Regulation of Smooth Musclea-Actin Expression In Vivo Is
Dependent on CArG Elements Within the 3 and First
Intron Promoter Regions

Christopher P. Mack, Gary K. Owens

Abstract—The aims of the present studies were to define sufficient promoter sequences required to drive endogenous
expression of smooth muscle (SMjactin and to determine whether regulation of SMactin expression in vivo is
dependent on CArG (CC(A/TBG) ciselements. Promoter deletions and site directed mutagenesis techniques were used
to study gene regulation in transgenic mice as well as in smooth muscle cell (SMC) cultures. Results demonstrated that
a Lac Z transgene that contained 547 bp of theabSM a-actin promoter was sufficient to drive embryonic expression
of SM a-actin in the heart and in skeletal muscle but not in SMCs. Transient transfections into SMC cultures
demonstrated that the conserved CArG element in the first intron had significant positive activity, and gel shift analyses
demonstrated that the intronic CArG bound serum response factor. A transgene construc&0tnthrough the first
intron (p2600Int/Lac Z) was expressed in embryos and adults in a pattern that closely mimicked endogenearti8M
expression. Expression in adult mice was completely restricted to SMCs and was detected in esophagus, stomach,
intestine, lung, and nearly all blood vessels, including coronary, mesenteric, and renal vascular beds. Mutation of CArG
B completely inhibited expression in all cell types, whereas mutation of the intronic CArG selectively abolished
expression in SMCs, which suggests that it may act as an SMC-specific enhancer-like element. Taken together, these
results provide the first in vivo evidence for the importance of multiple CAi&elements in the regulation of SM
a-actin expression(Circ Res 1999;84:852-861.)
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Sveralcis elements antrans-acting factors have recently  protein® It is required for the contractile function of SMCs
een described that regulate muscle-specific gene expres-and is the first SMC differentiation marker to appear during
sion in skeletal and cardiac muscle and are required for the development.Although it is also transiently expressed in the
terminal differentiation of these muscle cell typgesin myocardium and skeletal muscle during the development of
contrast, the mechanisms that regulate smooth muscle cellthe embryo and is expressed in myofibroblasts during wound
(SMC) differentiation are only poorly understood, and, to healing, SMa-actin expression in adult animals is highly
date, no transcription factors have been identified that direct restricted to SMCs or SM-like celb?
SMC-specific gene expression. Because SMC maturation and Our laboratory and others have shown that the regulation
differentiation are required for the full development of of SM a-actin expression involves a complex interaction of
arteries and veins during angiogenesis and vasculogenesismultiple positive and negativeis elements that act in a
the identification of the molecular mechanisms that control cell-type specific fashiof-16 For example, a 547 bp SM
SMC differentiation is important to our understanding of «-actin promoter/CAT construct (p547CAT) had high activ-
these processes that occur not only during development butity in cultured SMCs and in L6 skeletal myotubes, which are
also under pathological conditions. Furthermore, it may lead cell types that express SM-actin in culture. However, the
to a better understanding of SMC phenotypic modulation that same construct was inactive in non-SMC-types such as
has been shown to contribute to atherosclerosis and restenosigndothelial cells* and AKR2B fibroblasts? Of particular
after balloon angioplasty# interest, we have demonstrated that two completely con-
A major goal of our laboratory has been to elucidate served CArG (CC(A/TJGG) elements, CArG A at-62 and
control processes that regulate SMC differentiation by iden- CArG B at —112, within the first 125 bps of the Sh-actin
tifying mechanisms that control the transcription of genes 5 promoter are required for high level of expression in
such as SMx-actin and SM myosin heavy chain (MHC) that cultured SMCs in that mutation of either CArG abolished
are required for the contractile function of SMGM «-actin transcriptional activity:* Additional positive and negatives
is a contractile protein that comprises 40% of total SMC elements have been described in the sequences further up-
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stream to—2.8 Kb, but in cell culture systems, this region
acts mainly to inhibit expression in cell types that do not
normally express SM-actin1314The SMa-actin first intron
contains another completely conserved CArG elentehut
the activity of the intronic CArG and its contribution to
SMC-specific regulation have not been studied.
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characterization of the promoter regions required for SMC-
specific expression. This is a critical issue because the SM
a-actin gene is known to be expressed by all three muscle
types during development. In addition, although a large
number of regulatory elements have been identified on the
basis of studies in cultured SMCs, no studies have been

The CArG element was first described as the core sequencereported examining whether specifiis elements regulate

of the serum response element (SRE) within early response
genes, such asfos (reviewed in Reference 18) but has also
been shown to be required for the activity of many muscle-
specific gene promotef8-23 Of interest, nearly all of the
SMC differentiation marker genes characterized to date,
including SM MHC, caldesmon, and telokin, contain two or
more CArG elements that are required for maximal expres-
sion in cultured SMCg#24-28|n addition, separate laborato-
ries have reported that a conserved CArG element in the
SM-22 promoter is required for the arterial expression of a
Lac Z transgene in the moud®&3° Electrophoretic mobility
supershift studies demonstrated that the &Mctin CArG
elements, like the SRE, bind the serum response factor
(SRF)14 Although recent evidence suggests that muscle-
derived tissues express higher levels of SRF than non—muscl
derived tissuedt SRF is thought to be ubiquitously ex-

[S)

SM a-actin expression in vivo. As such, the goals of the
present experiments were to define the sufficient promoter
sequences required to drive expression of &slctin in vivo

and whether this regulation is CArG dependent. Data present-
ed demonstrate that a promoter construct from 2600 through
the first intron is sufficient to drive high-level expression in
Vivo in a manner that appears to mimic the endogenous SM
a-actin gene. Moreover, we provide evidence that the CArG
elements are required for transcriptional activation of the
promoter in vivo but exhibit differential activity in SMCs
versus non-SMCs.

Materials and Methods

Construction of Rat SM a-Actin Lac Z Reporters
The pUC19-Lac Z plasmid used to generate reporter gene constructs
was a generous gift of Dr Eric Olson (University of Texas South-

pressed, and a critical yet presently unresolved questionestern, Dallas, Tex). Several deletion constructs were generated for
remains as to the mechanism of CArG-dependent regulation analysis in transgenic mice. The pl25/Lac Z, p547/Lac Z, and
of SMC-specific gene expression. Evidence from this labo- p2800/Lac Z reporters were made by subcloning the corresponding
ratory suggests that both CArGs A and B, together with Promoter regions from previously described CAT reporter con-
highly conserved CArG flanking sequences, act cooperatively struct$“ into the Lac Z vector afteHindll/Xba| restriction diges-

. . e tion. Constructs that contained the first intron, p547Int/Lac Z and
to coordinate the formation of an SRF-containing SMC- P

. L ) p2600Int/Lac Z, were subcloned from a larger genomic fragment
specific activation complex that may contain an SMC- jsolated and described previously wiml/Xhd and Scd/Xhd

selective SRF accessory protein (C.P.M., Mike M. Thomp- digestion, respectively.

son, Susan Lawrenz-Smith, G.K.O., unpublished results, CArG mutations in the p2600Int/Lac Z construct were made with
1998). the polymerase chain reaction (PCR)—based Excite method (Pro-

. . . T mega) as per protocol. To avoid potential PCR-induced mutations in
Itis well established that SMC QIﬁerentlatlon 1S dependgnt the Lac Z reporter, the promoter was subcloned into pBluescript, and
on a large numb.er.of Ioca_l environmental cues, including  after the mutagenesis protocol was returned to the Lac Z vector. The
extracellular matrix interactions, local production of growth oligonucleotides used to make these mutations contained the follow-

factors, and mechanical stresses that cannot be accuratelyng sequences that have been shown to abolish SRF binding in gel

reproduced in culture@32 Moreover, recent studies have
provided evidence that gene regulation in SMC culture
systems often does not completely mimic regulation in
vivo.3933Therefore, when studying SMC differentiation, it is
critical that regulatory pathways initially identified in cul-
tured SMC are tested in vivo through the use of transgenic
mice. In addition, analysis of SM-22 and SM MHC gene
expression in transgenic mice has demonstrated that expres
sion of SMC marker genes is complex and may involve
“regulatory cassettes” that drive expression within some but
not all SM tissues>2933 Therefore, transgenic studies are
also critical for detecting possible heterogeneity in SMC gene
regulation.

No studies to date have reported the complete character-
ization of the regulatory regions required to drive in vivo
expression of SMw-actin during development and matura-
tion. Wang et &* recently reported that a SM-actin
promoter that contains 1100 bp of Bromoter and the entire
first intron could drive expression of an IGF-1 transgene in
many SM tissues. However, these studies were restricted to
analysis in adult animals and focused on examination of the
effects of IGF-1 overexpression in SMC rather than on the

shift analyses (mutated sequences are in bold): CArG A, 5
AATTGTTTAA; CArG B, CCCTATATCA; and intronic CArG,
AATAATTAAA. Final subcloning steps and all mutations were
verified by direct DNA sequencing. Before transgenic injections, all
constructs were tested for Lac Z expression by transient transfection
into cultured rat aortic SMC cultures to ensure functional activity of
all constructs. All clones, including those that contained CArG
mutations, showed at least some activity in these assays.

Generation and Analysis of Transgenic Mice

All constructs were prepared for transgenic injection by removal of
pUC19 backbone sequencesNgt/EcoRl digestion and subsequent
agarose gel purification of the linearized promoter/Lac Z fragment.
Transgenic mice were generated with standard me#h&esither
commercially (DNX, Princeton, NJ) or within the transgenic core
facility at the University of Virginia, Charlottesville. Mice (C57/B6)
were analyzed transiently at several embryonic stages or by estab-
lishing founder lines that allowed more detailed analysis of transgene
expression throughout development and in adult animals. Transgene
presence was analyzed by PCR with genomic DNA purified from
placentas (transients) or tail clips (founders) according to the method
of Vemet3¢ Mice were euthanized by IP injection of pentobarbital
(100 mg/kg), and transgene expression was analyzed as previously
describecd?>37 All animal procedures used in these studies were
reviewed and approved by the University of Virginia Animal Use
and Care Committee.
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A. (p547/Lac Z) Figure 1. Linear diagrams of Lac Z pro-
547 B moter constructs used to generate trans-
genic mice. Deletion fragments from a rat

genomic clone were subcloned into the
previously described pUC/AUG
B-galactosidase vector (see Materials and

B. (p547Int/LacZ) Methods). A, Fragment from —547 to +
547 It CArG 5 7 Kb Intron 47 bp (p547/Lac Z). B, Fragment from
E = —547 to +2784 bp (p547Int/Lac 2). C,

Fragment from —2600 to +2784 bp
(p2600Int/Lac Z). CArG A at —72 bp,
CArG B at —112 bp, the intronic CArG at

C. (p2600Int/Lac Z) +1001 bp, and the 5’ —untranslated first
exon are indicated. Notl/EcoRI digestion
-2.6 Kb was used to remove the pUC plasmid
E i backbone before transgenic injections.
Cell Culture, Transient Transfections, and Immunohistochemical Staining of SM
Reporter Gene Assays a-Actin Expression

SMCs from rat thoracic aorta were isolated and cultured as previ- Embryos were fixed overnight in formalin. Tissues were dehydrated,
ously described? SMCs were seeded into 6-well plates and trans- incubated in 100% xylene, and embedded in paraffin. Thin sections
fected 24 hours after plating at 70% to 80% confluency. Transfec- (6 um) were placed on uncoated slides and dried on a slide warmer.
tions were performed with 4g of plasmid DNA and the transfection ~ Sections were cleared in 100% xylene and rehydrated through a
reagent DOTAP (Boehringer Mannheim). Growth conditions and 9graded ethanol series to a final incubation in PBS. Endogenous
preparation of cell lysates for measurement of Lac Z activity were Peroxidase activity was quenched by incubating the slides for 30

performed as previously describ&dThe enzyme activity of each minutes in methanol that conta‘ined 0.3% hydrogen_ peroxide. Slid_es
sample was normalized to the protein concentration of each cell were subsequently rehydrated in PBS and blocked in a 1:50 solution

lysate as measured by the DC protein assay (BioRad). In each of normal goat serum made in PBS. Sections were then incubated
experiment, the promoterless Lac Z construct was also transfected to\évr:?nsgﬂsogf""gté%p%ng?erztg:]t'gfo dxr;oarrl Zr?#tr)ggdv\lvv;:hz(rjfgﬁe?ﬁﬁh
serve as the baseline indicator of Lac Z activity, and the activity of a Vecgtastain ABC it (Vector L%bora%/ories) ac}éording to the manu-
each promoter construct is expressed relative to promoterless activ-

; - X - facturer’s instructions, with 3/3diaminobenzidine as the
ity. All activities represent at least three independent experiments, chromagen.

with each construct tested in triplicate per experiment. Relative Lac

Z activities are expressed as the me&D computed from the Results
results obtained from each set of transfection experiments. We did

not cotransfect a viral promoter/reporter construct as a control for SM a-Actin Promoter Region From —2600

transfection efficiency because we have previously shown that such Through the First Intron Conferred In Vivo
constructs exhibit unknown and variable squelching effects on the Expression of a Lac Z Reporter in a Manner
SM a-actin promoter presumably because of competition for com- Similar to That of the Endogenous Gene

mon transcription factors Moreover, we have found that inclusion Previ Its f ; fecti . .
of such controls are unnecessary because variations in transfection” '€VIoUs results from transient transfections into rat aortic

efficiency between independent experimental samples are routinely SMC  cultures demonstrated that reporter constructs that

small (<10%)324 contained the first 547 bp of the SMactin 5 promoter were
) ) expressed at high levels in only SMCs or other muscle cells
Preparation of Nuclear Extracts, In Vitro that are known to express their endogenous SMctin

Synthesis of SRF, and Electromobility Shift Assays  gene4 Therefore, we initiated our transgenic mouse studies
Nuclear extracts were prepared from confluent rat aortic SMCs by with a construct that contained this promoter region (Figure
the methods of Dignar#f Culture conditions matched those used for 1A). Figure 2A shows a p547/Lac Z positive embryo at

transient transfection assays. Oligonucleotides used in electro- embryonic day 13.5 (E13.5), a time point when ShActin is

phoretic mobility shift assays (EMSAs) were purchased commer- - ; : |
cially (Operon Technologies) and include the following: CArG A, expressed in skeletal, cardiac, and smooth musBlesults

5’_ttgctccttgtttgggaagc_’gCArG B, 5’_gaggtccctatatggttgtg’_gand showed that this promoter I’egion was sufficient to drive

intronic CArG, S-ttttacctaattaggaaatg-3Probes weré?P end la- transgene expression in skeletal and cardiac muscle but not in
beled and annealed. All probes were purified on a 6% acrylamide the vasculature or in any other SMC tissue. Note that in
gel, eluted in TE, and precipitated twice in ethanol. subsequent studies, a construct that contains a latgeg®n

EMSAs were performed with 2QL of binding reaction that _ ; ; PR
included=~30 pg of labeled probe, pg of SMC nuclear extract, 0.2 (up to ~2800 bps) did not result in expression in SMCs. The

0 0.6 19 of poly(dI-dC) in 1x binding buffer (10 mmol/L Tris-HCI, p2800/Lac Z .constr.uct, like p547/Lac Z, was expressed in
pH 7.5; 100 mmol/L KCI; 50 mmol/L NaCl; 1 mmol/L dithiothreitol; ~ ONly embryonic cardiac and skeletal muscle (data not shown).
1 mmol/L EDTA; and 5% glycerol). After a 30-minute incubation at The preceding observations indicated that additional re-
room temperature, the samples were subjected to electrophoresis orgions of the SMx-actin promoter were necessary for expres-
a 5% polyacrylamide gel that had been prerun at 170 V for 1 hour. sjon of SM a-actin in SMCs in vivo. Nakano et ®l
Electrophoresis was performed at 170 V in0.3BE (45 mmoliL previously reported that the first intron of the human gene had

Tris borate and 1 mmol/L EDTA). Gels were dried and exposed to _. ... PR
film for 24 to 72 hours at-70°C. For supershift studies 4L of SRF significant enhancer activity in cultured SMCs, an observa-

antibody was added after the 30-minute incubation period and the tion consistent with observations in this laboratory for the rat

reaction was incubated for an additional 15 minutes and loaded onto first intron (see Figure 4). Therefore, constructs were gener-
the gel for electrophoresis. ated from a genomic clone that included the first intron and
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Figure 2. Examination of transgene

A B C expression at E13.5. The SM a-actin
promoter/Lac Z deletion constructs

\ shown in Figure 1 were used to generate
transgenic mice with standard transgenic
procedures. Transgenic embryos at
E13.5 were stained for Lac Z expression
and a representative embryo from each
group is shown (n>4 independent
founders per group). At this embryonic
stage, SM a-actin is expressed in skele-
tal, heart, and smooth muscle. A, The
p547/Lac Z construct was highly
expressed in the heart and skeletal mus-
cle but not in SMCs. B, Inclusion of the
entire first intron (p547Int/Lac Z) that
contains a highly conserved CArG ele-
ment resulted in additional but very lim-
ited expression in the abdominal aorta
and umbilical arteries. C, Promoter
sequences from —2600 bp through the first intron (p2600Int/Lac Z) were sufficient to drive expression of the Lac Z transgene that
closely mimicked expression of endogenous SM a-actin, with staining in heart and skeletal muscle and vascular, Gl, and airway SM.

547 or 2600 bp of the '5promoter (Figure 1B and 1C). multiple SM tissues, including the aorta, carotids, multiple
Results shown in Figure 2B demonstrate that p547Int/Lac Z, small and large arteries, esophagus, stomach, intestine, blad-
like the p547 construct, was expressed highly in embryonic der, ureter, and airway SM. Examination of histological
cardiac and skeletal muscle. In addition, all independent sections from p2600Int/Lac Z animals at E10.5 to E16.5
transgenic founder embryos (E13.5) generated with this showed that Lac Z staining was highly restricted to the
construct (r=8) expressed high levels of Lac Z in the vasculature or the SMC layers of SM-containing organs as
umbilical arteries and one half showed expression in the well as to cardiac and skeletal muscle. Figure 3 shows
lower portion of the abdominal aorta. These data demon- representative sections at E16.5 with panel 3D showing
strated that the addition of the first intron to 547 bp of the 5 immunohistochemical detection of Si4actin expression for
promoter promoted transgene expression in only a small comparison. Figure 4 shows p2600Int/Lac Z expression in
subset of SMCs. various organs taken from adult mice 4 to 6 weeks of age. Lac
We next tested a transgenic construct that contained Z staining was seen in nearly all adult SM tissues examined,
sequences from-2600 bp through the first intron (p2600Int/  including the esophagus, stomach, intestine, bladder, trachea,
Lac Z). Results shown in Figure 2C demonstrated that this bronchi, and most blood vessels, including the coronary,
construct was expressed at E13.5 in a pattern that closelymesenteric, and renal vascular beds. Histological sections
followed expression of the endogenous SMactin gene, taken from adult tissues are shown in Figure 5. Note that
with staining in heart and skeletal muscle as well as in expression was completely restricted to SMCs and that the

Figure 3. Histological examination of
p2600Int/Lac Z expression at E16.5.
After Lac Z staining, embryos were fixed
overnight, embedded in paraffin, sec-
tioned at 6 to 10 um, and counter-
stained with eosin. A through C, Trans-
verse sections were taken at multiple
locations to obtain a representative sam-
ple of most SM tissues. Lac Z expres-
sion was seen in skeletal and cardiac
muscle and in nearly all SM tissues
including esophagus, bronchi, aorta,
bladder, intestine, stomach, and most
vascular beds. Note that staining in
SM-containing tissues is highly restricted
to SMCs. D, Immunohistochemical stain-
ing with an antibody specific for SM
a-actin.
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Figure 4. Expression of the p2600Int/
Lac Z transgene in adult mice. Mice that
were 4 to 6 weeks old were perfusion
fixed and their tissues were excised and
stained overnight for Lac Z expression.
Expression was observed in nearly all
SMC-containing tissues examined. A,
Portion of the intestines that shows uni-
form Lac Z staining. B, Anterior view of
the heart that shows Lac Z expression in
most if not all of the coronary vascula-
ture and outflow tracts. C, View of stom-
ach that was opened sagittally to show
staining of the stomach wall and the
gastric artery. Lac Z expression in the
esophagus was limited to the longitudi-
nal SMCs. D, Mesenteric vasculature
removed en bloc to show SMC-specific
staining of both the mesenteric arteries
and veins. E, Bladder shows intense and
uniform Lac Z expression. F, Splayed
view of the kidney after it was cut sagit-
tally to reveal Lac Z staining of the renal
vasculature and ureter. RCA indicates
right coronary artery; LCA, left coronary
artery; Ao, aorta; PA, pulmonary artery.

p2600Int/Lac Z transgene, which was highly expressed in one founder showed expression only in cardiac and skel-
skeletal and cardiac muscle during embryonic development, etal muscle during development; and one was expressed
was no longer expressed in adult skeletal or cardiac muscleonly in a small subset of skeletal muscle in the head and
cells. The latter observation is consistent with the absence ofneck. Thus, although there were clearly some modest
SM a-actin expression in these tissues in adult anifmaitel  effects of insertion site on the expression pattern of the
indicates that the-2600 to+2784 bp promoter region tested  p2600Int/Lac Z transgene in a small number of founders, a
is sufficient to confer appropriate developmental regulation high level of reproducibility of transgene expression across
of this gene in multiple cell types. Expression in most myftiple independent founder lines existed. This provides
structures was found to be homogeneous between individualsirong evidence that the observed expression pattern was

cells with most, if not all, SMC being stained. This is in  he result of sequences contained within the p2600int/Lac
contrast to previous observations with certain SM MHC and 7 .qnstruct and not insertional locus.

SM-22 promoter construds29-33 and suggests that the
{JZSQOInt/ Lacz t_ranfsggrl:;lecalsobcontal?hs St’Lr']ﬁ'C'eEt 'nfor?at'ort' CArG Mutations Attenuated the Activity of
0 crive expression In subtypes that have been shown c’p2600|nt/Lac Z Activity in Cultured SMCs

:gffcr;n\t/:ﬂrlzne;prszi gmgiiszruflw MHC transgenic con- Previous studies demonstrated that CArGs A and B (when
9 | contained within a construct that contained either 125 or 547

A total of 10 independent founder lines were established . .
. . bp of the B promoter region) were absolutely required for
with the p2600Int/Lac Z construct. Of these, six showed T :
expression in SMC cultured.However, the transgenic re-

expression patterns during embryonic development, and as -
P P g y P sults shown above demonstrate that additional sequences,

adults, that virtually mimicked expression of the endoge- ; - o )

nous SM a-actin gene with two exceptions. Only one including the CArG-containing first intron, are required for

founder exhibited expression in uterine SMC, and most expression in vivo. Therefore, to measure the transcriptional
activity of the first intron and to test the effects of mutations

founders showed relatively low expression in small cranial : ) )
arteries during development. However, in adult animals, to CArGs A and B and the intronic CArG in the context of the

we consistently detected expression in the basilar artery Promoter region shown to be sufficient for in vivo expression,
and other cerebral vessels (data not shown) in each of theseVe transfected cultured rat SMCs with equimolar amounts of
six independent founders, which suggests that develop-the deletion or site-directed mutant constructs shown in
mental signals may be important for expression of the Figure 6. Results demonstrated that the first intron had
p2600Int/Lac Z transgene in some SMC subtypes. Of the significant transcriptional activity in the-547 and—2600
four remaining founders, two showed high expression in context and that mutation of either CArG A or B or the
all vascular SMCs but only limited expression in SM- intronic CArG decreased p2600Int/Lac Z activity in cultured
containing organs such as stomach, intestine, and bladder;SMCs.
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in various adult SM-containing tissues. Mice 4 to 6 weeks old
were perfusion-fixed, and their tissues were excised and stained
overnight for Lac Z expression. After Lac Z staining, tissues
were further fixed overnight, embedded in paraffin, sectioned at
6 to 10 um, and counterstained with eosin. A, Section of thigh
muscle skeletal muscle that shows Lac Z expression in a femo-
ral artery and vein. Note that in adult animals, the p2600Int/Lac
Z transgene was not expressed in skeletal muscle. B, Cross-
section of the aorta that shows nearly uniform Lac Z expression
in multiple SMC layers. C, Transverse section of the kidney that
shows SMC-specific staining in the large renal arteries as well

as smaller renal arterioles.

SRF Bound the Intronic CArG

EMSA supershift analysis was performed to determine
whether the intronic CArG, like CArGs A and B, binds SRF
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their internal A/T rich nucleotide regiéh and that such
substitutions lower SRF binding affinigj.

CArG B Was Required for Expression of the
p2600Int/Lac Z Transgene in Skeletal, Cardiac,

and Smooth Muscle at E13.5, Whereas the

Intronic CArG Was Required Only in SMCs

Results from our transgenic analyses of the SMactin
promoter demonstrated that the first intron was required for
transgene expression in SMCs. Combined with the cell
culture studies described above, these results suggest that the
intronic CArG, and perhaps CArGs A and B, are required for
expression of SMx-actin in SMCs in vivo. Therefore, we
tested whether CArG mutations affected expression of the
p2600iInt/Lac Z transgene in developing embryos and in adult
mice. At least five independent founder lines were generated
for each CArG mutant construct. Results shown in Figure 8
compare the effects of CArG mutations on Lac Z expression
in mouse embryos at E13.5 when the endogenousxSidtin
gene and our p2600Int/Lac Z transgene (wt) is expressed in
all three muscle cell types. Mutation of CArG B (B mut)
completely abolished Lac Z expression in all three muscle
cell types, which indicated that it is absolutely required for
SM «a-actin expression. Of major significance, mutation of
the intronic CArG (Int mut) had no effect on cardiac or
skeletal muscle expression but completely abolished expres-
sion in all SM tissues, which indicated that it is required for
expression in SMCs but not in cardiac and skeletal muscle.
Mutation of CArG A had no visible effect on staining in
skeletal or heart muscle, but reduced or eliminated staining in
some SM tissues (data not shown). However, these effects
varied somewhat between founders, which suggested that the
activity of this construct was somewhat sensitive to the site of
transgene insertion.

Mutations to CArG B and the Intronic CArG

Abolished Expression of the p2600Int/Lac Z
Transgene in SMCs in Adult Mice

To determine whether CArG elements are also required for
expression in adult mice, we compared the expression of the
wild-type p2600Int/Lac Z transgene construct and respective
CArG mutants in 4- to 6-week-old mice (Figure 8). Results
demonstrated that mutation of CArG B or the intronic CArG
abolished expression in SMCs from all tissues, including
trachea, lung, bladder, stomach, and intestine, and from all
blood vessels, including the aorta, carotids, and coronary
mesenteric, renal, and skeletal muscle arteries. Interestingly,
in many founder lines, mutation of CArG A eliminated
expression in SM organs and large vessels such as the aorta
and carotids but only partially inhibited expression in smaller
vessels such as those found in the mesenteric and skeletal
muscle vascular beds.

Discussion

(Figure 7). Results demonstrated that SRF bound to the Because it is well established that many of the factors that
intronic CArG (lanes 3 and 6). The intronic CArG appeared affect SMC differentiation and the transcription of SMC-
to bind SRF more avidly than CArGs A and B (compare lane specific genes cannot be reproduced accurately in cultured
3 with lanes 1 and 2), a result that is consistent with the fact SMCs, the goal of the present study was to identify mecha-
that these CArGs contain a conserved G or C substitution in nisms that regulate SM-actin expression in vivo in trans-
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genic mice. Results demonstrated that the &#ctin first
intron was required for expression of a Lac Z transgene in
SMC and that the promoter regions fron2600 bp through
the first intron were sufficient to drive transgene expression
in a pattern virtually identical to that of the endogenous gene.
We also provided clear evidence that Sivactin expression

is CArG-dependent and that SMC-specific regulation re-
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Figure 7. EMSA analysis of SRF binding to the intronic CArG.
SMC nuclear extracts (5 ng) were incubated for 20 minutes with
20 bp radiolabeled CArG A, CarG B, or intronic CArG gel shift
probes. In lanes 4 to 6, SRF antibodies were added and the
incubation was continued for 15 minutes. Samples were then
loaded on a 5% nondenaturing polyacrylamide gel and electro-
phoresed at 170 V for 2 hours. Results demonstrated that SRF
does bind to the intronic CArG (lanes 3 and 6) and that SRF
bound the intronic CArG more avidly than CArGs A and B (com-
pare lane 3 with lanes 1 and 2).

Figure 6. The effects of CArG mutations on
p2600Int/Lac Z activity in cultured SMCs. Cul-
tured rat SMCs (see Materials and Methods)
were transfected with equimolar amounts of
the indicated deletion or site-directed mutant
constructs. After 48 hours, cells were lysed and
galactosidase activity was measured spectro-
photometrically. Galactosidase activity (+SD) is
expressed relative to the baseline galactosi-
dase activity of a promoterless galactosidase
construct set to 1. The first intron had signifi-
cant transcriptional activity in the —547 and
—2600 context, and mutation of either CArG A
or B or the intronic CArG greatly decreased
p2600Int/Lac Z activity. Mutated CArG
sequences were as follows: CArG A, 5'-AATT-
GTTTAA; CArG B, CCCTATATCA; and intronic
CArG, AATAATTAAA.

B mutant
Int mutant

quires unique cooperative interactions between the intronic
CArG and CArGs A and B.

Results of our transgenic analyses illustrated a number of
interesting features of SM-actin gene regulation that both
confirm and extend previous observations in cultured SMCs
but also point out some key differences. First, these results
provide clear evidence that shows that GMctin expression
is differentially regulated depending on cell type. Previous
studies from our laboratory demonstrated that 2800 bp of the
SM «a-actin 5 promoter were sufficient to drive high-level
expression of SMy-actin only in cultured SMCs or other cell
types such as L6 myotubes that are known to express their
endogenous geriél4 In contrast, this same construct was
completely inactive in a variety of cell types, such as
endothelial cells and AKR2B fibroblasts that do not express
SM «a-actin* The results presented in this study demon-
strated that neither the p2800/Lac Z nor the p547/Lac Z
transgenes were expressed in SMCs in vivo. However, these
same constructs were expressed highly in embryonic skeletal
and heart muscle, which are known to express &fdctin
during embryonic developmehtMore extensive promoter
analyses provided conclusive evidence that both the first
intron and sequences from547 to —2600 bp contain
promoter elements required for transgenic expression in
SMCs. When combined with the results of Wang et al, who
used a mouse SM-actin promoter fragment from1100 bp
through the first intron to overexpress IGF-1 in SMCs in vivo,
our data suggest that the promoter region freB47 through
—1100 bp containsis elements necessary for expression of
SM «-actin in vivo. However, because of poorly defined
differences between the sensitivities of the in situ methods
used by Wang and the Lac Z detection methods used in our
studies, it is difficult to make direct comparisons between
these two model systems. Second, the differences in activity
of promoter constructs in cultured SMCs versus in transgenic
mice further emphasize the critical importance of studying
SMC gene regulation in transgenic animals in order to
reproduce complex local environmental cues that are neces-
sary for SMC differentiation (ie, matrix interactions, neuronal
and hormonal input, and mechanical stresses). Third, our
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Figure 8. Effects of mutations to CArG
Wt B mut Int mut B and the intronic CArG on the expres-
sion of the p2600Int/LacZ transgene at
E13.5. Site-directed CArG mutations that
have previously been shown to abolish
SRF binding in vitro were made to CArG
B and the intronic CArG in the p2600Int/
Lac Z transgene construct. Transgenic
mice were generated as described previ-
ously and stained for Lac Z expression
at E13.5. Lac Z expression in wild-type
(Wt) embryos was indicative of endoge-
nous SM «a-actin expression. Mutation to
CArG B (B mut) completely abolished
Lac Z expression in all muscle cell
types. Mutation to the intron CArG (Int
mut) had no effect on skeletal muscle
expression but did eliminate expression
in all smooth muscle. UA indicates
umbilical artery. Mutated CArG sequences were as follows: CArG B, CCCTATATCA,; intronic CArG, AATAATTAAA.

Sk. Muscl Sk. Muscle

AT Y ®o®
:

UA

transgenic studies extend results of previous studies in cell attractive vector for gene therapies targeted to SM-containing
cultureto-14.16.17.40.41hy providing evidence that specificis tissues.
elements exhibit cell-type—specific activity in vivo. For ex- These studies are the first to report the activity of the SM
ample, the intronic CArG was absolutely required for expres- a-actin CArG elements in vivo and provide several interest-
sion in SMCs but not in skeletal and cardiac muscle during ing findings concerning CArG-dependent regulation of SM
development. A key unresolved issue will be to determine the a-actin expression. First, CArG B was absolutely required for
precise combinatorial interactions afs and trans acting in vivo expression in all three muscle cell types and may be
factors that are required for expression in the various cell- the only CArG element required for transcriptional activity in
types that express SM-actin under different physiological ~ Skeletal and cardiac muscle during embryonic development.
and pathophysiological conditions. Second, CArG A, which is a much weaker CArG because it
Because of the qualitative nature of Lac Z analysis in Pinds SRF poorly, was required for expression in nearly all
transgenic animals, the possibility of insertional variegation, SMC tissues except for the smaller resistance vessels (Figure
and known SMC heterogeneity, considerable caution must be9)- Although SMCs within large and small vessels are
used when analyzing expression patterns among differentPelieved to be derived from a common mesenchymal
transgenic promoters and even among independent founderSCUrce:” unknown differences in SMC lineage could contrib-
lines that contain the same transgene. Nevertheless, it isl?te to t.hese differences in tra_nsgene express_|on. AIterr_la-
interesting that expression of the p2600Int/Lac Z transgene tively, d|ffere_nces may be ascr!bed to known differences in
was readily detected in nearly all SM tissues in 6 of 10 hemodynamic and/or other environmental stresses that could
independent founder lines, and expression in those lines was

possibly regulate SMa-actin expression independent of
remarkably homogeneous both between and within SMC C_ArG A The_ effects of the CATG A and B mutations on in
. . . . . vivo expression of the SMe-actin transgene are somewhat
populations. Recently published transgenic studies with other . ; \
. . . analogous to the effects of mutations to the “near’141)
SMC marker gene promoters resulted in considerably differ- o . .
. . . and “far” (—264) CArGs described in the SM-22 promot-
ent patterns of SMC expression and provided evidence for
significant SMC heterogeneity. For example, a transgene

er29:30]|n those studies, mutation of the “strong” near CArG
X abolished expression in all cell types, whereas mutation of the
driven by 441 or 1110 bp of the SM-22 promoter, although P yb
expressed in arterial SMCs, was not expressed in any other,

much “weaker” far CArG had only limited effects on expres-
; - sion. Third, we showed that the intronic CArG functioned as
SM tissueg2-3°|n addition, a Lac Z transgene construct under
the control of the SM MHC promoter region from4299

an SMC-specific enhancer-like element that was required for

: k expression in SMCs but not in embryonic skeletal and cardiac
through+11 600 bp was expressed in most SMC tissues but ,,scle. SRF was shown to bind intronic CArG more avidly
lacked any detectable activity in the renal and pulmonary ihan CArGs A and B (Figure 6), suggesting that SRF binding
vasculature and also showed significant cell-to-cell heteroge- {5 the SMa-actin promoter may be rate limiting in SMCs in
neity between SMCs within the same tissaé\lthough the yjyo, thus making the presence of the strong intronic CArG
apparent homogeneity of expression observed could simply required for expression. It is also possible that the intronic
be a function of the relative strength of the SMactin CArG or other elements within the first intron that interact
promoter, they also indicate that the p2600int/Lac Z trans- with the intronic CArG recruit SMC-specific factors that are
gene contains sufficient information to drive expression in required for SMa-actin expression in vivo. Although we did
nearly all SMC types and that some transcriptional regulatory not detect such a factor in our gel shift analyses, this was not
pathways such as those involving the CArGs may be common surprising because we only used 20 bp intronic CArG oligos
to all SMC subtypes. Finally, it is worth noting that the high as shift probes.
level of SMC-specific expression observed with the The requirement of multiple CArGs for p2600Int/Lac Z
p2600Int/Lac Z transgene in adult animals may make it an expression in SMCs and the fact that the CArGs have
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B mut Int mut A mut
R
P 48 &
¢ B
W _— S \ o Figure 9. Effects of mutations to CArGs
sop -y Esoph A and B and the intronic CArG on the
expression of the p2600Int/Lac Z trans-
B mut Int mut . A mut gene in adult mice. Adult lung, aorta,

and skeletal muscle, from Wt and CArG
mutant mice were processed as previ-
ously described and results of staining
for Lac Z expression are shown. Muta-
tion to CArG B (B mut) and the intronic
CArG (Int mut) abolished expression in
SMCs from all tissues and vascular
beds. In contrast, mutation to CArG A (A
mut) eliminated expression in smooth
muscle organs and large vessels such
B mut Int mut A mut as the aorta but only partially inhibited
expression in smaller blood vessels.
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