
The EMBO Journal vol.5 no. 11 pp.2859-2865, 1986
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We present a detailed analysis of strand-specific transcrip-
tion in different regions of the murine c-myc locus. In nor-
mal and transformed cell lines, RNA polymerase II directed
transcription occurs in the sense and anti-sense direction.
Three noncontiguous regions show a high level of transcrip-
tion in the anti-sense orientation: upstream of the first exon,
within the first intron and in the 3' part of the gene (intron
2 and exon 3). In a cell line carrying a c-myc amplification
(54c12), anti-sense transcription is not uniformly increased
throughout the locus and is differentially affected by inhibi-
tion of protein synthesis. These results suggest that anti-sense
transcription in various parts of the locus is independently
regulated. In the sense orientation, transcriptional activity
is higher in the first exon than in the rest of the gene indicating
that transcription pauses near the 3' end of the first exon.
The extent of this intragenic pausing varies among different
cell lines and is most severe in cells with a c-myc amplifica-
tion. Transcription iniitiation and pausing are both negative-
ly regulated by labile proteins.
Key words: Murine c-myc locus/nuclear run-on assays/paus-
ing/anti-sense transcription

Introduction
The c-myc proto-oncogene is the cellular homologue of the avian
myelocytomatosis virus transforming gene (Hayward et al.,
1981). DNA sequence analysis indicate that the c-myc gene is
made up of three exons and two introns (Stanton et al., 1983,
1984; Battey et al., 1983; Bernard et al., 1983; Watt et al., 1983).
The last two exons encode a protein of 439 amino acids. No
definite role has been assigned to the first exon, which is clearly
non-coding in mouse (Stanton et al., 1984), although the possibili-
ty of a long open reading frame in human c-myc has been raised
by Gazin et al. (1984).

It appears that alteration of this gene's pattern of expression
either by gene amplification (Alitalo et al., 1983; Little et al.,
1983; Schwab et al., 1985), retroviral insertion (Corcoran et al.,
1984; Li et al., 1984) or chromosome translocation may be an
important step in the development of a variety of neoplasms. C-
myc can co-operate with other proto-oncogenes to transform
primary fibroblasts (Land et al., 1983). Transgenic mice har-
boring c-myc genes driven by tissue-specific regulatory sequences
developed malignancies at high frequency in the corresponding
tissue (Stewart et al., 1984b; Adams et al., 1985).
The c-myc proto-oncogene is expressed from two promoters

(P1 and P2) in a wide variety of cell types (Stewart et al., 1984a;
Yang et al., 1985). Normal c-myc RNAs (Dani et al., 1984) and
the 62- 64-kd c-myc polypeptide (Hann and Eisenman, 1984)
are highly unstable in vivo. The c-myc gene product has been

reported to be a DNA-binding protein and has been localized
within the nucleus (Donner et al., 1982; Abrams et al., 1982).
C-myc is expressed at the RNA and protein levels throughout
the cell cycle, and c-myc expression seems to correlate with the
competency of cells to enter and progress through the cycle (Hann
et al., 1985; Thompson et al., 1985). Transcriptional and post-
transcriptional mechanisms are responsible for alterations in
c-myc expression. The addition of serum or defined growth fac-
tors to growth-arrested fibroblasts results in transient increases
in c-myc RNA levels as a consequence of both increased transcrip-
tion and enhanced messenger stability (Greenberg and Ziff, 1984;
Blanchard et al., 1985). However, the relative contributions of
these two factors to c-myc induction remain controversial. The
repression of normal c-myc expression in transformed cells har-
boring c-myc chromosome translocations or myc retroviruses has
been proposed to be an autoregulatory phenomenon which may
be mediated by a repressor at the level of the gene's first exon
(Leder et al., 1983; Dunnick et al., 1983; Rabbitts et al., 1984;
Rapp et al., 1985). A cis-acting negative control element with
the opposite properties of a transcriptional enhancer has recent-
ly been localized upstream of the murine c-myc gene (Remmers
et al., 1986).

In this report, we have performed run-on transcription assays
with nuclei isolated from normal and transformed murine cells.
We show that anti-sense transcription occurs in several regions
of the locus and sense transcription pauses near the end of the
first exon. The results from cells that contain a c-myc amplifica-
tion, strongly suggest that pausing can be used as a control device
to modulate the level of sense transcription in the coding region
of the c-myc gene.

Results

Small, single-stranded subclones originating from different
regions of the c-myc locus were prepared in M13 vectors and
used as probes in run-on transcription assays to assess the level
and polarity of transcription in various parts of the locus. The
location of these probes in the c-myc locus is shown in Figure
5. Nuclei were isolated from murine fibroblast (NIH3T3), lym-
phoid (70Z3, ABPC4) and myeloid (FDC-P1) cell lines with nor-
mal c-myc copy numbers and A-MuLV transformed fibroblasts
(54c12 and N25) with amplified c-myc loci (Nepveu et al., 1985).
Run-on transcriptions were carried out for 10 min in the presence
of [a-32P]UTP. We estimated that the nascent nuclear transcripts
were extended by 100- 200 nucleotides with this protocol (data
not shown). Labelled RNAs were purified and hybridized to an
excess of single-stranded M13 c-myc DNAs immobilized on nitro-
cellulose filters. The intensities of these hybridization signals pro-
vide a measure of the steady-state distribution of RNA poly-
merases in c-myc chromatin (Schibler et al., 1983). All trans-
cription which we have detected in the c-myc locus is directed
by RNA polymerase H since it was 98% inhibited by 2 jg/ml
of c-amanitin (Figure 1). This concentration of a-amanitin is
two orders of magnitude below that required to inhibit RNA poly-
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Fig. 1. Run-on transcription analysis of the c-myc locus in NIH3T3 and 54c12 cells. The nascent transcripts were labelled in isolated nuclei (Schibler et al.,
1983) and hybridized to an excess of c-myc M13 ssDNAs immobilized on nitrocellulose filters. The c-myc M13 probes are described in Figure 5. The
GAPDH probe is the PstI fragment of the rat glyceraldehyde-3-phosphate-dehydrogenase cDNA clone, pRGAPDH13 (Piechaczyk et al., 1984). pWE6 is a
hamster ribosomal probe containing most of the 28S sequences plus the spacer between the 18S and 28S genes (Hassouna et al., 1984). Where indicated, a-

amanitin was present in the run-on reaction mixture, at a concentration of 2 ig/ml. The level of ribosomal gene transcription was comparable in the presence
and absence of a-amanitin (data not shown). The notations 'sense(+)' and 'anti-sense(-)' indicate the orientation of transcription. 54c12 cells are derived from
NIH3T3 and contain a 19-fold amplification of the c-myc locus (Nepveu et al., 1985).

merase III whereas RNA polymerase I is virtually unaffected by
this peptide (Roeder, 1976).

Sense transcription within the c-myc locus
Transcription is discernible upstream of the c-myc promoters in
the sense orientation. As shown in Figure 1 for NIH3T3 and 54c12
cells, it is very intense in the region delimited by the 11 Bg probe
(located 424-1 140 nt 5' of P1) and then decreases just before
exon 1 as shown with the SHI probe (see Figure 5 for probe
locations). It is conceivable that a fraction of these transcription
complexes that initiated far upstream also proceed through the
gene. However, Northern and SI nuclease analyses have failed
to reveal significant amounts of sense transcripts initiating
upstream of the normal c-myc initiation sites, P1 and P2 (Yang
et al., 1985; Nepveu et al., 1985; data not shown). Clearly, if
these transcripts accumulated, they would represent a very small
fraction of the c-myc mRNAs in the steady-state pool.
The signal obtained for sense transcription in exon 1 (B36

probe) is several fold more intense than that seen in the remaining
3' portions of the gene (Figure 1 and Table I). It is striking that
the lowest level of transcription is found within the coding region
of the gene and that it does not notably increase when the gene
is amplified. The fact that the first exon probe (B36) gives a

2860

stronger signal indicates that the concentration of elongating RNA
polymerase II complexes is much higher in the first exon than
in the rest of the gene. These results suggest that strong intragenic
pausing (or premature termination) occurs in vivo. An alternative
explanation is that in vivo (but not in isolated nuclei), the rate
of elongation is slower in exon 1 than in the rest of the gene,
leaving the first exon loaded with transcriptional complexes that
would resume a fast rate of elongation upon incubation in vitro.
If this were the case, we would expect the in vitro transcriptional
activity in intron 1 to increase to the level of that in exon 1, when
the elongation is allowed to proceed for a longer period of time.
The latter result was not obtained (see Figure 2).
We considered that a high rate of transcription initiation in vitro

could be responsible for the difference in signals between exon
1 and the remaining portions of the gene. The contribution of
re-initiation to run-on transcription assays is generally considered
negligible (Weber et al., 1977; Groudine et al., 1981), especially
when nuclei are incubated for a short period of time (10 min)
as in these cases. To investigate this point, we incubated nuclei
from N25 cells, which possess an 8-fold c-myc gene amplifica-
tion (Nepveu et al., 1985), for 35 min with various concentra-
tions of Sarkosyl (see Figure 2). Studies on in vitro transcription
with nuclear extracts and reconstituted systems, have shown that
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Table I. Quantitation of transcription within the c-myc locus

DNA probes Location in gene NIH3T3 54c12 54c12/NIH3T3

2.1 (-) Upstream 0 0.8 -

14.5 (-) Upstream 0.2 0.1 0.5
1OBg (-) Upstream 0.1 2.0 20.0
RB2 (-) Upstream 0.8 7.8 9.8
BBg2 (-) Exon I 0.1 0.2 2.0
S 10-20 (-) Intron 1 0.3 0.5 1.7
P20 (-) Intron 1 0.4 4.1 10.3
PlO (-) Intron 1 2.7 8.8 3.3
P28 (-) Exon 2 0.2 1.4 7.0
Hpa8 (-) Intron 2 2.5 6.3 2.5
P30 (-) Exon 2-3 0.5 2.0 4.0
1 lBg (+) Upstream 1.8 3.0 1.7
SHI (+) Upstream 0.2 2.5 12.5
B36 (+) Exon 1 6.3 50.0 7.9
S10-23 (+) Intron 1 0.6 0.8 1.3
P16 (+) Intron 1 1.1 2.5 2.3
P15 (+) Intron 1 1.0 1.8 1.8
P25 (+) Exon 2 1.0 1.8 1.8
Hpa4 (+) Intron 2 0.8 1.7 2.1

Run-on transcription assays have been repeated five times for each cell line.
The intensity of the signals have been measured by densitometric scanning
and the data from different experiments have been normalized using the
GAPDH control included in each case. The average value of the signals has
then been adjusted by taking into account the number of uridine residues
present in the corresponding portions of the gene. Finally, to facilitate the
comparison of the data, all transcriptional activities have been expressed
relative to the P25 signal in NIH3T3 (exon 2 sense orientation) which has
been given an arbitrary value of 1.0.

initiation is completely blocked by 0.015% Sarkosyl, whereas
elongation is not hampered (Hawley and Roeder, 1985). At higher
Sarkosyl concentrations (0.5 %), elongation is occasionally
stimulated, presumably because most of the chromatin-bound pro-
teins are released (Gariglio et al., 1981; Green et al., 1975).
In the absence of Sarkosyl, the transcriptional activity in exon
1 is 12-fold higher than in intron 1. In the presence of 0.04%
Sarkosyl, this difference is reduced to 9-fold and, at 0.5%
Sarkosyl, it is further reduced to 4.2-fold. However, the absolute
level of exon 1 transcription is generally unaffected at both low
and high levels of Sarkosyl in this and other similar experiments.
Therefore, these results exclude the possibility that re-initiation
of transcription in vitro is responsible for the unequal transcrip-
tional activities observed for exon 1 and the more 3' portions
of the gene. Rather, these observations confirm that the progres-
sion of RNA polymerase II complexes is hindered in the vicini-
ty of the exon 1/intron 1 boundary. It remains to be determined
whether this block is associated with the release of transcripts
and polymerase II complexes from the DNA template, in which
case this would represent premature termination. Until this can
be clarified, we will use the term 'pausing' to refer to this in-
tragenic reduction in c-myc sense transcription.

Nuclear run-on assays performed with other cell types demon-
strated that pausing is a common feature of c-myc transcription.
Results of experiments with nuclei from a plasma cell tumor with
a 6; 15 variant translocation (ABPC4), a pre-B lymphoma (70Z3)
and an IL-3 dependent myeloid line (FDC-Pl) are presented in
Figure 3. Pausing is observed in all three cell lines. The trans-
criptional activity in exon 1 varies substantially but the level of
activity in exon 2 is comparable in different lines. This pheno-
menon was even more apparent for NIH3T3 and 54cl2 (or N25)
cells. These results strongly suggest that intragenic pausing is
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Fig. 2. Run-on transcription analysis in the presence of Sarkosyl. Nuclei
were isolated from N25 cells. These cells are derived from NIH3T3 and
contain an 8-fold amplification of the c-myc gene (Nepveu et al., 1985).
Nascent transcripts were elongated in vitro for 35 min. Where indicated,
Sarkosyl was included in the run-on reaction mixture. The c-myc M13
ssDNA probes are described in Figure 5. The signs (+) and (-) signify
sense and anti-sense transcription respectively.
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Fig. 3. Run-on transcription analysis of the c-mvc locus in lymphoid and
myeloid cell lines. ABPC4 is a plasma cell tumor with a 6;15 chromosome
translocation which contains two intact c-mvc genes (Ohno et al., 1984).
FDPC1 is a myeloid cell line (Dexter et al., 1980). 70Z3 is a pre-B
lymphoma (Paige et al., 1978). C-mvc M13 ssDNA probes are described in
Figure 5.

a mechanism of c-myc gene control that differentially modulates
transcription in various cellular contexts.

Anti-sense transcription within the c-myc locus
In the anti-sense direction, three regions of the c-myc locus show
high levels of transcription: upstream sequences (probes 10 Bg
and RB2), intron 1 (probes P20 and PlO) and the 3' half of the
gene (probes Hpa8 and P30) (see Figure 5 for probe locations
and Figure 1 and Table I for run-on data in 54c12 and NIH3T3).
The presence of a major DNase I hypersensitive site at the end
of the first intron (Fahrlander et al., 1985) could be related to
the high level of anti-sense transcription in this region. Reproduc-
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Fig. 4. Effect of protein synthesis inhibition on the expression of the c-myc gene in 54c12 cells. 54c12 cells were treated with 100 AM anisomycin for various

periods of time. Nuclei and cytoplasmic RNAs were purified and analyzed for c-myc expression. (A) Run-on transcription analysis. DNA probes are described
in Figures 5. (B) Northern analysis. 30 1tg samples of total cytoplasmic RNA were electrophoresed through a 1% agarose -formaldehyde denaturing gel,
blotted (Thomas, 1980), and hybridized to a uniformrly labeled sense-specific DNA probe complementary to the P28 exon 2 clone (Stanton et al., 1983)
(Figure 5).

ible variations in the level of transcription detected by these small,
non-overlapping DNA probes suggests that independent anti-sense
transcription units exist in different portions of the locus. These
observations cannot simply be explained by different degrees of
competition between sense and anti-sense RNAs in the hybridiza-
tion reaction since these results were obtained with RNase
pretreated nuclei which do not retain an endogenous pool of
unlabelled c-myc RNAs.

Similar experiments with lymphoid (ABPC4 and 70Z3) and
myeloid (FDC-P1) cell lines in Figure 3 reveal that anti-sense
transcription is a common feature of c-myc loci. We note that
the relative intensities of signals for different anti-sense transcripts
fluctuate somewhat in different cell types. However, variations
in the level of anti-sense transcription are not correlated with any

obvious changes in sense transcription suggesting that they are

independently regulated.
Involvement oflabile proteins in the negative regulation ofc-myc
transcription
The increase in c-myc mRNA levels after serum stimulation of
growth arrested fibroblasts was further augmented upon incuba-
tion with a protein synthesis inhibitor (Kelly et al., 1983). Subse-
quent work has indicated that this effect may largely be due to
enhancement of c-myc RNA stability (Dani et al., 1984;
Greenberg et al., 1986; Thompson et al., 1986). A 2- to 3-fold
increase in the induction of c-myc transcription in response to
inhibition of protein synthesis suggested that a labile repressor

may regulate c-myc transcription in some cells (Greenberg et al.,
1986).
We investigated the effect of inhibition of protein synthesis on

c-myc expression in 54cl2 cells. The cells were treated with 100
itM anisomycin for various periods of time after which nuclei
and cytoplasmic RNAs were prepared for analysis. Anti-sense
transcription displays a variety of responses to anisomycin (Figure
4a): (i) it does not significantly change upstream of the gene;

(ii) it is enhanced in the 3' part of the gene up to 5-fold after
120 min; and (iii) it increases up to 9.5-fold in intron 1. These
results suggest that anti-sense transcription in various regions of
c4myc is differentially regulated by negative factors. For sense

2862

Table H. Effect of protein synthesis inhibition on c-myc transcription

DNA probe Location in c-myc 0' 30' 60' 120' 240'

B36 (+) Exon 1 1 0.4 0.6 2.6 1.7
P25 (+) Exon 2 1 1.2 1.3 14.5 10.0
RB2 (-) Upstream 1 0.6 1.3 1.2 0.6
S1O-20 (-) Intron 1 1 1.3 2.5 2.9 9.5
P30 (-) Exons 2-3 1 2.0 3.6 4.9 4.4

B36/P25 28.3 9.5 11.6 5.7 4.9

The run-on transcription assays have been repeated five times for each time
point and the relative intensities of different signals were determined by den-
sitometric scanning. Signals with different probes were independently nor-

malized to the values obtained with the same probe at 0 time which were all
given an arbitrary value of 1.0. The relative intensities of the signals
observed for each probe in the absence of anisomycin are the same as
shown in Table I.

transcription, we reproducibly observe a slight diminution in the
exon 1 signal (1. 8- to 2.6-fold) after a 30-60 min pre-incubation
with anisomycin, but this is compensated by a roughly equivalent
reduction in pausing (2.4- to 3-fold) such that the transcriptional
activity downstream of exon 1 is unaffected (Figure 4a and Table
II). However, Northern analysis reveals that enhancement of cyto-
plasmic c-myc RNA levels begins after 30 min of protein syn-
thesis inhibition (see Figure 4b). Therefore, we conclude that
this early increase in the c-myc mRNA pool is due to post-trans-
criptional phenomena. After 120 min of anisomycin treatment,
sense transcription is elevated 2.5-fold in exon 1 and 14.5-fold
in exon 2, and the ratio of the signals from the first and second
exons (B36/P25) drops from 28.3 at time 0' to 5.7 at 120 min.
After 4 h treatment with anisomycin, the signals of exon 1 and
2 are augmented 1.7- and 10-fold respectively relative to the levels
seen at time 0 and the ratio of the two signals (B36/p25) is 4.9.
Therefore, changes occurring at two levels of control, initiation
and pausing, contribute to augment c-myc sense transcription in
response to prolonged treatment with anisomycin. Differential
effects in the magnitudes of transcription initiation and pausing
during the anisomycin time course suggest that additional fac-
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clones complementary to sense transcripts are shown above the c-mvc gene map while those complementary to anti-sense transcripts are below.

tors may be required for initiation and these could be depleted
by protein synthesis inhibition. We infer from these observations
that, in cells containing a c-myc amplification, both transcrip-
tion initiation and pausing are negatively regulated by a labile
protein or proteins. Future studies will assess whether the same
or different factors are involved in these two levels of transcrip-
tional control.

Discussion
Modulation of c-myc expression by intragenic pausing
The progression of sense-transcription beyond the c-myc first exon
was hindered to some extent in all cells analyzed. This stresses
the importance of using single-stranded probes covering only the
coding region of the gene to assess the regulation of c-myc gene
expression transcriptionally. Probes containing exon 1 sequences
would mask the weaker signal from the coding region, which
is the most pertinent for the synthesis of the c-myc gene pro-
duct. It is remarkable that in most instances only a minor frac-
tion ofRNA polymerase II transcriptional complexes (that initiate
at the normal c-myc start sites, P1 and P2), reach the coding
region of the gene. Therefore, intragenic pausing (or premature
termination) has a profound effect on c-myc transcription. The
degree of pausing was shown to vary in different cellular con-
texts and was proportional to the level of sense-transcription
within the first exon. Consequently, only minor variations in sense
transcription downstream of exon 1 were detected. These obser-
vations strongly suggest that pausing is a control device used by
the cell to modulate the level of sense transcription (in the coding
region) of the c-myc gene. Since the extent of pausing varies in
different cellular contexts, its modulation is very likely to involve
cellular factors.
We suggest two alternative models for c-myc pausing which

involve either positive or negative regulatory factors. The first
model would stipulate that a DNA sequence in the vicinity of
the exon 1- intron 1 boundary imposes a secondary structure
that is not conducive to the progression of transcription. RNA
polymerase II complexes may stall when they encounter such
a configuration and progression beyond this point would pre-
sumably require the action of some transcriptional activators,
possibly analogous to anti-termination factors found in

Escherichia coli (Greenblatt, 1981). Premature termination also
takes place in the major late transcription unit of adenovirus type
2. This has been shown to occur in vivo, in isolated nuclei and
in reconstituted systems (Maderous and Chen-Kiang, 1984;
Hawley and Roeder, 1985). The addition of the Hs transcription
factor to a reconstituted system increased the efficiency ofRNA
polymerase II complexes to progress through this site in the aden-
ovirus genome, while the extent of pausing was augmented by
levels of Sarkosyl exceeding 0.015% (Reinberg et al., in prepara-
tion; Hawley and Roeder, 1985). In our system, we did not
observe augmentation of pausing when we added 0.04% or 0.5%
Sarkosyl to the run-on reaction mixture. In addition, pausing was
reduced after the cells had been treated with a protein-synthesis
inhibitor, which is not easily reconciled with the concept of an
activator like the anti-termination factors (Greenblatt, 1981).
These results are likely to reflect fundamental differences in the
mechanisms of pausing and read-through transcription in adeno-
virus and the c-myc gene.
The second model may or may not involve a particular sec-

ondary structure, but in this case, the association of negative
regulatory factors with the c-myc chromatin would be required
to halt the progression of transcription. The relief in pausing that
we observe after treatment of cells with anisomycin tends to favor
such a mechanism. This result further suggests that at least one
of the negative factors is a labile protein. The fact that the trans-
criptional activity in the first exon was also increased, after pro-
longed treatments with anisomycin, indicates that transcription
initiation is also negatively affected by a labile protein. It is poss-
ible that the same labile protein takes part in the down-regulation
of initiation and pausing. However, the kinetics and magnitude
of the changes in initiation and pausing were not the same sug-
gesting that positive as well as negative regulatory factors are
involved.
Existence of anti-sense transcription within the c-myc locus
The discovery that transcription also takes place in the opposite
or anti-sense orientation raises provocative questions about its
role, if any, in gene expression. It is striking that the regions
of highest anti-sense transcription (upstream 6f the first exon,
intron 1 and intron 2) consist of sequences which are not present
in mature c-myc mRNAs. Therefore, it is tempting to consider
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that such anti-sense transcripts could play some role in the matura-
tion of c-myc sense RNAs. Promoter interference has been evoked
to explain why a promoter located downstream of another one
often shows weaker activity (Cullen et al., 1984). It is not known
if the same kind of interference could occur when transcription
units are opposing each other. Overlapping transcription units
of opposite polarity are frequently found in DNA tumor viruses,
but in these cases one unit is preferentially or exclusively ex-
pressed early in infection whereas transcription in the other orien-
tation becomes prevalent late in infection (Acheson, 1980; Flint
and Broker, 1980).
We have not detected distinct species of anti-sense transcripts

by Northern or S 1 analysis. S1 nuclease mapping of nuclear
transcripts was performed with various uniformly labelled single-
stranded M13 probes. With some anti-sense specific probes, we
reproducibly observed a protected band corresponding to the full
size of the insert, but we never detected a smaller band (data
not shown). These results confirm the existence of anti-sense
transcripts, already revealed by the run-on transcription assay.
However, this also strongly suggests that the ends of the anti-
sense transcripts are heterogeneous. This would be the case if
anti-sense transcription initiated at many sites and if no precise
cleavage took place at their 3' ends. In this regard, a computer
assisted search for sequences often found near the 5' and 3' ends
of RNA polymerase II transcripts, did not reveal any sequence
with a perfect match.

It has been proposed that the presence of a polyadenylation
signal determines not only where but whether a transcript is go-
ing to be cleaved and processed (Birnstiel et al., 1985). It follows
that in the absence of such a signal within a transcription unit,
the RNA product could be rapidly degraded. C-myc anti-sense
transcripts have been found to accumulate in a number of murine
plasma cell tumors with translocated, broken myc genes. These
anti-sense RNAs initiated in the c-myc first intron and terminated
at polyadenylation sites 3' of immunoglobulin (Ig) heavy chain
constant region (CH) genes (Dean et al., 1983; Keath et al.,
1984; Calabi and Neuberger, 1985). Our results clearly show
that anti-sense transcription within the myc gene's first intron was
already present prior to translocation. We conclude that the pro-
ducts of c-myc intron 1 anti-sense transcription accumulated in
these tumors solely as a consequence of acquiring IgCH gene
polyadenylation signals.

Finally, the existence of anti-sense transcription within the
c-myc gene's introns and coding exons indicates that caution
should be exercised in interpreting c-myc transcription data ob-
tained with duplex DNA probes. This is especially true in situa-
tions where c-myc regulation was interpreted to be entirely
post-transcriptional (Blanchard et al., 1985; Dony et al., 1985;
Dean et al., 1986).
Transcriptional down-regulation of amplified c-myc loci
A comparison of nuclear run-on transcription analysis in
fibroblastic cells with (54c12) or without (NIH3T3) a c-myc
amplification reveals that different regions of this locus are sub-
ject to distinct regulatory controls. Anti-sense transcription
upstream of the gene and in the first intron is enhanced 10-fold
in 54c12, whereas it is increased only 2- to 4-fold in the 3' part
of the gene. Sense transcription is increased 2-fold upstream of
the gene, 8-fold in the first exon but only 1- to 2-fold in the re-
maining 3' part of the gene, indicating that pausing is stringent-
ly controlled in cells carrying a c-myc amplification. These results
may explain our previous observation that the steady-state levels

of c-myc RNAs were elevated only 2-fold in 54c12 over the level
seen in NIH3T3 even though the c-myc gene copy number is
amplified 19-fold in the former cell line (Nepveu et al., 1985).
Similar results were obtained with N25 cells which carry an 8-fold
c-myc amplification (Nepveu et al., 1985). We conclude that the
down-regulation of c-myc expression in these cell lines occurs
mainly at two stages of the transcriptional process: initiation and
pausing. It would follow from these findings that c-myc DNA
amplifications need not directly result in commensurate increases
in c-myc RNA levels and that other factors responsible for nor-
mal c-myc transcriptional control must also be disrupted to cause
elevated c-myc expression.

After the submission of this manuscript, an independent study
presented evidence that c-myc down-regulation in differentiating
HL60 human promyelocytic leukemia cells largely results from
a block in transcriptional elongation (Bentley and Groudine,
1986). The site of this block was localized to the c-myc exon 1
-intron 1 boundary (Bentley and Groudine, 1986). These re-
sults together with those presented here suggest that pausing
of c-myc transcription is a general control mechanism for
modulating c-myc mRNA levels in differentiating and pro-
liferating cells as well as in transformed cells with amplified myc
loci.

Materials and methods
Cell lines
The cell lines used in these experiments have been described elsewhere: NIH3T3
(Jainchell et al., 1969); 54c12 and N25 (Rosenberg and Witte, 1980; Nepveu
et al., 1985); ABPC4 (Ohno et al., 1984); FDPC1 (Dexter et al., 1980); 70Z3
(Paige et al., 1978).
RNA preparation and Northern analysis
Total RNA was prepared by the guanidinium thiocyanate/hot phenol method essen-
tially as described by Feramisco et al. (1982). RNAs were separated by electro-
phoresis in 1 % agarose gels containing 1 M formaldehyde and were transferred
to nitrocellulose membranes according to Thomas (1980). Hybridization and
washing conditions have been described elsewhere (Marcu et al., 1983).
Nuclei isolation and elongation of transcripts in vitro
Nuclei were purified and nascent transcripts were elongated essentially as described
(Schibler et al., 1983). The nascent labelled transcripts were purified according
to Groudine et al. (1981), except that the unincorporated nucleotides were removed
by centrifugation through a G-50 spin column and then the eluate was TCA
precipitated in Eppendorf tubes as described (McKnight and Palmiter, 1979).
Slot-blot hybridizations of in vitro labelled nuclear RNAs
DNA samples were fixed onto nitrocellulose filters as described (Piechaczyk et
al., 1984) using a BRL Hybri-Slot apparatus. The filters were pre-hybridized
for 2 days at 42°C in hybridization buffer which consisted of 50% formamide,
50 mM Hepes at pH 7.0, 0.75 M NaCI, 0.5% SDS, 2 mM EDTA, 0.2% ficoll,
0.2% polyvinylpyrrolidone, 0.2% BSA and 0.5 mg/ml of salmon sperm DNA.
Hybridization with run-on transcription products was peformed at 42°C for a
minimum of 48 h. The volume of the reaction was 1.5 ml and typically contain-
ed 1 x 107 c.p.m./ml. Before addition to the filter the whole hybridization mix-
ture was heated at 70°C for 7 min and cooled on ice for 1 min. After hybridization,
the filters were washed in 0.1 x SSC, 0.1% SDS at 65C. The washing solu-
tion was changed every 20 min, at least five times. Filters were covered with
Saran wrap and exposed for various times to Kodak XAR film at -700C with
an intensifier screen.
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