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ABSTRACT Primary chick myoblast cultures demonstrate the ability to take up exogenously
supplied polyadenylated RNA and express the encoded information in a specific manner. This
expression is shown to exhibit tissue specificity. Analysis of creatine kinase activity monitored
at various times of incubation in the presence of either polyadenylated or nonpolyadenylated
RNA indicates that only the poly(A)™ mRNA is capable of being actively translated. Radioac-
tively labled poly(A)* mRNA is taken up by the cell cultures in a time-dependent manner and
subsequently shown to be associated with polysomes. This association with polysomes does
not occur in the presence of puromycin and is unaffected by actinomycin D. Thus, nonspecific
interaction with polysomes and induction of new RNA synthesis are ruled out and the
association of the exogenously supplied poly(A)™ mRNA with polysomes is indicative of its
translation in the recipient cells. When heterologous mRNA (globin) is supplied to the
myoblasts, it is also taken up and properly translated. In addition, exogenously supplied myosin
heavy chain mRNA is found associated with polysomes consisting of 4-10 ribosomes in
myoblast cell cultures while in myotubes it is associated with very large polysomes, thus
reflecting the different translational efficiencies that this message exhibits at two very different

stages of myogenesis.

The results indicate that muscle cell cultures can serve as an in vitro system to study
translational controls and their roles in development.

A number of studies has suggested that not only purified DNA
but also purified RNA can be taken up by cells (reviewed in
references 3, 14, and 38). The first direct evidence arose from
repeated observations of the infectivity of purified viral RNA
and viroids (21, 35). The aminoacylation of bacterial tRNA by
mouse fibroblasts in culture (37) and the ability of RNA
extracted from human fibroblasts treated with poly(I) - poly(C)
to elicit production of human interferon in chick fibroblasts as
well as the production of mouse interferon by avian and simian
celis incubated with mRNA extracted from mouse cells (26)
serve to further demonstrate the uptake of functional RNA by
cells.

The cellular uptake of RNA has been reported to result in
specific immune responses (19), the synthesis of specific pro-
teins (30), as well as the induction of membrane differentiation
(27, 31). In most of the cases in which RNA has been demon-
strated to enter cells, there is a lack of information concerning
the manner by which it penetrates the cells and subsequently
exerts its effects, and often the RNA itself has been poorly
characterized. On the other hand, specific mRNA transcripts
and their activities have been studied after entry into Xenopus
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laevis oocytes by microinjection techniques (16, 32). These
experiments have been used to determine the relationship
between structural aspects of mRNA molecules and their func-
tion in living cells. In these studies, mRNA transcripts enter
directly into association with ribosomes, resulting in the accu-
mulation of the corresponding protein products, indicating that
the exogeneously supplied polynucleotides are translated. In
this experimental approach, it is important to note that oocytes
are unique cells that contain a vast excess of components
required for protein synthesis. Of further significance is the
fact that the amount of specific mnRNA transcripts injected per
oocyte greatly exceeds that normally found within the cell at
any developmental stage.

That exogenously supplied RNA molecules can enter into
protein synthesis has been shown by the fact that when tRNA
is added to cells it becomes aminoacylated and is subsequently
utilized in protein synthesis within recipient cells (11). By the
same token, mRNA should be found in association with ribo-
somes in functional polysomes. If, indeed, mRNA is capable
of entering cultured myogenic cells and can be shown to be
translated, it would allow a means by which the translatability
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of specific nRNA transcripts, cither in the presence or absence
of translational control elements, could be determined at var-
ious stages of differentiation.

In this report we demonstrate the ability of myogenic cells
to take up mRNA and faithfully translate it. The expression of
the encoded information is independent of new RNA synthesis,
and the exogenously supplied mRNA transcripts are found
associated with ribosomes on functional polysomes. Nonpoly-
adenylated RNA (i.e., RNA and tRNA), although taken up
by the cells, is not found to be associated with polysomes.

MATERIALS AND METHODS
Myogenic Cell Cultures

Breast muscle cell cultures, essentially free of fibroblasts, were obtained from
12-d, pathogen-free, chick embryos. The breast muscle was mechanically disso-
ciated as described by Tepperman et al. (40). The cells were plated on gelatin-
coated 60-mm culture dishes at an intial density of 2.5 X 10° cells/plate and
grown in F-10 medium supplemented with 10% horse serum and 3% chick
embryo extract at 37°C in 5% CO,. 24 h after the initial plating the cells were
supplied with fresh growth medium. Normally, 12 h after this medium change
the cells were washed 10-15 times with phosphate-buffered saline (PBS) at 37°C.
RNA was subsequently added to the cells at the indicated concentrations in 0.5
ml of PBS and the cultures were allowed to incubate for 15 min at 37°C in 5%
CO,. After this initial 15-min incubation period the cells were supplemented with
complete growth medium. Control cultures were treated in an identical manner
without the addition of RNA. After the indicated incubation time the cultures
were processed as required for each experiment. Where indicated, actinomycin
D was added to the cultures 20 min before the addition of RNA.

Isolation of RNA

Leg muscle, liver, and brain from 14-d embryonic chicks were homogenized
in 0.02 M Tris-HCl (pH 7.4), 0.005 MgCl;, 0.25 M NaCl, and 0.006 M g-
mercaptoethanol. The 12,000 g supernatc was phenol extracted as previously
described (20). Poly(A)* containing RNA and poly(A)” RNA were separated by
oligo d(T)-cellulose chromatography as described by Aviv and Leder (1). Radio-
active poly(A)" mRNA and poly(A)” RNA were prepared from chick embryo
breast muscle cell cultures (initial plating density of 6 X 10° cells/100-mm plate).
At 24 h the cultures were labeled with 10 uCi/plate of [*H]uridine for 24 h in
fresh medium. At this time fresh medium was added with an additional 10 xCi
[’H]uridine and the cells were harvested 24 h later. After lysing the cells by the
procedure of Morse et al. (28), the 15,000 g supernate was phenol extracted, and
["H]poly(A)* mRNA and [*H}poly(A)” RNA were isolated as described above.

Radioactively labeled myosin heavy chain (MHC) mRNA was extracted from
the 80-120S mRNPs of similarly labeled muscle cultures. The 80-120S mRNPs
were separated from the cytoplasmic fraction by centrifugation on 10-30% sucrose
density gradients as described by Dym et al. (8).

Globin mRNA (9S) was purified from the cytoplasm of rabbit reticulocytes
(Gibco Diagnostics, Gibco Invenex Div., Chagrin Falls, Ohio).

Determination of Creatine Kinase Activity

The myoblast cultures were harvested in 0.5 ml of 0.05 M glycylglycine (pH
6.75) and the cell suspension was homogenized. The rate of ATP formation from
ADP and creatine phosphate was determined by coupling the reaction to that of
hexokinase and glucose-6-phosphate dehydrogenase (29, 34). Myokinase activity
was suppressed by the addition of 200 mM AMP. The change in absorption at
340 nm was continually monitored on a Gilford recording spectrophotometer
(Gilford Instrument Laboratories Inc., Oberlin, Ohio) with 1 U of enzyme activity
defined as the amount of enzyme catalyzing the formation of 1 pmol/min per ml
of NADPH at 30°C.

Creatine Kinase Isoenzyme Composition

The creatine kinase isoenzyme composition in the different samples was
determined by electrophoresis on 7% native polyacrylamide gels according to the
methods of Levine et al. (23).

The muscle type (M-CPK) was also detected by specific antiserum. Cell
cultures were scraped in 1.0 ml of PBS, pelleted at 5,000 rpm, brought up in 0.2
ml of PBS, and centrifuged at 12,000 rpm for 12 min. The supernates were
centrifuged again at 45,000 rpm for 45 min. 25-ul samples of the supernate were
reacted with 25 ul of antiserum and incubated for 1 h at 37°C. Protein A was
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added to the mixture which was incubated for an additional 10 min. After storage
at 4°C for 12 h, the antiserum-antigen-protein A complex was collected by a 30-
min centrifugation in an Eppendorf microcentrifuge. The pellet was brought up
in 30 pl of SDS sample buffer and clectrophoresed on the Laecmmli gel system
(22).

Myofibrillar Proteins

The myofibrillar proteins were extracted from the muscle cell cultures by three
rounds of ionic precipitation. The [**S]methionine-labeled myofibrillar proteins
were analyzed by: (a) 7.5% SDS polyacrylamide cylindrical gel electrophoresis
(8 mA/tube for 3 h) in which the gels were sliced and the radioactivity in each
fraction was determined by scintillation counting. (b)) Two-dimensional gel
electrophoresis (33). Samples were brought up in 20 ul of lysis buffer (9.5 M
urea, 5% B-mercaptoethanol, 2.0% ampholyte, pH 5-7) and electrophoresed on
isoelectric focusing gels. The isoelectric focusing gels were stored at —80°C. Upon
thawing, the gels were equilibrated for 30 min in sample buffer (2% SDS. 5% 8-
mercaptoethanol, 0.06 M Tris, pH 6.8) and electrophoresed on a three-step (12.5,
10, 7.5%) SDS polyacrylamide slab gel (22).

Association of RNA with Ribosomes
in Polysomes

The association of exogenously supplied [*H]uridine-labeled RNA with poly-
somes of recipient cells was monitored by sucrose density gradient centrifugation.
The cell cultures were lysed by the procedure of Morse et al. (28), except that the
buffer contained 50 pg/ml of cycloheximide. The cell lysate was added to a
10,000 g supernate (prepared in the same buffer containing cycloheximide) of
14-d embryonic muscle tissue (0.5 mg wet weight muscle tissue/cell culture) and
centrifuged at 10,000 g for 10 min. Subsequently, the combined 10,000 g
supernates, containing the radioactive RNA, were layered on 10-30% sucrose
density gradients prepared in the same buffer (0.25 M KCl, 0.005 M MgCl, 0.01
M Tris-HCI (pH 7.4), 50 pg/ml cycloheximide) and centrifuged at 32,000 rpm
for 1 h using an IEC SB283 head (Damon/IEC Div., Damon Corp., Needham
Heights, Mass.). The gradients were continually monitored during collection of
fractions, using a Gilford flow-through spectrophotometer. Radioactivity was
determined by scintillation counting with a DPM counter (Tracor Analytic,
Searle Analytic Inc., Des Plaines, IlL.).

Translation of Globin mRNA in
Myoblast Cultures

Globin mRNA (10 pg) was added to a myoblast culture and subsequently
incubated with 10 uCi of [**Smethionine. Globin was subsequently purified from
the cultured cells and the a- and B-globin chains were analyzed by CM-cellulose
chromatography by the procedures of Gurdon et al. (16).

RESULTS
Creatine Kinase Activity and Added RNA

When myoblast cell cultures are extensively washed free of
growth medium and poly(A)* mRNA from embryonic chick
leg muscle is subsequently added, an increase in creatine kinase
activity occurs over endogenous (control) levels (Fig. 1). Acti-
nomycin D (2 pg/ml, inhibiting not less than 97% of all RNA
synthesis) does not prevent this increase in creatine kinase
activity for up to 3 h. The subsequent drop of activity in the
drug-treated cultures is a result of cell death. The addition
either of poly(A)~ RNA, consisting mainly of rRNA and
tRNA, or of polyadenylic acid (results not shown) does not
result in an increase in creatine kinase activity (Fig. 1). In a
number of experiments the poly(A)” RNA was actually found
to lower the activity of this enzyme below values obtained in
the absence of any added RNA. The increase in creatine kinase
activity is found to be directly correlated with the amount of
the exogenous poly(A)” mRNA added to the cultures (Fig. 2).
Creatine kinase activity increases linearly when up to 30 ug of
RNA are added per culture. The dose-dependent response, the
requirement for poly(A)* mRNA, and the ability to increase
the activity of creatine kinase in the presence of actinomycin
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FIGURE 1 Effect of various exogenous RNA transcripts on creatine
kinase activity. 36-h-old chick breast muscle cell cultures (myo-
blasts) were extensively washed with PB Saline after removal of the
growth medium. Exogenous RNA was added at the concentration
of 30 pg/culture for 15 min, at which time the cultures were
supplemented with fresh growth medium. At the indicated time
points, plates were removed and assayed for creatine kinase activity:
(®) control group without RNA, (A) chick leg muscle poly(A)*
mRNA, (O) chick leg muscle poly(A)* mRNA and actinomycin D
(2 pg/ml), (®) chick leg muscle poly(A)” RNA. These data are
representative of one out of six experiments performed.

D, all suggest that the RNA is acting directly to increase the
synthesis of new enzyme. The fact that protein synthesis is
required is demonstrated by the observation that cycloheximide
completely blocks this increase over endogenous levels result-
ing from the addition of poly(A)" mRNA (Fig. 3).

Fidelity of Translation of Added mRNA

If, indeed, the poly(A)* mRNA that is added to myoblast
cell cultures is being directly translated after uptake into the
cells, the source of the added mRNA should determine the
isoenzyme pattern responsible for the increased creatine kinase
activity in the recipient myoblasts. It is known that both liver
and brain have the BB (nonmuscle) type of creatine kinase,
whereas in developing muscle the pattern changes from the BB
to the MM (muscle) type as the muscle differentiates from the
myoblast to the multinucleated myotube (25, 9). When the
isoenzyme pattern of creatine kinase was determined after the
addition of poly(A)* mRNA from liver, brain, and muscle, the
following results were obtained; while the addition of mRNA
from all these sources resulted in an increase in total creatine
kinase activity above that of control levels, only the addition
of muscle mRNA caused the appearance of the muscle type
isoenzyme (Table I). Only the BB type could be detected in
cultures when either brain or liver mRNAs were added. The
appearance of the muscle-specific isoenzyme in myoblast cul-
tures treated with muscle mRNA is further demonstrated by
the precipitation of this protein by specific antiserum (Fig. 4).
It is also evident that the addition of total poly(A)* mRNA
results in an overall stimulation of protein synthesis, not only
of the M-type CPK isoenzyme. This is to be expected because
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FIGURE 2 Effect of increasing amounts of added RNA on the in-
crease of creatine kinase activity. Increasing amounts (5-30 ug) of
chick leg muscle poly (A)* mRNA were added to 24-h-old chick
breast muscle cell cultures as described in Materials and Methods.
5.5 h later, the cultures were assayed for creatine kinase activity.
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FiGure 3  Effect of inhibition of protein synthesis on the increase
of creatine kinase activity caused by addition of RNA. 30 ug/plate
of leg muscle poly(A)* mRNA was added to 26-h-old chick breast
muscle cell cultures in the presence (A) or absence (@) of cyclohex-
imide (50 ug/ml), (O) control without added RNA. The cultures
were assayed for creatine kinase activity at the times indicated.

TABLE |

Creatine Kinase Isoenzyme Composition in Cultures as Directed
by RNA from Different Tissues

CK
Source of RNA activity CK isoenzymes
% of control
Control (no RNA added) 100 BB
Liver 427.7 BB
Brain 1269 BB
Muscle 4111 MM, MB, BB

The different poly(A)* mRNAs were prepared from brain, liver, or leg muscle
taken from 14-d-old chick embryos. In each case, 30 ug/culture of the
appropriate RNA was added. 5.5 h later, the cultures were assayed for creatine
kinase activity and the isoenzyme composition was determined as described
in Materials and Methods.
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FIGURE 4 Effect of increasing amounts of added mRNA on the
synthesis of M-type creatine kinase. Various concentrations of
poly(A)* RNA, prepared from 15-d embryonic muscle tissue, were
added to 24-h-old myoblast cultures incubated in the presence of
[**S]methionine. M-type CPK was precipitated by specific antiserum
and resolved by SDS polyacrylamide gel electrophoresis. Incorpo-
ration of label into protein was detected by autoradiography. Lanes
1, 2, and 3 represent the addition of 30, 45, and O ug of poly(A)*
RNA. The bar marks the position of M creatine kinase marker.

we are adding the total muscle cell complement of mRNA. The
fact that the isoenzyme synthesized is directly determined by
the source of the mRNA strongly favors the direct involvement
of the added mRNA in protein synthesis.

The total leg muscle mRNA population should code for the
majority of, if not all, the muscle-specific proteins (5). We
therefore determined the effect of added muscle poly(A)*
mRNA on the synthesis of total myofibrillar proteins (Fig. 5).
Addition of muscle mRNA resulted in enhanced synthesis of
myofibrillar proteins in the general molecular weight region of
the myosin heavy chain (mol wt 200,000), actin (mol wt 43,000),
and tropomyosin (mol wt 36,000). We also assayed for, and
found a specific increase in, the synthesis of a-actin, the muscle-
specific actin (Fig. 6). Again, this demonstrates that exoge-
nously supplied muscle mRNA is faithfully translated in the
recipient cells.

To establish whether myogenic cells are capable of translat-
ing a totally heterologous messenger, 9S globin mRNA ob-
tained from rabbit reticulocytes was supplied to cell cultures
(Fig. 7). Globin mRNA is found to direct the synthesis of both
a- and B-globin polypeptides, however, the ratio of a- to 8-
globin synthesized by the myoblasts is opposite that observed
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in Xenopus oocytes and cell-free translation systems (16, 24).
This reversed predominance in the synthesis of globin poly-
peptide chains is also observed in the mouse ovum injected
with rabbit globin mRNA (4) and may serve as a reminder
that each system has unique characteristics responsible for the
different results cited. Nevertheless, the use of different systems
should help to clarify our understanding of the various controls
exerted on messenger stability and translation.

Association of Added RNA with Polysomes

To ascertain that the poly(A)" mRNA added to the cells is
taken up and subsequently translated on polysomes, the follow-
ing experiments were performed: Radioactively labeled RNA
obtained from muscle cell cultures was added to myoblast
cultures. After 30 min the cultures were harvested and the
polysomes were analyzed by sucrose density gradient centrif-
ugation. The sedimentation profiles are very different for the
poly(A)* mRNA and the poly(A)” RNA (Fig. 84). Whereas
the poly(A)" mRNA enters the cells and is associated with
polysomes, the poly(A)” RNA, although entering the cells, is
not associated with polysomes and is found only at the top of
the sucrose density gradient. This, again, indicates that exoge-
nously supplied mRNA is actively engaged in protein synthesis.
To rule out induction of new RNA synthesis and nonspecific
binding to polysomes, similar experiments were performed in
the presence of actinomycin D and puromycin (Fig. 8 B). The
association of the radioactively labeled poly(A)" mRNA with
polysomes is unaffected by actinomycin D, ruling out the
requirement for new RNA synthesis. On the other hand,
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FIGURE 5 Synthesis of myofibrillar proteins in the presence and
absence of exogenously added poly(A)* RNA. Total mRNA from 14-
d embryonic chick muscle was added to myoblast cell cultures in
PB Saline for 30 min. Subsequently, incubation medium was added
containing {**S]methionine. After 2 h, the myofibrillar proteins were
extracted by ionic precipitation (three times) and analyzed by 7.5%
SDS polyacrylamide gel electrophoresis.
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FIGURE 6 Synthesis of a-actin in the presence (B) and absence (A)
of exogenously supplied poly(A)* RNA. Myoblast cultures were
labeled for 5 h with [**S]methionine after the addition of muscle
poly(A)* RNA. The actins were resolved from cell homogenates by
two-dimensional gel electrophoresis and detected by autoradiog-
raphy. Each panel shows only the actin region of the gel with the
more acidic proteins on the left and the more basic proteins on the
right. Actin identifications were made by coelectrophoresis and by
alignment of the respective patterns.

puromycin causes a total shift of the added mRNA from the
polysomal region of the sucrose density gradient to the top of
the gradient. In this manner we established that the sedimen-
tation of added mRNA with polysomes is the result of a
functional association with ribosomes. Experiments carried out
for different time periods show the time-course of entry of the
added mRNA transcripts and their incorporation into poly-
somes (Fig. 9). In this type of experiment it is usual that ~3-
5% of the exogenously supplied mRNA is eventually incorpo-
rated into polysomes. Only 0.4-0.6% of the poly(A)~ or ade-
nylic acid polymer enters the cells, and this smaill amount is
not associated with polysomes. This difference also suggests
that the cells may preferentially take up certain species of
RNA, however, additional studies must be performed to ascer-
tain this.

In addressing the question of whether certain mRNA tran-
scripts are preferentially utilized by the recipient cells, it is also
of interest to determine whether this utilization changes during
cellular development. It has been shown that in myotubes
MHC:s are synthesized on very large polysomes while in repli-
cating myoblasts mRNA transcripts coding for the very same
proteins are translated less efficiently and on somewhat smaller
polysomes (18, 41). To reexamine these different translational
efficiencies, we added radioactively labeled MHC mRNA to
both myoblast and mytotube cell cultures (Fig. 10). Both
cultured cell types are capable of taking up and translating this
mRNA, however, the myotube cultures translate MHC mRNA
on larger polysomes (Fig. 10 B). Considering an average of 5%
uptake in such experiments, it is calculated that each cell is
incorporating ~25,000 MHC mRNAs. This number is some-

what higher than that found normally in these myogenic cells
(8), but is still less than the number applied by injection to
Xenopus oocytes (15, 16). This and the fact that muscle cells at
different stages of development utilize mRNA with different
efficiencies make this model system attractive for studying
controls exerted on translation.

DISCUSSION

The studies reported here demonstrate that in primary muscle
cultures exogenously supplied mRNA is capable of directing
the synthesis of specific proteins. This is illustrated by the fact
that only poly(A)" mRNA is effective in elevating creatine
kinase activity. This increase in activity occurs in the presence
of actinomycin D but is completely inhibited by cycloheximide.
Furthermore, the source of the poly(A)” mRNA specifies the
creatine kinase isoenzyme composition of the recipient cells.

Radioactively labeled mRNA added to cultures is found
associated with polysomes, and neither the uptake nor the
utilization of the labeled transcripts is inhibited by the presence
of actinomycin D. These findings substantiate our claim that
muscle cell cultures can serve as a model system for the study
of post-transcriptional mechanisms effecting mRNA expres-
sion. Translational fidelity of the added mRNA is exemplified
by the addition of globin mRNA, a totally heterologous mes-
sage. Muscle cultures accurately direct the synthesis of both the
a- and B-globin polypeptides. The synthesis of these polypep-
tides demonstrates a high a- to 8-globin ratio which is atypical
with respect to that found in reticulocytes.

The ability of myogenic cells to correctly translate exoge-
nously supplied mRNA makes it possible to probe the mech-
anisms involved in the selective translation of mRNA tran-
scripts at defined stages of differentiation. Applilcations of this
system can be used to investigate the biochemical properties of
specific mRNA molecules, i.e., their utilization, stability, and
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FIGURE 7 Translation of exogenously supplied globin mRNA in
myoblast cultures. Globin mRNA (10 ug) was added to the cultures
which were subsequently incubated with [**S]methionine for 5 h.
Globin was purified as described in Materials and Methods from
control (==} and mMRNA-supplemented cultures (—). Fractions 60-
65 represent B-globin, while fractions 70~75 represent a-globin.
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FIGURE 8 The association of exogenously added mRNA with poly-
somes. Myoblast cell cultures were incubated for 30 min with 60,000
dpm of [*H]uridine-labeled poly(A)* mRNA. After cell lysis, the
10,000 g extract was combined with unlabeled embryonic muscle
tissue extract and analyzed by sucrose density centrifugation. (A)
[*H]poly(A)* RNA (@), [*H]poly(A)~ RNA (O). (8) [*H]poly(A)*
RNA plus actinomycin D (@), [*H]poly(A)* RNA plus puromycin
©).

association with control elements (17, 2, 10). We have dem-
onstrated that the 265 MHC mRNA transcript displays differ-
ent translational efficiencies at two separate stages in myogen-
esis. This is apparent by its differential association with recip-
ient polysomes in myoblasts and myotubes. It is unlikely that
MHC mRNA transcripts are degraded to a greater extent in
myoblasts than in myotubes because (a) the total amount of
radioactivity at the top of the sucrose density gradients in
myotubes and myoblasts is identical, and (b) the MHC mRNA
transcripts can be shifted to larger polysomes by the presence
of eIF-3 associated proteins in myoblast cultures." Recent
studies (8, 7) have indicated that the MHC mRNA is stored as
an inactive mRNA-protein complex in non-dividing myoblasts,
a cell population at which exogenously supplied MHC mRNA
is less efficiently translated. Later in development, these tran-
scripts are transferred to polysomes where they serve to aug-
ment myosin synthesis. All of these studies argue for the
involvement of translational controls in myogenesis.

The findings presented here further indicate that a critical
reevaluation of the inductive effects of RNA added to embry-
onic systems is required (31, 27), especially if one views an
inducer as a substance acting by directly derepressing the

' O’Loughlin, J., L. Lehr, and S. M. Heywood. Manuscript in prepa-
ration.
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genome. Our data show that mRNA can influence cellular
phenotype by the direct translation of transcripts added to cells
in vitro. However, caution should be exercised as to whether
similar events occur in vivo. Cellular mRNA has been shown
to be translated upon penetration of membranes associated
with such organelles as mitochondria (39) and chloroplasts
(12). One can, therefore, speculate upon the existence of similar
intercellular phenomena playing a role in differentiating sys-
tems.
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FiGURe 9 The kinetics of incorporation of added mRNA into poly-
somes. [*H]uridine-labeled mRNA was added to myoblast cell cul-
tures in the presence (O) and absence (@) of actinomycin D.
Analysis of radioactivity in polysomes was carried out as in Fig. 8.
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FIGURE 10 The differential association of 265 myosin mRNA with
polysomes in myoblast cultures vs. polysomes in myotube cultures.
[®*H]myosin mRNA (50,000 dpm) was exogenously added to either
myoblast (A) or myotube (B) cultures prepared from embryonic
heart muscle as described in Materials and Methods.



The success of experiments described in this communication
is contingent upon repeated rinsing of the cells before the
addition of RNA. This is attributed to the abundance of
nucleases in the sera used to enrich the basic growth medium.
A method which overcomes this difficulty and which has the
advantage of introducing RNA-protein complexes into cells
involves the use of phospholipid vesicles (6, 36).” Initiation
factor-associated proteins have been shown to discriminate
between various mRNAs (13). The direct interaction between
these proteins and mRNA transcripts leading to altered trans-
lational properties is being currently studied in this laboratory
by employing liposomes as an experimental tool.

We wish to thank Ms. Shirley Smith for patience and excellent secre-
tarial assistance, and Ms. Linda McKinney for excellent laboratory
assistance. Antiserum to the M type CPK was kindly provided by Dr.
Glenn Morris of the University of Sussex, England.

Dr. Haviv Dym was a Postdoctoral Fellow supported by the Mus-
cular Dystrophy Association. This work was supported by National
Institutes of Health grant HD-03316-11 and National Cancer Institute
grant CA 14733.

Received for publication 16 April 1980, and in revised form 5 June 1980.

REFERENCES

1. Aviv, H., and P. Leder. 1972. Purification of biologically active globin messenger RNA by
chromatography on oligo thymidylic acid-cellulose. Proc. Nail. Acad. Sci. U. S. A. 69:
1408-1412.

2. Bester, A. 1., D. S. Kennedy, and S. M. Heywood. 1975. Two classes of translational
control RNA: Their role in the regulation of protein synthesis. Proc. Natl. Acad. Sci. U.
S. A. 72:1523-1527.

. Bhargava, P. M., and G. Shanmugam. 1971. Uptake of non-viral nucleic acids by
mammalian cells. Prog. Nucleic Acid Res. Mol. Biol. 11:103-192.

4. Brinster, R. L., H. Y. Chen, M. E. Trumbauer, and M. R. Avarbock. 1980. Translation of

globin messenger RNA by the mouse ovum. Nature (Lond.) 283:399-501.

w

S. Devlin, R. B., and C. P. E 1978. Coordi g of ile protein
synthesis during myoblast differentiation. Cell. 13:599-611.
6. Dimitriadis, G. J. 1979. Cellular uptake of rib leic acids pped into lip

Cell Biol. Int. Rep. 3(6):543-549.

7. Doetschman, T. C., H. P. Dym, E. J. Siegel, and S§. M. Heywood. 1980. Myoblast stored
myosin heavy chain transcripts are precursors to the myotube polysomal myosin heavy
chain mRNAs. Differentiation. 16:149-158.

8. Dym, H. P, D. S. Kennedy. and S. M. Heywood. 1979. Sub-cellular distribution of the
cytoplasmic myosin heavy chain mRNA during myogenesis. Differentiation. 12:145-155.

9. Dym, H, D. C. Turner, H. M. Eppenberger, and D. Yaffe. 1978. Creatine-kinase
isoenzyme transition in actinomycin-D treated differentiating muscle cultures. Exp. Cell
Res. [13:15-21.

10. Enger, M. D., and J. L. Hanners. 1978. Informosomal and polysomal mRNA. Differential
kinetics of polyadenylation and nucleocytoplasmic transport in Chinese hamster ovary
cells. Biochim. Biophys. Acta. 521:606-618.

. Gallagher, R. E., C. A. Walter, and R. C. Gallo. 1972. Uptake and aminoacylation of
exogenous transfer RNA by mouse leukemia cells. Biochem. Biophys. Res. Commun. 49:
782-792.

? O’Loughlin, J,, L. Lehr, and S. M. Heywood. Manuscript in prepa-
ration.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32
33.
34,
35.
36.

37.

@

38.
39.

41,

. Jacherts, D., and J. Dresch

. Geetha, V., and Ghanam. 1980. An in vitro protein-synthesizing system with isolated

chioroplasts of Sorghum vulgare. J. Biol. Chem. 255(2):492-497.

. Gette, W., and S. Heywood. 1979. Translation of myosin heavy chain messenger ribonu-

cleic acid in an eukaryotic initiation factor 3—and messenger-dependent muscle cell-free
system. J. Biol. Chem. 254(19):9879-9885.

Gottlieb, A. A. 1973. Lymphoid cell RNA’s and immunity. Prog. Nucleic Acid Res. 13:
409-465.

. Gurdon, J. B, D. C. Lane, H. R. Woodland, and G. Marbaix. 1971. Use of frog eggs and

oocytes for the study of messenger RNA and its translation in living cells. Nature (Lond.).
233:177-182.

. Gurdon, J. B, J. B. Lingrel, and G. Marbaix. 1973. Message stability in injected frog

oocytes: Long life of mammalian a and 8 globin messages. J. Mol. Biol, 80:539-551.

. Heywood, S. M., D. 8. Kennedy, and A. J. Bester. 1974. Separation of specific initiation

factors involved in the translation of myosin and myoglobin messenger RNAs and the
isolation of a new RNA involved in translation. Proc. Natl. Acad. Sci. U. S. A. 71:2428-
2431,

. Heywood, S. M., and A. Rich. 1968. In vitro synthesis of native myosin, actin, and

tropomyosin from embryonic chick polysomes. Proc. Nail. Acad. Sci. U. S. A. 59:590-593.
1970. Antibod in Rhesus monkeys and guinea
pigs to inoculation with RNA derived from antigenically stimulated cell-free systems. J.
Immunol. 104:746-752,

Kennedy, D. §., and S. M. Heywood. 1976. The role of muscie and reticulocyte initiation
factor 3 on the translation of myosin and globin. FEBS (Fed. Eur. Biochem. Soc.) Lent. 72:
314-318.

Koch, G., and J. M. Bishop. 1968. The effect of polycations on the interaction of viral
RNA with mammalian cells: Studies on the infectivity of single- and double-stranded
poliovirus RNA. Virology. 35:9-17.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature (Lond.) 227:680-685.

Levine, A. J., M. Torosian, A. J. Sarokhan, and A. K. Teresky. 1974. Biochemical criteria
for the in vitro differentiation of embryoid bodies produced by a transplantable teratoma
of mice. The production of acetylcholi and ine phosphokinase by teratoma

cells. J. Cell Physiol. 84:311-318.

Lodish, H. F., and M. Jacobsen. 1972. Regulation of hemoglobin synthesis: Equal rates of
translation and termination of & and B globin chains. J. Biol. Chem. 247(11):3622-3629.
Lough, J., and R. Bischoff. 1977. Differentiation of creatine phosphokinase during
myogenesis: Quantitative fractionation of isozymes. Dev. Biol. 57:330-344.
Maeyer-Guignard, J. D., E. D. Maeyer. and L. Montagnier. 1972. Interferon messenger
RNA: translation in heterologous cells. Proc. Nati. Acad. Sci. U. S. A. 69:1203-1207.
McLean, M. J., J. F. Renaud, M. C. Niu, and N. Sperelakis. 1977. Membrane differentia-
tion of cardiac myobiasts induced in vitro by an RNA-enriched fraction from adult heart.
Exp. Cell Res. 110:1-14.

Morse, R. K., H. Herrmann, and S. M. Heywood. 1971. Extraction with Triton X-100 of
active polysomes from monolayer cultures of embryonic muscle celis. Biochim, Biophys.
Acta. 232:403-409.

Nielsen, L., and B. Ludvigsen. 1963. Improved method for determination of creatine
kinase. J. Lab. Clin. Med. 62:159-168.

Niu, M. C, C. C. Cordova, and L. C. Niu. 1961. Rib lei
mammalian cells. Proc. Natl. Acad. Sci. U. S. A. 47:1689-1700.
Niu, M. C., and A, K. Deshpande. 1973. The development of tubular heart in RNA-
treated post-nodal pieces of chick blastoderm. J. Embryol. Exp. Morphol. 29(2):450-485.
Nudel, U., G. Marbaix, and H. Chantrenne. 1976. Globin mRNA species containing
poly(A) segments of different lengths. Eur. J. Biochem. 64:115-121.

O’Farrell, P. H. 1975. High resolution two-di
Chem. 250:4007-4021.

Oliver, I. T. 1955. A spectrophotometric method for the determination of creatine
phosphokinase and myokinase. Biochem. J. 61:116-122.

Pagano, J. S. 1970. Biological activity of isolated viral nucleic acids. Prog. Med. Virol. 12:
1-48.

Poste, G., D. Papahadjopouious, and W. J. Vail. 1976. Lipid vesicles as carriers for
introducing biologically active materials into cells. Methods Cell Biol. 10:33-71.

Sakai, T. T., and S. A. Cohen. 1977. Uptake and ‘ylation of Escherichia
coli tRNA by mouse fibroblasts. Biochem. Biophys. Res. Commun, 78:539-546.

Stebbing, N. 1979. Cellular uptake and in vivo fate of polynucleotides. Cell Biol. Ini. Rep.
3(6):485-502.

Swanson, R. F. 1971. Incorporation of high molecular weight polynucleotides by isolated
mitochondria. Nature (Lond.) 231:31-33.

Tepperman, K., G. Morris, F. Eisen, and 8. M. Heywood. 1975. A mechanical dissociation
method for preparation of muscle cell cultures. J. Cell Physiol. 86:561-565.

Young, R. B, D. E. Goll, and M. H. Stromer. 1975. Isolation of myosin-synthesizing
polysomes from cultures of embryonic chicken myoblasts before fusion. Dev. Biol. 47:123-
135.

acid-induced ch in

2

ional electroph is of proteins. J. Biol.

MROCZKOWSKI ET AL Uptake and Utilization of mMRNA 71



