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This study identifies KLF3 as a transcriptional regulator of muscle genes and reveals a novel synergistic
interaction between KLF3 and serum response factor (SRF). Using quantitative proteomics, KLF3 was
identified as one of several candidate factors that recognize the MPEX control element in the Muscle creatine
kinase (MCK) promoter. Chromatin immunoprecipitation analysis indicated that KLF3 is enriched at many
muscle gene promoters (MCK, Myosin heavy chain Ila, Six4, Calcium channel receptor a-1, and Skeletal o-actin),
and two KLF3 isoforms are upregulated during muscle differentiation. KLF3 and SRF physically associate and
synergize in transactivating the MCK promoter independently of SRF binding to CArG motifs. The zinc finger
and repression domains of KLF3 plus the MADS box and transcription activation domain of SRF are
implicated in this synergy. Our results provide the first evidence of a role for KLF3 in muscle gene regulation
and reveal an alternate mechanism for transcriptional regulation by SRF via its recruitment to KLF binding
sites. Since both factors are expressed in all muscle lineages, SRF may regulate many striated- and smooth-
muscle genes that lack known SRF control elements, thus further expanding the breadth of the emerging

CArGome.

Expression of Muscle creatine kinase (MCK) is restricted to
terminally differentiated striated muscle, where it is one of the
most abundantly expressed genes. MCK transcription is regu-
lated by an upstream enhancer (—1256 to —1050), a proximal
promoter (—358 to +7), and an intron 1 modulatory region
(+740 to +1731). Despite several decades of analysis, the
study of MCK is still revealing novel mechanisms of transcrip-
tional control with direct relevance to many other striated-
muscle genes.

The MCK proximal promoter can drive muscle-specific ex-
pression on its own, but it also synergizes with the upstream
enhancer to drive much higher expression in both skeletal and
cardiac muscle in cell culture (1, 27) and in transgenic mice
(14, 54). The MCK promoter contains a conserved CArG site,
an E box, and a GC-rich MPEX site, and the last two elements
contribute to expression in both types of striated muscle (25,
41). Interestingly, in contrast to the MCK enhancer, where high
sequence conservation occurs only within control elements, the
promoter is highly conserved throughout (~70% identical be-
tween human and mouse), suggesting complex regulatory func-
tions and control elements that have yet to be identified.

In a previous study, we used quantitative proteomics to iden-
tify factors binding the MCK promoter MPEX site and dem-
onstrated that one of these candidates, MAZ, regulates mus-
cle-specific genes through both established and divergent
binding motifs (25). Here, we investigate the role of Kruppel-
like factor 3 (KLF3), which was also identified as a candidate
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MPEX-binding factor (MPEX-BF) by proteomic analysis. We
demonstrate that KLF3 binds MPEX, as well as functional
CACCC boxes in the MCK promoter, and that KLF3 is en-
riched at endogenous muscle gene promoters (MCK, Myosin
heavy chain Ila [MyHClIla), Six4, Calcium channel receptor a-1
[CaChR)], and Skeletal a-actin [Skaact]).

KLF3 (BKLF/TEF2), originally identified as a prominent
CACCC box binding factor in erythroid cells, has been shown
to bind C(A/C)CACCC with particularly high affinity (12). It is
a widely expressed member of the Kruppel-like factor subfam-
ily of Sp/KLF factors that contacts DNA via 3 Cys,-His,-type
zinc fingers. Although KLF3 can exhibit positive transcrip-
tional activity (12), it has been characterized as a potent re-
pressor of transcription. This occurs through an N-terminal
repression domain (RD) that recruits both the C-terminal
binding protein 2 (CtBP2) corepressor and the four-and-a-half
LIM domain (FHL) protein FHL3 (60). In addition to contact
with CtBP2, sumoylation of KLF3 residues K10 and K197 is
also required for full repression (46). Sequence-tagged tran-
scripts in the GenBank database include several spliceoforms
of KLF3, but their functions are not known. KLF3 knockout
mice display adipogenic defects, but no defective muscle phe-
notype has been detected, possibly due to functional redun-
dancy within the Sp/KLF family. This family contains 26 known
proteins, many of them with ubiquitous or widespread expres-
sion patterns (56). Although at least six KLF family members
are thought to play roles in striated and smooth muscle (21),
the role(s) of KLF3 in these tissues has not been characterized.

In the process of investigating the role of KLF3 in skeletal
muscle, we discovered that its expression is initiated during
terminal differentiation, a period when the expression of many
new transcription factors and structural proteins is activated.



VoL. 30, 2010

Furthermore, chromatin immunoprecipitation (ChIP) analysis
demonstrated that KLF3 is enriched at the promoters of many
of these newly activated genes. Why would KLF3, a strong
transcriptional repressor with no characterized transcription
activation domain (TAD), be enriched at muscle genes at the
onset of differentiation? One possibility is that it might coop-
erate with other factors to create a positive transcriptional
complex that binds KLF3 control elements. Using transactiva-
tion studies to find potential KLF3 interaction partners, we
found that serum response factor (SRF) exhibits strong syn-
ergy with KLF3 in transactivating the MCK promoter.

SRF is a MADS box transcription factor that is a critical
mediator of cardiac-, skeletal-, and smooth-muscle gene ex-
pression (16, 36, 43). Conditional knockouts of SRF display
severe defects in both cardiac and skeletal muscle (6, 32, 34, 44,
45). The MADS domain of SRF mediates both dimerization
and binding to a DNA motif known as the CArG box (CC[A/
T]TATA[A/T]GG), as well as interactions with cofactors (43,
63). SRF has been shown to associate with a number of pro-
teins, including GATA-4/6, Nkx factors, myogenin/MyoD,
TEF-1, Ets factors, CRP1/2, TFIIF, Barx-2b, HOP, and Smads
(3,5,7,19, 20, 22, 29, 37, 42, 48, 52, 55). Myocardin and two
myocardin-related transcription factors (MRTF-A and
MRTF-B) have also emerged as critical mediators of SRF
activity (47). Because SRF controls gene expression in re-
sponse to both growth and differentiation signals (36), the
identification of its target genes has been of long-standing
interest. Identification of the CArGome (the full spectrum of
all known and novel CArG sites in the genome) brought to
light a number of new targets of SRF activity, and 23% encode
contractile/cytoskeletal proteins (57). More recently, SRF-
binding sites throughout the genome were identified using
ChIP combined with human promoter microarrays (10). In-
triguingly, in the latter study, 33% of validated SRF gene
targets did not contain a CArG box within 4 kb upstream and
1 kb downstream of the transcription start site (10).

Here, we identify a positive transcriptional interaction be-
tween KLF3 and SRF that is independent of SRF binding to
CArG motifs. This discovery could provide a mechanism for
how SRF target genes are regulated in the absence of known
SRF-binding sites. It also implies that transcription of the
CArG site-independent subset of SRF target genes can be
partially controlled by signal transduction pathways that mod-
ify KLF3 function. Synergistic interactions between these path-
ways provide possibilities for fine-tuning the regulation of
many striated- and smooth-muscle genes.

MATERIALS AND METHODS

Plasmids and antibodies. The reporter plasmids —80MCKCAT,
e—80MCKCAT, —358MCKCAT, ¢—358MCKCAT, (MPEX-mt)—80MCKCAT,
and pUCSV2PAP have been described previously (1, 25, 54), as have constructs
containing full-length mouse KLF3 ¢cDNA in pMT?2 (12), full-length and all trun-
cated mouse KLF3 ¢cDNAs in pMT3 (46), FLAG-tagged mouse KLF3 cDNA in
pMT3 (46), and full-length KLF4 ¢cDNA in pcDNA3 (a generous gift of Gary
Owens [35]). Full-length human SRF cDNA in pCGN (11) was a generous gift
of Robert Schwartz. The pcDNA constructs encoding the human SRF MADS
domain (112-265) and mouse SRF lacking the C-terminal TAD (A266-508) were
generous gifts of Robert Schwartz and Michael Parmacek (15). The MEF2C
expression construct was a generous gift of Eric Olson (38). FLAG-KLF3(A8-
89), FLAG-KLF3(A8-119), SRF(A8-177), and SRF(A8-133) were generated
from FLAG-KLF3 or SRF-pCGN by deletion mutagenesis using a QuikChange
Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer’s
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directions, as were the other deletions/mutations (see Fig. 3B and 4A). For
CAC2-mt constructs, the CACCC box was mutated (underlined) to GACGG. All
constructs were sequenced to verify the integrity of the modified DNA.

The antibodies used in this study were as follows: rabbit polyclonal antisera to
KLF3 and rabbit preimmune sera (12), rabbit polyclonal antibody to SRF (G-20;
sc-335; Santa Cruz Biotechnology, Inc.), anti-FLAG M2 monoclonal antibody
(F3165; Sigma), nonimmune rabbit serum (R9133; Sigma), and mouse GATA-2
antibody (CG2-96; sc-267; Santa Cruz Biotechnology, Inc.).

Cell culture. Mouse MM 14 skeletal myoblasts were grown on 100-mm gelatin-
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
previously described (9, 40). For transient transfections, log-phase cultures at
~4 % 10° cells/dish were induced to differentiate by rinsing the cultures twice
with saline G and then switching them to differentiation medium (Ham’s F-10C
supplemented with 1.5% horse serum and 6 wg/ml insulin). The cells were
maintained for 48 h in differentiation medium prior to being harvested. For
myocyte nuclear extracts used in Fig. 1B and 2B, 100-mm dishes were plated with
~1 X 10° log-phase cells/dish, grown to near confluence (~4 X 10° cells/dish),
and then allowed to differentiate in proliferation medium without additional
fibroblast growth factor for 4 days prior to being harvested. All cultures con-
tained >90% terminally differentiated myocytes, as assessed by immunostaining
a parallel culture with the myosin-specific antibody MF-20. For the early-differ-
entiated myocyte nuclear extracts used in Fig. 2B, cells were grown in prolifer-
ation medium as described above and then switched to differentiation medium
for 20 h prior to being harvested. For myoblast nuclear extracts, cells were grown
in proliferation medium as described above and harvested at ~5 X 10° cells/dish.
COS-7 cells were grown on 100-mm gelatin-coated tissue culture dishes in Dul-
becco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS)
and antibiotics (100 U/ml penicillin and 0.1 mg/ml streptomycin).

Transient transfections. For reporter assays, proliferating MM14 or COS-7
cells were transfected, using a standard calcium phosphate technique (1), with 8
wg of reporter plasmids containing MCK test regions driving the chloramphen-
icol acetyltransferase (CAT) gene and either 2 pg of the pUCSV2PAP reference
plasmid or various amounts of the expression plasmids described above. Four
hours later, the cells were glycerol shocked; MM14 cells were switched to dif-
ferentiation medium (as described above). Cells were harvested 48 h after glyc-
erol shock and analyzed for CAT activity (1). The results of independent trans-
fections are shown as the average of at least two transfections of four plates each.

Preparation of nuclear extracts. Crude nuclear extracts from cultured cells
were prepared as previously described (13) using a cocktail of several protease
inhibitors (P8340; Sigma). The total protein in the extracts was quantitated by
the Bradford method (2).

Gel mobility shift assays. Gel shift assays were carried out as previously
described (25). Incubations with antisera or unlabeled oligonucleotide compet-
itors were carried out at room temperature for 20 min prior to the addition of
probe. For MCK oligonucleotides used as probes or competitors, the forward
sequences were as follows: mouse MPEX, 5'-GGGCCCCTCCCTGGGGACA
GCCCCTCCTGGCT-3'; human MPEX, 5'-AGAACTCCTCCCTGGGGACA
ACCCCTCCCAGC-3'; cat MPEX, 5'-AGCTCCCTTCCCCGGGGGGCAGCC
CCTCCCAG-3'"; dog MPEX, 5'-AGCTCCCTTCCCTGGGGGCAGCCCCTCC
CAGC-3'; bovine MPEX, 5'-AGCCCGCTCCCAAGGGGCAGCCCTTCCCA
GCC-3'; MT, 5-GGGCCACACACTGTGGCCCGACACGCA
mouse CAC2, 5'-GCTAGTCACACCCTGTAGGCTCCTC-3"; human CAC2,
5'-AGCCAATAGCACAGCCTAGGTCCCC-3"; cat CAC2, 5'-CCTCCCAGCT
GCACAGCCCGGCCCC-3'; dog CAC2, 5'-CCAGCCAATAGCACAGCCCG
GCCCC-3'; bovine CAC2, 5'-CAGCCAATCACACAGCCCAGGCCCC-3';
and mouse CACl, 5'-CCTGGGTCCGGGGTGGGCACGGTGC-3'.

For MPEX oligonucleotides, the MPEX sequence is underlined, and for
CAC2 and CACI oligonucleotides, the CACCC box (altered in nonmouse spe-
cies) is underlined. For MT, mutations from the mouse MPEX sequence are
underlined. Single-base-pair mutations in the mouse MPEX sequence are shown
in Fig. 3D.

ChIP assays. ChIP assays were performed with cultured MM14 skeletal myo-
cytes using the Fast ChIP method (39) with some modifications. Cells were fixed
in 1% formaldehyde in Ham’s F10-C for 10 min and subjected to Dounce
homogenization 10 times prior to sonication. The 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 fragments of ~200 to 800 bp, as deter-
mined by agarose gel electrophoresis. Chromatin was immunoprecipitated using
KLF3-specific antisera or preimmune sera at a final concentration of 6 pg/pl.
Quantitative PCR (qPCR) was performed using forward and reverse primers
(250 nM) and the 2X SensiMix DNA Kit (Quantace Ltd). The reaction condi-
tions were 40 cycles of 94°C for 15 s, 51.8°C for 30 s, and 72°C for 30 s. The mouse
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FIG. 1. KLF3 binds the MCK promoter and other muscle gene promoters in skeletal myocytes. (A) Peptides corresponding to KLF3 are
enriched in MPEX versus MPEX-mt DNA affinity-purified samples. Factors binding the MPEX site in the MCK promoter were selectively
enriched from skeletal myocytes and identified by ICAT-based quantitative proteomics; the experimental details are described in our previous
study (25). Peptides were analyzed by microcapillary liquid chromatography-electrospray ionization-tandem mass spectroscopy (wLC-ESI-MS/
MS), and protein identifications were assigned using the SEQUEST algorithm to search a mouse protein sequence database. ICAT-labeled
cysteine residues are underlined, and the dots represent sites of tryptic cleavage. The PeptideProphet probability scores for each peptide were >0.9.
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 XPRESS and is expressed as a ratio. (B) KLF3 in skeletal myocytes binds the MPEX sequence. Labeled mouse
MPEX probe was mixed with 2 pg of skeletal myocyte nuclear extracts and analyzed via gel shift interference assay. KLF3-specific antisera reduced
formation of the indicated complexes, whereas nonimmune sera (cytotoxic T lymphocytes [CTL]) had no effect. (C) KLF3 occupies muscle gene
promoters in skeletal myocytes. ChIP assays were performed using MM14 skeletal myocytes and KLF3-specific antisera or preimmune sera.
Immunoprecipitated chromatin was analyzed by qPCR using primers specific for the promoters of MyHCllIa, Six4, MCK, CaChR, and Skaact. The
data are represented as fold enrichment (enrich.) of the indicated promoter region by KLF3-specific antisera relative to preimmune sera (CTL).
Each bar represents the average and standard deviation (SD) from 3 independent ChIP experiments, with 3 replicate PCRs per experiment. The
number of KLF3 consensus motifs (CACCC) and KLF3-binding MPEX motifs (based on gel shift analysis) (Fig. 3D) is shown for the region
encompassed by the PCR primers and within 500 bp 5’ or 3" of the primers.
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FIG. 2. KLF3 expression is initiated during skeletal myocyte differ-
entiation. (A) KLF3 transcripts increase during myocyte differentia-
tion (Diff.). RNA was isolated from undifferentiated skeletal myoblasts
(0 h) and myocytes differentiated for 12, 24, 48, and 72 h. qRT-PCR
was performed using primers specific for KLF3 mRNA or 185 rRNA.
The data are represented as the fold change in KLF3/18S RNA relative
to myoblasts. Student’s ¢ test P values were 0.01 for 0 h versus 24 h and
0.05 for 24 h versus 48 h (n = 4). The error bars represent SD.
(B) KLF3 protein increases during myocyte differentiation. Cytoplas-
mic extracts were made from undifferentiated skeletal myoblasts and
myocytes differentiated for 1 day (early diff.) and 4 days (late diff.) and
subjected to Western analysis using antisera to KLF3 (top panel). The
predicted size of mouse KLF3 is 38 kDa. The bands in the lower gel
represent Ponceau S staining for total protein as a loading control.

primer sequences were as follows: MyHCIIa promoter, F (5'-TCTCTCCCATG
TTCCTCTAGTGT-3' [-783 to —761]) and R (5'-AGTTGCATGCCTTCAAC
AAT-3' [—485 to —504]); Six4 promoter, F (5'-CAGAAGCTTGGCCAGAAA
AG-3' [-215 to —234]) and R (5'-ATAGCTGCTTTCTGCCGTTC-3’ [+16 to
—4]); MCK promoter, F (5'-CGCCAGCTAGACTCAGCACT-3" [-238 to
—219]) and R (5'-GAGGAGCCTACAGGGTGTGA-3' [-32 to —51]); CaChR
promoter, F (5'-GCTTCCTTGACAGCGAGTG-3' [—857 to —839]) and R (5'-
TGCACCAGCTAGCAAACATT-3' [—645 to —664]); and Skaact promoter, F
(5'-GTGAGCCTTGGAGCCAGTT-3' [-276 to —258]) and R (5'-GTCCCCT
TGCACAGGTTTT-3' [—10 to —28]).The PCR products were analyzed on a
1.5% agarose gel to verify the correct size of the product and the specificity of
primer annealing.

Coimmunoprecipitations. COS-7 cells were transfected with 1 ug SRF con-
structs, 2 wg FLAG-KLF3 constructs, or both using Lipofectamine LTX reagent
(Invitrogen) according to the manufacturer’s protocol. Forty-eight hours after
transfection, the plates were washed twice with cold phosphate-buffered saline
(PBS), and cells were harvested in PBS plus protease inhibitors. The cells were
pelleted, washed with PBS plus protease inhibitors, and then incubated in lysis
buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 1 mM Na;VO,, 1 mM dithio-
threitol [DTT], and protease inhibitors) for 30 min on ice. The lysates were
mixed with equal parts adjustment buffer (50 mM Tris, 150 mM NacCl), and then
the cell debris was pelleted and the lysates were removed to new tubes. The
lysates were incubated with or without antibodies for 2 h at 4°C with rotation and
then incubated with protein A-Sepharose beads (17-5280-01; Amersham) for 2 h
at 4°C with rotation. The immunoprecipitates were washed three times with wash
buffer (1:1 lysis buffer-adjustment buffer) and then resuspended in 2X SDS-
PAGE loading dye and boiled for 5 min before being stored at —20°C.

Western analysis. Samples were heated at 70°C for 10 min prior to being
loaded on NuPAGE 4 to 12% Bis-Tris gels (Invitrogen). The gels were run in 1X
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NuPAGE MES (morpholineethanesulfonic acid) SDS running buffer using the
XCell II system (Invitrogen), according to the manufacturer’s instructions. Pro-
teins were transferred to nitrocellulose membranes in 1X NuPAGE transfer
buffer using the XCell II system according to the manufacturer’s instructions.
The membranes were washed once in PBS, blocked in Sea Block blocking buffer
(37527; Thermo Scientific) for 1 h at room temperature, and then incubated with
primary antibodies in blocking buffer overnight at 4°C with rotation. The mem-
branes were washed three times with PBS and then three times with wash buffer
(0.05% Tween 20 in PBS) for 10 min each time. The membranes were incubated
with secondary antibody [goat anti-rabbit IgG(H+L), DyLight 680 conjugated;
35568; Thermo Scientific] for 1 h at room temperature in the dark and then
washed three times with PBS and six times with wash buffer for 5 min each time.
Protein bands were visualized on a Li-Cor Odyssey Infrared Imaging System.

Quantitative reverse transcriptase (QRT) PCR. 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 instructions, and parallel
plates for each time point were fixed and stained for MyHC expression. The
RNA was DNase treated and reverse transcribed as previously described (25).
Quantitative PCR was performed using 40 ng cDNA, forward and reverse prim-
ers (300 nM each), and SYBR green PCR Master Mix (Applied Biosystems).
The reaction conditions were 40 cycles of 94°C for 15 s, 52.8 to 55.5°C (depending
on the primer melting temperature [7,,]) for 30 s, and 72°C for 30 s. The primers
used were specific to mouse KLF3 (F, 5'-TGCAAGAGAACCATCCTTCC-3';
R, 5'-GGTGCATTTGTACGGCTTTT-3") and 18S rRNA (F, 5'-CGCCGCTA
GAGGTGAAATTCT-3'; R, 5'-CGAACCTCCGACTTTCGTTCT-3'). Each
PCR was performed in triplicate on RNAs from 4 separate plates per time point.
The 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

KLF3 binds the MPEX sequence and is enriched at the
MCK promoter and other muscle gene promoters. MPEX is a
GC-rich sequence within the MCK promoter that is critical for
high-level promoter activity in both skeletal and cardiac myo-
cytes (25). The MPEX sequence contains putative binding sites
for a number of transcription factors, including the prodigious
Sp/KLF family, with 26 known members. After selectively en-
riching MPEX-BFs from MM14 skeletal myocytes, we used a
quantitative proteomic strategy to identify MPEX-BF candi-
dates (described in a previous study [25]). Briefly, we looked
for proteins that were enriched in binding to beads linked to
wild-type versus mutant MPEX oligonucleotides. KLF3 was
one of nine transcription factor candidates identified, with two
unique peptides enriched ~3-fold in wild-type versus mutant
MPEX samples (Fig. 1A). Details regarding experimental con-
ditions and data filtering are described in our previous study
(25).

KLF3 has been shown to bind with high affinity to CACCC
boxes and, to a lesser extent, to other GC-rich sequences (12).
To confirm the ability of KLF3 to bind MPEX, gel shift inter-
ference assays were performed using KLF3-specific antisera
and nuclear extracts from skeletal myocytes. Antisera to KLF3
significantly reduced the formation of two complexes (Fig. 1B,
lane 2), whereas nonspecific antisera had no effect (lane 3).
The presence of two KLF3-containing complexes could indi-
cate the existence of different isoforms, a cofactor interaction,
or proteolytic cleavage of KLF3 in differentiated skeletal myo-
cytes.

To determine whether KLF3 binds the MCK promoter in
vivo, ChIP assays were performed using chromatin from skel-
etal myocytes. Immunoprecipitation with KLF3-specific anti-
sera yielded ~2.5-fold enrichment of the MCK promoter over
that obtained with preimmune sera (Fig. 1C). When we as-
sessed other muscle genes for KLF3 occupancy, we found that
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FIG. 3. Multiple KLF binding motifs are important for the activity of the MCK promoter in skeletal myocytes. (A) Sequence conservation of
KLF binding motifs in the MCK promoter. The position of KLF binding motifs in the MCK enhancer (—1256 to —1050) and proximal promoter
(—358 to +1) are shown (dark bars), with sequence alignment of MPEX and C(A/C)CACCC boxes within the MCK promoters from multiple
mammalian species. Forward and reverse sequences are indicated, and bases that differ from the mouse sequences are underlined. (B) CAC1 and
CAC2 are important for MCK promoter activity in skeletal myocytes. Skeletal myocytes were transfected with constructs containing the CAT
reporter under the control of either the 358-bp MCK proximal promoter, the 80-bp MCK minimal promoter, or the equivalent constructs containing
the MCK enhancer, and the PAP reference plasmid. The activities of the wild-type constructs compared to constructs containing a deletion of
CACI or a mutation in CAC2 are shown. The data are plotted as the mean value and standard deviation of the CAT/PAP ratio determined for
each culture dish, and the activity of each corresponding wild-type construct is set at 100. (C and D) KLF3 recognizes divergent MPEX sequences,
but not the divergent CAC2 motif present in nonmouse species. Labeled mouse MPEX probe was mixed with 2 pg of nuclear extracts from COS-7
cells overexpressing FLAG-KLF3 and analyzed via gel shift assays. The KLF3-specific band (supershifted by antibodies to FLAG) (lane 2) is
indicated. In panel C, oligonucleotides containing the MPEX and CAC2 sequences from the mouse, human, cat, dog, and bovine MCK promoters
were tested alongside a mutant MPEX sequence (MT) as competitors for KLF3 binding. In panel D, oligonucleotides containing the wild-type
mouse MPEX sequence (WT) or with single-base-pair changes (underlined) at each position were tested alongside a mutant MPEX sequence
(MT) as competitors for KLF3 binding. (The oligonucleotides containing changes in bases 2 [C—T] and 4 [C—T] are the human and dog versions
of MPEX, respectively, tested in panel C, lanes 4 and 6.) A summary of the KLF3 recognition sequence within MPEX is shown, with less stringent
base requirements indicated in lowercase letters.

(KLF3 binding to MPEX: CCcCtCCCT)

MyHClla, Six4, MCK, CaChR, and Skaact were all enriched to
similar extents (~2.5- to 4-fold) (Fig. 1C). Although these
genes contain different numbers of KLF3-binding motifs
within the primer-designated regions, we believe the similar
enrichments are due to the fact that ChIP analysis also detects
enrichment of sheared genomic regions flanking the 5’ and 3’
primer locations. Because ChIP detects binding to large re-
gions, it is unclear which of these motifs are bound by KLF3,
and with the exception of the KLF3-binding motifs in the MCK
promoter (see below), the functional significance of these sites
has not been characterized. Moreover, other members of the

Sp/KLF family are also capable of recognizing these sequences
and may compete with KLF3 for binding. These caveats may
help to explain why KLF3 enrichment at the MyHClIla pro-
moter, which contains only a single CACCC box, is equivalent
to enrichment at promoters that contain as many as 9 CACCC
boxes within the ~1,200-bp region including and flanking our
PCR primers. Nonetheless, these results indicate a role for
KLF3 in the regulation of many muscle genes during skeletal
myocyte differentiation.

KLF3 expression increases during skeletal muscle differen-
tiation. To examine the temporal regulation of KLF3 during
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muscle differentiation, we performed qRT-PCR on mRNA
isolated from skeletal myoblasts and myocytes at various stages
of differentiation. KLF3 transcripts increased 2-fold by 12 h of
differentiation and 10-fold by 48 h (Fig. 2A). To determine
whether the KLF3 protein, in addition to transcripts, is up-
regulated during muscle differentiation, we compared KLF3
protein levels in nuclear extracts from skeletal myoblasts, early
differentiated myocytes, and late differentiated myocytes by
Western analysis. The predicted molecular mass of KLF3 is 38
kDa, and KLF3 from erythroid cells and fetal liver has been
shown to run at ~40 kDa (12). Whereas no KLF3 protein was
detectable in myoblasts or at the early stages of differentiation,
two bands of ~40 and ~27 kDa were detected in late differ-
entiated myocytes (Fig. 2B), consistent with the expression of
full-length KLF3 and a smaller product. Interestingly, an al-
ternatively spliced KLF3 transcript has been found in a num-
ber of tissues, including lung, bone marrow, kidney, and uterus
(available in the GenBank database under accession numbers
BU679969.1, AV760739.2, CR742435.1, and AW796043.1, re-
spectively), that would encode a protein of 25.4 kDa, close to
the ~27-kDa protein we found in skeletal myocytes. However,
this reported KLF3 spliceoform lacks the exons encoding the
zinc fingers; therefore, it would be unable to bind DNA. Thus,
neither KLF3-specific complex in our gel shift study (Fig. 1B)
would correspond to this splice product. Nonetheless, the ini-
tiation of expression of full-length KLF3 in terminally differ-
entiated myocytes suggests that KLF3 may play an important
role in muscle differentiation.

Multiple KLF binding sites regulate the MCK promoter in
skeletal myocytes. The CACCC box is recognized by many
factors, including members of the Sp/KLF family. Since KLF3
binds these motifs preferentially over other GC-rich se-
quences, we searched the MCK enhancer and promoter for
these strong KLF3-binding motifs. There are three CACCC
boxes within the MCK enhancer and two flanking the MPEX
sequence within the MCK promoter (Fig. 3A). Since the up-
stream CACCC box in the enhancer (—1210 to —1206) over-
laps a functional MEF3 motif (24) and since deletion of a
63-bp region including two adjacent CACCC boxes (—1135 to
—1125) had no effect on enhancer activity in skeletal myocytes
(51), we confined our analysis to the KLF3-binding sites
present in the MCK promoter. Interestingly, both of these sites
conform to the high-affinity KLF3-binding sequence C(A/C)C
ACCC present in many erythroid genes (12). While the up-
stream motif (CACI1) appears to be fully conserved among
mammalian species, the downstream motif (CAC2) is present
only in the mouse (Fig. 3A). To determine whether either of
these motifs is important for MCK promoter activity, we tested
the effects of altering these sequences in transient transfections
of skeletal myocytes. Deletion of CACI reduced the activity of
a reporter construct containing the MCK promoter by ~55%,
while mutation of CAC2 reduced activity by ~40% (Fig. 3B).
Interestingly, while deletion of CAC1 had the same effect in
the presence of the MCK enhancer, mutation of CAC2 had a
much more deleterious effect in this context, resulting in a 70%
decrease in activity (Fig. 3B). These data suggested that CAC2
might synergize with an element(s) in the MCK enhancer.

Since the MPEX sequence in the MCK promoter lacks a
CACCC box and is not fully conserved among mammals, we
examined whether mouse KLF3 could recognize human, dog,
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cat, and bovine MPEX sequences by comparing them as com-
petitors in gel shift assays. For these experiments, we used
nuclear extracts from COS cells (which do not express detect-
able KLF3 [12]) transfected with FLAG-tagged mouse KLF3.
The human and dog sequences competed almost as well as the
mouse sequence for KLF3 binding, whereas the bovine se-
quence competed less well, and the cat sequence did not com-
pete at all (Fig. 3C). We also tested the CAC2 sequence in the
nonmouse species (which contains a single-base-pair change
from the CACCC box present in the mouse [Fig. 3A]), but this
sequence did not compete for KLF3 binding (Fig. 3C).

To better determine the spectrum of sequences that KLF3
recognizes, we designed oligonucleotides containing single-
base-pair changes at each position of the mouse MPEX se-
quence and tested them as competitors in gel shift assays (Fig.
3C, lanes 4 and 6 [the human and dog oligonucleotides have
single-base-pair changes at positions 2 and 4, respectively])
(Fig. 3D). We found that for 6 out of 11 C/G base pairs, a
single-base-pair change to A/T greatly reduced the ability of
KLF3 to recognize the MPEX sequence. The KLF3 recogni-
tion sequence within MPEX (with less stringent base require-
ments indicated in lowercase) is shown in Fig. 3D. It is impor-
tant to emphasize that this sequence was determined using
only single-base-pair changes and does not represent a com-
prehensive analysis of KLF3 binding preferences. For example,
while the mutant oligonucleotides in Fig. 3D, lanes 5 and 6,
each exhibit strong competition, it is not known whether an
oligonucleotide containing both mutations would compete.
However, the GC-rich nature of MPEX appears to be impor-
tant for recognition by KLF3. This is consistent with previous
reports of KLF3 binding preferences in erythroid cells (12).

KLF3 and SRF synergize in transactivating the MCK pro-
moter. Since KLF3 binds positive elements in the MCK pro-
moter (MPEX and CACCC boxes) and since its expression is
initiated upon muscle differentiation, it seemed likely that
KLF3 serves as a positive regulator of muscle gene transcrip-
tion. However, since no TAD has been described for KLF3, we
asked whether this factor mediates positive effects on tran-
scription by associating with other transcriptional regulators of
MCK. COS-7 cells were used as an informative system in which
to test these interactions, since these cells are devoid of KLF3,
which is expressed in most cells and tissues.

One of the factors we tested for synergy was SRF, which has
been shown to bind CArG sites in the MCK enhancer and
promoter (53, 62). Targeted deletion of SRF results in greatly
decreased levels of many muscle-specific transcripts, including
MCK (6, 44). Despite the presence of two CArG sites and six
KLF binding motifs in the MCK enhancer-promoter (Fig. 4A),
overexpression of KLF3 or SRF alone had little effect on the
activity of this construct (Fig. 4A and B, e—358MCKCAT).
However, coexpression of KLF3 and SRF resulted in ~7-fold-
higher activity of the MCK enhancer-promoter (Fig. 4B). Al-
though COS-7 cells contain low levels of SRF, as determined
by gel supershift assays (data not shown), the endogenous
levels are apparently not sufficient for detectable synergy with
overexpressed KLF3. In the absence of the MCK enhancer,
KLF3 and SREF still synergize in activating the MCK promoter,
which contains a single CArG site and three KLF binding
motifs (Fig. 4A and B, —358MCKCAT). Surprisingly, we also
found that KLF3 and SRF synergize to the same extent in
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FIG. 4. KLF3 and SRF synergize in transactivating the MCK promoter, and the synergy is independent of CArG sites. (A) Diagrams of the
constructs used in panel B and Fig. 5 and 6. CAT reporter constructs contain the MCK enhancer linked to the proximal promoter
(e—358MCKCAT), the MCK proximal promoter (—358MCKCAT), the MCK minimal promoter (—80MCKCAT), or the MCK minimal promoter
containing mutations in MPEX [(MPEX-mt)—80MCKCAT]|, CAC2 [(CAC2-mt)—80MCKCAT], or both sites [(MPEX/CAC2-
mt)—80MCKCAT]. (B) KLF3 and SRF synergize in a CArG-independent fashion. COS-7 cells were transfected with e—358MCKCAT,
—358MCKCAT, or —80MCKCAT. Each reporter construct was transfected alone or with 0.4 g of KLF3 expression vector, 1 pg of SRF
expression vector, or both. The data are plotted as the mean value and standard deviation of relative CAT activity, with the activity of the reporter

construct alone set at 100.

activating even the MCK minimal promoter, which contains
two KLF binding motifs and no CArG site (Fig. 4A and B,
—80MCKCAT). Since there are no CArG sites within the rest
of the reporter plasmid, this result strongly suggests that KLF3
can function to recruit SRF to KLF binding sites within the
MCK promoter.

To determine if related transcription factors can synergize
with either KLF3 or SRF, we tested KLF4 with SRF and
MEF2C with KLF3. Although KLF4, which contains a TAD
(64) and also recognizes CACCC boxes, activates the MCK
minimal promoter quite strongly, it displayed no synergy with
SRF (Fig. 5A). Likewise, we tested the transcriptional re-
sponse of KLF3 in conjunction with MEF2C, a key muscle
transcription factor belonging to the same MADS box family as
SRF. As expected, MEF2C alone had no effect on the MCK
minimal promoter, which contains no MEF2 (A/T-rich) bind-
ing motifs, but MEF2C also exhibited no synergy in the pres-
ence of KLF3 (Fig. 5B). Since MADS box factors are quite
divergent outside the MADS domain, this suggested that other
regions of SRF (possibly in addition to the MADS domain)
may be important for synergizing with KLF3.

To determine the regions of SRF and KLF3 that are re-

quired for synergy, we tested various truncated forms of the
two factors. For these experiments, we used a reporter con-
struct containing the MCK minimal promoter with a mutation
in the MPEX site [Fig. 4A, (MPEX-mt)—80MCKCAT], since
KLF3 and SRF were found to cooperate best in activating this
construct, which contains a single strong KLF binding motif
(Fig. 6C).

We found that SRF lacking amino acids (aa) 8 to 177 (A8-
177) was capable of transactivating the reporter by ~4-fold
(Fig. 5C), consistent with a previous report demonstrating that
the first 171 aa of SRF contain an inhibitory domain (28) (see
Discussion). We also found that truncated forms of SRF lack-
ing this N-terminal region (A8-177), the N-terminal region
including the full MADS box (A8-221), or the C-terminal re-
gion including the TAD (A266-508) were unable to synergize
with KLF3 (Fig. 5C). Consistent with the requirement for the
TAD, the MADS box of SRF alone (112 to 265) also displayed
no synergy (Fig. 5C). These results suggest that both the
MADS box and TAD of SRF are required for synergy with
KLF3.

As expected, when the three zinc fingers of KLF3 are re-
moved, the remaining protein (1 to 268) does not activate the



VoL. 30, 2010 KLF3 REGULATES MUSCLE GENES AND SYNERGIZES WITH SRF 3437
A. C. 1 141 168 223 46 58
COS-7 cells SRF | | Dimer | TAD [1]
-SoMCKCAT  [1] —
MADS/DNA
COS-7 cells
(MPEX-mt)-80MCKCAT [ 0 N
+KLF4 X I
+ +(1-509) SRF == A CAC2
+(A8-177) E——
+ SRF H‘ +(A8-221) ==
+ (112-265) =1
+ (A266-508) B
+KLF4 + SRF - *+KLF3 ——
| | | + KLF3 + (1-509) SRF = |
KLF3 8-177 | E—
0 500 1000 1500 2000 * * (A )
+ KLF3 + (A8-221) — ]
Relative CAT Activity + KLF3 + (112-265) —
+ KLF3 + (A266-508) B
. 0 500 1000 1500 2000
B | | | | cosl7 cells
-80MCKCAT Relative CAT Activity
‘ ‘ ‘ | D. ! 7 261 342
+KLF3 e KLF3 [__RD [ [Znll
‘ ‘ ‘ | b COS-7 cells
(MPEX-mt)-80MCKCAT 0 +
+MEF2 —f— I
+(1-344) KLF3 F MFEXqacz
] v t268) 1
+KLF3 + MEF2 |—|—‘ + (180-344) ===t
I I I I +(150-344) ] | |
+(120-344)
0 20 40 60 80 100 120 140 160 J
vty ———
Relative CAT Activity +SRF | |

+SRF + (1-344) KLF3 |
+SRF + (1-268) i
+SRF + (180-344)
+ SRF + (150-344)
+SRF + (120-344)
+ SRF + (90-344)

500 1000 1500 2000 2500 3000 3500 4000
Relative CAT Activity

o

FIG. 5. Synergy is specific to KLF3 and SRF, requiring the N terminus and zinc fingers of KLF3 and the MADS domain and TAD of SRF.
(A) SRF does not synergize with KLF4. COS-7 cells were transfected with —80OMCKCAT alone or with 5 pg of KLF4 expression vector, 1 g of
SRF expression vector, or both. (B) KLF3 does not synergize with MEF2. COS-7 cells were transfected with —80MCKCAT alone or with 0.4 pg
of KLF3 expression vector, 0.5 ug of MEF2C expression vector, or both. (C) The MADS box and TAD of SRF are important for synergy with
KLF3. COS-7 cells were transfected with (MPEX-mt)—80MCKCAT alone or with 0.4 pg of KLF3 expression vector, 1 pg of expression vectors
containing various truncated versions of SRF, or both. The diagram of SRF shows the MADS box and C-terminal TAD. (D) Full-length KLF3
is required for synergy with SRF. COS-7 cells were transfected as for panel C, except that expression vectors containing various truncated versions
of KLF3 were tested with and without full-length SRF. The diagram of KLF3 shows the N-terminal RD and C-terminal zinc fingers. For panels
A to D, the data are plotted as the mean value and standard deviation of relative CAT activity, with the activity of the reporter construct alone

set at 100.

MCK minimal promoter (Fig. 5D). However, when the N-
terminal 179 aa of KLF3 are removed, the remaining protein
(180 to 344) is almost as active as the full-length form (1 to
344), presumably due to the loss of the RD (Fig. 5D). Inter-
estingly, when aa 120 to 179 are added back (120 to 344), the
protein is ~3-fold more active than the full-length form (Fig.
5D), suggesting that sequences in the middle of KLF3 are
important for activity.

As shown above, full-length SRF alone does not activate the
MCK minimal promoter, since the reporter construct contains
no SRF-binding sites (Fig. 5D). Importantly, when the three
zinc fingers of KLF3 are removed, the remaining protein (1 to
268) is unable to synergize with SRF (Fig. 5D), consistent with
the proposition that KLF3-SRF synergy acts through associa-
tion with KLF3-binding sites. Additionally, since none of the
N-terminally truncated forms of KLF3 is able to synergize,
sequences within aa 1 to 90 (which includes the RD of KLF3)
are also required for synergy with SRF (Fig. 5D). It is worth

pointing out that all the truncated forms of KLF3, with the
exception of KLF3 lacking the zinc finger domain, were tran-
scriptionally active, suggesting that the truncations did not
affect the structure of the remaining protein.

KLF3-SRF synergy is strongest on CAC2 in the MCK pro-
moter. The mouse MCK minimal promoter contains two dis-
parate KLF binding sites: the MPEX sequence and a CACCC
box (Fig. 3A, CAC2). Since KLF3 and SRF synergize in trans-
activating the MCK minimal promoter, we wanted to deter-
mine if these two factors synergize more strongly on one site
than the other.

To first determine which sequence is preferentially bound by
KLF3, we compared CAC1, CAC2, and MPEX as competitors
in gel shift assays (all sequences from the mouse MCK proxi-
mal promoter [Fig. 3A]). Consistent with previous reports that
KLF3 binds better to CACCC boxes than to other GC-rich
sequences (12), both CAC1 and CAC2 compete better than
the MPEX site for KLF3 binding. However, CAC2 competes
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more strongly than CAC1 despite the fact that both sequences
conform to the “strong” KLF3-binding consensus of C(A/C)C
ACCC (Fig. 6A and B, lanes 3 to 5 and 6 to 8). KLF3 exhibited
the same binding preference for competitor (CAC2 >
CAC1 > MPEX) regardless of whether the MPEX sequence
or CAC1 was used as a probe. These data suggest that se-
quences flanking the C(A/C)CACCC box also play a role in
determining KLF3-binding affinity.

To determine if KLF3-SRF synergy is stronger on CAC2
than MPEX, we performed transfections with constructs con-
taining mutations in either site in the MCK minimal promoter.
Consistent with the gel shift results, KLF3 activated a construct
containing a single functional CACCC box better than one
containing a single functional MPEX site (Fig. 6C). Whereas
KLF3 activated the wild-type MCK minimal promoter
(—80MCKCAT) and (CAC2-mt)—80MCKCAT by ~2-fold, it
activated (MPEX-mt)—80MCKCAT by ~5-fold. It is not en-
tirely clear why transactivation is stronger in the absence of an
intact MPEX site; perhaps binding to MPEX sequesters KLF3
in a less productive conformation for interactions with coacti-
vators. The fact that the FLAG antibody causes a supershift of
KLF3 bound to the MPEX probe (Fig. 6A), whereas it pre-
vents binding of KLF3 to the CAC-1 probe (Fig. 6B) or CAC-2
probe (data not shown), implies that KLLF3 almost certainly
adopts different conformations when bound to the MPEX se-
quence versus the CACCC box. Regardless, an intact CAC2
element appears to be necessary for maximal transactivation by
KLF3. KLF3-SRF synergy was also stronger on (MPEX-
mt)—80MCKCAT than on the other constructs (Fig. 6C).

The fact that KLF3 synergizes with SRF even when both

KLF binding sites are mutated [Fig. 6C, (MPEX/CAC2-
mt)—80MCKCAT] is surprising and suggests the presence of a
cryptic KLF binding site(s) elsewhere in the MCK minimal
promoter. This is a strong possibility, since the promoter is
highly GC rich. Additionally, there are two CACCC boxes
within the coding sequence of the CAT reporter gene. How-
ever, it is important to note that the amount of transactivation
in this case is still much less than that achieved with an intact
CAC2 site, indicating that KLF3 transactivates most strongly
through CAC2.

KLF3 physically associates with SRF. To determine
whether KLF3 and SRF can interact in the absence of DNA,
we made cytoplasmic extracts from COS-7 cells transfected
with SRF alone or with FLAG-KLF3 plus SRF. Coimmu-
noprecipitations were performed using FLAG antibodies,
and immunoprecipitated proteins were probed with anti-
bodies to SRF.

SRF is not detectable in mock-transfected lysates (Fig. 7A,
lane 1) and is seen only in lysates from cells transfected with
SRF (lanes 2 and 3). As expected, when cells were transfected
with SRF alone, no SRF was immunoprecipitated using the
FLAG antibody (lane 4). Only when cells were transfected
with both FLAG-KLF3 and SRF was SRF immunoprecipi-
tated, consistent with a physical interaction between these two
factors (lane 5). As a further control, SRF was not immuno-
precipitated by antibodies to an unrelated protein, GATA-2
(lane 6).

To determine whether the physical interaction between
KLF3 and SRF requires N-terminal regions of KLF3, similar
studies were carried out with extracts from COS cells trans-
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FIG. 7. KLF3 physically associates with SRF. (A to C) COS-7 cells
were transfected with various combinations of FLAG-KLF3, FLAG-
KLF3(A8-89), FLAG-KLF3(A8-119), SRF, SRF(A8-133), or SRF(A8-
177), and cytoplasmic extracts were immunoprecipitated with FLAG
antibodies. Proteins coimmunoprecipitating with FLAG-KLF3 were
subjected to Western analysis using antisera to SRF. The predicted
size of full-length SRF is 65 kDa. All truncated proteins were the
expected size and expressed at levels similar to that of the equivalent
full-length protein, except for SRF(A8-177), which was expressed at
~3-fold-higher levels than full-length SRF (data not shown).
(A) KLF3 interacts with SRF. Lanes 1 to 3, 0.5% input lysates from
cells that were mock transfected or transfected with SRF or FLAG-
KLF3 plus SRF; lane 4, FLAG-immunoprecipitated proteins from
SRF-transfected cells; lane 5, FLAG-immunoprecipitated proteins
from cells transfected with FLAG-KLF3 plus SRF; lane 6, GATA-2
IgG-precipitated proteins from cells transfected with FLAG-KLF3
plus SRF (negative control). A diagram of molecular interactions is
shown. Prot, protein. (B) Sequences C terminal to the RD of KLF3 are
important for interaction with SRF. Lanes 1 to 3, 0.5% input lysates
from cells that were transfected with FLAG-KLF3 plus SRF, FLAG-
KLF3(A8-89) plus SRF, or FLAG-KLF3(A8-119) plus SRF; lanes 1*
to 3*, FLAG-immunoprecipitated proteins from cells transfected with
each of the above combinations. (C) The MADS domain of SRF is
required for interaction with KLF3. Lane 1, 0.5% input lysates from
cells that were transfected with FLAG-KLF3 plus SRF, FLAG-KLF3
plus SRF(A8-133), or FLAG-KLF3 plus SRF(A8-177); lane 2, FLAG-
immunoprecipitated proteins from cells transfected with each of the
above combinations. The predicted sizes of full-length and truncated
forms of SRF are shown.
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fected with SRF plus FLAG-KLF3 or SRF plus FLAG-KLF3
with aa 8 to 89 [FLAG-KLF3(A8-89)] or aa 8 to 119 [FLAG-
KLF3(A8-119)] deleted.

We found that when cells were transfected with both SRF
and FLAG-KLF3(A8-89), SRF was still immunoprecipitated,
albeit at reduced levels, indicating that this N-terminal region
of KLF3, while critical for transcriptional synergy, is not abso-
lutely required for the physical interaction with SRF (Fig. 7B,
lane 2*). However, when aa 8 to 119 were deleted from KLF3,
interaction with SRF was almost completely eliminated (Fig.
7B, lane 3*). Thus, sequences immediately C terminal to the
KLF3 RD are important for contacting or stabilizing contact
with SRF.

To determine the interacting regions of SRF, we performed
reciprocal experiments with extracts from COS cells trans-
fected with FLAG-KLF3 plus SRF, or FLAG-KLF3 plus SRF
with aa 8 to 133 [SRF(A8-133)] or aa 8 to 177 [SRF(A8-177)]
deleted. When cells were transfected with both FLAG-KLF3
and SRF(A8-133), SRF was still immunoprecipitated similarly
to the full-length form (Fig. 7C). However, when aa 8 to 177
(including part of the MADS domain) were deleted from SRF,
the interaction with KLF3 was abolished (Fig. 7C), indicating
that sequences in the MADS domain are required for this
interaction.

DISCUSSION

Using isotope-coded affinity tag (ICAT)-based quantitative
proteomics, multiple candidate factors were identified as bind-
ing to a single positive element (MPEX) in the MCK promoter
(25). One of these factors, MAZ, was subsequently found to
play an important role in muscle gene regulation (25). In the
current study, we describe the identification of KLF3 as an-
other candidate MPEX-binding factor. Despite its widespread
expression, the analysis of KLF3 has thus far been confined
mostly to erythroid and adipose cells, and to the best of our
knowledge, our study presents the first reported evidence of a
role for KLF3 in skeletal muscle.

While interpretive complexities have plagued many cell
lines, MM14 skeletal myoblasts are a well-established system
for understanding myogenesis (9). Using these cells, we show
that KLF binding sites are important for activity of the MCK
promoter, that KLF3 transcripts and protein increase during
muscle differentiation, and that KLF3 is enriched at the pro-
moters of endogenous muscle genes. Taken together, these
data strongly suggest that KLF3 plays a role in muscle gene
regulation.

Although KLF3 knockout mice have no apparent muscle
defects (56), there is an enormous potential for compensation
by the large family of Sp/KLF factors (many of which are
expressed in muscle) and by other factors, such as MAZ, that
transactivate through the same DNA-binding motifs (such as
the CCCTCCC motif in MPEX) (25). Thus, the absence of a
clearly defective muscle phenotype in KLF3 knockout mice
may not be surprising. In this context, it is interesting that the
initial studies of MyoD-null mice also showed no muscle de-
fects, due to compensation by another family member (Myf5)
(49). Nevertheless, extensive in vitro data, including ChIP anal-
ysis, have consistently demonstrated the seminal role of MyoD
in muscle development—a role that could only be demon-
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strated in vivo by disrupting both MyoD and Myf5 (50) and that
was not fully understood until mice containing a triple knock-
out of MyoD, Myf5, and MRF4 were analyzed (30).

In an effort to find a factor(s) that might cooperate with
KLF3, we discovered that KLF3 and SRF synergize in trans-
activating the MCK promoter. Furthermore, we found that this
synergy is independent of CArG sites. This result was surpris-
ing in light of the fact that SRF has traditionally been thought
to mediate its effects only through binding to CArG boxes in
target genes (36, 43). Indeed, in cases where SRF has been
shown to synergize with other transcription factors, synergy
requires CArG sites (20, 52). Thus, while SRF is able to recruit
factors such as GATA-4 and Nkx2.5 to CArG sites (52), the
recruitment of SRF to other control elements has not been
previously demonstrated.

It has been reported that when the first 171 aa (including
part of the MADS domain) are removed from SRF, the pro-
tein is more active than the full-length form, indicating that the
N terminus contains an inhibitory domain (28). Consistent with
this hypothesis, we found that SRF lacking the first 177 aa gave
stronger activation of the MCK promoter than full-length SRF.
However, it has not been clear how SRF could mediate trans-
activation in the absence of an intact DNA-binding domain.
Our study suggests a novel mechanism for this observation by
recruitment of SRF to another transcription factor’s binding
site. Indeed, while the MADS domain of SRF is required for
both interaction and synergy with KLF3, in the previous study
(28) SRF might be recruited by other transcription factors and
mediate synergistic effects in the absence of this region (pos-
sibly via the TAD).

KLF3-SRF synergy is at least partly specific to these factors,
as KLF4 cannot substitute for KLF3, and MEF2 (another
MADS box factor) cannot substitute for SRF. There is prece-
dent for such specific interactions between members of the
Sp/KLF family and the MADS box family. In a previous study,
Spl and MEF2 were shown to interact, and this association was
much weaker when MEF2 was replaced with SRF (18). How-
ever, in this earlier study, synergy between Spl and MEF2 was
tested only in the presence of binding sites for both factors;
thus, it is unclear whether Spl recruits MEF2 to Spl sites
(which include CACCC, as well as CT and CG, boxes) or
whether MEF?2 recruits Spl to A/T-rich motifs. Analyses of
Spl interactions with the MCK promoter and possible synergy
with SRF and MEF?2 are under way.

Since the KLFs are quite divergent outside their C-terminal
zinc fingers, and since MADS box factors are divergent outside
the MADS domain, the inability of other factors to substitute
in KLF3-SRF synergy suggested that other regions of KLF3
and SRF are necessary for this positive interaction. Consistent
with this idea, the SRF MADS box alone is not sufficient for
synergy with KLF3, and the TAD of SRF is also required.
Conversely, we found that the zinc finger domain and, unex-
pectedly, the RD of KLF3 were required for synergy with SRF.
It is worth pointing out that the mode of KLF3-SRF synergy
does not consist of SRF simply obscuring the RD of KLF3. If
this were the case, KLF3 lacking the RD should exhibit activity
similar to that of full-length KLF3 plus SRF, but in fact, it is
only ~40% as active as the latter. We hypothesized that se-
quences within the KLF3 RD may be important for contacting
SRF; however, our coimmunoprecipitation results demon-
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strated that physical association between KLF3 and SRF re-
quires sequences C terminal to the RD. Collectively, these
results led us to propose a model in which association with
SREF results in a conformational change in the RD of KLF3,
allowing it to recruit positive transcriptional cofactors rather
than negative ones.

KLF3 has been shown to associate with CtBP2 and FHLS3,
which mediate its repressive effects on gene transcription (58,
60). Whereas CtBP1 and CtBP2 have been best characterized
as transcriptional corepressors (8, 59), the FHL proteins have
been shown to behave as strong repressors of transcription, as
well as strong activators (17, 60). CtBP1 and CtBP2, as well as
FHL1, FHL2, and FHL3, are highly expressed in skeletal and
cardiac muscle (31), and CtBP1 and CtBP2 compound-null
mice exhibit muscle defects (23). Whether FHL factors are
recruited by KLF3-SRF complexes to promote muscle gene
expression remains an open question.

As myoblasts undergo differentiation, SRF protein levels do
not change, but the role of SRF changes dramatically from the
activation of immediate-early genes to the activation of mus-
cle-specific genes, such as Myogenin, Skeletal troponin T, and
Skeletal a-actin (61). It has been demonstrated that protein
kinase C a (PKC o) phosphorylation of SRF at Ser 162 allows
SRF, in association with Ets factors, to activate immediate-
early genes through CArG boxes with flanking Ets-binding
sites. At the same time, the SRF-Ets complexes are prevented
from activating muscle genes, which contain CArG boxes with-
out flanking Ets-binding motifs (26). When myoblasts with-
draw from the cell cycle, phosphorylation of SRF by PKC «
declines, allowing it to bind CArG boxes in muscle genes and
help drive the program of muscle differentiation (26). Inter-
estingly, we found that the KLF3 protein is undetectable in
proliferating myoblasts and is expressed only in fully differen-
tiated myocytes. Thus, SRF would not be recruited by KLF3 to
muscle gene promoters until differentiation is well under way.
Presumably, when SRF assumes its myogenic role, its interac-
tion with KLF3 changes the configuration of the KLF3 N-
terminal domain (as stated above), facilitating the recruitment
of coactivators instead of corepressors. In the course of this
study, we found that KLF3-SRF synergy is stronger on a pro-
moter containing only a single CACCC box than on the same
promoter containing only a single MPEX sequence (Fig. 6C).
Furthermore, KLF3 appears to adopt different conformations
when bound to a CACCC probe versus an MPEX probe, since
the gel shift complex is prevented versus supershifted by KLF3
antibodies (Fig. 6A and B). Taken together, these results sug-
gest that the conformation of KLF3 bound to a CACCC box
may be more productive for interactions with SRF and asso-
ciated coactivators than KLF3 bound to other sequences.

The MRTFs, which include myocardin, MRTF-A, and
MRTF-B, have emerged as important coregulators of SRF
transcriptional activity through contacts within «-helix II of
SRF (4). Like SREF, these coactivators contain strong C-termi-
nal TADs; however, the mechanism by which they enhance
SRF transactivation is unknown. In addition, the TAD of SRF
has been shown to contact the RAP74 subunit of TFIIF, and
this interaction is required for RAP74-mediated SRF activa-
tion of the c-fos promoter (29). Whether these interactions
take place when SRF is tethered to KLF3 remains an interest-
ing question for future studies.
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FIG. 8. Model of KLF3-SRF synergy on CACCC boxes. (A) Established models of KLF3 and SRF activities. SRF contacts CArG sites in its
target genes via a-helix I of its MADS domain. a-Helix II of SRF recruits the MRTF coactivators, and the TAD of SRF may recruit other families
of coactivators to promote target gene expression. KLF3 contacts CACCC boxes in its target genes via its three C-terminal zinc fingers, and the
N-terminal RD (aa 1 to 90) recruits corepressors, such as CtBP2 and FHL3 to repress target gene expression. (B) Proposed model of KLF3-SRF
synergy. KLF3 recruits SRF to CACCC boxes, possibly through a-helix I of the SRF MADS domain, which has been shown to mediate both DNA
binding and interaction with a number of accessory factors. Association with SRF changes the conformation of the KLF3 N terminus (aa 1 to 90)
to allow recruitment of coactivators instead of corepressors. The TAD of SRF may also aid in the recruitment of coactivators.

In cardiac muscle, interactions with cofactors, such as
GATA-4 and Nkx2.5, serve to stabilize SRF binding to CArG
boxes to drive a program of sarcomeric gene transcription (52).
Our proposed mechanism of SRF-KLF3 synergy might repre-
sent a novel way for SRF to transactivate genes, such as MCK,
that are expressed in cardiac muscle but lack GATA and
Nkx2.5 binding sites. Although our coimmunoprecipitation re-
sults indicate that KLF3 and SRF can interact in the absence
of DNA, it is unclear whether a preassembled complex of
KLF3 and SRF associates with KLF binding motifs or whether
SRF is recruited by DNA-bound KLF3 to target promoters/
enhancers. Regardless, recruitment by KLF3 may help to sta-
bilize SRF at regions that lack cooperative binding sites for
SREF cofactors. This mechanism may also allow the cooperative
formation of multiple SRF-binding complexes, as shown for
the Skeletal a-actin promoter (33).

Collectively, the data presented in this study suggest a novel
mode of KLF3 and SRF activity. In the established model of
SRF activity, SRF contacts CArG sites in its target genes via
a-helix I of its MADS domain (Fig. 8A). a-helix II of SRF
recruits the MRTF coactivators, and the TAD of SRF may
recruit other families of coactivators to promote transactiva-
tion of target genes. In the established model of KLF3 activity,
KLF3 contacts CACCC boxes (and, to a lesser extent, GC-rich
sequences like MPEX) in its target genes via its 3 C-terminal
zinc fingers, and the N-terminal RD (aa 1 to 90) recruits
corepressors, such as CtBP2 and FHL3, to repress target genes
(Fig. 8A).

In our proposed model of KLF3-SRF synergy, KLF3 recruits
SRF to CACCC boxes, most likely through a-helix I of the
SRF MADS domain, which has been shown to mediate both
DNA binding and interaction with a number of accessory fac-
tors (Fig. 8B). Association with SRF changes the conformation
of the KLF3 N terminus (aa 1 to 90) to allow recruitment of
coactivators instead of corepressors. Synergy also requires the
TAD of SRF, which may aid in the recruitment of coactivators.
While KLF3 and SRF associate in solution, we have not been
able to detect a complex containing both factors bound to a
KLF binding site probe. Unfortunately, protein-protein inter-
actions are often difficult to detect in gel shift assays, which
may not mimic in vivo conditions closely enough for any but the
most stable interactions to be detected.

Intriguingly, in a genome-wide study identifying regions of
SRF enrichment, 33% of validated SRF targets did not contain
a CArG box within 4 kb upstream and 1 kb downstream of the
transcription start site (10). Since many of these genes contain
CACCC boxes and GC-rich sequences in their promoters, our
results provide a novel explanation for this phenomenon,
where SRF exerts its effects on target genes through recruit-
ment to KLF binding sites. This mode of action may be broadly
applicable to all tissues in which SRF and KLF3 are coex-
pressed—primarily skeletal, cardiac, and smooth muscle. If
this mechanism is revealed to be widespread, SRF may have a
larger role in regulating transcription than is indicated simply
by the presence of CArG boxes in its target genes, and many
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genes within the CArGome (57) may be transcriptionally reg-
ulated via KLF control elements.

Our results do not preclude the possibility of KLF3 syner-
gizing with SRF when both factors are bound to their cognate
sites. This is a strong likelihood with genes such as MCK, which
contain multiple CArG boxes and KLF binding motifs. The
greater effect of mutating the MCK promoter CAC2 site in the
presence of the enhancer suggests that a factor(s) binding
CAC2, such as KLF3, might be cooperating with a factor(s)
binding enhancer elements, such as SRF. Furthermore, it is
interesting that one documented splice variant of KLF3 en-
codes amino acids 1 to 232, which include the RD and internal
sequences but not the zinc fingers. Therefore, this truncated
form of KLF3 would, in theory, be capable of interacting with
other proteins but not of binding DNA. If this 1-to-232 splice
variant is the smaller form of KLF3 we see in skeletal myo-
cytes, it might be recruited by other factors to activate or
suppress target gene expression.

Finally, we want to stress that in regard to MCK transcrip-
tion, KLF3 is only one of the factors that can bind MPEX and
CACCC boxes. In a previous study, we characterized MAZ as
a regulator of MCK and other muscle genes through MPEX
and related sequences (25), and KLF4—another MPEX-bind-
ing factor candidate identified in our proteomic screen—is also
a strong transactivator of MCK through these elements. The
ability of multiple factors to recognize the same or very similar
sequences allows both robustness and fine-tuning of gene reg-
ulation. Whether an element is bound by MAZ, KLF4, KLF3-
SREF, or any of a host of other factors in vivo is likely to depend
on the cell type (skeletal versus cardiac muscle or fast versus
slow fibers), as well as various physiological stimuli. Under-
standing the spatiotemporal dynamics of these interactions
remains a significant challenge for future studies.
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