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To investigate the molecular mechanisms that control expression of smooth muscle cell
(SMC) differentiation genes, we have isolated the human SM22a gene, which is composed of
five exons and four introns, spanning an approximately 6-kilobase (kb) genomic DNA at
chromosome region Hq23.2. Expression of the SM22a messenger RNA was detected in
serum-stimulated cell cultures including SMC, undifferentiated skeletal muscle-lineage
cells, and fibroblasts, and it was down-regulated in SMC of balloon-injured atheromatous
human vessels. A major transcription start site of the SM22a gene is located at 75 base-pairs
(bp) upstream of the ATG start codon. Analysis of the 2.6 kb 5'-upstream sequence
demonstrated that two CArG/SRF-boxes and two GC-box/Spl-binding sites were present
at bp —147 and —274, and atbp —233 and —1635, respectively. The nucleotide sequences
of the two CArG/SRF-boxes and the proximal GC-box/Spl-binding site are 100% conserved
with those of the murine SM22« genes [Solway, J., Seltzer, J., Samaha, F.F., Kim, S., Alger,
L.E., Niu, Q., Morriesey, E.E., Ip, H.S., and Parmacek, M.S. (1995) J. Biol. Chem. 270,13460-
13469; Kemp, P.R., Osbourn, J.K., Grainger, D.J., and Metcalf, C. (1995) Biochem. J. 310,
1037-1043]. Cell transfection assays using a luciferase reporter gene construct containing
the 455-bp 5-flanking region (positions —26 to —480) showed that methylation of the CpG
dinucleotides within this segment reduces its transcriptional activity. The results imply a
novel mechanism for transcriptional control of the SMC differentiation-specific gene
promoter.

Key words: a-actin, calponin, CArG box, CpG, differentiation, DNA methylation, smooth
muscle, SM22a gene.

Induction of the SMC differentiation features in mesen- specific genes, <z-SMC actin, and calponin (3). To date,
chymal cells has been identified in the development of however, relatively little is known about the myogenic
cardiovascular tissues during embryogenesis, as well as in program that regulates transcription of the SMC differ-
many pathologic settings characterized by tissue remodel- entiation-specific gene promoter.
ing and fibrosis (1). A critical to understanding SMC Mammalian SM22# gene encodes an actin-associated
differentiation and development is to identify the key protein with 201 amino acids which shares sequence
environmental signals and ligands that induce or maintain homology with calponin (4-7). The SM22<? gene is ex-
the differentiated state of SMC, and to determine the pressed in smooth, cardiac, and skeletal muscle-lineage
molecular genetic mechanisms that control expression of cells during embryogenesis (8), and is one of the earliest
the SMC differentiation-specific genes (2). Recent studies markers of differentiated SMC (9). Previous studies show-
demonstrate that members of the TGF-/3 superfamily of ed that approximately 400-bp 5'-flanking sequence of the
growth factors promote differentiation of the neural crest mouse and rat SM22ff gene promoter was sufficient to direct
stem cells to SMC with induction of the SMC lineage- the specific expression of reporter transgenes in cultured
• This work was supported in parts by Research Grants for Cardiovas- S M C and undifferentiated skeletal muscle-lineage cells (5,
cular Diseases (5-2, 6-2, and 6-6) from the Ministry of Health and 6> 10>> a s weU ^ i n t n e embryos of transgemc mice (11).
Welfare of Japan. The nucleotide sequence(s) reported in this paper To define the mechanisms that regulate SMC-specific
has been submitted to the DDBJ/GenBank™/EMBL Data Bank with gene transcription, we isolated and structurally character-
accession numbers D84342-D84344 (genomic DNA), and D17409 ized the human SM22<* gene. We analyzed regulation of the
(cDNA). promoter activity in SMC and undifferentiated skeletal
•Present Address: The Second Department of Internal Medicine, m u s d e _ l m c e U ^ f o u n d t h a t me thylation of the
Gunma University School of Medicine, 3-39-22 Showa-machi, _ _ .. , 6 . , ' . , .__ . ,.
Maebashi Gunma 371 CpG dinucleotides within the 455-bp sequence preceeding
3 To whom correspondence should be addressed. Fax: +81-6-972- the transcription initiation site reduces the transcriptional
7749, e-mail: QYJ02406® niftyserve.or.jp activity of this gene.
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EXPERIMENTAL PROCEDURES

Antibodies—A polyclonal antibody against the chicken
gizzard SM22<* protein (12) was generated in rabbits
according to the reported method (13). Antibody that does
not cross-react with calponin was prepared by antigen-
affinity chromatography after passage through a calponin-
Sepharose 4B affinity column. Anti-SM a -actin monoclonal
antibody was purchased from Sigma (St. Louis, USA). The
specificities of the antibodies were verified by the im-
munoblot analysis (14) of total homogenates of chicken
gizzard and human aortic smooth muscles.

Isolation of Human SM22a cDNA and Bacterial Protein
Expression—The SM22<z cDNAs were isolated from a
Agtll human aorta cDNA library (Clontech Laboratories,
Palo Alto, USA) using the 5'-end 32P-labeled anti-sense
oligonucleotides 5'-CAT GAA CCA (G/A)TT GGG (G/A)
TC GCC (G/A)TG (G/A)TA (G/A)TG GCC (G/A)TC-3'
designed from the amino acid sequence between Asp141 and
Met152 of chicken gizzard SM22O- (15). Prehybridization
and hybridization were performed in a solution of 25 mM
sodium-phosphate buffer (pH 6.5) containing 0.1% (w/v)
SDS, 1X Denhardt (1 X Denhardt = 0.1% BSA (Fraction V),
0.1% Ficoll, 0.1% polyvinyl pyrrolidone), 6xSSC (IX
SCC=15mM sodium citrate buffer, pH7.0, containing
0.15 M NaCl), and 100 /*g/ml calf thymus DNA at 37°C for
16 h. Final washes were done in 0.5XSSC and 0.1% SDS
(w/v) at 38°C for 1 h. Screening of 8 X105 plaques resulted
in the isolation of 18 positive clones, which on the basis of
the insert size, fell into two categories (1,064-bp and 838-
bp (nt No. 225 to 1,064)). Representatives of each class of
clones were isolated, subcloned into the pBluescript SK( —)
vector (Stratagene, La Jolla, USA) and then sequenced.
The nucleotide sequence of the cloned cDNAs was deter-
mined on both strands using an Applied Biosystem Model
373A DNA sequencer according to the manufacturer's
instructions.

The MscI/Psil-digested fragment of the full length
human SM22» cDNA (bp 52 to 553) was first subcloned
into the Smal/Psfl-digested pBluescript vector (pBl-M/
PSM22). Next, the Pstl/EcoRV- digested subfragment
(including the SM22« sequence spanning from bp 554 to
1,064) was ligated to the PsJl/EcoRV-digested pBl-M/
PSM22. The BamHl/Mscl fragment (including bp 52 to
757) was excised and subcloned into the bacterial expres-
sion vector pGEX 3X (Pharmacia Biotech., Uppsala,
Sweden). Its correct framing as well as orientation relative
to the glutathione S-transferase (GST) gene was confirmed
by DNA sequence analysis. The plasmid was introduced
into Escherichia coli DH5« cells and protein expression
was induced by addition of 0.1 mM isopropyl-1-thio-/?-
D-galactopyranoside. The human SM22<? polypeptide was
purified by digestion with Factor Xa (Boehringer Mann-
heim, Mannheim, Germany) following the glutathione-Se-
pharose 4B affinity chromatography (Pharmacia Biotech),
according to the manufacturer's instruction. Cross-reac-
tivity of the polyclonal anti-gizzard SM22o' antibody to the
recombinant human SM22ar protein was verified by SDS-
PAGE and immunoblot analysis.

RNA Preparation and Northern Blot Analysis—Total
RNA was extracted from cultured cells (60-70% confluency
for growing culture) according to the method described by

Stallcup and Washington (16), and from tissue samples by
the ISOGEN RNA extraction kit (Nippon Gene, Toyama).
Agarose (1%) gel electrophoresis, transfer to nitrocellulose,
and hybridization to 32P-labeled cDNA probe were as
described previously (7). The 1,064-bp full-length SM22»
insert was labeled with [<*-32P]dCTP by random oligomer
priming and used at 6 X 106 cpm/ml. Prehybridization and
hybridization were performed at 43°C in a solution of 25
mM sodium phosphate buffer (pH 6.5) containing 50%
formamide (v/v), 0.2% SDS (w/v), 2 xDenhardt, 6 xSSC,
and 100/ig/ml calf thymus DNA. Final washes were
carried out in 0.2 X SSC and 0.1% SDS (w/v) at 50°C for 1
h.

Immunofluorescence Microscopy—Human coronary
artery tissue was obtained from autopsied patients 6 days
after balloon angioplasty. The specimens were rinsed with
PBS and mounted in O.C.T. compound (Miles, Elkhart,
USA), and then frozen using liquid nitrogen. The frozen
sections were cut with a cryostat (5 jum thick), mounted on
glass slides, air-dried, and then fixed in 100% acetone at
— 20°C for 7 min. After being rinsed in PBS for 15 min, the
sections were incubated with 1% (v/v) goat serum/PBS for
1 h at room temperature, washed in PBS, and incubated
with the polyclonal anti-SM22« antibody in 2% (w/v)
BSA/PBS overnight at 4°C. They were then washed 5 times
with 0.005% (v/v) Tween 20/PBS, followed by incubation
with the rhodamine-conjugated goat anti-rabbit or anti-
mouse IgG (TAGO Immunologicals, Camarillo, USA) in 2%
(w/v) BSA/PBS for 1 h at room temperature. After being
washed in 0.005% (v/v) Tween 20/PBS, they were ex-
amined under a fluorescence microscope (Olympus Vanox-
S).

Isolation of Human SM22a Genomic Clones—An
EMBL3 human genomic library (17) (Japanese Cancer
Resources Bank, Tokyo) constructed from peripheral blood
cells was screened with a full length human SM22<z cDNA
(1,064 bp) as a probe. The probe was labeled with digox-
igenin (DIG) using the DIG-High Prime labeling mixture
(Boehringer Mannheim). Prehybridization and hybridiza-
tion were performed in a solution of 250 mM sodium-phos-
phate buffer (pH 7.2) containing 20% (w/v) SDS, 1 mM
EDTA, and 0.5% (w/v) blocking reagent (Boehringer
Mannheim) at 60°C for 12 h. The filters were washed twice
at 68°C for 1 h in a solution comprising 0.1 X SSC and 1%
SDS before exposure to Fuji RX X-ray film. Screening of
5.1 X105 plaques of the human genomic library resulted in
the isolation of two distinct classes of overlapping clones on
the basis of the insert size. A representative of each class of
clones was isolated and subcloned into the pUCl8 vector
(Clontech Laboratories, Palo Alto, USA) for restriction
endonuclease mapping and sequencing. A 9.5 kb DNA
fragment containing the 5'-flanking region and the entire
coding sequence of the human SM22ai gene was sequenced
through the construction of restriction endonuclease frag-
ment subclones as well as synthetic oligonucleotide prim-
ers. The intron-exon boundaries were consistent with the
AG/GT splicing consensus sequence.

All restriction and DNA modifying enzymes were pur-
chased from New England Biolabs (Beverly, USA), Takara
Shuzo (Otsu), and Boehringer Mannheim.

Determination of the Transcription Start Site—The
oligo-capping protocol (IS) was used to identify the tran-
scription initiation site of the human SM22O- gene.
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Poly(A)+ RNA (5 fig) was purified using the QuickPrep
mRNA Purification Kit (Pharmacia Biotech.) from primary
cultured human aortic SMC (clone HS4001) (Kurabo
Biomedical Business, Osaka) and liquid nitrogen-frozen
adult human aortic smooth muscle tissues, and then was
oligo-capped with an RNA oligonucleotide (5'-ACC GGU
UGU UGC AGC GGA GG-3')- A 19-nucleotide (nt) oligonu-
cleotide primer (5'-CTG CTG CCA TGT CTT TGC C-3')
was synthesized as the antisense sequence of human
SM22» CDNA (nt No. 423 to 405). Reverse transcription
(RT) was carried out using the reaction mixture of a
first-strand cDNA synthesis kit (Pharmacia Biotech) in the
presence of 40 pmol of the antisense primer. After 60 min
incubation at 37°C, 25 pmol of each of the primers and 2.5
U of Taq DNA polymerase (Pharmacia Biotech) were
added. Combinations of forward (5'-ACC GGT TGT TGC
AGC GGA GG-3') and reverse (5'-GCT TGC TCA GAA
TCA CGC C-3' for human SM22<a< cDNA nt No. 240 to 222)
primers were selected for amplification with 30 cycles of
denaturation (94°C, 40 s), annealing (58°C, 30 s), and
polymerization (72°C, 1 min 30 s).

Human Chromosomal Assignment—Chromosomal as-
signment of the human SM22O1 gene was carried out by
fluorescence in situ hybridization (FISH). Lymphocytes
isolated from human blood were cultured in a -Minimum
Essential Medium (a--MEM) supplemented with 10% fetal
calf serum and phytohemagglutinin at 37°C for 68-72 h.
The lymphocyte cultures were treated with 5-bromo-2'-de-
oxyuridine (0.18mg/ml, Sigma Chemicals, USA) to syn-
chronize the cell population. The synchronized cells were
washed three times with serum-free medium to release the
block and re-cultured at 37°C for 6 h in a-MEM with
thymidine (2.5/zg/ml, Sigma Chemicals). Cells were
harvested and slides were made by using standard proce-
dures, including hypotonic treatment, fixation, and air-dry-
ing.

A 6.5 kb BamHI-.EcoRI fragment spanning from exon 1
to a part of exon 5 of the SM22<z gene was subcloned into
the pUCl8 vector and then labeled with dATP using
BioNick labeling kit (BRL, Gaitherburg, USA) at 15°C for
1 h. The procedure for FISH detection was performed
according to the method described by Heng et al. (19).
Briefly, slides were baked at 55°C for 1 h. After RNase
treatment, the slides were denatured in 70% formamide in
2 x SSC for 2 min at 70°C followed by dehydration with
ethanol. Probes were denatured at 75°C for 5 min in a
hybridization mix consisting of 50% formamide and 10%
dextran sulfate. Probes were loaded and hybridized on the
denatured chromosomal slides overnight. FISH signals and
the 4',6-diamidino-2-phenylindole dihydrochloride (DAPI)
banding pattern was recorded separately, and the assign-
ment of the FISH mapping data with chromosomal bands
was achieved by superimposing FISH signals with DAPI
banded chromosomes.

Plasmid Preparation and Cytosine DNA Methylation—A
6.5-kb BamRl/EcoBl SM22« genomic subfragment, span-
ning from a 480-bp 5'-flanking segment to a part of exon 5,
was first subcloned into BamHI/EcoRI-digested pUCl8
vector. The Xhol linker was ligated into the BamHI site of
the pUCl8 vector containing the 6.5-kb SM22<2 subfrag-
ment. The Xhol/Dral fragment (containing the promoter
sequence from bp —26 to —480) was subcloned into the
Xhol/bhxnt- ended HindUI sites of the pGL2-Basic vector

(Promega, Madison, USA), and its correct orientation (5' to
3' relative to the lucif erase reporter gene) was confirmed by
DNA sequence analysis. The construct was designated as
pGL2-455SM22. The SM22,* promoter sequence from
bp — 26 to — 480 was excised from the luciferase reporter
plasmid by the Xhol/Xbal digestion and purified by 0.8%
agarose gel electrophoresis. The fragment containing the
promoter sequence was methylated by Hpall methylase (2
U/ l fig DNA) (New England Biolabs, Beverly, USA) in the
presence of 80 fiM S-adenosylmethionine for 1 h at 37°C.
Complete methylation of the Hpall sites was confirmed by
the protection against the Hpall digestion. The specifically
methylated DNA fragment (2 fig) and control unmethylat-
ed fragment (2 fig) were each ligated to 10 fig of the Xhol/
X&al-digested pGL2-Basic luciferase reporter plasmid for
5 h at 37°C. After confirming ligation by agarose gel
analysis, the ligation mixture was phenol/chloroform-ex-
tracted, chloroform-extracted, and ethanol-precipitated.
Ten micrograms of the closed circular plasmid was used for
each transfection assay.

Cell Culture—The rat SMC cell line PASMC was derived
from pulmonary arteries of adult Sprague-Dawley rats
(20). The PASMC cells maintain differentiated properties
of SMC through multiple subcultures (20). Primary-
cultured human aortic smooth muscle cells (HS4001) were
purchased from Kurabo Biomedical Business (Osaka). The
cells were cultured in the manufacturer's recommended
medium. Murine skeletal muscle myoblasts C2C12 (CRL-
1772) and BC3H1 (CRL-1443), murine fibroblast cell lines
C3H/10T1/2 Clone 8 (CCL 226) andNIH3T3 (CRL-1658)
were purchased from American Type Culture Collection
(Rockville, USA). The cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) (Life Technologies,
Gaithersburg, USA) supplemented with 10% (v/v) (grow-
ing condition) or 0.5% (v/v) (differentiation condition) fetal
bovine serum (Upstate Biotechnologies, Waltham, USA)
and 1% penicillin/streptomycin at 37"C under a humidified
atmosphere containing 5% (v/v) CO2.

Transfections, Luciferase, and f3-Galactosidase As-
says— PASMC cells and C2C12 cells were cultured in
DMEM containing 10% fetal bovine serum, split and plated
24 h prior to transfection. Cells (2 X 10") at ~70% conflu-
ence in a 3-cm-diameter dish were transfected with 10 fig
of the methylated or unmethylated luciferase reporter
plasmid, 3 fig of the pSV/?-gal reference plasmid (Pro-
mega), and 30 fig of DOTAP reagent (Boehringer Mann-
heim) according to the manufacturer's protocol. Forty-
eight hours following transfection, cells in a 3-cm-diameter
dish were harvested in 100//I of the cell lysis buffer
(PicaGene Luciferase Assay System, Toyo Ink, Tokyo).
After centrifugation at 12,000 Xg for 10 min at 4"C,
aliquots (20 and 30/*1) of the supematants were used for
the luciferase and yS-galactosidase assays, respectively.
Luciferase activity was measured by a BLR-201 lumines-
cence reader (Aloka, Tokyo). /?-Galactosidase activity was
measured using the /?-galactosidase Enzyme Assay System
(Promega). Briefly, 30 fi\ of the supernatant was mixed
with 30 fi\ of Assay 2X Buffer [200 mM sodium phosphate
buffer (pH 7.3), 2 mM MgCl2,100 mM /J-mercaptoethanol,
and 1.33 mg/ml o-nitrophenyl-/?-D-galactopyranoside] in a
96-well plate. After incubation at 37°C for 2 h, the reaction
was stopped by addition of 90 fi\ of 1 M Tris solution and
then the absorbance of the samples at 415 nm was mea-
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sured with an MTP-120 plate reader (Corona Electric,
Ibaraki). All experiments were repeated at least three
times to check reproducibility. Luciferase activities (light
unit) were corrected for variations in transfection effi-
ciences as determined by assaying cell extracts for /?-ga-
lactosidase activity. Transfection efficiency of different cell
lines was estimated by comparing expression of the pSV2-
luc gene containing the SV40 enhancer and promoter. Data
are expressed as % normalized light units ± SE as compared
with control experiments.

RESULTS

cDNA Cloning and Expression of Human SM22a—A
full length clone encoding human SM22<* was isolated by
screening of a Agtll fetal aorta cDNA library. There were
no isoform variants generated through alternative mRNA
splicing. In the longest cDNA isolated, containing a 1,064-
bp sequence, a single open reading frame (ORF) was found.
Starting at the first in-frame ATG triplet, 48 base pairs
from its 5' end, the ORF sequence encodes a 201 amino-acid
peptide with a predicted molecular mass of 22,611, and an
isoelectric point of 9.54 (net charge +4.5 at neutral pH).
The in-frame nonsense codon (TAG) is followed by 403 nt
of a 3'-untranslated sequence. A polyadenylation signal
(AATA) is present 20 bp upstream of the poly(A) tail. The
sequence of the synthesized oligonucleotide probe was
found in the human SM22« sequence from nt 471 to 506.
The full length nucleotide sequence was identical to the
reported cDNA sequence (WS3-10) (21) from cultured
fibroblasts of a Werner's syndrome patient, except that two
missense mutations (nt 193 of the human SM22tf se-
quence; G to C, Arg-49 to Pro-49, and nt 358; A to C,
Ser-104 to Tyr-104), a total of four neutral replacements
(nt209; CtoG, nt682; C to G, nt 881; T toG, nt957; C to
G) and one insertion (A at nt 1056 of the WS3-10 cDNA
sequence) were found. The human SM22<z sequence is 86%
identical to that of the originally identified chicken SM22O1

(15). Of the 27 different residues, 25 are conservative
substitutions distributed throughout the 201 amino acids of
the human SM22« peptide.

RNA blot analysis from various human fetal tissues and
cell lines probed with the cloned full length human SM22c
cDNA revealed a 1.2 kb transcript in widely varying
amounts (Fig. 1). The SM22a< mRNA appears to be
relatively abundant in smooth, cardiac and skeletal muscle-
lineage cells or tissues containing significant amount of
SMC: aorta, small intestine, placenta, heart (more abun-
dant in atrium than in ventricle), spleen, lung, and kidney.
No hybridization signal could be detected in adrenal cortex,
thymus, Caco-2 (intestinal carcinoma), Hep3B (hepatocel-
lular carcinoma), or HeLa cells. High-level expression of
the SM22ar transcript was found in HUSK-1, a human
skeletal muscle myoblast line which was cloned from the
thigh muscle of a 22 week abortus at autopsy (established
by Kohtz, S. at The Mount Sinai Medical Center, and kindly
provided by Nadal-Ginard B.).

Structure and Chromosome Location of the Human
SM22a Gene—Using the random-primed, DIG-labeled,
full length cDNA (1,064-bp) as a probe, we screened 5 X105

plaques of a human genomic library constructed in the
EMBL3 vector. Two positive EMBL3 phage clones were
isolated and sequenced, representing two distinct classes of

overlapping clones which contain the 5'-flanking region and
entire coding sequence of the human SM22a gene. The
human SM22a" gene is composed of five exons and four
introns spanning approximately 9.5 kb of genomic DNA
(Fig. 2, a and b). As shown in Fig. 3, the oligocapping assay
involving RNAs from aortic smooth muscle tissues and
primary cultured aortic SMC revealed a major transcrip-
tional initiation site located 75-bp upstream of the ATG
translational initiation codon, which hereafter will be
designated as + 1 . Two minor sites were identified 56-bp
and 118-bp upstream of the translation initiation codon.
The human SM22<* gene does not contain either TATAA
canonical sequences or a consensus initiator sequence (22)
around its transcription start site. However, the nucleotide
sequence TTTAAA, which might function as a TATA box,
was present 28-bp upstream of the start site. Comparison
of the nucleotide sequences of human, mouse, and rat
SM22ai gene promoters revealed a highly conserved region
spanning from bp — 1 to —270 (Fig. 4). Within this region,
there are two CArG/SRF-boxes [CC(A/T)6GG] located at
bp —147 and —274, and one GC-box/Spl-binding site
(CCCGCC/GGCGGG) (23) located at bp - 2 3 3 , which were
100% conserved with the mouse and rat sequences. A
search for consensus cts-acting sequences in the 5'-flanking
2,160-bp region revealed one additional GC-box/Spl-
binding site located at —1635 and one MEF-2 like sequence
[(C/T)TAAAAATAAC(C/T)3] (24) located at bp - 5 7 3 .

Using a 6.5 kb BamBI-EcoBl digested genomic fragment
as a probe, we mapped the localization of the SM22« gene
in the human genome by chromosomal in situ hybridiza-
tion. A total of 100 metaphase cells were examined. Of
these, 89 cells showed signals on one pair of the chromo-

AoSm PI Ad Lu HUSHA HV Th Sp KiCaHepHela

1.2 kb—^l t
28S —

18S —

Fig. 1. Nothern blot analysis of SM22a mRNA in human fetal
tissues and the cell lines. Each lane contains 10//g of total RNA
isolated from the indicated tissues and the cells. Ao: aorta, Sm: small
intestine, PI: placenta, Ad: adrenal cortex, Lu: lung, HUS: HUSK-1
(skeletal myoblast), HA: heart atrium, HV: heart ventricle, Th:
thymus, Sp: spleen, Ki: kidney, Ca: Caco-2 (intestinal carcinoma),
Hep: Hep3B (hepatocellular carcinoma), Hela: Hela (cervical car-
cinoma). The bottom panel shows the ethidium-stained, formalde-
hyde-containing gel prior to membrane transfer of RNA. The loca-
tions of the 28 S and 18 S ribosomal RNA are indicated to the left of
the gel.
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a
9.5 kb

SamHl BsmH] 6amW Oral
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Sa/I HincU EcoRl Kpii BamHI

' I M I
ATG

2 3
TAG
6

Fig. 2. Structure of the human SM22a gene, (a) A schematic
representation of the exon-intron organization and partial restriction
endonuclease map of the human SM22a gene. Exons are shown as
shaded boxes, (b) The nucleotide sequence of the exons (upper-case
letters) and introns (lower-case letters) and 2,159 bp of 5'-flanking
sequence are shown. Some of the known regulatory elements de-
scribed in the text are boxed and indicated in bold. The consensus
splice donor-acceptor junctions (ag/gt) are underlined. The arrow-
head indicates the 5'-terminus of the cloned cDNA sequence. Each
predicted amino acid is represented by a single letter code.

gatccccttcgtcccacctggtccaccccagatgctgaggatgggggagctcaggcggggcctctgctttggggatggga
atgtgtttttctcccaaacttgtttttatagctctgcttgaagggctgggagatgaggtgggtctggatcttttctcaga
gcgtctccatgctattgttgcatttccgttttctatgaatgaatttgcattcaataaacaaccagactcagttcttgggg
cccttgtttgcactccctctgggtggagctgttggatgagggaggggaagcggagtcttccatttccccattcttcaagc
catgggcctactgggaactgcaattccttgattctcccggtttttcotgtcctccagcaacagcattaattcagttaaca
tttaccgggggcaactgtgctggacagaggccagttcctggaaaagcttttcccacgccatcccactgcagacatccctc
cttacetccccaggaacagcagtctctgcccacctgaccpcgccc|accagactgaggctcacttcacctctgacctgage
ggcccccagctcacoaggccacaggcccaagoagtgctecctgatgcggcgtttataatccgctcagcgtgcaggccgag
gcaggagggtgatgaaagctgggcaggctccaagaggagggagttttgatatgtccctgaaagatteatttagacttcag
tcggctaaaggaggacatgatttgggggccaaggaatctgttgaattcagaacacaaccagaggtctgcagggtcaggga
tggaggagtgggctttcccatcgccagggcccactcctcttcctgcttttcctgcaggcgccactgggaggtgctatggc
tgtgcctcccotgggctctggagcatgtcoagttgcagtgggoagaactgcggaggcgggcccctcctctgocaggcctg
gcagccccctcctagggccttgtttggctaggggtggtgccgggtgtggcagtgtgtgtgtagtggagagtgttaggtct
tccctacoaggtgcccttgcaggggagtgccacagcagtcagtccagggatcccaccgttagtotcaccttttttaacct
cttatctctccccaagatcoctgaagocaggtacgagcaagatgagagtgggttatctctggagtgaoagaggctggtct
gttttccaggctggtagggactgttcctaaagggaggaagggatgataccagcctcctgagcctccttctcctgcgttag
tgtctcaggccctgccaggccttatagaccctcttattgacactgcccactggatggggaccggagttggactcagcttc
tgccgaaccctcaaatcccagccccaactaaagcatataactcaagacctacctgcactgaaagctcttctcaacctgag
cagggtggtccaattgaaagggtgggtgtgaccacctctcctgcacccatgcgggttggcagaggtgtgcaggatctgc
cacttaccattcaccatgtggccttgaggaagacgcactcggggcctcagtttcctcatcltataaaatfcgggatgtaatt
acaccctcacactgtagctgtgagtattcaatgagagcactgcaaagggcctggtgtggagtaggtoctoaggaaaggtt
ggatcccatgtcccatcacagctaaaagccccaggaggagagggtggctggtttgtccccacaaacccctgggattcccg
gctccocagccccttgcccctctctcoagccagactcccatgaactccccctcttctcaaactcggggccagagaacagt
gaagtaggagcagccgtaagtccgggcagggtcctgtjccataaaaggfcttt.tcccgggccggctccccgccggcagcgtg
cc^cgcccfcqqcccqctccatctccaaagcatqcaqaqaatgtctcqqcaqccccqqtaqactqctccaacttqqtqtct
ttcc|ccaaatatggfrgcctgtgtggagtcactgggggagccgggggtggggagcggagccggcttcctctagcagggagg
gggccgaggagccagccagtgggggaggctgacatcaccacggcggcagcccjtttaaapccctcacccagccagcgcccc

EXON 1 1
ATCCTGTCTGTCCGAACCCAGACACAAGTCTTCACTCCTTCCTGCGAGCCCTGAGGAAGCCTTgigagtgcattggctgg
ggcttggagggaagttgggct - 4kb ccgggtgaaagcagagtgctccctgaccctctgcccctc

EXON 2
cctcctccaccctggcctgctttajj CTTTCCCCAGAC ATG GCC AAC AAG GGT CCT TCC TAT GGC ATG

M A N K G P S Y G M
AGC CGC GAA GTG CAG TCC AAA ATC GAG AAG AAG TAT GAC GAG GAG CTG GAG GAG CGG CTG
S R E V Q S K I E K K Y D E E L E E R L

GTG GAG TGG ATC ATA GTG CAG TGT GGC CCT GAT GTG GGC CGC CCA GAC CGT GGG CGC TTG
V E W I I V Q C G P D V G R P D R G R L
GGC TTC CAG GTC TGG CTG AAG AAT GGC GTG gtgagtggcaccctgggctagggcgctggggggctggggt
G F Q V W L K N G V

EXON 3
gtgaccccctgtgagtcctgggccaatccctgaggactgctaagctgcgtcctatgcootatgcctggta_g. ATT CTG

I L
AGC AAG CTG GTG AAC AGC CTG TAC CCT GAT GGC TCC AAG CCG GTG AAG GTG CCC GAG AAC
S K L V N S L Y P D G S K P V K V P E N

CCA CCC TCC ATG GTC TTC AAG CAG ATG GAG CAG GTG GCT CAG TTC CTG AAG GCG GCT GAG
P P S M V F K Q M E Q V A Q F L K A A E

GAC TAT GGG GTC ATC AAG ACT GAC ATG TTC CAG ACT GTT GAC CTC TTT GAA G giagagagg
D Y G V I K T D M F Q T V D L F E
agaatgctgggggaggaggtgggcaggaggacagggtgctgggacagggagagggtatgaccaaatatgccacaactag
gggtgtgctcgcccgcacacagcagggatgggatatgccgagaataacacgccacgctcacagggcccactgagaggcc
tcccttgaattggggacaactcttggccctggtttggocatttttttgtgagagacgggggcaggccctggcttggagt

EXON 4
cttgtttatacgttcttgatgttcatctcctctctcctgtcttctcacajj GC AAA GAC ATG GCA GCA GTG

G K D H A A V
CAG AGG ACC CTG ATG GCT TTG GGC AGC TTG GCA GTG ACC AAG AAT GAT GGG CAC TAC CGT
Q R T L H A L G S L A V T K N D G H Y R
GGA GAT CCC AAC TGG TTT ATG AA giatgtggcccccagggagcttgagtctccgcatggggtgggaggtgg
G D P N W F H K
cttgttctaaggagcttgcgggaaggattaggggaagcagatagccaagaaaggataaagtgagggtctgggatgggga
ataatgggtccttaatactccttgacccctccctttccaccctcctgcgctcagtctccctagcctatgaggcaagcta
gattagggaaaaaaagtgcaacaggaaggcaatgggattgggctaggacgtaacagagggatcagaaaacgggtggaaa

EXON 5
acacacagttctaccaagtctttatcctgcttcctcctcttctajj G AAA GCG CAG GAG CAT AAG AGG GAA

K A Q E H K R E
TTC ACA GAG AGC CAG CTG CAG GAG GGA AAG CAT GTC ATT GGC CTT CAG ATG GGC AGC AAC
F T E S Q L Q E G K H V I G L Q H G S N
AGA GGG GCC TCC CAG GCC GGC ATG ACA GGC TAC GGA CGA CCT CGG CAG ATC ATC AGT TAG
R G A S Q A G H T G Y G R P R Q I I S *

CTCCTTGGCGGCAAAAGCCCATTGAAGAAGAACCAGCCCAGCCTGCCCCCTATCTTGTCCTGGAATATTTTTGGGGTTG
GAACTCTCAAAAAAAA
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M 1 2 3

Fig. 3. Agarose gel electrophoresis of PCR products of oligo-
capped human SM22a mRNA. Lane M: molecular weight markers
(the sizes of marker bands are indicated in bp to the left of the gel).
Lane 1, negative control PCR amplification in which the template
cDNA was omitted, but forward and reverse primers (see text) were
included. Poly(A)+ RNA was prepared from primary cultures of
human aortic SMC (lane 2) and adult human aortic SMC tissues (lane
3). Both RNA preparations yielded a major PCR product of approxi-
mately 300 nt that is indicated by the arrow to the right of the gel.
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Fig. 5. Localization of the SM22« gene at human chromosome
Ilq23.2 by fluorescence in situ hybridization, (a) Metaphase
chromosomes stained with propidium iodide showing the FITC signals
at the long arm of chromosome 11 (arrow). (b) Diagram of the banding
patterns in human chromosome 11, indicating the distribution of
labeled sites determined based on 10 photographs by FISH analysis to
chromosome region Ilq23.2.

MEF-2-like box
human ggaagacgcactcggggcctcagtttcctcatc|tataaaatkgggatgtaattacaccctcacactgtagctgtgagtattcaatg.agagc.aotgoaa -514
rat -ttct—. t-aa t-a—g—g-c g ctg ctc-ta t t - . .ac c g-ga—g-a—go- . t t tt -487

-a g-. t t-aa a 1 a—g-t tg c-g-tat t-a-aa—. .-g—acg-ga—g- .-ag—gtt 1 -467mouse

human agggcctgg.tgtggagtaggtcotcaggaaaggttggatcocatgtcccatoagagctaaaagocccaggaggagagggtggotggtttgtococaoaa
rat —t . c—cca-g-tg tgg—ac-a-t-t . . .—a-ctq—tt . . .tttca-a-a t-t . . . .
mouse —t 1 c—cca-g-tg to ac-a-t . . .—a-ctjcgattttaaa)-.—tt-oa.. a 1

MEF-2-like box

human acccctgggattcccggotccccagccocttgcccotctctccagccagactctattgaaotoococtcttctoaaactoggggcoagagaacagtgaag
rat -g-aa ta—a-gt—.... g—gg a-t a—g-a—t o-t—ttt att-.a-a—c-g-ccc
mouse —g-a— — . . . t-g—gg a . . tg—t—c-o-t—ttt a t t - . a—=—c-g-coo

CArG/SRF-box
human taggagcagc.cgtaagtccgggcagggtcctgt
r a t

human
rat
mouse

-c—g aa-g .gtttt-gt cscataaaaggt
scataaaagg :ttttcccgggccggct.cccgccggcagcgtgoo scgcccc g..gccogctccat -

-cc-g-t-a-aa-g .ggttt- zcataaaagg-

GC-box/Sp1-binding site

. .coa—ct-a o- . .
-ct-a c

rcgcccc
scgcccc

.aao ag
-ace ag

CArG/SRF-box
ctccaaagcatgcagagaatgtctc. ggcag. occcggtagaotgctccaacttggtgtctttcc ccaaatatgg igcctgtgtggagtcactgggggag -121

g t-c ao ccaaatatgg g-g c— -125
c t-c ao ccaaatatgg g-g eg- -115

-415
-398
-378

-315
-314
-306

-219
-225
-215

human ccgggg gtggggagcggagccggcttcctctagcagggaggggg.ccgaggagcgagccagtgggggaggctgacatcaccacggcg -35
rat -t cgggtggggtggt a ca a-a atgg ag—c-........—t-.-g gca-a . tg-ct— -34
mouse — c 1 ca a-a atgg g c ... . .-a-g-c-a g-.. tg-cta- -35

TATA-like box
human gcagccc tttaaa
rat -.— g—
mouse —.-g—

:ccctcacccagccagcgccc<jATCCTaTCTG'POCGAAGOCASAGA-. CAAQTCTTCACTCeTTCCTGCG. AGCCCTGAQGAASeCTT

transcription start site exon 1

tttaaa g

+63
+65
+64

Fig. 4. Comparison of the 5'-flanking regulatory and exon 1
regions of human, rat, and mouse SM22a genes. Hyphens indicate
conserved nucleotides between SM22a- sequences from human and rat
(6), or human and mouse (5). Gaps (.) were introduced for optimal
alignment. The TATA-like box, CArG/SRF-box, GC-box/Spl-bind-

ing site, and MEF-2-like sequence are boxed and shown in bold. The
start of transcription ( + 1) and the entire sequence of exon 1 that
constitutes a portion of the 5'-untranslated region is boxed and
denoted by shadowing.
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somes. Based on DAPI banding patterns, the SM22cc gene
was assigned to the long arm of chromosome 11 (Fig. 5a).
Its precise position at human chromosome Ilq23.2 was
further determined based on a summary of 10 photographs
(Fig. 5b). Such specific accumulation of the signals could not
be detected on any other chromosome.

Expression of SM22a mRNA in Cultured SMC and
Non-SMC Lines—We next examined the expression of
SM22O- mRNA in various murine-derived cultured cells
including PASMC (20), undifferentiated skeletal muscle-
lineage cells (C2C12 and BC3H1), and fibroblasts (NIH3T3
and C3H10T1/2) in several growth conditions (Fig. 6). All
of these cells expressed one predominant SM22<* mRNA
transcript of approximately 1.2 kb in the serum-stimulated
and subconfluent culture condition. Following growth arrest
by serum-deprivation for 3 days, the amount of SM22<z
mRNA is increased up to 4-fold in SMC, but decreased in
the skeletal muscle-lineage cells and fibroblasts. As shown
in Fig. 6, BC3H1 cultures in the growth condition (10%
FCS), harvested at 3 days postconfluence, had SM22o-
mRNA levels 8-10-fold lower than those of exponentially
proliferating cultures, suggesting that down-regulation of
the SM22<* transcript in these cells may be related to
withdrawal from the cell cycle.

Downregulation of SM22a Expression in Diseased
Human Arteries—Directional cloning of the human SM22o'
coding region into the pGEX 3X expression plasmid pro-
vided a system for synthesizing the GST-SM22<* fusion
protein. Human SM22a- polypeptide with an apparent
molecular weight of 22,000 was purified from supernatant
fraction of the cell lysates on a glutathione-Sepharose
affinity column, followed by digestion with Factor Xa (Fig.
7). Cross-reactivity of a polyclonal anti-gizzard SM22o'
antibody to the purified human SM22<* polypeptide was
verified by immunoblot analysis (Fig. 7). Using this anti-
body as a probe, immunoreactive forms of SM22<* were

detected in medial SMC layers of human coronary arteries
at 6 days after balloon angioplasty. The SM22ff protein was
expressed in some but not all of the a--SMC actin-positive
cells in the inner half of the medial SMC layer where SMC
underwent undifferentiation (Fig. 8). This heterogeneous
pattern of SM22« expression in <*-SMC actin positive cells
was also found at the mRNA level in both the media and the
intima of atheromatous human coronary arteries (25).

Repression of The Promoter Activity by Specific CpG
Methylation—In order to identify the underlying mecha-
nisms that regulate transcription of the SM22or gene in
SMC- and undifferentiated skeletal muscle-lineage cells, a
series of transient transfections were performed. The
SM22« promoter-luciferase reporter gene constructs
(pGL2-455SM22) were transfected into a SMC-lineage cell
PASMC and an undifferentiated skeletal muscle-lineage
cell C2C12, both of which express high levels of the SM22#
mRNA (Fig. 6). We used a 5'-flanking 455-bp fragment,

C2C12 BC3H1 NIH3T3 C3H10T1/2

i : UJ
Fig. 6. SM22a mRNA expression in a variety of cell lines
detected by Northern blot analysis. The top panel shows a
Northern blot analysis of total cellular RNA (15 ̂ g) isolated from rat
pulmonary artery SMC (PASMC), mouse skeletal muscle myoblasts
(C2C12 and BC3H1), and mouse fibroblast (NIH3T3 and C3H10T1/
2). G and D indicate serum-stimulated (undifferentiated) and differ-
entiated cells, respectively. The conditions for differentiation are
described under "EXPERIMENTAL PROCEDURES." The bottom
panel shows 18 S ribosomal RNA on the ethidium-stained, form-
aldehyde-containing gel prior to membrane transfer of RNA.

M 1 2 3 4 5 6 7 8 9 10

GST- i
SM22a'

Fig. 7. Bacterial protein expres-
sion and antibody characteriza-

' tion. Coomassie Blue-stained SDS,
12.5% polyacrylamide gel showing
purification of the human SM22<*
polypeptide (lanes 1 to 8). GST-

^ SM22a fusion proteins from the full
length cDNA clone (nt. 52 to 1,064)
(lanes 1, 3, 5, and 7) or the truncated
cDN A clone (nt. 52 to 531 at the EcoRl
site) (lanes 2, 4, 6, and 8) were in-
duced by addition of 0.1 mM IPTG for
4 h in 2 liter cultures of transformed
E. coli. All subsequent procedures
were performed at 4°C. The bacteria
was collected by centrifugation at
4,000xg for lOmin. The pellet was
dissolved in 30 ml of PBS containing

0.5 mM phenylmethylsulfonyl fluoride, 10 //g/ml leupeptin, and 1 mM sodium tetrathionate, and then sonicated for 30 s. After addition of
Triton X-100 to a final concentration of 1%, the homogenate was centrifuged at 20,000 x r̂ for 30 min. The supernatant fraction (lanes 1 and
2) was applied to a glutathione-Sepharose 4B (10 ml) affinity column. Following complete removal of the flow-through fraction (lanes 3 and 4),
human placenta Factor Xa [20 U in 1 ml of Tris-HCl buffer (pH 7.5) containing 150 mM NaCl and 1 mM CaCl2] was applied to the column, and
the solution was circulated for 10 h at 4"C. The eluted fraction (lanes 5 and 6; arrows indicate full length and truncated SM22<r polypeptides)
was applied to the DE52 (Phannacia Biotech.) ion exchange column (1X4 cm) to remove BSA derived from Factor Xa suspension (indicated
by an asterisk [ * ]). The human SM22or polypeptides in the flow-through fraction from the DE52 column were dialyzed against 20 mM sodium
acetate buffer (pH 5.6) containing 0.5 mM DTT and 0.1 mM EGTA, and further purified by Mono S FPLC column chromatography (Pharmacia
Biotech.) (lanes 7 and 8). In the immunoblot analysis, the polyclonal antibody raised against chicken gizzard SM22ar cross-reacted with both
the full length (lane 9) and the truncated (lane 10) human SM22a polypeptides. Lane M, molecular weight markers; phosphorylase 6 (94,000),
BSA (67,000), ovalbumin (43,000), carbonic anhydrase (30,000), and trypsin inhibitor (20,100).
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spanning from bp — 26 to —480, which corresponds to a
region of the mouse and rat SM22<* promoters required to
direct the maximum transcriptional activity (5, 6, 10, 11).
Transfection of both PASMC and C2C12 myoblasts with
the plasmid pGL2-455SM22 resulted in 200- to 300-fold
induction in luciferase activity compared to the promoter-
less control plasmid, pGL2-Basic. This level of transcrip-
tional activity was approximately 50% of that obtained
following transfection of PASMC and C2C12 myoblasts
with the Rous sarcoma virus promoter-containing lucifer-
ase reporter plasmid, pRSV-luc (data not shown). The
proximal 455-bp segment of the human SM22# gene
contains two CArG/SRF-boxes located atbp —147 and
— 274, and one GC-box/Spl-binding site located at bp
— 233, which are perfectly conserved with the mouse and

rat SM22<2 genes (Fig. 4). Interestingly, DNA sequence
analysis revealed that a cluster of the CpG dinucleotides, a
cis-acting element for specific DNA methylation, is present
around the two CArG/SRF boxes and the proximal GC-
box/Spl-binding site (Fig. 9). The nucleotide sequences of
the 5'-flanking 1,200-bp region of the human, rat and
mouse SM22or genes are characterized by low density of
the CpG dinucleotides with a CpG/GpC ratio of 0.39, 0.29,
and 0.39, respectively. These values are close to the density
in the genome as a whole (CpG/GpC ~0.2) that character-
izes tissue-specific genes {26). A number of previous
studies have established that DNA methylation in the
promoter region can reduce the rate of transcription of
genes {26-28). Recent studies suggest that repression of
the genes by promoter methylation may be mediated via a

Fig. 8. Expression of SM22a
protein in the diseased human
artery. Serial sections of frozen
human coronary artery at 6 days
after balloon angioplasty were
labeled with a polyclonal antibody
raised agaist chicken gizzard
SM22ff (a) or with a monoclonal
antibody to SM <*-actin (b). Note
that the SM22» expression in
media appears to be patchy with
only some of the SM a-actin posi-
tive cells expressing high levels of
SM22» protein adjacent to SMC
expressing no detectable SM22<*
protein. The arrows indicate the
location of the elastic lamina. The
scale bar represents 100 /im. I:
intima, M: media, and A: adventi-
tia.

{Bam HI)
-480GGATCCCATGTCCCATCAGAGCTAAAAGCCCCAGGAGGAGAGGGTGGCTGGTTTGTCCCCACAAACCCCTGGGATT

Hpa II

C^CGG|:TCCCCAGCCCCTTGCCCCTCTCTCCAGCCAGACTCTATTGAACTCCCCCTCTTCTCAAACTCGGGGCCAG
Hpa II Hpa II Hpa II

AGAACAGTGAAGTAGGAGCAGCCGTAAGT(:CGG^CAGGGTCCTGTCCATAAAAGGCTTTTcEc^JCCGdCTCCCC
Hpa'I Hpa II CArG/SRF-bOX HjiiTT^

G^CGG^AGCGTGCCCCGCCbCGG^CCGCTCCATCTCCAAAGCATGCAGAGAATGTCTCGGCAGCdCCGdTAGACTG
GC-box/Sp1-binding site Hpa\\ Hpatt

CTCCAACTTGGTGTCTTTCCCCAAATATGGAGCCTGTGTGGAGTCACTGGGGGAdCCGdGGGTGGGGAGCGGAGCC
CArG/SRF-box

GGfTTCCTCTAGCAGGGAGGGGGCCGAGGAGCGAGCCAGTGGGGGAGGCTGACATCACCACGGCGGCAGCCCTTT -26

{Dra I)

human SM22ct

ratSM22a

I II II

I I

mouse SM22a L
-1200 -600

I

I I I I I I (0.39)

II II I HI II I I I III I (o.29)

(0.39)_L
-1 (bp)
I

Fig. 9. Distribution of the CpG
dinucleotides within the 1,200-bp
5 -flanking region of the human,
rat, and mouse SM22o genes. The
nucleotide sequence of the 455-bp
segment of the human SM22« pro-
moter is shown. Hpall methylation
sites are boxed and indicated. Two
CArG/SRF-boxes and the proximal
GC-box/Spl-binding site are under-
lined and denoted in bold. The start of
transcription is denoted by arrows.
The underlined segment of the rat and
mouse SM22ff genes indicates the
minimum promoter region required
for optimal expression in SMC cul-
tures (5, 6). The numbers in paren-
thesis represent CpG/GpC ratio with-
in the 1,200-bp 5'-flanking sequence
of each gene.
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Relative
Luciferase
Activity
<%> 100 +

50- -

Fig. 10. Repression of SM22a promoter activity
by cytosine DNA methylation. (a) The SM22«
promoter sequence from bp —26 to —480 was excised
from the luciferase reporter plasmid (pGL2-
455SM22) by Xhol/Xbal digestion. The purified
fragment containing the 455-bp promoter sequence
was incubated for 1 h at 37°C in the absence (minus)
and the presence (plus) of Hpall methylase. Complete
methylation of all of the nine Hpall sites was con-
firmed by the protection against the Hpall digestion
(arrow), and then the fragment was ligated to the
•XTwI/Xfial-digested pGL2-Basic luciferase reporter
plasmid. Lane M: molecular weight markers (the sizes
of marker bands are indicated in bp to the left of the
gel), (b) The methylated (hatched bar) or unmethylat-
ed (black bar) SM22<z-luciferase construct was trans-
fected into rat pulmonary artery SMC (PASMC) and mouse undifferentiated skeletal
muscle myoblasts (C2C12) in the growing culture condition (see "EXPERIMENTAL
PROCEDURES"). Luciferase activities (light unit) were corrected for variations in
transfection efficiencies as determined by /S-galactosidase activities and amounts of
protein. Activities were normalized for transfection efficiency in different cell lines by
comparing the activities of pSV2-luc gene in different cell lines, and are expressed
relative to that of the unmethylated SM22a-luciferase construct in PASMC. The
experiment was repeated four times, and data are means ±SE (n = 6) from a representative experiment. Statistical analysis was performed
using the unpaired Student's t test.

methylation (-)

PASMC C2C12
myoblast

methyl-CpG binding protein that binds to 5'-methylcyto-
sines by direct inhibition of the binding of transcription
factors (29, 30). We therefore examined the effects of DNA
methylation at the specific CpG dinucleotides in the 455-bp
promoter sequence by treatment with Hpall DNA meth-
ylase. Within the 455-bp segments, there are nine Hpall
methylation sites (CCGG) located at bp - 9 9 , -118 ,
-186 , -230 , -248 , -254 , -264 , -296 , and - 4 0 0 (Fig.
9). When the SM22<* promoter was methylated, the
promoter activity was significantly reduced to 32.8±1.3%
of the control value in SMC (p<0.01) and 25.5±7.4% of
the control value in C2C12 myoblast (p<0.01) (Fig. 10, a
and b).

DISCUSSION

In this study, we report the isolation and structural charac-
terization of the human SM22a gene, which is mapped to
the chromosome region 1 Iq23.2. The exon-intron organiza-
tion and the 5'-flanking promoter sequence of the human
SM22ff gene exhibit a high degree of evolutionary conser-
vation. The SM22<? mRNA is expressed in SMC and
non-SMC cultures in a cell growth-regulated manner. We
have shown that the level of expression of SM22<z in SMC
was reduced when SMC underwent undifferentiation and
proliferation in both cultured SMC lines and arterial
tissues. In contrast, in non-SMC mesenchymal cells, the
SM22« gene was expressed in proliferating cells but was
down-regulated in quiescent cultures. An important ques-
tion regarding control of the SM22a promoter is what
mechanisms repress the promoter activity in extra-SMC
tissues in vivo as well as in growth-arrested non-SMC lines
in vitro, and activate the promoter during differentiation of
SMC. Our present experiments demonstrate that methyla-
tion of the specific CpG sites within the 455-bp 5'-flanking
sequence of the human SM22o/ gene mediates transcrip-
tional repression in SMC and undifferentiated skeletal
muscle-lineage cells.

The SM22ff gene promoter contains two 10-bp sequence

motifs, CC(A/T)6GG (CArG/SRF-box) which are 100%
conserved between mouse (5), rat (6), and human genes.
The CArG/SRF motif is a cis-acting element which regu-
lates skeletal or cardiac muscle-specific expression of the
actin gene, basal expression of the non-muscle actin gene,
and serum-induced transient expression of the c-fos gene
(31, 32). Recent studies indicate that two highly conserved
CArG/SRF-boxes of the SM a-actin promoter mediate
serum-induced activation of this gene in fibroblasts (33),
vascular SMC and mesangial cells (34). In addition, tran-
scriptional activation of the chicken caldesmon gene in
cultured SMC and chicken embryonic fibroblasts has been
shown to be mediated by a single CArG box-like motif
within the promoter (35). These studies with cultured cells
suggest that the CArG/SRF motif is an essential cis-ele-
ment for optimal expression of the SMC lineage-specific
gene promoters. However, candidate CArG box-binding
nuclear factors or regulatory factors capable of specifically
inducing the SMC promoter activity have not yet been
characterized. Also, relatively little is known about tran-
scriptional mechanisms underlying repression of the SMC
differentiation-specific genes. The results of this study
showed that methylation of the CpG sites clustered around
conserved elements of the CArG/SRF-boxes and GC-box/
Spl-binding site of the human SM22a promoter reduces
its transcriptional activity. Methylation of cytosine in the
CpG dinucleotides is often associated with repression of the
gene expression (26-28). In such cases, critical methyla-
tion sites typically have been located in or around func-
tional promoter sequences at the 5' end of the genes (28,
29). In the case of the mouse SM22a gene, two CArG/
SRF-boxes in the promoter region have been reported to be
essential for transcriptional activity (II) . It has also been
shown that a GC-box/Spl-binding site in the mouse
adenine phosphoribosyltransferase gene promoter is re-
quired to protect a CpG island from de novo methylation
(36, 37). Site-specific DNA methylation may therefore
reduce the SM22a promoter activity by blocking binding to
the two CArG/SRF-boxes or the proximal GC-box/Spl-
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binding site of nuclear factors required for optimal tran-
scription. The promoter activity of the SM22<z gene was
not fully inactivated by methylation of the Hpall sites (Fig.
10b), raising the possibility that methylation of the CpG
dinucleotides other than the Hpall sites (CCGG) may have
additional suppressive effects. This seems unlikely because
the activity of the SM22a- promoter fully methylated by
CpG (Sss) methylase was reduced to comparable levels to
that of the promoter methylated by the Hpall methylase
(unpublished observation). It is possible that additional
regulatory mechanisms for silencing the SM22« promoter
may exist.

Previous studies demonstrated that SM22a mRNA is
expressed in a variety of cultured non-SMC lines including
fibroblasts, skeletal muscle myoblasts, and embryonal
carcinoma cell line (4-6, 10). These results are consistent
with our observation that the SM22# mRNA is expressed
in C2C12, BC3H1, NIH 3T3 cells, and C3H10T1/2 cells by
Northern blot analysis using the cloned human SM22<j' full
length cDNA as a probe. However, in contrast to the
previous report (10), we showed that expression of the
SM22<* transcript in these non-SMC cultures was regulat-
ed by cell growth and proliferation (Fig. 6). When exponen-
tially growing cells were made quiescent by serum depriva-
tion or confluency, the SM22<a- expression was decreased in
terms of steady-state mRNA levels (Fig. 6). Analogous to
serum-induced upregulation of the SM c-actin gene in
cultured non-SMC lines (33, 34), induction of the SM22a
mRNA expression during Go/G] transition of NIH3T3
fibroblast was originally described by Almendral et al. (4).
They showed that transcription of the SM22o- gene was
dramatically increased within 15 min of serum stimulation,
reaching maximal levels at around 1 h and slowly decreas-
ing until 8 h, suggesting that induction of the SM22tf gene
is a direct consequence of a signaling mechanism triggered
by a ligand-receptor interaction (4). It seems likely that the
cell cycle-dependent induction of the SMC gene expression
in non-SMC mesenchymal cells is not restricted to the SM
<z-actin gene, but rather is a commom feature among the
members of the SMC differentiation-specific gene family.

Although the SM22<z transcript is detected in cultured
cell lines derived from different origins, SM22o' expression
in vivo has been shown to be restricted to SMC in adult
mouse tissues (5, 8) and chicken embryos (9). The discrep-
ancy between the in vitro and the in vivo patterns of
expression of this gene was also noted in the analysis of the
promoter activity of the murine SM22a gene. The mouse
SM22a promoter-lacZ transgene, containing a 5'-flanking
2,735-bp segment plus a 1,093-bp segment of the first
intron, that is active in a variety of cultured cell lines (10),
has been shown to be expressed exclusively in SMC during
embryogenesis of transgenic mice (10). Moreover, in
contrast to the endogenous gene, expression of this SM22a-
lacZ transgene was restricted to the arterial SMC of large
vessels, and was not detected in venous or visceral SMCs
(10). Similarly, the SM22a promoter-lacZ transgene
containing 441 bp of the mouse SM22a 5'-flanking se-
quence was active solely in vascular, but not visceral SMCs
of transgenic mice (11). Results in other systems show that
an all-or-none behavior of the transcriptional control can
arise at the level of chromatin structure (37-39). DNA
methylation which affects chromatin structure (27, 28, 40)
is a candidate control mechanism that could confer higher

orders of regulation upon the SM22<* gene promoters.
Because we recently identified a cts-acting domain for
interaction with a methyl-cytosine binding protein in the
5'-flanking promoter region of the human calponin gene
(41), a member of the SMC differentiation-specific gene
family (7, 9, 42-44), DNA methylation, independent of
sequence context of each promoter, may also explain the
coordinate expressional regulation of the SMC differentia-
tion-specific genes. In fact, we have evidence that regional
DNA methylation of the human SMC calponin gene had a
strong inhibitory effect on gene expression (unpublished
observation). While these results are suggestive, further
studies demonstrating a distinct difference in the methyla-
tion levels at the specific CpG sites within the SM22ar
promoter between expressing and non-expressing cells,
will be required to uncover the physiological role of DNA
methylation in the regulation of SMC-specific gene pro-
moters. The cloned human SM22« gene reported here will
be a useful tool for such experiments.
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