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ABSTRACT Four major mRNA species of mouse sarcoma as-
cites cells, coding for polypeptides designated P65, P40, P36, and
P21, occur predominantly as untranslated messenger ribonucleo-
protein particles. Cloned cDNA probes were used to study their
distribution in cytoplasmic extracts of these cells. A considerable
portion of the mRNA molecules sedimented as small particles,
whereas the rest was present in polyribosomes. In contrast, the
actin mRNA was present almost exclusively in polyribosomes. In-
cubation of the ascites cells in culture medium, particularly after
a starvation treatment, caused an enhancement in polypeptide
chain initiation relative to elongation in these cells, as evidenced
by a shift of ribosomes into the polyribosome fraction and by an
increase in polyribosome size. Exposure of the cells to a low con-
centration of cycloheximide, an inhibitor of the elongation step,
had a similar effect. The actin mRNA and the active P65, P40, P36,
and P21 mRNA molecules were shifted to larger polyribosomes
in the treated cells, but no shift of molecules from small particles
to polyribosomes was observed. The incubation in culture also led
to considerable increases in the proportion of P65 and P40 mRNA
molecules in the untranslated state. The results indicate that the
untranslated state cannot be attributed to poor initiation effi-
ciency. It is suggested that a portion of the mRNA molecules is
maintained in a repressed state and that mRNA repression may
represent an important translation control process.

mRNA molecules not engaged in translation have been ob-
served in a variety of eukaryotic cells (1). They occur in the cy-
toplasm as small ribonucleoprotein (RNP) particles (2) and are
active in cell-free translation systems after deproteinization.
The untranslated messenger ribonucleoprotein (mRNP) parti-
cles present in oocytes (3) appear to represent material stored
for use after fertilization. Stage-specific activation of individual
mRNA species has been observed in the course of early em-
bryonic development (4). The significance of untranslated
mRNAs in somatic cells is less obvious. It is also not clear
whether the untranslated state in these cells is due to the af-
fected mRNA species being inefficient in the translation initi-
ation process or whether these RNA molecules are associated
with agents that prevent their translation. Exposure of cells to
cycloheximide at low concentrations has been shown to cause
the transfer of mRNAs from the small RNP fraction to polyri-
bosomes (5-7). This compound, by slowing down polypeptide
chain elongation, enhances ribosome packing on mRNA chains
and tends to promote the uptake into polyribosomes ofmRNA
molecules that have a low rate of initiation. The observed effect
of cycloheximide has been taken as an indication that the un-
translated mRNP fraction contains active but inefficient mRNA
species. This view is also supported by the fact that a-globin
mRNA, which occurs to some extent as free mRNP in reticu-

locytes (8), behaves like an inefficient species both in vivo and
in vitro (9, 10).
Some mRNA species of mouse sarcoma 180 ascites cells ap-

pear to occur in a masked state. They remain as small mRNPs
in cells exposed to cycloheximide (7). Moreover, the free mRNP
particles from the treated cells are translated poorly in the re-
ticulocyte cell-free system, under conditions that permit effec-
tive translation ofmRNPs derived from polyribosomes (7, 11).
Untranslated globin and histone mRNPs isolated from other cell
types have also been shown to be inactive in vitro (12, 13), an
indication that they may represent repressed mRNA as well.
Myosin heavy chain mRNPs, isolated from induced chicken
myoblasts, appear to be maintained in an untranslated state
when introduced into the uninduced cells, whereas the free
mRNA is taken up into polysomes in these cells (14). It has been
suggested that ferritin mRNA, which occurs to a considerable
extent as untranslated mRNP in rat liver, could be maintained
in a repressed state through interaction with its own translation
product, apoferritin (15).

In the present report, we examine four major mRNA species
that occur to a considerable extent as free mRNP particles in
mouse sarcoma ascites cells. These species code for polypep-
tides designated P65, P40, P36, and P21. The availability of
cloned cDNA probes for these mRNA species (16) permitted
us to make precise measurements of mRNA levels in polyri-
bosomes and in mRNPs. mRNA molecules ofeach species were
found both in mRNPs and in polyribosomes. The distributions
of individual mRNA species were compared in cells subjected
to treatments that cause the accumulation of ribosomes on
mRNA, either by enhancing polypeptide chain initiation or by
inhibiting elongation. These treatments increased ribosome
packing on the active mRNA molecules but did not decrease
the proportion of the molecules in the untranslated state. Our
results indicate that mouse tumor cells contain mRNA species
that are utilized to a limited extent for protein synthesis and that
the untranslated molecules of these species are maintained in
a "repressed" state in the cells. mRNA repression appears to
be a means to regulate the rate ofsynthesis ofsome polypeptides
in the cells.

EXPERIMENTAL PROCEDURES
Cell Incubations. Mouse sarcoma 180 ascites cells, main-

tained by weekly transfer into the peritoneal cavity of albino
mice, were incubated with gentle shaking at a density of 2 x
106 cells per ml in a culture medium consisting of Krebs bicar-
bonate buffer supplemented with glucose, amino acids, and
serum, as described (17). For the starvation-recovery experi-
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ments, the ascites cells were incubated in-unsupplemented
Krebs bicarbonate buffer for 60 min and in complete medium
for an additional 15 min (18). Cells subjected to the cyclohex-
imide treatment were first incubated for 20 min in the culture
medium, and the incubationwas continued for an additional 15
min in the presence ofthe drug at 0.75 Ag/ml (7). The cellswere
collected by centrifugation after very rapid cooling of the cul-
tures to avoid ribosome runoff. Ascites cells not subjected to
incubation prior to cell lysis were transferred rapidly from the
animals into ice-cold glucose/citrate buffer (7).

Fractionation of Cytoplasmic Extracts and RNA Prepara-
tion. The cells were subjected to hypotonic swelling followed
by lysis in the presence of 0. 1% Triton X-100, 0.1 M NaCl, and
10% sucrose, as described (19). Particulate matter was removed
from the lysates by centrifugation at 12,000 x g for 10 min, and
the supernatant fraction was subjected to zone centrifugation
in the SW 27 Spinco rotor. Samples were layered over a 30-ml
10-40% sucrose gradient in 50 mM Tris HCI, pH 7.6/100 mM
NaCl/1 mM MgCl2. A 5-ml cushion of 2 M sucrose in the same
buffer was included at the bottom of the. tubes. Centrifugation
was at 40C for 3.5 hr at 25,000 rpm. Fractions of about 1.8 ml
were collected, and they were supplemented immediately with
sodium dodecyl sulfate to a final concentration of 0.5%. Indi-
vidual fractions, or pooled fractions, were precipitated with 2.5
vol of ethanol. The precipitates were dissolved in 0.5% sodium
dodecyl sulfate/0. 1 M Tris HCI, pH 9.0, and subjected to de-
proteinization by extraction with phenol as described (20).

Hybridization and Translation Assays. RNA samples were
fixed as dots onto cellulose nitrate (Millipore) sheets and sub-
jected to hybridization with 32P-labeled recombinant plasmids
bearing cDNA inserts, as described (16). The amounts of RNA
used for hybridization were 6,tg for polysomal RNA and 0. 8-
1.6 ,ug for the RNA from small particles. The amount of radio-
activity bound to the dots was measured by scintillation
counting.
RNA samples prepared by deproteinization of the small RNP

particle fraction were translated in the reticulocyte cell-free sys-
tem and the translation products were separated by one-di-
mensional polyacrylamide gel electrophoresis as described (7,
11, 21). The relative amounts of radioactivity in individual bands
were determined by autoradiography followed by densitometry
tracing.

RESULTS
Sedimentation Profiles of Polyribosomes Bearing Individ-

ual mRNA Species. Fig. 1 shows the sedimentation character-
istics of the P40 and P36 mRNAs in cytoplasmic extracts of cells
incubated for 5 hr in culture medium. A large portion of these
mRNA molecules is in particles sedimenting more slowly than
the ribosomal subunits, while the remainder cosediments with
the polyribosomes. The actin mRNA, on the other hand, is pres-
ent almost exclusively in the polyribosome fraction. It can also
be seen in Fig. 1 that a considerable portion of the P40 and P36
mRNAs is in small polyribosomes (dimers and trimers) as well
as in the ribosomal monomer peak. In contrast, most ofthe actin
mRNA is in large polyribosomes. The fractions near the top of
the gradient were not used for the assays, but it is unlikely that
these fractions contained significant amounts of the mRNA
molecules under study. Previous studies using the translation
assay had shown that the RNP particles bearing the P36 and P40
mRNAs have a sedimentation coefficient of about 26 -S (11).
The distribution ofthe actin and P36 mRNAs in cells exposed

briefly to cycloheximide was also determined (Fig. 2). Nearly
all the ribosomes were in polyribosomes in extracts of the
treated cells, and the overall polyribosome size was consider-
ably greater than in cells not exposed to the drug (compare Figs.
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FIG. 1. Sedimentation characteristics of mRNAcomponents incy-
toplasmic extracts of sarcoma ascites cells incubated in culture me-
dium for 5 hr. Extracts were subjected to zone centrifugation andRNA
obtained from individual fractions was used for hybridization assays
with cDNAprobes for actin mRNA (o), P36 mRNA (0), andP40mRNA
().The solid continuous line represents absorbance at 257 nm. Data
are expressed as amount of radioactivity from nick-translated probes
that bound to the RNA samples. Direction of sedimentation is from
right to left.

1 and 2). Thus cycloheximide, which preferentially inhibits
polypeptide chain elongation, promoted the accumulation of
ribosomes on mRNA. Both the actin and the P36 mRNAs were
in polyribosomes larger than those shown in Fig. 1, although
a substantial amount of P36 mRNA was also present in small
polyribosomes. The portion of the P36 mRNA in untranslated
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FIG. 2. Sedimentation characteristics of actin and P36 mRNA
components in cytoplasmic extract of ascites cells exposed to cyclo-
heximide. See Experimental Procedures and Fig. 1 for details. 0, Actin
mRNA; *, P36 mRNA.
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particles, however, was at least as high in the drug-treated cells
as in cells not exposed to cycloheximide.

Extent of Utilization of mRNA Species in Relation to Effi-
ciency of Ribosome Loading. Incubation of the ascites cells in
culture medium affects their capacity for utilizing ribosomes for
translation. Cells removed from the animals 6-7 days after in-
oculation are relatively inefficient in this respect, as shown by
the high proportion of ribosomal monomers in these cells (Fig.
3). Incubation in culture medium for 75 min increases ribosome
utilization to some extent. Incubation for 60 min in the absence
of nutrients followed by 15 min in complete medium leads to
highly effective uptake of ribosomes into polyribosomes. The
starvation treatment appears to inhibit polypeptide chain ini-
tiation selectively and causes the release of the ribosomes from
mRNA (17). Addition of nutrients to the starved cells leads to
rapid formation of large polyribosomes (17, 18), an indication
that the cells have become highly efficient with respect to the
initiation step of translation.
The distributions of individual mRNA species in polyribo-

somes and small RNP particles were compared in the three
types of cells. In addition, changes in mRNA distribution in
small and large polyribosomes were also followed, in order to
see whether the active mRNA components showed the ex-

pected increases in ribosome packing in the incubated cells. The
mRNA in the 80S peak was considered to be associated with a

ribosome and was included in the small polyribosome values
in this analysis. The untranslated mRNA was prepared from
particles with sedimentation coefficients ranging from about 20
to 60 S (see Fig. 3). The P65, P40, and P36 mRNPs are known
to sediment in this range (11), and it was assumed that the bulk
of the P21 mRNP would be in the same fraction. The data in
Table 1 show that the actin mRNA is nearly fully utilized in
ascites cells not subjected to incubation, in spite of the limited
capacity for polypeptide chain initiation relative to elongation
in these cells. Incubation of the cells in culture medium led to
some shift ofthis mRNA species to larger polyribosomes. A con-

siderably greater shift occurred in the cells subjected to the
starvation-recovery treatment, an indication that this treatment
leads to accumulation of ribosomes on this RNA species. There
was, however, little change in the extent of utilization of actin
mRNA in the treated cells. The four other mRNA species were
utilized to extents of30-60% in the untreated ascites cells ([a-
ble 1). The active components of these RNA species showed
shifts from small to large polyribosomes in the incubated cells
and in the starved-recovered cells. The extent of ribosome
packing on these mRNA species, however, remained consid-
erably lower than that of the actin mRNA. In spite of the ob-
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FIG. 3. Effects of incubation conditions on polyribosome profiles
in cytoplasmic extracts of ascites cells. Extracts from cells lysed di-
rectly after harvesting from the peritoneal cavity (A), from cells in-
cubated for 75 min in culture medium (B), and from cells subjected to
the starvation-recovery treatment (C) were subjected to zone centrifu-
gation as in Fig. 1. Arrows indicate fractions pooled for measurements
of mRNA levels.

Table 1. Levels of untranslated mRNAs in mouse sarcoma
ascites cells before and after incubation in culture medium

Culture medium, Starvation-
No incubation 75 min recovery

Large/ Large/ Large/
small small small

%in poly- %in poly- %in poly-
mRNA RNPs* somest RNPs* somest RNPs* somest
Actin 16 3.1 18 3.9 22 7.0
P65 38 0.7 51 0.9 53 1.7
P40 61 0.6 74 1.4 81 1.7
P36 66 0.9 69 1.2 69 3.0
P21 54 0.4 55 0.6 63 1.8

Ascites cell samples were analyzed after removal from the animal
(no incubation), after incubation in complete culture medium for 75
min, and after incubation for 60 min in the absence of nutrients fol-
lowed by 15 mm in complete medium (starvation-recovery). Cyto-
plasmic extracts were fractionated into large polysomes (>trimers),
small polysomes (trimers to monomers), and RNP particles (20-60S),
as indicated in Fig. 3. mRNA levels were analyzed by hybridization
to cDNA probes.
* Values represent percent ofmRNA molecules ofeach species present
in untranslated RNP particles.

t Values represent distribution in large andsmall polysomes expressed
as ratio of amounts in the two fractions. These valuesprovide a mea-
sure of relative ribosome packing on individual mRNA species.

served increases in ribosome loading on the active mRNA mol-
ecules, no increase in the proportion of molecules engaged in
translation was observed for any of these species.

Changes in the Extent of mRNA Utilization. Incubation of
the ascites cells outside the animals led to increases in the pro-
portions of untranslated P65, P40, and P21 mRNAs (Table 1).
This effect was most prominent in the case of the P40 mRNA.
The proportion of active molecules belonging to this species
decreased from 40% to 20% in the starved-recovered cells. The
proportion of active P36 mRNA molecules, on the other hand,
showed no change upon short-term incubation ofthe cells. The
effect of prolonged incubation of the cells on the distribution
of individual mRNA species was not examined systematically,
but decreases in the proportion ofuntranslated P36 mRNA have
been observed occasionally in cells incubated for about 5 hr.
This may account for the large difference in the relative amounts
of untranslated P40 and P36 mRNAs shown in Fig. 1. The con-
ditions leading to the changes in P36 mRNA distribution have
not yet been defined.

Extent of Translation of Deproteinized mRNA in the Re-
ticulocyte Cell-Free System. The relatively low extent of ri-
bosome packing on the active P65, P40, P36, and P21 mRNA
molecules seemed to indicate that the rate of initiation on these
molecules was particularly low. In order to determine whether
this behavior was due to some structural feature ofthese mRNA
species, the translation of the deproteinized RNAs in the retic-
ulocyte cell-free system was examined. RNA isolated from the
mRNP fraction was added in increasing amounts to the trans-
lation system, and the synthesis of individual polypeptides was
determined. Actin synthesis was nearly maximal at a level of
1 j&g of RNA, whereas the synthesis of P65 and P36 increased
substantially -at RNA inputs between 1 and 4 ug (Fig. 4). The
changes in P40 synthesis were similar to those ofactin. The RNA
concentrations used in this experiment were approaching sat-
uration, as shown by the data on total polypeptide synthesis
(Fig. 4). Under these conditions, the actin mRNA appeared to
compete poorly with some of the untranslated mRNA species.
Insofar as the above experimental conditions provide a test for
mRNA initiation efficiency, the results indicate that the un-
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FIG. 4. Effects of increasing RNA concentrations on the transla-
tion of individual mRNA components in the reticulocyte cell-free sys-
tem. RNAfrom the small RNP fraction of unincubated ascites cells was
added in indicated amounts to translation system. Translation prod-
ucts were fractionated by one-dimensional gel electrophoresis, and ra-
dioactivity in individual bands was determined by densitometry trac-
ing of autoradiograms. A, Incorporation of labeled methionine into
total acid-insoluble material.

translated mRNA species are at least as effective as the actin
mRNA in this respect.

DISCUSSION
The present study shows that four major mRNA species of
mouse sarcoma 180 ascites cells, which predominate in the un-

translated mRNP fraction of these cells, are also engaged in
translation. This unusual distribution could be due to associa-
tion of mRNA molecules with factors that prevent their inter-
action with ribosomes. Alternatively, the rate of initiation on
these molecules could be particularly low, so that a considerable
portion of the molecules would be devoid of ribosomes at the
steady state. The latter possibility was examined by altering the
activity of cells with respect to either polypeptide chain initi-
ation or elongation. Increase in initiation activity without con-
comitant acceleration in polypeptide chain elongation should
have resulted in the accumulation of ribosomes on mRNA. As
a consequence, the proportion of untranslated mRNA mole-
cules should have decreased. Preferential decreases in elon-
gation rates should have had the same effect.
The desired state of increased ribosome loading on mRNA

wasE achieved to a small extent by incubation of the ascites cells
in culture medium, and to a much greater extent by first in-
cubating the cells in the absence ofnutrients and continuing the
incubation for about 15 min in complete medium. These treat-
ments resulted in the increased uptake ofribosomal monomers
into polyribosomes, as well as in shifts of the active mRNA
molecules into larger polyribosomes. These treatments, how-
ever, did not cause any decrease in the proportion of untrans-
lated molecules. These results tend to rule out inefficient ini-
tiation as the cause for the occurrence of large amounts of
untranslated P65, P40, P36, and P21 mRNA molecules. The
distribution of the mRNA species in extracts of cycloheximide-
treated, cells leads to the same conclusion.
Our results show that the portion of the mRNA molecules

not present as small mRNPs is associated with ribosomes en-

gaged in translation. This conclusion is derived from the fact that
the ribosome packing on these molecules is increased in cells
with higher initiation capacity. This packing, however, remains
considerably lower than that on the actin mRNA. This would
tend to indicate that these RNA molecules are relatively inef-
ficient in initiation. We have examined this possibility by com-
paring the translation of the different mRNA species in the re-
ticulocyte cell-free system. The conclusion from these
experiments, based on the assumption that inefficient species
would compete poorly under conditions of RNA excess, is that
the four untranslated mRNA species are at least as effective as
the actin mRNA in the initiation process. The apparent contrast
between the in vivo and in vitro behaviors raises the possibility
that the cytoplasmic environment may affect the rate of initi-
ation on these mRNA species as well as their utilization for
translation.
The transfer of the sarcoma cells from the peritoneal cavity

to the culture medium appears to trigger changes in the extent
of utilization of some of the mRNA species. The proportion of
active P40 mRNA molecules is decreased considerably in the
cells subjected to the starvation-recovery treatment. The P65
mRNA is affected to a lesser extent, and the P36 and P21 species
show little or no change in degree of utilization. These changes
suggest that shifts of mRNA molecules between the two func-
tional states can take place when the cells are placed in a dif-
ferent environment. However, the present results could also
be explained in terms of selective degradation of some polyri-
bosomal mRNA. Precise measurements ofmRNA levels in cells
before and after incubation would be required to verify the lat-
ter possibility.
The ability of cells to segregate a portion of the mRNA mol-

ecules of-some species into a "repressed" state appears to pro-
vide a means for the regulation ofsynthesis ofthe corresponding
polypeptides. Thus the present results suggest the occurrence
of a translational control process that may operate through the
repression and activation ofmRNA molecules. The mRNA spe-
cies described in this report also occur as untranslated mRNPs
in mouse erythroleukemia cells. Further studies should indicate
whether mRNA repression is a general process in mammalian
cells and whether the four mRNA species in the present study
are subject to repression in a wide variety of cell types.
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