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Recombinant plasmids of the human c-myc promoter-leader region and the bacterial chloramphenicol
acetyltransferase (cat) gene were constructed. After transfection into different rodent and human cells, the
862-base-pair (bp) Pvull fragment carrying both c-myc promoters and 350 bp of the untranslated leader
conferred 1/15 to 1/30 of the CAT activity mediated by the simian virus 40 promoter. The presence of additional
sequences upstream of the Pvull fragment had an overall negative effect on c-myc promoter activity detectable
by titration analysis with small amounts of transfected plasmid DNA. The analysis of numerous deletion
constructs in the c-myc promoter-leader region as well as Si mapping experiments demonstrated that the high
CAT activity depended largely on the presence of the second promoter. By cotransfection of c-myc-cat
constructs with plasmids carrying different parts of the c-myc promoter locus, targets for positively acting
cellular factors were identified. Two positive regulatory elements were mapped within the 862-bp PvuII
fragment. One was localized within the 248-bp PvuH-SmaI fragment -101 to -349 bp upstream of the first cap
site and the other within the 142-bp XhoI-NaeI fragment of the first exon, comprising positions -95 to +47
relative to the second cap site. We conclude that the dual promoter of the human c-myc gene represents a strong
eucaryotic promoter regulated by cooperation of positively and negatively acting cellular transcription factors.

The c-myc gene, the cellular counterpart of the oncogene
of the avian retrovirus MC29 (13), appears to play an
important role in normal cell proliferation. In response to
exogenous stimuli such as platelet-derived growth factor in
fibroblasts and lectin or anti-immunoglobulin M in lympho-
cytes, c-myc mRNA is accumulated about 2 to 3 h after
induction, prior to the onset of cellular DNA synthesis (1,
22, 26). The c-myc gene is composed of three exons, the first
of which is noncoding (5, 6, 19, 38). Transcription of the
c-myc gene proceeds from two initiation sites (Pl and P2) 160
base pairs (bp) apart from each other at the beginning of the
first exon. The human c-myc gene codes for a protein with a
predicted molecular weight of 48,000 (48K protein) (5, 6, 17,
37, 38). However, two proteins of 64 and 67K, located in the
nucleus, were shown to be coded for by the c-myc gene.
Their function is not yet understood (20, 27).

Perturbations of the c-myc gene have been shown to occur
in many B-cell malignancies in chicken, mice, and humans
(for a review, see reference 23). In many cases of Burkitt's
lymphomas with the t(8;14) and mouse plasmacytomas with
the t(12:15) translocation which involve the heavy-chain
locus, the chromosomal translocations disrupt the first exon
or the first intron of the c-myc gene and thus separate the
body of the gene from its physiological promoters, possibly
causing deregulated transcription of the c-myc gene frotn
otherwise cryptic promoters (2, 6, 21, 33, 34). In cases with
the variant translocations t(2:8) and t(8:22), which involve
the kappa or lambda light-chain genes, the breakpoint is
usually far downstream of the c-myc gene, leaving the c-myc
transcription unit intact (9, 11, 15, 30). Multiple somatic
mutations in the first exon have been described in three
cases in which the breakpoint does not disrupt the c-myc
gene (28, 29, 34). It is not known whether generation of
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somatic mutations is a general mechanism leading to dereg-
ulation of the c-myc gene in cells with variant translocations.
Mechanisms operating at a posttranscriptional level also
seem to play an important role in the regulation of the c-myc
gene (10, 26).
To determine the target structures of the c-myc gene

required for transcriptional and posttranscriptional regula-
tion, we have constructed hybrid molecules containing part
of the c-myc promoter-leader region and the bacterial chlor-
amphenicol acetyltransferase (CAT) gene (cat). The activity
of the fused genes was tested after transfection into various
cell types. With a number of deletion constructs, positively
and negatively cis-acting regulatory sequences were identi-
fied. Also, by cotransfection experiments of c-myc-cat con-
structs with plasmids carrying different parts of the c-myc
locus, target sequences for positively acting cellular factors
were determined.
Our work demonstrates that the c-myc promoter-leader

region efficiently drives the synthesis of CAT in various
human and rodent cells and that the second of the two
promoters is particularly important for the activity of the
constructs. The dual promoter of the human c-myc gene
represents a strong eucaryotic promoter regulated by the
cooperation of positively and negatively acting cellular fac-
tors.

MATERIALS AND METHODS

Construction of hybrid molecules of the human c-myc and
cat gene. To construct pmycCAT-P, the 12.5-kilobase (kb)
EcoRI fragment carrying the hyman c-myc gene was cloned
from the normal allele of the Burkitt's lymphoma line Raji in
the phage EMBL4 (16) and subcloned into the EcoRI site of
pUC12. The 862-bp PvuII fragment was subcloned into the
SmaI site of pUC12. A clone was selected which had the
BamHI, XbaI, and HindIII sites of the polylinker down-
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FIG. 1. Schematic representation of constructed hybrid mole-
cules of the human c-myc and the bacterial cat genes. Blocks
designate possible transcribed regions, solid blocks indicate the
coding sequences of the expressed gene, arrows show the normal
transcriptional start sites, lined blocks indicate the SV40-derived
splice and polyadenylation sites, and solid boxes designate the
presumptive Hogness-Goldberg signals (TATAA). (a) The 12.5-kb
EcoRI fragment carrying the human c-myc gene was subcloned into
the EcoRI site of pUC12 (pmycRl). The 862-bp PvuII fragment
containing both c-myc promoters (Pl and P2) and most of the
noncoding first exon was subcloned in the SmaI site of pUC12
(pmycP862). (b) Hybrid molecules of the human c-myc 862-bp PvuII
fragment and the bacterial cat gene (pmycCAT-P). Wavy lines
designate pUC12 sequences. Abbreviations: B, BamHI; B2, BglII;
E, EcoRI; H3, HindIlI; K, KpnI; N, NaeI; Ps, PstI; P, PvuII; S,
Sail; Sm, SmaI; Ss, SstI; X, XbaI; Xh, XhoI. Restriction sites
shown in parentheses were lost.

stream of the promoters and the first exon (pmycP862). DNA
from this clone was double digested with BamHI and
HindIII or with XbaI and Hindlll, and the large fragments
were isolated by preparative gel electrophoresis with NA45
paper (Schleicher & Schull). DNA of the plasmid CAT3M
(24) was digested with BglII, HindIII, and PstI or with XbaI,
HindIII, and PstI, and the fragments carrying the cat gene
were isolated. The BglII-HindIII and XbaI-HindIII frag-
ments carrying the cat gene were ligated into the isolated
BamHI-HindIII and XbaI-HindIII fragments of the clone
containing the promoters and the first exons to generate
pmycCAT-P(a) (BamHIIBglII-HindIII) and pmycCAT-P(b)
(XbaI-HindIII) (Fig. 1). To delete sequences from pmyc-

CAT-P, the deletion constructs pmycCAT-S, pmycCAT-X,
pmycCAT-PAN, pmycCAT-XAN, pmycCAT-PAP1, and
pmycCAT-PAP2 were obtained by digestion with appropri-
ate restriction enzymes, followed by religation.
For reinsertion of upstream sequences, pmycCAT-P(a)

and (b) were double-digested with SacI and XhoI, and the
large fragments were isolated. Similarly, a clone containing
the 12.5-kb EcoRI fragment in pUC12 in the appropriate
orientation was digested with Sacl and XhoI, and the frag-
ment containing the upstream region and the first promoter
of the c-myc gene was isolated from the gel. The fragments
were ligated to generate pmycCAT-Rl(a) and (b). From this
clone the deletion constructs pmycCAT-B2, pmycCAT-Sp,
and pmycCAT-K were obtained by digestion with Sacl and
BglII, SpeI, and KpnI, respectively, followed by religation.
A derivative without the second promoter, pmycCAT-
R1AP2, was prepared by digestion of pmycCAT-Rl(b) with

XhoI and XbaI, followed by religation. The different con-
structs used in this study are schematically shown in Fig. 1
and 3D.

Cells. All recipient cells used in transfection experiments
were grown at 37°C with 5% CO2 in Dulbecco modified Eagle
medium supplemented with 5% fetal calf serum. The cell
lines were obtained originally from the indicated investiga-
tors or companies: baby hamster kidney (BHK) cells (G.
Brandner, Freiburg); mouse L cells (Flow Laboratories,
Glasgow); 143tk- cells (S. Bacchetti, Hamilton [4]).

Transfection of eucaryotic cells. Transfection with 20 ,ug of
superhelical plasmid DNA per 106 cells in 9-cm tissue culture
dishes by the calcium phosphate coprecipitation technique
was done as described by Scholer and Gruss (31). In the
titration experiments, pUC12 was used as carrier DNA to
yield a total amount of 20 p.g of DNA per plate.

Assay for CAT activity. Published procedures were fol-
lowed (18) to assay CAT activity, with a few minor modifi-
cations. At 44 h after transfection cells were harvested,
suspended in 150 ,u1 of 0.25 M Tris hydrochloride buffer (pH
7.8), and sonicated twice for 5 s each. Then 100 to 600 ,ug of
protein, corresponding to about 20 to 150 pu1 of the clarified
cell extract, was incubated with 20 p.1 of 4 mM acetyl
coenzyme A (P-L Biochemicals) and 0.2 to 0.4 ,uCi of
[14C]chloramphenicol (CAM) (50 ,uCi/ml, 57.8 mCi/mmol;
New England Nuclear Corp.) in 0.25 M Tris hydrochloride
buffer (pH 7.8) at a final volume of 175 pul for 1 h at 37°C. The
"4C-labeled CAM was extracted two times with 400 ,ul of
ethyl acetate, dried, suspended in 20 ,ul of ethyl acetate, and
spotted to a thin-layer silica gel plate (0.25 mm; Merck). The
two spots which corresponded to the monoacetylated forms
of CAM were simultaneously measured with a thin-layer
scanner (Berthold), and the total amount of 14C-acetyl-CAM
was calculated from the area under the resulting peak.

Si mapping. Total cellular RNA was prepared 40 h after
transfection by the urea-lithium cloride method (3). S1
nuclease analysis of this RNA was performed with a 32p_
labeled single-stranded DNA probe obtained by primer
extension reaction with M13 DNA in the presence of 100 ,uCi
of [a-32p]dCTP (410 Ci/mmol; Amersham) at 20°C for 1 h.
The RNA samples (30 to 50 ,ug) were coprecipitated with the
isolated single-stranded probe fragment (about 105 cpm),
suspended in 20 pI of hybridization buffer (40 mM PIPES
[piperazine-N-N'-bis(2-ethanesulfonic acid, pH 6.5], 400
mM NaCl, 1 mM EDTA, 90% formamide), heated at 95°C for
5 min, and hybridized overnight in a water bath at 56°C.
Then 180 ,u1 of ice-cold S1 buffer (30 mM sodium acetate, pH
4.5, 250 mM NaCl, 2.5 mM zinc acetate) containing 4 x 103
U of S1 nuclease (Boehringer Mannheim) was added, and
the mixture was incubated at 37°C for 1 h. The Sl-resistant
hybrids were precipitated and analyzed on a 5% sequencing
gel.

Sequencing. The nucleotide sequence of the 862-bp PvuII
fragment of the c-myc gene which was cloned originally from
the normal, not translocated allele of Raji cells was deter-
mined by the method of Maxam and Gilbert (25) and showed
no deviation from the c-myc sequence published by Gazin et
al. (17).

RESULTS

c-myc promoter active in various cell lines in vitro. The
activity of the c-myc promoter was analyzed in titration
experiments in which the amount of pmycCAT-P DNA (for
construction of pmycCAT-P, see Fig. 1), used for transient
transfection, was plotted against the resulting CAT activity.
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Because of its universal expression in all cells tested so far,
the simian virus 40 (SV40) promoter was used as an internal
standard. pmycCAT-P and pSV2CAT had very different
titration curves (Fig. 2). In all three cell lines tested, the
higher activity of the SV40 promoter was much more clearly
apparent when small amounts of DNA were used for trans-
fection. The activity of the two promoters was compared
quantitatively by comparing the CAT activities mediated by
equimolar nonsaturating amounts of DNA and also by com-
paring the amounts of DNA required for half-maximal CAT
activity. The half-logarithmic plots shown in the lower
panels of Fig. 2 are designed to facilitate the determination of
the amount ofDNA required for half-maximal activity. From
these data it became apparent that the c-myc promoter was
15-fold, 20-fold, and 30-fold less active than the SV40
promoter in BHK cells, mouse L cells, and the human
permanent fibroblast line 143tk- cells, respectively.
Second promoter of c-myc mainly responsible for the high

CAT activity. In an attempt to identify the sequences re-
quired for activity and regulation of the c-myc promoter, we
tested the activities of the various constructs shown in Fig.
3D. These were designed in relation to the location of DNase
I-hypersensitive sites in the upstream and promoter regions
of the c-myc gene (14, 32, 36). In addition to the construct,
pmycCAT-P (-511 bp relative to the cap site of P2, deletion
of DNase I-hypersensitive sites I, II1, and I12), recombinant
plasmids were tested by titration analysis in BHK cells, in
which various parts of the 862-bp PvuII fragment were
deleted (Fig. 3A). pmycCAT-S (-263 bp, deletion of site
III,) exhibited a lower activity than pmycCAT-P. Deletion of
another 170 bp containing the first promoter (P1) in the
construct pmycCAT-X (-95 bp) had no influence on the
CAT activity. Deletions of 3' sequences of the first exon
downstream from the NaeI site in the construct pmycCAT-
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FIG. 2. Comparison of the c-myc and SV40 early promoter
activities in BHK, L, and 143tk- cells by titration analysis. Increas-
ing amounts ofpmycCAT-P (0) and pSV2CAT (0) were transfected
into subconfluent BHK (A and D), L (B and E), and 143tk- (C and
F) cells. CAT activity was determined with 350 jig (BHK and L) or
500 p.g (143tk-) of protein of the prepared cell extract and plotted
against the logarithm of transfected test DNA (in micrograms). (A,
B, and C) Double logarithmic representation was used to demon-
strate, at low input of transfected DNA, the approximately linear
relationship between CAT activity and amount of DNA used. The
half-logarithmic plots shown in the lower panels (D, E, and F)
facilitate the determination of the amount of test DNA required for
half-maximal CAT activity.

XAN (-95 to +47) had no apparent effect on the activity of
the construct compared with pmycCAT-X (Fig. 3A). This
plasmid, pmycCAT-X/N, comprising positions -95 to +47
relative to the cap site of the second promoter (P2) and
containing DNase I-hypersensitive site II12), conferred most
of the CAT activity. Removal of this 142-bp XhoI-NaeI
fragment and the noncoding sequences downstream from
pmycCAT-P, generating the constructs pmycCAT-PAX-N
(A-95 to +47) and pmycCAT-PAP2 (A-95), respectively,
decreased the activity dramatically (five- to sixfold). In
contrast, removal of the 170-bp SmaI-XhoI fragment carry-
ing P1 (pmycCAT-PAP1, A-263 to -95) increased the result-
ing CAT activity (Fig. 3A). Comparison of the constructs
lacking P1 or P2 revealed at least six- to eightfold-higher
activity of the plasmid carrying the second promoter. The
relative CAT activities of the different constructs compared
with that of pmycCAT-P are indicated in Fig. 3D. The mean
values calculated from repeated titration analysis corre-
spond to 0.5 to 1.0 pmol of transfected DNA.

Evidence for regulatory elements further upstream of the
c-myc promoter. We examined whether sequences upstream
of the c-myc promoters carried elements modulating the
promoter activity. CAT activity mediated by pmycCAT-P
(-511 bp) was therefore compard with that of pmycCAT-R1
(-6,900 bp), pmycCAT-B2 (-2,950 bp), pmycCAT-Sp
(-1,560 bp, deletion of DNase I-hypersensitive site I), and
pmycCAT-K (-1,220 bp, deletion of sites I and II,). With
higher amounts of transfected DNA (more than 0.52 pmol),
slightly lower but similar activity was obtained with the long
constructs pmycCAT-Rl, -B2, and -Sp (Fig. 3A and C).
However, with lower amounts of transfected DNA (in the
range of 0.026 to 0.52 pmol, corresponding to 0.1 to 2.0 ,ug in
the case of pmycCAT-P), the observed CAT activity di-
verged significantly. As shown in the double logarithmic plot
in Fig. 3C, the long construct, pmycCAT-Rl, revealed two-
to eightfold lower activity than the short pmycCAT-P plas-
mid. This suggests that a negative regulatory element might
be located upstream of the PvuII site. To localize the regions
which are responsible for the reduced activity, we performed
a comparative titration analysis of pmycCAT-P, -Sp, and -K
in BHK cells (Fig. 3A) and human fibroblasts (Fig. 3B). In
the range of 0.5 to 1.0 pmol of transfected DNA, pmycCAT-
Sp showed intermediate CAT activity (about 50 to 60% of
pmycCAT-P activity). With pmycCAT-K, in which 340 bp
from pmycCAT-Sp were deleted, the activity decreased
significantly (10 to 20%). This result could indicate that the
reduced CAT activity observed with the long myc-cat con-
structs was caused by the simultaneous effect of a positive
and a negative element (Fig. 3D). Similar to the short
plasmid pmycCAT-PAP2, removal of the second promoter
from pmycCAT-RlAP2 decreased the CAT activity consid-
erably (Fig. 3C). This suggests that the upstream sequences
cannot activate P1 significantly during transient expression.
Hybrid c-myc-cat RNAs initiate correctly at the c-myc

promoters. We asked then whether transcription of the
c-myc-cat hybrids was correctly initiated. Si analysis of
RNA from transfected BHK cells was carried out with a
single-stranded probe spanning the first exon. With RNA
from cells transfected by pmycCAT-R1, pmycCAT-P, pmyc-
CAT-S, pmycCAT-X, and pmycCAT-PAP1, a prominent
band with a length of 350 bp was protected (Fig. 4). This
350-bp long fragment corresponded to RNA initiated at the
second c-myc promoter. Transcripts starting at the first
promoter should protect a fragment of 510 bases. Only a
faint band of this size was seen after transfection of pmyc-
CAT-Ri, pmycCAT-P, and pmycCAT-S, indicating that the
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FIG. 3. Comparison of the CAT activity mediated by different constructs of the c-myc promoter region. Increasing equimolar amounts of
the various cat constructs, described in detail in panel D and the legend to Fig. 1, were transfected into BHK (A and C) and 143tk- (B) cells.
Levels of CAT activity were determined with 100 ,ug (A) or 500 ,ug (B) of protein of the prepared cellular extract. (C) CAT activity determined
from 200 p.g of protein was plotted in a double logarithmic representation to demonstrate the deviation in CAT activity at low input of
transfected DNA (0.263 pmol of pmycCAT-P DNA [P] = 1 jig). (D) Schematic representation of the c-myc-specific sequences present in the
various CAT constructs. For further details see Materials and Methods and Fig. 1. The length (in base pairs) of the upstream sequences and
the positions of the deletions are indicated relative to P2. The relative CAT activities of the different constructs compared with that of
pmycCAT-P are indicated. The mean values were calculated from repeated titration analysis and correspond to 0.5 to 1.0 pmol of transfected
DNA. The lower part of the scheme shows the location of the proposed DNase I-hypersensitive sites (32) and the regions of regulatory
elements which confer a positive (+), a negative (-), or no measurable (/) effect on c-myc promoter activity. Abbreviations: Rl, EcoRI; B2,
BglII; H3, HindIII; Sp, SphI; K, KpnI; P, PvuII; S, SmaI; N, NaeI; X, XhoI. Restriction site in parentheses was lost.

MOL. CELL. BIOL.

2



TARGET SEQUENCES OF HUMAN c-myc GENE 1397

second promoter is used much more efficiently. The bands
with a size of 615 and 450 bases were generated by the
transfected plasmid DNAs contaminating the RNA prepara-
tion. This was shown by digestion with DNase I in the
presence of RNase inhibitor (data not shown). The results of
the Si assays correspond to the different levels of CAT
expression obtained by titration analysis (Fig. 3), demon-
strating that the RNA is correctly initiated at the sites also
used in vivo.

Expression of pmyc-CAT constructs in stable transfected
cells. We considered it important to ask whether the differ-
ences in the CAT activity of certain pmyc-CAT plasmids
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FIG. 4. Si mapping of transcription initiation sites after transfer
of various c-myc-cat constructs into BHK cells. A single-stranded
1,041-base SstI-SmaI probe from the c-myc first exon region was
hybridized to 40 ,ug of BHK RNA isolated 40 h after transfection
with the indicated c-myc-cat plasmids to 20 xg of RNA of the
Burkitt's lymphoma cell line BL64 [t(2;8)] and to 10 ,ug of tRNA,
digested with Si nuclease, and analysed on a 5% sequencing gel. In
the diagrammatic representation below the autoradiograph, a
scheme of the M13 clone used and of the size and the location of the
Si nuclease-protected fragments is shown. Arrows indicate the two
sites ofmRNA initiation. The bands with a size of 615 and 450 bases
(b) were generated by the transfected plasmid DNAs contaminating
the RNA preparations. The double band observed in lane five is
probably due to the formation of a secondary structure. The
abbreviations for restriction enzymes are as used in Fig. 1.
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FIG. 5. Expression of pmyc-CAT constructs in biochemically
transformed BHK cells. BHK cells were cotransfected with
equimolar amounts of pmyc-CAT constructs (10 ,ug for pmycCAT-
P) and pSVneo (1 ,ug) and selected for G418 (400 ,ug/ml) resistance.
Cells of one petri dish of each transfection experiment were propa-
gated without isolating individual cell clones. About 8 weeks after
transfection, cellular extracts were prepared and the CAT activity
was determined with 400 p.g of protein. The CAT activity of the
different cell lines was compared with the activity of cells biochem-
ically transformed by pmycCAT-P and is expressed as a percentage
above the individual peaks.

seen after transient expression would be identical or similar
after stable integration into the chromatin of cells. BHK cells
were therefore cotransfected with the individual pmyc-CAT
constructs and pSVneo and selected for G418 resistance
without isolating individual cell clones (to normalize for
different integration sites). About 8 weeks after transfection,
cellular extracts were prepared and their CAT activities
were determined. In the stable transfectants the same pat-
tern of CAT activity was obtained as in transient expression
assays (Fig. 5). Cells carrying pmycCAT-P and pmycCAT-
Rl had identical CAT activity (100%). Integration of pmyc-
CAT-S and pmycCAT-X resulted in moderate enzyme ac-
tivity (62 to 81%). Deletion of the first promoter (pmycCAT-
PAP1) stimulated the activity in stably transfromed cells as
well (192%), whereas deletion of the second promoter
(pmycCAT-PAP2) decreased expression of the CAT gene
significantly (39%).

Sequences around the c-myc promoters compete for cellular
transcription factors. Evidence for two positively acting
elements within the 862-bp PvuII-PvuII fragment had al-
ready been obtained from the experiments shown in Fig. 3,
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FIG. 6. Cotransfection of pmyc-CAT plasmids with competitor

DNAs. Increasing amounts of pmyc-CAT indicator plasmids were
transfected in the presence of constant amounts of competitor
DNAs into subconfluent BHK cells. Because of the relatively low
expression of pmyc-CAT constructs at low concentrations of
transfected DNA and because of the limited amount of about 20 ,ug
of DNA which can be used in one transfection experiment, the
amount of competitor and not of indicator plasmid was kept con-
stant. The CAT activity was determined 32 to 36 h after transfection
with 400 jig of protein of the cellular extract. The following indicator
plasmids were used: A, pmycCAT-Rl; B, pmycCAT-P (1 ,ug =

0.263 pmol); C, pmycCAT-S; and D, pmycCAT-PAN. The titration
kinetics of the indicator plasmids in the absence of competitor DNA
and the presence of carrier DNA are indicated with solid circles.
The competitor plasmids, carrying the fragments shown in the
scheme below and next to the individual titration curves, were used
in 5 to 10 molar excess with respect to the highest concentration of
the indicator plasmid. The CAT activities in the presence of com-

petitor plasmids are symbolized with open circles.

in which deletions of the 248-bp upstream PvuII-Sma frag-
ment as well as of the second promoter reduced the activity
of the myc-cat constructs considerably. These observations
were confirmed and extended in cotransfection experiments
in which pmycCAT-Rl, pmycCAT-P, pmycCAT-S, and
pmycCAT-PAN as indicator plasmids were cotransfected
with an excess of subcloned fragments carrying possible
target sites for negatively or positively interacting cellular
factors. Cotransfection ofpmycCAT-R1 (Fig. 6A) and pmyc-
CAT-P (Fig. 6B) with the 2.0-kb HindIII-PvuII upstream
fragment did not alter the CAT activity, as expected for
pmycCAT-P, which has no sequences in common with the
cotransfected fragment. However, for pmycCAT-R1 this

result indicates that cellular factors possibly binding to the
negatively and positively modulating elements upstream of
the PvuII site cannot be titrated out, leading to activation or
inhibition of the promoter activity.
A significant inhibitory effect was observed when pmyc-

CAT-Ri as the indicator plasmid was cotransfected with the
862-bp PvuII-PvuII fragment carrying both promoters, the
248-bp PvuII-SmaI fragment upstream of the first promoter,
or the 614-bp SmaI-PvuII fragment with both promoters
(Fig. 6A). Both fragments upstream and downstream of the
SmaI site, the 450-bp XhoI-PvuII fragment carrying the
second promoter and the 8.0-kb EcoRI-XbaI fragment con-
taining the complete first exon, showed a similar inhibitory
effect on pmycCAT-P (Fig. 6B). The specificity of this effect
is demonstrated in Fig. 6C. Only cotransfection of the 614-bp
SmaI-PvuII fragment, which shares sequences with pmyc-
CAT-S, but not with the 248-bp PvuII-SmaI fragment de-
creased the activity of the indicator plasmid pmycCAT-S.
The second positively acting element could be assigned to

the 142-bp XhoI-NaeI fragment carrying the second pro-
moter. As shown in Fig. 6D, the activity of the indicator
plasmid pmycCAT-PAN was significantly decreased by
contransfection with an excess of the subcloned SmaI-PvuII
fragment.

DISCUSSION

We have constructed a number of plasmids carrying the
cat gene under the control of the human c-myc promoters.
The most important result of the present study is the
identification of sequence elements modulating the activity
of the c-myc promoters. By analyzing various deletion
constructs carrying only one of the two c-myc promoters or
different parts of upstream sequences and by cotransfecting
an excess 'of fragments which presumably compete for the
binding of positively or negatively acting cellular factors, we
were able to map cis-acting sequences.
The significance of these results is particularly interesting

when related to the location of DNase I-hypersensitive and
protein-binding sites in the upstream region of the c-myc
gene (14, 32, 36). One positively acting element was mapped
to the 248-bp PvuII-SmaI fragment located - 101 to -349 bp
upstream of the first cap site, carrying four copies of a simple
repeat element, TCCCCA, and two copies of the motif
CACCCTC, to which a DNase I-hypersensitive site has been
assigned. A similar direct repeat (CACCCTG) within the
-100 box of the rabbit P-globin gene was found to be
functionally important for efficient transcription (12). Inter-
estingly, two copies of the motifTCCCCA are present in the
72-bp repeat next to the core sequence of the SV40 en-
hancer. This element, although required for full promoter
activity, was not, however, the most essential region. The
promoter activity was more dramatically reduced when
sequences downstream of the XhoI site were deleted. This
second positive element could be assigned to the 142-bp
XhoI-NaeI fragment (position -95 to +47), which carries
the second promoter. In contrast, deletion of the 170-bp
SmaI-XhoI fragment carrying the first promoter (pmycCAT-
PAP1) led to an increase in promoter activity. It thus appears
that the region carrying the first promoter is negatively
modulating overall c-myc promoter activity. However, we
were unable to compete for a negatively regulating factor by
using the SmaI-XhoI fragment in cotransfection experiments
(data not shown). Thus, alternatively, the higher activity of
pmycCAT-PAP1 than of pmycCAT-P may be the result of
the juxtaposition of the two DNase I-hypersensitive sites
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which are located in front of each c-myc promoter. This
could also explain the slightly reduced activity of pmycCAT-
S and pmycCAT-X.
By analyzing the activity of 5' deletion mutants, evidence

accumulated for negative and positive regulatory elements.
Interestingly, the putative positively cis-acting element
which is located upstream of the negative element can
compensate for the negative effect. We were not able to
identify both modulating elements simply by cotransfection
experiments with the upstream HindIII-PvuII fragment. An
explanation might be that both effects neutralize each other
or that the entire binding domain of the negative factor is not
present on this fragment. On the other hand, we think that
the location of these elements does not coincide exactly with
the DNase I-hypersensitive sites II1 and 112 (Fig. 3D),
because nuclear factor I (NfI)-binding sites proposed to be
responsible for these sites (32) are not conserved beween
humans and mice (8). Thus, the exact location and function
of these upstream regulatory elements cannot be concluded
from this study and remain to be elucidated by further
fine-mapping with additional deletion constructs.
Our finding that the c-myc promoter carries target struc-

tures for positively acting transcription factors is in line with
recently published data showing that the level of c-myc
mRNA is invariant throughout the cell cycle (35) and that the
c-myc gene is transcribed at a high rate in GO-arrested
Chinese hamster lung fibroblasts without detectable mature
mRNA in the cytoplasm (7). Since after stimulation with
growth factors the level of cytoplasmic c-myc mRNA in-
creased without alteration of the transcription rate, the
authors proposed a model of posttranscriptional regulation
of c-myc expression. However, neither study distinguished
the usage of the individual cap sites. Our S1 mapping data
clearly demonstrate that the second promoter is used almost
exclusively during transient expression. This appears to
reflect at least in part the situation in vivo, in which the
second promoter is used more efficiently for transcription of
the normal c-myc gene (34). It should be pointed out that no
sequence homology could be found between consensus
binding sequences of any known eucaryotic transcription
factor and the 142-bp XhoI-NaeI fragment which confers the
high CAT activity of the pmyc-CAT constructs.

Interestingly, the pmyc-CAT constructs carrying the first
promoter mediated only very little CAT activity in
monolayer cells as well as in B cells (unpublished observa-
tion) in transient expression assays. This promoter is pref-
erentially used in vivo in most Burkitt's lymphoma cells (see
Fig. 4 for the BL64 line). With c-myc-cat constructs from the
nontranslocated c-myc allele of Raji cells, we were unable to
activate the first promoter either with deletion mutants or by
cotransfection. One possibility is that elements driving tran-
scription from the first promoter are located upstream or
downstream of the sequences present in the various cat
constructs. Alternatively, the preferential use of the first
promoter might be a special feature of altered c-myc genes.
As a third possibility, the different promoter use might
reflect a peculiar chromatin structure in vivo which is not
formed when exogenous DNA is transiently or stably intro-
duced into the cells.
With the experimental approach described here, it will be

possible to study in more detail the interaction of the c-myc
gene with the cellular factors modulating c-myc expression.
It will be of particular importance to see whether the
promoters of the c-myc genes derived from the normal or
translocated chromosome of Burkitt's lymphoma show func-
tional differences in transient expression assays and differ-

ences in their ability to interact with cellular regulating
factors.
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