
MOLECULAR AND CELLULAR BIOLOGY, OCt. 1987, p. 3826-3829
0270-7306/87/103826-04$02.00/0
Copyright © 1987, American Society for Microbiology

Developmentally Regulated Expression of a Truncated Myosin
Light-Chain 1F/3F Gene

LEONARD I. GARFINKELt* AND NORMAN DAVIDSON

Division of Chemistry, California Institute of Technology, Pasadena, California 91125

Received 9 March 1987/Accepted 23 July 1987

Fast skeletal muscle myosin light-chain 1 (MLC1f) and myosin light-chain 3 (MLC3f) mRNAs are both
derived from a single rat MLC1l/3f gene. MLC1f mRNA begins at the first exon of the gene, while MLC3f
mRNA begins with exon 2, 10 kilobases downstream. Both mRNAs require alternate splicing of internal exons

for accurate expression. We showed that a truncated rat MLCl/3f gene lacking exon 1 and the first 6.3
kilobases of the intron separating exons 1 and 2 produced rat MLC3f mRNA in a developmentally regulated
manner after introduction into myogenic mouse cells, thus demonstrating in vivo the presence of a functional
promoter associated with exon 2. Correctly spliced mRNA was produced after transfer of this truncated gene
into both myogenic and nonmyogenic cells, indicating that the pattern of splicing of this complex transcript was
due to a structural feature of the RNA and was independent of cell type.

Myosin light chains 1 and 3 (MLC1f and MLC3f, respec-
tively) are members of the family of contractile proteins
whose expression is coordinately regulated with the onset of
muscle differentiation. Both proteins are encoded by a single
gene (Fig. 1) with a complex pattern of expression (7-9). The
rat MLC1fI3f gene (8) spans 22 kilobases (kb) of DNA and
contains nine exons (Fig. 1A). In fast muscle tissue the gene
yields two different mRNAs, those for MLC1f and MLC3f.
MCL1f mRNA contains exon 1, exon 4, and exons 5 through
9. MLC3f mRNA contains exon 2, exon 3, and exons 5
through 9 (see Fig. 2B). Thus, the two mRNAs differ
completely in their first two exons yet are identical in their
last five exons. Accordingly, the protein products of these
mRNAs, MLClf and MLC3f, differ in sequence at their
amino termini and are identical at their carboxy termini.
The existence of functional promoters for both MLC1f and

MLC3f mRNAs has been demonstrated by in vitro studies
(13), suggesting that differential promotion is the primary
means of generating the two different mRNAs. We wished to
determine whether MLC3f mRNA synthesis in vivo is me-
diated via its own promoter and if so, whether this promoter
can be regulated independently of the MLC1f promoter and
flanking sequences distal to the MLClf promoter.
Two overlapping genomic clones in A Charon 4a (Fig. 1B)

were used in the construction of pMLC19.7 in pUC-18.
Clone pMLC19.7 contains the entire 10.6-kb MLC3r
encoding region of the gene plus 3.3 kb of sequence up-
stream of the MLC3f promoter and 5.8 kb of 3'-flanking
sequence (Fig. 1C). It does not contain the MLC1f promoter
or the first 6.3 kb of the large intron separating the MLClf
promoter from the MLC3f promoter. To determine whether
this incomplete gene contains the information essential for
regulated expression of the MLC3f mRNA after gene trans-
fer into heterologous myogenic cells, we introduced
pMLC19.7 into mouse myogenic cell lines C2C12 (16) and
BC3H1 (12) by DNA-mediated cell transformation (15). The
plasmid DNA used in the transformations was either intact
or linearized by digestion with BamHI, which cuts
pMLC19.7 once at the vector-insert boundary. Cells were
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cotransformed with pNEO3 (3), which confers resistance to
the neomycin analog G418. Pools of G418-resistant clones
were used to minimize the contribution of position effects (5,
6, 14) to the results. The intact plasmid resulted in a higher
DNA copy number than did the linearized plasmid (about 25
copies per haploid genome versus 5 copies per haploid
genome) in both C2C12 and BC3H1 transformants (data not
shown). C2C12 cells transformed with intact or BamHI-
digested pMLC19.7 are designated C2C12/19.7 and
C2C12/19.7B, respectively. Transformed BC3H1 cells are
similarly designated BC3H1/19.7 and BC3H1/19.7B.
RNAs from undifferentiated and differentiated cells of

transformed cell lines were isolated and subjected to nucle-
ase Si analysis. The pXA-1 cDNA probe, derived from an

MLC1/3 cDNA clone (1), begins in exon 5 and ends in exon
9 (Fig. 2B). The signal obtained with this probe in rat tissue
reflected the presence of both MLC1f and MLC3f mRNAs,
since the cDNA included sequences which they have in
common. However, in the transformants, any signal corre-

sponding to rat myosin light-chain mRNA must have been
entirely derived from MLC3f because of the absence of the
MLC1f promoter and exon 1 in pMLC19.7. A total of 417
bases of the 1,058-base probe should have been protected
from digestion by nuclease S1 after hybridization to rat
RNA. Although mouse MLC1f and MLC3f mRNAs are

highly homologous to those of rats (1, 9), exon 9 of the rat
gene contains a sequence of 8 bases which is absent from the
mouse gene (Fig. 2B). This resulted in a nuclease S1-
sensitive loop of 8 bases when the probe was hybridized to
mouse mRNA, resulting in a protected product of only 340
bases (Fig. 2B). The nuclease S1 products from rat and
mouse myosin light-chain mRNAs could thus be resolved
(Fig. 2A, lanes 2 and 3), allowing quantitation of the prod-
ucts of endogenous and inserted genes in a single experi-
ment. Rat MLC3f mRNA accumulated to high levels in both
C2C12 and BC3H1 transformants after differentiation (Fig.
2A). The presence of both rat and mouse myosin light-chain
mRNAs in undifferentiated C2C12/19.7 and C2C12/19.7B cells
(lanes 5 and 7) was probably due to the fact that there was a

low level of spontaneous differentiation in C2C12 cells, even
under the conditions used to maintain cells in the undiffer-
entiated state. This did not occur in BC3H1 cells (lanes 9 and
11). When the mouse myosin light-chain band was used as an
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FIG. 1. Map of the rat MLCld3f gene showing the arrangement of the exons (A, black bars), the location of two Charon 4a clones, X38B
and KMA, used in the construction of pMLC19.7 (B), and the fragment of the gene present in pMLC19.7 (C). All maps are drawn to the same
scale and are in proper alignment. B, BamHI; K, KpnI.

internal control for the amount of RNA loaded per lane, it
was clear that in C2C12 cells, transformation with a linear or
circular plasmid resulted in equivalent amounts of rat MLC3f
mRNA (lanes 6 and 8), despite the fivefold difference in gene
copy number, while in BC3H1 cells, there was less rat
MLC3f mRNA in cells transformed with the linearized
plasmid than in those transformed with the circular plasmid
(lanes 10 and 12). Whether this effect in BC3H1 cells was a

reflection of the lower copy number in those cells trans-
formed with the linearized plasmid is unknown.

Rat MLC3f mRNA expression was also developmentally
regulated in transiently transformed C2C12 cells (unpublished
data). In this case, however, the level of expression of the rat
MLC3f mRNA was considerably lower than that in stably
transformed cells.
The nuclease Si probe used in the experiments shown in

Fig. 2 begins in exon 5 and ends in exon 9. RNA from the
transformed cells resulted in a nuclease Si-protected prod-
uct that was the same size as that obtained with RNA from
native rat skeletal muscle (Fig. 2A), indicating that the
splicing of exons 5 to 6, 6 to 7, 7 to 8, and 8 to 9 was accurate
in the transformants.
MLC3fmRNA is generated in vivo by the splicing together

of exon 2 to exon 3 and of exon 3 to exon 5 (Fig. 2B). We
wished to know whether this same pattern of splicing oc-
curred after gene transfer of the truncated gene. Further-
more, we wished to test whether the formally acceptable
splicing pattern 2-3-4-5, as well as the expected normal 2-3-5
splicing- pattern, occurred with the truncated gene. The
fidelity of splicing across the exon 2-exon 3-exon 5 region
was determined by using primer extension assays. A 91-
base-pair cDNA fragment from within exon 5 was used as
the primer (Fig. 3B). The major product generated by using
rat skeletal muscle RNA as the template was 192 bases in
length (Fig. 3A, lane 1), while the major product generated
by usimouse RNA was 188 bases in length (lane 2). This
difference in length was due to a 4-base sequence that is
prese- in exon 2 of the rat gene but absent in that of the
mous gene (1, 9). In addition to the expected mouse product
of 188 bases, RNA from differentiated C2C12/19.7 cells (Fig.
3A, lane 3) yielded a band identical in size to that obtained
with rat skeletal muscle RNA. These data indicated that
exons 2 to 3 and 3 to 5 were accurately spliced together in the
transformants.
A second product, 197 bases long, which was produced

with rat skeletal muscle RNA as the template (Fig. 3A, lane
1) was not detected in the transformants (lane 3). It is
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FIG. 2. Nuclease S1 analysis of rat MLC3f mRNA in trans-
formed mouse cells. (A) Comparison of expression of rat MLC3f
mRNA in uninduced and induced transformants. Lane 1,
Undigested probe. Lanes 2 to 12, Nuclease Si analysis of mRNAs
from the following sources: 2, rat skeletal muscle; 3, differentiated
mouse C2C12 cells; 4, no RNA; 5, undifferentiated C2C12/19.7; 6,
differentiated C2C12/19.7; 7, undifferentiated C2C12/19.7B; 8, differ-
entiated C2C12/19.7B; 9, undifferentiated BC3H1/19.7; 10, differen-
tiated BC3H1/19.7; 11, undifferentiated BC3H1/19.7B; and 12,
differentiated BC3H1/19.7B. Size markers were 4X174 replicative-
form DNAs digested with HaeIII. (B) Diagrammatic representation
of products expected from nuclease S1 analysis of rat and mouse

MLC1f and MLC3f mRNAs. The cross-hatched region in exon 9
corresponds to an 8-base sequence present in the rat and absent in
the mouse. Thus, both rat MLC1f and MLC3f mRNAs yielded a

417-base (b) product (upper arrow in panel A), while mouse mRNA
was nicked at the site of these 8 bases, resulting in a 340-base (b)
fragment (lower arrow in panel A). Asterisks indicate position of
radioactive label.
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FIG. 4. Nuclease Sl analysis of the expression of rat MLC3f in L
cells. The probe used was the same as that used in Fig. 2. RNA
samples were from the following: lane 1, rat skeletal muscle; lane 2,
differentiated C2C12 cells; lane 3, untransformed L cells; lane 4,
pMLC19.7-transformed L cells.
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FIG. 3. Primer extension analysis of MLC3f expression in trans-
formed mouse cells. (A) A 91-base primer from within exon 5 was
hybridized to RNA samples and extended with avian myeloblastosis
virus reverse transcriptase. Primer extension reaction products
were analyzed on a 5% polyacrylamide sequencing gel. RNA
samples were from the following: lane 1, rat skeletal muscle; lane 2,
differentiated C2C12 cells; lane 3, differentiated C2C12/19.7 cells; lane
4, undifferentiated C2C12/19.7 cells; lane 5, pMLC19.7-transformed
L cells; lane 6, untransformed L cells. Size markers were pUC-19
DNAs digested with HpaII. (B) Diagram showing the 5' ends of
MLClf and MLC3f mRNAs. The line under each mRNA represents
the primer extension products, demonstrating the generation of
products from both MLC1f and MLC3f mRNAs with the 91-base
primer (thick line).

unlikely that this minor product was an artifact of the primer
extension technique, since both RNAs were treated identi-
cally. This larger product may have resulted from an alter-
nate transcriptional initiation site which, for unknown
reasons, was not used by the C2C12 cell transcriptional
apparatus. Alternatively, there may have been sequences far
upstream of the MLC3f promoter but not present in
pMLC19.7 which were required for the function of this
second initiation site. Interestingly, the sequences at the
beginning of the larger and smaller transcripts are

ACTCCACTCAGGG (large)
ACTCAGGG (small)

both of which begin with ACTC (8). The bands in Fig. 3A at
about 360 bases were the result of primer extension of rat
and mouse MLC1f mRNAs, to which the 91-base primer was
also homologous.
Although we have demonstrated accurate splicing in the

pattern 2-3-5 in the transformants, it is conceivable that
incorrect splicing in the pattern 2-3-4-5 may occur, since the
transfected gene is both truncated and outside of its normal

genetic context. If 2-3-4-5 splicing occurred, the products
that would result from the use of the 91-base exon 5 primer
in a primer extension reaction would be a major band 216
bases long and a minor band 221 bases long. There was no
detectable product of this size in primary rat tissue or in
C2C12/19.7 cells (Fig. 3A, lanes 1 and 3).
These results, taken together, demonstrated that after

gene transfer the truncated gene showed both regulated
expression and the correct in vivo alternative splicing pat-
tern in the myogenic C2C12 and BC3H1 cell lines. Thus, our
work shows that there are promoter elements within or
slightly upstream of the MLC3f gene which can function
independently of the promoter elements of the MLClf gene.
Our results are consistent with those of previous studies
showing that there are sequences just preceding exon 2
which function as promoter elements for correctly initiated
transcripts in vitro (13). Since both mRNAs are induced
during differentiation, the promoters for MLC1f and MLC3f
mRNAs must either be regulated separately by loci associ-
ated with each promoter or regulated together by sequences
contained within the truncated gene.
Mouse L cells were transformed with pMLC19.7 and

assayed for the expression of rat MLC3f. Rat MLC3f mRNA
was produced and accurately processed in L cells (Fig. 3A,
lane 5, and Fig. 4, lane 4). As in the C2C12 transformants,
there was no evidence of exon 4 being spliced into the rat
MLC3f mRNA (Fig. 3A, lane 5). While the expression of
MLC3f mRNA in mouse L cells was unexpected, it is not
without precedent. There are numerous examples of inap-
propriate expression of transfected genes in L cells. a-Actin
(11), T-cell differentiation antigens (2), human growth hor-
mone (10), and even chicken ovalbumin (4) genes are inappro-
priately expressed in L cells. The reasons for the frequent
occurrence of inappropriate expression in the fibroblast
L-cell line are not known. More importantly, our observa-
tion that the correct 2-3-5 splicing pattern occurs in L cells
supports the view that the signals for correct splicing of this
complex transcript are intrinsic to the RNA itself and are not
related to its tissue of origin.
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