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Enhanced Transcription of c-myc in 
Bursa1 Lymphoma Cells Requires 

Continuous Protein Synthesis 

Maxine Linial, Nancy Gunderson, Mark Groudine 

The cellular-myc (c-myc) gene of 
mouse, man, and birds appears to be 
transcribed in all actively dividing cells. 
Much interest has been focused on this 
gene since altered gene arrangement or 
expression has been demonstrated in 
several tumor types, including Burkitt's 
lymphomas in humans, plasmacytomas 

Using a number of avian cell types (8, 
IS), we find that the amount of c-myc 
RNA is controlled posttranscriptionally 
at the level of message stability, and find 
no association between RNA stability 
and the structure of the 5' end of c-myc 
RNA. In addition, we have observed 
that, in cell lines in which transcription 

Abstract. In several bursal lymphoma cell lines in which c-myc transcription is 
regulated by avian leukosis virus (ALV) long terminal repeat (LTR) sequences, 
protein synthesis inhibition decreases the transcriptional activity of c-myc as well as 
other LTR driven viral genes. This decrease in transcription is associated with a 
change in the chromatin structure of c-myc, as measured by deoxyribonuclease I 
(DNase I) hypersensitivity, and a shift of transcription from the LTR to the normal c- 
rnyc promoter. In contrast, cycloheximide had little or no effect on the transcription 
of LTR driven genes in infected chicken embryo jibroblasts treated with the drug. 
These results suggest that a labile, cell type-spec8c protein may interact with the 
retroviral LTR and regulate transcription of genes under LTR control. Further, the 
results demonstrate that the increase in intracellular concentration of c-myc RNA 
induced by cycloheximide treatment of normal cells is the result of stabilization of 
this message. 

in mice, and avian leukosis virus (ALV)- 
induced lymphomas in the bursa of Fa- 
bricius in chickens (1-4). The c-myc gene 
is composed of three exons, two of 
which encode c-myc protein (5-8). The 
first exon, which is lacking in some 
mammalian and avian tumor cells (3-9), 
has been implicated in control of c-myc 
gene expression (10). The c-myc is re- 
markable for the short half-life of both its 
RNA and protein products (11, 12). 

Experiments with inhibitors of protein 
synthesis such as cycloheximide (CH) 
(13, 14) have suggested that c-myc tran- 
scription might be controlled by a labile 
repressor protein. However, since CH 
treatment in some cells results in an 
increase in stability in c-myc messenger 
RNA (mRNA) (12), the CH effect could 
be at the posttranscriptional level. It has 
also been proposed that the promoter 
utilization or secondary structure of the 
5' end of c-myc RNA might be involved 
in the CH effect (12). 

of the c-myc gene is controlled by se- 
quences in the enhancer or promoter of 
the ALV long terminal repeat (LTR) 
(16), protein synthesis is required for the 
increased transcription of c-myc. If pro- 
tein synthesis is inhibited in these lines, 
the level of LTR-enhanced c-myc and 
viral gene transcription, as measured by 
nuclear runoff assays, decreases, and a 
deoxyribonuclease I (DNase I)-hyper- 
sensitive site in the LTR is lost. In one 
cell line, inhibition of protein synthesis 
leads to a shift in c-myc transcription 
from the viral LTR promoter to the nor- 
mal c-myc promoter. 

Cycloheximide increases c-myc RNA in 
normal cells, but not in most bursal lym- 
phoma cells. We have been studying c- 
rnyc transcription in cell lines derived 
from tumors induced by ALV in which c- 
rnyc transcription is augmented by the 
insertion of the viral LTR in the region of 
the c-myc gene. Promoter utilization 
(LTR or cellular), as well as the structure 

of the c-myc transcripts (8) (Fig. I), have 
been determined in some of these lines. 
The chicken system is particularly useful 
for study of transcription of the c-myc 
gene, because gross translocations have 
not occurred in the vicinity of c-myc in 
avian cells exhibiting altered c-myc tran- 
scriptional patterns. Furthermore, pro- 
moter utilization differs among the cell 
lines (Fig. 1). For example, c-myc tran- 
scription in cell line S13 is initiated at the 
normal cell promoters P1 and P2, where- 
as in cell line H1, the viral LTR promoter 
is utilized, In line 2933, initiation of c- 
rnyc RNA appears to occur both in in- 
tronic sequences and at P1, possibly 
from the two different alleles, while in 
243L initiation does not occur either at 
the LTR or at PI. It was thus of interest 
to use these cell lines to attempt to 
correlate promoter utilization with stabi- 
lization of c-myc RNA in the absence of 
protein synthesis. If, for instance, only 
cell lines utilizing the normal c-myc pro- 
moter respond to inhibition of protein 
synthesis by increasing the amount of c- 
rnyc RNA, then increases in steady state 
RNA after CH treatment would be ob- 
served in S13 cells, but not HI or 243L 
cells. 

Steady-state RNA was measured by 
Northern blot analysis in normal cells 
and transformed cell lines (Fig. 2). 
In these experiments, we used glyc- 
eraldehyde-3-phosphate dehydrogenase 
(GAPDH) (17) as a control for the 
amount of RNA placed on each lane, 
since all chicken cells examined con- 
tained reasonably high steady-state lev- 
els of GAPDH RNA, which did not vary 
with CH treatment. We found that chick- 
en embryo fibroblasts (CEF) contain lit- 
tle c-myc RNA, but this RNA increased 
dramatically after the cells were treated 
for 3 hours with CH (Fig. 2A). We also 
examined lymphocytes derived from 
bursa, spleen, or thymus (Fig. 2C). All 
contained low steady-state levels of c- 
rnyc RNA, but these were increased by 
CH treatment. The amount of c-myc 
RNA in the four normal cell types exam- 
ined increased between 12 and 30 times 
relative to GAPDH mRNA (18). In CEF, 
both polyadenylated and nonpolyadeny- 
lated c-myc RNA's increased with CH 
treatment (19). We also examined the 
effect of CH on the c-myc RNA in MSB 
cells (Fig. 2A), a chicken T-cell line 
transformea by Marek's disease virus 
(20), where the structure of the c-myc 
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gene and transcript is normal (8). In 
MSB cells, we found about a 12-fold 
increase in c-myc RNA after the cells 
were treated with CH. The level of 
chicken c-myc RNA also increased after 
CH treatment of Rat-2 cells stably trans- 
fected with a plasmid containing the ge- 
nomic chicken c-myc gene. These trans- 
fected cells synthesize c-myc RNA to an 
amount comparable to that of normal 
chicken cells (19). Thus, there is an 
increase in steady-state level c-myc gene 
transcripts in the absence of protein syn- 
thesis in all cells examined in which c- 
myc expression is dependent on normal 
control signals. 

We next examined the amount of c- 
myc RNA in the six bursal lymphoma 
cell lines whose c-myc genes are shown 

in Fig. 1. In five of the cell lines-S13, 
BK25, HI, 243L, and 2938 (Fig. 2, A and 
Bblittle or no quantitative change in c- 
myc RNA was seen after treatment; we 
found a 1- to 2.7-fold increase in the 
amount of c-myc RNA relative to that of 
GAPDH RNA. The apparent lack of 
induction of c-myc RNA by CH was 
independent of the promoter used (Fig. 
1). In S13 cells, the level of poly(A)+ and 
poly(A)- c-myc RNA's both remained 
constant after CH treatment (19). In con- 
trast, treatment with CH for 3 hours 
increased the c-myc RNA by a factor of 
more than 10 relative to GAPDH RNA in 
cell line BK3A (Fig. 2A). We also looked 
at the effect of CH on the steady-state 
level of chicken c-myc RNA on a Rat-2 
cell line stably transfected with a plasmid 

Normal CK 

containing the LTR and c-myc exons 2 
and 3 isolated from a genomic library of 
DNA from BK25 cells (21). In these cells 
(Fig. 2D) there was an eightfold increase 
in c-myc RNA after treatment. 

Short half-life of c-myc RNA in normal 
and transformed avian cells. One inter- 
pretation of the above results is that the 
insertion of viral sequences in the c-myc 
domain somehow affects the turnover of 
c-myc RNA. To examine this, the half- 
life of the c-myc RNA in MSB and S13 
cells was compared, with actinomycin D 
being used to prevent RNA synthesis 
(12) (Fig. 3A). The c-myc RNA in both 
cell types was equally unstable with a 
half-life of about 30 minutes. Further- 
more, an actinomycin D decay experi- 
ment, performed in the presence of the 
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Fig. 1 (left). Structure of the c-myc alleles in normal chicken cells and the bursal lymphoma cell lines used in this study. Mapping data for lines 
S13, BK25, BK3A, and HI are from restriction enzyme analyses, as well as transcriptional analyses (8, IS) (Fig. 5). The origin of HI, BK25, S13, 
and BK3A has been described (15,39). Lines 243L and 2938 were established in our laboratory from tumors induced in chickens (line 15x7) by 
the avian leukosis viruses RAV-1 (line 2938) or MCAV-A (line 243L). The 2933 cells were derived from a metastatic spleen tumor, and the 243L 
cells were derived from a metastatic liver tumor from chickens bearing large bursal tumors. In the case of 2933, the viral integration in the vicinity 
of c-myc is identical in the bursal and splenic derived cell lines and the original tumors. Solid boxes indicate the c-myc coding exons 2 and 3; the 
open box indicates the noncoding first exon. Stippled boxes indicate the viral LTR; other known viral sequences are indicated by gene name 
(gag, viral structural protein gene; pol, RNA dependent DNA polymerase). (A) indicates a known deletion in the gene. In the case of line HI, se- 
quences upstream of c-myc exon I are missing from the genome. The broken line indicates that portions of the locus are located further upstream 
in these transformed cells. The S indicates restriction endonuclease Sma I sites. The arrows denote the direction of transcription from both the 
LTR and c-myc. The major c-myc RNA transcripts are drawn beneath the structure of the c-myc gene. A dotted line denotes uncertainty in the 
start site for the transcript. Asterisks indicate cell lines that harbor a normal c-myc allele in addition to the rearranged allele depicted. Although 
originally we reported only one c-myc transcript in BK25 cells (8), recent experiments with the intronic primer shown in Fig. 5 show the presence 
of a second transcript initiating at or near the viral LTR. Fig. 2 (right). Steady-state RNA's in normal and transformed cell lines treated with 
CH or untreated controls. The MSB cells used are derived from a Marek's disease-induced thymic tumor and have been described (20). Chicken 
embryo fibroblasts (CEF) were obtained from ev-1 embryos, and were used at passage 3 and beyond. Rat-2 (pBK25) are Rat-2 cells stably 
transfected by the plasmid pBK25, and lymphocytes were obtained from the spleen, thymus, and bursa of 4- to 6-week-old chickens (40, 41). 
Total RNA's, approximately equalized for ribosomal RNA content, were denatured with formamide and subjected to electrophoresis on 
denaturing agarose gels (42). Gels were blotted to nitrocellulose and probed. All cells were exponentially growing when RNA was extracted with 
guanidium isothiocyanate (3.7M) (42). The CH treatment period was 3 hours; CH at 10 pdml was used, except for 2933 (20 pg/ml) or 243L cells 
(30 pg/ml). In all cases the inhibition of protein synthesis was more than 90 percent. The probe for the chicken glyceraldehyde 3-phosphate 
dehydrogenase gene (GAPDH) was a 1.3-kb from the cDNA clone pGAPDH-1(17), and the probe for c-myc was a Cla I-Eco RI 0.8-kb subclone 
of chicken c-myc exon 3. Excised fragments were labeled with "P by nick translation. In (A), the 243L RNA samples were run on a separate gel 
from the other bursal lines. 243L does encode a smaller c-myc RNA than CEF or BK25 (B) and the relative location of the c-myc bands has been 
determined from normal CEF markers. The relative ratio of c-myc to GAPDH was determined from densitometer tracings of this and other 
Northern blots. 
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3 Fig. 3. Determination of the half-life of c-myc 
A +E - RNA in the presence or absence of protein 

0' 35' 0' 45, 90, 0' 45' 90' synthesis inhibitors. (A) Exponentially grow- 
myc-@ * ing MSB or S13 cells were treated with actino- 

GAPDH- a .I r "" ftt mycin D (0.5 pg/ml) for the indicated times 
and then rapidly lysed; the RNA was then 
extracted. Identical portions of MSB or S13 
cells were first treated with 0.1 mM emetine 

B (E) for 20 minutes before the addition of 
actinomycin D (+E). (B) Identical numbers of 

GAPOH- / G A P O H -  CEF were treated for 60 minutes with actino- 
mycin D (0.5 mg/ml), either with no protein 
synthesis inhibitor, or with cycloheximide 

(CH) (20 pg/ml) or pactamycin (PC) (10 mM) added 20 minutes before the actinomycin D was 
added. Control cells received no inhibitor. (C) Bursal lymphoma cell line 243L cells were 
treated with actinomycin D (0.5 pg/ml) for the indicated times and processed as in (A). RNA 
extraction and Northern blot analysis was as for Fig. 2. 

ment with actinomycin D for 60 minutes 
led to about a 100-fold increase in c-myc 
RNA. Thus, nontranslated c-myc mRNA 
which is not frozen on polysomes is also 
protected from degradation. 

To test whether exon 1 is an essential 
component of the instability of c-myc 
RNA, we measured the half-life of c-myc 
mRNA in 243L cells, which contain only 
a rearranged copy of c-myc (Fig. 1). 
Using RNA from these cells, we detect- 
ed no primer extension products with an 
exon 1 probe or an intronic probe (see 
below, as well as Fig. 5 below), although 
the same RNA could protect a DNA 
fragment containing exon 2 sequences as 
measured by nuclease S1 analysis (19). 
We found that the c-myc RNA in 243L 
cells completely lacking exon 1 has a 
half-life of about 10 minutes (Fig. 3C), 
identical to that measured for CEF in the 
same experiment (Fig. 3B). 

Transcriptional activity of c-myc is in- 
hibited by cycloheximide in ALV trans- 
formed cells. In order to examine wheth- 
er differences in the observed steady- 
state levels of c-myc RNA in normal and 
bursal lymphoma cells, in the presence 
or absence of protein synthesis, are a 
result of differences in transcriptional 
rates or posttranscriptional events, we 
performed nuclear runoff experiments. 
As was previously described, while no 
new initiation occurs under these condi- 
tions, relative rates of elongation and 
polymerase density along specific genes 
can be determined (24). In all experi- 
ments, the rate of c-myc transcription 
was normalized (18) to that of either fos 
(25) or GAPDH (26). Transcription from 
al l  three genes is sensitive to concentra- 
tions of a-amanitin that specifically in- 
hibit polymerase I1 transcription (Fig. 
4A). In initial analyses (Fig. 4A), the rate 
of transcription was measured in MSB 
and S13 cells, either untreated, or treat- 
ed with cycloheximide or emetine for 3 
hours. In the untreated cells, we found 
that the transcription of c-myc in S13 
cells was about ninefold greater than that 
of MSB cells, consistent with the ob- 
served differences in steady-state levels 
of c-myc RNA in the two cell types (Fig. 
2). The use of inhibitors had little or no 
effect on the c-myc transcription ob- 
served in MSB cells. Thus, the increase 
in steady-state c-myc RNA in these cells 
in the absence of protein synthesis, can 
be accounted for by stabilization of 
RNA. In contrast, protein synthesis inhi- 
bition decreased the relative level of c- 
myc transcription about sevenfold in S13 
cells (Fig. 4A). The rate of transcription 
in S13 cells in the absence of protein 
synthesis was found to be approximately 
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protein synthesis inhibitor emetine, 
shows that the turnover rate of both 
MSB and S13 c-myc RNA is reduced in 
the absence of protein synthesis. Both 
CH and emetine inhibit protein synthesis 
by similar mechanisms and lead to 
"freezing" of RNA on polysomes (22). 
Thus, the stability of c-myc mRNA could 
be caused by the sequestering of the 
RNA in a compartment inaccessible to 
ribonuclease. To test this, we examined 

the effect of treatment with pactamycin, 
an inhibitor of initiation of translation at 
the concentration used (23). In Fig. 3B, 
CEF's were treated with actinomycin D 
for 60 minutes with or without prior 
treatment with pactamycin or CH. This 
experiment demonstrates that c-myc 
RNA in CEF is stabilized to a similar 
extent in the presence of pactamycin as 
in the presence of CH. Prior treatment 
with either inhibitor followed by treat- 
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Dm 
Amanitin (a-aman) at 2 pg/ml was 
added to nuclei as described (24). - Nuclei were isolated (28) and re- 
suspended at a concentration of 
2 x 10' nuclei per milliliter in nu- 

clear freezing buffer (40 percent glycerol, 50 mM tris-HCI, pH 8.3, 5 mM MgCI2, and 0.1 mM 
EDTA). The nuclei were either used directly or frozen at -70°C. The nuclear runoff reactions, 
isolation of 3 2 P - l a b e l e d : ~ ~ ~ ,  hybridization conditions, and analyses of hybrid were performed 
by combining several features of two previously described techniques (24,43) and are described 
in (44). Nitrocellulose filters containing 5 pg of the indicated plasmids were hybridized to the 
runoff products for 36 hours. Equal amounts, measured by the number of counts per minute 
(1 x lo7 to 2 x lo7), of runoff products were added to each filter for nuclei that were being 
directly compared. Plasmids used for these experiments were rnyc (a 2.4-kb Sst I-Eco RI 
fragment of chicken c-myc containing exons 1 and 2 and intron 2 cloned in SP65); U5 LTR (a 
0.6-kb Eco RI-Bam HI fragment from the U3 region to gag of RSV cloned in Sp63); gag (a 1.3- 
kb Bam HI fragment cloned in pBR); GAPDH, a 1.3 kb cDNA insert in PBR (17); fos, a 1.1-kb 
Pst I-Bgl I1 fragment of v-fos (25); env, a 2.1-kb Bam HI-Xba I fragment in PBR (obtained from 
E. Hunter); control plasmid pUC19 (45). 
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the same as that in treated or untreated 
MSB cells. Thus, we conclude that the 
differences in steady-state levels of c- 
myc RNA observed in MSB and S13 
cells is a result of different rates of 
transcription of a rapidly degraded mes- 
sage. 

To determine whether the results with 
S13 and MSB cells were generally true 
for bursal lymphoma cell lines and non- 
established normal cells, runoff tran- 
scription assays were performed with 
nuclei from the five other cell lines (Fig. 
I), as well as CEF, and lymphocytes 
from normal chicken bursa (B) and thy- 

M W M  

610- 

'rimer A 
- 

A primers B 

Fig. 5. Primer extension analysis of c-myc 
transcripts encoded by 2933 cells. Synthetic 
oligonucleotides based on the chicken c-myc 
sequence were synthesized commercially. 
The location of the primers relative to the c- 
myc locus is shown at the bottom. The oli o ! - nucleotides were end-labeled with PI 
ATP and T4 polynucleotide kinase. RNA's 
used were from 2933 cells (+) or (-) CH 
treatment for 3 hours, chick embryo fibro- 
blasts (CEF) treated with CH, or untreated 
243L cells. Hybridization to total cell RNA 
was at 65°C for 3 hours and elongation of 
primers utilized avian myeloblastosis virus 
reverse transcriptase as described (46). Prod- 
ucts were analyzed on an 8 percent polyacryl- 
arnide denaturing gel. Molecular weight mark- 
ers (MWM) used were Msp I-digested lamb- 
da DNA end-labeled with '*P-labeled TTP and 
CTP. 
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mus (T). We found no decrease in c-myc 
transcriptional activity after protein syn- 
thesis inhibition in any of the normal 
cells examined. In fact, a small increase 
in c-myc transcription was noted in the 
CEF (less than twofold after normaliza- 
tion to the fos control) (Fig. 4B). Small 
increases were also noted in the MSB 
cells and the thymic lymphocytes, but 
not bursal cells. In contrast, five of the 
cell lines showed decreases (ranging 
from five- to tenfold) in the level of c- 
myc transcript measured in the runoff 
assay (S13, BK25, 293S, 243L, and HI). 
The BK3A cell lines, which behaved like 
normal cells after CH treatment with 
respect to the c-myc steady-state levels, 
also behaved like normal cells in runoff 
transcription levels (Fig. 4D). All of the 
bursal lymphoma cell lines contain nu- 
merous copies of integrated ALV and 
produce infectious virus. Thus, we could 
also measure the transcriptional activity 
of the LTR promoted viral structural 
gene (gag), and found that changes in 
transcription of viral gag sequences after 
CH treatment paralleled that of c-myc 
sequences in tho cell lines (Fig. 4B). For 
one cell line, 2938, we examined tran- 
scription of the viral LTR sequences and 
the envelope genes as well (Fig. 4C). All 
of the viral sequences and c-myc exhibit- 
ed a concomitant decrease in transcrip- 
tion after CH treatment. 

The cycloheximide-sensitive factor, 
presumably a protein, which interacts 
with the viral LTR to regulate transcrip- 
tion could be either of viral or cellular 
origin. Since we found that the level of 
viral genes in most bursal lines was CH- 
sensitive, we analyzed the transcription 
of the viral gag gene in CEF infected 
with the avian leukosis virus RAV-1, or 
the ALV released from S13 cells [(S13 
ALV); Fig 4E)l. As in the bursal lympho- 
ma experiments, more than 90 percent of 
protein synthesis in the infected CEF 
was inhibited by CH (19). However, no 
difference in the transcription of gag was 
noted between control and CH-treated 
infected CEF (27). Further evidence for 
the cell-specific nature of the CH-sensi- 
tive protein comes from the experiment 
with BK25 c-myc transfected Rat-2 cells 
(Fig. 2D). In these cells, unlike bursal 
lymphoma BK25 cells, there was in- 
crease in the chicken c-myc transcript 
steady-state level on CH treatment, sug- 
gesting that transcription mediated by 
the identical LTR is under different con- 
trol in the two cell types. 

Qualitative changes in c-myc transcripts 
aCter cycloheximide treatment. The 2938 
cells contain two c-myc alleles, the rear- 
ranged allele with viral LTR sequences 

inserted within intron 1 (Fig. I), and a 
normal allele. We detected at least two 
distinct c-myc RNA's in 2933 cells and 
have found that, after CH treatment of 
2933 cells, the larger species of c-myc 
RNA is preferentially lost from the 
steady-state RNA pool (Fig. 2B) (19). To 
ascertain which sequences comprise the 
different 293s c-myc RNA's, primer ex- 
tension experiments were performed 
with a synthetic oligonucleotide primer 
(primer A) specific for the normal c-myc 
promoter at the end of exon 1, P1 (8), 
and another oligonucleotide primer 
(primer B) specific for intron 1 se- 
quences (Fig. 5). 

In untreated 2933 cells we found a 

A c-myc 

243 - 0 
243 +CH 

O- 

Probe CI, = 

Probe 
___( 

Bgl H3 591 

Fig. 6. DNase I digestion of 243L nuclei. 
Nuclei from cell line 243L either untreated or 
treated with CH (30 &ml) for 3 hours were 
digested with increasing concentrations of 
DNase I (as designated by the directioq of the 
arrow: 0, 0.3, 0.6, 1.2, 2.4, 4.8, 7.2 ~g/ml); 
DNA was isolated, digested with the enzymes 
denoted, and subjected to blot hybridization 
after electrophoresis in 1 percent agarose 
gels. The blots were probed with the nick- 
translated probes designated below the auto- 
radiograms. Nuclear isolation, DNase I diges- 
tion of nuclei, DNA purification, restriction 
enzyme digestion, and blot hybridization 
were performed as described (28). (A) DNA 
samples were digested with Cla I and Bam PI 
and blots were hybridized to a 1-kb Cla I- 
Sal I fragment that essentially spans the sec- 
ond c-myc intron as indicated in the line 
drawing. A 2.4-kb parent band and 1.7-kb 
subband mapping to the LTR sequences are 
evident in the control samples. (B) Duplicates 
of samples used in (A) were digested with 
Bgl I1 and blots were hybridized to a 675-bp 
fragment from the 3' region of the chicken TK 
(cTK) gene (47). 
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Normal  ce l ls  Fig. 7. Model for the 
RNA RNA -- transcription steady - effect of cycloheximide 

.-x'T'- 3 'rate' state level on c-myc transcription 
60' in normal and bursa1 .. n ,---* -\# - I I lymphoma cells. Open 

AcD 
+CH + 1 10 boxes and solid lines 

'Gd-" represent the c-myc 
gene and, in the case of 

Bursa l  lymphoma cel ls (S  13)  

L 

- 
S13 cells, the place- 
ment of the viral LTR 
upstream of exon 1 in w the opposite transcrip- 

- y o  tional orientation of c- 
nxd> 

y------ \#-,-,.- 
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+ 1 10 or ibsence of 

+CH ,:; """V"?S- cycloheximide (CH) be- 
* -- fore or after treatment 

Bd of cells with actinomy- 
cin D for 60 minutes to 

inhibit synthesis of new transcripts. The size of the arrows above the wavy lines indicates the 
transcription rate. The solid circle represents the putative labile LTR binding protein which 
ceases to be synthesized in the presence of CH (dotted circle). The RNA transcription "rate" is 
derived from runoff transcription analyses (Fig. 4) and the steady-state RNA level from 
Northern blot analyses (Figs. 2 and 3). 

small amount of transcription from PI,  
yielding an extension product identical in 
size to that of the bona fide P1 start in 
CEF (8). (In this experiment, the CEF 
were treated with CH to increase the c- 
rnyc RNA present in the sample.) The 
2933 c-rnyc transcripts could be from the 
normal c-rnyc allele, or from LTR en- 
hancement of exon 1 in the rearranged 
allele, as we previously found for cell 
line BK25 (8). Using primer B, we found 
2933 cell-specific transcription initiating 
in intron 1, yielding an extension product 
of about 250 bases, which represents 
either transcripts originating in the viral 
LTR (28), or at a cryptic promoter in the 
intron, as has been seen in some mouse 
plasmacytomas (29). When the 2938 
cells were treated with CH for 3 hours, 
we found a shift in the relative abun- 
dance of transcripts detected by primers 
A and B. There was about a tenfold 
increase in the (approximately) 50-base 
P1 extension products and an approxi- 
mately fivefold decrease in the 250-base 
product from the intronic region. These 
results, in conjunction with the nuclear 
transcription analyses (Fig. 4) demon- 
strate that in the absence of protein 
synthesis there is a shift in c-rnyc pro- 
moter utilization in 293s cells. 

Changes in chromatin structure after 
cycloheximide treatment. Since protein 
synthesis inhibition led to both quantita- 
tive and qualitative changes in c-rnyc 
transcription in bursal lymphoma cells, 
we examined the structure of chromatin 
surrounding the c-rnyc alleles. We previ- 
ously reported that after integration of 
the ALV LTR into the c-rnyc region of 
bursal lymphoma cells, the major hyper- 
sensitive site within this chromosomal 

domain is within the proviral LTR (30). 
If a labile protein were involved in the 
enhanced transcription directed by the 
ALV LTR, this protein might be in- 
volved in the formation of the hypersen- 
sitive site within the LTR, and the dimi- 
nution of this protein by CH treatment 
might result in the loss of this altered 
chromatin structure. To test this, we 
chose 243L cells, which contain only one 
c-rnyc allele, and in which the LTR inte- 
gration has occurred in the first intron 
(Fig. I), sufficiently distant from the 5' 
end of the first c-rnyc exon to permit us 
to distinguish the major c-myc hypersen- 
sitive sites from that of the LTR. When 
DNA from 2432, nuclei digested with 
DNase I is redigested with Cla I and Bam 
HI and assayed for (Southern) subbands, 
a prominent subband (indicated by the 
arrow) is found within the LTR region 
(Fig. 6A). When the same assay is per- 
formed on 2432, cells that have been 
treated with CH for 3 hours, this major 
site is barely detectable. As a control, 
when the same DNA samples are digest- 
ed with Bgl I1 and blot hybridized to a 
thymidine kinase (TK) probe (Fig. 6B), 
the major TK hypersensitive site in the 
3' region of the TK locus (31) is detect- 
able in both treated and untreated nuclei, 
indicating that the loss of the LTR hyper- 
sensitive site is not due to the inability to 
detect such sites in DNA from the CH- 
treated 243L cells. 

Implications for regulation of c-myc 
expression. Regulation of the gene prod- 
ucts of the c-rnyc locus occurs at several 
levels. Since both the c-myc mRNA (12) 
and (Fig. 3) and the c-rnyc proteins (11) 
are unstable, it appears that cells have 
dual mechanisms to prevent accumula- 

tion of high levels of c-myc proteins. We 
have now found that treatment of all 
normal avian cells by inhibitors of pro- 
tein synthesis dramatically increases the 
steady-state level of c-rnyc RNA, as had 
been previously found for some mamma- 
lian cells and regenerating rat liver (12, 
13, 32). This is caused by stabilization of 
c-rnyc RNA that continues to be synthe- 
sized at the normal level. It is possible 
that c-rnyc RNA is degraded by a specif- 
ic ribonuclease with a high turnover rate; 
however, this does not appear likely 
since treatment of MSB cells with eme- 
tine for only 20 minutes resulted in a 20- 
fold increase in the steady-state level of 
c-rnyc RNA (Fig. 3A). A more attractive 
hypothesis is that degradation of c-myc 
RNA is directly coupled to con~pletion of 
translation of the message. Since treat- 
ment by the translation initiation inhibi- 
tor pactamycin also increased c-rnyc 
RNA concentrations (Fig. 3B), stabiliza- 
tion is not caused merely by resistance to 
nuclease digestion of c-rnyc RNA se- 
questered on polysomes. A similar con- 
clusion was reached in the case of stabili- 
zation of histone H4 mRNA in HeLa 
cells after protein synthesis inhibition 
(33). It is unlikely that sequences at the 
5' end of the c-rnyc RNA are important 
for degradation, since c-rnyc RNA which 
lacks exon 1 sequences (243L cells) (Fig. 
5) is as unstable as the normal c-rnyc 
RNA in CEF (Fig. 3, B and C). Howev- 
er, it is possible that sequences at the 3' 
end of the message could signal degrada- 
tion of the RNA only after translation is 
completed. This would predict that each 
c-myc RNA molecule may be translated 
only once. 

Five of the six bursal lymphoma cell 
lines that contain viral LTR secluences 
integrated in the vicinity of c-rnyc be- 
haved differently compared to normal 
cells when protein synthesis is inhibited. 
Treatment with cycloheximide (Fig. 2) or 
emetine (Fig. 3) had little or no effect on 
the amount of steady-state c-rnyc RNA, 
but a five- to tenfold decrease was ob- 
served in c-rnyc transcription as mea- 
sured in nuclear runoff experiments 
(Fig. 4). In these bursal lymphoma cell 
lines, c-rnyc RNA is unstable, and the 
RNA turnover can be reduced bv CH 
treatment as in normal cells. However, 
in these cell lines, transcription of c-myc 
is further controlled by proximal viral 
LTR sequences acting as enhancers (16) 
on the normal c-rnyc promoter, or as 
promoters and enhancers. We suggest 
that in the bursal lymphoma cell lines a 
rapidly turning over protein interacts 
with the viral LTR to increase the tran- 
scription from the c-rnyc gene. In the 
absence of protein synthesis, the puta- 
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tive regulatory protein disappears, and 
the transcription level reverts to that 
seen in normal cells (Fig. 5). Thus, the 
lack of change in the steady-state level of 
c-myc RNA in CH-treated bursal lym- 
phoma cell lines can be explained by a 
decrease in the rate of c-myc transcrip- 
tion and a concomitant increase in the 
half-life of c-myc RNA (Fig. 7). 

This putative regulatory protein could 
interact either with LTR enhancer se- 
quences alone (S13) or with promoter 
and enhancer sequences (2933, BK25) to 
increase transcription of genes under 
LTR control, including c-myc and gag 
protein. Such a protein could be either of 
cellular or viral origin. Recently, an al- 
ternately spliced mRNA from the Rous 
sarcoma virus gag gene region which 
might encode a protein that interacts 
with LTR sequences to increase tran- 
scription was described (34). An alterna- 
tive possibility is that the control protein 
is a cellular protein found in the bursal 
target cells for ALV-induced transforma- 
tion. This normal cellular protein might 
then fortuitously interact with regions of 
the ALV LTR containing sequences sim- 
ilar to cellular DNA sequences that are 
normal binding sites for the protein. 

The loss of the LTR-associated hyper- 
sensitive site in cell line 243L (Fig. 6)  is 
reminiscent of similar changes in the 
murine mammary tumor virus (MMTV) 
LTR upon withdrawal of hormone (33,  
and is compatible with the idea that a 
labile protein involved in the enhanced 
transcription directed by the LTR might 
also be involved in the generation of the 
hypersensitive site. That protein may be 
involved in the formation of hypersensi- 
tive sites has been suggested by reconsti- 
tution experiments with the chicken P* 
globin gene and nuclear extracts from 
avian red blood cells (36). In addition, a 
HeLa cell factor which interacts with the 
sequences in the SV40 enhancer has 
been described (377, as has a cellular 
protein which binds to the MMLV LTR 
and the BK virus enhancer, as well as to 
sequences 5' to the chicken lysozyme 
gene (38). 

One bursal lymphoma cell line, BK3A, 
was found to behave like normal cells in 
response to protein synthesis inhibition, 
in that steady-state c-myc RNA level 
increased, and the level of c-myc nuclear 
runoff transcription was not affected. It 
is possible that BK3A cells represent a 
different stage in B-cell development 
from the other lines, or that the putative 
LTR binding protein is not labile in these 
cells. Alternatively, these cells could 
originally have been infected with an 
ALV with an altered LTR. 

Our results measuring runoff tran- 

scription in ALV-infected CEF (Fig. 6D) 
show that the gag gene is actively tran- 
scribed in these cells, but that transcrip- 
tion of gag and c-myc genes is not cyclo- 
heximide-sensitive. The level of gag 
transcription in infected CEF is at least 
as high as that in the bursal lymphoma 
cell lines. We have also obtained similar 
results with ALV-infected thymic and 
peripheral blood lymphocytes obtained 
from mature chickens infected in vivo 
(19). This would tend to suggest that the 
CH-sensitive protein is tissue- or cell 
type-specific, rather than viral-specific. 
However, this leaves us with a paradox, 
since the viral LTR functions in CEF's 
and other normal cells to drive gag gene 
transcription. There are at least three 
different hypotheses to explain this: (i) 
Transcription from the LTR does not 
normally require any specific regulatory 
proteins but in bursal cells a tissue-spe- 
cific unstable protein fortuitously inter- 
acts with the LTR. This model seems 
unlikely since it would predict that in the 
absence of the protein (as after CH treat- 
ment) the level of transcription from the 
LTR would remain high. (ii) The same 
regulatory protein functions in all cell 
types, but the protein is modified in the 
target cells for ALV-induced bursal lym- 
phomas so that it becomes unstable, or 
regulation of the gene coding for this 
protein differs in bursal and other cells. 
(iii) Different cellular regulatory proteins 
which recognize LTR sequences are 
present in different cells or tissues. Al- 
though at present we have no data to 
support this last idea, it appears to be the 
most attractive of the three. 
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In contrast to v-erbB, which encodes a 
68,600-dalton truncated EGF receptor, 
the neu oncogene product is a 185,000- 
dalton cell surface antigen that can be 
detected by cross-reaction with polyclo- 
nal antibodies against EGF receptor (11); 
neu may itself be a structurally altered 
cell surface receptor with homology to 
the EGF receptor and binding specificity - .  

for an unidentified ligand. 
Using v-erbB as a screening probe, we 

isolated geriomic and cDNA clones cod- 
ing for a n  EGF receptor-related, but 
distinct, 138,000-dalton polypeptide hav- 
in2 all the structural features of a cell 

Towia A .  Libermann, Joseph Schlessinger, U t a  Francke surface receptor molecule. On the basis 
of its structural homology, this putative 

Arthur Levinson, Axel Ullrich receptor is a new member of the tyro- 
sine-specific protein kinase family. It is 
encoded by a 4.8-kb messenger RNA 
(mRNA) that is widely expressed in nor- 

Growth factors and their receptors are lin (6), PDGF (3, and insulin-like growth mal and malignant tissues. We have lo- 
involved in the regulation of cell prolif- factor 1 (IGF-1) (8); hence more connec- calized the gene for this protein to q21 of 
eration, and several recent findings sug- tions may be found between tyrosine chromosome 17, which is distinct from 
gest that they also play a key role in kinase growth factor receptors and tyro- the EGF receptor locus, but coincident 
oncogeriesis (1-4). Of approximately 20 sine kinase oncogene products. with the neu oncogene mapping position 
identified oncogenes, the three that have Comparison of the complete primary (12). We therefore consider the possibili- 
been correlated with known cellular pro- structure of the human EGF receptor (9) ty that we have isolated and character- 
teins are each related to either a growth with the sequence of the avian erythro- ized the normal human counterpart of 
factor or a growth factor receptor. The B blastosis virus (AEV) transforming gene, the rat neu oncogene. 
chain of platelet-derived growth factor v-erbB (lo), revealed close sequence Tyrosine kinase-type receptor gene and 
(PDGF) is encoded by the proto-onco- similarity; in addition, there were amino complementary DNA. As part of our at- 
gehe c-sis (2), the erb-B oncogene prod- and carboxyl terminal deletions that may tempts to isolate and characterize the 
uct gp68 is a truncated form of the epi- reflect key structural changes in the gen- chromosomal gene coding for the human 
dermal growth factor (EGF) receptor (3), eration of an oncogene from the gene for celIular homologue of the viral erbB gp68 
and the proto-oncogene c-fms may be a normal growth factor receptor (3, 9). polypeptide, AEV-ES4 erbB sequences 
related or identical to the receptor for Another oncogene, termed neu,  is also (2.5-kb Pvu I1 fragment of pAEV) (13) 
macrophage colony-stimulating factor related to v-erbB and was originally were used as a 32~-labeled hybridization 
(CSF-lR) (4). identified by its activation in ethylnitro- probe for the screening of a human geno- 

The receptor-related oncogenes are sourea-induced rat neuroblastomas (11). mic DNA library at reduced stringency 
members of a gene family in that each 
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