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The translational efficiency of cMyc mRNAs was assessed in a variety of cell lines: HeLa cells and Epstein-
Barr virus-transformed lymphocytes, both of which contain only the germ line cMyc allele; Daudi, a Burkitt
cell line containing a translocated cMyc gene with no apparent alteration; and P3HR-1, a Burkitt line in which
the 5' end of the translocated cMyc gene has been altered by the chromosomal translocation. Translational
efficiency was inferred by measuring the number of ribosomes associated with the cMyc mRNA, using a
procedure by which individual polysomal fractions were analyzed by blot hybridization. Since polysome size is
a function of the length of the translated sequence as well as the rate of initiation of protein synthesis, we also
determined the number of ribosomes associated with a control mRNA (a tubulin) which codes for a protein of
similar size to cMyc. We found that the cMyc mRNA was associated with a number of ribosomes comparable
to that associated with a tubulin mRNA in all the cell lines tested.

Human Burkitt lymphoma cells show characteristic chro-
mosomal translocations involving the cellular oncogene
cMyc. The most common of these is a reciprocal exchange
between chromosomes 8 and 14 in which the cMyc gene is
translocated into the immunoglobulin heavy-chain locus (7,
9, 11, 19, 25). It has been inferred that this event leads to
activation of the cMyc gene which may in turn contribute to
neoplastic transformation (reviewed in reference 15). No
unifying molecular mechanism of activation of cMyc has
emerged from the study of several Burkitt cell lines. Avail-
able data suggests that activation may occur through several
alternative pathways including: (i) enhanced transcription
(10, 12, 13), (ii) mutation in the coding sequence for the
cMyc protein (22), (iii) loss of normal regulation (4, 17, 26),
and (iv) enhanced translation of cMyc mRNA (24).
The human cMyc gene contains three exons, only two of

which code for the cMyc protein (4, 6, 8, 11, 28, 29). The first
exon encodes an unusually long untranslated leader se-
quence (4, 28, 29). Transcription of the cMyc gene can
initiate at either of two promoter sites, yielding mature
mRNAs differing in length by 160 nucleotides (4, 14, 24, 28).
The untranslated leader sequence contains four potential
hairpin loops, only two of which can form in the shorter
transcript (4). Additionally, nucleotide sequence analysis of
the entire cMyc gene reveals that a region of exon 1 is highly
complementary to a region of exon 2 (24). Saito et al. (24)
have shown that the cMyc transcript (from either promoter)
can form a very stable stem-loop structure incorporating
these regions. In such a stem-loop structure the initiator
AUG would be located within the loop and may be unavail-
able for efficient initiation of translation.
Both this stem-loop structure and the potential secondary

structures present within the untranslated leader could be
important in cMyc expression. In some Burkitt cells cMyc
transcription initiates predominantly from the upstream pro-
moter, whereas in normal cells initiation takes place pri-
marily from the downstream promoter (4, 26). Such a shift in
promoter utilization could result in a population of mRNAs
with a different secondary structure near the 5' end. If
mRNAs containing this altered secondary structure were
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translated more efficiently, the net effect of the translocation
would be an increase in cMyc protein.

In many Burkitt cell lines, the translocation breakpoint is
within the first intervening sequence. Such translocations
yield an altered cMyc allele lacking the first exon (2, 24, 26).
Any mRNA synthesized from these cMyc genes could not
form the stem-loop structure described above (24). Such
mRNAs might then be translated more efficiently than wild-
type mRNA.

In this report, we have attempted to assess the efficiency
of translation of the cMyc mRNA in a variety of cell lines.
Translational efficiency was inferred by measuring the
number of ribosomes associated with the cMyc mRNA in
HeLa cells and Epstein-Barr virus (EBV)-transformed
lymphocytes, both of which contain only the wild-type cMyc
allele (21, 24, 26), in Daudi, a Burkitt line containing a
translocated cMyc gene with no apparent alteration (2, 10),
and in P3HR-1, a Burkitt line in which the 5' end of the
translocated cMyc gene has been altered by the 8:14 chro-
mosomal translocation (10).
HeLa S3 cells were maintained at concentrations between

3 x 105 and 7 x 105 cells per ml in Joklik modified minimal
essential medium supplemented with 10o horse serum.
Daudi and P3HR-1 cells, obtained from the Cell Culture
Laboratory, Children's Hospital of Detroit, Detroit, Mich.,
were maintained at concentrations between 3.5 x 105 and 1
x 106 cells per ml in RPMI 1640 medium supplemented with
20% fetal bovine serum. EBV-transformed human B lympho-
cytes, Kwk-B36, obtained from Katherine Klinger of Case
Western Reserve Medical School, were maintained as de-
scribed above for Daudi cells.
To prepare mRNA from various cell lines, we prepared

cytoplasmic extracts exactly as described previously (20),
except that before preparation of extracts, the cells were
treated for 10 min at 37°C with 100 ,ug of emetine per ml to
prevent ribosome runoff during fractionation. Polysomal
RNA was prepared by sedimenting cytoplasmic extracts
through a 4-ml cushion of 30% (wt/wt) sucrose in 10 mM
NaCl-1.5 mM MgCl2-50 ,ug of dextran sulfate per ml-10 mM
Tris-hydrochloride (pH 7.5) (buffer A) for 2 h at 49,000 rpm
in a Beckman 50 Ti rotor. Polysomal pellets were suspended
in 1 mM EDTA-0.5% sodium dodecyl sulfate-10 mM Tris-
hydrochloride (pH 7.5) (buffer B) and made 0.5 M in LiCl.
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FIG. 1. Northern blot analysis ofcMyc mRNAs. Polyadenylated
RNA was prepared from the indicated cell lines as described in the
text and analyzed (KwK-B36, 5 F±g; P3HR-1, Daudi, and HeLa, 2
,ug) by blot hybridization with a Myc-specific probe as described
previously (18). Size determinations were made relative to 28 and
18S rRNAs electrophoresed in parallel lanes.

Polyadenylated RNA was prepared by oligodeoxythymidyl-
ate-cellulose chromatography as described previously (20).
The size of cMyc mRNAs synthesized in HeLa, P3HR-1,

and Daudi cells and in the EBV-transformed lymphocyte cell
line Kwk-B36 was determined by Northern blot analysis
(Fig. 1). The Myc mRNA expressed in HeLa and Daudi cells
and in the EBV-transformed lymphocytes had nearly equiva-
lent mobilities, corresponding to a size of ca. 2.3 kilobases
(kb). The Myc mRNA expressed in P3HR-1 cells was
significantly larger, ca. 2.6 kb (Fig. 1). No. 2.3-kb Myc
mRNA could be detected in these cells.
To address the question of translational efficiency of the

cMyc mRNA, we adopted an approach that has been used
by other investigators to assess translational efficiency of
mRNAs during development (23), in cells exposed to heat
shock (3), and in virus-infected cells (16). In this approach,
the number of ribosomes associated with a specific mRNA is
measured. The average size of a polysome translating a
given mRNA is proportional to both the size of the trans-
lated mRNA sequence and the rate of initiation of protein
synthesis and inversely proportional to the rate of chain
elongation (16). If it is assumed that elongation rate is similar
between different mRNAs, and the size of the translated
sequence is known, polysome size can provide a measure of
the rate of initiation of protein synthesis on a given mRNA.
To determine the average size of polysomes translating

the cMyc mRNA in HeLa cells, cytoplasmic extracts were
prepared as described above and fractionated on sucrose
gradients (20). After fractionation, polyadenylated RNA was
prepared from individual fractions and assayed by Northern
blot hybridization with a nick-translated (18) vMyc plasmid
(1) (Fig. 2). This analysis showed that the cMyc mRNA was
translated on polysomes having an average size of 11 to 12
ribosomes per message. After exposure of this autoradi-
ogram, the same blot was washed and then hybridized with
a probe prepared by nick translation of plasmid PT1 con-
taining cloned chicken a tubulin cDNA (5) (Fig. 2). a
Tubulin was chosen because its mRNA is abundant in the
cell lines analyzed and it codes for a protein (55,000 Mr) only

slightly larger than cMyc (27). Thus, the size of its translated
sequence is similar to that of the cMyc mRNA even though
the total size of the tubulin mRNA (1,800 bases) (5) is 500
bases shorter than the cMyc mRNA. In HeLa cells the a
tubulin mRNA was translated on polysomes having the same
average size as those translating the cMyc mRNA (Fig. 2).
To rule out the possibility that sedimentation of these

mRNAs through polysome gradients was the result of an
unusually large ribonucleoprotein complex, we carried out
the same analysis on cell extracts pretreated with EDTA
(Fig. 2). Under these conditions, ribosomes completely
dissociate into subunits, and both the cMyc and a tubulin
mRNAs were found to sediment near the top of the gradient
(Fig. 2).
We then proceeded to measure the number of ribosomes

associated with the cMyc mRNA in Daudi and P3HR-1 cells
and in the EBV-transformed lymphocyte cell line Kwk-B36.
The polysome size for a tubulin was also measured in these
cells (Fig. 3). Again, both the cMyc mRNA and the a tubulin
mRNA were found on large polyribosomes of equivalent
size. In all three cell lines we determined that the position of
the mRNAs in polysome gradients was due to their asso-
ciation with ribosomes by performing EDTA dissociation
experiments identical to those described above for HeLa
cells.
We estimate a modal polysome size of 11 to 12 ribosomes

per message, a value in good agreement with the determi-
nations of other investigators who have measured polysome
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FIG. 2. Translation of cMyc mRNA in HeLa cells. Cytoplasmic
extracts were prepared from HeLa cells as described in the text, and
20 units (absorbance at 260 nm) were sedimented through linear
sucrose gradients as described previously (20). In the right-hand
panel the extract was pretreated for 5 min with 10 mM EDTA before
centrifugation. Sedimentation was from left to right. Gradients were
fractionated through a flow cell with an Isco density gradient
fractionator with continuous monitoring of absorbance at 260 nm.
Individual fractions (1.2 ml) were diluted with 4 ml of buffer B, made
0.5 M in LiCl, and passed directly over oligodeoxythymidylate-
cellulose columns. Polyadenylated RNA from each fraction was
analyzed by blot hybridization as described previously (18). Blots
were first probed with a nick-translated vMyc plasmid. After
autoradiography the same blots were hybridized with a nick-trans-
lated a tubulin plasmid and reautoradiographed. Numbers at bottom
are fraction numbers.
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FIG. 3. Translation of cMyc mRNA in Burkitt lymphoma cells
and EBV-transformed lymphocytes. Cytoplasmic extracts were
prepared from the indicated cell lines as described in the text, and 25
units of extract (absorbance at 260 nm) were sedimented through
linear sucrose gradients and fractionated as described in the legend
to Fig. 2. Only the absorbance profile from the P3HR-1 gradients is
shown. Polyadenylated RNA was isolated from individual fractions
as described in the legend to Fig. 2 and analyzed by blot hybridi-
zation as described previously (18). Blots were probed first with a
Myc-specific probe and autoradiographed and were then probed
with an a tubulin probe and reautoradiographed.

size in actively growing cells for mRNAs coding for proteins
of similar molecular weight to the cMyc protein (16).
For these experiments, HeLa cells and EBV-transformed

lymphocytes served as controls, as they have only the germ
line configuration of the cMyc gene (21, 24) and express
cMyc mRNAs initiated primarily from the downstream
promoter (4, 24, 26). Daudi cells contain an 8:14 chromo-
somal translocation in which the breakpoint of the translo-
cation is several kb upstream from the 5' end of the Myc
gene and express a cMyc mRNA initated primarily from the
upstream promoter (2). The 8:14 chromosomal translocation
in P3HR-1 cells alters the 5' end of the translocated cMyc
gene (10), and in agreement with other investigators, we
found that only the translocated cMyc allele is expressed in

these cells (2, 21; Fig. 1). The size of the transcript (2.6 kb)
is not compatible with initiation of transcription from either
of the normal promoters, and we assume that initiation of
transcription is occurring within the first intron of the altered
cMyc gene (2, 24).
We conclude from these experiments that the cMyc mRNA

transcribed from its normal promoters is translated effi-
ciently. Furthermore, the number of ribosomes associated
with the altered cMyc mRNA expressed in P3HR-1 cells
(Fig. 3) is similar to that in the other cell lines. These results
indicate either that the potential secondary structure noted
by Saito et al. (24) does not form in vivo or that if it forms,
this structure does not affect translation.
We did not attempt to quantitate the level of cMyc mRNA

in the cell lines we have used nor did we measure the amount
of Myc protein present in these cells. Previous reports
indicate that cMyc transcription may be elevated in both
P3HR-1 and Daudi cells with respect to EBV-transformed
lymphocytes (10). Whether this elevation of transcription is
relevant to neoplastic transformation remains to be deter-
mined.
The results presented here indicate that cMyc mRNAs of

different lengths and potential secondary structures are
translated with comparable efficiency. Thus, enhanced trans-
lation of cMyc mRNA probably does not contribute to the
activation of the cMyc gene in these Burkitt lymphoma cells.
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