
 

 

Int J Physiol Pathophysiol Pharmacol 2010;2(1):12-19 
www.ijppp.org /IJPPP911003 

 
Original Article 
Sm22α transcription occurs at the early onset of the 
cardiovascular system and the intron 1 is dispensable 
for its transcription in smooth muscle cells during mouse 
development 
 
Maozhou Yang1, 4, Hong Jiang1, and Li Li1, 2, 3 
 
1Dept of Internal Medicine, Wayne State University, Detroit MI 48201 ;2Center for Molecular Medicine and Genet-
ics, Wayne State University, Detroit, MI 48201, USA; 3Cardiovascular Research Institute, Wayne State University, 
Detroit, MI 48201, USA; 4Current address: Bone and Joint Center, Henry Ford Hospital, 2799 West Grand Blvd., 
Detroit, MI 48202, USA 
 
Received November 11, 2009; accepted November 18, 2009; available online November 22, 2009 
 
Abstract: SM22α, also known as SM22, has been widely used as a smooth muscle cell (SMC) marker and is 
known to be expressed in the embryonic heart. The intron 1 of Sm22 contains multiple important and evolutiona-
rily conserved regulatory elements. To determine the role of the intron 1 in Sm22 transcriptional regulation and 
the function of SM22 during development, we generated a Sm22 knockout mouse by replacing the intron 1 and 
the translation initiation with a nuclear localized LacZ (nLacZ) reporter. The resulting Sm22 knockout mice 
(Sm22-/-) were viable and fertile without any apparent developmental defects. Using X-gal staining assay, we 
found that Sm22 transcription was detectable in the chorion formation region and in the heart field before forma-
tion of the heart tube at E7.5, namely much earlier than the looped heart stage where it had been previously re-
ported. The expression of lacZ progressively expanded throughout the heart tube by E8.5. LacZ was transiently 
expressed in the heart and somites and then became restricted to the vascular and visceral SMC organs. These 
results indicate that SM22 is not required for mouse basal homeostatic function and that the intron 1 is dispens-
able for Sm22 transcription during development. Given the importance of vasculature in organogenesis and in 
diseases, this mouse line may be a valuable tool to trace the development and pathology of the cardiovascular 
system. 
 
Key words: SM22α, Transgelin, smooth muscle cells, intron 1, knockout mouse, cardiac crescent 
 
 
 
 
Introduction 
 
SM22α, also known as transgelin or simply as 
SM22 , is a 22 KD protein highly expressed in 
vascular and visceral smooth muscle cell 
(VSMC) tissues and its expression is sensitive 
to cell shape changes [1-3]. SM22 is a mem-
ber of the calponin family, containing a calpo-
nin homology domain conserved from yeast to 
human [4, 5]. SM22 directly binds to the actin 
cytoskeleton and induces actin bundling [2, 4-
6].  However, little is known about the function 
of SM22 in SMC development.    
 
The transcription of Sm22 is highly expressed 
in the cardiovascular system during embryo-

genesis [7-11]. Specifically, the Sm22 promo-
ter is highly expressed in the heart tube and 
selectively expressed in a subset of arterial 
SMCs, but not in venous or visceral SMCs.  
However, it has not been known whether 
Sm22 transcription is expressed in the heart 
fields before formation of the heart tube.   
 
Several regulatory elements that regulate 
Sm22 transcription have been characterized 
in transgenic mice. The CArG boxes (the SRF 
binding site), especially the proximal CArG 
box, play a central role in controlling the ex-
pression of the Sm22 promoter in arterial 
SMCs [12, 13]. The TCE (TGFB Control Ele-
ment) and the SBE site (a Smad Binding Site) 
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are found to be important for Sm22 transcrip-
tion during embryogenesis in transgenic mice 
[14, 15]. Interestingly, a G/C-rich element (a 
SP1 binding site) in the Sm22 promoter is 
dispensable for Sm22 transcription in arterial 
SMCs but is required for the down regulation 
of Sm22 transcription in response to vascular 
injury [16]. Given the complexity of vascular 
development and pathogenesis of vascular 
diseases, much remains to be uncovered 
about the regulatory network that controls 
Sm22 transcription.  
 
In an ongoing effort to identify transcriptional 
regulatory elements for Sm22 expression, we 
performed bioinformatics sequence analyses 
of Sm22 and found that the intron 1 of Sm22 
contained multiple important evolutionarily 
conserved regulatory elements. The intron 1 of 
several SMC marker genes such as SM α-
actin, SM-MHC, and Calponin contains critical 
regulatory elements for their transcription in 
SMCs in vivo [17-19]. To determine the role of 
the intron 1 of Sm22 in transcriptional regula-
tion in development, we generated Sm22 
knockout mice in which a nuclear localized 
LacZ reporter gene was knocked into the first 
intron of the Sm22. Consistent with previous 
reports [9, 20], SM22 deficiency did not affect 
mouse development; the knockout mice were 
viable and fertile. We analyzed the temporos-
patial patterns of LacZ activities in Sm22 
knockout mice and found that the expression 
of the LacZ reporter was detectable in the cho-
rion formation region and in the heart field at 
E7.5. LacZ activities were transiently detected 
in the heart tube and somites during embryo-
genesis. The expression in the vascular and 
visceral tissues continuously increased 
throughout embryogenesis into adulthood. 
These results demonstrate that the regulatory 
elements in the intron 1 of Sm22 are not es-
sential for Sm22 transcription during devel-
opment. Given the importance of vasculature 
in organogenesis and in diseases, this mouse 
line may be a valuable tool to trace the devel-
opment and pathology of the cardiovascular 
system. 
 
Materials and methods 
 
Generation of Sm22 mutant mice 
 
A Sm22 targeting vector was designed to re-
place  the intron 1 and the translation initia-
tion region of Sm22 in exon2 with a nuclear 
localized LacZ and pGKneo cassette using a 

modified pKO-lacZ vector (a generous gift from 
L Gan, Rochester, NY) [21], in which a nuclear 
localization signal was inserted into the 
LacZ/pGK-neo-TK cassette. Genomic DNA 
fragments flanking the intron 1 and exon2 of 
the Sm22 were PCR-amplified using the ge-
nomic DNA from a SV129 mouse as the tem-
plate. The left arm fragment contained 5kb 5’ 
upstream sequence and the entire exon 1; the 
right arm fragment contained the 4.5 kb Sm22 
genomic sequence starting at 63 nucleotides 
downstream of the SM22 translation initiation 
codon in exon 2. The left and right arms were 
inserted into the targeting vector pKO-nLacZ. 
Through homologous recombination, the intron 
1 was substituted by the nLacZ-pGK-neo cas-
sette, placing the expression of LacZ under the 
control of the endogenous Sm22 promoter 
without the intron 1.  
  
The targeting vector was linearized at the NotI 
site and was injected into SV129 derived ES 
cells. G418-resistant ES colonies with correct 
homologous recombination were identified by 
PCR genotyping and Southern blot using a 
probe 3’ to Sm22. The Sm22+/- mice were 
backcrossed into B6 and SV129 genetic back-
ground for at least 4 generations. The Sm22+/- 
mice were maintained in mixed genetic back-
ground for phenotype analyses. The targeted 
ES cells and Sm22 knockout chimera mice 
were generated in Dr. Beverly Koller’s lab at 
the University of North Carolina.   
  
The wild type (WT), Sm22+/- and Sm22-/- mice 
were identified by PCR using allele-specific 
primers:  “a” (5'CCCAGCCCAGACACCGAAGCTA 
C 3' in exon 1), “b”( 5' TCCCTTGGCCTCATTTGT 
CACCTC 3' in intron 1), and “c” (5' TACCACA 
GCGGATGGTTCGG 3' in lacZ gene). “d” (GTGGA 
AGGCCTGCTTAGCACAAAT in intron 1) “e” ACTC 
ACCACACCATTCTTCAGCCA in exon2). The PCR 
products were 1.35kb (for the targeted allele), 
313bp and 303bp (for the WT allele) using 
primers a/c, a/b and d/e respectively. The 
PCR amplification was performed in 30 cycles 
by denaturation at 95°C for 15”, annealing at 
60°C for 30”, and elongation at 72°C for 1.5 
min.  
  
All animal experimentation was performed 
according to the National Institutes of Health 
guidelines and approved by the Institutional 
Animal Care and Use Committee (IACUC) at 
Wayne State University. 
 
Western blot 
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SMC tissues were isolated from WT, Sm22+/-, 
and Sm22-/- mice. Equal amount (20 µg) ly-
sates were used for SDS-polyacrylamide gel 
electrophoresis (PAGE) analyses. The SDS-
PAGE gel was transferred to Immun-Blot PVDF 
Membrane (Bio-Rad) and subsequently probed 
with anti-SM22α goat polyclonal antibody 
(Santa Cruz, sc-18513) and anti β-actin mo-
noclonal antibodies (Sigma, A5316). Primary 
antibodies were detected using  NEN Chemi-
luminescence Western Blotting substrates 
(NEN, NEL102).  
 
X-gal staining 
 
The expression of LacZ in Sm22+/- mice was 
detected by X-gal (β-glactosidase) staining. 

Mouse Sm22+/- embryos at different develop-
mental stages and tissues from Sm22+/- mice 
were collected by breeding CD1 female with 
Sm22-/- male. X-gal staining was performed as 
previously described [8]. After X-gal staining, 
the tissues were fixed in 4% paraformalde-
hyde. The paraffin sections were then coun-
terstained with H&E before being photo-
graphed. 
 
Results and discussion 
 
Targeting strategy for generating the Sm22 
knockout mouse 
 
Sequence analyses of Sm22 revealed that its 
intron 1 contained several evolutionarily con-

Figure 1. Generation of Sm22α knockout mice. (A) VISTA genome browser output for sequence comparison of 
the mouse Sm22 with the human SM22. The exons (in blue) including the UTRs (in yellow) are highly con-
served between mouse and human. The intron 1 contains several evolutionarily conserved regions (in pink). 
(B) The wild type and the targeted mouse Sm22α allele are shown. Homologous recombination resulted in the 
deletion of the intron 1 and Sm22 translation initiation region in the Sm22α and its replacement with a lacZ-
pGKneo cassette. The symbol * denotes the translation initiation site ATG for SM22. (C) The Sm22 knockout 
(Sm22-/-) mice can be identified by PCR genotyping using primer pairs (a/b, d/e, and a/c) specific to the wild 
type and targeted alleles. (D) Western blot analyses showed the expression of SM22 in the aorta and bladder 
from the WT (+/+) and the heterozygous (+/-) but not from the homozygous (-/-) Sm22 mice. The expression 
of β-actin was used as the internal control. 
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served regions (Figure 1A). We were interested 
in characterizing the regulatory network for 
Sm22 transcription and in determining the 
function of SM22 in cardiovascular develop-
ment. Therefore, our strategy of generating a 
Sm22 knockout mouse was to replace the 
intron 1 and the translation initiation of Sm22 
with a nuclear localized LacZ reporter (Figure 
1B). Homologous recombination resulted in 
the deletion of intron 1 in the Sm22 and 
placed the LacZ-pGKneo cassette under the 
control of the endogenous Sm22 promoter 
without the intron 1. We anticipated that the 

expression of Sm22 would be abolished in 
Sm22-/- mice. We also expected that analyses 
of the phenotypes of Sm22-/- mice would re-
veal the functional role of SM22 in develop-
ment. The role of intron 1 in Sm22 transcrip-
tional regulation could be determined by the 
expression of LacZ using X-gal staining. 
 
The wild type, Sm22+/-, and Sm22-/- mice were 
identified by allele-specific PCR genotyping 
(Figure 1C). The loss of SM22 in SMC tissues 
such as the aorta and the bladder from the 
Sm22-/- were confirmed by Western blot 

Figure 2. Transcriptional activation of LacZ in the early cardiovascular system. The Sm22+/- embryos at E7.5-
E8.5 were harvested for whole-mount X-gal staining. (A) At E7.5, X-gal staining was detected in the chorion (c) 
formation area and in cells lying medial and immediately cranial to the cardiac crescent (cc). (B) At E7.75, 
LacZ activities became high in the rapidly growing heart tube (h) caudal to the head fold (hf). (C-D) were two 
views of the same embryo at E8.0.  The heart tube had been looped to form distinct heart chambers. The 
allantois (al) was growing towards the chorion region. (E) At E8.5, the LacZ activities were not detectable in 
the aorta and somites (s). Scale bar: 200 µm.   

Figure 3. The LacZ temporospatial expression patterns in Sm22+/- mice from E9 to E13. The Sm22+/- embryos 
at E9-E13 were harvested for whole-mount X-gal staining. (A) The LacZ activities began to be detectable in the 
heart (h), aorta (a) and somites (s) at E9. (B) The embryo at E10 was stained in X-gal solution followed by dehy-
dration and clearing in benzoate/benzyl alcohol (BBA) solution. The expression of LacZ increased in the so-
mites (s), aorta (a) and its arteries. (C) At E12, the expression of LacZ in the heart (h) and the somites (s) was 
diminishing. The insert showed the heart with the aorta isolated from the same embryo. The LacZ expression 
was clearly seen in the arteries extended into the brain. (D) At E13, the expression of LacZ disappeared from 
the heart and somites, and became restricted to arterial and visceral SMC tissues such as the aorta (a), pul-
momary arteries in the lung (pa), the esophagus (es) into the stomach (st), the intestine (I) and the bladder (bl). 
Scale bar: 500 µm. 
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(Figure 1D).  In agreement with previous stu-
dies [9, 20], Sm22-/- mice were viable and fer-
tile with no obvious phenotypes during normal 
development. These results suggest that 
SM22 is not required for development and for 
the basal homeostatic functions of SMCs.   
 
Temporospatial expression patterns of LacZ in 
the early cardiovascular system 
 
Previous studies showed that the transcription 
of Sm22 is high in the heart at E8.0 [7-9]. The 
cardiogenesis arises from progenitors in the 
cardiac crescent region and the secondary 
heart field at E7.5 [22-24]. To determine 
whether Sm22 transcription occurs in early 
cardiogenesis, we examined the LacZ expres-
sion in a series of timed Sm22+/- embryos at 
E6.0 to E8.5.   
 
At E7.5, LacZ activities were detectable in the 
chorion formation area and in the cells lying 

medial and immediate cranial to the cardiac 
crescent (Figure 2A). The precise fate of these 
cells remains to be determined. Consistent 
with the highly dynamic nature of cardiogene-
sis at this stage, the expression of LacZ ex-
panded rapidly and progressively towards the 
arterial pole as the heart tube forms (Figure 
2B-D). By E8.5, LacZ activities were highly ex-
pressed in the heart (Figure 2E).  
 
Transcriptional expression patterns of the 
Sm22 during embryogenesis and in the adult 
  
The LacZ reporter was highly expressed in the 
looped heart at E9.0 (Figure 3A). In addition, 
LacZ activities in the aorta and somites be-
came evident at this stage. LacZ activities con-
tinued increasing in the aorta and somites at 
E10 (Figure 3B). The expression of LacZ  in the 
heart and somites diminished while the ex-
pression in the aorta and in the branches of 
arteries throughout the embryos became 

Figure 4. LacZ expression in adult Sm22-/- mice.  A variety of tissues were harvested from the adult Sm22+/- 
mice. X-gal staining assay showed that LacZ expression  was restricted to SMC tissues in the heart (A), lung 
(B), intestine (C), thigh (D), stomach (E) and the bladder (F). H&E of sections from the thigh (G), lung (H) and 
intestine (I) were shown. Abbreviations: alveoli (alv), aorta (ao), coronary artery (ca), esophagus (es), femoral 
artery (fa), femoral vein (fv ), heart (H), intestine (I), muscularis externa (ME), nerve fiber (N), pulmonary vein 
(pv), and skeletal muscle (sk). Scale Bar (in A-F): 500 µm.   
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prominent at E12 (Figure 3C).  At E13, a noti-
ceable high level of LacZ expression was ob-
served in the aorta and arteries as well as in 
the newly formed visceral organs such as eso-
phagus, stomach, intestine and bladder (Fig-
ure 3D). 
 
LacZ expression increased continuously in 
vascular and visceral SMC organs throughout 
embryogenesis and into adulthood.  In adults, 
X-gal staining showed LacZ activities in the 
aorta and coronary arteries but not in the 
myocardium (Figure 4A). In the lung, LacZ ex-
pression was high in the pulmonary arteries 
and pulmonary veins but not in the simple 
squamous epithelium of alveoli (Figure 4B, 
4G). LacZ activities were high in visceral SMC 
organs such as the stomach and intestine, but 
not the esophagus in the digestion system 
(Figure 4C, 4E). LacZ expression was also high 
in the bladder (Figure 4F).  Histology analyses 
showed that the LacZ activities were specifical-
ly expressed in arterial, venous and visceral 
SMCs. In the thigh, LacZ expression was ob-
served in the femoral artery, femoral vein, but 
not the nerve fiber, fat and skeletal muscles 
(Figure 4D, 4G).  In the intestine, LacZ expres-
sion was detected in the muscularis externa 
consisting of both circular and longitudinal 
smooth muscle layers (Figure 4I).   
 
Taken together, the temporospatial expression 
patterns of LacZ reporter recapitulate those 
observed in transgenic and knockout mice in 
which the LacZ is under the control of Sm22 
promoters and the endogenous Sm22 promo-
ter [8-11, 25]. These results suggest that the 
intron 1 is not required for Sm22 transcription 
during SMC development.      
 
In summary, this study demonstrated that the 
transcription of Sm22 occurred at the onset of 
cardiogenesis and vasculogenesis during de-
velopment, at a stage much earlier than pre-
viously reported. Although the intron 1 con-
tained multiple evolutionarily conserved regu-
latory elements, it appeared that these ele-
ments were not essential for Sm22 transcrip-
tion under normal development.  Consistent 
with this notion, the Sm22 promoters without 
or with the intron 1 have shown similar tempo-
rospatial expression patterns during develop-
ment [8, 11, 12, 16, 25, 26]. Given the com-
plexity of gene regulation in SMC phenotypic 
modulation [27], it is quite possible that some 
of these regulatory elements may participate 
in Sm22 transcriptional regulation under pa-

thological conditions. Several SMC regulatory 
elements such as the SP1 in the Sm22 promo-
ter and the CArGs in the SM α-actin promoter 
have been shown to be dispensable for the 
promoter activities in arteries but are required 
for the down regulation of the promoter activi-
ties in response to vascular injuries [16, 28]. 
Therefore, it is worthwhile to explore whether 
those evolutionarily conserved elements within 
the intron 1 are required for the down regula-
tion of Sm22 transcription in response to vas-
cular injury. 
 
Increasing evidence supports the notion that 
the actin cytoskeleton plays important roles in 
SMC phenotypic modulation [29, 30]. SM22 is 
an actin binding protein highly expressed in 
SMCs and in the early cardiovascular system. 
In view of this, it is rather unexpected that 
SM22 is not required for mouse basal ho-
meostatic function. Given the importance of 
the SM22 associated actin cytoskeleton in cell 
function, it is possible that the function of 
SM22 can be compensated through molecular 
redundancy. Indeed, SM22α and its homolo-
gue SM22β colocalize with the cytoskeletal 
actin filaments; it is thus likely that SM22β can 
compensate for the loss of SM22α [31, 32]. 
However, the defects of this compensation 
system may be revealed under pathological 
conditions.  The analyses of Sm22-/- mice 
showed that ablation of SM22 reduces SMC 
contractility [32, 33] and increases atheroscle-
rotic plaques in the ApoE-/- mice [20]. 
 
Although SM22 is not required for SMC ho-
meostatic functions, SM22 may participate in 
SMC phenotypic modulation. Consistent with 
this notion, Sm22 expression is sensitive to 
cell shape change and is down regulated in 
vascular diseases and a variety of cancers [2, 
34, 35]. Understanding the molecular mechan-
isms whereby SM22 mediates cytoskeleton 
remodeling may reveal that SM22 plays an 
active role in biological processes involved in 
the pathogenesis of vascular diseases and 
cancer.   
 
Conclusion 
 
This study demonstrates that the transcription 
of Sm22 occurs at the early onset of cardioge-
nesis and vasculogenesis. In spite of its high 
level of expression in the early heart, deficien-
cy of SM22 in mouse does not perturb devel-
opment. The evolutionarily conserved ele-
ments in the intron 1 of Sm22 are not required 
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for SM22 expression in smooth muscle cells 
during development.  
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