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represent cells active later in development, at a stage when
a-cardiac mRNA is also expressed. Alternatively, the failure
of L6 cells to express a-cardiac actin mRNA might be
related to a defect in the myogenic program of this transformed cell line. Since L6 cells are the most widely used cell
line in studies on the cellular and molecular biology of
myogenesis, we attempted to discriminate between these
explanations.
We investigated skeletal and cardiac a-actin expression in
the L6E9 subclone (14) of rat L6 myoblasts (26). RNA was
isolated (5) from L6E9 proliferating myoblasts and from
myotubes at 6, 8, and 10 days after fusion was induced by
plating single-cell suspensions of 5 x 105 cells per 100-mm
dish into Dulbecco modified Eagle medium containing 2%
fetal calf serum and 2.5% horse serum. Size-fractionated
RNA was hybridized with probes specific for either the 3'
untranslated region of the skeletal or cardiac a-actin mRNA
as previously described (4). Cardiac actin mRNA was not
present in either myoblasts or myotubes (Fig. 1A). The RNA
blot (Fig. 1A) was then hybridized to the skeletal actinspecific probe. A low level of skeletal a-actin mRNA was
present in myoblast cultures, and after fusion, the level of
the mRNA dramatically increased (Fig. 1B). By comparison
with known RNA standards, we concluded that cardiac actin
mRNA was present at much less than 1% of the level of
skeletal a-actin mRNA in myotubes (18). Since the blots
(Fig. 1A and B) were from the same sample, the absence of
a hybridization signal in the blot shown in Fig. 1A could not
have been due to a technical problem with either the RNA
extraction or blotting procedures. Furthermore, the specificity and sensitivity of the radiolabeled a-cardiac actin DNA
probe used in the experiment (Fig. 1A) was demonstrated by
the ability of this probe to detect a-cardiac actin transcripts
and their gene (Fig. 1C and Fig. 2).
One simple explanation of the failure of cardiac actin to be
expressed is that the gene is deleted or rearranged in this cell
line. To evaluate this possibility, we digested total rat
thymus and L6E9 genomic DNAs with the restriction endonuclease EcoRI and, after agarose gel electrophoresis and
blotting onto a nitrocellulose filter, hybridized the blot to the
cardiac actin-specific 3' untranslated region probe. The
patterns of hybridization of both DNA samples were identical (Fig. 1C). We concluded, therefore, that the cardiac actin
gene is present in the L6E9 cell line and that its failure to be

The fusion of myoblasts to form myotubes is accompanied
by a rapid induction of the contractile proteins which constitute the skeletal muscle sarcomere (3). At the same time,
a number of genes encoding the proteins of the myoblast
cytoskeleton are substantially down-regulated (3). This
switching of cellular structural components is best characterized in terms of the actins. During early myotube formation, the synthesis of the nonmuscle I- and y-actins is
repressed, while the synthesis of muscle a-actin is induced
(3, 20, 22).
Recent work has demonstrated that the induction of
muscle a-actin is more complex than originally thought.
During skeletal muscle differentiation in chickens (16), rats
(8), mice (1, 10), and humans (11), both skeletal and cardiac
a-actins are induced. Furthermore, cardiac actin has been
shown to be the predominant a-actin transcript during early
skeletal muscle development in chicken primary cultures
(16), in the mouse myogenic C2 cell line (1), and in human
myoblasts (11). With a lower vertebrate, Xenopus levis,
Mohun et al. (12) demonstrated that the a-cardiac and
a-skeletal actin mRNAs are expressed at the earliest stages
of muscle cell differentiation and throughout embryogenesis.
Thus, coexpression of a-skeletal and a-cardiac actin genes,
a feature in all these systems, is likely to be common to all
vertebrate myogenic programs.
Two sets of preliminary data are in seeming conflict in
interpretations of sarcomeric actin gene expression in one
particular line of myogenic rat cells. Buckingham and coworkers (2) presented preliminary data that, in contrast to
the usual myogenic programs, the rat myogenic cell line L6
induces skeletal, but not cardiac, a-actin upon fusion to form
myotubes. On the other hand, our prelminary data (6)
suggest that the human cardiac actin gene is capable of being
expressed after it is introduced into the L6E9 subclone of rat
L6 myoblasts. One explanation for these conflicting results
(2) is that the L6 myoblast cell line might represent cells from
an early stage of muscle development, a hypothetical stage
in which a-skeletal mRNA, but not a-cardiac mRNA, is
expressed. According to this interpretation, the chicken,
mouse, and human culture systems described above would
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The rat myogenic cell line L6E9 induces skeletal but not cardiac a-actin mRNA upon fusion to form
myotubes. However, when a human cardiac a-actin gene was introduced into L6E9 myoblasts, differentiation
of the cells led to the accumulation of human gene transcripts in parallel with those derived from the
endogenous skeletal at-actin gene. This result demonstrates that factors which direct rat myogenesis can
regulate a muscle gene from another species and that the L6E9 cells may have a defect in their ability to activate
endogenous cardiac actin gene expression.
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FIG. 1. (A) Rat cardiac ot-actin is not expressed during L6E9
differentiation. Total RNA was isolated from L6E9 rmyoblasts (bl)
and myotubes at 6 (d6), 8 (d8). and 10 (d10) days post fusion (1, 18).
Samples (10 pLg) of each RNA were electrophoresed o n a gel (2.2 M
formaldehyde, 1% agarose) and transferred to a nitro(cellulose filter
(4). The filter was hybridized to the cardiac ac-actin-!specific probe
pHMcA-3'UT-DB (4), washed, and autoradiographedI for 3 weeks.
The migration of 28S and 18S rRNA is indicated. (B ) Induction of
skeletal c-actin mRNA during L6E9 differentiation. 1rhe blot in 1A
was rehybridized with the skeletal ot-actin-specific prrobe pHMc.A3'UT-Fnu (4). washed, and autoradiographed for 1 d&ay. (C) Detection of cardiac actin gene in L6E9 cells. Total DNA was isolated
from rat thymus and L6E9 cells. digested with EcoRl. size fractionated on a 0.6% agarose gel, and transferred to a nitro cellulose filter
(18). The filter was hybridized to the cardiac Q-actin- specific probe
pHmcA-3'UT-DB (4). washed. and autoradiographe d. The migration positions of coelectrophoresed size standards are shown in
kilobases.

seen previously in mouse L cells transfected with this gene

(5). The 6-kb transcript proved to be an unprocessed nuclear
transcript, whereas the 1.6-kb mRNA corresponded to the
mature cardiac c-actin mRNA (5).
In contrast, in clones JA and HA, the mRNA was present
at significantly higher levels in the myotubes than in the
myoblasts and at levels about twofold higher in the
myotubes of clone NA (Fig. 2A, C, and D). Clones JA and
HA accumulated only the 1.6-kb mRNA, whereas clone NA
also accumulated the 6-kb precursor. This result demonstrated that, in three of four clones tested, the rat L6E9 cells
were capable of increasing the accumulation of human
cardiac cx-actin transcripts during fusion to form myotubes.
To demonstrate the specificity of the induction of the
human cardiac actin gene, we measured the level of gpt
transcripts in each of these RNAs. Serial dilutions of the
RNAs were applied to nitrocellulose paper and hybridized to
a radiolabeled gpt probe. The expression of gpt RNA in the
HA clone actually decreased by about 50% upon fusion of
the myoblasts into myotubes (Fig. 3A). In the JA clone, the
myotubes and myoblasts expressed identical levels on days
8 and 10 (Fig. 3B). The gpt transcripts were also identical in
the RNA samples of clone NA (data not shown). Thus, we

expressed is not due to gene deletion or gros s rearrangement.
One approach to defining why the L6E9 c ells did not
activate transcription of the cardiac actin gene upon
myoblast fusion is to introduce a known functiional cardiac
actin gene into these cells and evaluate the acciumulation of
the specific transcripts during fusion. We previoously showed
that a cloned copy of the human cardiac actin gene can be
expressed in mouse L cells and produces in tact cardiac
x-actin mRNA and protein (5). Accordingly, in a typical
experiment we cotransfected 2 x 107 rat L6E,9 cells with
either 12.5 or 25 pLg of pHRL83-R1 (5) containinig the human
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FIG. 2. Expression of the human cardiac actin gene in rat L6E9 cells. Total RNA was isolated from myoblasts (bI) and at 6 (d6), 8 (d8)
and 10 (d10) days postfusion from myotubes generated from each of four L6E9-transfected clones containing the human cardiac gene. Samples
(10 ,ug) of each RNA were electrophoresed on a gel (2.2 M formaldehyde. 1% agarose) and transferred to a nitrocellulose filter (4). The filter
was hybridized to the cardiac x-actin-specific probe pHMcA-3'UT-DR (4) and washed with 0.1x SSC (lx SSC is 0.15 M NaCI plus 0.015 M
sodium citrate)-0.1%/s sodium dodecyl sulfate at 65°C. These washing conditions prevent hybridization of the probe to the rodent cardiac actin
mRNA (4). The sizes of the cardiac actin transcripts were determined from the mobilities of the 28S and 18S rRNAs (18). Cell lines: A, NA:
B, NB: C. JA, D. HA.
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cedure (25). Clones resistant to 25 of myocophenolic acid
per ml, 250 pLg of xanthine per ml, and HAT (13) in Dulbecco
modified Eagle medium containing 20% fetal calf serum were
picked about 2 weeks after transfection and expanded to
obtain DNA. Clones containing intact copies of the cotransfected human cardiac cx-actin gene were identified by Southern blotting (data not shown). Total RNA was prepared from
dividing myoblasts and myotubes fused in Dulbecco modified Eagle medium containing 3% horse serum plus selection
agents at various times during the fusion process. The RNA
was size fractionated and hybridized to a subclone of the
human cardiac actin 3' untranslated region which hybridizes
only to the human mRNA (4).
Two types of human cardiac actin transcripts were detected. In clone NB, a 6- and a 1.6-kilobase (kb) transcript
were seen in both the myoblasts and myotubes (Fig. 2B) and
the amounts of the two transcripts were very similar before
and after differentiation. The same transcript pattern was
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could conclude that the induction off cardiac z-actin transcripts in these three cell clones was specific for the
transfected cardiac actin gene.
The induction of human cardiac x-a ictin mRNA in three of
the four expressing clones of the transsfected rat cells clearly
demonstrates that a transferred musclle-specific gene can be
regulated appropriately in a myoger lic system of another
species. Melloul et al. (9) showed that the rat skeletal iz-actin
gene reintroduced into cells from the same species, the rat
L8 myogenic cell line, is correctly regulated. However,
Seiler-Tuyns et al. (21) found that th e mouse C2 myogenic
cell line does not regulate either of twi o heterospecific genes,
the chicken skeletal or cardiac actin g ,enes. This latter result
contrasts with the heterospecific reg ,ulation of the human
cardiac actin gene in the L6E9 cell line shown here. Recently
Nudel et al. (15) demonstrated that a chicken skeletal actin
gene is appropriately regulated in the rat L8 myogenic cell
line. There are a number of potential i nterpretations of these
results, including selective cross-spec ies incompatibility and
intrinsic differences among myogenic cell lines. To resolve
this, it may be necessary to perforn n parallel experiments
using both chicken and human cardia ic actin genes.
The data presented here demonstr *ate that the rat L6E9
myogenic line is capable of regulating an exogenous cardiac
ot-actin gene. A legitimate questior 1 is whether the upregulation of the cardiac actin gene is appropriate or normal
for all myogenic cells or whether L6 E9 cells, mutagenized
during primary rat muscle culture, rrepresent a heretofore
undiscovered subpopulation of myog Ienic cells that induce
skeletal but not cardiac actin. We Ibelieve that the latter
possibility (2) is less likely and that L ,6E9 cells are aberrant
and not representative of the myogeni ic programs of the frog
(12), chicken (16), mouse (1, 10), ral (8), and human (11),
which involve the early induction of both skeletal and
cardiac actin. Thus, it appears that tU he widely used L6 cell
line may have a defect in its myoge nic program. Furthermore, the defect resulting in failure t o induce cardiac actin
mRNA is not due to deletion or gross rearrangement of the
rat cardiac actin gene.

What is the basis of this defect in L6 cardiac actin gene
expression? The answer depends or l the mechanism normally used by muscle cells to induice expression of the
cardiac actin gene. Studies in chickenss (16), mice (1, 10). rats
(8), and humans (11, 18) demonstrated Ithat, although cardiac
actin expression is restricted to sar -comeric muscles, the
level of accumulation of cardiac actin mRNA differs over 2
orders of magnitude among various, muscles and during
development. This variable degree a if expression suggests

that myogenesis involves both an activation of the gene into
a transcription-permissive state and a second phase involving modulation of transcript accumulation (11). These considerations suggest two major possibilities for the basis of
the L6E9 cardiac actin gene expression defect.
First, the L6E9 cardiac actin gene may carry a mutation
which either precludes its activation into a transcriptionpermissive state or prevents transcription of the activated
locus. This is certainly testable and would involve isolating
the L6E9 cardiac actin gene and reintroducing it into these
cells. Weintraub (24) showed that cloned genes transfected
into L cells assume an altered chromatin configuration, i.e.,
a cloned chicken
gene transfected into these cells
exhibits a 5' hypersensitive DNase site, whereas an inactive,
endogenous globin gene does not exhibit DNase sensitivity.
Therefore, it can be assumed that a transfected L6E9 cardiac
x-actin gene would also be in a transcription-active state and
perhaps capable of being properly regulated during myoblast
differentiation in much the same way that we observed for
the transfected human cardiac Q-actin gene. That this is
reasonable is further suggested by the enhanced expression,
in response to glucocorticoid stimulation, of a human growth
hormone gene (19) and a rat ox-2 macroglobulin gene (7)
transfected into mouse L cells, while their endogenous
counterparts remain unresponsive to glucocorticoid stimulation.
Second. the L6E9 cells may fail to make a component
necessary for the activation of the rat cardiac x-actin gene.
Since these cells activate other myogenic genes, such as
myosin heavy-chain and skeletal actin, the putative absent
component would be relatively gene specific. By randomly
integrating the human cardiac actin gene into L6E9 cells,
however, we may have bypassed the need for activation of
the cardiac gene by such a gene-specific factor, since the
transfected gene is already in a transcription-permissive
state (Fig. 2A to D, lane 1). It is interesting that the L6E9
myotubes do not synthesize several other structural components, myosin light chains IF and 3F (2) and one of two
myosin heavy-chain components (17), which are induced (2,
23) upon fusion in other myogenic cell lines. Furthermore,
some L6 lines are peculiar from several additional standpoints, pointed out to us by Mark Pearson (personal communication). First, some L6 derivatives make only the M
isozyme of creatine kinase, although the original L6 line
made both the M and B forms (26). Second, electron
microscopy of these cells reveals no myofilaments with
long-range periodicity, but only short, truncated filaments.
Third, this morphological abnormality may also be responsible for the failure, in general, of L6 myotubes to contract
spontaneously. Taken together, these observations raise the
possibility that there may actually be a defect in a common
factor which regulates a subset of the myogenic program of
this widely used L6 cell subclone. Further analysis of the
expression in L6E9 cells of a number of other musclespecific genes will provide further insight into the molecular
basis of this defect.
The capacity of the human cardiac ox-actin gene to respond
in a physiological way by up-regulation after myogenic
fusion of rat cells supports the notion that the gene is
responding to heterospecific factors. Substantial regions of
conserved 5' flanking and 3' untranslated region sequences
are shared by human and rat Qx-cardiac actin genes (4, 11).
Such sequences are likely locales for (is-acting regulatory
regions that interact with the myogenic factors. Current
studies are focused on identifying these structural features
(11).

3-globin

Downloaded from http://mcb.asm.org/ on April 22, 2021 by guest

FIG. 3. Expression of the gpt gene ihn rat L6E9 cells. Serial
dilutions of total RNA isolated from myobllasts (bl) and myotubes at
6 (d6). 8 (d8), and 10 (dlO) days postfusion (of the clones. HA (A) and
JA (B) were applied to a nitrocellulose filter by using a slot-blot
manifold (Schleicher & Schuell, Inc.). Thi filter was hybridized to
the Ba,nHI-HitndllI fragment of pSV2-gpt ( 13) containing the coding
region of the gpt gene. After being wa5
sodium dodecyl sulfate at 650C. the filters were autoradiographed.
The quantity of RNA in each slot is indict ated in micrograms.
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