118–237)-VP16 ................................................1
Kreisler-VP16 (MafB) ..................................................................1
c-Fos-VP16.....................................................................................2
c-Jun-VP16.....................................................................................2
USF2-VP16 ....................................................................................2

a Colonies of transformants were assayed for reporter gene expression in a b-
galactosidase activity assay. 11, blue colony color after 60 min, indicating strong
bait-prey association; 1, blue colony color after 120 min, indicating weaker
bait-prey association; 2, no blue color; indicating lack of bait-prey interaction.
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scription. However, there were no significant differences in the
low-level c-Maf mRNA (Fig. 7A) or protein (Fig. 7B) levels
between the KG1a and HL-60 cell lines. Therefore, differences
in the functional properties of the c-Myb and c-Maf proteins in
these cell types could be responsible for the downregulation of
CD13/APN transcription seen during myeloid cell differentia-
tion.

To assess the functional properties of the endogenous Myb
and Maf proteins in different myeloid cell lines, we determined
the amounts of Myb-Maf complex in lysates prepared from

KG1a immature myeloblasts and the later-stage HL-60 pro-
myelocytes. EMSA analysis using the 135-bp genomic pro-
moter fragment as a probe detected markedly increased
amounts of a slowly migrating complex (complex B) in the
HL-60 cell lysate compared to lysates from the developmen-
tally more primitive KG1a cell line (Fig. 8A), and this slower
complex comigrated with the Myb-Maf complex formed with
bacterially expressed GST fusion proteins (lane 4). This com-
plex contained both Myb and Maf, since complex formation
was eliminated by the addition of antiserum against the Maf
protein, unlabeled Myb consensus oligomers (mimAmyb), or
oligomers containing the Maf consensus binding site (MARE),
while competitor oligomers with a mutated Myb site (mim-
Amybmut) had no effect (Fig. 8B). While it is possible that
disparate Myb levels were responsible for discrepant complex
formation (HL-60 cells express approximately twofold-higher
Myb message levels than KG1a cells [61]), addition of GST-
Myb-DBD to KG1a lysates did not result in higher-order com-
plex formation (data not shown). These observations suggest
that CD13/APN transcriptional downregulation in HL-60 cells
versus KG1a cells results from higher levels of Myb-Maf in-
hibitory complexes binding to DNA in these cells.

Gel shift assays using lysates from an expanded panel of cell
lines arrested at progressively later stages of myeloid differen-
tiation (KG1a, phenotypically primitive, developmentally ar-
rested revertant of the KG1 cell line that is incapable of further
myeloid differentiation [37]); KG1, early myeloblastic; KCL22,
late myeloblastic; HL-60 and NB4, promyelocytic; U937, my-
elomonoblastic [36a, 51]) indicate that the level of inhibitory
Myb-Maf complexes appears to peak near the late myeloblast
stage and decreases as the cells mature (Fig. 9A and B). To
confirm that the complexes are regulated in response to devel-
opmental signals, HL-60 or U937 cells were induced to differ-
entiate toward the monocytic lineage by treatment with TPA.
Lysates from both cell lines show a slight increase in Myb-Maf
complex levels in response to TPA before near complete ab-
lation by 24 h of treatment. Therefore, Myb-Maf complex
formation is regulated in response to differentiating signals and
is not simply due to inherent differences between cell lines.
Finally, CD13/APN promoter constructs show a correspondent
decrease in luciferase activity in HL-60 cells after 6 and 24 h of
TPA treatment (Fig. 9D), possibly indicating an irreversible
downregulation of transcription.

If Myb-Maf complexes bind to the CD13/APN Myb site to
inhibit transcription, binding of these negative regulatory com-
plexes might be preferred over the positive regulatory binding
of Myb alone. To address this issue, we determined the relative
stability of the Myb-Maf-DNA ternary complexes and the
Myb-DNA binary complexes by measuring the dissociation of
preformed complexes in the presence of vast excess of cold
competitor DNA (Fig. 10). Results of EMSAs using the CD13/
APN promoter probe, GST fusion proteins, and a fixed amount
of a 70-bp competitor oligonucleotide encompassing bases
2320 through 2390 of the CD13/APN promoter (which in-
cludes the Myb and Ets consensus sites) indicate that the
half-life of the Myb-Maf-DNA complexes is between 10 and 20
min, compared to less than 2 min for the Myb-DNA com-
plexes. Therefore, binding of Myb-Maf inhibitory complexes to
the CD13/APN promoter would be preferred over the binding
of uncomplexed c-Myb, which is required for maximal coop-
erative transactivation (60).

DISCUSSION

Myeloid-specific expression of MafB inhibits Ets-1-depen-
dent expression of avian erythroid-restricted genes, and inhi-

FIG. 6. The activity of CD13/APN promoter constructs is diminished in later-
stage myeloid cells. The 2411luc reporter construct containing sequences suffi-
cient for wild-type level, tissue-appropriate expression from the CD13/APN my-
eloid promoter (60) was transiently transfected into the immature myeloblastic
cell line KG1a, the promyelocytic cell line HL-60, or the monoblastic cell line
U937 and assayed for luciferase activity at 6 h. Luciferase activities were nor-
malized for differences in transfection efficiency between cell lines with SEAP
activity produced by the cotransfected plasmid MAP1-SEAP. Results are ex-
pressed as fold stimulation above the normalized activity of the empty reporter
plasmid pGL2basic in each cell line.

FIG. 7. Expression of c-Maf and c-Myb in myeloid cell lines. (A) c-Maf
mRNA expression levels in human myeloid cell lines as determined by Northern
blot analysis of poly(A)1 RNA from the KG1a immature myeloblastic cell line
or the HL-60 promyelocytic cell line. A single blot was sequentially probed,
stripped, and reprobed with the b-actin probe as a control for RNA loading and
integrity. Exposure times for optimal detection of c-Maf were routinely signifi-
cantly longer than for b-actin (1 week for c-Maf versus 1 day for b-actin). (B)
c-Maf protein levels in human myeloid cell lines as determined by immunopre-
cipitation followed by Western blot analysis. Cell lysates from the KG1a and
HL-60 cell lines were immunoprecipitated with either an antiserum recognizing
the c-Maf protein (lanes 3 and 4) or an isotype-matched control (lanes 5 and 6).
Immunoprecipitates were analyzed beside control lysates from an induced (lane
7) or uninduced (lane 8) cell line engineered to inducibly express a full-length
c-Maf expression construct or IgG protein alone (lane 9). The gel was transferred
and probed for c-Maf protein with the anti-Maf antiserum. The arrowhead marks
the specific c-Maf band; asterisks indicate IgG bands recognized by the second-
ary donkey anti-rabbit IgG antiserum.
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bition of Ets-1 activity has been postulated to play a pivotal
role in myeloid/erythroid lineage specification (62). Ets-1 and
c-Maf are also expressed in human myeloid cells, leading us to
investigate the role of Maf family proteins in modulating the
transcription of a prototypical Ets-1-dependent myeloid gene,
CD13/APN. Here we have shown that murine c-Maf inhibits
the capacity of both Ets-1 and c-Myb to transactivate CD13/
APN gene transcription in early myeloid cells. This inhibition
depends on binding of Myb and Ets-1 to their cognate pro-
moter sites and is effective at disrupting the cooperativity be-
tween c-Myb and Ets-1. Dissection of the mechanism of Maf’s
inhibitory effect illustrated that Maf does not bind to the
CD13/APN promoter itself but rather interacts with c-Myb to
form higher-order complexes that appear to bind preferentially
to the Myb site of the CD13/APN promoter. Finally, although
c-Maf mRNA and protein are expressed at essentially equiva-
lent levels at different stages of myeloid development, forma-
tion of the Myb-Maf complex on the CD13/APN promoter
appears to be developmentally regulated, suggesting a model
of transcription inhibition by preferential binding of regulated
inhibitory complexes.

c-Maf protein is capable of inhibiting CD13/APN transcrip-
tion in early myeloid cells. Because the cooperative transacti-
vation of CD13/APN by c-Myb and Ets-1 is implicated in this
inhibition, two different mechanisms can be invoked. First, Maf
could inhibit transactivation by forming a ternary complex with
Myb and Ets-1, thereby interfering with their activity. Even

though c-Maf can interact with Ets-1 in GST pull-down assays
(Fig. 4), and the probe used in our EMSAs contains functional
Ets consensus sites, the Myb-Maf-containing protein com-
plexes bound to the CD13/APN promoter in later-stage my-
eloid cells do not contain Ets since they are unaffected by the
addition of Ets competitor oligomers or antibodies against
Ets-1 (20). Additionally, we were unable to demonstrate the
formation of tertiary complexes by using bacterially expressed
Myb, Maf, and Ets-1 proteins in EMSA under conditions sup-
porting Myb-Maf complex formation (20), arguing against an
association of these three proteins on the CD13/APN pro-
moter.

Alternatively, the presence of detectable Myb-Maf com-
plexes in later-stage myeloid cells suggests that Myb may be the
primary target of c-Maf and that its association with Myb is
sufficient to negate Myb-Ets cooperation in CD13/APN tran-
scription. An extension of this model predicts that inhibitory
Myb-Maf complexes would preferentially bind to the CD13/
APN promoter, interfering with the positive consequences of
c-Myb and Ets-1 binding. Indeed, our data indicate that the
Myb-Maf-DNA complex is more stable than the binding of
uncomplexed c-Myb required for full transactivation (Fig. 10).
Finally, while Ets-1 interacts with c-Maf in vitro and it appears
that Ets-1 is functionally affected by c-Maf in our system, our
inability to demonstrate Maf-Ets complexes in our human my-
eloid cells suggests that Maf inhibits Ets-1 by mechanisms
other than stable complex formation.

FIG. 8. Myb-Maf complex formation is regulated differently in early- and later-stage myeloid cell lines. An end-labeled 135-bp promoter fragment probe containing
the functionally defined Maf target sequences was incubated with bacterially expressed GST fusion proteins or whole-cell lysates from KG1a immature myeloblasts or
HL-60 promyelocytes. (A) HL-60 lysates contain a complex that comigrates with the Myb-Maf complex (GST-Myb-DBD–GST-Maf complex, 57 kDa 1 69 kDa 5 126
kDa; native Myb-Maf complex, 80 kDa 1 42 kDa 5 122 kDa). Lane 1, probe alone; lane 2, GST-Myb-DBD only; lane 3, GST-Maf only; lane 4, equal amounts of
GST-Myb-DBD and GST-Maf; lane 5, KG1a lysate; lane 6, HL-60 lysate. (B) HL-60 lysates contain a Myb-Maf complex that binds to the Myb site. Lane 7, probe alone;
lanes 8, 10, 12, 14, 16, and 18, KG1a lysate (K); lanes 9, 11, 13, 15, 17, and 19, HL-60 lysate (H). Antibodies (Ab) recognizing the c-Maf protein (lanes 10 and 11) or
an isotype-matched control antibody (lanes 12 and 13) were added in equal amounts to binding reactions. Unlabeled competitor oligonucleotides containing either the
consensus Maf binding site (MARE; lanes 14 and 15), the consensus Myb site from the mim-1 promoter (mimAmyb; lanes 16 and 17), or a mutated Myb site
(mimAmybmut; lanes 18 and 19) were added to the assays in 100-fold molar excess. A, the DNA-protein complex containing Myb; B, the ternary complex containing
both Myb and Maf; Probe, uncomplexed probe.
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The ability of Maf to inhibit c-Myb activity appears, on the
surface, to conflict with recent reports illustrating that MafB is
unable to inhibit Myb’s transactivation of a reporter construct
containing multimerized Myb consensus sites in quail fibro-
blast cells (62). This discrepancy, however, is likely due to the
context of both the promoter and cell type in transcriptional
regulation. Indeed, while CD13/APN reporter constructs are
inhibited by c-Maf in C33A human epithelial cells, c-Maf has

no effect on a reporter construct containing five Myb consensus
sites fused to the thymidine kinase promoter in the same cell
line (61). In addition, Myb and Maf complexes were not found
in EMSA when we used shorter (23- to 26-bp) oligonucleotide
probes consisting of the isolated CD13/APN Myb consensus
site or the consensus Myb site from the mim-1 promoter (20).
In both cases, while uncomplexed c-Myb binds to DNA, no
higher-order aggregates are formed upon addition of c-Maf
protein. This observation suggests that c-Myb binding to its
cognate site is not by itself sufficient for Myb-Maf complex
formation and that the promoter context contributes to the
ability of the inhibitory complex to bind to DNA and, conse-
quently, to inhibit transcription. Similar results have been ob-
tained in studies in which complexes containing the Oct-1
transcription factor and its coactivator Bob-1 bound only a
small subset of the sequence elements that bound Oct-1 alone,
leading to the differential regulation of promoters containing
octamer sequences (17). Additionally, the functional conse-
quences of transcription factor binding can differ greatly de-
pending on the context of the promoter, presumably via the
binding of distinct proteins to contiguous regulatory elements
(9, 13, 19, 24, 42, 53, 57). In like manner, DNA signals can
specifically alter the conformation of bound proteins, and
these specific conformations may be selectively recognized by
interacting regulatory proteins (49), thereby influencing their
transregulatory capabilities. Each of these is a plausible model
for the promoter context dependence of the Myb-Maf inter-
action.

Cell context is obviously another key determinant of either
the formation or binding of Myb-Maf complexes, as illustrated
by disparate complex levels between myeloid cell lines arrested
at progressively later stages of differentiation (Fig. 9A). Simi-

FIG. 9. Levels of Myb-Maf complexes change with differentiation stage of
myeloid cell lines and in response to monocytic differentiation signals and cor-
relate with CD13/APN transcriptional activity. An end-labeled 135-bp promoter
fragment probe containing the functionally defined Maf target sequences was
incubated with whole-cell lysates from myeloid cell lines arrested at progressively
more differentiated stages (37, 51) or from cell lines treated with TPA. (A)
Myb-Maf complex formation appears to peak near the late myeloblast stage.
Lane 1, KG1a (phenotypically primitive, developmentally arrested revertant of
the KG1 cell line); lane 2, KG1 (early myeloblastic); lane 3, KCL22 (late my-
eloblastic); lane 4, HL-60 (promyelocytic); lane 5, NB4 (promyelocytic); lane 6,
U937 (myelomonoblastic). (B) The differentially regulated complex contains
Maf. Unlabeled competitor oligonucleotides containing the consensus Maf bind-
ing site (MARE; lanes 8 and 10) were added to binding reactions containing
KG1 or HL-60 lysates in 100-fold molar excess. (C) Myb-Maf complexes are
regulated during monocytic differentiation. HL-60 (lanes 11 to 13) or U937
(lanes 14 to 16) cells were treated with 1026 M TPA and harvested at the
indicated times. B, the secondary complex containing both Myb and Maf; Probe,
uncomplexed probe. (D) Reporter gene levels correlate with complex formation.
HL-60 cells were transiently transfected with 4 mg of the CD13/APN wild-type
reporter construct (2411luc). Cultures were treated with 1026 M TPA, and
luciferase activity was assayed at 6 and 24 h.

FIG. 10. Myb-Maf complexes are more stable than Myb alone. Mobility shift
assays measuring the off rate of c-Myb alone (lanes 4 to 9) and the Myb-Maf
protein complex (lanes 11 to 16) from preformed DNA-protein complexes after
incubation for the indicated times with an excess (50 ng) of unlabeled competitor
DNA (Myb/Ets-70; see Materials and Methods). An end-labeled 135-bp pro-
moter fragment probe (bp 2426 through 2291) was incubated with bacterially
expressed GST fusion proteins. Lane 1, probe alone; lanes 2 and 4 to 9, GST-
Myb-DBD only; lane 3, GST-Maf only; lanes 10 to 16, equal amounts of GST-
Myb-DBD and GST-Maf. A, the specific protein complex formed by GST-Myb-
DBD; B, the ternary complex containing both Myb and Maf; Probe, free probe.
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larly, cells induced to differentiate show an initial increase in
Myb-Maf complexes (Fig. 9C). Such results suggest the pres-
ence of an inhibitory protein modification or molecule in the
early stage lysates that is lost as cells progress toward more
differentiated stages, perhaps in response to specific differen-
tiation signals that can also be triggered by treatment with
TPA. Indeed, distinct patterns of transcription factor binding
between different cell types or developmental stages have been
described as the result of cell-type-specific sequestration of a
transcription factor by an inhibitory molecule (12, 28), inter-
ference with DNA binding (36, 47), or protein modification (4,
41, 64). One of us has recently found that the USF2/FIP mem-
ber of the bHLH-ZIP protein family can also associate with
c-Maf and subsequently inhibit c-Maf DNA binding to its con-
sensus site (40), supporting the concept of an interacting in-
hibitory molecule present in early myeloid cells that blocks
Myb-Maf inhibitory function. Similarly, small Mafs have been
shown to form heterocomplexes with two classes of proteins via
their leucine zippers to form either repressive or transactivat-
ing complexes, depending on the cell context (27, 56). It is
therefore likely that similar interactions are responsible for the
developmentally regulated interaction of c-Maf and c-Myb ob-
served among the myeloid cell lines tested, at least in the early
stages of myeloid differentiation.

By contrast, later-stage myeloid cell lines and cells induced
to differentiate for a prolonged period show a disappearance of
Myb-Maf complexes (Fig. 9). While this reduction may attrib-
utable to decreased Myb levels in cells induced to differentiate
(2, 61), high Myb expression in uninduced U937 cells (equiv-
alent to that seen in HL-60 cells [61]) does not result in high
levels of Myb-Maf complexes (Fig. 9A), arguing against Myb
expression levels as the sole determinant of complex forma-
tion. It is possible, therefore, that inhibition of Myb activity by
Myb-Maf complex formation is no longer a functionally active
mechanism in later stages of myelopoiesis. The fact that CD13/
APN-driven luciferase levels remain low at 24 h in the absence
of Myb-Maf complexes may merely reflect an irreversible
downregulation of target gene activity due to other develop-
mentally dependent factors.

The ability of the Maf family of proteins to inhibit the ac-
tivity of two hematopoietically important proto-oncogenes is a
potentially exciting mechanism for guiding gene transcription.
Together with data implicating Maf proteins as both positive
and negative regulators of tissue-specific gene expression in
multiple hematopoietic lineages (12, 21, 25, 62), our observa-
tions suggest an important role for Maf proteins in the com-
mitment and lineage determination of hematopoietic cells.
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