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Letter

Serum response factor binding sites differ in three

human cell types

Sara J. Cooper,'-? Nathan D. Trinklein,'* Loan Nguyen,' and Richard M. Myers'*
"Department of Genetics, Stanford University School of Medicine, Stanford, California 94305-5120, USA

The serum response factor (SRF) is essential for embryonic development and maintenance of muscle cells and
neurons. The mechanism by which this factor controls these divergent pathways is unclear. Here we present a
genome-wide view of occupancy of SRF at its binding sites with a focus on those that vary with cell type. We used
chromatin immunoprecipitation (ChIP) in combination with human promoter microarrays to identify 216 putative
SRF binding sites in the human genome. We performed independent quantitative PCR validation at over half of these
sites that resulted in 146 sites we assert to be true binding sites at over 0% confidence. Nearly half of the sites are
bound by SRF in only one of the three cell types we tested, providing strong evidence for the diverse roles for SRF
in different cell types. We also explore possible mechanisms controlling differential binding of SRF in these cell types
by assaying cofactor binding, DNA methylation, histone methylation, and histone acetylation at a subset of sites
bound preferentially in smooth muscle cells. Although we did not see a strong correlation between SRF binding and
epigenetics modifications, at these sites, we propose that SRF cofactors may play an important role in determining
cell-dependent SRF binding sites. ELK4 (previously known as SAP-l [SRF-associated protein-1]) is ubiquitously
expressed. Therefore, we expected it to occupy sites where SRF binding is common in all cell types. Indeed, 90% of
SRF sites also bound by ELK4 were common to all three cell types. Together, our data provide a more complete

understanding of the regulatory network controlled by SRF.

[Supplemental material is available online at www.genome.org.]

The serum response factor (SRF) is an essential gene, expressed
throughout the human body and throughout development
(Gauthier-Rouviere et al. 1991; Belaguli et al. 1997). It plays im-
portant roles in human disease and development, specifically in
muscle cells and neurons. Because of the essential roles of SRF
throughout the body, identifying the genes it regulates provides
key information to understanding its functions.

SRF is a MADS-box transcription factor first identified for its
role in the response of tissue culture cells to serum (Treisman et
al. 1992). Early work demonstrated that genes controlling cell
proliferation such as Fos, Junb, Fosb, and Egrl were regulated by
SRF (Treisman 1986; Qureshi et al. 1991; Lazo et al. 1992; Perez-
Albuerne et al. 1993). SRF has also been linked to human diseases
including cancer and heart disease (Iyer et al. 1999; Chang et al.
2003; Nelson et al. 2005; Parlakian et al. 2005). A common set of
genes activated in response to serum are expressed similarly in
tumor samples and serum-induced tissue culture cells, demon-
strating a link between this regulatory program and tumor cells
(Chang et al. 2004, 2005).

Given its well-described role in cell proliferation, the link
between SRF and cancer is not surprising; however, recent studies
have shown that it is also essential for development and main-
tenance of smooth muscle cells and neurons. SRF is necessary for
mesoderm formation (Arsenian et al. 1998), cardiac development
and maintenance (Miano et al. 2004; Parlakian et al. 2005), neu-
ronal migration and circuit assembly (Alberti et al. 2005; Knoll et
al. 2006), and learning (Etkin et al. 2006). The requirement for
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SRF in these processes may result from its role in regulating cy-
toskeletal proteins and cytoskeleton remodeling proteins, such as
actin and cofilin.

The distinct roles for SRF in cell proliferation and cell-type
specific maintenance suggest the genes it regulates may differ
between cell types and environments. Studies to date have fo-
cused on identifying SRF binding sites in a single tissue or ana-
lyzing the gross phenotypes of SRF knockouts without identify-
ing the downstream effectors. SRF is highly expressed in muscle
but detectable throughout the body, leaving the unanswered
question of how SRF effects its changes in divergent pathways
(Treisman 1986; Belaguli et al. 1997). Many groups have hypoth-
esized that SRF binding is determined by the presence of cofac-
tors, which can be tissue specific. SRF interacts with many dif-
ferent cofactors. These include ubiquitously expressed cofactors
of the Ets transcription factor family—ELK1, ELK4 (previously
known as SAP-1 SRF-associated protein-1]), and NET1 (for review,
see Buchwalter et al. 2004)—and tissue-specific cofactors—
GATA4, GATA6, NKX2-5, and myocardin and its related tran-
scription factors (MKL1 and MKL2) (for review, see Cen et al.
2004). Although some factors are tissue specific, most do not
bind DNA in the absence of SRF, which suggests binding may
also be affected by epigenetics (Shaw et al. 1989; Verger and
Duterque-Coquillaud 2002). Finally, SRF itself can be modified
by phosphorylation to alter its affinity for DNA (Iyer et al. 2006).
Each of these variables contributes to expression of the down-
stream gene.

The study we describe significantly improves our knowledge
of SRF binding sites and demonstrates the variability of binding
in diverse cell types. By using chromatin immunoprecipitation
(ChIP) in combination with human promoter microarrays, we
identified more than 200 binding sites of SRF in three human cell
lines. We confirmed binding at known sites but also identified
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many new sites. Our study is also unique in its extensive valida-
tion by quantitative PCR (qPCR), resulting in positive validation
for 86 of 116 tested sites. These validation data allow us to assert
that an additional 60 binding sites are real at a 90% confidence
level. In an effort to understand the mechanism of tissue-specific
SRF binding observed in our data, we characterized binding of
the ELK4 cofactor as well as epigenetic modifications at validated
SRF binding sites. Together, these data provide the most compre-
hensive view of gene regulation by SRF to date.

Results

Identification of over 200 genome-wide SRF binding sites

By using ChIP and human promoter microarrays, we character-
ized genome-wide binding sites of SRF in three cell lines: Jurkat
cells (a transformed lymphoblast cell line), T/G HA-VSMC (pri-
mary aortic smooth muscle cells), and Be(2)-C (a neuroblastoma
cell line). In Jurkat cells, we assayed binding before and after
induction with serum, although we did not observe many differ-
ences between the two treatments. To detect SRF binding sites,
we applied each ChIP sample to arrays tiling 1.3 kb each (1 kb
upstream of the transcription start site [TSS] and 0.3 kb down-
stream) of ~19,000 human promoters. Based on the average DNA
shearing size, we expected to detect binding sites ranging from
~2 kb upstream of the TSS to 1 kb downstream. Because of ran-
dom shearing of genomic DNA, we observed the greatest DNA
enrichment at the SRF binding sites with reduced but detectable
enrichment by using probes up to a few kilobases away from the
binding site. Our ability to detect SRF occupancy is proportional to
the distance between the probes and the binding site (Trinklein
et al. 2004). On the basis of the ratio of ChIP-enriched sample to
a control mock immunoprecipitation, we determined a Z-score
resulting in a score and confidence for SRF binding at each pro-
moter (see Methods).

We identified a total of 216 putative targets of SRF in the cell
lines and conditions described (Fig. 1). These sites all have Z-
scores >2 in multiple cell lines or a Z-score >2.5, to improve
confidence, if they appear in only one cell line. These thresholds
were chosen to maximize true positives and minimize false nega-
tives based on the validation study described (Methods). (An ad-
ditional 144 putative sites were identified in only one cell type
with a Z-score between 2 and 2.5.) In two phases, we indepen-
dently measured the ChIP enrichment at SRF binding sites as
determined by the array. In the first phase, we tested 163 ampli-
cons identified in Jurkat cells with Z-scores ranging from O to >3,
allowing a careful evaluation of the accuracy of the array. Clas-
sifying putative sites by Z-score, we observed 92% validation of
binding sites with a Z-score >3 and a cumulative validation of
64% for sites with a Z-score >2 (Table 1). In the second phase of
validation, we tested an additional 64 sites by qPCR, emphasizing
validation of binding sites identified in only one cell type or
condition. Between the two rounds of validation, 86 binding
sites were successfully validated. Of the untested putative bind-
ing sites, 47 have a Z-score >3. We expect 92% of these to validate
based on the validation rate of other sites with similar Z-scores
(see Methods and Table 1). An additional 13 untested sites are
inferred to be true with high confidence based on conservation
of human and mouse SRF consensus sites in the region (see be-
low). Only 29 of the binding sites we identified were common to
all cell types and conditions of cell growth. Common binding
sites include those regulating genes involved in cell proliferation
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Figure 1. SRF binding in three cell types. For each cell type and each
putative target, the intensity of red indicates size of the Z-score obtained
from the arrays. The right panel displays a subset of genes bound spe-
cifically by SRF in neurons (top) and smooth muscle cells (bottom). Gene
names followed by an asterisk have been validated by quantitative PCR or
were previously known.

such as early growth response 1 (EGRI), early growth response 2
(EGR2), FOS, FOSB, and SRF itself, where SRF is known to bind
constitutively (Herrera et al. 1989). By using the EASE software
package, we annotated the function of genes whose promoters
were bound in all three cell types and found that about half of
these genes are transcription factors and DNA binding proteins,
which is significant compared with the genome-wide distribu-
tion (P < 0.05).

SRF occupancy varies by cell type

Previous work characterizing binding sites of SRF focused on a
single cell type, such as rat or mouse cardiomyocytes (Manabe
and Owens 2001; Nelson et al. 2005; Zhang et al. 2005) or a single
human tissue culture cell line (Rene et al. 2005). We found that
many SRF binding sites depend on tissue type. Over half of the
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Table 1. Quantitative PCR validation of array data

Pass qPCR qPCR Significant Moderate Cumulative
Z-score Total Tested filter enrich >3 enrich >2 enrichment enrichment true positive
>3 32 13 12 11 1 91.7% 91.7% 91.7%
2.5-3.0 24 13 8 5 6 62.5% 75.0% 80.0%
2.0-2.5 68 22 22 12 14 54.5% 63.6% 63.6%
1.5-2.0 143 36 35 14 16 40.0% 45.7% 53.2%
1.0-1.5 482 44 39 13 16 33.3% 41.0% 46.6%
<1.0 n/a 26 21 5 4 23.8% 19.1% n/a
0+0.25 n/a 19 19 2 3 10.5% 15.8% n/a

For each range of Z-scores listed, we tested enrichment of the unamplified array input. The data filter required more than one probe per region and data
from more than one of three arrays. We report the number of tested regions with significant (>3) and moderate (>2) enrichment by quantitative PCR
for each range of Z-scores. We observed decreasing validation rate with decreasing Z-score.

n/a = not available.

targets we identified were unique to a particular cell type or con-
dition (Fig. 1). Because of the implication for disease and devel-
opment, binding sites specific to smooth muscle cells and neu-
rons were especially interesting. We used qPCR to test binding at
65 tissue-dependent SRF binding sites with a Z-score >2.5 on the
array. Of the 65 tested, 43 promoters validated (enrichment
greater than threefold by qPCR) as tissue-dependent SRF-binding
sites. Because of the array false-negative rate, we independently
confirmed by qPCR that these sites were not bound by SRF in the
remaining cell types for 12 cell-type-dependent targets (Supple-
mental Fig. 1).

We identified 27 targets specific to smooth muscle cells
(tested and validated 19 of 19 successful amplicons) (Table 2).
These data confirmed known binding sites in promoters of genes
involved in muscle development and cytoskeleton including
transgelin (TAGLN), caldesmon (CALDI), vinculin (VCL),
smooth muscle myosin heavy chain 11 (MYH11), and melusin
(ITGB1BP2). We observed SRF binding at promoters of genes en-
coding additional cytoskeletal proteins such as myosin le
(MYOIE) and beta tubulin (TUBB). Most interestingly, we identi-
fied binding sites in genes not previously known to be regulated
by SRF. For example, adenylyl cyclase-associated protein 1
(CAP1) is involved in the cyclic AMP cycle, is expressed in
smooth muscle and cardiomyocytes, and binds actin (Diehn et
al. 2003; Hsu et al. 2006). Another SRF-regulated gene, heart
alpha-kinase 2 (ALPK2), is expressed in heart, skeletal muscle,
and cardiomyocytes (Jongeneel et al. 2005). ALPK2 is one mem-
ber of a protein kinase-like family whose other members phos-
phorylate myosin heavy chains. We also discovered a binding
site in the muscle-specific supervillin (SVIL) isoform 2 promoter
(Gangopadhyay et al. 2004). SVIL binds actin and vinculin in
skeletal muscle and is thought to be important to cell adhesion
and motility (Ting et al. 2002). Finally, two sites we identified are
in promoters of genes involved in prostaglandin synthesis: pros-
taglandin-endoperoxide synthase 2 (PTGS2) and microsomal glu-
tathione S-transferase 1 (MGSTI), which have been previously
described for their role in inflammation; however, both genes are
highly expressed in smooth muscle (Su et al. 2004). The expres-
sion of these genes in muscle and their interactions with cyto-
skeletal proteins make them good candidates for genes contrib-
uting to the phenotypes of SRF developmental knockouts.

Another class of promoters is bound by SRF only in the
neuronal cell line. These sites include the promoter of another
cytoskeletal protein, non-muscle myosin (MYH9), and the EGR4
promoter. The Egr family is partially redundant (Tourtellotte et
al. 2000) and previous work demonstrates a role for Egrl in syn-

aptic plasticity (Li et al. 2005). Egr4 may compensate for or
complement the role of Egrl in the brain. We also show SRF
binding in the nuclear export factor (NPAS4) promoter. This gene
directly regulates expression of drebrin, a protein involved in
dendritic-cytoskeleton modulation at synapses (Ooe et al. 2004).
The FILIP1L promoter was also identified as a brain-specific bind-
ing site. Although this protein is normally associated with cell
cycle transition, recent data implicate the complex containing
FILIP1L in axonal growth and synaptic function (for review, see
Teng and Tang 2005). Identification of neuron-specific binding
sites of SRF is particularly important since the role of SRF in the
brain is poorly understood.

SRF binding sites contain CArG boxes

Since SRF binding changes with cell type, we searched for differ-
ences in sequence content between promoters bound uniquely in
each cell type. We observed two interesting differences between
promoters bound by SRF in all cell types and promoters bound in
only one cell type. Promoters bound by SRF in only a single cell
type are nearly twice as likely as common SRF binding sites to
contain a TATA box within 500 bp of the predicted TSS (x* = 7.68,
P =0.053). On the basis of this observation, it is not surprising
that promoters bound by SRF under only a single condition are
less likely to overlap a CpG island (x*> = 11.08, P = 0.01) (Gardiner
1995).

Next, we hoped to determine whether the binding sites for
SRF differed between the two classes of promoters. To do this, we
first characterized the presence of the known consensus site near
SRF binding sites. The consensus binding site for SRF, often called
the CArG box, is well established from a large number of bio-
chemical and mutagenesis experiments: CC(A/T)TATA(A/T)GG
(Vlieghe et al. 2006). We searched promoters with SRF binding
sites up to 4 kb upstream and 1 kb downstream of the putative
TSS for the known consensus site allowing one base pair of mis-
match. We found that 61% of the 216 total binding sites contain
a CArG box. Of these, 32% (43 sites) contain multiple CArG
boxes. Despite a larger search window, 82.5% of these sites are
within 2 kb upstream and 1 kb downstream of the TSS. Of all
promoters represented on the array, 30% contain this sequence,
and 20% of those contain multiple targets. While the degeneracy
of the consensus results in a high incidence of this sequence in all
promoters, the enrichment we observe in our sites is significant
at P < 1022, Within the 86 targets validated by qPCR, a similar
number, 67%, contain a CArG box. This shows that some bona
fide binding sites do not have a canonical CArG box in the se-
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Table 2. SRF binding sites are unique to one tested cell type

Array Human Mouse Mouse Position of
Name Z-score  Validated binding site ortholog  CarG? mouse CArG
Neurons NXF5 5.41 untested —2036, 179 no
FILIPTL 3.27 yes —4331,-92 no
TAF5 2.94 yes yes None
MYH2 2.84 untested 180 no
KIAA1632 2.60 untested —4525 no
RAI2 2.58 yes —582 yes yes -1780
EGR4 2.45 untested yes yes -1308
sSMC FGF1 5.03 untested no
OR5U1 4.64 untested no
TAGLN 4.25 yes —237,-110 yes yes —272,149
CALD1 3.93 yes yes yes — 2486
GPATC4 3.70 yes —2637 yes yes —4280, —1271
GTF2H5 3.66 yes 475 yes
DSTN 3.57 yes yes yes —3524, —3401, —385
ACTG2 3.25 known —237,—-68 yes yes —280, —108
EXTL2 3.23 untested —2489 yes yes —1784, —1545
AKAP12 3.20 yes —491 yes yes -513
LMCD1 3.19 yes yes yes -1622
GCKR 3.04 yes yes None
ITGB4BP 2.97 untested yes None
CAP1 297 yes —763 yes yes —4061, —4037, —4012
FVT1 291 untested no
ITGA1 2.89 yes -2,012,353 yes None
MYH11 2.83 known —1226 yes yes -967, 189
ZNF701 2.82 yes no
RND3 2.81 yes -1087,—-96 yes yes —-1209, —100
RNH1 2.78 untested yes yes —4848, —1765
CTGF 2.75 known -3612,—-3199 yes yes —3604
SVIL 2.69 untested —-25 yes yes —2282, —2264
C11orf51 2.66 untested —2,970,407,855 no
NR4A2 2.64 yes yes None
TUBB2C 2.59 yes no
RNF148 2.53 untested —245 no
MEIS1 2.50 yes yes None
SCAP 2.41 yes yes yes —4577
MGST1 2.38 yes —618 yes None
PTGS2 2.36 yes —-1603 yes yes —2870, —2224
C3orf19 2.27 yes -1210 no
Jurkat induced 24 hr  MGAT4C 3.69 untested no
OR10T2 3.29 yes —-3,390,182 no
KLRC1 2.79 untested no
C120rf39 2.77 untested no
SULT1B1 2.57 untested no
RPA3 2.52 untested —2881,—2373 no
ARHGDIB 2.39 yes yes None
NRN1 2.38 yes yes None
ELMO1 2.24 yes —4853 yes None
CPVL 2.09 yes 955 no
Jurkat not induced PTMS 3.00 yes —2019,—44 no
TRIM4 2.84 yes no
MATTA 2.81 yes -3 yes yes —43
RFX5 2.73 untested —2,784,760 yes None
SND1 2.71 yes no
GADDA45G 2.71 yes —286,—49 yes yes -279
CDK4 2.67 untested - 683 no
AGPAT1-RNF5 2.59 yes -1133,-966 yes None
FAM100A-MGRNT1 2.50 yes -1527 no
OR2B3 2.49 yes 119 no
TMEM34 2.41 yes —4,108,670 yes None
HIPK1 2.34 yes —2364,—843,-236 yes yes —1436
IER2 2.15 yes 158, 531 yes yes —-1253
MTMR6 2.10 yes —4319, —254 no

For each cell line and condition we find a subset of binding sites present only in one of the tested cell types or growth conditions. We have validated
many of these and identified putative binding sites in the human and mouse genomes. Positions of CArG box are relative to annotated TSS.

quence we searched. If we search for the best available match in
these sequences, we find that four promoters contain a sequence
resembling a CArG box that does not match the consensus

within 1-bp mismatch but may be able to bind SRF. Other se-
quences contain an AT-rich sequence that may be able to bind
SRF under the right conditions. Subdividing the sites based on
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Figure 2. CArG position is conserved between human and mouse. We
compared positions of the SRF consensus binding site in mouse and
human promoters and observed a strong correlation (R? = 0.497). This
correlation is driven primarily by consensus sites within 1-2 kb of the TSS.
We display sites validated by quantitative PCR as squares and untested
sites as triangles.

cell type did not significantly change the occurrence or sequence
of the motif. By using MEME, CisModule, and BioProspector, our
searches for alternate motifs specific to individual cell types did
not reveal any novel motifs (Liu et al. 2001; Zhou and Wong
2004; Bailey et al. 2006).

While almost all previously published SRF binding sites are
within 1 kb of the TSS, Sun and colleagues (2006) estimate that
60% of functional CArG boxes are within 2 kb of the start site
and nearly all SRF binding sites are within 4 kb. In the SRF-bound
promoters we identified, the median distance from the consen-
sus site to TSS is 400 bp, with over 80% of consensus sites within
2 kb of the TSS; therefore, the sites we have identified are skewed
toward the TSS. This is expected since the arrays contain probes
only up to 1 kb upstream of the TSS. While we can capture more
distant binding sites, it is more difficult to distinguish these sig-
nals from noise; therefore, we preferentially identify sites close to
the TSS. Overall, the presence of CArG boxes near SRF binding
sites provides further evidence for our successful search. The ab-
sence of a consensus in some cases is also interesting because it
suggests that the accepted consensus site may not describe all SRF
binding sites. By using the motif finders described above, we were
unable to characterize a motif in these regions that differed sig-
nificantly from the known consensus; however, even the known
motif could not be identified by these algorithms if we provided
the full sequence of the putative binding site. The CG-rich nature
of these sequences and the amount of input sequence confounds
all three motif-finders.

Because functionally important CArG boxes should be evo-
lutionarily conserved, we searched the orthologous mouse pro-
moters for the consensus binding site. In many cases, the mouse
promoters also contain a CArG box. We identified orthologous
promoters for 96 of the 133 human promoters containing a CArG
box. Of these, 56 (58%) contain a sequence matching the CArG
consensus site in the mouse genome. We have plotted the posi-
tion of each predicted CArG box relative to the predicted start
site and see a significant correlation between the positions in
human and mouse (Fig. 2). This suggests that the orientation
relative to the TSS may be important. Interestingly, the presence
of a CArG box in both human and mouse promoters is a strong
indication of SRF binding. Seventy-three percent of validated

SRF-bound promoters with a CArG box also contained an or-
thologous consensus site in mouse. While the presence of the
CArG box in mouse is not required, in the cases in which an
orthologous CArG box existed, validation rate was very high. For
32 of 33 promoters with orthologous human and mouse CArG
boxes, we successfully validated SRF binding indicated by arrays.
On the basis of these analyses, we predict that the 23 binding
sites with a conserved CArG box that were not validated by qPCR
are also true SRF binding sites with high confidence (>95%). In
addition, 10 of these sites also have a Z-score >3. Indeed, the
untested promoters include genes previously identified to be
regulated by SRF, such as smooth muscle a- and y-actins (ACTA2
and ACTG2), connectin tissue growth factor (CTGF), and smooth
muscle myosin heavy chain (MYHI1) (for review, see Miano
2003; Sun et al. 2006).

Correlating cell-type-dependent SRF binding with epigenetic
modifications

Because SRF binding is often dependent on cell type, we wished
to explore the mechanism determining SRF binding sites in vivo.
We proposed that differences in chromatin structure between
cell types could control SRF binding. We assayed three modifi-
cations affecting chromatin structure and asked whether differ-
ences in these modifications correlated with differences in SRF
binding. First, we assayed DNA methylation of the six promoters
bound by SRF in smooth muscle cells but not Jurkat cells that
overlapped with CpG islands (Fig. 3). By using methyl-sensitive
enzymes, we digested unmethylated DNA and removed the re-
gions cut into small pieces by the six enzymes using size selec-
tion. We assayed depletion of these regions, which represent
unmethylated DNA by qPCR, normalizing to an uncut sample
prepared in parallel (see Methods). In 5 of 6 cases, we found that
promoters were unmethylated in both cell types indicating that
differential methylation of these promoters does not account for
the difference we observed in SRF binding. In the case of the
caldesmon gene (CALD1), there is a difference in depletion be-
tween the two cell types, suggesting that while this is not the
typical mechanism for regulation, DNA methylation may play a
role in some cases.

Histone modifications provide another indication of chro-
matin structure and are generally considered to be more dynamic
than DNA methylation. We assayed acetylation of histone H3
and trimethylation of histone H3 at lysine 4 (H3K4), both modi-

10000+ u SMC
o Jurkat
1000 4
c
o
=]
L 1004
o
[
o
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1] M . : .
CALD1 SVIL FVT VCL GPATC4 MYO1E

Promoter

Figure 3. DNA methylation SRF binding sites found only in smooth
muscle cells (SMC). In SMC (black) and Jurkat cells (gray) we observed a
depletion of unmethylated DNA in the promoter of six genes. Except for
the caldesmon gene (CALDT), depletion is similar between the two cell
types. Depletion is a measure of fold difference between uncut and cut
sample (see Methods).
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fications present in active chromatin (Santos-Rosa et al. 2002), by
using ChIP and qPCR in smooth muscle and Jurkat cells. As ex-
pected, we detected both of these modifications at active genes
such as GAPDH and RPL30; however, we only observed signifi-
cant enrichment due to these modifications at three of the nine
promoters bound by SRF in smooth muscle cells but not Jurkat
cells (data not shown). In cases where we observed acetylation
and trimethyl modification of histone H3, it was present in both
cell types. It remains a possibility that other histone modifica-
tions, specifically those resulting in silencing, would correlate
with the lack of SRF binding in Jurkat cells compared with
smooth muscle cells, but we have not identified a correlation
with the tests described here.

Tissue-independent SRF binding sites are bound by ELK4

At the binding sites we tested, epigenetic modifications did not
correlate well with cell-specific binding sites for SRF. An alterna-
tive hypothesis to explain the differential binding we observed
involves the activity of SRF cofactors, which can be expressed
broadly or tissue-specifically to determine the binding sites of
SRF in each cell type. ELK4, a previously characterized SRF cofac-
tor, is ubiquitously expressed and associates with SRF to activate
transcription of downstream genes. On the basis of its expression
pattern, we expected ELK4 to control SRF binding sites common
to multiple cell types and conditions. We assayed binding of
ELK4 at all 37 validated SRF binding sites in Jurkat cells. We
demonstrated binding of ELK4 to 13 of 37 SRF binding sites in-
cluding EGRI, EGR2, and FOS, all of which are bound by SRF in
all tested cell lines (see Supplemental materials for all data).
Eleven of these 13 promoters bound by both ELK4 and SRF are
bound by SRF in at least two cell lines tested. In fact, we see a
correlation between SRF binding and ELK4 binding only at sites
that are cell-type independent (Fig. 4). In addition, we tested
ELK4 binding in SMC and neurons at four targets unique to each
cell type and found ELK4 binding at only one of the eight SRF
binding sites. These data support the hypothesis that SRF cofac-
tors play a role in determining SRF binding sites, particularly for
ubiquitously bound targets.

-
~N
5

= Cell-type dependent sites
= Common binding sites

-
o

o]
!
n

R =0.361

(]
L

3

ELK4 binding (logo enrichment)

-4 T T T T T

SRF binding (logz enrichment)

Figure 4. Cell-type dependent binding and the ELK4 cofactor. For SRF
binding sites independent of cell type (black squares), binding of SRF and
ELK4 at the site is correlated. For cell-type dependent SRF binding sites
(grey squares) no correlation is observed. Binding of each factor was
determined by quantitative PCR as described (Methods) and is displayed
as a log of the enrichment observed at each site compared to a panel of
negative controls.

Discussion

These data and analyses provide a significant improvement in
knowledge of previously determined roles for SRF. We identified
a total of 216 SRF binding sites and completed one of the most
comprehensive ChIP-chip validation studies for any transcrip-
tion factor to date. The result was the identification of 86 vali-
dated binding sites and 60 additional high-confidence binding
sites for a total of 146 sites at a 90% or higher confidence level
(see Supplemental Table 4). (High-confidence binding sites were
not tested by qPCR but have an array Z-score >3 or a Z-score >2
with CArG box conserved in human and mouse.) The total num-
ber of sites identified in the genome is relatively small compared
with other cell proliferation transcription factors such as MYC;
however, SRF may regulate this process by controlling a smaller
number of genes, whereas MYC is known to act generally to
promote transcription. Compared to previous work, our study
included an extensive validation study absent in many other
data sets, leaving the possibility that other groups may have high
false-positive rates. Previous studies have used ChIP sequencing
and ChIP with semi-quantitative PCR to identify over 100 in vivo
SRF binding sites; however, these binding sites were identified
almost exclusively in cardiomyocytes (Philippar et al. 2004;
Zhang et al. 2005; Balza Jr. and Misra 2006; Sun et al. 2006).
While over 90 of these genes were present on the arrays, our
experiments identified only 30 previously known SRF binding
sites. Nearly half of the overlap is from sites we found in smooth
muscle that were previously found in cardiomyocytes, a similar
cell type (Zhang et al. 2005). Twenty sites we did not identify are
more than 10 kb upstream of the TSS in mouse and a few are
located in the first intron. Many of these would not be identified
by our method. Additional binding sites may have been missed
because of false-negative array results; however, the evidence we
have presented supporting the degree of cell-type dependent
binding suggests these binding sites may be specific to the cell
types tested in previous experiments. Indeed, we tested cell types
not previously assayed and were able to verify binding at these
sites. These new targets were identified in cell lines where other
groups have not searched. Future studies including additional
tissues and cell lines will provide interesting insight into SRF
function throughout the body.

We identified 84 (60 qPCR validated, 24 untested) SRF bind-
ing sites that changed with cell type. These genes are key to
understanding the role that SRF plays in determining cell fate
during development and maintaining a chosen cell fate. A more
complete list of downstream molecules that control muscle and
neuronal development will be valuable for a more detailed un-
derstanding of these processes. In neurons, for example, SRF is
necessary for migration and circuitry formation. SRF was previ-
ously thought to exert its control on this pathway primarily
through regulation of cytoskeletal proteins; however, we have
uncovered a connection between SRF and FILIP1L, a key compo-
nent of the APC complex and a molecule not previously known
to be under the control of SRF but vital to normal neuronal func-
tion. Likewise, in smooth muscle cells, where the target genes of
SRF have been more fully explored, we have identified a number
of previously unknown binding sites, including one in the pro-
moter of CAPI. The CAP1 protein is involved in regulating actin
dynamics and binds cofilin, another target gene of SRF (Bertling
et al. 2004). Knowledge of these genes and others regulated by
SRF in smooth muscle provide a key resource for understanding
the function of SRF in these cells. To understand all the roles of
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SRF in development and cell maintenance, a complete study of
human tissues will be necessary.

Here we explored two potential mechanisms by which SRF
binding sites are influenced: chromatin structure and cofactor
presence. In the cases we explored, the main factor correlated to
SRF binding was the presence of SRF cofactors. Our data provide
one example in which CpG island methylation seems to affect
SRF binding. In each of the other five cases we tested, the pro-
moters of genes differentially bound were unmethylated in both
cell types. We also assayed trimethylation at histone H3K4 and
acetylation of histone H3, and we did not observe a difference
between Jurkat cells and smooth muscle cells (SMC) at promoters
bound by SRF in SMC but not Jurkat cells. Our favored hypoth-
esis explaining the ability of SRF to bind differentially is the
presence of SRF cofactors. GATA4, for example, is expressed only
in muscle and is known to bind with SRF at a few smooth muscle-
specific targets (Small and Krieg 2003). Alternatively, ELK4 is a
ubiquitously expressed SRF cofactor. We have shown that ELK4
binds with SRF at promoters bound by SRF in multiple cell types,
such as EGRI, EGR2, and FOS. Although we have not collected
binding data for other SRF cofactors because of lack of ChIP-
quality antibodies for these proteins, our data are consistent with
hypotheses supporting the role of cofactors in determining SRF
binding sites.

The goal of our study was to gain a more complete under-
standing of elements that regulate genes in this network and
ultimately predict their effects, individually and cumulatively,
on gene expression. The work presented here provides, first and
foremost, a more comprehensive and accurate catalog of genes
that are regulated by SRF: 216 total binding sites, the vast major-
ity of which were previously unknown. Our data include 86 vali-
dated and 60 high-confidence sites. These data, in combination
with studies characterizing chromatin structure and cofactor oc-
cupancy at SRF binding sites, provide the beginnings of a net-
work that will ultimately lead to a more complete understanding
of the roles of SRF.

As technology improves and large-scale studies become in-
creasingly feasible, data sets identifying binding sites in different
tissues, binding sites of SRF cofactors, and expression levels of
downstream genes will allow us to complete the regulatory net-
work involving SRF. Understanding the regulation of these genes
will provide insight into processes as diverse as embryonic devel-
opment, heart disease, cancer, and learning.

Methods

Cell culture

We obtained each of the cell lines from American Type Culture
Collection (www.atcc.org). Jurkat (TIB-152), BE(2)-C (CRL-2268),
and T/G HA-VSMC (CRL-1999) were grown as directed. To in-
duce the serum response, we grew Jurkat cells in media with 0.1%
FBS for 48 h and then induced the serum response by replacing
the low-serum media with media containing 10% FBS for 24 h.

Chromatin immunoprecipitation

We performed ChIP reactions as previously described with modi-
fications (Trinklein et al. 2004). Brietly, we collected 10-20 mil-
lion cells for each chromatin preparation of each cell type. We
prepared biological duplicates for the primary smooth muscle
cells and the uninduced Jurkat cells and triplicates for the serum-
induced Jurkat cells and neuroblastoma cell line. We added form-
aldehyde to 1% final concentration to cross-link proteins and

DNA. We scraped adherent cells from plates and spun down sus-
pension cells, then lysed and collected nuclei. We sonicated
chromatin to a final size of ~500-1000 base pairs. We coupled 5
pg of each antibody (anti-SRF [Santa Cruz Biotech sc-335], anti-
SAP1a [sc-13030], anti-H3K4me3 [Abcam ab8580], and H3ac [up-
state 06-599]) to sheep anti-mouse magnetic beads (Invitrogen
112-02D) by overnight incubation at 4°C in 5 mg/mL BSA. We
added the coupled beads to chromatin and precipitated DNA-
protein complexes by overnight incubation at 4°C. After immu-
noprecipitation, we reversed cross-linking by incubation at 65°C
overnight and purified DNA with phenol-chloroform extraction
followed by a PCR clean-up column (Qiagen cat. no. 28104).
Each of the biological replicates was amplified and hybridized to
arrays individually.

Human promoter microarrays

Biological replicates of DNA samples recovered from the ChIP
were amplified using ligation-mediated PCR as previously de-
scribed (Kim et al. 2005). After amplification, we labeled 1 pg of
DNA for each slide by using the Bioprime Plus Array CGH label-
ing Module (Invitrogen Cat. no. 18095-014). We labeled each
ChIP sample with the red channel dye (Alexa Fluor-647) and
Mock IP DNA (ChIP reaction without antibody) with the green
channel dye (Alexa Fluor-555). We hybridized these samples
competitively to proximal human promoter arrays. The two-
array set, each with about 44,000 features, tiled ~19,000 human
promoters (Agilent cat no. G4481A). The TSS predictions for each
promoter are based almost exclusively on RefSeq genes, with a
few additions from the microRNA registry, the Mammalian Gene
Collection (MGC), and Ensembl (Gerhard et al. 2004; Griffiths-
Jones 2004; Birney et al. 2006). For each promoter, there is an
average of 4 probes of 45-60 nucleotides each tiling ~1000 bp
upstream and 300 bp downstream. We hybridized samples to the
array by using the Agilent Array CGH protocol, with one modi-
fication (http://chem.agilent.com). Briefly, we combined labeled
DNA samples with Cot-1 DNA, blocking reagent, and hybridiza-
tion buffer, applied the sample to the arrays, and sealed them
with gasket slides. We hybridized arrays in a rotating incubator at
60°C, rather than the recommended 65°C. We also conducted
washes as recommended by the Agilent CGH protocol. We
scanned arrays by using the Agilent dual laser scanner (part no
G2565BA) and used Agilent Feature Extraction software (version
8) to analyze the images obtained from scanning. This soft-
ware invokes a number of algorithms to normalize the data in-
cluding dye normalization, identification of statistical outliers,
and background subtraction. (For more information, see Feature
Extraction Software Manual available for download at www.
chem.agilent.com.) Raw data are available online at Gene Expres-
sion Omnibus (GEO accession number GSE5998).

Microarray analysis

We analyzed output from the feature extraction software, elimi-
nating probes that did not significantly exceed background in-
tensities for both channels. (Supplemental Table 1 contains the
raw ratio of experimental to control sample for each probe on
each array.) For each probe, we calculated a log, ratio of experi-
mental to control signals and averaged replicates. This number
was converted to a Z-score by assuming a normal distribution of
ratios of all probes; thus, high Z-scores have the most significant
enrichment ratios. (Z = (X — Xy,,,)/0, where x is the experimental
ratio, X, is the mean ratio for all probes, and o is the standard
deviation.) By using the annotations provided by Agilent for each
probe, we grouped probes by accession number and chromo-
somal position, allowing for multiple promoters per gene (see
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Supplemental Table 2 for list of all promoters and Z-scores cal-
culated). To determine SRF binding sites, we calculated a
weighted average Z-score for each cluster by down-weighting the
lowest and highest Z-score in each cluster to half the weight of
the remaining probes.

Microarray validation

With data from the serum-treated Jurkat cells, we used quantita-
tive PCR to determine the enrichment of each of 162 amplicons
with a range of Z-scores from near O (not significant) to >3
(highly significant) (Table 1). For each putative site, we tested
enrichment by using the same replicate DNA samples that were
hybridized to the arrays (preamplification). We required putative
binding sites to have data for more than one probe within the
promoter and at least two of the three array replicates have Z-
scores >2. We defined significant enrichment by qPCR as average
enrichment across three replicates of greater than threefold. En-
richment of greater than twofold was considered moderate but
not significant. By testing a wide range of Z-scores, we estimated
the false-negative rate for our array. At a Z-score threshold of 2,
we estimated 12% false negative and with a threshold of Z >3,
~25% false negative. By using these data, we can appropriately
assign a Z-score threshold for the remaining experiments. Unless
otherwise noted, the Z-score threshold is 2 for sites identified in
more than one cell line or 2.5 for sites in only a single cell line.

GO term analysis and gene annotation

We used the EASE software package to identify overrepresented
GO terms in our gene lists. The software is available for download
at http://david.niaid.nih.gov/david/ease.htm (Hosack et al.
2003). We used the EASE score to determine significance.

Quantitative PCR

We used the BioRad iCycler for all quantitative PCR (qPCR) vali-
dation as previously described (Trinklein et al. 2004). Briefly, we
compared threshold cycles of each putative binding site to a stan-
dard curve and calculated fold-enrichment compared with nega-
tive control regions designed to amplify the middle exons of
genes. All PCR reactions were 40 cycles and amplicons were 60—
100 base pairs. Primer sequences are available in the Supplemen-
tal materials (Supplemental Table 3).

Preparation of genomic DNA

We prepared DNA from Jurkat and T/G HA-VSMC cell pellets
containing ~4 X 10° cells. After lysis we homogenized the
sample by using Qiashredder columns (Qiagen cat. no. 79654).
We used the Qiagen Allprep RNA/DNA Mini Kit (cat. no. 80204)
as instructed to purify total RNA and genomic DNA. Genomic
DNA was used as input for the methylation assay.

Methylation assay

To determine the methylation status at the described targets, we
digested 2 pg of genomic DNA from each cell line with six methyl
sensitive enzymes in sequential digests (Hpall, Hgal, HpyCH,IV,
Acil, Hhal, and Bstul). Digestion with this cocktail of enzymes
depletes over 99% of unmethylated CpG islands (A.L. Brown,
N.D. Trinklein, and R.M. Myers, unpubl.). We detected depletion
of unmethylated regions compared with an uncut sample by us-
ing qPCR as described above.
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