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factors) would be given as a boost in the event of documented
smallpox. Further experiments to determine the longevity of protection, the consequences of delayed boosting and dosage effects are
planned.
A

Methods
Virus preparations
A vial of MVA passage 572 (2/22/1974), obtained from A. Mayr, was plaque purified,
propagated in chick embryo fibroblasts, and purified by sedimentation through a sucrose
cushion (to be described elsewhere). A vial of Dryvax (Wyeth Laboratories, Inc.), obtained
from the US Centers for Disease Control and Prevention, was diluted as recommended
and stored at 4 8C. Monkeypox virus strain Zaire 79 (V79-I-005), originally isolated from
the scab of a fatally infected human in LLC-MK2 cells and passed twice in BSC40 cells, was
obtained from J. Esposito and propagated in MA-104 cells. A clarified lysate of infected
cells was used to make the challenge stock of virus.

Animals
Cynomolgous monkeys (Macaca fascicularis) of Chinese origin were housed at Bioqual,
Inc. for the immunological studies and transferred to the US Army Medical Research
Institute of Infectious Diseases before the monkeypox virus challenge.

Vaccinia virus neutralization assay26
Twofold serial dilutions of heat-inactivated sera were incubated with virus encoding the
GFP for 1 h at 37 8C. HeLa S3 cells were added and incubated overnight. GFP-expressing
cells were enumerated with a FACScaliber and analysed with FloJo software. IC50 values
were calculated using PRISM software (GraphPad Software, Inc.). All assays were
performed in duplicate.
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Smooth muscle cells switch between differentiated and proliferative phenotypes in response to extracellular cues1, but the
transcriptional mechanisms that confer such phenotypic plasticity remain unclear. Serum response factor (SRF) activates
genes involved in smooth muscle differentiation and proliferation by recruiting muscle-restricted cofactors, such as the
transcriptional coactivator myocardin, and ternary complex
factors (TCFs) of the ETS-domain family, respectively2–9. Here
we show that growth signals repress smooth muscle genes by
triggering the displacement of myocardin from SRF by Elk-1, a
TCF that acts as a myogenic repressor. The opposing influences of
myocardin and Elk-1 on smooth muscle gene expression are
mediated by structurally related SRF-binding motifs that compete for a common docking site on SRF. A mutant smooth muscle

©2004 Nature Publishing Group

185

letters to nature
promoter, retaining responsiveness to myocardin and SRF but
defective in TCF binding, directs ectopic transcription in the
embryonic heart, demonstrating a role for TCFs in suppression
of smooth muscle gene expression in vivo. We conclude that
growth and developmental signals modulate smooth muscle gene
expression by regulating the association of SRF with antagonistic
cofactors.

Figure 1 Mutually exclusive interactions of myocardin and Elk-1 with SRF in SM cells.
A7r5 cells were cultured in serum-free medium and then stimulated with or without
PDGF-BB (20 ng ml21) for 24 h (a) or 30 min (b–d) in the presence or absence of
U0126 (10 mM) as indicated. a, RNA was isolated and transcripts detected by RT–PCR,
using SM-a-actin, SM22, SM-myosin light chain kinase (MLCK) and SM-myosin heavy
chain (MHC) as markers of smooth muscle differentiation and glyceraldehyde-3phosphate dehydrogenase (GAPDH) as a control for RNA loading. b, Extracts were
prepared from A7r5 cells and proteins were detected by western blot. c,
Immunoprecipitations (IP) performed in A7r5 cell extracts with anti-myocardin or anti-Elk1 antibody followed by immunoblot (IB) with mouse anti-SRF antibody. d, Chromatin was
prepared from A7r5 cells and immunoprecipitated with anti-myocardin or anti-Elk-1,
followed by PCR using primers from the SM22 promoter or exon 5 of the SM22 gene as a
control. ChIP assays with primers flanking exon 5 of the coding region showed no
response to PDGF.
186

Most smooth muscle contractile protein genes are controlled by
SRF10, which binds to a sequence known as a CArG box and recruits
myocardin, a coactivator that is necessary and sufficient for smooth
muscle gene expression3–8. In response to growth factor signalling,
SRF also interacts with TCFs, a family of ETS-domain transcription
factors that includes Elk-1, SAP-1a and NET/SAP-2/Erp (refs 11–
13). Phosphorylation of these TCFs by MAP kinases facilitates their
association with SRF and activation of growth-factor-inducible
genes14,15.
To investigate how extracellular signals enable SRF to select
between muscle-specific and growth-regulated genes, which represent opposing transcriptional programmes, we examined the
effect of platelet-derived growth factor (PDGF), an antagonist of
smooth muscle differentiation16, on myocardin/SRF target genes in
the A7r5 smooth muscle (SM) cell line. PDGF specifically suppressed expression of contractile protein genes (Fig. 1a; Supplementary Fig. 1) and induced the phosphorylation of Elk-1, as detected
by western blot with an anti-phospho-Elk-1 antibody or by an
upshift of Elk-1 on SDS–polyacrylamide gel electrophoresis (PAGE)
(Fig. 1b, c). PDGF also increased the association of Elk-1 with SRF,
which was paralleled by a decrease in association of myocardin with
SRF, as detected by co-immunoprecipitation (Fig. 1c).
The association of TCFs with SRF is stabilized on SRF-binding
sites that contain adjacent ETS-binding sequences (GGAA/T)
(ref. 17), which are present in several smooth muscle gene promoters. Chromatin immunoprecipitation (ChIP) assays showed that
suppression of the differentiated phenotype by PDGF was
accompanied by an increase in the association of Elk-1 with
SRF-binding sites in the promoters of the SM22 and SM-a-actin
genes, prototypical smooth muscle target genes of myocardin and
SRF18–20 (lanes 4 and 5 in Fig. 1d; Supplementary Fig. 2). The PDGFdependent recruitment of Elk-1 to these SRF-binding sites was
accompanied by the disappearance of myocardin from the same
sites (lanes 1 and 2 in Fig. 1d; Supplementary Fig. 2).
Inhibition by U0126 of the MAP kinases MEK-1/2 blocked the
phosphorylation of Elk-1 and the suppressive effects of PDGF on
smooth muscle gene expression (Fig. 1a; Supplementary Fig. 1).
U0126 also prevented the signal-dependent association of Elk-1
with SRF and the displacement of myocardin (Fig. 1b–d). Thus,
modulation by PDGF of the differentiated SM cell phenotype was
accompanied by the exchange of Elk-1 for myocardin on SRF in the
control regions of native myocardin target genes; MEK-1/2, which
phosphorylates ERK-1/2, which in turn phosphorylates Elk-1
(refs 13, 21), was a key effector in this process.
Mutation of Val 194 to Glu in the DNA-binding domain of SRF
abolishes association with TCFs22, and prevented ternary complex
formation with myocardin (Fig. 2a), suggesting that these cofactors
interact with the same region of SRF as has been observed for
the myocardin-related transcription factor MAL23. Indeed, coincubation of Elk-1 and SRF with increasing amounts of myocardin
resulted in a loss of the SRF–Elk-1 complex on the SRF-binding
site within the SM22 promoter and the appearance of the SRF–
myocardin complex (Fig. 2b, compare lanes 1–4 and 6–9). This
competition required the basic region of myocardin (lane 10),
which is essential for interaction with SRF (lane 5). Conversely,
increasing the amount of Elk-1 in the DNA-binding assay resulted
in the disappearance of the SRF–myocardin complex (Fig. 2b,
compare lanes 11–14 and 16–19). Mutation of the TCF-binding
site adjacent to the CArG box in the DNA probe did not affect the
association of myocardin with SRF, but it impaired the ability of
Elk-1 to compete with myocardin for interaction with SRF (Supplementary Fig. 3a).
TCFs interact with SRF through a B-box domain17. Replacement
of Tyr 159 in the Elk-1 B-box with Ala abolishes interaction with
SRF (lane 15 in Fig. 2b; ref. 24). This Elk-1 mutant (Y159A) was
ineffective in displacing myocardin from SRF (lane 20 in Fig. 2b).
Similar competition between myocardin and Elk-1 was observed
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with a DNA probe corresponding to the serum response element
from the c-fos promoter (Supplementary Fig. 3b, c).
There is no significant primary amino-acid homology between
the SRF-binding region of myocardin and the B-box of Elk-1, but a
stretch of amino acids in this region of myocardin resembles the
a-helix-b-sheet-a-helix secondary structure of the B-box (Fig. 2c).
Four hydrophobic amino acids, Tyr 153, Tyr 159, Phe 162 and
Ile 164, in the Elk-1 B-box are critical for SRF binding22,24 (Fig. 2c).
In an effort to disrupt potential side-chain interactions between
myocardin and SRF, while preserving the overall structure of the
region, we replaced every hydrophobic residue in the above region
of myocardin with Ala. Mutation of Leu 286 severely impaired the
association of myocardin with SRF, as did Ala substitutions at
positions 293 and 297 or a Pro substitution at position 291
(Fig. 2c, d). The ability of myocardin mutants to interact with
SRF was roughly paralleled by their ability to activate the SM22
promoter (Fig. 2e) and endogenous smooth muscle genes in
transfected 10T1/2 cells (Supplementary Fig. 4).
A myocardin mutant in which the 21-amino-acid B-box-like
region was replaced with the B-box of Elk-1 (Myo-Elk-B) formed a

ternary complex with SRF (Fig. 2d) and activated smooth muscle
gene expression (Fig. 2e; Supplementary Fig. 4). Replacement of the
critical tyrosine with alanine (mutant Myo-Elk-Y159A) abolished
myogenic activity of this mutant. These results suggest that myocardin, like Elk-1 (refs 24, 25), uses a short hydrophobic region to
associate with a common docking site on SRF.
In contrast to myocardin, Elk-1 alone had no effect on the SM22
promoter (Fig. 3a). However, Elk-1 could be converted to an
activator of the SM22 promoter by fusion to the transcription
activation domain (TAD) of VP16 (Fig. 3a). The activity of this
Elk-1–VP16 mutant was impaired by a mutation of the TCF site in
the SM22 promoter (Fig. 3a). Thus, Elk-1 associates with the TCF
site in the SM22 promoter, but it is an ineffective activator of this
SRF target gene. In contrast, the activity of myocardin was enhanced
on the promoter with a TCF-site mutation, consistent with the
notion that endogenous TCFs interfere with myocardin activity
(Fig. 3a; Supplementary Fig. 3d).
Myocardin was less effective in activating the SM22 promoter
when cells were stimulated by 20% serum than by 0.5% serum. The
reduction in its transcriptional activity in response to high serum

Figure 2 Competition between Elk-1 and myocardin for interaction with SRF. a, Gel
mobility shift assays were performed with a radiolabelled probe corresponding to the c-fos
serum response element. SRF core region, the SRF core with a valine to glutamic acid
mutation at position 194 (V194E), Elk-1 and myocardin were translated in vitro. Only the
region of the gel containing the shifted probe is shown. b, Gel mobility shift assays were
performed as in a using a probe corresponding to the distal CArG box from the SM22
promoter. Left panel, increasing amounts of myocardin (0.5 ml, 2 ml or 5 ml) in the
absence (lanes 2–5) or presence (lanes 7–10) of a constant amount of Elk-1 (0.3 ml) were
used. Right panel, increasing amounts of Elk-1 (0.1 ml, 0.3 ml or 1 ml) in the absence
(lanes 12–15) or presence (lanes 17–20) of a constant amount of myocardin (3 ml) were
used. c, Schematic diagram of myocardin showing the SRF-interacting region. B-box

regions of TCFs and the corresponding region of myocardin and myocardin mutants are
shown in pink shading. Residues in red are required for SRF interaction. The aminoterminal domain (NTD), basic region (þþ) and the glutamine-rich domain (Q) are shown.
d, Gel mobility shift assays were performed with SRF, myocardin, or the indicated
myocardin mutants translated in vitro and a radiolabelled probe corresponding to the c-fos
serum response element. The region of the gel containing shifted probe is shown.
e, COS cells were transiently transfected with expression vectors for myocardin or the
indicated myocardin mutants and an SM22-luciferase reporter. Values are expressed as
the level of luciferase activity with each mutant relative to that with myocardin, which was
assigned a value of 100.
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Figure 3 Suppression of smooth muscle gene expression by Elk-1. a, COS cells were
transiently transfected with expression vectors for myocardin, Elk-1 or Elk-1-VP16 and
luciferase reporters linked to the wild-type SM22 promoter or the promoter with a
mutation in the TCF site. Values are expressed as fold activation above background.
b, COS cells were transfected with myocardin expression vector and the indicated
reporters and maintained in 0.5% FBS or stimulated with 20% FBS for 6 h. c, COS
cells were transfected with expression vectors encoding myocardin and increasing
amounts of Elk-1 and the indicated reporters and cultured under the indicated
conditions. d, A7r5 cells were transfected with expression plasmids encoding Elk-1 or
Elk-1(Y159A) with Myc-epitope tags. Upper panels, cultures were stained for
SM-a-actin (green) and Myc (red). Note that cells expressing Elk-1 fail to express

SM-a-actin (top left), whereas expression of Elk-1(Y159A) does not alter SM-a-actin
expression (top right). Lower panels, Hoechst staining was used to detect nuclei. e,
Mapping the regions of Elk-1 required for suppression of myocardin activity in
transfected 10T1/2 cells. 10T1/2 cells were transfected with expression plasmids
encoding myocardin and the indicated mutants of Elk-1. The relative number of SMMHC-positive cells in each culture is expressed relative to the number in cultures
transfected with myocardin alone, which was assigned a value of 100. Amino acids in
Elk-1 are indicated along the top. f, A model to account for the modulation of smooth
muscle genes by competition between myocardin and Elk-1 for SRF in response to
growth signals.

was dependent on the TCF site (Fig. 3b) and was coupled to MEK-1/
2-dependent phosphorylation of ERK-1/2, which stimulates
the interaction of Elk-1 with SRF (Supplementary Fig. 5).
Conversely, exogenous Elk-1 was a more effective repressor of the
SM22 promoter in the presence of 20% serum, and the TCF site
enhanced its repressive activity (Fig. 3c). The Y159A mutant and an
Elk-1 mutant lacking the ETS domain (Elk-1-DETS), which mediates binding to the TCF sequence, were ineffective inhibitors of
myocardin (Supplementary Fig. 6a). Elk-1 showed similar repressive activity against a reporter linked to three tandem copies of a
CArG box and adjacent TCF site (Supplementary Fig. 6b), confirming that its effects are dependent on SRF rather than another
regulator.
Elk-1, as well as SAP-1 and -2, suppressed activation of smooth
muscle genes by myocardin in 10T1/2 cells and in the A7r5 smooth
muscle cell line, whereas the Y159A mutant was ineffective (Fig. 3d,
e; Supplementary Fig. 6c–e). Mutants of Elk-1 lacking either the
ETS domain (Elk-DETS) or a functional B-box were unable to
interfere with myocardin activity (Fig. 3e). On the contrary, an
Elk-1 mutant lacking the TAD was fully functional in suppressing
myocardin activity (Fig. 3e, mutant Elk-DTAD).
To test whether TCFs modulate smooth muscle gene expression
in vivo, we generated transgenic mouse embryos harbouring a lacZ
transgene linked to the wild-type SM22 promoter or the promoter

with a mutation in the TCF site. Both promoters directed high
expression of lacZ in the developing vasculature (Fig. 4a). The wildtype SM22 promoter and the endogenous SM22 gene26, like many
smooth muscle genes, are also expressed in the heart until embryonic day (E)13.5. In contrast, the mutant SM22 promoter was still
expressed at high levels in the heart at E15.5, at least two days
after cardiac expression of the wild-type promoter had been
extinguished (Fig. 4a). Immunostaining of cardiac sections with
an anti-phospho-Elk-1 antibody showed the presence of phosphoElk-1 in cardiomyocytes at this stage, where it could serve to repress
transcription of SRF-dependent smooth muscle genes (Fig. 4b).
Thus, the TCF site is required for the precise temporal control of this
smooth muscle promoter in the developing heart at a time when
phospho-Elk-1 is expressed there.
Our results demonstrate that myocardin and Elk-1 compete for
interaction with a common docking site on SRF and that Elk-1 acts
as a signal-responsive repressor of smooth muscle gene expression
by displacing myocardin from SRF within the context of native
chromatin (Fig. 3f). The repressive influence of Elk-1 on smooth
muscle genes is unexpected in the light of its role as an activator of
growth-factor-inducible genes9. We propose that Elk-1, which is a
weak activator compared with myocardin27, is sufficient to suppress
smooth muscle gene expression when bound to even a single
SRF-binding site, owing to the dependence of myocardin on
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Figure 4 Ectopic expression of a lacZ reporter controlled by an SM22 promoter lacking
the TCF site. a, Transgenic mouse embryos of the indicated ages were stained for LacZ
expression. The transgene with the mutation in the TCF site continues to be expressed in
the heart after the wild-type promoter has been downregulated. b, Staining of a
histological section of an E15.5 mouse heart with anti-phospho-Elk-1 antibody reveals the
presence of phospho-Elk-1 in cardiomyocytes.

binding to multiple sites for maximal transcriptional activation3,28.
The mutually exclusive association of SRF with myocardin and
Elk-1 (or other TCFs) provides a mechanism for modulating
smooth muscle gene expression during development and in
response to growth signalling.
A

Methods
Cell culture and transfection
A7r5 cells were maintained as described previously16. Cells were treated with 20 ng ml21
PDGF-BB (Sigma) for 24 h and, when indicated, were pretreated with 10 mM U0126 (Cell
Signalling) for 2 h before PDGF-BB treatment. Transfections and luciferase assays were
performed as described3,28. Myocardin mutants were generated through polymerase chain
reaction (PCR)-based mutagenesis using the QuickChange kit from Stratagene. The
SM22-luciferase reporter contained the 1,434 base pair promoter18 and the mutant
promoter contained a mutation in the TCF site.

ChIP and IP assays
ChIP assays were performed using the ChIP Assay Kit from Upstate Biotechnology as
described in ref. 29. Immunoprecipitation assays were performed essentially as ChIP
assays, except the immunoprecipitation products were separated on SDS–PAGE and
analysed by western blot with anti-SRF antibody. Affinity-purified rabbit anti-myocardin
antibody was generated against amino acids 141–159. Rabbit anti-Elk-1 antibodies
were from Santa Cruz and Cell Signalling. Further details are in Supplementary
Information.

Analysis of SM and 10T1/2 cells
Immunocytochemistry, myogenic assays, western blots, and reverse transcription (RT)–
PCR were performed as described7.

Gel mobility shift assays
SRF, myocardin, and Elk-1 were translated in vitro with a TNT T7-coupled reticulocyte
lysate system (Promega). Gel mobility shift assays were performed using double-stranded
probes as described (ref. 3; Supplementary Information). The sequences of the distal
SM22-CArG box probes are shown below. The CArG box is in bold and the TCF site is
italicized. Wild-type: AGCTGTTTCAGGGTCCTGCCCATAAAAGGTTTTTCCCGG
CCGCC; the TCF mutant: AGCTGTTTCAGGGTCCTGCCCATAAAAGGTTTTTAA
CGGCCGCC.

Histology
Generation of transgenic mice and LacZ staining were performed as described18. Paraffin
sections of E15.5 mouse hearts were stained with anti-phospho-Elk-1 antibody according
to manufacturer’s instructions (Cell Signalling).
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