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Cell-Specific Transcription of the Smooth 
Muscle y-Actin Gene Requires Both Positive- 

and Negative-Acting cis Elements
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We have characterized the function of putative regulatory sequences upon the smooth muscle transcription of 
the SMGA gene, using promoter deletion analyses. We demonstrate that the SMGA promoter contains four 
domains: a basal promoter (-1 to -100), a smooth muscle specifier sequence (-100 to -400), a negative regulator 
(-400 to -1000), and a smooth muscle-specific modulator (-1000 to -2000). The basal or core promoter supports 
equivalent transcription in both smooth and skeletal muscle cells. Addition of sequences containing a CArG 
motif juxtaposed to an E-box element stimulates smooth muscle transcription by five- to sixfold compared to 
skeletal muscle. This smooth muscle-specific segment is maintained for about 200 bp, after which is a segment 
of DNA that appears to inhibit the transcriptional capacity of the SMGA promoter in smooth muscle cells. 
Within the boundary between the smooth muscle specifier and negative regulatory sequences (-400 to -500) 
are three E-box elements. The smooth muscle modulator domain contains two CArG elements and multiple E- 
boxes. When added to the SMGA promoter it causes an additional three- to fivefold increase in smooth muscle- 
specific transcription over that stimulated by the smooth muscle specifier domain. Thus, our studies show that 
the appropriate cell-specific transcription of the SMGA gene involves complex interactions directed by multiple 
cis-acting elements. Moreover, our characterization of a cell culture system employing embryonic gizzard smooth 
muscle cells lays the foundation for further molecular analyses of factors that regulate or control SMGA and 
other smooth muscle genes during differentiation.

Developmental gene regulation Tissue-specific expression Smooth muscle differentiation 
Visceral smooth muscle Transcriptional regulation Cell culture

ACTIN represents a family of highly conserved pro­
teins that are essential components of cellular organi­
zation and mobility. Six major isoforms of actin have 
been identified in vertebrates (64,65): classified as 
nonmuscle (P-cytoplasmic and y-cytoplasmic), stri­
ated muscle (a-skeletal and a-cardiac), or smooth 
muscle (a-vascular and y-enteric) isoforms. The indi­
vidual actin isoforms are encoded by single, distinct 
genes, each of which demonstrates a discrete pattern 
of expression and tissue specificity throughout devel­
opment (20,21,41,64-67). Thus, the actin family 
presents an excellent system for understanding mech­
anisms of differential gene expression. A key step in 
the developmental regulation of actin gene expression 
is the control of transcriptional initiation. The molec­

ular mechanisms involved in skeletal and cardiac 
a-actin gene regulation have been the subject of ex­
tensive study (4,12,18,33,42,43,46,48,53). These 
analyses have revealed that the tissue-specific regula­
tion of the skeletal and cardiac actins requires the 
interactions of trans-acting factors with DNA signal 
sequences found in cis with the actin coding regions.

The a-vascular smooth muscle actin gene contains 
a region of DNA adjacent to the gene that has multi­
ple cis elements which confer either positive or nega­
tive transcriptional activity depending upon the cellu­
lar context (3,16). Many of the cis elements for the 
a-vascular smooth muscle gene have been identified, 
with Mhox, MCAT, TGF-p, and CArG/SRE ele­
ments playing a central role in its regulation (3,9,
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16,60). These studies have revealed that cis elements 
having the CArG/SRE [CC(A/T)6GG] sequence motif 
are vital for appropriate a-vascular actin gene tran­
scription (3,9,16,60). This motif is found within the 
promoters of all vertebrate actin genes examined to 
date and has been shown to be a critical DNA ele­
ment in the regulation of many muscle-specific 
genes, including the striated actins (33,43,46), skele­
tal and smooth myosin heavy chains (27,63), skeletal 
and cardiac myosin light chains (15,51), and the 
smooth muscle 22a gene (29,34,35,45). Although the 
mechanisms involved in the control of gene transcrip­
tion in vascular smooth muscle cells have begun to 
be elucidated, the regulatory components involved in 
the smooth muscle a-actin (SMGA) gene transcrip­
tional regulation in visceral or vascular cells are un­
known. In humans (44) and mice (61), the sequence 
adjacent to the SMGA gene contains multiple CArG/ 
SRE motifs. Although sequences 5' to the SMGA 
gene and perhaps within the first intron are appar­
ently needed for smooth muscle expression (54), the 
ability of specific cis element motifs to function in 
transcriptional activation of this gene has not been 
extensively investigated.

To study the regulation of visceral smooth muscle 
myogenesis, we have analyzed SMGA expression. In 
chicken, SMGA expression was found to be restricted 
to smooth muscle tissues (30). This highly tissue-re­
stricted pattern of expression is consistent across spe­
cies (41,44) and demonstrates its utility as a specific 
marker for smooth muscle differentiation. Further, 
this tissue-specific expression arises from the devel­
opmental regulation of the gene (30,41), indicating 
that the activation of SMGA expression is dependent 
upon factors unique to smooth muscle cells. In this 
study, we characterize the avian SMGA gene struc­
ture, and we devise a method to examine the function 
of specific cis elements of the SMGA promoter. 
DNA sequence analyses of the chicken SMGA gene 
revealed a high conservation of sequence not only 
within the gene coding region but also within the pu­
tative promoter DNA elements flanking the 5' region 
of the gene. The results of gene transfer experiments 
presented here demonstrate that multiple cis-acting 
elements are required for the appropriate transcription 
of this gene and allow identification of four regions 
of the promoter that we refer to as core or basal pro­
moter, smooth muscle specifier, negative regulator, 
and smooth muscle modulator DNA segments. Fur­
ther, we demonstrate the ability to obtain embryonic 
gizzard visceral smooth muscle cells from embryos 
before they express overt smooth muscle phenotypic 
characteristics and induce them to undergo differenti­
ation in vitro. As a result, we are able to begin to

assess which factors regulate smooth muscle-specific 
gene expression during development.

MATERIALS AND METHODS

Isolation and DNA Sequencing of Chicken SMGA 
Genomic Clones

A chicken genomic library was constructed in 
EMBL-3 phage and was screened for SMGA clones 
using [a-32P]dCTP-labeled full-length cDNA, SMGA 15- 
1, as a probe (30). Among the multiple potential posi­
tive clones two retained hybridization under condi­
tions of high stringency and were purified to homoge­
neity. Restriction and hybridization analyses of both 
clones localized transcribed sequences within the ge­
nomic clones, named SMGA 6-1Z and SMGA 12- 
1Z, and revealed that the 3' end of the gene was miss­
ing in the two clones. A DNA fragment spanning the 
missing genomic sequence was obtained by PCR am­
plification using purified high molecular weight 
chicken genomic DNA and oligonucleotide primers 
designed from sequences of the full-length cDNA. 
The 5' PCR primer was constructed to a coding se­
quence in exon 7 of the gene (+1801 to +1822, 5'- 
GTGCGCGACATCAAGGAGAAG-3'), and the 3' 
primer was constructed to include the reverse com­
plement of sequences in the 3' nontranslated region 
of the cDNA (5'-GGGAATTCCTGGAGAAAAGG- 
CTTTA-3'). Transcribed sequences contained within 
a ~4.5-kb EcoRl-Sal I fragment derived from the 
phage insert of clone SMGA 6-1Z were subcloned 
into the pBluescript KS+ vector (Stratagene, La Jolla, 
CA). The 3' genomic PCR product was initially sub­
cloned using the TA Cloning System (Invitrogen, San 
Diego, CA), and was then ligated into the EcoRl site 
of pBluescript KS+ for ease of sequencing.

All sequencing reactions were performed by the 
Sanger-dideoxy chain termination method using the 
Sequenase Version 2.0 sequencing kit (U.S. Bio­
chemicals, Cleveland, OH). DNA sequence data were 
determined from single-stranded templates derived 
from the subcloning of specific restriction fragments 
and the use of Exonuclease III to construct unidirec­
tional deletions (40,68). DNA sequence for the entire 
chicken SMGA gene and 5' flanking DNA was deter­
mined from multiple analyses of both DNA strands. 
Data from the multiple sequencing analyses were col­
lated and analyzed using the University of Wisconsin 
Genetics Computer Group (GCG) package of pro­
grams. The composite sequence determined in this 
study has been deposited in the GenBank database and 
has been assigned the accession number AF012348.



Primer Extension and RNase Protection Analyses

Primer extension analysis was performed as de­
scribed by Zimmer et al. (68). An 18-mer oligonucle­
otide probe that contained the reverse complement of 
nucleotides +770 to +787 of the SMGA genomic se­
quence (5'-GGTCTCCTCCTCGCACAT-3') was 5' 
end labeled with [a-32P]ATP (3000 Ci/mmol, New 
England Nuclear, Boston, MA) and T4 polynucleo­
tide kinase. Ten micrograms of embryonic day 18 
chicken gizzard total RNA isolated as described pre­
viously (30) and 2 x 106 cpm of labeled probe were 
hybridized at 60°C, followed by precipitation of the 
annealed products. Primer extension reactions were 
then performed at 45 °C using the avian myeloblast­
osis virus (AMV) reverse transcriptase under con­
ditions outlined by the supplier (Promega, Madi­
son, WI).

RNase protection assays were performed as out­
lined previously (68). A genomic fragment spanning 
the putative transcriptional initiation site was gener­
ated by PCR using a primer adjacent to the single 
BamRl restriction site in the 5' flanking DNA (nucle­
otides -9 8  to -80; 5'-CCATCACTTAGCCTATT- 
TAG-3') and a primer containing the reverse comple­
ment of exon 1, which introduced a synthetic Xba I 
restriction site at nucleotide position +25. Following 
PCR, the fragment was digested with BamRl and Xba 
I, and the resultant 86 bp of DNA was cloned into 
like-digested pBluescript KS+. This clone, named 
pExl-2KS, was used to generate [32P]UTP radiola­
beled sense and antisense probes by using T3 RNA 
polymerase and Xba I linearized pExl-2KS (sense) 
and T7 RNA polymerase in the presence of BamRl 
linearized pExl-2KS DNA (antisense). The 32P-la- 
beled probes were purified on 5% acrylamide gels 
and coprecipitated with 10 pg of embryonic day 18 
gizzard total RNA or 10 pg of yeast tRNA. The pel­
lets were collected and RNase protection analyses 
were performed using the RPA II kit (Ambion, Aus­
tin, TX).

Both primer extension and RNase protected prod­
ucts were electrophoresed on 10% and 6% denaturing 
polyacrylamide gels and the results were visualized 
by autoradiography using Kodak AR5 or Biomax 
BMR1 X-ray film. A sequencing product of M13mp 
18 single-strand DNA was included on the gels as a 
molecular size marker.

Reporter Gene Constructs

To facilitate the subcloning of truncated 5' geno­
mic sequences into the polylinker region of the 
pCAT-Basic vector (Promega), a unique Xba I re­
striction site at position +25 was introduced into exon
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1 of the SMGA gene by PCR. The pExl-2KS clone 
containing the 86-bp genomic ZtaraHI-synthetic Xba 
I fragment described above was the initial fragment 
generated for these experiments. This 86-bp fragment 
was extended upstream to position -2294 by the liga­
tion of a 2.2-kb EcoRl-BamRl DNA fragment de­
rived from clone 6-1Z (Fig. 1) containing sequences 
5' to the gene to yield the longest 2.3-kb EcoRl-Xba 
I promoter fragment (Fig. 6). To obtain other dele­
tions in the SMGA promoter, unique restriction sites 
in the upstream 2.3-kb EcoRl-Xba I sequences were 
utilized: Nde I (-112), Sma I (-407), Xho I (-513), 
Apa I (-623), and Nar I (-1087). Following digestion 
with these enzymes, overhangs were filled in to cre­
ate blunt ends using Klenow DNA polymerase (40), 
the DNA subsequently digested with Xba I, and the 
appropriate DNA fragment was isolated from agarose 
gels. The purified fragments were then ligated into 
the pCAT-Basic vector. The vector was prepared by 
digestion with Sal I, filled in with Klenow polymer­
ase, and then digested with Xba I. Promoter frag­
ments -236  and -296  were generated by PCR using 
oligonucleotides 5'-GTTGCCTCCTAAGCATAG- 
CCC-3' (nts -236  to -213) and 5'-CTTGTGTCTCG- 
CCTGTTTATCG-3' (nts -296  to -275) as forward 
primers in combination with the exon 1 synthetic Xba 
I primer. Constructs containing the sequences 5' to 
the gene in addition to the first intervening sequence 
of the gene were derived by PCR, which placed a 
unique Xba I restriction site within exon 2 of the gene 
at nucleotide position +762. All constructs were veri­
fied by restriction mapping and DNA sequencing 
analyses prior to use in transfection experiments.

Primary Muscle Cell Cultures

Muscular tissue from Hamburger and Hamilton 
(23) stage 33-35 (day 8) embryonic gizzards were 
minced, transferred to medium 199 (Fisher Scientific, 
Norcross, GA), and dissociated into single cells by 
sequential incubation in 0.5% collagenase D (Boeh- 
ringer Mannheim, Indianapolis, IN) at 37°C for 1 h 
followed by 0.125% trypsin (Gibco BRL, Gaithers­
burg, MD) treatment at 37°C for 15 min. Cells were 
collected by centrifugation and resuspended in me­
dium 199 supplemented with 20% fetal bovine serum 
(Hyclone, Logan, UT), 10^ M insulin, 2 mM L-gluta- 
mine, and 100 units/ml penicillin/ streptomycin. Cells 
were preplated in 75-cm2 tissue culture flasks by in­
cubation for 20 min at 37°C, 5% C 0 2. Following ini­
tial preplating, the smooth muscle cells remaining in 
suspension were collected and plated onto collagen 
type IV-coated (Sigma, St. Louis, MO) 25-cm2 tissue 
culture flasks at a density of 2.5 x 104 cells/cm2. At a
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subconfluent stage of —80-85%, cells were collected 
by trypsinization and seeded onto collagen type IV- 
coated 100-mm tissue culture dishes at a density of 2 
x 104 cells/cm2. After reaching 95-100% confluence, 
cells were induced to differentiate by switching the 
culture medium to DMEM/F12 supplemented with 2 
mM L-glutamine, 10“6 units insulin, 100 units/ml pen- 
icillin/streptomycin, 5 jal/ml apo-transferrin, and 0.2 
mM L-ascorbic acid. Cultures were maintained in this 
medium for 48 h prior to experimentation.

Primary skeletal myoblast and chicken embryonic 
fibroblast cultures were established based on the 
methodology of Hayward and Schwartz (24). To keep 
the skeletal myoblast cells in a replicative state, the 
medium was changed after 24 h to growth media sup­
plemented with 10-5 M 5/-bromodeoxyuridine (BrdU). 
BrdU is a thymidine analogue and has been shown to 
block myogenic differentiation in primary embryonic 
skeletal muscle cultures (33,59). Cultures were used 
for transfections when the cell population reached 
—60% confluency.

DNA Transfections

SMGA 5' deletion mutants and the control re­
porter plasmids were prepared using Qiagen columns 
(Chatsworth, CA) following an alkaline lysis proce­
dure. The transient transfection of DNA into cultured 
cells was accomplished using DEAE-dextran in a 
protocol essentially as developed by Al-Molish and 
Dubes (1). Our procedure involved a limited pretreat­
ment of cells with DEAE-dextran (1 mg/ml) for 9 
min in order to minimize toxicity observed in primary 
cultures. The cells were rinsed with PBS, and the ap­
propriate DNAs prepared in PBS were then added to 
the dishes and allowed to incubate at 37°C, 5% C 02 
for 30 min. Following this incubation, 5-7 ml of dif­
ferentiation media was added, and the cells were in­
cubated at 37°C for 48 h.

Primary visceral smooth and skeletal muscle cells 
were cotransfected with 6 pg of CAT (chlorampheni­
col acetyl transferase) reporter plasmid construct, and 
2 pg of a plasmid containing the (i-galactosidase gene 
under the control of the cytomegalovirus promoter 
(kind gift of Dr. S. Kayes, University of South Ala­
bama, College of Medicine, Mobile, AL) to normal­
ize for transfection efficiency. Each experiment also 
included transfections of a CAT reporter plasmid un­
der the control of the Rous sarcoma virus promoter 
(pCAT-Control vector, Promega), and a “promoter 
lacking” pCAT-Basic vector (Promega) to act as pos­
itive and negative controls, respectively. To ensure 
experimental reproducibility, all promoter constructs 
were evaluated in a minimum of three separate exper­
iments, two culture dishes/plasmid construct in each

experiment and a minimum of three separate plasmid 
preparations for each deletion mutant.

The level of CAT activity was determined using 
the Quant-T-CAT assay system developed by Amers- 
ham Corp. (Arlington Heights, IL). This system 
makes use of the biotin/streptavidin interaction to 
provide an efficient recovery method for the 3H-ace- 
tylated, biotinylated chloramphenicol produced by 
the CAT enzyme in cell extracts through binding to 
streptavidin-coated polystyrene beads. The radioac­
tivity contained in the streptavidin-coated beads, in­
dicative of the level of CAT activity for each sample, 
was counted in Ready Safe scintillation cocktail from 
Beckman Instruments (Palo Alto, CA). (3-Galactosi- 
dase activity in the cell extracts was determined by 
the chemiluminescent Galacto-Light Plus Reporter 
Gene Assay system (Tropix, Inc., Bedford, MA) and 
measured in a Turner Model 20 Luminometer. Both 
(3-galactosidase and CAT activity measurements were 
performed in duplicate for each sample. Normalized 
CAT activity (mean ± SEM) was expressed as a rela­
tive percentage of the maximal activity detected from 
both the pCAT-Control vector and the smooth muscle 
transfected (-2294 bp) promoter construct. An inde­
pendent samples Mest was used to statistically ana­
lyze the generated CAT activity data. In instances 
where the variance was not equal between the popu­
lations tested, the Smith-Satterthwaite’s Mest was ap­
plied. The difference between populations was con­
sidered statistically significant when p < 0.05.

Immunofluorescence Microscopy

Murine monoclonal antibodies specific for SMGA 
(cat. No. 69-133, ICN Biochemical, Costa Mesa, CA)
(37,38) and smooth muscle myosin (cat. No. M-7786, 
Sigma) (17,32) were used in dilutions of 1:300 and 
1:600, respectively. A general actin antibody (cat. 
No. A-2668, Sigma) developed in rabbit was used at 
a dilution of 1:40. Immunofluorescence microscopy 
was performed essentially as described by Balczon 
and West (2). Smooth muscle cells were grown on 
coverslips coated with type IV collagen, and the cov- 
erslips were rinsed in phosphate-buffered saline 
(PBS: 0.15 M NaCl, 10 mM Na2H P04, 3 mM NaN3, 
pH 7.4) and fixed in -20°C MeOH for 6-8 min. The 
coverslips were rinsed for 5 min in PBS containing
0.1% Triton X-100, and then incubated in a humidi­
fied chamber at room temperature for 45 min with 
the appropriate primary antibody. Following rinsing 
in PBS, FITC-labeled antispecies IgG (1:20 dilution 
in PBS) was added to the coverslips and allowed to 
incubate at room temperature for 45 min. The cells 
were then rinsed and mounted in 50% glycerol/50% 
PBS (v/v) that also contained 25 |ig/ml Hoechst 
33258 to visualize cell nuclei.
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Immunofluorescent staining was evaluated using a 
Zeiss 35 M Axiovert microscope equipped for epiflu- 
orescence microscopy. Cells were photographed us­
ing T-MAX 400 film (Kodak, Inc., Rochester, NY) 
and the film was developed in T-MAX developer.

RESULTS

Localization o f the Chicken SMGA Transcription 
Initiation Site

The SMGA gene and 5' flanking sequences were 
determined and the nucleotide sequence obtained for 
the SMGA gene has been deposited in the Genbank 
database (Accession number AFO12348). The intron/ 
exon boundaries and the 94 nucleotides of 3' non- 
translated region of the gene were identified by direct 
comparison to the chicken SMGA cDNA sequence
(30). Furthermore, the intron/exon boundaries of the 
chicken gene were identical in placement to that of 
the human and mouse SMGA genes (44,61) and con­
form to consensus sequences (5). Although the de­
duced amino acid sequence of the gene was in com­
plete agreement with that derived from the cDNA, 
minor variations between the nucleotide sequences of 
the chicken SMGA gene and SMGA cDNA were dis- 
cemable in the form of silent nucleotide substitutions 
in the wobble position of codons encoding amino 
acid #13 (AAT), amino acid #57 (GAC), and amino 
acid #145 (GCG).

Primer extension and RNase protection analyses 
were performed to determine the chicken SMGA 
gene transcription initiation site. A primer extension 
product of 92 bases was obtained when a 5' end la­
beled 18-base oligonucleotide primer complementary 
to the mRNA sequence coding for the N-terminal 6 
amino acids (see Materials and Methods) was hybrid­
ized to chicken embryonic day 18 gizzard total RNA 
and extended using reverse transcriptase (Fig. 1A, 
lane 2). A faint band of 95 bases in size was observed 
above the major primer extension product, perhaps 
representing a minor secondary population of tran­
scripts initiating 3 bases upstream from the primary 
start site. No extension product was obtained when 
yeast tRNA was used as a primer template (Fig. 1 A, 
lane 3).

RNase protection analysis confirmed the location 
of the SMGA gene transcriptional start site. Uni­
formly labeled sense and antisense RNA probes (see 
Materials and Methods) were annealed to embryonic 
day 18 chicken gizzard total cellular RNA, and the 
hybrids were digested with RNases A and T l. The 
gizzard RNA protected a 27 nucleotide region of the 
antisense probe (Fig. IB, antisense lane 3), whereas 
no protected fragment was observed with the sense

A STD

1 2 3 t c t 1

B
SENSE ANTI-SENSE

'l 2 3 1 ' l  2 3 1

FIG. 1. Localization of the SMGA transcriptional initiation site. 
The 5' boundary of exon 1 was located using primer extension (A) 
and RNase protection analyses (B). (A) A primer made to comple­
ment sequences of exon 2 beginning at the ATG translation codon 
(nucleotides 770 to 787, Fig. 2) was labeled with 32P and annealed 
with 10 pg of yeast tRNA (lane 3) or 10 pg of total RNA isolated 
from embryonic day 18 gizzard tissue (lane 2). Primer extension 
was then performed as detailed in Materials and Methods. Lane 1 
shows the results of primer extension reactions performed with no 
added RNA. The sequence ladder (shown a, g, c, t) was derived 
from single-stranded M13mpl8 and run on the same gel as a mo­
lecular weight standard. The arrow shows the position of the major 
extension product (—92 bases) with the asterisk showing a minor 
product (—95 bases). (B) Uniformly labeled sense and antisense 
RNA probes to the region spanning exon 1 (+25 to -6 8 , Fig. 1) 
were annealed to 10 pg yeast tRNA (lanes 2) or 10 pg embryonic 
gizzard total RNA (lane 3) and the annealed products subjected to 
RNase protection analyses as outlined in Materials and Methods. 
Lanes 1 show the position of the probes (sense or anti-sense) that 
received no RNase treatment. The arrow denotes the position (—27 
bases) of the protected fragment corresponding to exon 1, which 
is only observed with the antisense probe in gizzard RNAs.
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RNA probe. A minor high molecular weight band 
was observed with yeast tRNA hybridized with the 
sense probe (Fig. IB, sense lane 2), due to incom­
plete RNAase digestion. Although the protection ex­
periments gave a slightly shorter exon 1 sequence (by 
3-4 bp), this may be due to the breathing of the la- 
bled probe and the hybridized target mRNA; we 
therefore have chosen the +1 nucleotide as revealed 
by primer extension analysis. Collectively, these two 
assays revealed a single major transciptional start site 
for the chicken SMGA gene that is 74 bp 5' from the 
ATG translation initiation codon.

In Vitro Tissue-Specific Expression 
of the SMGA Gene

To delimit DNA sequences in the SMGA gene 
that govern its cell-restricted expression, a primary 
culture system of low passage embryonic gizzard 
cells was established and evaluated for morphology 
and SMGA mRNA content (data not shown). The 
embryonic gizzard cell cultures were evaluated im- 
munohistochemically to detect expression of smooth 
muscle differentiated products; namely SMGA and 
smooth muscle myosin heavy chain. As shown in 
Fig. 2C, when we used a monoclonal smooth muscle- 
specific y-actin antibody on our cultures of embry­
onic smooth muscle cells, the replicating smooth 
muscle myoblast population exhibited only minor im- 
munoreactivity to this antibody. This degree of stain­
ing was consistent with the presence of low levels of 
SMGA polypeptide in the gizzards of 8 day chicken 
embryos (26,31,56). After undergoing morphogenesis 
in culture, however, these same embryonic smooth 
muscle cells gave intense y-actin staining (Fig. 2D) 
of the long, straight, noninterrupted fibrils of the con­
tractile apparatus in the cytoplasm of the smooth 
muscle cells.

These findings were confirmed by monoclonal an­
tibodies against other smooth muscle specific pro­
teins. Previous studies have demonstrated the utility 
of the myosin heavy chain as a marker for differenti­
ated smooth muscle cells (8,10,17,19,32,58). As 
shown in Fig. 2, embryonic gizzard cells exhibited 
no staining for myosin heavy chain until they were 
induced to differentiate (Fig. 2E, F). All cells in the 
“replicating” (21) and “differentiated” (2J) cultures 
stained with an actin polyclonal antibody that reacts 
with all known actin isomers. No staining of myosin 
heavy chain in the replicating cultures is consistent 
with analyses of proteins in developing gizzard tissue 
demonstrating that actin (y-actin) appeared to in­
crease in content slightly before myosin heavy chain 
appearance (26,31,56). Importantly, these results 
showed that cells prepared from early embryonic giz­

zard tissue could be induced to express smooth mus­
cle specific markers. Thus, the cultured cells provide 
an experimental environment to analyze the SMGA 
promoter for c/s-acting elements that convey cell-spe­
cific transcription of this gene.

Deletion Analysis of the SMGA Promoter
A direct comparison between sequences flanking 

the 5' end of the chicken, mouse, and human SMGA 
genes revealed an extensive homology (—70%) that 
the three promoters share within the first 130 proxi­
mal bases upstream from the transcriptional start site 
(Fig. 3). Furthermore, although the distal region is 
less conserved, the nucleotide sequence and spacing 
of four sequences similar to the CArG element and 
a single CCAAT/enhancer binding protein (C/EBP) 
motif (55) 5' to the gene appear to be strictly main­
tained across species. No significant homologies 
were observed beyond the initial 400-bp segment ad­
jacent to the SMGA genes. The level of evolutionary 
conservation in this —400-bp promoter segment from 
all three SMGA genes is suggestive of the functional 
importance of these 5' upstream sequences in the 
transcriptional regulation of this actin isoform.

To initiate an analysis of DNA elements identified 
in sequences 5' to the SMGA gene, nine deletion mu­
tants were derived from the total —2.3-kb 5' sequence 
of the gene (Fig. 4A). The nine chimeric deletion 
constructs were transfected into primary cultures of 
differentiated smooth muscle cells, and the data from 
these analyses were compared to those generated by 
transfections of identical DNAs into replicating skel­
etal myoblasts. All experiments included controls that 
consisted of a vector driven by the SV40 promoter/ 
enhancer (pCAT-Control), a promoterless CAT vec­
tor (pCAT-Basic), as well as examination of lysates 
from cells not transfected with DNA. In smooth mus­
cle cells, the full-length y-actin promoter construct 
(-2294) consistently stimulated transcription three- to 
fivefold above that obtained for pCAT Control. Thus, 
the -2294 construct in smooth muscle was given a 
value of 100% activity and the activities obtained 
with the other constructs were compared to this value 
(Fig. 4B). When the most 5' —1 kb of DNA was 
removed from the -2294 SMGA gene promoter frag­
ment, there was a strong diminution of transcriptional 
activity in smooth muscle cells (-1087, Fig. 4B). 
This reduction in transcriptional activity was present 
over —600 bp of DNA after which transcriptional ac­
tivity of approximately 50% from that derived by the 
full-length promoter fragment was observed (-407, 
Fig. 4B). This 50% of maximal activity was main­
tained until sequences —100 bp 5' to the SMGA gene 
were all that remained in the chimeric CAT gene con­
structs (deletion -112).
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FIG. 2. Characterization of embryonic gizzard smooth muscle cell primary cultures. Cultures of cells from 7-8  day embryonic gizzard tissue 
were established as outlined in Materials and Methods, and the cultured cells examined for the expression of SMGA (C, D) and smooth 
muscle myosin heavy chain (E, F) expression by immunofluorescence microscopy. (C) and (E) represent y-actin and myosin heavy chain 
expression, respectively, in cells just prior to switching media to the differentiation media (DMEM:F12 plus 2 mM L-glutamine, 10“6 units 
insulin, 5 ml/ml Apo-transferrin, and 0.2 mM L-ascorbic acid), and (D) and (F) represent staining of cells after 48-h incubation in this 
media. (C'), (D'), (E'), and (F') show the staining of nuclei in the same cultures using Hoechst 33258. (A)/(A') and (B)/(B') show staining 
obtained from replicating (A) and differentiated (B) cells using an unrelated, control monoclonal antibody (antispectrin, rat astrocyte-specific, 
monoclonal antibody, kind gift of Dr. S. Goodman, University of South Alabama). (I) and (J) show replicating and differentiated smooth 
muscle cells stained with a polyclonal actin antibody that is not isotype specific. (G) and (H) show staining in similar cultures using a 
preimmune rabbit control antibody.

Comparison of the transcriptional activity of the 
various y-actin promoter regions in smooth muscle to 
that in skeletal muscle myoblasts revealed two re­
gions of DNA that appear to impart a significant dif­
ference (p < 0.05) in the cell type transcriptional ac­
tivity: -2294 to -1087 and -407 to -112. Within the 
-407 to -112  segment of the SMGA promoter are 
multiple sequence motifs resembling the CArG DNA 
elements. In addition, this segment of DNA contains 
a C/EPB and a single E-box motif. The addition of 
106 bp 5' to the 407 deletion imparts a striking reduc­
tion in smooth muscle cell transcriptional activity.

This DNA domain adds an additional three E-box 
motifs (-426, -479, -489), which may participate in 
diminishing the transcriptional capacity of the more 
proximal elements. Although the DNA segment be­
tween -1087 and -2294 is relatively large, when it is 
added to the SMGA promoter it provides maximal 
transcriptional activity (Fig. 4B). It is intriguing to 
note that this segment of the SMGA promoter con­
tains two CArG/SRE motifs, spaced relatively closely 
together (-2098 and -1877), which may contribute to 
the smooth muscle-specific transcriptional activity of 
the SMGA promoter. There are also a number of E-
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C / E B P  C A r G  l i k e
TTTGTTTATG CAAGTGCAGC ATAAAAGGAA CAAATCTACC 
TTTGT TTATG CAAGTATGGC CTAAAAGGAA CAAATCCA. T 
c c t g t  t t a t c  g a a g c a t a q c  a t a a a a a g g a  a c a g a c t c a c

- 2 1 6
-221
- 2 4 4

AGCACCGGGG
GGTCCAGAGT
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CTGTTGCCAC 
CTGTTACCAC 
t t g c c t c c t a

TGAGTCCTTT 
TGAATCCTTC 
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TGCATACATT 
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TTT..................
TTT..................
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CCCAA. . . . G 
CCGAAAGGCT 
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- 1 3 0
- 1 3 0
- 1 4 4
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GGTTTATTAA 
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AAAAAAACCA
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CArG
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CCTTATATGG 
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TAATATTGCT 
TAATATTGCT 
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AACACACCGT
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- 8 0
- 8 0
- 9 4

CArG
CAGCTGGCCT 
CAGCTGG CCT 
c a c 1 1  a g c c t

TTTTAGGGAC 
TTTTAGGGAC 
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GAAGATCCGC 
GAAGATCCGC 
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CTCTGGGGTT 
CTTGGGGGTT 
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+ 1
- 3 0  TTATATTGCT CTGGTATTCA TGCCAAAGAC ACACCAGCCC TCAGTCACTG
- 3 0  TTATATTGCT CTGGTATTTC TGCCAAAGAC ACCACGGCCC TCAGTCTCTC
- 4 4  t c g t g g g c t c  a t a a t a t t t a  t a c c a a a q . c  a g a t e g g g a t  t c g g t c c c a g

+ 1

FIG. 3. Comparison of SMGA gene proximal promoter segments. Sequences from the 5' flanking regions of the human (44), mouse (61), 
and chicken SMGA genes were compared using the Bestfit and Pileup programs of the GCG package (University of Wisconsin). The top 
line shows the human sequence, the middle shows the mouse sequence, and the bottom line, in lowercase letters, represents the chicken 
sequence. The 5' boundaries of the SMGA gene exon 1 segment are denoted by +1 and underlining. The sequences have been aligned to 
preserve maximal homology. Sequences conforming to CArG and C/EBP DNA elements that are conserved among the SMGA proximal 
promoters are illustrated with the motif identified above the sequence. The distal two CArG sequences deviate by one nucleotide from the 
CC(A/T)6GG motif. All the motifs were identified by the GCG program, patterns, with a threshold of 85%.

box elements within the -1087 to -2294 as well as 
other DNA motifs that may participate in the ob­
served enhanced transcriptional capacity in smooth 
muscle cells.

To further examine the specificity of the SMGA 
promoter, we placed selected deletions into differen­
tiated smooth muscle cells, replicating smooth mus­
cle myoblasts (analogous to cells shown in Fig. 2C),

skeletal muscle cells, and embryonic fibroblasts 
(CEF). The data were evaluated by comparing of the 
values obtained with the SMGA promoter fragment 
to the transcriptional response derived from the re­
porter gene under the control of the SV40 promoter/ 
enhancer (pCAT-Control), in order to directly com­
pare the SMGA response in the different cells (Fig.
5). There remained two segments of DNA demon-
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Promoter Constructs
FIG. 4. Analysis of the chicken SMGA promoter. Sequences flanking the 5' region of the chicken SMGA gene were cloned in front of the 
CAT gene and the hybrid SMGA promoter/CAT genes then placed into cultured smooth muscle or skeletal muscle myoblast cells. (A) The 
top portion shows a diagram illustrating the position of CArG, E-box, C/EBP, and TATA consensus sequences in front of the chicken 
SMGA gene. The position of unique restriction sites (EcoRI: -2294, N a r  I: -1087, A pa  I: -623 , Xho  I: -513 , Sma I: -407 , N de  I: -112 , 
and BarriHl: -6 2 ) or synthetic oligonucleotides (-293 and -233) used to form SMGA promoter deletions are shown. The bottom segment 
shows the relative position of the promoter mutations tested, each having a common 3' boundary within exon 1 o f the SMGA gene. (B) 
The constructs shown in (A) were placed into either smooth muscle or skeletal muscle myoblast cells and the resultant CAT activity within 
the transfected cells assayed 48 h later as described in Materials and Methods. A constant amount of CMV-Pgal plasmid was included in 
each experiment and the amount of CAT activity was evaluated relative to the activity measured from the CMV-pgal control in the same 
lysate. The data are reported as relative CAT activity, normalizing the -2294  construct to a value of 100%. Each construct was evaluated 
in a minimum of 20 separate assays (duplicate plates in three different cultures with three separate plasmid preparations) with the SEM 
shown by the error bars. *Statistical differences between the transcription observed in the smooth muscle and skeletal muscle cells ip  < 
0.05).

strating a smooth muscle-specific transcriptional re­
sponse (-2294 and -407, -236) when compared with 
skeletal muscle or nonmuscle (CEF). The CEF cells 
did in most, but not all, cases exhibit a slightly higher 
response than that observed in the skeletal muscle 
myoblasts. There also were significant differences in 
the transcriptional responses obtained with the 
SMGA promoter constructs in replicating compared

to differentiated smooth muscle cells. The -2294 and 
-236  promoter constructs demonstrated more tran­
scriptional activity in differentiated compared to rep­
licating cells; however, the -407 construct exhibited 
approximately equal transcription in both cell types, 
whereas the -513 promoter deletion demonstrated a 
higher transcriptional capacity in the replicating cells. 
The pattern of transcriptional capacity with the repli-
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FIG. 5. Cellular specificity of SMGA transcription. Selected SMGA promoter/reporter gene constructs were placed into parallel cultures of 
differentiated smooth muscle cells (filled bars), replicating smooth muscle mesenchyme (vertical striped bars), skeletal muscle myoblasts 
(striped bars), and chicken embryonic fibroblasts (dotted bars). The resultant reporter activity was assayed as described in Materials and 
Methods and this activity was normalized to the activity obtained by a constant amount of CMV-pgal plasmid as an internal control for 
transfection efficiency. Each cell type also recieved a reporter plasmid that contained the SV40 promoter and enhancer sequence (pCAT- 
Control), and the data are shown as the amount of activity obtained with the SMGA promoter fragment compared with the amount of 
activity derived for the SV40 control vector (% of SV40 control).

eating smooth muscle cells appears different than in 
differentiated cells in that there were no changes in 
transcriptional ability observed with the SMGA pro­
moter constructs past the -236 construct. Thus, the 
-236 SMGA promoter construct contained all the el­
ements needed for transcriptional activation in repli­
cating cells, and the more distal elements appeared

to influence transcriptional capacity predominately in 
fully developed cells.

DISCUSSION

Using deletions to examine the cell-specific tran­
scriptional capabilities of the SMGA promoter, we

C/EBP
0  TATA 
0  Exon I

FIG. 6. Summary of DNA transfection experiments. This is a model of the SMGA promoter activities in smooth muscle cells as determined 
by promoter deletions. The placement of potential, muscle-specific DNA elements is shown by the boxes along the —2.3 kb of DNA 5' to 
the chicken SMGA gene. The promoter is divided into four segments or domains, with the boundaries shown above the promoter segment. 
The sequences extending to —100 bp 5' to the gene confer basal promoter activity, exhibiting similar transcriptional capacity in smooth and 
skeletal muscle cells. The DNA segment between -100  and -400  has been termed a smooth muscle specifier because this DNA shows 
enhanced transcriptional capability in visceral smooth muscle compared to skeletal muscle myoblasts. The segment from -400  to -1087  
imparts a diminished transcriptional activity and is referred to as a negative regulator. Finally, the sequences between -1087 and -2294  
show enhanced smooth muscle transcriptional activation in visceral smooth muscle cells. We therefore have denoted this region as the 
smooth muscle modulator activity, as discussed in the text.



demonstrate that there are four district domains of 
activity within the DNA sequences flanking the 5' 
boundary of the gene (Figs. 4, 5, 6). The initial —100 
bp adjacent to the gene provide a basal transcriptional 
activity, regardless of cellular context. This portion 
of the proximal promoter contains a consensus 
TATA-box motif and a CArG element [CC(A/ 
T)6GG], located 80 bp from the transcriptional start 
site. Inclusion of sequences between -200  and -400  
of the 5' flanking DNA defines a domain that pro­
vides a smooth muscle-selective transcriptional ca­
pacity to the y-actin gene. This domain of DNA is 
highly homologous among the y-genes elucidated to 
date (Fig. 3) and contains several potential regulatory 
elements found to be important in the regulation of 
muscle-specific genes, including multiple CArG-like 
motifs and E-box consensus sequences. Interestingly, 
the smooth muscle-selective transcription requires 
only —200-250 bp of DNA sequence adjacent to the 
gene that comprises the segment of the SMGA gene 
promoter that is most conserved across species. Al­
though all the SMGA gene proximal promoter se­
quences elucidated to date [(44,61), this study] con­
tain CArG and E-box sequences within this 200-bp 
region, only the CArG motifs are strictly conserved 
in structure and location (Fig. 3).

Flanking the distal boundary of the smooth mus­
cle-selective domain is a segment of DNA that, when 
included in promoter constructs, appeared to inhibit 
or diminish transcription primarily in smooth muscle 
cells. Although we have not mapped the exact bound­
ary of this inhibitory domain, it is clear from our 
work that the majority of activity is confined to the 
— 100 bp between -513 and -407 (Fig. 4B). A region 
of negative or inhibitory DNA sequence is present in 
the proximal promoter of the chicken (3,9), rat (60), 
and mouse (16) smooth muscle a-actin genes. This 
is not a conserved structure between the a-smooth 
muscle genes and it appears to repress smooth muscle 
a-actin transcription in cells where it is not normally 
expressed (3,9,16,60). Although the -513 to -407 re­
gion of the SMGA promoter exhibits little homology 
across species, our results differ from that obtained 
with the a-smooth actin gene promoter in that this 
segment of the SMGA promoter diminished tran­
scription in visceral smooth muscle cells, the cell 
type of maximal SMGA expression (30,41,44). Inter­
estingly, a murine SMGA promoter fusion gene con­
taining 571 bp of 5' flanking sequence exhibited very 
reduced transcriptional capacity compared to longer 
5' constructs in transgenic mice (54). Thus, although 
not conserved in exact sequence, there may be a con­
servation of negative transcription domains within the 
SMGA gene promoters. There are three E-box motifs
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located within this 100 bp of the y-actin promoter, 
each of which contains G/C in their internal two posi­
tions. Similar E-box motifs have been shown to bind 
various bHLH factors from muscle and nonmuscle 
cells (13,47). However, whether bHLH factors partic­
ipate in the observed transcriptional inhibition of the 
SMGA gene is not known.

A key finding in the present study is the presence 
of a DNA domain (encompased in sequences from 
-1087 to -2294) that enhanced the cell-specific tran­
scriptional capabilities of the SMGA promoter. The 
observation that CAT-reporter constructs that ex­
tended past the EcoKi -2294 border did not exhibit 
additional transcriptional activity (data not shown) 
supports the notion that the smooth muscle-specific 
enhancement of y-actin transcription resides within 
the -2294 to -1087 domain. A similar result of en­
hanced transcriptional capacity for sequences flank­
ing the murine SMGA gene (to —2.7 kb) was demon­
strated using fusion genes in transgenic mice (54). 
From experiments presented here, this domain is in­
clusive of —1 kb of DNA. However, inspection of 
sequences within this domain (-2294 to -1087) 
draws attention to a subdomain of sequence from 
-2101 to -1859, which contains two CArG and two 
E-box sequence motifs. CArG sequences have been 
demonstrated to be important ds-acting regulators of 
skeletal, cardiac, and smooth muscle genes 
(3,12,22,33-35,45,57,60,62). Deletion of the -2294  
to -1087 region containing multiple CArG elements 
caused a two- to fivefold reduction in smooth muscle 
specific transcriptional activity, indicating that these 
sequences may play a vital role in SMGA gene ex­
pression. However, it has been reported that the 
smooth muscle enhancer activity of the rabbit smooth 
muscle myosin heavy chain gene resides on a 107- 
bp DNA fragment that contains no apparent muscle- 
related ds-acting sequences (27). Therefore, it is pos­
sible that there are sequences other than the CArG 
boxes that provide the smooth muscle enhanced tran­
scription to the y-actin gene. Experiments to elucidate 
the role of the CArG boxes and/or other DNA ele­
ments within this distal segment of the SMGA pro­
moter are currently being pursued in our laboratory.

We found a CArG motif located within intron 1 
of the chicken SMGA gene. A CArG sequence struc­
ture is also located in the first intervening sequence 
of the human SMGA gene (44), which might imply 
that this motif plays a role in SMGA transcription. It 
has been reported that intron 1 of the human smooth 
muscle a-actin gene imparts an enhanced transcrip­
tional capactity to the 5' flanking sequences of the 
gene (49). Similar results have been demonstrated for 
other muscle (fast skeletal troponin I and slow car­
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diac tropomin C) and nonmuscle (human p-cyto- 
plasmic actin) genes (28,52). Significantly, the recent 
work of Qian et al. (54) indicated that elements 
within intron 1 of the mouse SMGA gene are needed 
for high-level, smooth muscle-specific SMGA gene 
expression. Similar to the results using transgenic 
mice (54), we observed enhanced smooth muscle 
transcription when we included intron 1 of the 
chicken SMGA gene into our reporter gene con­
structs. However, this enhanced transcriptional capac­
ity was not influenced by the presence of the CArG 
motif in intron 1, as there was no significant differ­
ence between the transcription induced by wild-type, 
unmodified intron 1 sequences and that observed 
with most of the intron, including the CArG motif, 
removed (data not shown). It is possible that the ef­
fect of intron 1 sequences upon transcription is a non­
specific enhancement due to RNA splicing upon the 
primary transcript of the reporter construct as has 
been reported previously (6,38,39). This concept is 
supported by the observation that removing most of 
intron 1, in a manner that maintains the splice donor/ 
acceptor sequences, of the mouse gene had little ef­
fect upon its tissue expression pattern, only causing 
a reduction in expression in transgenic mice (54). Our 
experiments differ from that obtained with the mouse 
gene in that removal of intron 1 sequences, maintain­
ing splice sites, caused no reduction in transcription 
using our transient transfection assays. This differ­
ence may be due to species variation (avian compared 
to mammalian) or to in vitro verses in vivo analyses. 
Regardless, the role of specific sequences within in­
tron 1 in smooth muscle-specific SMGA expression 
merits further investigation.

Significant progress has been made regarding the 
identification of specific transcription factors that 
program myogenic progenitor cells through skeletal 
muscle differentiation (7,50), and recent studies have 
begun to elucidate regulatory determinants that gov­
ern cardiac muscle development (11,37). However, 
the molecular mechanisms that regulate smooth mus­
cle-specific gene expression are largely unknown.

Initial studies of smooth muscle genes, including 
SM22a (34,35,45), a-vascular actin (3,9,16,60), my­
osin heavy chain (27), and telokin (25), have impli­
cated the CArG motif as an important cis-acting regu­
lator. Although the CArG motif is bound by serum 
response factor (12,34-36,60), the factors that acti­
vate smooth muscle gene expression are largely un­
known. The absence of an in vitro model of smooth 
muscle differentiation has limited the ability to em­
ploy strategies similar to that used for skeletal muscle
(14) to uncover determinants of the smooth muscle 
lineage. We have developed methods by which cells 
isolated from embryonic gizzard tissue maintain an 
undifferentiated phenotype in culture, based upon 
morphological and biochemical criterion. These cells 
can be induced to acquire a morphology characteris­
tic of smooth muscle and to express smooth muscle 
specific genes (Fig. 5). Importantly, our cultured vis­
ceral smooth muscle cells demonstrated transcrip­
tional regulation of SMGA promoter constructs simi­
lar to that observed in experiments employing 
transgenic mice (54). This in vitro system affords us 
an attractive model system to initiate studies elucidat­
ing the molecular determinants of smooth muscle dif­
ferentiation.
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