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ABSTRACT
Transcriptional regulation of the chicken cardiac myosin light chain 2 (MLC2-A) gene
was investigated in chicken primary myoblast and fibroblast cultures transfected with
vector constructs containing the bacterial marker gene for chloramphenicol acetyl-
transferase (CAT) under the control of the MLC2-A promoter. We here demonstrate
that sequences close to the TATA box are sufficient to direct muscle specific and
regulated expression of the MLC2-A mRNA. Transcription from MLC2-A
promoter/CAT hybrids in myocytes starts from the authentic cap site that is also used
in vivo. In primary breast muscle cells, bromodeoxyuridine (BUdR), a reversible blocking
agent of cell differentiation, suppresses transcription from the MLC2-A promoter
whereas nonmuscle promoters like the RSV- or the cytoplasmic B-actin promoter are
unaffected in their transcriptional capacity. Although the endogenous cardiac MLC2-A
gene in chicken is exclusively active in heart, the transfected MLC 2-A promoter
escapes this cell type control in primary cultures of breast muscle. These results
demonstrate that although muscle specificity of the MLC2-A gene and its transcrip-
tional up-regulation during diffentiation is maintained in a rather short promoter
segment, restrictive elements determining the inuscle cell type specificity in vivo are
either not present in our constructs or are not acting under the conditions of transient
transfection.

INTRODUCTION

Differentiation of muscle cells is characterized by the fusion of mononucleated

myoblasts to multinucleated myotubes and the concommitent accumulation of muscle

specific proteins, such as membrane components, certain enzymes and the contractile

proteins which in striated muscle are organized in sarcomers. When cardiac myoblasts
differentiate to functional heart cells they do not fuse but accumulate sarcomeric

proteins after becoming postmitotic. Different muscle types like slow and fast skeletal
muscle or cardiac and smooth muscle synthesize distinct isoforms of contractile

proteins transcribed from different genes. The molecular events leading to the

formation of muscle structures can be studied in cell cultures which under certain

conditions undergo fusion and produce muscle specific proteins. The accumulation of

these proteins occurs approximately coordinated with the synthesis of their correspon-

ding mRNAs (1,2). This observation in addition to results from nuclear run-off and

DNAse I sensitivity experiments of transcribed muscle genes (3, for review: 4) suggest
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that at least part of the rapid increase of muscle specific proteins is due to

transcriptional activation of their corresponding genes.

We have previously reported on the isolation and structural characterization of the

cardiac myosin light chain 2 (MLC2-A) gene from chicken (5). In the living organism this

gene is expressed only in differentiated heart muscle and no indication for a develop-

mental switch exists (6). The structure and location of the putative promoter has been

determined earlier (3.7), however, no evidence for its muscle specific function has been

presented. In an attempt to define gene sequences involved in tissue specific and

differentiation dependent transcription we have addressed the following questions: 1)
What are the sequence elements that are implicated in muscle specific transcription in

vivo? 2) Are there multiple elements required? 3) Can we minick the transcriptional

upregulation of MLC2-A mRNA in differentiating culture systems?

The bacterial chloramphenicol acetyltransferase gene (CAT) has been used to demon-

strate tissue-specific promoter activity for a wide variety of genes in several different

tissues like insulin and chymotrypsin in pancreas and actins in striated muscle (8-12). In

the present paper we describe experiments utilizing the CAT system to characterize

sequences upstream of the transcription start site of the MLC 2-A gene which are

required for its expression in muscle cells. As recipient cells for transient expression
studies of this chicken gene we used established cell lines of mouse and rat origin as

well as primary cultures from embryonic chicken breast and heart muscle. Our

experiments demonstrate the function of a relatively short upstream MLC2-A sequence

that is capable of tissue-specific transcription of the marker gene in muscle cells. This

expression is modulated by the drug BUdR which blocks muscle cell differentiation

when incorporated into nuclear DNA. The MLC 2-A promoter elements are indiscrimi-

nately active in skeletal and cardiac cell cultures when transfected into these cells in

contrast to the endogenous gene that is only transcribed in heart cells.

MATERIALS AND METHODS

Cell cultures

Chicken primary muscle cultures have been prepared from 12 day old chicken embryos

by dissecting breast muscle free of skin and connective tissue and culturing them under

conditions as described in detail elsewhere (13, 14). Primary heart cells were grown

from 10 day old embryos according to published procedures (15). For all chicken primary

cell cultures BUdR was included in the control medium at a concentration of 5 ug/mI
during the entire experiment. The C2C12 mouse muscle cell line was cultured and

transfected as previously described (16).
Construction of plasmids containing the chimeric CAT genes

The recombinant plasmids pEMBL-CAT or pUC-CAT containing the bacterial CAT
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structural gene and either pEMBL8 vector developed by Dente et al., (17) or pUC8

plasmid were used as recipient vectors for insertion of the promoter containing DNA

fragments of the chicken MLC2-A gene. Both vectors are high copy number plasmids

derived from pUC8 and contain multiple restriction sites for convenient insertion of

test promoters. Plasmid pUC-CAT was constructed in our laboratory by fusion of Hind

III pUC8 DNA to the Hind III-Bam HI CAT fragment of 3N-polylinker CAT (generously
supplied by P. Gruss, Heidelberg). For the construction of LC-pUC-CAT a 160-bp PstI

fragment of the MLC 2-A subclone MLC 14-1 (5) was inserted into the Pst site of pUC-

CAT and the correct orientation was determined by nucleotide sequence analysis of

both cloning junctions using the appropriate primers (18). To generate plasmid LC-RI-

CAT the vector pEMBL-CAT was linearized with SmaI and ligated to the 2.5 kb Eco RI

fragment of the MLC 2-A gene, that had been treated with DNA polymerase I (Klenow
fragment) to obtain flush ends. This gene fragment contains the promoter in the

5'flanking DNA and extends to the Eco RI site in Exon 2 (5). To elongate the 5'flanking

region by another 600 nucleotides plasmid 3.1-LC-CAT was constructed by ligation of a

600 nucleotide BAM HI-Sma I fragment into the SmaI site of LC-RI-CAT and

recircularizing the chimeric plasmid by blunt end ligation after filling in the BAM HI

site.

The LCA-CAT deletions were generated by limited digestion with exonuclease III

essentially as described by Henikoff (19) with minor modifications. The 160 base-pairs

Pstl fragment of LC-pUC-CAT was subcloned into the vector pTZ-18 (Pharmacia) to

allow the generation of closely spaced 3'- and 5' protruding ends by the digestion with

restriction endonuclease KpNI and BamHl, respectively. In a typical experiment 20 /ug
of DNA were incubated in a total volume of 100 /ul with 450 units of exonuclease III

(Boehringer, Mannheim F.R.G.) for time intervalls of 0,2 to 2 min at 250C. The

remaining single stranded DNA was removed by exonuclease VII treatment followed by
a short incubation with Klenow fragment of DNA polymerase and the addition of

BamHl linkers (Pharmacia). The deleted fragments were released by digestion with

Hindlll and inserted into the BamHl/HindIII sites of plasmid pUC-CAT. All deletions

were sequenced across the cloning junctions in the double stranded plasmid DNA using
the reverse primer (Biolabs) according to Chen and Seeburg (20). The alpha-actin-CAT
hybrid contains the promoter of the chicken cardiac actin gene as detailed elsewhere

(21). RSV-CAT has been generously provided by B. Howard. pRSV-3Gal was provided by
T. Edlund (22).
Transfection of DNA and assay of CAT activity in cell extracts

2
Chicken myoblasts were transfected on 25 cm flasks with double banded, supercoiled
DNA and CAT activity was determined as described by Gorman (23). The calcium

phosphate precipitate was added to the cells about 24 hrs after plating and remained
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there for 20 min at room temperature and then for 6 hrs in the presence of medium at

370C. For the CAT assay cells were scrapped off the plate 4 days after transfection

when they had differentiated into contractile myocytes. The cells were washed in PBS

and resuspended in 200 to 300 /ul of 0.25 M Tris HCI pH 7.5. Cell extracts were

prepared by three cycles of freezing and thawing with intermittent vortexing. In a 70

/ul assay 20 % of total extract was used with 1 /uCi of 14C-chloramphenicol for 60 min.

The test conditions were either standardized for percentage of total cell extract or for

protein concentration in the assay. Protein content in cellular extracts was determined

with the Biorad-Kit according to the procedure of the supplier. Both calibrations gave

essentially the same results. Where indicated plasmid pRSV-BGal (5 /ug) was cotrans-

fected as internal standard. Beta-galactosidase activity was determined in 10 % of the

total cellular extracts according to the procedure of An et al. (24). Thin layer plates

were exposed on X-Ray films for 18 to 24 hrs.

S1 nuclease mapping

The LC-pUC-CAT transcripts were measured with the 450-bp Eco RI fragment cut from

LC-pUC-CAT and labelled at the 5'end with ( 32p) ATP (5000 Ci/mol) and

polynucleotide kinase (25). About 30.000 cpm (Cerenkov) of probe were precipitated

with up to 200 /ug of total RNA and hybridized at 420C for 18 hrs in 80 % formamide,
40 mM Pipes pH 6.4, 0.4 M NaCl, 1 mM EDTA. The mixture was then diluted with 0.3

ml of buffer containing 0.3 M NaCl, 0.05 M Na-acetate pH 4.5, 4.5 mM Zn-sulfate and

treated with nuclease SI as described (26). The protected DNA fragments were

analyzed on 7 M urea / 8 % polyacrylamide sequencing gels (18).
Preparation of RNA and Northern blot analysis

Total cellular RNA was extracted from tissue culture cells using the guanidinium

/cesium chloride method (27). For Northern blot analysis the RNA was glyoxylated (28),

separated on agarose gels and transferred onto nitrocellulose filters as described (29).

Hybridization with nick translated cDNA probes for chicken LC1/LC3 (30) or LC 2-A

(31), was performed in 50 % formamide, 5 x SSC (0.6 M NaCI, 0.06 M Na-citrate), 5 x

Denhardt's solution (0.1 % each of Ficoll. bovine serum albumin and polyvinyl

pyrrolidone), 0.05 M Na-phosphate pH 7.5 and 0.1 % SDS for 18 hrs at 420C. Filters

were washed at a final stringency of 0.1 x SSC, 0.1 % SDS at 650C for 30 min.

RESULTS

Construction of MLC2-A promoter/CAT plasmids

The bacterial CAT gene, used as the indicator gene in all hybrids described here was

supplied either in the pUC-CAT plasmid constructed in our laboratory or in the pEMBL-

CAT plasmid, a derivative of pEMBL8 (17). As shown in figure 1A, various length

fragments of the 5-region of the MLC2-A gene were fused to CAT and the correct
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Fig. IA: Construction of CAT-hybrid genes containing the chicken cardiac myosin light
chain 2 (MLC2-A) promoter. Cloning vectors pUC-CAT and pEMBL-CAT carrying the
bacterial CAT gene, the SV40 polyadenylation site (SV40) and the ampicillin resistance
gene (Apr) were fused to fragments of the MLC2-A gene. These fragments were
obtained by digestion with restriction endonucleases as indicated in the figure. The
numbers relate to nucleotides upstream (-) or downstream (+) of the in vivo start site of
transcription. Eco* indicates the fact that these sites of the original fragment were lost
by the cloning procedure. The open boxes indicate exons. The putative promoter is
designated as TATA element.
Fig. B: Construction of CAT-hybrid genes containing deletions of the MLC2-A
upstream region in LC-pUC-CAT as detailed in Materials and Methods. The numbers
indicate the extension of the MLC2-A elements in relation to the transcription start
site.
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Fig. 2: Transient exp ession of CAT ;ctivity in C2C12 mouse muscle cells. Undifferen-
tiated cultures (lxl0 cells per 25 m dish) were transfected 24 hrs after plating with
20 1ug of RSV-CAT DNA or with 20 1ug of CAT constructs under the control of chicken
mu cle gene promoters (cardiac actiri; MLC2-A). CAT enzyme activity was determined
in cell extracts 4 days after transfection either in fused myotubes (F) or in undifferen-
tiated myoblasts (U). Differentiation was initiated 6 hrs after transfection by the
addition of fusion medium (Blau et al., 1983). Cells were transfected with RSV-CAT
DNA (lanes 1-2), cardiac actin-CAT (lanes 3-4) or LC-pUG-CAT (lanes 5-6). CM
indicates chloramphenicol; AC-CM and 3 AC-CM stand for the acetylated forms of
chloramphenicol.

orientation of the inserts was determined by sequencing both cloning junctions. In LC-

pUC-CAT a 160-bp PstI fragment from positions -135 to +25 in relation to the cap site,

was cloned into the Pstl site of pUC-CAT. A series of deletion mutants containing

decreasing length of 5'flanking sequences was generated from LC-pUC-CAT by exo-

nuclease III digestion (see figure IB) In LC-RI-CAT the MLC2-A promoter is contained

in a 2500-bp Eco RI fragment from positions -1460 to 1035. This fragment also contains

the complete first exon and intron plus 36 nucleotides from the second exon. It was

fused into the SmaI site of pEMBL-CAT whereby a new translational start site was

created. Plasmid 3.1-LC-CAT contains an extension of about 600 nucleotides of 5'-

upstream sequences compared to LC-RI-CAT. The RSV-CAT plasmid (23), the beta

actin-CAT plasmid constructed here, and the alpha-cardiac actin promoter CAT

construct (21) were used as controls for the experiments described below.

Muscle specific expression of MLC2-A/CAT hybrid genes introduced into chicken myo-

genic culture cells.

The initial experiments to express the putative MLC2-A promoter were performed by

stable transfections of various promoter constructs or the entire MLC2-A gene into the

C2C12 mouse myoblast line (32, 33) or the L8 rat muscle cells (34). Both established

rodent muscle lines were unable to sustain the activation of the MLC 2-A promoter in
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Fig. 3: Transient expression of CAT activity in primary cultures of chicken embryonic
heart cells under the controt of the MLC2-A promoter. Cardiocytes were grown either
in the presence of 1.6 x 10- M BUdR (+) or in the absence of BUdR (-) and transfected
with the indicated CAT-constructs 24 hrs after plating as described in Materials and
Methods. CAT activity was determined 3 days later with 5 % (RSV-CAT) or 20 % of the
cellular extracts of each dish.

unfused myoblasts or in fused myotubes, although control genes, such as the chicken G-

actin and the selectable marker gene conferring neomycin resistance were readily

expressed in both cells (data not shown). Also, by transient transfection of LC

promoter-CAT hybrids into C2C12 cells no CAT activity was detected whereas RSV-

CAT or the chicken cardiac actin promoter showed high level expression (figure 2).
Sequence analysis of the transfected LC-CAT constructs (LC-pUC-CAT and pEMBL-RI-
CAT) indicated the correct insertion of the putative promoter element and showed no

obvious destruction of the CAT reading frame. These results suggested that either

essential elements of the transfected gene were missing from our constructs or the

cellular background derived from rodent skeletal muscle was incompatible with the

expression of the chicken cardiac myosin light chain 2 gene. This could be attributed to

possible species specific cellular factors or to the fact that the cardiac gene can not be

activated in skeletal muscle cells. In order to test for possible cellular requirements for

the MLC2-A promoter activation, the described LC-CAT constructs were used for

transient expression assays in primary cultures of chicken heart (15) or breast muscle

cells (14). To prevent myogenic differentiation in control cultures, parallel dishes were

grown in the presence of bromodeoxyuridine (BUdR), a thymidine analog that when

incorporated into replicating DNA reversibly blocks the cellular differentiation of

primary chicken myoblasts (35, 13). To introduce plasmid DNA. embryonic chicken

myoblasts from breast or hearts were plated at a density of 1-2x106 cells per dish and

allowed to grow for about 24 hrs; 20 micrograms of calcium phosphate precipitated
DNA from hybrid constructs was transfected onto each dish and cells were harvested 3
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Fg4:Transient expression of CAT activity in primary heart cultures with ('- or
without (-) the cytotoxic agent cytosine arabinoside (Ara-C). Cells were cultured and
transfected as described in legend to fig. 3. Ara-C was added 6 hrs after transfection at
a concentration of 100 /ug per ml of medium.

or 4 days later when the majority had formed multinucleated myotubes or spontaneously
beating cardiocytes. To evaluate promo ter activity of the chicken sequences joined to

the CAT gene the enzymatic CAT activity was assayed and compared with RSV-CAT or

cardiac actin-CAT in extracts from undifferentiated and differentiated cell cultures.

As shown in figure 3, the various MLC-CAT plasmids when transfected into primary
cultures of cardiac myoblasts directed high levels of chloramphenicol acetyltransferase

activity in contrast to the results we had obtained in mouse and rat muscle cell lines. A

slightly higher CAT activity was observed for the longer upstream sequences in pEMBL-
RI-CAT and in 3.1-LC-CAT than for the 160-hp Pstl promoter fragment in LC-pUC-
CAT. The transcriptional activity appeared almost unaffected by the presence of BUdR

indicating that the cardiocytes might not incorporate the thymidine analog and

therefore continue to differentiate. To test whether BUdR had no effect on cardiocytes
due to their general inability to replicate in culture, parallel dishes were grown in the

absence or presence of cytosine arabinoside (ara-C). Ara-C is a cytotoxic inhibitor of

DNA synthesis that leads to the elimination of dividing cells from cultures. Under these

conditions one would expect diminished CAT signals from the MLC2-A constructs if

premitotic cells have been transfected. As the results shown in figure 4 indicate, there

is no reduction in the intensity of CAT signals with or without ara-C. This suggests that

primary cardiocytes in culture do not undergo significant proliferation and are

therefore transfected as postmitotic differentiated muscle cells. It also supports the

interpretation that MLC2-A expression predominantly takes place in postmitotic heart

muscle cells.
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Fig. 5: Transient expression of CAT activity in primary cultures of chicken embryonic
breast muscle cells under the control of the cardiac myosin light chain 2 promoter. The
concentration of BUdR and the experimental procedures are given in the legend of fig.
3 and in Materials and Methods. pEMBL-CAT is the control without any eucaryotic
promoter.

An even better indication for differentiation-dependent expression of the MLC2-A
promoter was observed in transfection experiments in chicken primary breast muscle

cells (figure 5). In these cells accumulation of CAT enzyme activity was clearly
enhanced when cells had fused to form contractile myotubes (no BUdR). In the presence

of BUdR, however, differentiation of dividing myoblasts was blocked and as a

consequence the LC promoter dependent CAT activity was low. About 130 nucleotides

of DNA upstream of the transcription start site appeared to be sufficient for fusion
enhanced expression of the MLC2-A promoter (see LC-pUC-CAT or LC-pEMBL-CAT in

figure 5), since larger upstream sequences (up to 2.1 kb in 3.1-LC-CAT) and the

inclusion of the complete first intron did not affect MLC2-A-CAT activity. RSV-CAT

and cardiac actin CAT used as references were also highly active in breast muscle cells

but as expected the activity of RSV-CAT was not diminished by BUdR whereas cardiac-

actin CAT exhibited measurable up-regulation of the promoter activity during myotube
formation. These same results were consistently obtained in a minimum of 6 separate
experiments performed with at least 2 independently prepared plasmid preparations for
each construct.

The muscle cell specific expression of LC promoter dependent CAT activity was

furthermore demonstrated by transfecting LC-CAT hybrid plasmids into chicken

primary fibroblast cultures. As shown in figure 6, the CAT gene driven by the LC2
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Fig. 6: Transient expression of MLC-promoter controlled CAT activity in primary
cultures of chicken embryonic skin fibroblasts. Results are shown for RSV-CAT (lanes 1
+ 2), cardiac actin-CAT (lanes 3 + 4) and LC-pUC-CAT (lanes 5 + 6). No CAT activity
vwas found for LC-RI-CAT and 3.1.-LC-CAT constructs (data not shown).

promoter was inactive in fibroblasts regardless whether or not BUdR was present. The

same result was obtained for all other described LC-CAT constructs (data not shown).

In contrast, RSV-CAT and cardiac actin-CAT used as control constructs were efficient-

ly transcribed in these nonmuscle cells. An extremely faint signal (less than 1 percent

of RSV-CAT) was sometimes observed. This could either be due to some contaminating
muscle cells in the primary skin fibroblasts or to the known basal activity of even

promoterless CAT constructs in some cells. The vast difference in CAT activities,
however, clearly indicates a specific prevalence of the MLC2-A promoter for muscle

cells.

Cis-regulatory sequence elements required for promoter activity in muscle cells

In order to delineate the essentially required sequences for the promoter activity in

muscle cells, a series of deletion mutants were made from LC-pUC-CAT DNA (figure
1B). The CAT activity of these constructs was tested in chicken primary heart cells and

also in breast muscle cultures with or without BUdR. As an internal control for the

efficiency of transfection pRSV-0Gal plasmid (22) was cotransfected and actual CAT

conversion was expressed as a ratio to B-galactosidase activity. At the concentrations

used in these experiments no competition has been observed between the LC promoter

of the reporter CAT gene and the pRSV-B-Gal promoter. As shown in figure 7 the MLC

2-A promoter activity was maintained in heart cells (fig. 7b) as well as in skeletal

muscle cells (fig. 7a) in 5' deletion mutants down to 64 nucleotides upstream of the
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a)
BUDR + - + _ + + - + _ + _ + - + -

LCpUC LCA A A A A A pUC
CAT 101 93 79 64 39 15* CAT

b)

LC-RI LC LCA A A A A A B-actin
CAT pUC- 101 93 79 64 39 15+ CAT

CAT

Fig. 7: Transient expression of LC-CAT deletion mutants in primary cultures of
embryonic breast muscle cells cultured with or without BUdR (7a) and embryonic heart
cells (7b). Experimental conditions were as described in Materials and Methods. For
eacih construct 10 ug of DNA were cotransfected with 10 ug of pRSV-BGal. The data
shown were obtained with 10 % of extract for heart cells add 5 % of extract for breast
muscle cells. For each reaction the acetylated products and the unreacted chloram-
phenicol were cut from the thin layer plate and counted in a scintillation counter
(results are shown in table 1).

transcription start site. A precipitous drop in activity was observed when shorter

promoter fragments were used. No major difference of promoter activity, however, was

observed for the deletions LC 101 to LC 64. As shown in fig. 7a and table 1, several
fold higher CAT activity was measured in myotubes (no BUdR) compared to predomi-
nantly myoblasts (plus BUdR). None of the constructs described in this experiment
showed any CAT activity above background levels in chicken embryonic skin fibroblasts.
The data suggest, that for differentiation dependent and modulated expression of the

MLC 2-A promoter in myogenic culture cells sequences close to the TATA consensus

element seem to be required and possibly sufficient.

Evidence for the correct initiation of transcription in transfected LC-CAT constructs

To ensure that LC-CAT transcripts were initiated at the correct start site in
transfected cells we utilized an Si protection assay and compared the results to the

previously determined cap site of the MLC2-A gene in vivo (3). When the 450-bp Eco RI
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Table 1
CAT Activity of 5'Deletion Mutants of the LC2-A Promotere)

Recipient Reporter a CAT b B-gal c corrected d
Cells DNA assays assays values for CAT

Primary LC-RI-CAT 0.48 0.66 0.72
cardiac LC-pUC-CAT 0.20 0.57 0.35
muscle LC- A 101 0.28 0.56 0.50

LC-46 93 0.29 0.54 0.53
LC- 79 0.38 0.37 1.00
LC- 64 0.18 0.32 0.56
LC- t. 39 0.05 0.60 -

LC- 15+ 0.05 0.24 -
B-actin-CAT 0.8 0.71 1.1

.-------------------------------------------------------------------__-----
Primary breast LC-pUC-CAT 0.23 0.55 0.42
myotubes LC & 101 0.40 0.62 0.64
(-BudR) LC b 93 0.67 0.76 0.88

LC-& 79 0.36 0.53 0.67
LC-A 64 0.44 0.60 0.73
LC-& 39 0.01 0.52 -

LC-4 15+ 0.01 0.46 -

B-actin-CAT 0.6 0.61 0.98
.-- - _-

Primary breast LC-pUC-CAT 0.11 0.61 0.18
myoblasts LC- a 101 0.16 0.77 0.20
(+BudR) LC-tA 93 0.18 0.77 0.23

LC- a 79 0.12 0.61 0.2
LC- A 64 0.10 0.56 0.18
LC- 4 39 0.005 0.84 -

LC- 4 15+ 0.005 0.65 -

B-actin-CAT 0.65 0.7 0.9

a) Transfections were performed with 15 ug of reporter DNA plus 5 ug of
pRSV-Bgal plasmid.

b) Numbers represent ratio of cpm in acetylated derivatives to total cpm
on the TLC plate. Assays were performed with 10% of cellular extract
for cardiac muscle and 5% of extract for breast muscle.

c) B-gal assays were carried out with 10% of cell extracts as described
under Materials and Methods. Values have been corrected for extracts of
mock transfected cells.

d) Corrected values for CAT-activity were derived by dividing the CAT
values by the B-gal values.

e) Values represent means of at least 5 experiments.

fragment from LC-pUC-CAT was radiocatively labelled at its 5'end and hybridized to

RNA from cultured breast muscle cells, transfected with LC-pUC-CAT, the expected

fragment of 290 nucleotides was protected upon challenge with SI nuclease (figure 8).

RSV-CAT or B-actin pomoter-CAT constructs transfected as control also exhibited the
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Fig. 8: SI analysis of the transcriptional start site for the MLC2-A promoter CAT
fusion plasmids. The probe was genera32d from the LC-pUC-CAT plasmid by digestion
with Eco RI and 5'end-labelling with P- ATP and T4 polynucleotide kinase (lane 1
untreated probe). The probe was hybridized with 20 - 100 Iug of RNA from fused breast
muscle cultures transfected with LC-pUC-CAT (lane 2), RSV-CAT (lane 3), chicken B-
actin CAT (lane 4) or untransfected breast muscle cells (lane 5). Digestion with Si
nuclease and gel electrophoresis were performed as described in Materials and Methods.
As shown in the figure. the correct start sites predict a 290 nucleotide fragment for
LC-CAT, 265 nucleotide fragment for RSV-CAT and an approximately 260 nucleotide
fragment for 3-actin-CAT.

correct size fragments of 265 and 280 nucleotides, respectively. We observed a slight

microheterogeneity at the start site, a phenomenon that has also been described for the

LC1 and LC3 genes of skeletal muscle in chicken (30), mouse (36) and rat (37). Our

result indicates that in cultured cells transfected with the LC-CAT hybrid gene the
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Fig. 9: Northern blot analysis of MLC lf/3f mRNA (pannel A) or MLC2-A mRNA
(pannef B) in primary cultures of chicken breast or heart muscle. Ten micrograms of
total RNA from 4 day old breast cell cultures grown in the presence of BUdR (lane 1),
from 3 or 4 day old breast cultures without BUdR (lanes 2 and 3, respectively), from 4
day old heart cell cultures with BUdR (lane 4) and without BUdR (lane 5) and from
breast cell cultures transfected with LC-pUC-CAT (lane 6) were denatured, electropho-
retically analyzed and blotted as described in Materials and Methods. Both blots were
generated from the same gel and separated only for the hybridization with cloned and
radioactively labelled MLC1/3 cDNA in pannel A and the cloned cDNA probe for MLC2-
A in pannel B.

identical start site is used for transcription that has been shown in normal embryonic

chicken hearts (3). It furthermore confirms that the same promoter element that is

active in vivo only in myocardial cells is capable of exerting its activity also in skeletal

muscle cells.

The endogenous MLC2-A gene is not expressed in primary skeletal muscle cultures

The observation that the transfected MLC2-A promoter is active in cultured skeletal

muscle cells leads to the possibility that the endogenous MLC2-A gene might also be

expressed under the culturing conditions. To answer this question RNA was isolated

from breast and heart muscle cells cultured with or without BUdR and also from cells

that had been transfected with LC-pUC-CAT. The samples were analyzed in duplicates

on northern blots and hybridized either with the chicken LC1/LC3 cDNA probe or with

the cardiac myosin LC2-A cDNA. As presented in figure 9, breast muscle myotubes

synthesized only the expected LC1/LC3 mRNA whereas cultured cardiocytes only
transcribed the MLC2-A mRNA. There was no promiscous expression of either light

chain species in the analyzed cultures, even when cells had been compromised by the

calcium phosphate precipitate. There was, however, a significant difference in the

effect of BUdR on skeletal and cardiac cells. Whereas the transcription of LC1/LC3
mRNA was almost completely suppressed by BUdR, the expression of MLC2-A mRNA in

heart cells remained almost unaffected. This supports our earlier observation that

BUdR has no significant effect on cardiocytes.
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-120 -100 -80
Pst1 1

LC2-A CTGCAGATTAGAGGAGGAGAAAGTCAGAGACAAGAGGGTCGGGGGTGGCTGGTTTACCTA
§******§** 1* ***

rat cardiac MHC GAGGAGGAGCCAGACAG

-60 -40 -20

TTACAGCCAAAAGTGGACATGGGGTTATTTTTAGCCTGGAATGGGGTGTATTTATTGTTT

+1 +20
Pstl

CAGCCCAGGGAGGCAGAGGGACTGCCTCTGAGATTCCTCCTGCAG

RNA start site(s)

Fig. 10: The nucleotide sequence of the chicken MLC2-A promoter fragment. Promoter
consensus motifs are printed in fat letters. Note that the putative CCAAAT-box at -80
is located on the opposite strand. Another putative "CCAAT" motif on the noncoding
strand and the "TATA"-box are underlined. 17 nucleotides of the MLC2-A gene show a
83% homology to a sequence element located in the rat cardiac myosin heavy chain
(MHC) gene at a similar position.

The proximal promoter sequence of the MLC2-A gene

A summary of potentially important sequence elements within the small Pstl-promoter

fragment of the MLC2-A gene is shown in figure 10. A computer-search for homologies

with other muscle genes under reasonably selective conditions (more than 70 % overall

homology) revealed a sequence element of 17 nucleotides with a 83 % homology to the

cardiac myosin heavy chain gene of rat. This sequence element is located about 90

nucleotides upstream of the "TATA"-box in chicken and at approximately the same

position in the rat gene. By deletion analysis, however, we were unable to demonstrate

a functional significance of this sequence for the promoter activity under our assay

conditions. Likewise the deletion of the potential CCAAT-box at position -80 (on the

noncoding strand) or the potential CArG box (CCAAAAG) did not appreciably change

the promoter function. In contrast, a "CCAAT" motif located on the noncoding strand

around the position -50 leads, when deleted, to a drastic redLiction of the transcriptional

activity.

DISCUSSION
The tissue- and developmental stage-specific expression of various isoforms of muscle

proteins from their respective genes is precisely controlled during myogenesis. Since

muscle cells in culture can be readily triggered to differentiate from proliferating

myoblasts to fused myotubes they are suitable to study the mechanisms responsible for

gene activation and isoform switching that takes place during that process. In the

present work we take advantage of this system and demonstrate that recombinant

plasmids containing 5'-flanking segments of the chicken MLC2-A gene linked to the
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bacterial CAT gene are transcribed at high levels in chicken primary muscle cultures,

but not in nonmuscle cells or established rodent myoblast lines. This cell type-specific

expression is shown for hybrids containing up to 2100 nucleotides of sequence upstream

of the RNA start site as well as the complete first intron of the gene. Removal of large

segments of upstream sequences and the first intron does not greatly influence the level

of CAT expression. This indicates that these sequences might not be essential for the

promoter activity itself nor for its enhanced expression. The smallest hybrid construct

that was sufficient to maintain high levels of CAT expression in a muscle specific
manner contained only 64 nucleotides 5' to the start site of transcription. It is

interesting to note that this sequence does neither include the putative CCAAAT

element (in the MLC2-A gene located on the noncoding strand) at position -80 nor the

CArG-box like sequence CCAAAAG that was postulated to confer tissue-specificity to

the actin and other muscle promoters (11, 38)
In contrast to our results, Zarraga et al. (7) described activity of the MLC2-A promoter
in the quail fibroblast cell line QT35 and in COS cells. In their constructs the promoter
is contained in a 1.6 kb Hind III fragment that also supplies the AUG translational start

codon of MLC2-A and therefore needs to be fused in the reading frame of the CAT

gene. In an attempt to reproduce the expression of the MLC 2-A promoter in a

nonmuscle background, as suggested by these authors, we transfected our LC-CAT

constructs as well as those constructed in our laboratory according to their procedure in

QT 35 or in COS cells. Although we were unable to obtain specific expression in either

cell, we did observe unspecific CAT enzyme activity in QT 35 cells and also in a quail
cell line which was transformed by a temperature senitive RSV-mutant (unpublished
observations). This activity, however, was also obtained with pSV-O-CAT, a promoter-

less CAT plasmid, and in quail muscle cells regardless whether or not they were

differentiated. We therefore like to suggest that transformed quail cells seem to be
very permissive for unspecific CAT expression and can not be used to prove muscle

specific activation of a gene promoter.

It has been extensively documented that chicken myoblasts and other cell types (34, 13)
grown in the presence of BUdR are completely. but reversibly blocked in their capacity

to form the functional muscle phenotype. To prevent spontaneous differentiation in

primary cultures and in order to show the differentiation dependent up-modulation of

the muscle promoter activity we took advantage of this observation. As our results

clearly demonstrate. the LC2-A promoter activity is significantly suppressed in

myoblasts grown in the presence of BUdR whereas the promoters of nonmuscle genes

like the LTR of Rous sarcoma virus or the chicken 8-actin promoter (data not shown)

appeared to be unaffected by the BUdR treatment. This observation is in agreement

with the fact that cells are capable of undiminished growth for several generations in
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concentrations of BUdR that completely inhibit myogenesis but obviously do not

prevent functions of cellular housekeeping genes. The mechanisms by which BUdR

prevents the formation of CAT mRNA under the control of the MLC2-A promoter is not

fully understood. In our studies there is no opportunity for replication or integration of

the LC-CAT plasmids under the conditions of transient expression. It is clear, then, that

BUdR does not have to be incorporated directly into the promoter of the muscle

specific gene. to exert its effect. The effect of BUdR could therefore be mediated by a

transacting factor(s). There is now ample evidence for the involvement of transacting

factors or activators in muscle (39) as well as in other tissues. BUdR may somehow

suppress the synthesis of a putative myogenic activator.

Most of the sequence contained in the largest construct, 3.1.-LC-CAT, did not seem to

be essential for muscle specific and regulated expression of the MLC2-A mRNA.

However, the cardiac muscle subtype (cardiac versus skeletal) specifity may require

elements which are either not present or exert no control under our assay conditions. It

is conceivable that, while about 65 nucleotides around the promoter are sufficient to

confer muscle specific transcriptional activity, additional DNA elements located

further upstream or in the gene body or in the 3'flanking region are required for cardiac

specific expression. Alternatively, other factors which cannot be studied in transient

expression, such as conformational changes of chromatin structure or the state of

methylation may influence gene activity. We have previously reported our findings on

tissue-specific DNAse I hypersensitive sites and hypomethylation of the MLC2-A gene

in heart which support this idea (3).
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