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DNA replication origin and transcriptional enhancer in
c-myc gene share the c-myc protein binding sequences

Hiroyoshi Ariga, Yasuhiro Imamura and
Sanae M.M.Iguchi-Ariga

Faculty of Pharmaceutical Science, Hokkaido University, Kita 12-jou,
Nishi 6-chome, Kita-ku, Sapporo 060, Japan
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We have previously reported that c-myc protein, or
protein(s) complexed with c-myc protein, binds to the
region upstream of the first exon of the c-myc gene and
that this region contains an origin of cellular DNA
replication (on) and also a transcriptional enhancer. Here
we show by Southwestern blotting that c-myc protein
binds directly to a 7 bp sequence within the above region.
Furthermore, we show that the c-myc protein binding
sequences are indispensable for both oni and enhancer
functions, but that additional sequences are required for
maxinal oni and enhancer activities. Thus, c-myc protein
is a sequence specific factor which is apparently used both
in initiation ofDNA replication and in regulation ofRNA
transcription.
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Introduction
The function of c-myc protein, the product of the proto-
oncogene c-myc (Sheiness and Bishop, 1979), has not yet
been fully clarified. We have recently shown that one of the
functions of the c-myc protein may be to promote cellular
DNA replication, by binding to an origin of DNA repli-
cation. This idea was supported by demonstrating that a
cloned human sequence which binds the c-myc protein, or
protein(s) complexed with c-myc protein (Iguchi-Ariga et al.,
1987a), also functions as an autonomous replicating sequence
(ARS). In this function, c-myc protein is somewhat similar
to the large T antigens of SV40 and polyomavirus, which
are necessary for the initiation of viral DNA replication and
transcription (Tooze, 1980; DePamphilis and Bradly, 1986).
Indeed, the c-myc protein can substitute for SV40 T antigen
in an SV40 DNA replication system (Iguchi-Ariga et al.,
1987b). A similar observation was also reported by Classon
et al. (1987). Furthermore, we have shown that the c-myc
protein, or protein(s) complexed with c-myc protein, binds
to a region - 2 kb upstream of the first exon of the c-myc
gene itself and that this region contains a putative origin of
cellular DNA replication (ori) and also a transcriptional
enhancer, which suggests that the c-myc protein may be an
enhancer binding protein which positively regulates its own
transcription (Iguchi-Ariga et al., 1988a). Cloned DNA
containing this HindIll -PstI region, termed the myc (H-P)
region (Figure 1A), can replicate autonomously, is trans-
mitted in transgenic mice at episomal state (K.Sudo,
M.Ogata, Y.Sato, S.M.M.Iguchi-Ariga and H.Ariga, in
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preparation), and serves as an efficient template in a cell-
free DNA replication system (Umekawa et al., 1988).
Here we report that the ori and enhancer within the myc

(H-P) region of the c-myc gene overlap and share sequences
to which the c-myc protein binds, and that the c-myc protein
has an essential function both in the initiation of DNA
replication and for enhancer activity.

Results
Identification of the protein binding sequences in the
c-myc upstream region
Nuclear extracts (NE) from human Burkitt lymphoma Raji
cells (which contain high amounts of c-myc protein were
prepared. The extracts were then incubated with the 32P-
labelled HindlIl-PstI fragment of the c-myc gene
(Figure lA) which contains the putative origin (ori) ofDNA
replication and the enhancer (Iguchi-Ariga et al., 1988a).
In DNase I footprinting analysis of this fragment with the
Raji NE, nucleotides around positions 135-155 (see
Figure iB) were protected on both strands (Figure 2). An
oligonucleotide designated myc (135-155) corresponding
to the protected sequences (Table I) was chemically
synthesized to examine the binding activity of c-myc protein.
Band shift assay using Raji NE with the 32P-labelled oligo-
nucleotide myc (135- 155) showed three shifted bands,
denoted A, B and C (Figure 3). All three bands disappeared
after addition of excess amounts of unlabelled myc
(135-155), but not after addition of pBR322 HaeIII
fragments, indicating that the three bands were specifically
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human c-myc gene
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AAGCTTGTTT GGCCGTTTTA GGGTTTGTTG GAATTTTTTT TTCGTCTATG
51
TACTTGTGAA TTATTTCACG TTTGCCATTA CCGGTTCTCC ATAGGGTGAT

101
GTTCATTAGC AGTGGTGATA GGTTAATTTT CACATCTCTT ATGCGGTTGA

151
ATAGTCACCT CTGAACCAAT TTTTCCTCCA GTAACTCCTC TTTCTTCGGA

201 210
CCTTCTGCAG

Fig. 1. Structure of human c-myc gene. (A) The open and filled-in
boxes represent non-coding and coding exons respectively. B, BamHI
site; C, ClaI site; E, EcoRl site; H, HindIlI site; K, KpnI site; P, PstI
site; X, XbaI site; P1 and P2, promoters. (B) Nucleotide sequence of
the region from the HindlIl site to PstI site, myc (H-P) region.
Sequence of the 5'-3' oriented strand is shown.
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binding to DNA of the c-myc protein and protein complexes
involving c-myc protein: nucleotides 135 -141 are essential
for all of the shifted bands and enough to form complex C,
but the formation of complex B requires nucleotides
142-145 besides 135-141, and the complex A can be

A formed only with the oligos containing nucleotides 149-155
C;( in addition to 135-141 and 142-145.
Ti

When the NE was treated with phosphatase before binding
reaction, the shifted bands A and B disappeared even with
the intact myc (135-155) nucleotide (S.M.M.Iguchi-Ariga,

T j Y.Negishi and H.Ariga, in preparation), suggesting that the
140 T A and B are due to the protein(s) complexed with c-myc

protein and that the formation of the complexes are promoted
by phosphorylation.
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Fig. 2. DNase I protection analysis using cell nuclear extracts. The
myc (H-P) fragment was 5' end-labelled at either PstI end (A) or
HindIII end (B) and used for DNase I protection analysis as described
in Materials and methods. + or - above the lanes indicates that the
reaction was carried out in the presence or in the absence of the
nuclear extract. The amount (ug) of added DNase I in the reaction
was shown above each lane. The cleavage products of A+G
sequencing reaction of the fragments were co-electrophoresed on the
same gel in lanes A/G. Numbers beside the nucleotide sequence refer
to the sequence of the myc (H-P) region shown in Figure 1. Dotted
line indicates protected region.

complexed with protein(s) in the Raji NE. Nuclear extracts
treated with polyclonal anti-c-myc antibody before the
binding reaction gave rise to no shifted bands. The results
indicate that c-myc protein, or protein(s) complexed with
c-myc protein, binds to the sequences spanning nucleotides
135- 155 of the HindIII-PstI fragment of the c-myc gene
and that three shifted bands are all due to the c-myc protein
or its complexed partners.
To determine the exact binding sequence of c-myc protein,

various oligonucleotides corresponding to deletion mutants
of the myc (135- 155) sequence were synthesized (Table I)
and used in band shift assays (Figure 4). Oligo
A(135- 145/149-155) gave rise to three shifted bands as
the intact myc (135-155) oligo does, while oligo
A(135-149) showed two complexes B and C. Oligos
A(135-141/146-149), A(135-145) and A(135-141)
yielded only one band (complex C), and oligos A(142 -149)
and A(138 -145) gave no specific band. A weak band seen
with A(142 -149) migrated slightly slower than complex C
and may be due to unspecific single strand-binding complex.
These results indicate that while the nucleotides protected
from DNase digestion are from position 135 to 155, the
minimum sequences necessary for c-myc protein binding are
from nucleotides 135 to 141, TCTCTTA, and also suggest
that sequences in addition to these are needed to facilitate

Southwestern blot analysis of the binding proteins
The proteins in Raji NE were separated in an SDS-poly-
acrylamide gel, transferred to a nitrocellulose filter, and
reacted with monoclonal anti-c-myc antibody (Figure 5A).
After visualization with 125I-anti-mouse IgG, a protein of
-64 kd was detected, which is the expected size of the
c-myc protein. When a blot run in parallel was reacted with
32P-labelled myc (135-155) oligo, a protein of exactly the
same size was detected. The NE immunoprecipitated with
anti-c-myc protein antibody prior to electrophoresis showed
the same band after hybridization with P-labelled myc
(135-155) oligo (Figure SB), while 32P-labelled pBR322
HaeIl fragments, used as a negative control, did not bind
to any polypeptides under these conditions (data not shown).
These experiments suggest that the c-myc protein binds
directly to DNA and the binding sequences of the c-myc
protein are present within the myc (135-155). At present
we cannot completely exclude the possibility that a protein(s)
of the same mol. wt as c-myc protein binds directly to DNA,
forming a complex with c-myc protein. However, we and
other groups already have further supporting data that c-myc
protein directly binds to DNA (discussed later). Lower band
slightly observed in Western blotting might be of myc
superfamily, like MyoDI whose mol. wt is 45 kd (Tapscott
et al., 1988).

Replication and transcription activities within a 21 bp
sequence
DNA replication assay was carried out as described in
Materials and methods (Figure 6A). As a positive control,
pmyc (H-P) containing the 214 bp myc (H-P) region
(Figure 1) of the c-myc gene could replicate in HeLa cells,
whereas pUC19 could not. pmyc-O, containing the myc
(135-155) oligo, also replicated in HeLa cells, with almost
the same efficiency of pmyc (H-P). This experiment clearly
showed that the 21 bp sequence containing the c-myc protein
binding region is sufficient for initiation ofDNA replication.
A CAT assay was performed to examine the transcriptional

activity of the myc (135- 155) oligo (Figure 7), which was
inserted upstream of the SV40 promoter of pSVPCAT.
Transcriptional activation of the CAT gene was slightly
stronger with the myc (135-155) oligo (pmyc-O-CAT) than
with the myc (H-P) fragment of the c-myc gene
[p(H-P)(+)PCAT]. Thus, the 21 bp oligonucleotide myc
(135- 155) contains sequences sufficient for transcriptional
activity, for c-myc protein binding and for function as an
origin of DNA replication.
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Table I. Oligonucleotides used in these experiments

5' 135

G A T C C T C T C T T A T G C G G T T G A A T A G T G
G A G A G A A T A C G C C A A C T T A T C A C C T A G

135

G A T C C T C T C T T A T G C G G T T G G
G A G A G A A T A C G C C A A C C C T A G

141135

(135-141/146-149) G A T C C T C T C T T A G T T G C
G A G A G A A T C A A C C C T A G

146

142

(142-149)

149

149

G A T C C T G C G G T T G G
G A C G C C A A C C C T A G

135 145

(135-145/149- 155) G A T C C T C T C T T A T G C G G A A T A G T G
G A G A G A A T A C G C C T T A T C A C C T A G

149

138

(138- 145)

155

145

C C T T A T G C G G
T C G A G G A A T A C G C C C T A G

135 145

(135-145)
T C G A G

C T C T C T T A T G C G G
A G A G A A T A C G C C C T A G

Nucleotides in the c-myc gene are indicated in bold type. Numbers above and below the oligonucleotides refer to the nucleotide sequence of the
myc(H-P) region shown in Figure 1.

Determination of the precise junction between on and
enhancer
The various oligonucleotides containing deletions of the myc
(135-155) construct (Table I) were inserted into pUC19 or

pSVPCAT, and replication and transcription activities were
examined (Figure 8). All deletions, both within and outside
of the c-myc protein binding sequences, abolished replication
activity (Figure 8B). For transcriptional activity, however,
somewhat different results were obtained (Figure 8C).
Deletion of the c-myc protein binding core sequences
135-141 [oligos A(142-149) and A(138-145)] reduced
transcriptional activity, indicating that they, too, are

necessary for transcriptional activation and suggesting that
the c-myc protein is a transcription factor. However, the
presence of c-myc protein binding sequences alone was not
sufficient to establish complete enhancer activity, since

deletion of nucleotides 142-145 [oligo A(135-141/
146-149)] resulted in reduced CAT activity, while the frag-
ment from 135 to 145 [oligo A(135-145)] gave as strong
CAT activity as the myc (135- 155). This indicates that the
entire sequence from 135 to 145 is needed for full transcrip-
tional activity. Oligo A(138-145) which showed no shifted
band in bandshift assay (Figure 4B) slightly activated
transcription in CAT construct. There might not be enough
'space' for protein binding on DNA in this oligo although
there are recognition sequences. When the oligo is cloned
into CAT construct protein(s) necessary for transcriptional
activation may become able to bind to the sequences.
To confirm the above results, a point mutation (C-A at

nucleotide number 138) was introduced into the myc
(135-155) oligo, and c-myc protein binding, DNA
replication and transcriptional activities were measured
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Fig. 3. Band shift analysis using cell nuclear extracts. Band shift assay
was carried out as described in Materials and methods using end-
labelled myc (135-155) (see Table I) as a probe. The underlined
sequences are present in the c-myc gene. Antibodies were incubated
with NE at 0°C for 10 min and the mixture was then subjected to
band shift assay.

(Figure 9). This mutation destroyed all three activities,
indicating that the binding of the c-myc protein to this
sequence is indispensable for its function both as an origin
of DNA replication and as a transcriptional activator.

Discussion
Here we present data suggesting that the minimum sequence
required for c-myc protein binding is TCTCTTA, and this
sequence is essential for both DNA replication and tran-
scriptional activation mediated by the myc (H-P) region. The
sequences necessary for replication ori and enhancer
activities overlap, sharing the c-myc protein binding region.
There is some discrepancy, however, between the DNA
binding and transcription assay for oligo A(138 -145) which
does not bind (Figure 3B) but has some CAT activity. A
possible explanation for this point is that oligo A(138 -145)
is too small to give a shifted band in gel retention assay (there
might not be enough 'space' for protein binding although
there are recognition sequences). However, when the same
oligo is cloned into a CAT construct, it may become able
to be bound by protein(s) necessary for transcriptional
activation. The critical point is whether or not the c-myc
protein binds directly to the sequence. The results from
Southwestern blotting analysis described here indicate that
this is very likely. Furthermore, we have recently shown
that purified c-myc protein expressed in Escherichia coli
(Naoe et al., 1988) binds directly to the TCTCTTA sequence
(H.Ariga, unpublished data), and another group has purified

5 .

6

Fig. 4. Band shift assay with various oligonucleotides. (A) The oligo-
nucleotides used as probes (see Table I). (B) Band shift assay was
carried out with various oligonucleotides shown above. The oligo-
nucleotide used as a probe is shown underneath each panel, and the
components of the reaction mixtures in each lane are indicated above
the figures. The shifted bands (A, B and C) and free DNA (F) are
indicated by arrows.

c-myc protein from Raji NE by using affinity
chromatography with an oligonucleotide containing this
sequence (S.Izuta and S.Yoshida, in preparation). From this,
we would like to conclude that c-myc protein binds directly
to the DNA sequence.
The products of c-jun and c-myb, which are also nuclear

oncogenes, have recently been shown to be sequence-specific
DNA binding proteins (Bohmann et al., 1987; Angel et al.,
1988; Bading et al., 1987; Biedenkapp et al., 1988). The
function of the c-jun product, also referred to as AP-1, is
transactivation of transcription through binding to an
enhancer element, similarly to c-myc protein, as described
in this and a previous paper (Iguchi-Ariga et al., 1988a).
It is quite possible that a common function of nuclear onco-
gene products is transcriptional regulation of various genes
by binding to specific regulatory elements. To date, at least
two well characterized transcription factors have turned out
to be identical to cellular proteins required for viral DNA
replication. CTF, a transcription factor responsible for
specific recognition of the sequence CCAAT in eukaryotic
promoters is indistinguishable from nuclear factor I (NF-I),
a cellular DNA-binding protein that is essential for the
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Fig. 5. Western and Southwestern blotting analyses. (A) 5 ytg of Raji

NE protein was separated in a 10% SDS-polyacrylamide gel and
transferred to a nitrocellulose filter. One section was reacted with
monoclonal anti-c-myc antibody (Miyamoto et al., 1985), and proteins
reacting with the antibody were visualized with 125I-anti-mouse IgG.

Another section of the same blot, run in parallel, was reacted with
32P-labelled myc (135-155) as in Materials and methods. The sizes of

mol. wt markers are shown beside the figure. (B) 5 ug of Raji NE

protein was immunoprecipitated with an anti-human c-myc antibody.
The precipitate (right) and the original Raji NE protein (left) were

separated in a polyacrylamide gel and subjected to Southwestern
analysis as in (A).

initiation of adenovirus DNA replication in vitro (Jones
et al., 1987). An octamer-binding transcription factor
(OTF-1), which exists ubiquitously in mammalian cells, is
physically and biologically identical to another cellular DNA-
binding protein, nuclear factor III (NF-III) which is also
required for adenovirus DNA replication (O'Neill et al.,
1988). CTF/NF-I and OTF-l/NF-III can serve both as

transcription factors for RNA polymerase II and as initiation
factors for viral DNA replication. The data shown in this
report strongly suggest that c-myc protein is also a sequence-

specific DNA binding protein which functions in both
cellular DNA replication and transcription.
Band shift assay using Raji NE showed three shifted

complexes, A, B and C. From the results using various oligo-
nucleotides with deletion or point mutation, it is suggested
that complexes A and B may be derived from the hetero-
or homo-protein complexes with c-myc protein. Longer
oligonucleotides form complexes more easily than oligo-
nucleotides possessing only the minimum c-myc protein
binding sequence of seven nucleotides. This suggests that
complex formation needs the 'space' in DNA or, alterna-
tively, that another protein containing non-specific DNA
binding activity requires sequences besides the c-myc protein
binding sequences to facilitate formation of protein -protein
complexes. The formation of these complexes seems to be

Fig. 6. DNA replication assay. pmvc-O contains mvc (135-155) (see

Table I) inserted into BamHI-SacI site of pUC19. Replication assay

was performed after the transfection of plasmid DNA into HeLa cells
as described in Materials and methods. Plasmids and enzymes used in

the experiments are shown above the figure. The equivalent of 20
copies of pmyc (H-P), pmyc-O or pUC19 per cell is shown as a copy

number marker.

.*

Fig. 7. Transcriptional activity of mvc (135-155). CAT assay was

carried out after the transfection of plasmid DNA into L cells in
Materials and methods. The plasrnids used are shown above the
figures. pmyc-O-PCAT carrys the myc (135-155) inserted upstream

of the SV40 promoter of pSVPCAT. Cm, chloramphenicol; Ac-Cm,
acetylated chloramphenicol.

promoted by phosphorylation (Y.Negishi, S.M.M.Iguchi-
Ariga and H.Ariga, in preparation) and to be important for
the activities of the sequence in replication and transcription.
Recently, phosphorylation of myc protein by casein kinase
II has turned out to play a role in signal transduction to the
nucleus (Luescher et al., 1989). Phosphorylation by casein
kinase II or by other kinase may be involved in complex
formation we observed.
What kinds of protein might associate with c-myc protein?

It is possible that c-myc protein binds to DNA replication
protein(s) such as DNA polymerase, since c-myc protein is

likely to function in initiation of DNA replication. p53,
another nuclear oncogene product, which is also possibly
a DNA replication protein (Iguchi-Ariga et al., 1988b;
Sturzbecher et al., 1988), binds to SV40 T antigen associated
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Fig. 8. Precise junction between sequences required for replication or
transcriptional activity. The oligonucleotides (A) used in the binding
assay shown in Figure 5 were inserted into BamHI site or
BamHI-SacI sites of pUC19 or pSVPCAT. Autonomous replication
of pUC clones (B) and transcriptional activity of pSVPCAT clones (C)
were measured as in Figures 6 and 7 respectively. The underlined
sequences in A represent the minimum c-myc protein binding
sequences. The arrow and M in B represent the positions of replicated
plasmid DNA and pUCl9 size marker respectively. Numbers below
the lanes in C indicate the density, determined by densitometric
scanning, of acetylated chloramphenicol spots. Cm, chloramphenicol;
Ac-Cm, acetylated chloramphenicol.
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with DNA polymerase alpha (Gannon and Lane, 1987;
Braithwaite et al., 1987). To investigate such a possibility
for c-myc protein, we and others are now fractionating the
cell-free c-myc dependent DNA replication system (Iguchi-
Ariga et al., 1987a; Umekawa et al., 1988). c-myc protein
may also bind to factors necessary for transcription. It has
recently been demonstrated that the c-fos protein, another
nuclear oncogene product, complexes with AP-1 to stimulate
transcription (Rauscher et al., 1988; Sassone-Corsi et al.,
1988; Chiu et al., 1988). This interaction between AP-1 and
fos protein is mediated by the 'leucine-zipper' (Landschulz
et al., 1988; Kouzarides and Ziff, 1988). These leucine-
zippers are also present in the C-terminal region of the myc
gene products suggesting the possibility of formation of
complexes between c-myc proteins (as a homo-dimer) or
between c-myc protein and other proteins with leucine-
zippers. A recent report has shown that c-myc protein exists
as a multimer in vivo, and that this requires the leucine-zipper
(Dang et al., 1989).
Now that purified biologically active c-myc protein will

soon be available, the molecular mechanisms of initiation
ofDNA replication and enhancement ofRNA transcription,
mediated by c-myc protein, can be clarified.

Materials and methods
Cells
Human HeLa cells and mouse L cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum. Human Raji cells
were grown in RPMI 1640 medium supplemented with 10% fetal calf serum.

Replication of plasmid DNA in HeLa cells
To examine autonomous replication of plasmid DNA, HeLa cells were
transfected with DNA by the calcium phosphate method (Graham and van
der Eb, 1973). 1 x 106 cells were transfected with 1 Ag of DNA and
cultured. Forty hours after transfection, low mol. wt DNAs were extracted
by the Hirt procedure (Hirt, 1967), and digested with EcoRI to linearize
the plasmid, and with DpnI to eliminate the input plasmid DNA used for
transfection, or with MboI to digest the replicated DNA. The digested DNA
from the Hirt supernatant was then electrophoresed on a 2.0% agarose gel,
blotted by the method of Southern (Southern, 1975) and hybridized with
32P-labelled pUC19. Hybridization of the blotted filter with labelled probe
was carried out as described previously (Ariga et al., 1987).

w

CAT assay
Plasmid DNAs were transfected into mouse L cells by the calcium phosphate
method (Graham and van der Eb, 1973). Two /4g of DNA were used for
1 x 106 cells. Two days after transfection, the cells were harvested,

,,.r̂̂ suspended in 200 /l of 0.25 M Tris-HCI (pH 7.8), and disrupted by
9 Y freeze -thawing three times prior to sonication. CAT assays were carried

out with the cell lysate as described previously (Scholer and Gruss, 1984).

Fig. 9. Effect of point mutation within c-myc protein binding
sequences on binding, autonomous replication and transcriptional
activities. An oligonucleotide, designated as 'Mutant', containing an
A/T pair instead of C/G at the position 138 in the myc (135-155)
oligo (denoted 'Wild' in this figure) was used as a probe in band shift
assay (A), inserted into BamHI-SacI sites of pUC19 or pSVPCAT
and examined for autonomous replication activity (B) or transcriptional
activity (C) respectively. The underlined sequence in the oligo-
nucleotide shown above the figures represent the minimum c-myc
protein binding sequences. W, 'Wild' type oligo myc (135-155); M,
'Mutant' oligo. The shifted bands in (A) are designated as A, B and C
as in Figures 3 and 5, and F indicates free DNA. The arrow in (B)
indicates the position of the replicated plasmid DNA. In (C) Cm and
Ac-Cm represent the positions of chloramphenicol and acetylated
chloramphenicol respectively.

Band shift assay
Nuclear extract of Raji cells was prepared as described by Dignam et al.
(1983) with minor modifications (Westin et al., 1987). After (NH4)2SO4
precipitation, the extract was resuspended in, and dialysed against, 20 mM
HEPES-KOH (pH 7.9), 20% glycerol, 20 mM KCI, 2 mM MgCl2,
0.2 mM EDTA and 0.5 mM dithiothreitol (DTT). In the band shift assay
(Fried and Crothers, 1981; Garner and Revzin, 1981), binding reactions
were carried out by incubating 2-4 fmol of end-labelled DNA (5000 c.p.m.)
with 2-3 jtg of nuclear extract proteins and 0.5 jLg of poly(dI-dC) in a
buffer containing 15 mM HEPES (pH 7.9), 15% glycerol, 2% polyvinyl-
alcohol, 36 mM NaCI and 0.4 mM DTT at room temperature for 10 min
in a final volume of 15 td. After incubation, the reaction mixtures were
loaded on a 4% polyacrylamide (29:1) gel in 0.25 x TBE buffer, and
electrophoresed at 10 V/cm. For competition experiments, 2.5 pmol of
double stranded annealed oligonucleotide was added to the reaction mixture
prior to addition of the extract. In experiments with antibodies, 1 tg of
murine polyclonal anti-human c-myc antibody (Naoe et al., 1988) or murine
anti-human IgG was incubated for 10 min at 0°C with NE, and the mixture
was then subjected to band shift assay.

4278

E._

:.;- _

F- -

t% ".

A&



Origin and enhancer in c-myc gene

DNase I protection analysis
A 5' end-labelled DNA fragment (1 fmol, 5000 c.p.m.) was incubated
together with 10-20 Ag of nuclear proteins for 15 min on ice in a final
volume of 25 jAl containing 60 mM KCI, 20 mM HEPES (pH 7.9), 8%
glycerol, 1 mM DTT, 0.8 mM MgCl2 and 1 itg of poly(dI-dC). 0.5-2 4g
of DNase I was then added and allowed to digest for 80 s on ice, before
the DNase I was inactivated by the addition of 0.6 M NaCI, 0.2% SDS,
10 mM EDTA, followed by phenol extraction and ethanol precipitation.
The end-labelled DNA recovered was analysed on denaturing 8%
polyacrylamide gels.

Western blotting analysis
5 Ag of Raji NE protein was separated in a 10% SDS -polyacrylamide gel
(Laemmli, 1970), blotted onto a nitrocellulose filter in a buffer containing
20 mM Tris and 150 mM glycine for 16 h at 15 V. The filter was
subsequently blocked for 1 h at room temperature in PBS (130 mM NaCl,
7 mM Na2HPO4 and 3 mM NaH2PO4) containing 10% milk and 0.1%
Tween 20, reacted with 1/50 dilution of 0.1 tg/ltl of anti-c-myc antibody,
IF7 (Miyamoto et al., 1985) in the same buffer for 16 h at 4°C, and washed
with PBS containing 0.1% Tween 20, and autoradiographed.

Southwestern blotting
A section of the same blot used in Western blotting as described above was
probed according to the procedure of Miskimins et al. (1985) using 32P-
labelled oligo myc (135-155) (Table I).

Acknowledgements
We are grateful to Drs Deborah Maguire and Ivo Galli for critical reading
of the manuscript and valuable comments. This work was supported by
grants from the Ministry of Education, Science and Culture in Japan and
from the Princess Takamatsunomiya Cancer Research Fund.

Luescher,B., Kuenzel,E.A., Krebs,E.G. and Eisenman,R.N. (1989) EMBO
J., 8, 1111-1119.

Miskimins,W.K., Roberts,M.P., McClelland,A. and Ruddle,F.H. (1985)
Proc. Natl. Acad. Sci. USA, 82, 6741-6744.

Miyamoto,C., Chizzonite,R., Crowl,R., Rupprecht,K., Kramer,R.,
Schaber,M., Kumar,G., Poonian,M. and Ju,G. (1985) Proc. Natl. Acad.
Sci. USA, 82 7232-7236.

Naoe,T., Shiku,H., Yamada,K., Okazaki,T. and Kurosawa,Y. (1988) FEBS
Lett., 240, 49-54.

O'Neil,E.A., Fletcher,C., Burrow,C.R., Heintz,N., Roeder,R.G. and
Kelly,T.J. (1988) Science, 241, 1210-1213.

Rauscher,F.L., Cohen,D.R., Curran,T., Bos,T.J., Vogt,P., Bohmann,D.,
Tjian,R. and Franza,R.,Jr (1988) Science, 240, 1010-1015.

Sassone-Corsi,P., Lamph,W.W., Kamps,M. and Verma,I.M. (1988) Cell,
54, 553-560.

Scholer,H.R. and Gruss,P. (1984) Cell, 36, 403-411.
Sheiness,D. and Bishop,J.M. (1979) J. Virol., 31, 514-521.
Southern,E.M. (1975) J. Mol. Biol., 93, 503-517.
Sturzbecher,H.-W., Brain,R., Maimets,T., Addison,C., Rudge,K. and

Jenkins,J.R. (1988) Oncogene, 3, 405-413.
Tapscott,S.J., Davis,R.L., Thayer,M.J., Cheng,P.-F., Weintraub,H. and

Lassar,A.B. (1988) Science, 242, 405-411.
Tooze,J. (1980) DNA Tumor Viruses: Molecular Biology ofTumor Viruses,

Part 2, 2nd Edn. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

Umekawa,H., Tamiya-Koizumi,K., Takagi,E., Ariga,H., Kojima,K. and
Yoshida,S. (1988) J. Biochem., 104, 333-336.

Westin,G., Gerster,T., Miller,M.M., Schaffner,G. and Schaffner,W. (1987)
Nucleic Acids Res., 15, 6787-6797.

Received on June 5, 1989; accepted on September 18, 1989

References
Angel,P., Allegretto,E.A., Okino,S.T., Hattori,K., Boyle,W.J., Hunter,T.

and Karin,M. (1988) Nature, 332, 166-171.
Ariga,H., Itani,T. and Iguchi-Ariga,S.M.M. (1987) Mol. Cell. Biol., 7,

1-6.
Bading,H., Hansen,J. and Moelling,K. (1987) Oncogene, 1, 395-401.
Biedenkapp,H., Bargmeyer,U., Sippel,A.E. and Klempnaner,K.-H. (1988)

Nature, 335, 835-837.
Bohmann,D., Bos,T.J., Admon,A., Nishimura,T., Vogt,P.K. and Tjian,R.

(1987) Science, 238, 1386- 1392.
Braithwaite,A.W., Sturzbecher,H.-W., Addison,C., Palmer,C., Rudge,K.

and Jenkins,J.R. (1987) Nature, 329, 458-460.
Chiu,R., Boyle,W.J., Meek,J., Smeal,T., Hunter,T. and Karin,M. (1988)

Cell, 54, 541-552.
Classon,M., Henriksson,M., Sumegi,J., Klein,G. and Hammaskjold,

M.-L. (1987) Nature, 330, 272-274.
Dang,C.V., McGuire,M., Buckmire,M. and Lee,W.M.F. (1989) Nature,

337, 664-666.
DePamphilis,M.L. and Bradley,M.K. (1986) 7he Papovaviridae. Plenum

Press, New York, Vol. 1, pp. 99-246.
Dignam,J.D., Lebovitz,R.M. and Roeder,R.G. (1983) Nucleic Acids Res.,

11, 1475-1489.
Fried,M. and Crothers,D.M. (1981) Nucleic Acids Res., 9, 6501-6525.
Gannon,J.M. and Lane,D.P. (1987) Nature, 329, 456-458.
Garner,M.M. and Revzin,A. (1981) Nucleic Acids Res., 9, 3047-3060.
Graham,F.L. and van der Eb,A.J. (1973) Virology, 52, 456-467.
Hirt,J.B. (1967) J. Mol. Biol., 26, 365-369.
Iguchi-Ariga,S.M.M., Itani,T., Kiji,Y. and Ariga,H. (1987a) EMBO J.,

6, 2365-2371.
Iguchi-Ariga,S.M.M., Itani,T., Yamaguchi,M. and Ariga,H. (1987b)

Nucleic Acids Res., 15, 4889-4899.
Iguchi-Ariga,S.M.M., Okazaki,T., Itani,T., Ogata,M., Sato,Y. and

Ariga,H. (1988a) EMBO J., 7, 3135-3142.
Iguchi-Ariga,S.M.M., Okazaki,T., Itani,T. and Ariga,H. (1988b) Oncogene,

3, 509-515.
Jones,K.A., Kadonaga,J.T., Rosenfeld,P.J., Kelly,T.J. and Tijan,R. (1987)

Cell, 48, 79-89.
Kouzarides,T. and Ziff,E. (1988) Nature, 336, 646-651.
Laemmli,U.K. (1970) Nature, 227, 680-685.
Landschulz,W.H., Johnson,P.E. and McKnight,S.L. (1988) Science, 240,

1759-1764.

4279


