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We identified a conserved sequence within the Muscle creatine kinase (MCK) promoter that is critical for
high-level activity in skeletal and cardiac myocytes (MCK Promoter Element X [MPEX]). After selectively
enriching for MPEX-binding factor(s) (MPEX-BFs), ICAT-based quantitative proteomics was used to identify
MPEX-BF candidates, one of which was MAZ (Myc-associated zinc finger protein). MAZ transactivates the
MCK promoter and binds the MPEX site in vitro, and chromatin immunoprecipitation analysis demonstrates
enrichment of MAZ at the endogenous MCK promoter and other muscle gene promoters (Skeletal �-actin,
Desmin, and �-Myosin heavy chain) in skeletal and cardiac myocytes. Consistent with its role in muscle gene
transcription, MAZ transcripts and DNA-binding activity are upregulated during skeletal myocyte differenti-
ation. Furthermore, MAZ was shown to bind numerous sequences (e.g., CTCCTCCC and CTCCACCC) that
diverge from the GA box binding motif. Alternate motifs were identified in many muscle promoters, including
Myogenin and MEF2C, and one motif was shown to be critical for Six4 promoter activity in both skeletal and
cardiac myocytes. Interestingly, MAZ occupies and is able to transactivate the Six4 promoter in skeletal but not
cardiac myocytes. Taken together, these findings are consistent with a previously unrecognized role for MAZ
in muscle gene regulation.

The mouse Muscle creatine kinase (MCK) gene serves as a
useful model for understanding muscle-specific gene transcrip-
tion since its expression is restricted to terminally differenti-
ated striated muscle, where it is one of the most abundantly
expressed genes. Transcription of MCK is regulated by an
upstream enhancer (�1256 to �1050), a proximal promoter
(�358 to �7), and an intron 1 modulatory region (�740 to
�1731). The upstream enhancer confers muscle-specific ex-
pression to reporter constructs in cell culture, transgenic mice,
and virus-mediated gene transfer (1, 13, 24, 30, 31, 56, 61) and
contains at least seven control elements, which were identified
by footprinting, deletion/mutation analysis, and gel mobility
shift assays (1, 8, 16, 39, 41). The sequences and relative posi-
tions of elements in the MCK enhancer (CArG/SRE, AP2,
MEF3, A/T-rich, left and right E-boxes, and MEF2) are highly
conserved between mammalian species, and many of the asso-
ciated transcription factors have been identified (11, 19, 20, 27,
39, 68).

In contrast to the upstream enhancer, very little is known
about the highly conserved (�358 to �7) region comprising
the MCK proximal promoter. Studies with cultured cells and
transgenic mice have demonstrated that the MCK promoter
alone is capable of driving muscle-specific expression (30, 56)
and that it is �40-fold more active in skeletal than in cardiac
myocytes (C. L. Himeda and S. D. Hauschka, unpublished
data). However, the MCK promoter also synergizes with the
upstream enhancer to drive much higher expression of re-
porter constructs in both types of striated muscle (13, 56). The

MCK promoter is known to contain a highly conserved E-box
and CArG site, both of which are important for expression in
skeletal and cardiac muscle (46, 56). Interestingly, in contrast
to the upstream enhancer of MCK, which displays high se-
quence conservation only in its seven known control elements,
the promoter is highly conserved throughout (�70% identical
between humans and mice), suggesting a complex mechanism
of regulation and the presence of multiple control elements
that have yet to be identified.

Here we describe a new control element in the MCK pro-
moter, MCK Promoter Element X (MPEX), which is impor-
tant for promoter activity in both skeletal and cardiac myo-
cytes. The MPEX sequence is rich in guanines and cytosines, a
feature characteristic of binding sites for a large number of
transcription factors (AP2, MAZ, and the prodigious Sp/KLF
family). After selectively enriching for MPEX-binding factors
(MPEX-BFs) from skeletal myocytes, we used a quantitative
proteomics strategy to identify candidates in an unbiased ap-
proach. One of the strongest of these candidates was MAZ
(myc-associated zinc finger protein).

MAZ is a six-Cys2-His2 zinc finger transcription factor that
recognizes the GA box motif (GGGAGGG) and GC-rich se-
quences. Originally identified as a factor binding the P2 pro-
moter of c-myc (51), it is ubiquitously expressed in human and
mouse tissues (58, 59) and has been implicated in a wide range
of transcriptional roles. MAZ appears to be important for
transcription termination between closely spaced human com-
plement genes and at an alternative termination site within an
intron of mouse IgM-D (3, 5). In an in vitro coupled transcrip-
tion-polyadenylation assay, the MAZ binding site promotes
pausing of RNA polymerase II and the activation of polyaden-
ylation (73). MAZ has been implicated in the activation of a
number of genes, including RAG-2, Adenovirus major late,
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CD4, serotonin 1a receptor, CLC-K1, PNMT, parathyroid hor-
mone receptor, ENT-1, insulin I, and PPAR-�1 (9, 14, 25, 37, 49,
50, 66, 70, 71, 72). In addition, MAZ has been shown to repress
its own gene, as well as c-myc, eNOS, Sp4, telomerase, and
eosinophil-derived neurotoxin (28, 34, 57, 60, 62, 69). Despite its
abundant expression in skeletal and cardiac muscle (58, 59),
the functional role of MAZ in these tissues has not been
explored, and to date, no MAZ knockout mouse has been
described.

We show that MAZ is able to transactivate the MCK pro-
moter in differentiated skeletal myocyte cultures and that it
binds the MPEX site in gel shift interference assays. Using
chromatin immunoprecipitation (ChIP) analysis, we show that
MAZ is present at the MCK promoter and other muscle gene
promoters in skeletal and cardiac myocytes. In addition, we
found that MAZ transcripts and DNA-binding activity are
upregulated during skeletal muscle differentiation. After fur-
ther characterizing the binding preferences of MAZ, we dis-
covered that divergent MAZ motifs are highly abundant in the
promoters of both regulatory and structural muscle genes, and
the function of one such motif was shown to be critical for the
activity of the Six4 promoter in both skeletal and cardiac myo-
cytes. Interestingly, MAZ occupies and is able to transactivate
the Six4 promoter in skeletal but not cardiac myocytes, thereby
underscoring the complexities of transcriptional control in dif-
ferent cell types. Taken together, these data indicate important
and previously unknown roles for MAZ in the regulation of
muscle-specific genes.

MATERIALS AND METHODS

Plasmid constructs. Reporter plasmids �80MCKCAT, �358MCKCAT, enh-
358MCKCAT, and pUCSV2PAP have been previously described (1, 56), as has
the construct containing the full-length MAZ cDNA under the control of the
cytomegalovirus promoter in plasmid pCGN (50). Three tandem copies of the
MCK promoter sequence (GGGCCCCTCCCTGGGGACAGCCCC) containing
the wild-type MPEX sequence (underlined) flanked by SalI sites were ligated
into the SalI site of �80MCKCAT to generate (MPEX)3�80MCKCAT. The
Six4 promoter was PCR amplified from mouse genomic DNA using forward
primer 5�-TAATATTTAGCATGCGTCCATCTCAGGGTTTCTGC-3� (SphI
site underlined) and reverse primer 5�-TAATATTTATCTAGAATAGCTGCT
TTCTGCCGTTC-3� (XbaI site underlined). The 643-bp product was digested
with SphI and XbaI and then cloned into the pCAT plasmid (29) to generate
�643Six4CAT. The mutations listed in Fig. 1A and Fig. 8A were generated using
the QuikChange site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s directions. All constructs were sequenced to verify the integrity
of the inserted DNA.

Cell culture. Mouse MM14 skeletal myoblasts were grown on 100-mm colla-
gen-coated tissue culture dishes in proliferation medium (Ham’s F-10C supple-
mented with 15% horse serum and 2 ng/ml basic fibroblast growth factor) as
described previously (10, 44). For transient transfections, log-phase cultures at
�4 � 105 cells/dish were induced to differentiate by rinsing cultures twice with
saline G and then switching to differentiation medium (Ham’s F-10C supple-
mented with 1.5% horse serum and 6 �g/ml insulin). Cells were maintained for
48 h in differentiation medium prior to harvesting. For myocyte nuclear extracts
and chromatin immunoprecipitations, 100-mm dishes were plated with �1 � 105

log-phase cells/dish, grown to near confluence (�4 � 106 cells/dish), and then
allowed to differentiate in proliferation medium without additional fibroblast
growth factor for 4 to 6 days prior to harvesting. All cultures contained �90%
terminally differentiated myocytes as assessed by immunostaining of a parallel
culture with the myosin-specific antibody MF-20. This procedure produced �7 �
106 differentiated myonuclei per 100-mm dish. For myoblast nuclear extracts,
cells were grown in proliferation medium as described above and harvested at
�5 � 105 cells/dish. Ventricular cardiomyocytes from 1- to 3-day-old Sprague-
Dawley rats were isolated and cultured as described elsewhere (45). These
cultures contained �90% cardiomyocytes as assessed by immunohistochemistry
with the MF-20 antibody.

Preparation of nuclear extracts. Crude nuclear extracts from cultured cells
were prepared as previously described (12) using a cocktail of several protease
inhibitors (P8340; Sigma). Total protein in the extracts was quantitated by the
Bradford method (6).

Coupling of DNA to magnetic beads. Streptavidin-linked magnetic beads (M-
280; Dynal) were coupled to biotinylated, double-stranded oligonucleotides ac-
cording to the Dynal protocol at a concentration of 20 pmol DNA/mg beads.
Oligonucleotides contained either the �91 to �70 sequence from the mouse
MCK promoter (MPEX sequence shown in bold) linked to the �53 to �38
sequence (MPEX*; TCTCAGGGGCCCCTCCCTGGGG/AGTCACACCCTGT
AGG) (�91 to �70/�53 to �38) or the �91 to �54 sequence containing the M1
and M3 mutations (mutated bases underlined) (MPEX-mt*; TCTCAGGGGC
ACATACATTGTGCCCGACACGCATGGCT) (see Results for rationale of
sequence selection). The efficiency of coupling was verified by agarose gel elec-
trophoresis.

MPEX-BF enrichment. All enrichment steps were performed at 4°C. Crude
nuclear extracts from �1.3 � 109 MM14 myocytes (�62 mg of total protein)
were pooled, and equal amounts (�31 mg of each) were incubated for 90 min on
a rotating platform with 26 mg of either MPEX* or MPEX-mt* beads plus a
100-fold molar excess of poly(dI-dC). MPEX* beads were washed with buffer [10
mM Tris-Cl (pH 7.4), 0.1 M NaCl, 0.1 mM EDTA, 0.5 mM Tris (2-carboxyethyl)
phosphine (TCEP)] containing a 10-fold molar excess of MPEX-mt* oligonu-
cleotide competitor, and MPEX-mt* beads were washed with buffer containing
a 10-fold molar excess of MPEX* competitor. Beads were washed once as
described above and then three times in buffer containing a 10-fold molar excess
of poly(dI-dC) for 5 min each. Bound proteins were eluted from the beads for 10
min with wash buffer adjusted to 1 M ammonium bicarbonate (AMBIC).

ICAT labeling and preparation of peptides for microcapillary reversed-phase
liquid chromatography-tandem mass spectrometry (�LC-MS/MS). Proteins
eluted from MPEX* and MPEX-mt* beads were concentrated under vacuum
and then denatured by adding sodium dodecyl sulfate (SDS) to 0.15% and
heating for 8 min at 100°C. Proteins were reduced with 4 mM TCEP for 30 min
at 37°C. Isotopically heavy and normal cleavable isotope-coded affinity tag
(ICAT) reagents (Applied Biosystems, Inc.) were added to MPEX* and MPEX-
mt* samples, respectively, according to the manufacturer’s directions, and sam-
ples were incubated for 2 h at 37°C. Labeling reactions were quenched by adding
	-mercaptoethanol to 10 mM and incubating for 20 min at 37°C. Samples were
combined and digested for 150 min with 3 �g endoproteinase Lys-C (Boehringer-
Mannheim), which cleaves on the carboxy-terminal side of lysine residues. The
SDS concentration was reduced to 0.02% by adding 20 mM Tris-HCl (pH 8.3)
and 1 mM EDTA, and the sample was digested overnight at 37°C with 15 �g
trypsin (sequencing grade modified; 1:20 [wt/wt]; Promega), which cleaves on the
carboxy-terminal side of arginine and lysine residues. The sample was diluted to
6 ml with buffer A (5 mM KH2PO4 [pH 3], 25% acetonitrile), and the pH was
adjusted to 3 with 10% trifluoroacetic acid. Peptides were purified on a strong
cation exchange (SCX) column and eluted in 1 ml with 5 mM KH2PO4 (pH
3)–25% CH3CN–360 mM KCl. Eluted peptides were evaporated to �500 �l,
diluted threefold with 2� phosphate-buffered saline (PBS), and neutralized with
1 M AMBIC. ICAT-labeled peptides were purified from unlabeled peptides by
passing over a monomeric avidin cartridge (ABI) and washing with 2� PBS (pH
7.2), 1� PBS (pH 7.2), and 20% methanol–50 mM AMBIC. Peptides were
eluted in 30% acetonitrile–0.4% trifluoroacetic acid and dried under reduced
pressure. Dried peptides were resuspended in cleaving reagent (Applied Biosys-
tems, Inc.) and incubated for 2 h at 37°C to cleave the biotin moiety from the
labeled peptides. Cleaved peptides were dried under reduced pressure, resus-
pended in buffer A (described above), then fractionated by passing over a
Partisphere SCX cartridge, washing with buffer A, and eluting in six stepwise
fractions at 30, 60, 90, 120, 250, and 500 mM ammonium acetate.

�LC-MS/MS and data analysis. SCX fractions were pressure loaded onto
10-cm by 75-�m fused silica microcapillary reversed-phase columns (5-�m Magic
C18 beads; Michrom Bioresources) equilibrated with 10% methanol, 0.4% acetic
acid, and 0.005% heptafluorobutyric acid. Peptides were resolved by running
80-min gradients of 10 to 40% buffer C (100% methanol, 0.4% acetic acid,
0.005% heptafluorobutyric acid) at 0.3 �l/min and analyzed by �LC-MS/MS
using an LTQ ion trap mass spectrometer (ThermoFinnigan) as previously de-
scribed (22). Cysteine-containing tryptic peptides were identified by searching
MS/MS spectra against a mouse protein sequence database (International Pro-
tein Index; downloaded on 11 October 11 2005) using SEQUEST as described
elsewhere (15). Data were quantified and analyzed essentially as previously
described (23) using the XPRESS and INTERACT computer programs, respec-
tively. The algorithms PeptideProphet (36) and ProteinProphet (43) were used
to determine the probability that peptide and protein assignments were correct.
A probability cutoff value of 0.9 was used for each analysis.
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Gel mobility shift assays. Gel shift and gel shift interference assays were
carried out as previously described (16) and with the following modifications.
Double-stranded oligonucleotide probes were end labeled with 32P and purified
on a 12% polyacrylamide gel. Briefly, 1 to 2 �g of nuclear extract was mixed with
20 �g of bovine serum albumin in 10 mM Tris-Cl (pH 7.4), 0.1 M NaCl, 0.1 mM
EGTA, 0.5 mM dithiothreitol, 0.3 mM MgCl2, 0.5 mM phenylmethylsulfonyl
fluoride, and 4% glycerol. Mouse monoclonal antibodies to human MAZ pro-
duced in vivo in mouse ascites fluid (3) were purchased from the Cell Culture
Hybridoma Facility at Stony Brook University (MAZ hybridoma 133). Control
mouse ascites fluid (M-8273) was purchased from Sigma. Incubations with an-
tisera or unlabeled oligonucleotide competitors were carried out at room tem-
perature for 15 min prior to the addition of probe. The mixtures were incubated
with 15 pg of probe/�l and 36 ng of poly(dI-dC)/�l for 15 min at room temper-
ature and then loaded onto 4% polyacrylamide gels. Electrophoresis was carried
out in 0.5� Tris-borate-EDTA buffer at 200 V for 1.5 h at 4°C. Gels were dried
and analyzed using a PhosphorImager (Molecular Dynamics). The sequences of
the double-stranded mouse MCK oligonucleotides used for probes or competi-
tors are shown in Fig. 1A. For the competitors used in Fig. 7A, the forward
sequences are as follows: human MCK, 5�-AGAACTCCTCCCTGGGGACAA
CCCCTCCCAGC-3�; cat MCK, 5�-AGCTCCCTTCCCCGGGGGGCAGCCCC
TCCCAG-3�; dog MCK, 5�-AGCTCCCTTCCCTGGGGGCAGCCCCTCCCA
GC-3�; bovine MCK, 5�-AGCCCGCTCCCAAGGGGCAGCCCTTCCCAGCC-
3�; MAZ-Des, 5�-CTGCAGCTGTCAGGGGAGGGGCGCCGGGGGGT-3�
(�63 to �69); MAZ-Skact, 5�-TTGGAGCCAGTTGGGAGGGGCAGACAG
CTGGG-3� (�238 to �269).

For the first four oligonucleotides, the sequences that align with the MAZ site
in the mouse MCK promoter are underlined. For the last two oligonucleotides,
the MAZ sequences are underlined. Competitors used in Fig. 7B and C are
based on the mouse MCK sequence in Fig. 1A, with changes to the MAZ motif
indicated within the figure. The sequence of MAZ-rIns1 is 5�-GGGGGCAGA
GAGGAGGTGCTTTGGACTATAAA-3� (37).

Transient transfections. Proliferating MM14 cells and primary neonatal rat
cardiomyocytes were transfected using a standard calcium phosphate technique
(1) with 8 �g of chloramphenicol acetyltransferase (CAT) reporter plasmid and
2 �g of the placental alkaline phosphatase (PAP) reference plasmid
(pUCSV2PAP). Four hours later, cells were glycerol shocked; MM14 cells were
switched to differentiation medium (as described above), and cardiomyocytes
were switched to serum-free medium (Dulbecco’s modified Eagle’s medium/
M199 [4:1] supplemented with 6 �g/ml insulin and amphotericin B [Fungizone]).
Cells were harvested 48 h after glycerol shock and analyzed for CAT and PAP
activity (1). For each construct tested, at least two plasmid preparations were
used. The results of independent transfections are shown as the average of at
least two transfections of four plates each.

ChIP assays. ChIP assays were performed from cultured MM14 skeletal myo-
cytes or primary neonatal rat cardiomyocytes using the Fast ChIP method (42),
with some modifications. Cells were fixed in 1% formaldehyde in Ham’s F-10C
for 10 min and subjected to Dounce homogenization 10� prior to sonication.
Cells were sonicated for 10 rounds of 15-s pulses at 100% power output on a
Model 100 sonic dismembrator (Fisher Scientific) to shear the DNA to a ladder
of �200 to 800 bp, and the efficiency of shearing was verified by agarose gel
electrophoresis. Chromatin was immunoprecipitated using three different MAZ-
specific antibodies: mouse monoclonal antibodies (described above) or rabbit
polyclonal antibody QC11541 or QC3520 (generous gifts of Aviva Systems Bi-
ology) or equivalent amounts of control mouse ascites fluid (M-8273; Sigma) or
nonspecific rabbit immunoglobulin G (IgG) (sc-2027; Santa Cruz Biotechnology,
Inc.). Quantitative PCR was performed using forward and reverse primers (250
nM) and the 2� SensiMix DNA kit (Quantace Ltd.). Reaction conditions were
40 cycles of 94°C for 15 s, 51.8°C for 30 s, and 72°C for 30 s. Mouse primer
sequences are as follows: MCK promoter, F (5�-CGCCAGCTAGACTCAGCA
CT-3�) (�238 to �219) and R (5�-GAGGAGCCTACAGGGTGTGA-3�) (�32
to �51); Myosin heavy chain (MyHC) IIa promoter, F (5�-TCTCTCCCATGTT
CCTCTAGTGT-3�) (�783 to �761) and R (5�-AGTTGCATGCCTTCAACA
AT-3�) (�485 to �504); 
-MyHC promoter, F (5�-TCTCCTCTATCTGCCCA
TCG-3�) (�276 to �257) and R (5�-TGCCTAAATTTGGAGTCCTCTG-3�)
(�58 to �79); Skeletal 
-actin promoter, F (5�-GTGAGCCTTGGAGCCAGT
T-3�) (�276 to �258) and R (5�-GTCCCCTTGCACAGGTTTT-3�) (�10 to
�28); and Desmin promoter, F (5�-ATAAGGCAGGCATCCAAATG-3�)
(�278 to �259) and R (5�-TTTGTAGCCCTCCTGACATC-3�) (�31 to �50).
PCR products were analyzed on a 1.5% agarose gel to verify the correct size of
the product and the specificity of primer annealing.

Quantitative reverse transcriptase PCR (qRT-PCR) assays. MM14 skeletal
myoblasts were allowed to differentiate for 0, 12, 24, 48, and 72 h. RNA was
extracted using the Qiagen RNeasy kit, according to the manufacturer’s instruc-

tions, and parallel plates for each time point were fixed and stained for MyHC
expression. DNase I (Promega) was added to 1 �g of total RNA for 15 min at
room temperature and then inactivated with 2.5 mM EDTA and heating to 65°C
for 10 min. DNase-treated RNA was primed with oligo(dT) (20 ng/�l) at 90°C
for 2 min and then reverse transcribed using deoxynucleoside triphosphates (1
mM), RNasin (Promega), and Moloney murine leukemia virus reverse transcrip-
tase (Promega) for 1 h at 42°C followed by 5 min at 95°C. Quantitative PCR was
carried out using 40 ng cDNA, forward and reverse primers (300 nM each), and
Sybr green PCR master mix (Applied Biosystems). Reaction conditions were 40
cycles of 94°C for 15 s, 53.5 to 55°C (depending on primer Tm) for 30 s, and
72°C for 30 s. Primers used were specific to mouse MAZ (F, 5�-AGGACCG
CATGAGTTACCAC-3�; R, 5�-GCTGCCTCACATTTCTCACA-3�) or 18S
rRNA (F, 5�-CGCCGCTAGAGGTGAAATTCT-3�; R, 5�-CGAACCTCCG
ACTTTCGTTCT-3�). Each PCR was performed in triplicate on RNA from
four separate plates per time point. PCR products were analyzed on a 1.5%
agarose gel to verify the correct size of the product and the specificity of
primer annealing.

RESULTS

The MPEX sequence is required for full MCK promoter
activity in skeletal and cardiac myocytes. To identify new con-
trol elements within the MCK promoter, we undertook a mu-
tagenic analysis of highly conserved sequences between �358
and �7. This analysis revealed a GC-rich sequence �40 bp
upstream of the TATA box, which we named MPEX (Fig. 1A).
In transient transfections of cultured skeletal myocytes, muta-
tions M1 and M2 in MPEX resulted in �90%- and �70%-
reduced activity of a reporter construct containing the MCK
promoter, whereas mutation M3 just downstream of MPEX
had little effect (Fig. 1B). Typically, mutations in the MCK
promoter are less deleterious in the presence of the power-
ful MCK enhancer (1); however, the M1 and M2 mutations
in MPEX still reduced activity of a reporter construct con-
taining both the enhancer and promoter by �60% and
�35% (Fig. 1B).

When we performed similar experiments with neonatal rat
cardiomyocytes, M1 and M2 reduced activity of the MCK pro-
moter construct by �60%, whereas M3 had no effect (Fig. 1C).
Interestingly, in the context of the MCK enhancer and pro-
moter, M1 and M2 were even more deleterious, reducing ac-
tivity of each construct by �80% (Fig. 1C). The enhanced
effect of M1 and M2 in the presence of the MCK enhancer in
cardiomyocytes is in contrast to the slightly dampened effect
seen in skeletal myocytes. We speculate that this may be due to
synergy of the factor(s) binding MPEX with enhancer-binding
factors that are present in cardiomyocytes but not in skeletal
myocytes. Although further experiments will be needed to ad-
dress this possibility, these results indicate that the MPEX
sequence is important for MCK promoter activity in both skel-
etal and cardiac myocytes.

MPEX binds a specific factor(s) in skeletal myocyte nuclear
extracts. Gel shift assays were performed to determine
whether MPEX is recognized by specific nuclear factors. The
sequences of probe and competitor oligonucleotides are shown
in Fig. 1A. Two different types of binding to the wild-type
probe were observed using skeletal myocyte nuclear extracts
(Fig. 2A). A multitude of low-mobility shifted complexes were
competed away by unlabeled wild-type oligonucleotide and by
oligonucleotides containing mutations in the MPEX sequence
(M1 and M2) but not by those containing a mutation in the
3�-flanking sequence (M3). This is consistent with the detec-
tion of multiple factors (3�-BFs) that specifically recognize the
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sequence downstream of MPEX (Fig. 2A). In contrast, three
high-mobility complexes were competed away by wild-type and
M3 oligonucleotides but not competed as well by M1 and M2
oligonucleotides (Fig. 2A), consistent with the detection of one
or more factors that specifically recognize MPEX (MPEX-
BFs). Interestingly, an oligonucleotide containing mutations in
both MPEX and the 3�-flanking sequence (M1-M3) was com-
pletely unable to compete for MPEX-specific binding (Fig.

2A). Since a portion of the 3�-flanking sequence is very similar
to the MPEX sequence (Fig. 1A, dotted line), it is reasonable
to postulate that MPEX-BFs preferentially bind MPEX but
are also capable of recognizing the downstream sequence.
Thus, when both MPEX and the downstream sequence are
mutated (M1-M3), there is no competition for binding.

MPEX-specific complexes were observed in gel shift assays
using nuclear extracts from various cell types (e.g., skeletal and

FIG. 1. MPEX is required for full MCK enhancer-promoter activity in skeletal and cardiac myocytes. (A) Partial sequence alignment of MCK
promoter (�85 to �51 for mouse) from multiple mammalian species. The MPEX sequence (solid line) and a conserved 3� region (dashed line)
are indicated. The wild-type mouse sequence (WT) used as a probe in Fig. 2A, as well as mutations within this sequence (M1, M2, and M3), tested
in panels B and C and Fig. 2A, are shown. Unaltered bases are indicated as asterisks. (B and C) Analysis of MPEX mutations in skeletal (B) or
cardiac (C) myocytes. MM14 skeletal myocytes or primary neonatal cardiomyocytes were transfected with constructs containing the CAT reporter
under the control of either the 358-bp MCK promoter (�358MCKCAT) or the MCK enhancer linked to the promoter (enh-358MCKCAT) and
the PAP reference plasmid. Activities of the wild-type constructs compared to those of constructs containing mutation M1, M2, or M3 are shown.
For each panel, data are plotted as the mean value and standard deviation of the CAT/PAP ratio determined for each culture dish, and the activity
of the wild-type construct is set at 100.
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cardiac muscle, liver, and cultured fibroblasts) (C. L. Himeda
and S. D. Hauschka, unpublished data); however, these com-
plexes did not migrate to the same relative positions, suggesting
that different proteins, isoforms, or cofactors may be associated
with this sequence in different cell types.

Selective enrichment of MPEX-BFs and quantitative pro-
teomic identification of candidates. The MPEX sequence is
highly GC rich and contains putative binding sites for many
different transcription factors, including AP2, MAZ, and the

Sp/KLF family, which includes 26 known members. While we
could have tested candidates individually, this approach suffers
from two major drawbacks: (i) it depends on the availability of
specific antisera for each candidate, and many are not avail-
able, and (ii) it excludes any unknown factors or factors with
poorly characterized binding motifs. For these reasons, we
decided to take an unbiased proteomic approach to identify
one or more of the factors that bind MPEX. MPEX-BFs were
partially purified from skeletal myocytes using a selective en-

FIG. 2. Detection and selective enrichment of MPEX-BFs from
skeletal myocytes. (A) MPEX binds specific factors in skeletal myo-
cytes. Labeled MPEX probe was mixed with 2 �g of MM14 skeletal
myocyte nuclear extracts and analyzed via gel shift assays. Oligonucle-
otides containing the wild-type MPEX sequence (WT) or a mutation
in the downstream flanking sequence (M3) competed for MPEX-
specific complex formation (MPEX-BFs, arrows corresponding to A,
B, and C), whereas oligonucleotides containing mutations in the
MPEX sequence (M1 and M2) competed less effectively (sequences
shown in Fig. 1A). Specific binding to the downstream flanking se-
quence of MPEX was also observed (3�-BFs). These complexes were
competed away by oligonucleotides containing mutations in the MPEX
sequence (M1 and M2) but not in the downstream sequence (M3). The
arrowhead indicates free probe. (B) Selective enrichment of MPEX-
BFs from skeletal myocytes. Equal amounts of crude MM14 skeletal
myocyte nuclear extracts were incubated with beads coupled to oligo-
nucleotides containing either the wild-type (wt) MPEX sequence
(MPEX*) or the MPEX sequence containing the M1 and M3 muta-
tions (MPEX-mt*). Gray shapes indicate other nuclear proteins.
(C) Gel shift assay showing binding to the MPEX probe of proteins
eluted from MPEX* and MPEX-mt* beads. Both MPEX-BFs (arrows
corresponding to A, B, and C) and 3�-BFs were recovered from
MPEX* beads but not MPEX-mt* beads. The arrowhead indicates
free probe. (D) Silver-stained SDS-polyacrylamide gel showing the
distribution of total protein recovered from MPEX* and MPEX-mt*
beads. For panels C and D, �0.1% of total eluted protein was loaded
in each lane.
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richment strategy similar to one we employed in a previous
study (27). This strategy is outlined and described in Fig. 2B.

First, streptavidin-linked magnetic beads were coupled to
biotinylated oligonucleotides containing either a wild-type or
mutant MPEX site. In designing the wild-type oligonucleotide,
we wanted to abolish or reduce binding to the sequence im-
mediately downstream of MPEX (Fig. 1A; 3�-BFs in Fig. 2A)
while retaining some flanking sequence. Therefore, we de-
signed the “wild-type” oligonucleotide (MPEX*) to contain
the �91 to �70 sequence from the mouse MCK promoter,
which contains the MPEX site, linked to the �53 to �38
sequence. Deletion of the sequence immediately downstream
of MPEX (�69 to �54) did substantially reduce binding of
3�-BFs (compare Fig. 2A and C). We confirmed by gel shift
assays that the deletion had no negative effect on MPEX-BF
binding and did not create any specific binding site (C. L.
Himeda and S. D. Hauschka, unpublished data).

In designing the mutant oligonucleotide (MPEX-mt*), it
was important to use a sequence that had no affinity for
MPEX-BFs; therefore, this oligonucleotide contains both the
M1 and M3 mutations within the �91 to �54 sequence. As
shown in Fig. 2A, the presence of both mutations within an
oligonucleotide is necessary to completely prevent MPEX-spe-
cific binding. Both MPEX* and MPEX-mt* oligonucleotides
are 38 bp long to minimize differences in nonspecific binding
between the two constructs.

Both sets of beads were incubated with equal amounts of
skeletal myocyte nuclear extracts and then washed, and the
bound proteins were eluted. Eluted proteins were analyzed by
gel shift assays for recovery of MPEX-BFs and by SDS-poly-
acrylamide gel electrophoresis followed by silver-staining for
total protein composition (Fig. 2C and D). In pilot studies,
approximately 80% of MPEX-specific binding was recovered,
while overall enrichment was �160-fold (C. L. Himeda and
S. D. Hauschka, unpublished data). As expected, MPEX-BFs
were recovered from MPEX* beads but not MPEX-mt* beads
(Fig. 2C). However, as seen in our previous study (27), staining
for total protein revealed a large number of copurifying pro-
teins in each sample, and no unique bands in the eluent from
wild-type versus mutant beads were discernible (Fig. 2D).

Identification of MAZ as an MPEX-BF candidate by quan-
titative proteomics. The use of ICAT reagents (Fig. 3A) to
identify and quantify proteins from complex mixtures has been
described elsewhere (22, 52). ICAT protocols have now be-
come well established and have been applied both in specific
factor identification and in global protein profiling (63). We
used an ICAT-based quantitative proteomic strategy to iden-
tify proteins that are specifically enriched in samples purified
with MPEX* beads compared to those purified with MPEX-
mt* beads. This strategy is outlined in Fig. 3B, and a detailed
description is provided in the figure legend. Overall, 464
unique, cysteine-containing peptide sequences with a Peptide-
Prophet probability of �0.9 were detected, representing 183
unique proteins with a ProteinProphet probability of �0.9 (36,
43). The vast majority of these peptides (�87%) were present
at approximately equal ratios in MPEX* samples versus
MPEX-mt* samples. Only 13 proteins showed �2-fold enrich-
ment in MPEX* samples versus MPEX-mt* samples. Of the
nine known transcription factors that were enriched, MAZ
appeared to be the most promising candidate based on the

number of peptides identified and the levels of their enrich-
ment. Five unique peptides were detected for MAZ, ranging
from �6- to �70-fold enrichment (Table 1). Other enriched
factors will be described separately.

MAZ transactivates the minimal MCK promoter. To deter-
mine whether MAZ is able to transactivate the MCK promoter,
we performed cotransfection experiments using the minimal
promoter sequence (�80 to �7) which is only known to con-
tain the MPEX site and the TATA box. In addition to a
reporter construct containing the minimal MCK promoter
(�80MCKCAT), we also tested the M2-M3 mutation (Fig.
1A) in �80 ([M2-M3]�80MCKCAT), as well as three multi-
merized copies of the MPEX sequence upstream of �80
([MPEX]3�80MCKCAT). Each of these constructs was trans-
fected into cultured skeletal myocytes with or without a MAZ
expression plasmid or the empty pCGN vector.

MAZ transactivated the minimal MCK promoter by �3-

FIG. 3. Quantitative proteomic identification of MPEX-BF candi-
dates. (A) Structure of the ICAT tag. (B) Quantitative proteomic
strategy for identifying MPEX-BFs. Protein samples recovered from
MPEX* and MPEX-mt* beads were labeled with isotopically heavy
(13C) or normal (12C) forms of the ICAT reagent, respectively. The
labeled protein samples were combined and proteolyzed with endo-
proteinase Lys-C and trypsin. Sample complexity was then reduced by
sequential chromatography. Peptides were fractionated by SCX chro-
matography, after which ICAT-labeled, cysteine-containing peptides
were isolated from each of six fractions by avidin affinity chromatog-
raphy. Peptides in each fraction were further resolved and analyzed by
�LC-electrospray ionization (ESI)-MS/MS. Peptide sequences were
determined by searching MS/MS spectra against a mouse protein da-
tabase using the search algorithm SEQUEST. The relative abundance
of peptides recovered from MPEX* versus MPEX-mt* beads was
determined from the ratio of the heavy and normal signal intensities
for each peptide pair. Heavy/normal ratios of at least 2:1 indicate
selective enrichment of the corresponding candidate protein within the
nuclear factor complex bound to oligonucleotides containing the wild-
type MPEX sequence.
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fold, whereas the control vector had no effect (Fig. 4). Inter-
estingly, MAZ also transactivated (M2-M3)�80MCKCAT, al-
though to a lesser extent (Fig. 4), suggesting that under these
particular transactivation conditions, part of the MAZ-medi-
ated response is independent of the MPEX site. Since MAZ is
a ubiquitous factor, this could be an indirect effect of MAZ-
mediated upregulation of other genes (perhaps members of
the general transcription machinery). When three additional
copies of MPEX were present ([MPEX]3�80MCKCAT), the
construct was �3-fold more active than the minimal MCK
promoter construct, and overexpression of MAZ resulted in an
additional threefold increase in activity of the multimerized
construct (Fig. 4). Taken together, these results indicate that
MAZ is able to transactivate the MCK promoter.

MAZ binds the MPEX sequence and is enriched at the MCK
promoter and other muscle gene promoters. The MAZ bind-
ing motif (GGGAGGG or CCCTCCC) is present within the
MPEX sequence in the mouse MCK promoter. To confirm the
ability of MAZ to bind MPEX, gel shift interference assays
were performed using MAZ-specific antibodies. Antibodies to
MAZ significantly reduced formation of the MPEX-specific
complex “B” (Fig. 5A, lane 2), whereas nonspecific antibodies
had no effect (lane 3). Since the MAZ antibodies used in this
experiment are a mixture of 12 different monoclonal antibod-
ies (3), presumably one or more of these antibodies recognizes
the DNA-binding domain of MAZ, precluding its binding to
the probe.

To determine whether MAZ binds the MCK promoter in
vivo, ChIP assays were performed using chromatin from skel-
etal and cardiac myocytes. Immunoprecipitation of chromatin
from skeletal myocytes using three different MAZ antibodies
yielded �2-fold enrichment of the MCK promoter over that
obtained with nonspecific IgG or control ascites (Fig. 5B).
When we assessed other muscle genes for MAZ occupancy, we
found that the Desmin and Skeletal 
-actin promoters, each of
which contains two MAZ motifs, were enriched to an extent

similar to that of the MCK promoter whereas the Myosin heavy
chain (MyHC) IIa promoter, which contains no MAZ motifs,
displayed lower enrichment (Fig. 5B). The slight apparent en-
richment of MAZ at the MyHC IIa promoter is likely due to a
number of GC-rich regions, which might act as cryptic MAZ-
binding sites (see Fig. 7).

We performed similar experiments with neonatal rat cardi-
omyocytes using two of the three MAZ antibodies (the third
was not available in a sufficient quantity for additional ChIP
assays). In this cell type, we found that antibodies to MAZ
yielded �8-fold enrichment of the MCK promoter over that
obtained with nonspecific IgG (Fig. 5C). We also saw �3-fold
enrichment of the 
-MyHC promoter, which contains three
MAZ motifs and is specifically active in cardiomyocytes,
whereas the Skeletal 
-actin promoter showed little enrichment
in these cells (Fig. 5C). Surprisingly, the Desmin promoter,
which drives minimal expression of this gene in all muscle types
(40), was also not enriched, suggesting that the presence of a
MAZ motif in an active promoter does not necessarily corre-
late with its occupancy by MAZ. Nonetheless, the enrichment
of several muscle-specific genes in both skeletal and cardiac
myocytes suggests a novel role for MAZ as a regulator of
muscle gene transcription.

MAZ transcripts are upregulated during skeletal myocyte
differentiation. To examine the temporal regulation of MAZ
during muscle differentiation, we performed qRT-PCR on
mRNA isolated from skeletal myoblasts and myocytes at var-
ious stages of differentiation. MAZ transcripts increased two-
fold by 12 h of differentiation and sixfold by 72 h (Fig. 6A).
Taken together with the occupancy of MAZ at muscle-specific
gene promoters (Fig. 5B), the severalfold upregulation of
MAZ expression concomitant with skeletal muscle differenti-
ation suggests that activation of MAZ transcription is impor-
tant for the expression of muscle structural genes.

FIG. 4. MAZ transactivates the minimal MCK promoter. MM14
skeletal myocytes were transfected with constructs containing the CAT
reporter under the control of the 80-bp MCK minimal promoter
(�80MCKCAT), the MCK minimal promoter containing the M2-M3
mutation ([M2-M3]�80MCKCAT; sequence in Fig. 1A), or three cop-
ies of the wild-type MPEX site upstream of the MCK minimal pro-
moter ([MPEX]3�80MCKCAT). Each reporter construct was trans-
fected with or without 0.5 �g of MAZ expression vector (MAZ) or
pCGN control vector (CTL). Data are plotted as the mean value
and standard deviation of relative CAT activity, with activity of
�80MCKCAT set at 100.

TABLE 1. Peptides corresponding to MAZ in MPEX* versus
MPEX-mt* DNA affinity-purified samples

Peptidea Heavy/normal
ratiob

Charge
state

R.AHTVRHEEKVPCHVCGK 68.4:1 �3
R.HEEKVPCHVCGK 21.0:1 �3
K.LSHSDEKPYQCPVCQQR 18.6:1 �2

50.4:1
�6.20:1c �3

R.QVHSTERPFKCEK 20.0:1 �2
R.QVHSTERPFKCEKCEAAFATK 19.1:1 �3
R.QVHSTERPFKCEKCEAAFATKDR �5.70:1c �3
R.SHDGAVHKPYNCSHCGK 11.0:1 �2

30.8:1 �3
K.VHSQGPHHVCELCNK 15.8:1 �2

a Peptides were analyzed by �LC-ESI-MS/MS, and protein identifications were
assigned using the SEQUEST algorithm to search a mouse protein sequence data-
base. ICAT-labeled cysteine residues are indicated in bold, and dots refer to sites of
tryptic cleavage. PeptideProphet probability scores for each peptide were �0.9.

b The relative abundance of each peptide in heavy (isolated from MPEX*
beads) versus normal (isolated from MPEX-mt* beads) ICAT-labeled samples
was calculated using the XPRESS software program and is expressed as a ratio.

c In cases where a signal is detected for a heavy-ICAT-labeled peptide but no
signal is detected for the corresponding normal-ICAT-labeled peptide, each
ratio is at least the value reported.
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MAZ DNA-binding activity is upregulated during skeletal
myocyte differentiation. To determine whether functional
MAZ protein, in addition to MAZ transcripts, is upregulated
during muscle differentiation, we compared the levels of MAZ
binding to the MPEX probe in gel shift assays (Fig. 6B). The
band corresponding to MAZ in skeletal myocyte nuclear ex-
tracts (Fig. 6B, lane 1) is greatly diminished in extracts from
undifferentiated skeletal myoblasts (lane 3), confirming that
levels of functional MAZ protein (i.e., factor with the ability to
bind DNA) are upregulated in differentiated myocytes.

MAZ recognizes sequences that diverge from the estab-
lished binding motif. The MAZ binding site (GGGAGGG or
CCCTCCC) is present within the MPEX sequence in the
mouse MCK promoter, but surprisingly, this sequence is not
fully conserved among other mammalian species (Fig. 1A). To
test the ability of MAZ to bind these variant sequences, we
compared them as competitors in gel shift assays. As ex-
pected, the canonical MAZ motifs within the Desmin and

Skeletal 
-actin promoters each competed as well as the
mouse MPEX sequence for MAZ binding (Fig. 7A). This is
consistent with the results of our ChIP analysis, which dem-
onstrated MAZ occupancy within these muscle gene pro-
moters (Fig. 5B). Interestingly, the human, cat, dog, and
bovine sequences were also able to compete for MAZ bind-
ing (Fig. 7A), although the cat and bovine sequences did not
compete as effectively as the mouse sequence. Furthermore,
oligonucleotides containing mutations at each of the con-
served bases in the MAZ motif of MPEX also competed as
well as the mouse sequence (Fig. 7B). These data indicate
that the DNA motif recognized by MAZ may be substan-
tially broader than previously thought.

To better determine the spectrum of sequences that MAZ
recognizes, we compared MAZ binding sites from known
MAZ target genes and designed MPEX oligonucleotides to
incorporate any changes from the established site (CCCTCCC).
These sequences were then tested as competitors in gel shift

FIG. 5. MAZ binds the MCK promoter and other muscle gene promoters in skeletal and cardiac myocytes. (A) MAZ binds the MPEX
sequence. Labeled MPEX probe was mixed with 2 �g of MM14 skeletal myocyte nuclear extracts and analyzed via gel shift interference assay.
MAZ-specific antibodies reduced formation of the indicated complex (MAZ), whereas nonimmune antibodies (CTL) had no effect. The arrowhead
indicates free probe. (B) MAZ occupies muscle gene promoters in skeletal myocytes. ChIP assays were performed using MM14 skeletal myocytes
and three different MAZ-specific antibodies or nonspecific rabbit IgG/mouse ascites. Immunoprecipitated chromatin was analyzed by qPCR using
primers specific to the promoters of MCK (MCK), Desmin (Des), Skeletal 
-actin (Sk
act), and Myosin heavy chain IIa (MyHCIIa). (C) MAZ
occupies muscle gene promoters in cardiomyocytes. ChIP assays were performed as for panel B, except that neonatal cardiomyocytes were used
and primers specific for the 
-Myosin heavy chain promoter (
MyHC) were used in place of primers to MyHC IIa. For panels B and C, data are
represented as n-fold enrichment of the indicated promoter region by MAZ-specific antibodies (MAZ) relative to nonspecific antibodies (CTL).
Each bar represents the average for three independent ChIP experiments (for panel B) or two independent ChIP experiments (for panel C), with
three replicate PCRs per experiment. The number of MAZ binding motifs in the region flanked by the PCR primers is indicated (# MAZ).
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assays (Fig. 7C). Each of these divergent sequences competed
well for MAZ binding to the mouse MPEX probe (Fig. 7C,
lanes 3 to 13) compared to the M1-M3 MPEX mutant se-
quence, which displayed no competition for binding (lane 15).
Interestingly, the GAGA box from the rat Insulin 1 promoter
(AGAGAGGAGGTG), which has been shown to bind ham-
ster MAZ (37), did not compete well for MAZ binding in our
assay (Fig. 7C, lane 14). Although we have not attempted a
comprehensive analysis of MAZ binding (which would require
a binding site selection approach), our studies have uncovered
at least nine divergent motifs which MAZ appears to recognize
as well as the established motif (summarized in Fig. 7D).

Divergent MAZ motifs are abundant in striated muscle
genes. Of the nine variant MAZ motifs that were identified by
gel shift competition studies (Fig. 7), two have also been shown
to bind members of the Sp/KLF family (Fig. 7D) (33). We
therefore searched for the presence of the remaining seven
sequences in the regulatory regions of other muscle genes
(Table 2). Divergent MAZ motifs are present in a wide array
of both skeletal and cardiac muscle genes, including those
encoding structural proteins (e.g., Skeletal 
-actin and 	-
MyHC) and key transcription factors (e.g., SRF, Myogenin,
MEF2C, and Six4). The sequence CTCCTCCC, which corre-
sponds to the divergent MAZ motif in human MCK MPEX,
appears more often in these muscle genes (14 instances) than
CCCTTCCC (7 instances), CTCCACCC (5 instances), CTC
CGCCC (4 instances), CCCCTACC (3 instances), CCCCTCCA
(3 instances), or CCCCTCAC (1 instance). In many of these gene
promoters, multiple divergent motifs are present. While it is pos-
sible that Sp/KLF factors may also be capable of binding to some
of these sequences, the identification of these variant MAZ-bind-
ing motifs in a wide range of muscle genes is consistent with an
extensive role for MAZ in muscle gene regulation.

A divergent MAZ motif is essential for high-level activity of
the Six4 promoter in skeletal and cardiac myocytes. Although
it contains no conserved perfect matches to the established
MAZ binding site, the mouse Six4 promoter contains two di-
vergent MAZ motifs that are fully conserved between mice and
humans (MAZ1 and MAZ2) (Fig. 8A). To determine the
functional importance of these sequences, we cloned the 643
bp upstream of the mouse Six4 transcription start site (48) and
made two individual mutations in each divergent MAZ motif
(Fig. 8A). Whereas mutations in the upstream motif, MAZ1,
had little effect on promoter activity, either mutation in MAZ2
decreased activity of the Six4 promoter by �5-fold in skeletal
myocytes (Fig. 8B) and by �7- to 8-fold in neonatal cardiomy-
ocytes (Fig. 8C), suggesting that this divergent MAZ sequence
is biologically relevant. Interestingly, the sequence of MAZ2
(CTCCTCCC) is somewhat overrepresented among the genes
in Table 2, suggesting that this sequence may represent an
important and hitherto-overlooked cis element for MAZ reg-
ulation of muscle genes.

MAZ transactivates and is enriched at the Six4 promoter in
skeletal but not cardiac myocytes. To verify the ability of MAZ
to transactivate the Six4 promoter, we performed cotransfec-
tion experiments with skeletal and cardiac myocytes using the
wild-type Six4 promoter construct and either the MAZ expres-
sion vector or the control vector. Interestingly, we found that
overexpressed MAZ transactivated the Six4 promoter �7-fold
in skeletal myocytes but had no effect in cardiomyocytes (Fig.

FIG. 6. MAZ transcripts and DNA-binding activity are upregu-
lated during skeletal myocyte differentiation. (A) MAZ transcripts
increase during skeletal myocyte differentiation. MM14 skeletal myo-
blasts were allowed to differentiate for 0, 12, 24, 48, and 72 h and then
harvested, and RNA was isolated. qRT-PCR was performed using
primers specific to MAZ or 18S rRNA. Data are represented as the
n-fold change in mRNA abundance for MAZ relative to 18S rRNA.
Student’s t test P values are 0.001 for 0 h versus 48 h and 0.05 for 0 h
versus 72 h. (B) MAZ DNA-binding activity increases during skeletal
myocyte differentiation. Labeled MPEX probe was mixed with 2 �g of
either MM14 skeletal myocyte (MC) or myoblast (MB) nuclear ex-
tracts and analyzed via gel shift assay. The MAZ-specific band (re-
duced by MAZ-specific antibodies; lane 2) is indicated. The arrowhead
indicates free probe.
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8B and C). Consistent with this, ChIP analysis demonstrated
�2-fold enrichment of MAZ at the Six4 promoter in skeletal
myocytes but no enrichment in cardiomyocytes (Fig. 8D),
pointing to different modes of Six4 transcriptional regulation in
skeletal versus cardiac muscle.

DISCUSSION

These studies have described the identification and charac-
terization of a previously unknown control element (MPEX) in
the MCK proximal promoter. Using selective enrichment fol-
lowed by quantitative proteomics, we identified MAZ as one of
the factors binding the MPEX sequence. Using ChIP studies,
we confirmed in vivo binding of MAZ to the MCK promoter,
as well as other skeletal and cardiac muscle genes. Consistent
with its enrichment at the promoters of MCK, Skeletal 
-actin,
and Desmin, we found that MAZ transcripts and DNA-binding
activity are upregulated over the course of skeletal muscle

differentiation. This is, to our knowledge, the first specific
demonstration of muscle gene regulation by the MAZ tran-
scription factor.

As in our previous identification of a nonconsensus Six4
control element in the MCK enhancer (27), quantitative pro-
teomics proved to be a powerful strategy for identifying low-
abundance binding factors in a complex mixture. Out of 183
total proteins, only 9 were identified as MPEX-BF candidates.
The presence of multiple MPEX-specific bands in our gel shift
assays suggested that more than one factor might bind this
sequence, and indeed, we were able to confirm binding of
several additional candidates (data will be reported else-
where). MAZ appeared to be one of the strongest candidates,
with five unique peptides enriched in MPEX* versus MPEX-
mt* DNA affinity-purified samples. Six of eleven predicted
cysteine-containing tryptic peptides in mouse MAZ (55%)
were identified. It is likely that the other peptides were not

FIG. 7. MAZ recognizes sequences that diverge from the established motif. (A to C) Labeled MPEX probe was mixed with 2 �g of MM14
skeletal myocyte nuclear extracts and analyzed via gel shift assays. (A) MPEX species variants compete for MAZ binding. Oligonucleotides
containing the MPEX sequences from the mouse, human, cat, dog, and bovine MCK promoters, as well as those containing MAZ motifs from the
Desmin and Skeletal 
-actin promoters (MAZ-Des and MAZ-Skact, respectively), were tested as competitors for MAZ binding. (B) MAZ
recognizes MPEX sequences containing changes in the conserved bases of the MAZ motif. Oligonucleotides containing the mouse MPEX
sequence with changes (underlined) in the conserved bases of the MAZ motif were tested as competitors for MAZ binding. (C) Divergent motifs
from MAZ target genes compete for MAZ binding. Oligonucleotides containing the mouse MPEX sequence with changes (underlined) in or
flanking the established MAZ motif, as well as an oligonucleotide containing the GAGA box from the rat Insulin I promoter (MAZ-rIns1), were
tested as competitors for MAZ binding. For panels A to C, the effect of a competitor containing the mouse MPEX site with the M1-M3 mutation
(M1-M3), which does not compete for MAZ binding, is shown for comparison. The arrowhead indicates free probe. (D) Summary of MAZ
recognition motifs. These include the established sequence (GA box), which is also recognized by the Sp/KLF family, and variant motifs (from A
to C) which were found to compete well for MAZ binding. Although the established sequence does not include it, we found that an additional C
(present in the MCK promoter MPEX sequence and many of the MAZ target genes) is required for optimal binding (in panel C, compare lane
2 with lanes 3 to 5).
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detected due to duty cycle limitations of the mass spectrometer
(limited time over which the instrument can take measure-
ments).

MAZ is surprisingly diverse in its functional roles, being
implicated in polyadenylation and transcriptional termination,
activation, and repression. Furthermore, since MAZ is only
one of a plethora of factors that recognize GC-rich sequences,
transcriptional regulation of its target promoters is likely to be
complex and highly dynamic. Sp1 and MAZ, for instance, have
been shown to compete for binding to the same or overlapping
sites (25, 49, 50, 57), which are often present more than once
within a given promoter. Interestingly, phosphorylation by ca-
sein kinase II has been shown to enhance DNA binding of
MAZ (64), whereas it inhibits DNA binding of Sp1 (2). In the
course of our studies, we discovered that the low-mobility
complexes binding the sequence downstream of MPEX (3�-
BFs) contain Sp1. However, mutations in this downstream
region have little effect on MCK promoter activity in skeletal or
cardiac myocytes, at least under the conditions tested.

Based on the high similarity of their binding sites, it is likely
that MAZ, Sp1, and related factors regulate their target genes
by mechanisms that depend on relative binding-site affinity, as
well as the local abundance and modification state of each
factor and its respective cofactors. An example of this type of
complexity is seen in the promoter of RUSH/SMARCA3, a
progesterone target gene, which contains a GC-rich element

that is bound by Egr-1, Sp1, Sp3, MAZ, MZF1, and c-Rel in
gel shift assays using nuclear extracts from progesterone-
treated rabbits (26). The relatively low enrichment of MAZ on
its target muscle gene promoters in our ChIP studies is con-
sistent with such a scenario, where multiple factors are all
capable of interacting with a single element and thus might
compete for occupancy of the site. An additional complexity is
that many transcription factors (including MAZ and Sp1) have
dual functions in the activation and repression of their target
genes. One mechanism by which such a factor might preferen-
tially recruit either coactivators or corepressors is dependent
on the exact sequence of its binding site (core and flanking
sequences). Pit-1, for instance, adopts different structural con-
formations upon binding to slightly different sequences, which
allows it to recruit either positive or negative coregulators (55).
Thus, correct regulation of MAZ target genes may depend on
subtle differences in DNA binding specificity for multiple,
slightly variant control elements.

To better characterize the DNA-binding requirements of
MAZ, we tested a number of MPEX sequence variants (from
the MCK promoters of other species and the MAZ motifs of
other genes) as competitors in gel shift assays. Since the mouse
MPEX sequence contains the established MAZ motif, the
effectiveness of each competitor was compared to that of the
mouse sequence; all of these sequences competed, although
with different efficiencies. After expanding the MAZ motif to
include the divergent sequences that competed particularly
well and excluding sequences that are also known to bind
members of the Sp/KLF family, we searched for the presence
of these motifs in striated muscle genes. Divergent MAZ mo-
tifs are abundant in both skeletal and cardiac muscle genes,
and interestingly, the sequence corresponding to the variant
MAZ motif in human MCK MPEX (CTCCTCCC) appeared
to be overrepresented. When we tested the functionality of the
two divergent MAZ motifs in the Six4 promoter, we found that
only mutations in the overrepresented 3� MAZ motif were
deleterious. Although this sequence was found to be critical for
Six4 promoter activity in both skeletal and cardiac myocytes,
we found that MAZ was able to transactivate the Six4 pro-
moter only in differentiated skeletal muscle cells and indeed
was enriched at the endogenous Six4 promoter only in skeletal
myocytes. Thus, it appears that MAZ binds a divergent motif
to facilitate full transactivation of the Six4 promoter in skeletal
muscle, but another factor (perhaps one of the other
MPEX-BF candidates identified in our proteomic strategy)
performs this function in cardiac muscle. Since the 3� MAZ
motif in the Six4 promoter (CTCCTCCC) does not match the
consensus binding site for any known transcription factor, we
suspect it was overlooked as an important control element
within the Six4 promoter, although other putative elements
flanking it (MEF3, c-Rel, and CdxA) were readily identified
(48). It is also interesting to note that this variant MAZ motif
could not have been predicted based on an alignment of known
MAZ binding sites, since the 3�-most C in the established motif
appears to be practically invariant (present in the Desmin,
Skeletal 
-actin, RAG-2, Ad major late, CLC-K1, PNMT, Sero-
tonin 1a receptor, c-myc, and CD4 genes).

Adding to the complexity of MAZ-mediated gene regula-
tion, several MAZ-related factors (MAZR, MAZi, and
THZif-1) have been described. MAZR (seven-Cys2-His2 zinc

TABLE 2. Divergent MAZ motifs are abundant in striated
muscle genes

Gene Species Divergent
MAZ motifsa Positions

Serum Response Factor Mouse GGGAAGGG �6 to �2
CTCCTCCC �208 to �201
CTCCACCC �568 to �561
CCCCTCCA �571 to �564

Skeletal 
-actin Mouse GGGTGGAG �64 to �71
GGGAAGGG �83 to �76
CTCCTCCC �495 to �488
CTCCTCCC �680 to �673

	-MyHC Mouse CCCTTCCC �480 to �473
CTCCTCCC �816 to �809
CTCCTCCC �860 to �853

Muscle creatine kinase Human CTCCTCCC �82 to �75
Mouse CCCCTCAC �1564 to �1557

CTCCGCCC �1585 to �1578
Myosin light chain 2V Mouse CTCCTCCC �433 to �426

CCCCTCCA �2451 to �2444
CCCCTACC �2276 to �2269

Six5 Mouse GGGCGGAG �286 to �279
GGGAAGGG �308 to �301
CTCCTCCC �357 to �350

Vimentin Mouse CTCCACCC �535 to �528
GGTAGGGG �925 to �918
CTCCTCCC �2055 to �2048

MEF2C Mouse CTCCTCCC �113 to �106
GGGAGGAG �1200 to �1193

M1 muscarinic AChR Rat CTCCTCCC �326 to � 333
CCCCTCCA �722 to �715

Myogenin Mouse GGGAAGGG �153 to �146
CCCTTCCC �432 to �425

Neuronal AChR 	4 Rat CTCCACCC �57 to �50
CCCTTCCC �63 to �56

Six4 Mouse CTCCTCCC �105 to �98
GGGTGGAG �152 to �145

CaChR 
-1 Mouse CCCCTACC �190 to �183
MyoD (PRR) Mouse CTCCGCCC �114 to �107
Six1 Human CTCCTCCC �497 to �490
Telokin Mouse GGGCGGAG �1329 to �1322

a Sequences correspond to divergent MAZ motifs, shown in Fig. 7D, which
have not been shown to bind Sp/KLF factors.
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finger protein with 72% sequence similarity in zinc fingers 2 to
6) is only loosely related to MAZ, although it binds a similar
G-rich sequence ([G/C]GGGGGGGG[A/C]C) (38). Like
MAZ, MAZR is widely expressed, although it is most abun-
dant in thymus, fetal liver, and bone marrow (38). MAZi
(99.3% amino acid identity to human MAZ) was discovered in
human pancreatic islet cells and shown to recognize both sin-
gle- and double-stranded DNA (65). While THZif-1 has 98.2%
amino acid similarity to MAZ, it contains a variant second zinc
finger (only 33.3% similar to MAZ) and is capable of binding
single-stranded, double-stranded, and triple-helical DNA (35,
54). Interestingly, MAZR and MAZi appear to activate,
whereas THZif-1 represses, expression of c-myc. It is not cur-
rently known whether the latter two factors are the products of
alternative splicing or encoded by separate genes. In our stud-
ies, we found that MAZ from mouse skeletal myocyte nuclear
extracts was incapable of recognizing the insulin I GAGA box,
which had been previously reported to bind MAZ from a
hamster insulinoma cell line (37). This apparent discrepancy in
MAZ binding motifs also hints at the possibility of species- or
cell type-specific MAZ isoforms or related factors.

To the best of our knowledge, only two proteins have been
reported to interact with MAZ: DCC, a type I membrane
protein and putative tumor suppressor, and FAC1, a tran-
scription factor. DCC has been shown to associate with
MAZ during neuronal differentiation of P19 cells, which
correlates with a loss of expression of c-myc, a MAZ target
gene (67). FAC1 has been shown to repress MAZ-mediated
activation of the simian virus 40 promoter and to colocalize
with MAZ to plaque-like structures in the brains of Alzhei-
mer’s patients (32). While DCC and FAC1 are expressed in
heart tissue (17, 32, 53), a role for these factors in regulating
MAZ-mediated gene expression in cardiac muscle has not
been addressed. The identification of coregulators of MAZ

FIG. 8. A divergent MAZ motif is essential for high-level activity of
the Six4 promoter in skeletal and cardiac myocytes. MAZ transacti-
vates and occupies the Six4 promoter in skeletal but not cardiac myo-
cytes. (A) The Six4 promoter contains two conserved, divergent MAZ
motifs. Partial sequence alignment of the mouse and human Six4
promoter (�156 to �94 for mouse) is shown. The wild-type sequences
for mouse and human are shown, as well as mutations in the two
variant MAZ motifs tested in panels B and C. (B and C) Analysis of
mutations in the Six4 promoter MAZ motifs and transactivation by
MAZ. MM14 skeletal myocytes or primary neonatal cardiomyocytes
were transfected with constructs containing the CAT reporter under
the control of the 643-bp 5�-flanking sequence of mouse Six4 and the
PAP reference plasmid. Activity of the wild-type (WT) construct com-
pared to those of constructs containing mutation M1 or M2 in MAZ1
or mutation M1 or M2 in MAZ2 is shown. For the last two bars, the
wild-type reporter construct was transfected or not with 0.5 �g of MAZ
expression vector (MAZ) or pCGN control vector (CTL). Data are
plotted as the mean value and standard deviation of the CAT/PAP
ratio determined for each culture dish, and the activity of the wild-type
construct is set at 100. (D) MAZ occupies the Six4 promoter in skeletal
but not cardiac myocytes. ChIP assays were performed using either
MM14 skeletal myocytes or primary neonatal cardiomyocytes. Chro-
matin was immunoprecipitated using MAZ-specific antibodies or non-
specific rabbit IgG and then analyzed by qPCR using primers specific
for the MCK promoter. Data are represented as enrichment by MAZ-
specific antibodies (MAZ) relative to nonspecific IgG (CTL). Data are
plotted as the mean values and standard deviations from three inde-
pendent ChIP experiments (three replicate PCRs for each).
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in both skeletal and cardiac muscle will be a critical step
toward understanding how MAZ mediates its transcrip-
tional effects in these tissues.

In skeletal and cardiac myogenesis, key transcription factors
and their cofactors regulate the genes required for the speci-
fication, formation, and maintenance of distinct anatomical
muscles. In cardiac myogenesis, these key factors include
Nkx2.5, GATA, HAND, MEF2, Tbx20, and myocardin (7). In
skeletal myogenesis, these factors include the myogenic regu-
latory factor family and MEF2, which play critical roles in
muscle development and differentiation (4). In addition to
these restricted factors, a host of more ubiquitous transcription
factors is thought to help modulate or sustain robust levels of
gene expression in muscle cells. These factors include Sp1,
AP2, TEF-1, SRF, the Six proteins, and MAZ. The Six pro-
teins, in particular, have emerged as key regulators of myogen-
esis, with Six1/4 required for Myf5 expression during early
development (18) and Six1 implicated in fiber-type switching in
skeletal muscle (21).

In our studies, we found that MAZ transcripts are upregu-
lated �6-fold over the course of skeletal myocyte differentia-
tion. In contrast, we found that Myogenin transcripts are up-
regulated �50-fold over the same time course. This striking
difference may reflect the different roles of myogenin versus
MAZ—the former as a global activator of genes required for
muscle differentiation and the latter as one of many factors
that contribute to the fine-tuning of gene expression patterns.
These different roles are also reflected in the relative effects of
mutations in control elements that bind MAZ versus myoge-
nin. For instance, mutations in the MCK promoter MPEX site,
which binds MAZ, can result in about a twofold decrease in
activity in the presence of the enhancer, whereas mutations in
the MCK enhancer right E-box, which binds myogenin (47),
are far more deleterious (�16-fold decrease) (46). However,
mutation of the MCK promoter MPEX site causes a greater
loss of transcriptional activity than mutation of a highly con-
served MCK promoter E-box element that also presumably
binds myogenin and/or MyoD in skeletal muscle cells (46) and
a loss of activity equivalent to that with mutations in the MCK
enhancer CArG, Trex, A/T-rich, left E-box, and MEF2 control
elements (1, 16, 45, 46). Our discovery of multiple variant
MAZ motifs in the promoters of such key muscle regulators
as Myogenin, MEF2C, and Six4, as well as confirmation of a
functional MAZ control element in the Six4 promoter, are
consistent with a role for MAZ in the development and
maintenance of the muscle phenotype, in part through the
activation of key muscle transcription factors. Understand-
ing the mechanisms by which these factors mediate their
effects and the spatiotemporal dynamics of their interactions
remains a significant challenge for future studies of skeletal
and cardiac myogenesis.
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