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ABSTRACT Modulation of transcriptional elongation
within the c-myc gene is thought to play a major role in
determining levels of c-myc mRNA in both normal and tumor
cells. A discrete site of blockage to transcriptional elongation
has previously been localized at the 3’ end of exon 1 of the
mouse and human c-myc genes. We here identify an additional
site of transcriptional attenuation that is located between the P1
and P2 promoters of the c-myc gene and that mediates prema-
ture termination of transcripts initiating from the P1 promoter.
A 95-nucleotide DNA fragment derived from this region pre-
maturely terminated transcription when placed downstream
from the promoter of the H-2K®™! gene and assayed by
expression in Xenopus oocytes. We also show that the previ-
ously identified attenuation signal in exon 1 of the mouse c-myc
gene can mediate premature termination of P1-initiated tran-
scripts. Premature termination of P1-initiated transcripts pre-
sumably increases transcription from the downstream P2 pro-
moter; aberrant regulation of this termination may explain the
increased use of the P1 promoter that is characteristic of certain
tumors in which myc is overexpressed.

The c-myc protein is thought to play a role in the control of
cellular proliferation and differentiation. Aberrant expres-
sion of myc may be mediated by multiple mechanisms and is
associated with the development of a wide variety of neo-
plasms.

The steady-state level of c-myc RNA in a cell may be
modulated by regulating the rate of transcriptional initiation
(1, 2), the rate of transcriptional elongation through a
‘‘block’’ near the end of the first exon (2-4), or the stability
of the c-myc transcript (5, 6). Aberrant expression of the
c-myc gene, as mediated by chromosomal translocation (7,
8), gene amplification (9, 10), or retroviral insertion (11),
results from disruption of one or more of these regulatory
mechanisms.

The site of ‘‘blockage’’ to transcriptional elongation within
the mouse c-myc gene has been previously defined by run-off
transcription analysis in isolated nuclei and is located near
the end of the first exon of the gene (12-14). A 180-nucleotide
(nt) DNA fragment derived from this region blocked tran-
scriptional elongation when placed within a heterologous
gene and assayed by transfection into eukaryotic cells (14).
The expression of cloned c-myc genes in Xenopus oocytes
has been used to define a site of premature transcriptional
termination within this 180-nt region (13).

We here identify an additional site of transcriptional at-
tenuation that is located between the P1 and P2 promoters of
the c-myc gene and that mediates premature termination of
Pl-initiated transcripts. We suggest that this site may play a
role in modulating the relative use of the two promoters of the
c-myc gene. Premature termination of Pl-initiated transcripts
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may account for the low representation (5-20%) of these
transcripts in steady-state c-myc RNA of normal cells, and
loss of the ability to regulate the premature termination of
Pl-initiated transcripts may explain reversal of the normal
pattern of promoter use associated with overexpression of
the c-myc gene in Burkitt lymphoma.

MATERIALS AND METHODS

Cell Culture. MEL cells (F412-B2 line) (47) were grown in
a-minimal Eagle’s medium/10% fetal calf serum.

Microinjection of Xenopus Oocytes and RNA Isolation.
Supercoiled plasmid DNA was injected into the germinal
vesicle of Xenopus oocytes as described by Gurdon and
Wickens (15). RNA was isolated as described by Bentley and
Groudine (13).

Analysis of RNA by Hybridization to Uniformly Labeled
RNA Probes. RNA was analyzed by hybridization to uni-
formly labeled RNA probes followed by digestion with
RNase under described conditions (14). 32P-labeled RNA
probes were synthesized from Gem3 or Gemd4 vectors
(Promega) containing inserts indicated in the figure legends.

Run-Off Transcription. Isolation of nuclei and elongation
of nascent transcripts in vitro were done exactly as described
(14).

Plasmid Construction. Plasmids H2-B-CAT, P1-CAT-A,
and P1-CAT-B (Figs. 3 and 4) were derived from the vector
pCATg.sic (Promega) by insertion of the indicated restriction
fragments into sites in the polylinker. The globin fragment in
P1-CAT-A was derived from exon 2 of the human B-globin
gene, and the myc Pst I fragment in P1-CAT-B was derived
from exon 2 of the mouse c-myc gene; the purpose of these
inserts was to provide different distances between the P1
promoter and the chloramphenicol acetyltransferase gene.

RESULTS

Run-Off Transcription Analysis of the Region Between the
P1 and P2 Promoters of Murine c-myc Gene. Previous reports
have described a block to transcriptional elongation near the
3’ end of exon 1 of the mouse c-myc gene (12-14). We noted
that the nucleotide sequence at this site shares a region of
homology with sequences located between the P1 and P2
promoters of the gene (see Fig. 2a) and were, therefore,
interested in determining whether these latter sequences
block the elongation of transcripts that initiate at the P1
promoter. ’

We first determined by run-off transcription whether all
transcripts that initiate at the P1 promoter extend to the 3’ end
of the gene. Nuclei were isolated from MEL cells, and
nascent transcripts were elongated in the presence of
[*?PJUTP. Labeled run-off transcripts were hybridized to
short single-stranded DN A probes that detected transcription

Abbreviation: nt, nucleotide(s).
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across regions within and 5’ to the mouse c-myc gene (Fig. 1).
The amount of transcription across different regions at the 5’
end of the gene (probes A, B, and C) was measured relative
to that at the 3’ end (probe D). Probes A, B, and C were used
in separate hybridizations, so that they would not compete
for hybridization to the same run-off transcript. After cor-
rection for the uridine content of the transcripts, transcription
between the P1 and P2 promoters (detected by probe B) was
determined to be =8-fold greater than that found 5’ to the
gene (detected by probe A), implying that most transcripts
within region B initiated at the P1 promoter. Probes C and D
detected total transcription initiating from the P1 and P2
promoters. The ratio of P1- to P2-initiated c-myc transcripts
in'steady-state RNA in MEL cells is =1:8 (data not shown),
implying that Pl-initiated transcripts represented approxi-
mately one-ninth of the signal detected by probe D. The
amount of Pl-initiated transcription detected by probe B,
however, was similar to the total c-myc transcription across
region D, indicating that most transcripts that initiate at the
P1 promoter do not reach the 3’ end of the gene. The presence
of P2-initiated transcripts made it impossible to determine by
run-off transcription analysis whether the blockage to elon-
gation of Pl-initiated transcripts occurs within the previously
identified site at the end of exon 1 or at an upstream site.

Premature Termination of Pl-Initiated Transcripts upon
Expression of a Genomic c-myc Clone in Xenopus Oocytes.
Prematurely terminated transcripts are stable in Xenopus
oocytes, whereas in mammalian nuclei they are undetectable;
the oocyte system thus provides a means to accurately map
the presumed sites of transcriptional termination.

A mouse c-myc genomic clone was injected into Xenopus
oocytes to determine whether transcripts that initiate at the
P1 promoter terminate prematurely within DNA sequences
between the P1 and P2 promoters. Plasmid DN A was injected
at a concentration at which RNA polymerase I1I does not use
the c-myc promoters (16). RNA from injected oocytes was
analyzed by hybridization to a uniformly labeled RNA probe
that spanned the region between the P1 and P2 promoters
(Fig. 2b, probe A, experiment 1). This probe detected major
hybridizing fragments of 221, 60, and 155 nt. The 221- and
60-nt fragments represented transcripts that initiated at the P1
and P2 promoters, respectively, and continued past the 3’ end
of the probe. The fragment of 155 nt could represent tran-
scripts that initiate at the P1 promoter and terminate prema-
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FiG. 1. Run-off transcription analysis of the c-myc gene in MEL
cells. Labeled run-off transcripts were synthesized in nuclei isolated
from MEL cells and hybridized to immobilized single-stranded DNA
probes that detected transcription in the sense (+) or antisense (—)
direction across regions A-D of the mouse c-myc gene as indicated.
Independent hybridizations were used to detect transcription across
each of regions A, B, and C, and transcription in each of these regions
was measured relative to that across probe D. Each hybridization
contained 10® cpm. Filters also contained single-stranded M13mp18
DNA as a control for nonspecific hybridization. Sizes of probes are
given in nucleotides, and the uridine content of the region in the
corresponding transcript is indicated.
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F1G.2. Expression of an injected genomic c-myc gene in Xenopus
oocytes. (a) Structure of the mouse c-myc genomic clone. The
construct used for microinjection into Xenopus oocytes contained a
10-kilobase Kpn I restriction fragment inserted into the vector pML.
The region between the P1 and P2 promoters that was cloned into
vectors indicated in Fig. 3 is shown below; nucleotide sequences
homologous to the attenuator in exon 1 of the gene are shown in
boldface type. The region of premature transcriptional termination is
underlined. (b) RNase protection analysis of c-myc transcripts in
injected oocytes. RNA was isolated from injected oocytes and
hybridized to probes A and B. Lanes correspond to RNA isolated
from uninjected oocytes (oocyte RNA) or oocytes injected with the
mouse c-myc clone (mouse c-myc). Sizes of P1- and P2-initiated
transcripts and of prematurely terminated transcripts are indicated.
expt., Experiment.

turely upstream of P2, or, alternatively, this fragment could
indicate an additional site of transcription initiation located
between the P1 and P2 promoters.

Hybridization of the oocyte RNA to a uniformly labeled
RNA probe spanning the region between the Ava II and the
Mbo IT sites of the c-myc gene yielded protected fragments of
60, 192, and 126 nt, the last of these confirming that tran-
scripts initiating from the P1 promoter terminated at sites
upstream from P2 (Fig. 2b, probe B). Prematurely terminated
transcripts represented 30-80% of total Pl-initiated tran-
scripts. A variable amount of premature transcriptional ter-
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mination was also seen at a region located immediately
upstream from the TATAAA box of the P2 promoter (Fig. 2b,
probe A, experiment 2, 125-nt fragments); this accounted for
5-50% of the total amount of prematurely terminated tran-
scripts.

Hybridization of the injected oocyte RNA to a single-
stranded 3’ end-labeled DNA probe, followed by digestion
with S1 nuclease, showed that the 3’ ends of the prematurely
terminated transcripts mapped in two clusters (data not
shown). The major site is located within the runs of thymine
residues found just upstream of the P2 promoter, and the
minor one is located just upstream of the TATAAA box of the
P2 promoter; the latter site was used to a variable extent.

DNA Sequences Located Between the P1 and P2 Promoters
of the Mouse c-myc Gene Block Transcriptional Elongation
When Placed Downstream from a Heterologous Promoter. It
has previously been shown that a 180-nt DNA fragment
derived from the first exon of the mouse c-myc gene will
block transcriptional elongation when placed downstream
from heterologous promoters. We, therefore, determined
whether a similar transportable element was present at the
site of premature termination of Pl-initiated transcripts.

The previously defined 180-nt attenuator region was de-
leted from exon 1 of a mouse c-myc genomic clone and
replaced with a candidate 95-nt fragment that derived from
the region between the P1 and P2 promoters and contained
the site of premature termination of Pl-initiated transcripts
(Figs. 2a and 3a, construct A). Expression of this construct
in Xenopus oocytes was analyzed by hybridization of RNA
to a uniformly labeled RNA probe that spanned the trans-
ferred 95-nt fragment (Fig. 3b, probe A). After digestion with
RNase, protected fragments of 95, 180, 140, and 110 nt were
obtained. The fragments of 140 and 110 nt corresponded to
premature termination of transcription within the 95-nt region
at sites similar or identical to those used when this fragment
is found in its natural position downstream from the P1
promoter. The hybridizing band of 180 nt represented tran-
scripts that read through the entire length of the probe; the
band of 95 nt represented hybridization to transcripts that
initiate from the natural P1 promoter, which was also present
in the injected myc gene constructs. The 95-nt fragment,
therefore, functioned as a transcriptional terminator in Xen-
opus oocytes when positioned in place of the previously
identified terminator within exon 1 of the mouse c-myc gene.

To determine whether the 95-nt fragment would cause
transcriptional termination when placed downstream from a
heterologous promoter, this fragment was placed 220 nt
downstream from the promoter of the H-2K*™! gene in the
construct H2-B-CAT (Fig. 3a, construct B). Expression of
this construct was analyzed after microinjection into Xeno-
pus oocytes by hybridization of RNA to an RNA probe that
spanned the transferred 95-nt region (Fig. 3b, probe B). The
protected fragments of 140 and 110 nt represented transcripts
that terminated prematurely within the 95-nt fragment de-
rived from the region between P1 and P2, thus indicating that
this element will also function as a transcriptional terminator
when placed downstream from a heterologous promoter.

Exon 1 Sequences of the Mouse c-myc Gene Will Mediate
Attenuation of P1-Initiated Transcripts When the P2 Promoter
and Upstream Attenuator Sequences Are Absent. Overexpres-
sion of the c-myc gene in Burkitt lymphoma is characterized
both by a loss of the block to transcriptional elongation at the
end of exon 1 (17, 18) and by an alteration in relative use of the
two promoters of the c-myc gene, with the normally less used
and more 5’ promoter P1 now predominating (19, 20). It has,
therefore, been suggested that loss of attenuation results from
the switch in promoter use—there being an intrinsic inability
of Pl-initiated transcripts to terminate prematurely within
exon 1 sequences. However, after showing that Pl-initiated
transcripts may terminate prematurely at a site located be-
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FiG. 3. Expression of genes containing a transplanted candidate
Pl-attenuator fragment in Xenopus oocytes. (a) Structure of genes
used for microinjection into Xenopus oocytes. Construct A: the
180-nt Haelll-Xho 1 fragment containing the site of premature
transcriptional termination within exon 1 of mouse c-myc gene was
deleted and replaced with a 95-nt fragment (P1-att; hatched boxes),
which derived from the region between the P1 and P2 promoters
shown in Fig. 2a. Construct B: the 95-nt fragment described above
(see Fig. 2a) was inserted into the unique Xho I site of vector
H2-B-CAT. (b) RNase protection analysis of transcripts derived
from constructs containing a transplanted Pl-attenuator fragment.
RNA was isolated from Xenopus oocytes after microinjection with
constructs A and B. Samples analyzed by hybridization to the
uniformly labeled RNA probes and the expected sizes of protected
fragments representing transcriptional readthrough and premature
termination within the candidate Pl-attenuator fragment are indi-
cated. Lanes correspond to RNA isolated from uninjected oocytes or
oocytes injected with construct A or B. CAT, chloramphenicol
acetyltransferase.

tween the P1 and P2 promoters, we examined the ability of
exon 1 sequences to mediate termination when placed down-
stream from the P1 promoter in constructs in which the P2
promoter and upstream attenuator were absent.

The 180-nt exon 1 attenuator fragment was positioned at
distances 240 and 463 nt downstream from the P1 promoter,
corresponding to its approximate natural distance from the P2
and P1 promoters, respectively (Fig. 4a). Transcription of
these constructs in Xenopus oocytes initiated at the P1 cap
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FiG. 4. Expression of constructs containing the mouse c-myc
exon 1 attenuator DNA fragment inserted downstream from the
P1 promoter. (a) Structure of genes used for microinjection into
Xenopus oocytes. A 180-nt Haelll-Xho 1 DNA fragment (myc
180) derived from exon 1 of the mouse c-myc gene was inserted
downstream from the P1 promoter to yield constructs P1-CAT-A
and P1-CAT-B. The site of premature transcriptional termination
within the 180-nt fragment is designated T5. (b) Analysis of the 5’
end of transcripts expressed from P1-CAT-A and P1-CAT-B.
RNA was isolated from Xenopus oocytes after microinjection
with the constructs P1-CAT-A and P1-CAT-B and analyzed by
hybridization to uniformly labeled RNA probes A and B, as
indicated; fragments corresponding to transcripts initiating at the
P1 promoter are also indicated. Lanes correspond to RNA
isolated from uninjected oocytes or from oocytes injected with
constructs P1-CAT-A or -B. (c) Analysis of premature termina-
tion of transcription from P1-CAT-A and P1-CAT-B. RNA was
analyzed as in Fig. 4b, except that a fragment spanning the
Haelll-Xho 1 region derived from exon 1 of the mouse c-myc
gene was used as a probe. Fragments corresponding to read-
through transcription and premature termination are indicated.
Lanes correspond to RNA isolated from uninjected oocytes or
from oocytes injected with constructs P1-CAT-A or -B.

site, as shown by hybridization of the oocyte RNA to uniformly
labeled RNA probes that spanned the 5’ end of the gene (Fig.
4b). Analysis of the RNA by hybridization to probes that
spanned the 180-nt exon 1 sequences showed that transcripts
terminated within these sequences (Fig. 4c). The efficiency of
premature termination was the same when the 180-nt fragment
was placed either 240 or 463 nt downstream from the Pl
promoter. This result indicated that, in contrast to previous
suggestions, transcripts that initiate at the P1 promoter can
terminate within exon 1 sequences of the c-myc gene.

DISCUSSION

The expression of eukaryotic genes is modulated by multiple
mechanisms. Blocks to transcriptional elongation have now
been described in several eukaryotic genes in addition to myc
(2-4, 21-29), and it has been suggested that modulation of the
degree of blockage could regulate genes in response to
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different physiological signals. The mechanisms used to
modulate transcriptional elongation and termination within
these genes remain to be elucidated.

The DNA sequences that mediate the block to transcrip-
tional elongation within exon 1 of the human and mouse
c-myc genes have been defined by nuclear run-off analysis of
cloned genes after transfection into eukaryotic cells (12-14)
and by localizing sites of premature transcriptional termina-
tion upon expression of genes injected into Xenopus oocytes
(13). The regulatory regions include stretches of thymidine
residues on the nontranscribed DN A strand that are preceded
by sequences capable of forming secondary structures in the
corresponding RNA. The role of these structural features,
which are reminiscent of prokaryotic transcriptional termi-
nation signals (30), is not known.

We have now shown that transcripts initiating from the P1
promoter of the mouse c-myc gene terminate prematurely
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within a thymidine-rich region just upstream from the P2
promoter. The amount of premature termination of P1-
initiated transcripts we observed indicated that this process
may, in part, account for the low ratio of P1- to P2-initiated
transcripts in steady-state c-myc RNA in normal cells be-
cause transcriptional interference might normally be ex-
pected to occlude the more downstream P2 promoter (31, 32).
We also tested the ability of the previously defined atten-
uation sequences within exon 1 of the mouse c-myc gene to
mediate attenuation of Pl-initiated transcripts in constructs
in which both the P2 promoter and upstream attenuator
sequences were absent. The 180-nt exon 1 attenuator frag-
ment mediated premature termination of Pl-initiated tran-
scripts when placed at distances from P1 that approximated
its natural distance from either the P1 or the P2 promoter of
the c-myc gene. These data indicated that there is no intrinsic
inability of P1-initiated transcripts to terminate within exon 1
sequences of the mouse c-myc gene, and the inability to
detect this in previous reports was presumably due to the
normal premature termination of most Pl-initiated tran-
scripts at sites upstream from P2. The work reported here
thus raises the possibility that the loss of transcriptional
attenuation within exon 1 of the c-myc gene in Burkitt
lymphoma is not solely a reflection of increased use of the P1
promoter. The increased amount of Pl-initiated transcripts in
Burkitt lymphoma cells could reflect a decrease in the
amount of premature termination of Pl-initiated transcripts
or an increase in transcriptional initiation at the P1 promoter.
Transcriptional termination within promoter sequences
has also been reported for the Xenopus laevis ribosomal RNA
genes, which are transcribed by RNA polymerase 1. Tran-
scripts originating from the intergenic spacer terminate
within the promoter of the adjacent gene, thus protecting the
latter promoter from occlusion (33). In this case, a specific
DNA sequence serves to both terminate transcription and to
stimulate transcriptional initiation from the adjacent pro-
moter. It is possible that the same sequences that mediate
premature termination of Pl-initiated transcripts also stimu-
late transcriptional initiation from the adjacent P2 promoter.
Premature termination of Pl-initiated transcripts in normal
cells presumably allows for more efficient use of the P2
promoter. No differences in properties of P1- and P2-initiated
c-myc transcripts have been reported, although they could
conceivably differ in the relative efficiencies at which they
are translated into the two forms of c-myc protein, the larger
of which is suppressed in many Burkitt lymphomas (34).
Diverse mechanisms for transcriptional termination have
been defined in both prokaryotes and eukaryotes. Termination
and antitermination may involve recognition of sequences at
the site of termination itself (35-37), sequences within the
promoter (38—40), or regions located between (41, 42). These
recognitions may involve features in either the DNA (35-37)
or transcribed RNA (43-46). The definition of sites of tran-
scriptional elongation blockage within eukaryotic genes may
reveal features held in common between the diverse genes that
are regulated by this mechanism and also give hints as to how
this process may confer specific regulation on different genes
in response to varying physiological signals.
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