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Physiological expression of the cardiac muscle myosin light-chain 2 (MLC-2) gene in chickens is restricted to
cardiac muscle tissue only, at least during the late embryonic to adult stages of development. The mechanism
by which cardiac MLC-2 gene expression is repressed in differentiated noncardiac muscle tissues is unknown.
Using sequential 5'-deletion mutants of the cardiac MLC-2 promoter introduced into primary skeletal muscle
cells in culture, we have demonstrated that a 89-bp region, designated the cardiac-specific sequence (CSS), is
essential for repression of cardiac MLC-2 expression in skeletal muscle. Removal of the CSS sequence alone
allows transcription in skeletal muscle cells without affecting the transcriptional activity of the promoter in
cardiac muscle cells. DNase I footprinting and gel shift assays indicate that protein binding to sequences in the
CSS domain occurs readily in nuclear extracts obtained from skeletal muscle but not in extracts isolated under
identical conditions from cardiac muscle. Thus, it appears that a negative regulatory mechanism accounts for
the lack of expression of the cardiac MLC-2 gene in skeletal muscle and that the CSS element and its binding
proteins are important functional components of the regulatory apparatus which ensures the developmental

program for cardiac tissue-specific gene expression.

The mechanism of regulation of tissue- and developmental
stage-specific expression of eukaryotic genes involves spe-
cific interactions of cis-acting DNA segments with regula-
tory protein factors (see references 42, 45, and 53 for
reviews). Among the cis-acting elements, enhancers, con-
served promoter elements such as TATA, CAAT, and SP-1
binding sites, and several nonconserved regulatory elements
(10, 38, 42, 45, 68) have been characterized. Protein factors
that interact with these and other target DNAs with se-
quence specificity have been identified (3, 10, 11, 22, 33, 34,
41, 47, 50, 52, 61, 62, 68). Genes containing positive and
negative regulatory elements are known (5, 18, 28, 51, 54, 55,
65, 72), and it is understood that a concerted activity of both
positive and negative cis-acting elements and their interac-
tion with factors ensure cell specificity and the appropriate
level of expression during development (2, 4, 9, 12, 69, 70).

The genes for muscle contractile proteins are differentially
expressed in different muscle and nonmuscle cell types and
provide a useful system for investigation of regulatory mech-
anisms (see references 21 and 64 for reviews). Several
cis-acting elements have been implicated in regulation of
muscle tissue-specific transcription (4, 8, 17, 28, 29, 32, 35,
40, 63, 66, 67). Among these elements, an evolutionarily
conserved element, CC(A/T)(GG (CArG box or C/BAR),
has been assigned a role in up regulation of muscle tissue-
specific gene transcription (4, 46), and an enhancer element
in the creatine kinase gene, which recognizes a myocyte-
specific enhancer-binding factor (MEF-2) in skeletal muscle,
has been described (25). The cardiac troponin T promoter
contains two copies of a conserved motif, M-CAT, which are
involved in muscle tissue specificity (43). However, not all
muscle genes have homologies to MEF and M-CAT se-
quences, and no single element(s) or factor(s) has been
identified that would suggest the existence of a common
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regulatory mechanism for muscle tissue-specific transcrip-
tion. The discovery of several skeletal muscle-specific deter-
mination and differentiation factors, including myogenin
(20), MyoDI (14), and Myf-5 (7), has provided a key step
toward an understanding of myogenic lineage, and the data
suggest that these factors may be involved in mechanisms by
which expression of diverse genes is regulated. The lack of
expression of these factors in cardiac muscle, however,
appears to preclude their requirement for cardiac muscle
development (20, 59).

The physiological expression of cardiac myosin light-chain
2 (MLC-2) is restricted to cardiac cells, at least in the late
embryonic to adult stages (1, 57). However, it is believed
that the cardiac MLC isoforms appear in both the cardiac
and skeletal tissues during early fetal cell development (71),
suggesting that the cardiac MLC-2 gene is capable of expres-
sion in early development but is repressed in late embryonic
and adult noncardiac muscle tissues. To define the mecha-
nism which controls the cardiac tissue- and developmental
stage-specific expression of the cardiac MLC-2 gene, or its
lack of expression in skeletal muscle, we isolated and
characterized the chicken (75) and rat (30) cardiac MLC-2
genes. The promoters of the two genes share identical
upstream nucleotide elements in the proximal promoter
region of =70 bp, which is sufficient for the optimal level of
transcription in muscle cells (8, 76). However, the proximal
promoter alone does not confer cardiac muscle tissue spec-
ificity (see below). In this study, we have identified an
upstream domain, designated the cardiac-specific sequence
(CSS), located between —282 to —371 bp in the chicken
MLC-2 gene, which is required for repression of MLC-2
promoter activity in skeletal muscle cells in transient expres-
sion assays. Deletion of the CSS domain alone allows
transcription of the cardiac MLC-2 promoter in skeletal
muscle without affecting the activity in cardiac muscle. By
using DNase I footprinting and gel shift assays, we detected
CSS-specific nuclear protein factors (CSFs) in skeletal mus-
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cle cells but not at the same level in cardiac extracts isolated
under identical conditions, suggesting that the interaction of
CSFs with the CSS element is involved in negative transcrip-
tional regulational of the cardiac MLC-2 gene in skeletal
muscle. Thus, on the basis of the repressor activity of the
CSS element and the presence of CSFs in skeletal muscle,
we believe that the CSS and CSFs serve as important
regulatory components of a complex mechanism which
ensures the developmental program for cardiac tissue-spe-
cific expression of the MLC-2 gene.

MATERIALS AND METHODS

Cell culture. Heart and skeletal (thigh) muscle tissues
excised from 13-day-old chicken embryos were used to
prepare primary cell cultures. Heart tissue isolated asepti-
cally was washed with phosphate-buffered saline (PBS), and
cells were dissociated by successive digestion with 0.1%
pancreatin. Dissociated cells from the first treatment were
discarded, and those from the subsequent three treatments
were combined, washed, and resuspended in growth me-
dium (F-10; 10% fetal bovine serum [FBS], 10% horse
serum, 100 U of penicillin per ml, 100 U of streptomycin per
ml). Skeletal myoblasts were prepared by mechanically
dissociating the tissue from the thigh muscle of the same
embryo, and cells were cultured as described by Grichnik et
al. (27), with minor modifications. The medium for skeletal
myoblast contains 10% horse serum, 2% chicken serum, 100
U of penicillin per ml, and 100 U of streptomycin per ml.
Both cell cultures were plated at a density of 1.5 x 10° cells
per 100-mm plate. The cell line H9C2 (39) was grown in
Dulbecco modified Eagle medium (DMEM)-10% FBS-1%
penicillin-streptomycin, and the mouse skeletal muscle cell
line C2C12 was cultured in DMEM-10% FBS-1% penicillin-
streptomycin and plated at a density of 10° cells per 100-mm
plate.

Transfection of cells and CAT assay. Cells were transfected
by the calcium phosphate precipitation method (24). One day
before transfection, cells were plated as described above and
refed with fresh medium 3 h prior to the addition of DNA.
Calcium phosphate-DNA precipitate was added, and 3 h
later the medium was replaced with fresh medium; 20 pg of
plasmid DNA per plate was used in each case. Cells were
harvested after 48 h to prepare cell extracts. Chloramphen-
icol acetyltransferase (CAT) expression was assayed as
described by Gorman et al. (24). The protein concentration
of each cell extract was measured, and equal amounts of
protein were used for all assays. To ensure reproducibility,
experiments were repeated three to five times, using at least
three different DNA preparations. When variations were
encountered, results were expressed after normalization of
DNA uptake, using a cotransfectant plasmid containing the
luciferase-coding sequence (15).

Construction of deletion mutants. The construction of
plasmid pLC106CAT, previously designated pLCS5.2CAT,
containing =1.3 kb of 5’-flanking sequence of the chicken
cardiac MLC-2 gene fused to the CAT-coding sequence, was
described earlier (75). pLC106CAT was linearized with Sacl
and treated with Bal 31 for different lengths of time, and the
deleted DNAs were then digested with Bgll. The Bgll-
HindIIl fragment containing the ampicillin resistance gene
and the origin of replication obtained from pSVOCAT was
ligated to the Bal 31-digested fragments and used to trans-
form Escherichia coli HB101. The transformants were ana-
lyzed by restriction digestion with Ndel and EcoRI, and the
deletion sites were confirmed by sequence analysis.
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To construct the internal deletion mutant pLC431ACSS
CAT, pLC431CAT was digested with Xhol and blunt ended
by using the Klenow fragment of DNA polymerase 1. The
linearized pLC431CAT was digested with Ndel, and the
resulting fragments were separated on an agarose gel. The
small Ndel-Xhol fragment was then digested with Rsal, and
the purified Ndel-Rsal fragment was ligated to the large
Ndel-Xhol DNA vector described above. The resulting
CSS-free plasmid is designated pLC431ACSSCAT.

Nucleotide sequence analysis of recombinant DNA mole-
cules. Nucleotide sequence analysis of the recombinant
DNA molecules was performed according to Maxam and
Gilbert (44) or by the dideoxynucleotide procedure of Sanger
et al. (58) by using Sequenase (U.S. Biochemical Corp.) as
instructed by the supplier.

Preparation of nuclear extracts. Nuclear extracts were
prepared by a modification of the method of Dignam et al.
(16). All steps were performed at 4°C. Confluent cells were
washed with PBS twice, resuspended in 10 mM N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH
7.5-10 mM KCI-1.5 mM MgCL,-0.5 mm dithiothreitol
(DTT), and lysed with 10 strokes in a Teflon homogenizer.
The cell lysate was centrifuged at 12,000 X g for 20 min, and
the nuclear pellet was suspended in 20 mM HEPES (pH
7.5420 mM NaCl-1.5 mM MgCl,-0.2 mM EDTA-0.5 mM
phenylmethylsulfonyl fluoride (PMSF)-0.5 mM DTT-25%
glycerol and lysed as described above. The nuclear lysate
was centrifuged at 12,000 X g for 30 min; the supernatant
was dialyzed against 20 mM HEPES (pH 7.5)-100 mM
KCl-0.2 mM EDTA-0.5 mM PMSF-0.5 mM DTT-20%
glycerol and centrifuged at 12,000 X g for 5 min. The extract
usually contained 4 pg of protein per pl and remained stable
in liquid nitrogen for several months.

DNase I footprinting assay. DNase I footprinting was
performed essentially as described by Jones et al. (36). A
32p_end-labeled DNA fragment of 161 bp obtained from
deletion mutant pLC371CAT was incubated with crude
nuclear extracts (100 pg of protein each) of cardiac and
skeletal myocytes in 50 pl of reaction buffer containing 20
mM HEPES (pH 7.9), 5 mM MgCl,, 0.1 mM EDTA, 50 mM
KCl, 0.5 mM DTT, and 10% glycerol. Following incubation
at room temperature for 45 min, DNase I digestion was
performed with freshly diluted DNase I (1 U/ul; Bethesda
Research Laboratories) for 60 s. The reaction was termi-
nated by addition of 100 pl of buffer containing 200 mM
NacCl, 20 mM EDTA, 1% sodium dodecyl sulfate, and 20 pg
of carrier tRNA per ml. The mixture was subjected to
phenol-chloroform extraction and analyzed on an 8% se-
quencing gel.

Gel shift assay. Double-stranded DNA fragments obtained
by digestion of plasmid DNA with restriction enzymes were
radiolabeled at the 5’ end by polynucleotide kinase and
[y->P]ATP and used for the binding assay. DNA fragments
(2,000 cpm), 2 pg of poly(dI-dC), and 6 pg of nuclear extract
protein were incubated in 10 mM HEPES (pH 7.5)-50 mM
KCl-5 mM MgCl,-0.5 mM EDTA-1 mM DTT-12.5% glyc-
erol at room temperature for 30 min and separated on an 8%
polyacrylamide gel with circulating Tris-borate buffer.

RESULTS

Tissue-specific expression of cardiac MLC-2 promoter/CAT
recombinants. Consistent with the physiological expression
of cardiac MLC-2, we have observed that the cardiac MLC-2
gene promoter fused to the CAT-coding sequence is ex-
pressed in cardiac but not skeletal muscle cells in a transient
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FIG. 1. Differential expression of plasmid pLC106CAT in
chicken primary muscle cells. Chicken primary cardiac (lanes a to c)
and skeletal (lanes d to f) myoblasts in culture were transfected with
pLC106CAT containing the =1.3-kb 5'-flanking region of the
chicken MLC-2 gene fused to the CAT-coding sequence. Cell
extracts were processed for CAT assays as described in Materials
and Methods. pSVOCAT and pSV2CAT were used as negative and
positive controls, respectively.

expression assay. Figure 1 shows CAT expression with
extracts from 13-day-old primary cultures of chicken cardiac
muscle cells transfected with pLC106CAT DNA. Plasmid
pLC106CAT has a =1.3-kb DNA segment containing the
promoter and 5’-flanking region of the cardiac MLC-2 gene
fused to the CAT reporter sequence (75). No CAT activity
was observed in skeletal muscle cells prepared from the
same embryos in repeated transfections under identical
conditions. This was true when the transfected cells were
assayed for CAT expression either as proliferating myo-
blasts or as differentiated and multinucleated myotubes.
Chicken fibroblast cells in culture, NIH 3T3 and HeL a cells,
and the mouse and rat skeletal muscle cell lines L6 and
C2C12 (see below) were also inactive for CAT expression
driven by the MLC-2 promoter (data not shown). Several
precautions were taken to minimize variations in CAT
expression (see Materials and Methods). Equal amounts of
protein extracts were used in duplicate from different plas-
mid preparations. Normalization of data for DNA uptake
and quantitation of assays by scanning of underexposed
films, direct measurements of radioactivity, or both indi-
cated that variations were less than 12% in experiments done
under identical conditions. Fibroblasts were routinely re-
moved by differential attachment. To further exclude the
possibility of artifacts caused by contaminating fibroblasts,
transfection was also done in mouse skeletal muscle (C2C12)
and rat cardiac muscle (H9C2) cell lines. Although derived
from rat cardiac muscle, H9C2 is in several respects similar
to skeletal muscle (39). Nevertheless, it was shown to
support human cardiac a-actin gene expression and its
regulation in transient transfection assays (31). The con-
struct pLC106CAT did not express in the skeletal muscle
cell line C2C12, whereas H9C2 cells supported MLC-2/CAT
expression (Fig. 2). The lack of expression of cardiac MLC-
2/CAT constructs in skeletal muscle cell lines is in agreement
with earlier observations (1).

The cardiac MLC-2 promoter contains a transcriptional
repressor element. To localize the cis element potentially
involved in repression of MLC-2 gene activity in skeletal
cells, a series of unidirectional 5'-deletion mutants was
constructed (Fig. 3) and tested for CAT expression in both
cardiac and skeletal primary cells in culture under identical
conditions (Fig. 4). We started our deletions from =500 bp
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FIG. 2. MLC-2/CAT expression in cell lines C2C12 and H9C2.
Plasmids pLC106CAT and pLC217CAT, containing =1.3 kb and 217
bp, respectively, of the 5'-flanking region of the MLC-2 promoter,
were used to transfect mouse skeletal C2C12 (A) and rat cardiac
H9C2 (B) myoblasts. Cell extracts obtained from differentiated
myocytes 48 h after transfection were processed for CAT assays
(see Materials and Methods). pSV2CAT and pSVOCAT served as
positive and negative controls, respectively.

upstream of the mRNA start site, assuming that tissue-
specific regulatory elements are located within this domain
in the MLC-2 gene as found in the a-cardiac actin gene (26,
46). Tissue-specific expression of the promoter is maintained
up to —410 bp relative to the mRNA start site, since plasmid
pLC410CAT was active in cardiac cells but not in skeletal
cells. On the other hand, plasmid pLC217CAT promoted
almost the same level of CAT activity in both cardiac and
skeletal primary muscle cells in culture. However, pLC217
CAT was consistently less active (=45%) than pLC410CAT
and pLC162CAT in both types of muscle cells, suggesting
the existence of a positive regulatory element(s) within this
domain. The presence of multiple positive and negative
regulatory elements within 300 bp relative to the mRNA site
in MLC-2 has previously been noted (8, 76). After normal-
ization of the data (see Materials and Methods), the level of
pLC162CAT expression was higher in cardiac muscle than in
skeletal cells (cardiac/skeletal = 1.27 + 0.09).

Additional unidirectional deletion mutants were tested for
promoter activity (Fig. 5). Plasmids pLC410CAT, pLC381
CAT, and pLC371CAT, containing 410, 381, and 371 bp,
respectively, of the 5'-flanking region, failed to express in
skeletal muscle, whereas pLC282CAT and pLC264CAT,
containing 282 and 264 bp, respectively, of the 5'-flanking
region, promoted CAT expression effectively. The data in
Fig. 5 represent averages of three separateé experiments
using two separate plasmid preparations. CAT activity is
expressed as percent conversion of [**C]chloramphenicol in
each assay normalized to the level of pSV2CAT (24), used as
a positive control. These results thus delimited a region,
designated CSS, located between —371 and —282, which
appears to be essential for repression of MLC-2 gene pro-
moter activity in skeletal muscle cells. The sequences of the
CSS domain and of other putative regulatory elements
identified recently in our laboratory (41a) are shown in Fig.
6. The transcription start site in the MLC-2 gene (Fig. 6),
established previously in this laboratory following transfec-
tion of COS cells, is 14 bp upstream of that proposed by
Arnold et al. (1). Although variations in transcription starts
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FIG. 3. Construction of various 5'-deletion mutants. The Sacl-linearized DNA of the parent plasmid pLC106CAT was digested with Bal
31 for different time periods and digested with Bgll. The digestion products were ligated to a Bgll-HindIII fragment of pSVOCAT and
subsequently transformed into E. coli HB101. The cloned deletion mutants were analyzed by restriction mapping, and the deletion sites
indicated were identified by nucleotide sequence determination. Restriction sites: S, Sacl; X, Xhol; P, Pst1; H, HindlIIl. A, B, and C are the

functional domains in the proximal MLC-2 gene promoter (41a).

are known to occur in different host cells, the potential of
two promoters in the MLC-2 gene would need to be estab-
lished. We arbitrarily use the +1 site identified in our
laboratory for the purpose of this study.

The role of the CSS domain was also documented by an
internal deletion of 112 bp, encompassing the CSS segment,
from plasmid pLC431CAT. The resultant plasmid, pLC431
ACSSCAT (see Materials and Methods), was tested for CAT
expression as described above. The internal deletion of the
sequence from —339 to —227 alone in plasmid pLC431A
CSSCAT removed the repressor effect, resulting in expres-
sion of the MLC-2 promoter in skeletal muscle cells (Fig. 7).
Removal of the CSS sequence had no deleterious effect on
CAT expression in cardiac cells. Two separate transfections
were done using separate plasmid preparations, and identical
results were obtained. To exclude the possible effects of the
sequence upstream to —431, we also removed the CSS-
containing fragment from the parent plasmid pLC106CAT
and obtained identical results (data not shown).

The CSS domain contains DNA-binding sites for skeletal
muscle nuclear factors. DNase I footprinting was performed
on the CSS-containing DNA segment of the MLC-2 pro-
moter to demonstrate interaction with putative regulatory
protein factors in nuclear extracts isolated from skeletal and
cardiac myocytes. We used a 161-bp DNA fragment ob-
tained by Xhol-EcoRI digestion of the parent plasmid con-
taining the entire CSS sequence. The nuclear extracts were

prepared under identical conditions from well-differentiated
skeletal and cardiac myocytes. The results (Fig. 8) indicate
that extracts from skeletal muscle cells protect the DNA
sequence spanning a region from —271 to —309 with inter-
mittent hypersensitive sites. Two areas of protection (II and
III), located between —271 and —278 (5'-AGATAACC-3')
and between —289 and —295 (5'-GGGCACA-3’), are visible,
and a third region (I) with a weak protection was observed at
—299 to —309 (5'-GCACCGTGACG-3’). No other protec-
tion area was found. The lack of defined protection by
several cardiac extracts prepared under identical conditions
suggests that the CSFs are either absent or present in
amounts below the threshold level required for DNA binding
in cardiac muscle cells (see Discussion).

Nuclear extracts isolated from cardiac and skeletal muscle
cells were also tested by mobility shift assays for binding to
the 161-bp DNA containing the CSS element as described
above. Equal amounts of nuclear proteins prepared under
identical conditions were used for all assays. At least three
and possibly four different complexes were obtained with
extracts of skeletal muscle cells (Fig. 9). The cardiac muscle
extracts were relatively inactive. To ascertain whether the
absence of defined complexes in the cardiac extracts reflects
the absence of CSFs and not poor activity of the extract
itself, we tested another DNA probe containing the element
A sequence, which binds to multiple proteins present in both
cardiac and skeletal cells (41a). The element A-specific
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FIG. 4. Analysis of CAT activities of 5'-deletion mutants in
chicken cardiac and skeletal myoblasts. Various 5’-deletion mutants
derived from pLC106CAT by Bal 31 digestion as described in the
legend to Fig. 3 and Materials and Methods were used to transfect
primary cultures of chicken cardiac and skeletal cells prepared from
13-day-old chicken embryos. CAT activity was analyzed 48 h
posttransfection.

complexes were produced in approximately equal intensity
in both extracts (data not shown). Oligonucleotides of 70 and
30 bases, containing the sequences in protection areas I plus
II and III, respectively (Fig. 8), were synthesized and used
as competitors in the binding assay. Protein complexes I and
IIT were inhibited effectively by the 70-mer but not by the
37-mer, indicating that complexes I and III are produced by
protein binding to sequences in protection areas I and II
(Fig. 8).

These data, taken together, suggest that a negative tran-
scriptional mechanism operates in skeletal muscle cells
which represses transcription of the cardiac ML.C-2 gene by
way of binding of repressor proteins to a specific sequence
element in protection areas 1 and II in the CSS domain.
Further experiments, in progress, on functional characteri-
zation of the sequences with purified binding proteins will
clarify the precise role(s) of the individual factors in control
of cardiac tissue-specific transcription.

DISCUSSION

The tissue- and developmental stage-specific expression of
muscle proteins is accompanied by a complex array of gene
switches during myogenic differentiation (see reference 19),
which suggests that both activation and repression of gene
expression are involved in control mechanisms operating in
developing muscles. There are multiple examples in which
accumulation of contractile muscle gene products is directly
attributable to activation of gene transcription. However,

MoL. CELL. BioL.
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FIG. 5. Relative CAT activities of 5’'-deletion mutants. Relative
CAT activity represents the conversion of [**C]chloramphenicol
into its acetyl derivatives. Spots corresponding to chloramphenicol
and its acetylated derivatives were cut out from the thin-layer
chromatography plates, and radioactivity was measured. The rela-
tive CAT activity of each deletion mutant (20 pg per plate) is
expressed as percentage of the average activity obtained by trans-
fection of cardiac and skeletal cells by pSV2CAT (20 pg per plate).
Deletion mutants were obtained by unidirectional 5’ deletion of
pLC106CAT by Bal 31 endonuclease as shown in Fig. 3.

little is known about the process by which muscle gene
products are repressed. Cardiac MLC-2 gene expression
provides an excellent opportunity for investigation of these
mechanisms, since the physiological expression of MLC-2 is
restricted to cardiac muscle tissue in the late embryonic to
adult stages, although it appears that during early develop-
ment the cardiac MLC isoforms are present in noncardiac
myogenic cells as well. The goal of the experiments pre-
sented here was to define the regulatory element(s) respon-
sible for lack of expression of the cardiac MLC-2 gene in
skeletal muscle.

Through the use of 5'-deletion mutants of the cardiac
MLC-2 gene, we have established that the repression of
MLC-2/CAT expression occurs in skeletal muscle and is
mediated by an element contained in a 89-bp upstream
sequence (CSS) of the gene promoter. All 5’ deletions
containing the promoter sequence up to —371 bp retained
cardiac tissue specificity, whereas plasmid pLC282CAT and
other downstream deletion mutants expressed in both car-
diac and skeletal cells. Therefore, a negative regulatory
element (CSS) located between —282 and —371 is involved
in the repression of CAT expression in skeletal cells. Nega-
tive regulation plays a role in a variety of eukaryotic genes
(see reference 60 for a review), the molecular basis of which
is not clear. Some negative elements are involved in regula-
tion of tissue-specific gene expression (5, 13, 23, 37, 49, 55),
while others have no apparent role in tissue specificity (56,
60). Several of these elements exert their influence in re-
sponse to a particular stimulus. The findings reported here
strongly suggest that in the negative regulation of cardiac
MLC-2 gene expression in skeletal myocytes, the CSS
element and the skeletal muscle-specific CSS-binding pro-
teins play an important role.
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FIG. 6. Partial sequence of the chicken cardiac MLC-2 gene promoter. The nucleotide sequence of 431 bases of the 5'-flanking region of
the chicken cardiac MLC-2 gene is showrn. The transcription initiation site is marked +1 (see text). The cis-acting regulatory elements A, B,
C, S, P (41a), and CSS are underlined. The positions of various 5’-deletion mutants derived from pLC106CAT by Bal 31 digestion are also
indicated. Nucleotide sequences within the CSS element that are protected by nuclear factors in DNase I footprinting assays are indicated

as I, II, and III.
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FIG. 7. Loss of tissue specificity by internal deletion of the CSS

domain. Construction of the internal deletion mutant pL.C431ACSS-
CAT (A) is described in Materials and Methods. (B) CAT assay.
pLC431ACSSCAT and pLC431CAT (with the CSS element) were
used to transfect primary cultures of chicken cardiac and skeletal
cells. Transfection conditions and the CAT assay, done in duplicate
(1 and 2), are described in Materials and Methods. pSV2CAT was
used as a positive control.
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FIG. 8. DNase I footprinting of CSS DNA. A 161-bp DNA
fragment containing the CSS element obtained from pLC371CAT
was end labeled with [*?P]JdATP and polynucleotide kinase. The
footprinting assay was performed with freshly diluted DNase I (see
Materials and Methods). The reaction mixture was analyzed by 8%
polyacrylamide gel electrophoresis. Lanes: ladder, G-specific reac-
tion product obtained in a Maxam-Gilbert (44) sequencing reaction;
control, DNase I digestion product of the fragment without addition
of nuclear proteins; skeletal, DNase protection of CSS DNA by the
skeletal nuclear extract; cardiac, DNase protection of CSS DNA by
the cardiac nuclear extract. The same amount of nuclear extract was
added in cardiac and skeletal lanes. The three nucleotide regions
protected by skeletal nuclear extracts are shown as I, II, and III.
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FIG. 9. Gel shift assay. A 161-bp DNA fragment produced by
Xhol-EcoRI digestion of pLC371CAT containing the CSS element
was used. A 32P-labeled fragment was allowed to react with nuclear
extracts from cardiac (C) and skeletal (S) cells separately and then
fractionated on an 8% polyacrylamide gel. Competitor DNAs, a
37-mer containing the sequence in protection area III (see Fig. 8)
and a 70-mer containing areas I and II, were used in 100-fold excess,
and equal amounts of nuclear protein (6 ng) were added in all
assays. The 70-mer contains the sequence from —350 to —281 bp
(5'-GACGAGGGGGTACTTCTACC CTGAAGCAAA AGGGAG
GCAC TGCACCGTGA CGTGGGGGCA CAGTGTTGGG-3'), and
the 37-mer is from —286 to —250 bp (5'-GTTGGGCCAGATAAC
CCCAT TGCAGCCCAG CAGAGGG-3').

Three sequence areas spanning —309 to —271 bp within
the CSS domain serve as binding sites for potential regula-
tory factors of skeletal muscle origin. One of the binding
sites (—278 to —271) lies downstream of the CSS domain,
suggesting that the protein which binds to the sequence from
—278 to —271 is not a component of the transcriptional
apparatus required for repression of promoter activity, al-
though it is conceivable that it plays an auxiliary role.
Binding of skeletal muscle nuclear proteins to CSS DNA
produices three complexes in gel shift assays. Poor complex
formation was observed with the cardiac extracts. The
possibility that the cardiac extracts used here were less
active than the skeletal extracts was discounted on the basis
of the observation that the complexes formed with another
DNA probe were comparable in intensity in both cardiac and
skeletal extracts. Thus, it appears that the CSS-binding
proteins are present in low levels in cardiac extracts, which

I
=309 -299
Chicken gCACCGtGACg
=1723 -1712
Rat cCACaGgGACa

MotL. CELL. BioL.

may facilitate the optimum expression of MLC-2 gene in
cardiac muscle cells.

To date, there is no evidence for a factor(s) which medi-
ates the muscle cell-type-specific transcription of muscle
genes. The CArG-box-binding factor, which is involved in
up regulation of muscle-specific genes, does not appear to be
muscle tissue specific (73). The chicken MLC-2 gene con-
tains a sequence element (element A) with a striking simi-
larity to the CArG box. However, element A is not required
for cardiac muscle expression, although its removal reduces
MLC-2 gene transcription significantly in cardiac muscle
(41a). The myocyte-specific enhancer-binding factor MEF
(48) of the creatine kinase gene recognizes other conserved
elements in multiple genes. The cardiac troponin T gene,
which is transcribed constitutively throughout cardiac devel-
opment but only transiently in skeletal muscle, contains two
copies of a conserved sequence motif (5'-CATTCCT-3')
which are required for cardiac troponin T expression in
skeletal muscle (43). The binding factors are, however,
present in both muscle and nonmuscle tissues. Thus, to date
no single factor which dictates muscle tissue specificity has
been reported, and clearly the mechanism by which the gene
discriminates the cardiac cell environment from that of
skeletal muscle is unknown. Our results have demonstrated
that cardiac MLC-2 tissue specificity is rendered via a
negative regulation mechanism in skeletal muscle in which
the CSS element and the binding factor(s) CSF play a pivotal
role. A comparison of the sequences in the three DNase I
protection areas in the chicken cardiac MLC-2 promoter
with the upstream promoter sequence of the rat cardiac
MLC-2 promoter revealed the presence of a region (—1686 to
—1723) with a significant homology to nucleotides in protec-
tion areas I, II, and III observed in the chicken promoter
(Fig. 10). The conservation of this domain strongly suggests
that the CSS-like sequence in the rat promoter may also be
functionally significant.

Braun et al. (8) have observed a muscle-specific sequence
in the proximal region of the cardiac MLC-2 gene which
exerts negative control in a transient expression assay in the
HeLa cell line. A binding activity to this domain was
detected in HeLa cells but not in cardiac cells. This se-
quence may therefore be involved in negative control in
_HeLa cells but apparently does not play a role in negative
control in skeletal cells, since deletion upstream of this
sequence results in loss of cardiac cell type specificity.
Arnold et al. (1) have previously observed that plasmid
LCpUC.CAT, which contains the chicken cardiac MLC-2
promoter, as in pLC106CAT, but includes the first intron
sequence inserted into the vector, pPEMBLCAT, promotes
CAT expression in transient transfection assays without
tissue specificity, i.e., in both cardiac and skeletal primary

II III
=295 -289 -278 -271
GGGCaCA AGATaACC
=1700 -1693 -1693 -1705
GGGCcCA AGATCACC

FIG. 10. Sequence comparison showing that the rat cardiac MLC-2 promoter contains CSS-like sequences. Comparison of the rat and
chicken cardiac MLC-2 promoters reveals sequences homologous to protection areas I, II, and III (see Fig. 8) in the CSS domain at positions
—1686 to —1723. The conserved nucleotides are in block letters. The element I-like sequence is present in the rat promoter at positions —1723
to —1712. The element II- and IIl-like sequences are present at positions —1693 to —1700 and —1712 to —1705, respectively.
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muscle cells, in culture. In the same study, the authors noted
that the in vivo expression of cardiac MLC-2 was nonethe-
less restricted to cardiac cells. We reexamined the activity of
LCpUC.CAT (kindly provided by H. H. Arnold) along with
that of pLC106CAT in our laboratory and confirmed that
while pLC106CAT is inactive, LCpUC.CAT is expressed
readily in skeletal muscle (data not shown). Since the
difference between the two constructs lies in the presence of
additional =0.8-kb intron sequence in LCpUC.CAT, we
assume that another regulatory element resides in the intron
region which apparently compensates for the negative regu-
latory effect of the CSS domain in skeletal muscle. Prelimi-
nary experiment in our laboratory suggested that the intron
contains a potent activator element which has the ability to
override the negative effect of the CSS sequence in skeletal
muscle. This observation explains why Arnold et al. (1)
failed to demonstrate muscle cell type specificity with the
construct that they used, which includes the first intron.
There are several examples in which muscle-specific genes
with a large first-intron sequence contain functionally signif-
icant sequence domains within the intron which are required
for tissue- and differentiation-specific expression (40, 67).
One could envisage that expression and repression of the
MLC-2 gene are related to the availability of repressor- and
activator-binding proteins. The lack of the optimum level of
CSFs in cardiac muscle extracts, as demonstrated in these
studies, may account for expression of the gene in cardiac
cells by extinguishing the repression mechanism. However,
the optimal gene activity is achieved by way of participation
of the activator element in transcription. A balance between
the repressor- and activator-binding proteins may be neces-
sary for programmed expression of the MLC-2 gene during
development. Conceptually, cell-type-specific expression
and developmental changes of MLC-2 promoter activity may
be achieved via a preferential or combinatorial use of the
positive and negative factors. Identification of the CSS and
the putative activator in the intron provides a means to study
the developmental changes in binding proteins, and we
anticipate that such variations can be experimentally dem-
onstrated. Ultimately, however, the overall developmental
program involves not only multiple regulatory regions but a
multiplicity of regulatory protein-protein and protein-DNA
interactions as well. A variety of positive and negative
elements with disparate functions have been described in
several muscle genes (6, 12, 40, 48, 67, 74). However,
myogenic cell-specific motifs critical for one gene (43) are
not necessarily required for the transcription activity of
others (12). Therefore, the presence or absence of binding
proteins specific for a presumptive regulatory domain does
not necessarily guarantee a single unifying mechanism for
muscle tissue-specific gene transcriptions. Ongoing studies
in our laboratory are aimed at identifying the specific regu-
latory protein factors and exploring their roles in MLC-2
gene regulation.

REFERENCES

1. Arnold, H. H., E. Tannich, and B. M. Paterson. 1988. The
promoter of chicken cardiac myosin light chain 2 gene shows
cell specific expression in transfected primary cells of chicken
muscle. Nucleic Acids Res. 16:2411-2429.

2. Bains, W., P. Ponte, H. Blau, and L. Kedes. 1984. Cardiac actin
is the major actin gene product in skeletal muscle cell differen-
tiation in vitro. Mol. Cell. Biol. 4:1449-1453.

3. Baldwin, T. J., and S. J. Burden. 1988. Isolation and character-
ization of the mouse acetylcholine receptor, delta-subunit gene:
identification of a 148 bp cis-acting region that confers myotube
specific expression. J. Cell Biol. 107:2271-2279.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

TRANSCRIPTIONAL REPRESSION 1683

. Bergsma, D. J., J. M. Grichnik, L. M. A. Gossett, and R. J.

Schwatz. 1986. Delimitization and characterization of cis-acting
DNA sequences required for the regulated expression and
transcriptional control of the chicken skeletal a-actin gene. Mol.
Cell. Biol. 6:2462-2475.

. Borras, T., C. A. Peterson, and J. Piatigorsky. 1988. Evidence

for positive and negative regulation in the promoter of the
chicken 1-crystallin gene. Dev. Biol. 127:209-219.

. Bouagnet, P. F., E. E. Strehler, G. E. White, M.-E. Strehler-

Page, B. Nadal-Ginard, and V. Mahdavi. 1987. Multiple positive
and negative 5’ regulatory elements control the cell-type-spe-
cific expression of the embryonic skeletal myosin heavy-chain
gene. Mol. Cell. Biol. 7:4377-4389.

. Braun, T., E. Bober, G. Buschhausen-Denker, S. Kotz, K.

Grzceschik, and H. H. Arnold. 1989. Differential expression of
myogenic determination genes in muscle cells: possible autoac-
tivation by Myf gene products. EMBO J. 8:3617-3625.

. Braun, T., E. Tannich, G. Buschhausen-Denker, and H. H.

Arnold. 1989. Promoter upstream elements of the chicken
cardiac myosin-light chain 2-A gene interact with trans-acting
regulatory factors for muscle-specific transcription. Mol. Cell.
Biol. 9:2513-2525.

. Bucher, E. A., P. C. Maisonpierre, S. F. Konieczny, and C. P.

Emerson. 1988. Expression of the troponin complex genes:
transcriptional coactivation during myoblast differentiation and
independent control in heart and skeletal muscles. Mol. Cell.
Biol. 8:41344142.

Chodosh, L., R. W. Carthew, J. G. Morgan, G. R. Crabtree, and
P. A. Sharp. 1987. The adenovirus major late transcription
factor activates the rat y-fibrinogen promoter. Science 238:684—
688.

Chodosh, L. A., A. S. Baldwin, R. W. Carthew, and P. A. Sharp.
1988. Human CCAAT-binding proteins have heterologous sub-
units. Cell 53:11-24.

Chow, K. L., and R. J. Schwatz. 1990. A combination of closely
associated positive and negative cis-acting promoter elements
regulates transcription of the skeletal a-actin gene. Mol. Cell.
Biol. 10:528-538.

Colantuoni, V., A. Pirozzi, C. Blance, and R. Cortesa. 1987.
Negative control of liver-specific gene expression: cloned hu-
man retinol-binding protein gene is repressed in Hela cells.
EMBO J. 6:631-636.

Davis, R. L., H. Weintraub, and A. B. Lassar. 1987. Expression
of a single transfected cDNA converts fibroblasts to myoblasts.
Cell 51:987-1000.

Dewet, J. R., K. V. Wood, M. Deluca, D. R. Helinski, and S.
Subramani. 1987. Firefly luciferase gene: structure and expres-
sion in mammalian cells. Mol. Cell. Biol. 7:725-737.

Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983.
Accurate transcription initiation by RNA polymerase II in a
soluble extract from isolated mammalian nuclei. Nucleic Acids
Res. 11:1475-1489.

Donoghue, M., H. Ernst, B. Wentworth, B. Nadal-Ginard, and
N. Rosenthal. 1988. A muscle-specific enhancer is located at the
3’ end of the myosin light chain 1/3 gene locus. Genes Dev.
2:1779-1790.

Edlund, T., M. D. Walker, P. J. Barr, and W. J. Rutter. 1985.
Cell-specific expression of the rat insulin gene: evidence for role
of two distinct 5'flanking elements. Science 230:912-916.
Edmonson, D. G., and E. N. Olson. 1989. A gene with homology
to the myc similarity region of MyoD I is expressed during
myogenesis and sufficient to activate the muscle differentiation
program. Genes Dev. 3:628—640.

Emerson, C., D. Fischman, B. Nadal-Ginard, and M. A. Q.
Siddiqui (ed.). 1986. Molecular biology of muscle development.
UCLA Symp. Mol. Cell. Biol., vol. 29. A. R. Liss, Inc., New
York.

Emerson, C. P., Jr., and S. I. Bernstein. 1987. Molecular
genetics of myosin. Annu. Rev. Biochem. 56:695-726.
Fletcher, C., N. Heintz, and R. Roeder. 1987. Purification and
characterization of OTF-1, a transcription factor regulating cell
cycle expression of human histone H2b gene. Cell 51:773-781.
Goodbourn, S., H. Hurstein, and T. Maniatis. 1986. The human



1684

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

3s.

36.

37.

38.

39.

40.

41.

SHEN ET AL.

B-interferon gene enhancer is under negative control. Cell
45:601-610.

Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982.
Recombinant genomes which express chloramphenicol acetyl-
transferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.
Gossett, L. A., D. J. Kelvin, E. A. Sternberg, and E. N. Olson.
1989. A new myocyte-specific enhancer-binding factor that
recognizes a conserved element associated with multiple mus-
cle-specific genes. Mol. Cell. Biol. 9:5022-5033.

Grichnik, J. M., D. J. Bergsma, and R. Schwatz. 1986. Tissue
restricted and stage specific transcription is maintained within
411 nucleotides flanking the 5’ end of the chicken a-skeletal
actin gene. Nucleic Acids Res. 14:1683-1701.

Grichnik, J. M., B. A. French, and R. J. Schwatz. 1988. The
chicken skeletal a-actin gene promoter region exhibits partial
dyad symmetry and a capacity to drive bidirectional transcrip-
tion. Mol. Cell. Biol. 8:4587—4597.

Grosschedl, R., and D. Baltimore. 1985. Cell-tissue specificity of
immunoglobulin gene expression is regulated by at least three
DNA sequence elements. Cell 41:885-897.

Gustafson, T. A., T. Miwa, L. M. Boxer, and L. Kedes. 1988.
Interaction of nuclear proteins with muscle-specific regulator
sequences of the human cardiac a-actin promoter. Mol. Cell.
Biol. 8:4110-4119.

Handerson, S. A., M. Spencer, A. Sen, C. Kumar, M. A. Q.
Siddiqui, and K. R. Chien. 1989. Structure, organization and
expression of the rat cardiac myosin light chain-2 gene. J. Biol.
Chem. 264:18142-18148.

Hardman, E., A. Minty, P. Benton-Vosman, L. Kedes, and
H: M. Blau. 1988. In vivo system for characterizing clonal
variation and tissue-specific gene regulatory factors based on
function. J. Cell Biol. 106:1027-1034.

Horlick, R. A., and P. A. Benfield. 1989. The upstream muscle-
specific enhancer of the rat muscle creatine kinase gene is
composed of multiple elements. Mol. Cell. Biol. 9:2396-2413.
Hurst, H. C., and N. C. Jones. 1987. Identification of factors that
interact with the E1A-inducible adenovirus E3 promoter. Genes
Dev. 1:1132-1146.

Imagawa, M., R. Chiu, and M. Karin. 1987. Transcription factor
AP-2 mediates induction by two different signal-transduction
pathways: protein kinase C and cAMP. Cell 51:251-260.
Jaynes, J. B., J. E. Johnson, J. N. Buskin, C. L. Gartside, and
S. D. Hauschka. 1988. The muscle creatine kinase gene is
regulated by multiple upstream elements, including a muscle-
specific enhancer. Mol. Cell. Biol. 8:62-70.

Jones, K. A., K. K. Yamamoto, and R. Tjian. 1985. Two distinct
transcription factors bind to HSV thymidine kinase promoter in
vitro. Cell 42:559-572.

Kadesch, T., P. Zervos, and D. Ruezinsky. 1986. Functional
analysis of the murine Ig H enhancer for negative control of cell
type specificity. Nucleic Acids Res. 14:8209-8221.

Kadonaga, J. T., and R. Tjian. 1986. Affinity purification of
sequence-specific DNA binding proteins. Proc. Natl. Acad. Sci.
USA 83:5889-5893.

Kimes, B. W., and B. L. Brandt. 1976. Properties of a cloned
muscle cell line from rat heart. Exp. Cell Res. 98:267-381.
Konieczny, S. F., and C. P. Emerson, Jr. 1987. Complex
regulation of the muscle-specific contractile protein (troponin I).
Mol. Cell. Biol. 7:3065-3075.

Lee, W., P. Mitchell, and R. Tjian. 1987. Purified transcription
factor AP-I interacts with TPA-inducible enhancer elements.
Cell 49:741-752.

4la.Lin, E., et al. Submitted for publication.

42.

43.

44.

45.

Maniatis, T., S. Goodbourn, and A. Fischer. 1987. Regulation of
inducible and tissue-specific gene expression. Science 236:1237-
1244,

Mar, J. H., and C. P. Ordahl. 1990. M-CAT binding factor, a
novel trans-acting factor governing muscle-specific transcrip-
tion. Mol. Cell. Biol. 10:4271-4283.

Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

McKnight, S., and R. Tjian. 1986. Transcriptional activity of

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

61.

62.

63.

65.

67.

MoL. CELL. BioL.

viral genes in mammalian cells. Cell 46:795-805.

Minty, A., and L. Kedes. 1986. Upstream region of the human
cardiac actin gene that modulates its transcription in muscle
cells: presence of an evolutionarily conserved repeated motif.
Mol. Cell. Biol. 6:2137-2145.

Mitchell, P. J., C. Wang, and R. Tjian. 1987. Positive and
negative regulation of transcription in vitro: enhancer-binding
protein AP-2 is inhibited by SV-40 T antigen. Cell 50:847-861.
Nikovits, W., Jr., J. H. Mar, and C. P. Ordahl. 1990. Muscle-
specific activity of the skeletal troponin I promoter requires
interaction between upstream regulatory sequences and ele-
ments contained within the first transcribed exon. Mol. Cell.
Biol. 10:3468-3482.

Nir, U., M. D. Walker, and W. Rutter. 1986. Regulation of rat
insulin I gene expression: evidence for negative regulation in
non-pancreatic cells. Proc. Natl. Acad. Sci. USA 83:3180-3184.
Ohlosson, H., and T. Edlund. 1986. Sequence-specific interac-
tions of nuclear factors with the insulin gene enhancer. Cell
45:35-44.

Ott, M. O., L. Sperling, P. Herbomel, M. Yaniv, and M. C.
Weiss. 1984. Tissue-specific expression is conferred by a se-
quence from the 5’ end of the rat albumin gene. EMBO J.
3:2505-2510.

Parker, C. S., and J. Topol. 1984. A Drosophila RNA polymer-
ase II transcription factor contains a promoter region specific
DNA binding activity. Cell 36:357-369.

Ptashne, M. 1988. How eukaryotic transcriptional activators
work. Nature (London) 335:683-689.

Remmers, E. F., J. Q. Yang, and K. B. Marcu. 1986. A negative
transcriptional control element located upstream of the murine
c-myc gene. EMBO J. 5:899-904.

Reue, K., T. Leff, and J. L. Breslow. 1988. Human apolipopro-
tein CIII gene expression is regulated by positive and negative
cis-acting elements and tissue-specific protein factors. J. Biol.
Chem. 263:6857-6864.

Rosen, C. A., J. G. Sodroski, and W. A. Haseltime. 1985. The
location of cis-acting regulatory sequences in the human T cell
lymphotropic virus type III(HTLV-III/LAV) long terminal re-
peat. Cell 41:813-823.

Saidepet, C., P. Khandekar, C. Mendola, and M. A. Q. Siddiqui.
1984. Tissue specificity of 3’-untranslated sequence of myosin
light chain gene: unexpected interspecies homology with repet-
itive DNA. Arch. Biochem. Biophys. 233:565-572.

Sanger, F., S. Nicklen, and A. Coulson. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA
74:5463-5467.

Sasoon, D., G. Lyons, W. E. Wright, V. Lin, A. Lassar, H.
Weintraub, and M. Buckingham. 1989. Expression of two myo-
genic regulatory factors myogenin and MyoD I during mouse
embryogenesis. Nature (London) 341:303-307.

. Sassone-Gorsi, P., and E. Borrelli. 1986. Transcriptional regula-

tion by trans-acting factors. Trends Genet. 2:215-219.

Seguin, C., and D. H. Hamer. 1987. Regulation in vitro of
metallothionein gene binding factors. Science 325:1383-1387.
Sen, P., and D. Baltimore. 1986. Inducibility of x immunoglob-
ulin, enhancer-binding protein NF-kB by a posttranslational
mechanism. Cell 47:921-928.

Shani, M. 1985. Tissue-specific expression of rat myosin light
chain 2 gene in transgenic mice. Nature (London) 314:283-286.

. Siddiqui, M. A. Q., and C. C. Kumar. 1988. Molecular genetics

and control of contractile proteins, p. 3-20. In C. J. F. Spry
(ed.), Immunology and molecular biology of cardiovascular
diseases. MTP Press, Lancaster, England.

Smith, J. D., A. Melian, T. Leff, and J. L. Breslow. 1988.
Expression of the human apolipoprotein E gene is regulated by
multiple positive and negative elements. J. Biol. Chem. 263:
8300-8308.

. Sternberg, E., G. Spizz, M. E. Perry, and E. N. Olson. 1989. A

ras-dependent pathway abolishes activity of a muscle-specific
enhancer upstream from the muscle creatine kinase gene. Mol.
Cell. Biol. 9:594-601.

Sternberg, E. A., G. Spizz, W. M. Perry, D. Vizard, T. Weil, and
E. N. Olson. 1988. Identification of upstream and intragenic



VoL. 11, 1991

68.

69.

70.

71.

regulatory elements that confer cell-type-restricted and differ-
entiation-specific expression on the muscle creatine gene. Mol.
Cell. Biol. 8:2896-2909.

Sawadogo, M., and R. G. Roeder. 1985. Interaction of a gene
specific transcription factor with the adenovirus major late
promoter upstream of the TATA box region. Cell 43:165-175.
Tanaka, M., U. Grossniklaus, W. Herr, and N. Hernandes. 1988.
Activation of the U2 snRNA promoter by the octamer motif
defines a new class of RNA polymerase Il enhancer elements.
Genes Dev. 2:1764-1778.

Tanaka, M., and W. Har. 1990. Differential transcriptional
activation by OCT-1 and OCT-2: interdependent activation
domains induce OCT-2 phosphorylation. Cell 60:375-386.
Uetsuki, T., Y. Nabeshima, A. Fujisawa-Sehara, and Y.
Nabeshima. 1990. Regulation of the chicken embryonic myosin

72.

73.

74.

75.

76.

TRANSCRIPTIONAL REPRESSION 1685

light-chain L237 genes. Mol. Cell. Biol. 10:2562-2569.

Walker, M. D., T. Edlund, A. M. Boulet, and W. J. Rutter. 1983.
Cell-specific expression controlled by the 5'-flanking region of
insulin and chymotrypsin genes. Nature (London) 306:557-561.
Walsh, K., and P. Schimmel. 1987. Two nuclear factors compete
for the skeletal muscle actin promoter. J. Biol. Chem. 262:9429-
9432.

Yutzey, K. E., R. L. Kline, and S. F. Konieczny. 1989. An
internal regulatory element controls troponin I gene expression.
Mol. Cell. Biol. 9:1397-1405.

Zarraga, A. M., K. Danishefsky, A. K. Deshpandi, D. Nicholson,
C. Medola, and M. A. Q. Siddiqui. 1986. Characterization of
5’-flanking region of heart myosin light chain 2A gene. J. Biol.
Chem. 261:13852-13860.

Zhou, M. D., et al. Submitted for publication.



