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ABSTRACT The emergence of abundant-class mRNAs spe-
cific for contractile muscle proteins and their distribution between
polysomal and free mRNP fractions were studied in skeletal mus-
cle excised from chicken embryos during the transition from myo-
blasts (day 9) to myotubes (day 18). Muscle-specific cDNA was se-
lectively prepared by hybridizing cDNA to template RNA (poly-
somal poly(A)+mRNA) from day-14 embryos followed by isolation
ofthe abundant class, which represents %20% of total mRNA. The
specificity of the cDNA probe for this class was confirmed by the
differential degree of hybridization to cytoplasmic RNA from cul-
tured myotube and myoblast cells and by its inability to hybridize
with mRNA from nonmuscle cells such as liver. Except for muscle
from day-9 embryos, the concentrations of the abundant-class
muscle-specific mRNAs were higher in polysomes than in free
mRNP fractions. Furthermore, the levels ofthese mRNAs in poly-
somes increased 12-fold from day 9 (myoblast) to day 14 (inter-
mediate) with a further 3.6-fold increase from day 14 to day 18
(myotube). In contrast to this 45-fold net increase in the polysomal
level of these mRNAs from day 9 to day 18, the levels in the free
mRNP fraction showed only a 3-fold decrease during this period.
Because the amount of mRNA lost from the mRNP fraction is
much less than the net increase in the polysome fraction, mRNP
does not serve as a reservoir of untranslated muscle-specific
mRNA for transfer to polysomes. Consequently, the emergence
of muscle-specific polysomal mRNA for contractile proteins dur-
ing myogenesis in ovo appears to be regulated primarily by tran-
scriptional control.

In embryonic muscle, the mononucleated myoblast cells rep-
licate for two or three cycles to become postmitotic mononu-
cleated myoblasts, which then fuse and form multinucleated
myotubes. After fusion there is a several-hundred-fold increase
in synthesis of muscle-specific contractile (myofibrillar) pro-
teins. At issue is whether this change in pattern of protein syn-
thesis during myogenesis is regulated at the transcriptional or
translational level. Much of the evidence relates to muscle that
differentiates in tissue culture. In vitro translation shows that
the mRNAs coding for the myofibrillar proteins in cultures of
quail breast muscle are present in negligible amounts in the
dividing myoblasts and accumulate coordinately after fusion,
suggesting transcriptional regulation (1). A similar conclusion
was based on studies of the abundance of mRNA for myosin
heavy chain in myoblasts and myotubes in chicken embryonic
muscle culture that use either translation ofmRNA (2) or in situ
hybridization with a cDNA probe (3). Other studies show that
the transition from the myoblast to myotube stage in primary
cultures ofchicken embryonic muscle (4) and rat skeletal muscle
(5) is associated with the appearance of a new abundant-class

population of mRNA consisting of at least six different mRNA
sequences-the increased synthesis of myofibrillar proteins at
or after fusion being coincident with the appearance of this new
class ofmRNAs (4). On the other hand, several reports reviewed
elsewhere (6) suggest that myogenesis in cultured cells is reg-
uiatedby translational control ofdormant message. Thus, trans-
lational control is suggested by (i) the presence ofmyosin heavy
chain mRNA as a stored translationally repressed free mRNP
particle prior to fusion and the subsequent transfer of this
mRNA to the polysomes at or after fusion (7, 8), (ii) the ability
of cultured rat muscle cells treated with actinomycin D to syn-
thesize muscle-specific proteins (9, 10), and (iii) differences in
the stability of mRNAs at myoblast and myotube stages (11, 12).

Apart from the contradictory nature of this evidence, studies
on cultured muscle cells may not reflect in vivo myogenesis
(13), which is influenced by physiological factors such as in-
nervation, activity, and hormones absent from muscle cell cul-
tures. Therefore, we have used abundant-class muscle-specific
cDNA probes to quantitate muscle-specific mRNAs and their
distribution patterns between polysomal and free mRNP frac-
tions during chicken skeletal muscle development in ovo. There
was an extensive increase in muscle-specific mRNAs in poly-
somes concomitant with development into myotubes, whereas
during differentiation the small amount of muscle-specific
mRNAs observed in the free mRNP fraction showed only a
slight decrease that was insufficient to account for this accu-
mulation of polysomal muscle-specific mRNAs.

MATERIALS AND METHODS
Leg and breast muscle excised at different stages of chicken
embryogenesis was homogenized as described (14) with 10 mM
vanadyl ribonucleoside complex (15) to inhibit RNase activity,
and the postmitochondrial supernatant was separated into poly-
somal and postpolysomal fractions (14, 16). Poly(A)+RNA was
isolated by oligo(dT)-cellulose chromatography of the RNA ex-
tracted from each fraction (17). The RNA samples were analyzed
electrophoretically in 1% agarose slab gels containing 2.2 M
formaldehyde (18). As described (16, 19), mRNAs were trans-
lated in micrococcal nuclease-treated reticulocyte lysate (20)
and specific translation products (19) were separated by
NaDodSO4/polyacrylamide gel electrophoresis with 7-15%
gradient slab gels, followed by identification of the labeled pro-
teins by fluorography (21).

Reaction mixtures (50-1Al volume) for the synthesis ofcDNA
(22) contained 40 mM Tris-HCl (pH 8.3), 5 mM dithiothreitol,
6mM MgC12, 100 mM KCl, actinomycin D at 50 ug/ml, dTTP,
dGTP, and dATP at 50 uM each, 50 tkM [3H]dCTP (specific
activity, 15-30 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels; New
England Nuclear) or 50 ,uM [a-32P]dCTP (specific activity, 400
Ci/mmol; New England Nuclear), polysomal poly(A)+RNA at
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40 ,ug/ml, oligo(dT)12-18 at 80 ,ug/ml, and AMV reverse tran-
scriptase at 80 units/ml (gift of J. W. Beard, Life Sciences, St.
Petersburg, FL). After incubation at 420C for 30 min, 5-;J sam-
ples were treated with Cl3CCOOH at 40C and the radioactivity
of the insoluble material was measured by liquid scintillation
counting (23). After extraction with phenol, the extract was
passed through a Sephadex G-50 column. The cDNA eluted in
the void volume was precipitated with ethanol by using Esch-
erichia coli tRNA as carrier and the cDNA had a specific activity
of =107 cpm/,ug. When sized by alkaline agarose slab gel elec-
trophoresis followed by autoradiography that uses a HindIII
digest of A phage DNA as markers (New England BioLabs), the
cDNA was in the range of 500 to 750 nucleotides.

Abundant-class muscle-specific cDNA (4, 5) was isolated by
usingalarge batch ofcDNA made against polysomal poly(A)+RNA
from day-14 chicken embryos that was back-hybridized to its
template RNA to a Rot value of 1.0. The reaction mixture was
then digested with SI nuclease (Miles) in the presence of dena-
tured E. coli DNA (50 ;kg/ml) for 60 min at 370C, boiled for 5
min in 0.5 M NaOH, and then neutralized with glacial acetic
acid. When passed through a Sephadex G-50/Chelex 100 col-
umn (24), %10-12% of the cDNA eluted in the void volume.
This was rehybridized to day-14 polysomal poly(A)+RNA to a
Rot value of 1.0 and the procedure was repeated. After the sec-
ond recycling, recovery was =60-70%. This cDNA was isolated
by ethanol precipitation for hybridization studies.
RNA cDNA hybridizations in the presence of excess RNA

were performed at 44°C in siliconized capillaries in 10-,ul re-
action mixtures that contained 20 mM 1,4-piperazinediethane-
sulfonic acid (pH 6.8), 50% formamide, 1 M NaCl, 2mM EDTA,
0.2% NaDodSO4, 2,000 cpm of total cDNA or 1,000 cpm of
abundant-class cDNA, and amounts of RNA as indicated in the
figure legends. The completed reactions were then treated with
SI nuclease (25) for estimation of the percentage of cDNA in
duplex form. The hybridization data were analyzed by using the
computer program of Pearson et al (26). Hybridization of a
mixture of a- and /globin mRNAs with the homologous cDNA
under identical conditions was performed as a kinetic standard.
Samples of the total and poly(A)+RNA used in this study were
hybridized with poly([3H]U) to measure their poly(A) content
(27).

Myoblast and myotube cells that were harvested after 24 hr
and 5 days, respectively, from cultures of 10-day chicken em-
bryonic breast muscle were kindly donated by Howard Holtzer
(University of Pennsylvania).

RESULTS AND DISCUSSION

To study the appearance of muscle-specific mRNAs during
myogenesis in the chicken in ovo, three representative stages
of muscle differentiation were chosen-namely, day 9 (early),
day 14 (intermediate), and day 18 (late), representing replicative
myoblasts, postmitotic myoblasts, and fused myotubes, re-
spectively (28, 29). First, products of in vitro translation di-
rected by total muscle RNA at these stages ofdevelopment were
analyzed by fluorography by using samples of purified chicken
myofibrillar proteins as markers (Fig. 1). The translation prod-
ucts of 14-day and 18-day chicken muscle mRNAs contained
major bands, some corresponding to muscle-specific marker
proteins (Fig. 1 B and C). In contrast, the translation products
of mRNA from 9-day chicken embryos gave a different band
pattern with a major protein at M, 42,000 and a number ofminor
bands in the Mr 16,000-200,000 range (Fig. LA). The difference
in abundance of muscle-specific translation products in 9-day
muscle preparations could be due to low levels of muscle-spe-
cific mRNAs or to poor translatability.
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FIG. 1. Fluorographyof [35Slmethionine-labeledcell-free products
synthesized in a mRNA-dependent rabbit reticulocyte lysate in re-
sponse to 20 ,ug of total RNA extracted from 9-, 14-, and 18-day chicken
embryonicskeletal muscle andresolvedon 7-15% gradientNaDodSO4/
polyacrylamide slab gels. Lane A, 9-day RNA; lane B, 14-day RNA;
lane C, 18-day RNA. Arrows indicate the positions of nonradioactive
myofibrillar proteins that were run as markers on the same gel and
stained with Coomassie blue: 1, myosin heavy chain (Mr 200,000); 2,
actin (Mr 42,000); 3, tropomyosin (Mr 35,000); 4, myosin light chain
LC1 (Mr 24,000); 5, myosin light chain LC2 (Mr 19,000); 6, myosin light
chain LC3 (Mr 16,000).

Quantitation ofmRNA as a function of development was car-
ried out by using abundant-class muscle-specific cDNA probes
because RNA-cDNA hybridization provides more precise es-
timates than those based on in vitro translation. Because 14-day
chicken muscle mRNA is essentially similar in muscle-specific
messages to mRNA from 18-day muscle (Fig. 1), polysomal
poly(A)+RNA of 14-day chicken embryonic muscle was selected
for preparation of the cDNA probe as this was easier to excise
and fractionate. To correct the Rot values for interpretation of
the hybridization data, the amount of RNA binding to poly([3H]U)
was determined and expressed as the percentage of poly(A)+RNA
that can be accounted for on the basis that 100 of the 2,000 nu-
cleotides (5%) in the average chicken poly(A)+RNA are con-
tributed by the polyadenylylated sequence (30-32). Approxi-
mately 82-84% of the polysomal poly(A)+RNA isolated from
9-, 14-, and 18-day muscle and liver could be accounted for as
RNA with poly(A) sequences of this mean size (data not shown).
The poly(A)+RNA content of cytoplasmic nonpolysomal RNA
and total RNA from cultured myoblasts and myotubes gave val-
ues that ranged, as expected, from 1 to 3%.
When cDNA prepared from 14-day chicken polysomal

poly(A)+RNA was back-hybridized to its template RNA, =80%
of the cDNA formed hybrids at saturation (Fig. 2). Hybridiza-
tion occurred over a range of Rot values of almost five orders
of magnitude, indicating considerable heterogeneity of the
mRNA population. Least squares fit of the cDNA hybridization
data to the standard pseudo-first-order hybridization rate equa-
tion is consistent with three components or concentration
classes ofRNAs-as shown by the transitions in the curve (Fig.
2) that is a computer fit (26) to the actual data points-based on
the assumption that the data can be represented by the sum of
a small number of ideal first-order reactions. The sequence
complexities of the three classes of mRNAs indicated by the
transitions in Fig. 2 are analyzed further in Table 1. This shows
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FIG. 2. Hybridization of 14-day polysomal poly(A)+RNA to its ho-
mologous cDNA transcript. The concentration of mRNA used in the
hybridization reaction varied from 4 to 200 jg/ml. The percentage of
cDNA resistant to nuclease digestion in controls lacking the mRNA
(1-3%) was subtracted from all values. The solid line is the computer-
calculated pseudo-first-order curve (26) that gives the best least
squares fit to the data. The parameters from which this curve is derived
are listed in Table 1.

that, at day 14, polysomal poly(A)+RNA in chicken muscle is
comprised of -12,000 unique average-sized RNA species. Ap-
proximately 23% of the cDNA is complementary to a small
group of 32 abundant RNA species present at about 400 copies
per cell. Another 35% ofthe cDNA is complementary to a larger
group of 1,500 RNA species present at an intermediate con-

centration of 12 copies per cell; the remainder of the cDNA
(42%) is complementary to a large class containing 10,000 dif-
ferent RNA species averaging 2 copies per cell. These results
agree reasonably well with reported values for the three classes
of poly(A)+RNA populations in myoblast and myotube stages
ofcultured chicken muscle cells (4) and in total RNA from 9-day
embryonic chicken muscle (33).
When cDNA prepared against day-14 polysomal poly(A)+RNA

of chicken muscle was hybridized to chicken liver polysomal
poly(A)+RNA the sequences that appeared to be common to
liver and muscle did not fall in this abundant frequency class
(Fig. 3A). Therefore, the muscle-specific abundant-class cDNA
was isolated by hybridizing cDNA to day-14 polysomal
poly(A)+RNA to a low Rot value of 1.0, followed by treatment
with S1 nuclease. This isolated abundant-class cDNA did not
hybridize to liver poly(A)+RNA to a significant extent at satu-
ration (Fig. 3A), indicating that it was indeed muscle-specific.

The specificity ofthe abundant-class cDNA was further checked
by its hybridization to total cytoplasmic RNA isolated from
chicken muscle cells cultured for 24 hr (myoblast) and for 5 days
(myotube). Even when corrected for poly(A)+RNA content,
<20% of the myoblast RNA hybridized to the abundant-class
muscle-specific cDNA even at high Rot values (Fig. 3B),
whereas hybridization with myotube RNA progressed to
:75-80% [corrected for poly(A)+RNA content] and was thus
similar to that obtained with the template polysomal poly(A)+RNA
(Fig. 2). Polyacrylamide gel electrophoresis of the myoblast and
myotube RNA samples showed that their rRNA contents were

similar (results not shown) and hybridization to poly([3H]U) in-
dicated the same proportion of the poly(A)+RNA in these two
RNA samples. Consequently, the difference in hybridization
ofthe two RNA samples with the cDNA probe (Fig. 3B) reflects
a change in the contents of the abundant-class mRNAs at these
two stages in culture.
The abundant-class muscle-specific cDNA probe was then

used to study the distribution patterns ofmRNA sequences in
the polysomal and free mRNP fractions of 9-, 14-, and 18-day
chicken embryonic muscle. The hybridization reactions were

driven to saturation with RNA samples from both polysomal and
mRNP fractions (Fig. 4). The concentration of abundant-class
muscle-specific mRNA sequences was higher in the polysomes
than in the mRNP fractions on day 14 and day 18, whereas on

day 9 the proportion of muscle-specific mRNA sequences was

higher in the mRNP fraction than in the polysomes (Fig. 4 and
Table 2). The progressive increase in the concentration of mus-
cle-specific mRNAs in polysomes coincident with development
represented a 12-fold increment between days 9 and 14, fol-
lowed by a further 3.6-fold increase from day 14 to day 18. In
contrast, there was a progressive decrease in the concentration
of muscle-specific mRNAs in the mRNP fractions from day 9
through day 18. This decrease was only 3-fold, with the Rot
values ranging from 0.40 at day 9 to 1.12 at day 18.

These studies represent an in vivo attempt to dissect the rel-
ative contributions of translational and transcriptional controls
during muscle myogenesis. Though they do not agree with all
observations made on developing muscle cells in tissue culture,
it should be stressed that myogenesis in cultured muscle cells
may not mimic .that in intact muscle-primarily because of the
heterogeneity of the cell populations in vivo and also because
ofhormonal and other physiological factors in the intact organ-
ism. This has been emphasized by a recent report showing that
the protein and mRNA patterns in cultured cardiocytes differ
from those of embryonic heart (13).

Because the observed developmental changes in the mRNA

Table 1. Complexity analysis of poly(A)+RNA of 14-day chicken embryonic muscle

Apparent
Fraction of kinetic Base sequence

Abundance hybridizable constant,* R1t112 complexity,§ mRNA Copies
class cDNA kohl Observedt If pure* Nt x 10-6 species,1 no. per cell,.1 no.

Abundant 0.17 4.6 0.15 0.02 0.07 32 396
Intermediate 0.25 0.16 4.47 0.94 3.05 1,525 12
Rare 0.30 0.03 24.75 6.25 20.31 10,155 2

* kob is the rate constant of the reaction and is equal to ln 2/Roti,2 for each component.
t Observed Rot,,2 is the Rot1,, value at which half-maximal hybridization is reached for each component.
* Roti,2, if pure, means the half-maximal Rot value corrected for the percentage of cDNA reacting in each component and multiplied by the fraction
of RNA that is polyadenylylated (0.83).

§ The base sequence complexity (NO) in nucleotides is given by [ROti,2 (if pure) for each component]/(Roti,2 for a- and 3-globin mRNA) x 1,300, in
which 1,300 is the combined nucleotide lengths of chicken a- and 3globin mRNA. Under the hybridization conditions used, Rotij2for globin is
4 x 10-4 (mol/liter)sec.
The number of RNA species is calculated assuming an average size of 2,000 nucleotides (30, 32) for chicken poly(A)+RNA.
The number of copies of each sequence per cell (33) is given by {[poly(A)+RNA content/cell (pg)](6 x 1023)a}/(330 x 106)Nt, in which a is the
fraction of hybridizable cDNA.
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FIG. 3. (A) Hybridization of cDNA enriched for abundant-class muscle-specific sequences (o) and unfractionated cDNA made against 14-day
polysomal poly(A)+RNA (0) to liver polysomal poly(A)+RNA. The concentration of RNA used in the hybridization reaction varied from 3 to 400
,ug/ml. The Rot values have been corrected to account for the fact that 84% of the liver polysomal poly(A)+RNA was polyadenylylated. (B) Hy-
bridization of cDNA enriched for abundant-class muscle-specific sequences to cytoplasmic RNA extracted from cultured myoblast (o) and myotube
(o) cells. The concentration of RNA used in the hybridization reaction varied from 100 ug/ml to 2 mg/ml. The curves have been adjusted on the
x axis to account for the fact that 2.28% of myoblast RNA and 2.46% of the myotube RNA were polyadenylylated.
content of the two cytoplasmic fractions were not strictly recip-
rocal, our results suggest that the bulk of the muscle-specific
mRNAs do not remain dormant in a large untranslated pool in
the form of free mRNP particles. Therefore, it is concluded that
myogenesis in ovo is primarily regulated by transcriptional con-
trol. The possibility of some translational control involving cer-
tain individual muscle-specific mRNAs as an additional subtle
regulatory mechanism during myogenesis has been suggested
in the literature and is not excluded by our data. Thus, it has
been proposed (7, 8) that myosin heavy chain mRNA is tran-
scribed and stored as a translationally repressed mRNP prior
to fusion, at which time it is transferred to the polysomes. Other
workers (11, 12) have reported that the stability of cellular
mRNAs, including a 26S putative myosin heavy chain mRNA,
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is considerably increased during terminal differentiation in cul-
ture. Recent work from this laboratory (34) has shown that the
mRNA for myosin light chain LC3 is present in 18- and 19-day
chicken embryonic muscle in considerable amounts, whereas
the LC3 protein is barely detectable at this stage of develop-
ment, suggesting a major role for translational control involving
LC3 mRNA. If the level of some of the myofibrillar proteins is
regulated by a combination of both transcriptional and trans-
lational controls, the situation is reminiscent of that observed
during the transition from a pluripotent mouse embryonic car-
cinoma cell line to a committed mouse teratocarcinoma myo-
blast cell and finally to the fused myotube (30). The levels of
both polysomal mRNAs and nuclear RNAs containing mRNA
sequences during these transitions have been shown to be con-

-3 -2 -1 0 1 2 3 -4 -3 -2 -1 0 1 2 3
Log Rot

FIG. 4. (A) Hybridization of cDNA enriched for abundant-class muscle-specific sequences to chicken embryonic skeletal muscle polysomal
poly(A)+RNA. *, Nine-day; A, 14-day; *, 18-day polysomal poly(A)+RNA. The concentration ofRNA used in the hybridization reaction varied from
2 to 200 ig/ml. The Rot values have been corrected to account for the fact that -83% of the various RNA samples were polyadenylylated. (B)
Hybridization of cDNA enriched for abundant-class muscle-specific sequences to cytoplasmic nonpolysomal mRNP RNA from chicken embryonic
skeletal muscle. *, Nine-day; A, 14-day; *, 18-day cytoplasmic mRNP RNA. The concentration of RNA used in the hybridization reaction varied
from 200 plg/ml to 3 mg/ml. The curves have been adjusted on the x axis to account for the fact that 3.34% of the 9-day RNA, 2.18% of the 14-day
RNA, and 0.89% of the 18-day RNA were polyadenylylated.
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Table 2. Analysis of hybridization data involving abundant-class
cDNA and various subcellular RNAs

Cytoplasmic
nonpolysomal

Polysomal fraction fraction

Stage of Relative Relative
development Roti,2* amountst Rot1/2* amountst

Early (day 9) 1.000 0.08 0.40 0.2
Intermediate (day 14) 0.080 (1.0) 0.56 0.14
Late (day 18) 0.022 3.6 1.12 0.07
* Data taken from Fig. 4.
t Calculated by normalization of the various Rotll2 values with respect
to day-14 polysomal Roti,2 of 0.08 as 1.0.

trolled transcriptionally, whereas the quantitative differences
in their concentrations appear to be modulated posttranscrip-
tionally (30). An answer to the question of whether or not the
transcription and translation of mRNAs coding for individual
myofibrillar proteins are coordinately regulated will require
further work with specific cloned cDNA probes.
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