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The epidermal growth factor (EGF) receptor is the functional target of the mitogen EGF and the cellular
homolog of the avian erythroblastosis virus erbB oncogene product. Regulation of expression of the
proto-oncogene encoding the EGF receptor can be elucidated by studying the structure and function of the gene
promoter outside the confines of the cell. Previously, we reported the isolation of the human EGF receptor gene
promoter. The promoter is highly GC rich, contains no TATA or CAAT box, and has multiple transcription
start sites. An S1 nuclease-sensitive site has now been found 80 to 110 base pairs (bp) upstream from the major
in vivo transcription initiation site. Two sets of direct repeat sequences were found in this area; both conform
to the motif TCCTCCTCC. When deletion mutations were made in this region of the promoter by using either
Bal 31 exonuclease or S1 nuclease, we found that in vivo activity dropped three- to fivefold, on the basis of
transient-transfection analysis. Examination of nuclear protein binding to normal and mutated promoter DNAs
by gel retardation analysis and DNase I footprinting revealed that two specific factors bind to the direct repeat
region but cannot bind to the S1 nuclease-mutated promoter. One of the specific factors is the transcription
factor Spl. The results suggest that these nuclear trans-acting factors interact with the S1 nuclease-sensitive

region of the EGF receptor gene promoter and either directly or indirectly stimulate transcription.

The epidermal growth factor (EGF) is a potent mitogen
capable of stimulating protein and RNA synthesis, DNA
replication, and, ultimately, cellular proliferation (5, 19, 30).
It elicits these cellular responses by binding to the N-
terminus of a 170-kilodalton cell surface glycoprotein, the
EGF receptor. The receptor possesses a very active tyrosine
kinase at its C-terminus and is capable of phosphorylating
itself and other substrates upon EGF binding (4). By virtue
of its extensive homology to the erbB oncogene product of
the avian erythroblastosis virus, the EGF receptor is con-
sidered the cellular erbB proto-oncogene (7, 33, 47, 53). This
proto-oncogene has been found to be overexpressed and
occasionally amplified in a variety of malignant cell types (6,
27, 31, 37, 38, 54). More recently, we demonstrated that
overexpression of the normal EGF receptor in NIH 3T3 cells
by aretroviral vector induces malignancy and tumorigenicity
(48).

The production of a protein so deeply involved in cellular
proliferation and potentially responsible for malignant trans-
formation must be carefully regulated in the normal cell.
However, relatively little is known about control of EGF
receptor gene expression. Previously, we reported the iso-
lation, sequence, and partial characterization of the human
EGF receptor gene promoter (23). The promoter has multi-
ple transcription start sites and numerous protein-binding
sites, including at least five Spl-binding sites (24). The
presence of multiple start sites may be due to the absence of
an obvious TATA box (23). A chimeric plasmid containing
the EGF receptor gene promoter ligated upstream of the
chloramphenicol acetyltransferase (CAT) reporter gene (15)
is active when transiently transfected into human KB epi-
dermoid carcinoma or African green monkey kidney CV-1
cell lines (17, 23, 24).
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Promoter regions of active genes are frequently hypersen-
sitive to the endonucleases DNase I and S1 (10, 29, 50). This
sensitivity is thought to be the result of changes in the
structure of the active chromatin, possibly because of the
differential dissociation of nucleosomes and local alteration
in DNA superhelicity (29, 50). Isolated eucaryotic promoter
regions cloned into plasmid vectors maintain sensitivity to
S1 nuclease, provided the plasmid is supercoiled (12, 14, 34,
35, 40, 44, 55).

Previously, we showed that the EGF receptor gene pro-
moter chromatin is hypersensitive to DNase I in human
A431 epidermoid carcinoma cells, which are known to
overexpress the EGF receptor (13). Because the DNase
I-hypersensitive sites are often characterized by sensitivity
to the single-strand-specific endonuclease S1 (29, 50), we
tested the cloned EGF receptor gene promoter for sensitivity
to S1 nuclease. We report in this paper the identification of
a site exquisitely sensitive to S1 nuclease residing in the
vicinity of two pairs of direct-repeat sequences conforming
to the motif TCCTCCTCC. We demonstrate that this site is
necessary for optimal gene activity and is associated with
nuclear proteins whose binding correlates with optimal tran-
scription activity.

MATERIALS AND METHODS

Cell lines. The cultured cells used included a subclone of
human epidermoid carcinoma KB cells (KB3-1), human
epidermoid carcinoma A431 cells, and African green mon-
key kidney CV-1 cells. All cell lines were maintained in
Dulbecco modified Eagle medium supplemented with 10%
fetal bovine serum (GIBCO Laboratories).

Plasmid DNA manipulations. S1 nuclease and DNA ligase
were purchased from Pharmacia. Most restriction endonu-
cleases were obtained from New England Biolabs, Inc. The
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FIG. 1. EGF receptor gene promoter region. Sequences are numbered according to their positions relative to the translation start site (+1
at AUG). The major transcription start site (#1) is designated by the bent arrow at position —258. Heavy arrows underscore the location of
the four sequences making up two sets of direct repeats (designated A and B). The cross-hatched box marks the general region sensitive to
S1 nuclease. The underlined sequences are those deleted by S1 nuclease in the mutated promoter plasmid pS1d6. Boxed sequences designate
putative Spl-binding sites. Numbered arrowheads mark the upstream limit of Bal 31 digestion in cloned promoter mutations (—387 for 9H11,
—359 for 9H21, —331 for 9H6, and —297 for 9H23). The numbering has been adjusted relative to the previously published promoter sequence
(23) because of the addition of nucleotides at positions —282, —221, and —186 in that sequence.

simian virus 40 (SV40) enhancer region was obtained from
pSV2CAT (15, 16) by using Pvull and Ncol (converted to
BamHI with linker DNA). A 180-base-pair (bp) Sall-Sphl
fragment containing six GC boxes was obtained from the
plasmid pdl41 (39).

To generate Bal 31 deletion mutants, a EGF receptor
promoter-CAT construction containing a promoter fragment
from —388 to —16 (pERCATY; 24) was digested with Ndel
(in the vector near the promoter insertion HindlIIl site),
digested for various times with Bal 31, filled in with the
Klenow fragment of DNA polymerase I, and ligated to Xhol
linkers. DNA fragments containing the mutated promoter
region, the CAT gene, and the RN A processing signals were
isolated after digestion with Apal. These DNAs were then
ligated to the missing Xhol-Apal vector fragment obtained
from pERCAT?2 (23), and the resulting complete plasmids
were cloned into HB101 bacteria. One copy of the SV40
72-bp repeat enhancer sequence was then added into the
BamHI site at the end of the RNA polyadenylation signal.

To generate the S1 nuclease-mutated plasmids pS1d6 and
pS1d7, a dimeric plasmid preparation of pGER9, consisting
of the EGF receptor promoter fragment from —388 to —16,
the CAT gene, and the RNA processing signals inserted into
the HindIIl and BamHI sites of the plasmid pGEM3 (Pro-
mega), was digested with S1 nuclease (see below for a
description of conditions). The linear monomeric form of the
plasmid was then isolated from an agarose gel. The ends of
these molecules were made blunt with Klenow fragment,
religated, and cloned into N38 bacteria. One copy of the
SV40 enhancer sequence was later inserted into the BamHI
site.

Deletion mutants were characterized by dideoxy DNA
sequencing (43) by primer extension of RNA transcribed
from the Sp6é promoter in the Gemini vector containing the
mutated EGF receptor promoter DNA.

S1 nuclease sensitivity assay. S1 digestion of supercoiled
plasmid DNA was performed as described elsewhere (29,
55). Briefly, DNA at a concentration of 0.1 pg/ml was

digested in 30 mM sodium acetate (pH 4.5)-300 mM NaCl-
0.2 mM EDTA-3 mM ZnCl, with 5 U of S1 nuclease per pg
of DNA at 42°C for 25 min. At this time, more than half of
the DNA was in a linear form. Digested DNA was extracted
with phenol-chloroform-isoamyl alcohol (25:24:1) and etha-
nol precipitated. The S1 nuclease-sensitive site was then
mapped by digesting S1 nuclease-cleaved DNA with a
variety of restriction enzymes according to manufacturer
specifications and electrophoresing on agarose or polyacryl-
amide gels.

DNA transfection and CAT assay. Supercoiled plasmid
DNAs purified by double banding in CsCl gradients were
transfected into either KB or CV-1 cells by calcium phos-
phate coprecipitation (15, 16, 22). Basically, 10 pg of DNA
precipitated with calcium phosphate was added to cultured
cells plated the day before at 4 x 10° or 8 x 10° cells per
100-mm-diameter dish for KB or CV-1 cells, respectively,
and fed 3 h earlier with fresh complete media. After 3.5 to 4
h, the cells were glycerol shocked (30 s for KB cells and 3
min for CV-1 cells) and fed with complete media. After 48 h,
extracts were prepared from the transfected cells, and CAT
assays were performed by using acetyl-CoA and [**C]chlor-
amphenicol (15, 16). All assays were carried out with equal
amounts of extract protein. Techniques were checked with a
Rous sarcoma virus—B-galactosidase plasmid as an internal
control.

RNA isolation and primer extension. Total RNA was
isolated from monkey CV-1 cells (five 100-mm-diameter
plates for each construction) at 48 h after plasmid DNA
transfection by solubilization in guanidine isothiocyanate
and centrifugation through a CsCl cushion (3). RNA concen-
trations were determined by UV absorbance and confirmed
by formaldehyde-agarose gel electrophoresis. The latter
technique was also used to check the quality of the RNA. A
15-pg sample of this RNA was hybridized to 0.1 pmol of a
5’-end-labeled CAT-specific DNA 24-mer in 40% forma-
mide—0.4 M NaCl-1 mM EGTA [ethylene glycol-bis(B-ami-
noethyl ether)-N,N,N',N’,-tetraacetic acid}-40 mM PIPES
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[piperazine N,N’-bis(ethanesulfonic acid); pH 6.4] at 42°C
for 3 h. This primer, which hybridizes to the region between
residues 4920 and 4943 of pSV2CAT (15, 16), was then
extended by reverse transcriptase and analyzed by 8§ M
urea—polyacrylamide gel electrophoresis as described previ-
ously (36). Extended primers marking the RNA start sites
were visualized by autoradiography.

DNA-protein binding assays. The gel retardation assay was
performed by using a modification of the method of Singh et
al. (45) as described elsewhere (24). Briefly, 0.5 to 1.0 ng of
a DNA fragment 5’ end labeled with P-32 was incubated with
10 to 30 pg of A431 nuclear protein extract at room temper-
ature for 20 min in 20 pl of 50 mM Tris hydrochloride (pH
7.5)-250 pg of bovine serum albumin per ml-5% glycerol-5
mM EDTA-2.8 pg of poly(dI-dC) - poly(dI-dC). DEAE-
sepharose chromatography was used to create fractions BA
and BC, as described elsewhere (26). The DNA-protein
mixture was analyzed on a native 4% polyacrylamide gel
(45). For some competition experiments, excess cold DNA
fragments were preincubated with the nuclear protein ex-
tract at room temperature for S min before addition of the
labeled fragment. Polyacrylamide gels were dried before
autoradiography.

DNase I footprinting was performed as described else-
where (8, 9). A 469-bp EGF receptor promoter MstII-
HindIlI fragment P-32 5’ end labeled at the MstII site was
incubated with A431 nuclear extract previously fractionated
by heparin-agarose chromatography, as described elsewhere
(24). Routinely, protein fractions eluted from the heparin-
agarose at NaCl concentrations of 0.3 and 0.6 M were
incubated with end-labeled DNA, the mixture was digested
with DNase I, and the resulting DNA was analyzed by 8 M
urea—-polyacrylamide gel electrophoresis and autoradiogra-
phy. Affinity-purified Sp1 (2, 25) was generously provided by
James Kadonaga and Robert Tjian (University of California,
Berkeley, Calif.).

RESULTS

S1 nuclease-sensitive site in EGF receptor gene promoter.
Upon examination of the EGF receptor gene promoter, two
pairs of direct repeats were discovered (Fig. 1). One pair
(designated B in Fig. 1), located between nucleotides —298
and —326 (relative to the translational start site), consisted of
a perfect 10-bp repeat sequence (39 to 67 bp upstream of the
major in vivo transcription initiation site). A second pair
(designated A in Fig. 1), found between nucleotides —339
and —373, shared 14 of 15 bp (80 to 114 bp upstream of the
major in vivo transcription start site). Both repeats had only
pyrimidine residues on one strand and purine residues on the
complement strand, and both conformed to the motif
TCCTCCTCC. DNA containing stretches of (dC-dT) - (dA-
dG), singly or repeatedly, have been shown to be associated
with sensitivity to the endonuclease S1 both in vitro and in
vivo (see Discussion).

To determine whether S1 nuclease sensitivity could be
detected in this region, supercoiled plasmid DNA containing
the EGF receptor gene promoter (—388 to —16) was used.
When the promoter-containing plasmid pGER9 was sequen-
tially cut with S1 nuclease and EcoRI, two new DNA
fragments were generated that were not seen when EcoRI
was used alone (Fig. 2, lane 3). Two new bands were also
obtained when S1 nuclease digestion was followed by Pvull
cutting (Fig. 2, lane 4). This S1 nuclease-sensitive site was
localized to the region between —340 and —370, coincident
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with the position of repeat A (Fig. 1). The same region was
sensitive to the single-strand nuclease P1 as well (data not
shown). It seems that sensitivity to S1 nuclease requires the
supercoiled plasmid structure because EcoRlI-restricted lin-
ear DNA was not digested by S1 nuclease (Fig. 3A, lane 4).

DNA region containing S1 nuclease-sensitive direct repeat is
necessary for optimal EGF receptor gene expression. To test
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FIG. 2. Fine mapping of S1 nuclease-sensitive site in EGF re-
ceptor gene promoter. (A) Ethidium bromide-stained polyacryl-
amide gel. Lane 1, Haelll-digested éx marker DNA; lane 2,
HindIII-digested A marker DNA; lane 3, plasmid pGER9 digested
sequentially with S1 nuclease and then with EcoRI, a procedure
yielding two fragments of 2.9 kbp and 595 bp; lane 4, pGER9
digested with S1 nuclease and then with Pvull, a procedure yielding
two additional fragments of 480 and 90 bp. (B) Schematic represen-
tation of promoter region. The thick line is the vector DNA, and the
thin line is promoter DNA. The box is the 250-bp HindIII-EcoRI
CAT fragment. The bent arrow marks the major transcription start
site (#1). The heavy vertical arrow indicates the S1 nuclease-
sensitive site derived from this data. P2, Pvull; H3, HindIII; R1,
EcoRI; A2, Avall (lost during cloning).
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FIG. 3. Characterization of Bal 31 deletion mutations. (A) Ethidium bromide-stained agarose gel. Lanes 1 to 4, Supercoiled plasmid
pGERS6 was either untreated (lane 1), digested with EcoRI (RI) (lane 2), digested first with S1 nuclease and then with EcoRI (lane 3), or
digested first with EcoRI and then with S1 nuclease (lane 4). Lane S, HindIII-digested A marker DNA. The left arrow shows one of the bands
generated by S1 nuclease. The smaller second band was electrophoresed off the gel. Lanes 6 to 9, Digestion of Bal 31-generated promoter
mutation plasmid 9H11 (lane 6), 9H21 (lane 7), 9H6 (lane 8), or 9H23 (lane 9) first with S1 nuclease and then with EcoRI. (B) Structures of
Bal 31 mutations. The CAT HindIII-EcoRI (H3-RI) 250-bp fragment is boxed, and the major (#1) transcription start site is marked by the bent
arrow. Each circle represents one pair of the direct repeats A and B (Fig. 1), and the black box marks the location of the S1 nuclease-sensitive
region. Dashed lines indicate the extent of digestion by Bal 31. The vector for these plasmids was pGEM4. (C) Activity of Bal 31-mutated
EGF receptor gene promoter DNA in a transient-transfection assay. Plasmid DNA (10 pg) was transfected into human KB cells by calcium
phosphate coprecipitation. After 48 h, extracts were prepared and CAT activity was determined. These plasmids contain one copy of the
72-bp repeat SV40 enhancer region. CAT activity is presented relative to that of 9H11 (activity taken as 1.0). Chl, [**C]chloramphenicol;

Ac-Chl, acetylated [**C] chloramphenicol.

whether the direct-repeat region is involved in EGF receptor
gene expression, the promoter region, previously placed
upstream of the bacterial CAT reporter gene, was digested
with the exonuclease Bal 31. The resulting mutations elimi-
nated different amounts of the two pairs of direct repeats
(Fig. 1, arrowheads and Fig. 3B). As the sequences contain-
ing the repeats were eliminated, the S1-sensitive site disap-
peared (Fig. 3A, lanes 6 to 9). Each of the four mutated
plasmids was separately transfected into human KB cells,
and after 48 h, extracts were prepared for determination of
CAT activity. As more of the repeat sequences were deleted,
CAT activity continued to decrease (Fig. 3C). When both
pairs of repeats were deleted (9H23), activity dropped by
about fourfold. These results suggest that this DNA region is
involved in EGF receptor gene regulation.

To more directly test the role of the S1-sensitive site, S1
nuclease was used to mutate this region in pGER9. After
blunt-end religation, DNAs were cloned into HB101. Two
cloned plasmids, pS1d6 and pS1d7, were isolated and se-
quenced. They were found to have 31- and 33-bp deletions in
the upstream direct repeat A, respectively, a finding that
confirms the location of the S1-sensitive site. One of these,
pS1d6, was analyzed further. The parent plasmid pGER9
and the mutant pS1d6 are identical, except for the 31-bp

Sl-sensitive sequences; both contain the CAT gene and
RNA processing signals of pSVOCAT and the vector
pGEM3. In addition, another pair of plasmids was con-
structed that contained one copy each of the SV40 72-bp
repeat enhancer element. A comparison of the CAT activity
generated by transfection of these two promoters into cul-
tured cells should reveal any change in gene transcription
caused by the removal of repeat A.

The normal and S1-mutated plasmids with or without
enhancers were transfected into monkey CV-1 cells. After 48
h, extracts were prepared from the cells for determination of
CAT activity. The mutated promoter was 3.2-fold less active
than the normal promoter when both contained a single copy
of the SV40 enhancer and 2.1-fold less active without
enhancers. Because CV-1 cells are monkey cells and make
very low levels of EGF receptor, we used the normal and
mutated plasmids (pGER9 and pS1d6) to transfect human
KB epidermoid carcinoma cells, which contain about
100,000 receptors per cell (54). The KB cells are less active
than CV-1 cells as transfection recipients, and we had to use
enhancers in these plasmids to accurately compare CAT
activities. The promoter with the S1 mutation was 4.7-fold
less active than the normal promoter (Fig. 4), a result
corroborating those obtained with CV-1 cells.
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FIG. 4. Activity of S1 nuclease-mutated promoted DNA in transient-transfection assay. Plasmid DNA was transfected into KB cells as
described in the legend to Fig. 3. (A) CAT activity is presented relative to that of pPGER9 (activity taken as 1.0). pBA-CAT is a chicken B actin
promoter-CAT construction which was included only as a positive control. The plasmid pGER18 (26) had no detectable activity and served
as a negative control. (B) Schematic representation of the promoter S1 nuclease mutations. The open boxed regions depict the full CAT gene
and RNA processing signals, and the open circles indicate the two sets of direct repeats A and B. The bent arrow indicates the #1
transcription start site, and the black box indicates the S1 nuclease-sensitive region. The dashed line indicates deleted DNA. The vector for
pGERY and pS1d6 was pGEM3, and for this experiment, both plasmids contained a single copy of the SV40 enhancer region.
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These CAT assay results suggest that DNA sequences
sensitive to nuclease S1 are involved in EGF receptor gene
regulation. The CAT assays are indirect, albeit useful,
measurements. To more directly ascertain the effects of this
deletion, total RNAs were isolated from CV-1 cells transfec-
ted with either the normal pGER9 plasmid or the mutated
pS1d6 plasmid. These RNAs were hybridized to a labeled
CAT-specific 24-mer, and the primer was extended with
reverse transcriptase. The EGF receptor gene promoter-
driven CAT RNA was four- to fivefold higher in the normal
promoter than in the mutated promoter (Fig. 5). No major

FIG. 5. Primer extension analysis of RNA isolated from monkey
CV-1 cells transfected with normal (pGER9) and S1 nuclease-
mutated (pS1d6) plasmid DNA. These plasmids contained one copy
of the SV40 enhancer region. The 5’-end-labeled CAT-specific
24-mer used as primer for reverse transcriptase is shown at the
bottom. Shown are the results of primer extensions of 10 ug of
tRNA (lane 1), 15 pg of RNA isolated from CV-1 cells transfected
with pGER9 (lane 2), and 15 pg of RNA isolated from CV-1 cells
transfected with pS1d6 (lane 3). Numbers at the right indicate
putative transcription start sites (23). The major start site is #1.
Multiple start sites are presumably caused by the absence of a
TATA box (Fig. 1). The high background is due to an elevated GC
content in this region of the EGF receptor gene, which apparently
causes premature termination of the transcriptase. However, the
vast majority of the activity is specific for the EGF receptor gene
promoter-CAT plasmid. Primer extension of untreated CV-1 RNA
resulted in no substantial signal (data not shown).
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changes in the transcription start sites were detected (Fig. 5).
The RNA results were in complete agreement with the CAT
protein data.

Binding of nuclear proteins to direct-repeat region of EGF
receptor gene promoter. The Sl-sensitive region may be
involved in gene regulation by providing binding sites for
nuclear trans-acting factors. If so, DNA-binding assays
should show that proteins which can bind to the normal EGF
receptor gene promoter cannot bind to the S1 nuclease-
mutated promoter. To test this idea, a 70-bp HindIII-Sau3A
fragment containing direct repeat A was isolated from the
normal promoter, and a 39-bp HindIII-Sau3A fragment was
isolated from the mutated promoter (Fig. 6 and 7). Both
fragments were end labeled with P-32, separately incubated
with nuclear extracts from A431 cells, and electrophoresed
on a native polyacrylamide gel. Two prominent bands (Fig.
6A, lane 2, arrows 1 and 2) associated with the normal 70-bp
promoter appeared in the gel. Their migration would suggest
that they are DN A-protein complexes. Both bands represent
specific binding because their intensity was substantially
diminished when a 100-fold molar excess of unlabeled 90-bp
fragment from the normal promoter (the 70-bp HindIII-
Sau3A fragment cloned into pGEM3 and then cut with
HindIII and EcoRI) was included in the DNA binding
reaction (Fig. 6A, lane 3). An unlabeled 59-bp fragment from

Molar Excess:

2—>

— 100 175 250 100 175 250

s oq

EGF RECEPTOR GENE PROMOTER S1 NUCLEASE SENSITIVITY 4179

the pS1d6-mutated promoter (the 39-bp HindIII-Sau3A frag-
ment cloned into pGEM3) competed poorly for binding (Fig.
6A, lanes 6 to 8); however, the 59-bp S1d6 fragment did
compete at high concentrations for band 2. The latter was
probably caused by the recreation of half of direct repeat A
in the S1d6 mutation (TCCTCCCTCC; Fig. 1). Another
unlabeled normal promoter fragment (the 215-bp HindIII-
Bgll fragment) was also used as a specific competitor (Fig.
7). Interestingly, even a 10-fold molar excess of this larger
fragment, which contains both the upstream and down-
stream TCC repeat regions (repeats A and B, respectively)
and two strong Spl-binding sites (24), successfully competed
with the labeled probe for binding to the unidentified pro-
tein(s) (Fig. 7a, lanes 1 to 5).

In contrast to the DNA fragment containing repeat A from
the normal promoter, the S1 nuclease-mutated 39-bp DNA
fragment was incapable of binding nuclear protein, as judged
by the absence of slowly migrating bands in the gel retarda-
tion assay (Fig. 7b, lane 9).

Spl is one of two separate factors that bind to S1 nuclease-
sensitive promoter regions. A clue to the identity of one of the
nuclear DNA-binding proteins was revealed upon close
examination of the DNA sequence of the two pairs of
promoter direct repeats. Repeat B contained two 10-bp
sequences that completely match the Spl consensus se-
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FIG. 6. Detection of specific EGF receptor gene promoter DNA-binding protein by gel retardation assay. (A) A431 nuclear extract was
incubated with a 5’-end-labeled 70-bp HindIII-Sau3A (H3-S3A) fragment, and the resulting DNA-protein complexes were resolved by native
polyacrylamide gel electrophoresis and autoradiography. Two retarded bands are visualized (lane 2, bands 1 and 2). Competitor DNAs
included a 90-bp subcloned normal promoter fragment (from pGER9Y; lanes 3 to 5), a 59-bp subcloned S1-deleted promoter fragment (from
pS1d6; lanes 6 to 8), and a nonspecific downstream 62-bp Aval (A1) fragment (lanes 10 and 11). Lane 1, No extract was added; lane 9, 125
ng of additional poly(dI-dC) - poly(dI-dC) was included. (B) Schematic representation of the probe and competitors relative to the promoter.
Wavy lines are vector sequences. RI, EcoRlI (cloning site); #1, major transcription start site. The two open circles indicate the two sets of
direct repeats A and B. Asterisks indicate the positions where the probes were 5’ end labeled.
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FIG. 7. Comparison of nuclear protein binding to normal 70-bp (pGER9) (a) and deleted 39-bp (pS1d6) (b) 5’-end-labeled promoter DNA
by gel retardation assay. (a) The competitors included the specific 215-bp HindIII-Bgll (H3-B1) fragment (lanes 2 to 5) and the nonspecific
62-bp Aval (A1) fragment (lanes 6 and 7). Lane 1, No competitor added; lane 8, no extract added. (b) The labeled pS1d6 fragment was either
incubated alone (lane 10) or with A431 extract (lane 9). (¢) Schematic representation of probes and competitors. S3A, Sau3A; #1, major
transcription start site. Two open circles mark the positions of the two sets of direct repeats A and B. Asterisks indicate the positions where

the probes were 5’ end labeled.

quence-binding site (2, 25). We previously reported that
purified Spl can bind to these sites (24). Repeat A, which is
sensitive to S1 nuclease, contained two additional potential
Spl-binding sites matching the consensus sequence in 9 of 10
positions (Fig. 1).

To test whether repeat A can bind Spl, gel retardation
assays were again used. The end-labeled 70-bp HindIII-
Sau3A normal promoter fragment was incubated with the
A431 nuclear extract in the absence or presence of a vast
molar excess of an unlabeled SV40 180-bp Sall-Sphl com-
petitor fragment containing the six Spl-specific GC boxes
(from plasmid pdl41 [39]). A 30-fold molar excess of the
unlabeled dl41 fragment effectively competed for the forma-
tion of the complex designated band 1 (Fig. 8A, lane 3). Band
2 was not affected by the presence of the Spl-binding
fragment (Fig. 8A, lane 3).

Purified Spl was then incubated with the end-labeled
70-bp normal promoter fragment. Sp1 bound to the promoter
DNA and formed a radioactive complex comigrating with
band 1 (Fig. 8A, lane 4). Furthermore, a 30-fold molar excess

of unlabeled dl41 completely blocked the formation of this
complex (Fig. 8A, lane 5). Band 2 did not appear when
purified Spl was bound to this promoter fragment and is
most likely not the result of Spl binding. To prove this
hypothesis, two chromatographically distinct A431 fractions
were used in the gel retardation assay. A431 nuclear extract
had previously been subjected to heparin-agarose and
DEAE-sepharose column chromatography (26). BA, a 0.12
M-KCI fraction known to contain Spl (26), formed a DNA-
protein complex comigrating with band 1 but not with band
2 (Fig. 8B, lane 7). BC, a 0.5 M-KCI fraction lacking Spl,
formed a DNA-protein complex comigrating with band 2 but
not with band 1 (Fig. 8B, lane 8).

These gel retardation assay results indicate that one of the
two factors capable of binding to the S1 nuclease-sensitive
promoter region was Spl. The other factor, which was not
Spl, was associated with the TC-rich repeat A region and is
referred to as a TC factor or TCF.

The gel retardation assay is a very quick and sensitive
technique for detecting DNA binding; however, it reveals
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little information about the boundaries encompassed by the
factor while bound to the DNA. We, therefore, employed
the DNase 1 footprinting technique. First, purified Spl was
incubated with a 5'-end-labeled 469-bp Ms:1I-HindIII frag-
ment, and the resulting complexes were exposed to DNase 1.
Three footprints were recognizable (Fig. 9A, lane Spl, boxes
1 to 3), corresponding to those previously identified in the
EGF receptor gene promoter (24). Spl box 3 contained both
of the Spl-binding sites in repeat B (nucleotides —299 to
—327). A much weaker footprint was associated with repeat
A, probably because of the single-base-pair deviation from
the Spl consensus sequence (Fig. 9A, lane Spl).

The DNase I footprint assay was repeated by using A431
nuclear extracts. Footprints obtained with crude extracts
were weak, and so a 0.6 M-NaCl fraction from a heparin-
agarose column was employed; this 0.6 M fraction was
known to contain both Spl and TCF (Fig. 8, lane 6). The
three Spl footprints were again generated when A431 ex-
tracts were used (Fig. 9A, lane 0.6), and an additional
footprint was located approximately between —340 and
—370, corresponding to the TC-rich, S1 nuclease-sensitive
repeat A. Furthermore, this DNase I footprint persisted
when the 0.6 M A431 fraction was incubated in the presence
of excess unlabeled dl41 (Fig. 9B); dl41 prevented Spl from
binding to the labeled promoter DNA (Fig. 8). This result
indicates that the footprint found between —340 and —370 is
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not Spl. The DNase I footprint data support the gel retar-
dation assay results in lending credence to the hypothesis
that direct repeat A can bind multiple nuclear proteins.

DISCUSSION

The significance of the presence of DNase I and S1
nuclease-sensitive sites in eucaryotic DNA has been the
subject of much experimentation and discussion. Generally,
differences in sensitivity to nucleases have been associated
with alterations in chromatin structure and consequent gene
expression (10, 11, 52). Sensitivity to S1 nuclease has been
studied most extensively in isolated supercoiled plasmid
DNA and has been applied to native chromatin and isolated
nuclei as well (29, 51). In vivo, DNase I- and S1 nuclease-
sensitive sites will coexist at the same locus (29, 51).

Previously, we discovered the existence of a DNase I
hypersensitive site in the 5’'-flanking promoter region of the
EGF receptor gene (23). We report in this paper the identi-
fication of an S1 nuclease-sensitive site residing in the
vicinity of two pairs of novel direct repeats of the EGF
receptor gene promoter cloned into plasmid vectors. This
site resides approximately 100 bp upstream of the major in
vivo transcription start site. All four elements in the two
pairs of repeats consist of stretches of from 10 to 14
pyrimidine residues on one strand and conform to the same

A
Protein: ___A431 Sp1 0.6M BA BC
Competitor: — GER9 di41 — di41 e s
& % b : z

1

2508 4D

FIG. 8. One factor binding to direct repeat A of EGF receptor gene promoter is Spl. The 70-bp HindIII-Sau3A probe is defined in Fig.
6. The gel retardation assay is described in the legend to Fig. 6. (A) Incubation of promoter probe with whole A431 nuclear extract (lane 1),
with whole nuclear extract plus a 150-fold molar excess of the specific 215-bp HindIII-Bgll promoter fragment (Fig. 7) (lane 2), with whole
nuclear extract plus a 30-fold molar excess of a six-GC box-containing 180-bp Sall-Sphl SV40 dl41 fragment (39) (lane 3), with 8 ng of purified
Sp1 plus 100 ng of poly(dI-dC) - poly(dI-dC) (lane 4), and with 8 ng of Sp1 and a 30-fold molar excess (36 ng) of the 180-bp di41 fragment (lane
5). (B) The gel retardation assay was performed as described by Singh et al. (45). Shown are results of the incubation of the 70-bp promoter
probe with the 0.6 M NaCl heparin-agarose A431 fraction (lane 6), the DEAE-sepharose A431 fraction BA (lane 7), and the DEAE-sepharose
A431 fraction BC (lane 8). Arrows 1 and 2 indicate the two major gel retardation bands.
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FIG. 9. DNase I footprint analysis of EGF receptor gene promoter (A) A431 nuclear extract was chromatographed over heparin-agarose,
and NaCl elution fractions of 0.3 and 0.6 M (lanes 0.3 and 0.6) were collected. Protein, either A431 fractions (lanes 0.3 and 0.6) or purified
Sp1 (lane Spl), was incubated with a 469-bp Mst11-HindIII promoter fragment that was 5’ end labeled at the MstII site (at position —485) and
digested with DNase I. DNA fragments were resolved by denaturing polyacrylamide gel electrophoresis. Relative map positions of marker
DNA fragments are shown at the left. Lane M, Mspl-digested pBR322 marker DNA (sizes from 67 to 404 bp); lanes —, no protein added.
Boxes 1 to 3 represent known Spl-binding sites (24). Box 1 is the weakest Spl-binding site (24) and is not readily visible in this figure. The
hatched box indicates the location of an additional 0.6 M NaCl-specific DNA footprint corresponding to direct repeat A. Strong DNase
I-hypersensitive sites can be seen at positions —330 and —280 (lanes 0.6 and Spl). Autoradiograms on the left (first four lanes) and right (last
two lanes) were from two separate experiments. (B) Visualization of TCF DNase I footprint by prevention of Spl binding by direct
competition. Extracts and probe were prepared as described for panel A. Two different preparations of the A431 0.6 M-NaCl heparin-agarose
fraction were used. Lane M, Mspl-digested pBR322 marker DNA; lanes —, no protein added; lane 0.6, 0.6 M-NaCl fraction added; lanes 0.6

+ dl41, 0.6 M-NaCl fraction and a 30-fold molar excess of the Spl-binding 180-bp dl41 fragment (39) added.

general motif: TCCTCCTCC. This pyrimidine stretch is
reminiscent of S1 nuclease-sensitive sites found in eucary-
otic and viral DNAs, including promoter regions (18, 20, 34,
35, 55), and in the synthetic sequence (dC-dT), - (dA-dG),
cloned into plasmid DNA (42).

We believe that the presence of direct repeats in the
vicinity of the S1 nuclease-sensitive site is not a coincidence.
It had been postulated that non-B DNA structures can exist
when a DNA sequence contains either inverted repeats,
capable of forming cruciform structures (32, 41), or direct
repeats, capable of forming slipped structures (18, 34, 35,
55). We propose that the direct repeats in the EGF receptor
gene promoter are sensitive to nuclease S1 because of the
sliding of DNA strands past each other, after which a slipped
structure is stabilized by base pairing between the comple-
mentary copies of the direct repeat. The only proof for the
existence of such a structure in the EGF receptor gene is the
generation of S1 nuclease promoter mutations missing one of
the putative loops (Fig. 1). More rigorous proof for the
formation of slipped structures has been presented for the

adenovirus late promoter (55). Another possibility is that this
homopyrimidine-homopurine stretch of DNA forms a triple-
helical or triplex structure (28, 49).

S1 nuclease-sensitive sites associated with changes in
promoter DNA secondary and tertiary structures have been
implicated in differential gene expression (12, 29, 34, 40, 44,
55). We report that the direct-repeat elements in the EGF
receptor gene promoter appear to be necessary for optimal
transcription activity. Removal of the direct repeats by Bal
31 or S1 nuclease reduced CAT activity in a transient-
transfection assay from two- to fivefold (Fig. 3 and 4).
Depression in CAT activity resulting from deletion of an
S1-sensitive site has also been observed in the a2(I) collagen
gene promoter (C. McKeon, personal communication).

The exact mechanism by which nuclease-sensitive sites
are involved in regulating gene expression is unclear. One
hypothesis is that their single-stranded nature allows RNA
polymerase entry and the resulting formation of an open
transcription complex (50).

Another exciting possibility is that local changes in DNA
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structure, as detected by DNase I and S1 nuclease digestion,
alter the interactions between promoter DNA and specific
DNA-binding protein. It was, therefore, of great interest to
determine whether the S1 nuclease-sensitive site in the EGF
receptor gene promoter is associated with a DNA-binding
protein. Both gel retardation and DNase I footprinting
assays were performed by using labeled EGF receptor gene
promoter fragments and nuclear extracts from A431 cells.
These experiments clearly showed that two proteins were
able to bind to repeat A, which was responsible for confer-
ring S1 nuclease sensitivity to the promoter (Fig. 6 to 9). One
protein is the positive transcription factor Spl (2, 8, 9, 25).
The other protein is what we refer to as TCF. Upon
obliteration of the structure of repeat A, neither Spl nor
TCF bound to the region (Fig. 7). This result establishes a
correlation between the binding of these proteins and opti-
mal transcription activity as determined by transient-trans-
fection assays. We believe that this paper is the first pub-
lished report correlating S1 nuclease sensitivity, rrans-
acting-factor binding, and altered gene expression.

The EGF receptor gene promoter S1 nuclease-sensitive
site consisted of the two pairs of direct repeats A and B (Fig.
1); all four conformed closely to the motif TCCTCCTCC,
and all four contained potential Spl-binding sites. The rela-
tionship between the two pairs of repeats may be significant.
An unlabeled DNA fragment containing both sets of direct
repeats competed for binding about ten times more effec-
tively in the gel retardation assay than did a competitor DNA
fragment possessing only the upstream set of direct repeats
(repeat A) (Fig. 6 and 7). The results of these competition
experiments raised the possibility that the same or similar
factors bind to both sets of repeats. This hypothesis is likely
the case for Spl, which bound strongly to the downstream
set of repeats (repeat B) (Fig. 9). Furthermore, it is conceiv-
able that Spl and TCF interact, perhaps in a dynamic or
cooperative fashion. This possibility is most intriguing be-
cause the four repeat elements are separated from each other
by 19, 21, and 23 bp, or by about two full turns of the DNA
helix. The exact relationship between the binding of these
factors and the structure of the DNA in this region is
presently unknown.

Sequences resembling the human EGF receptor gene
promoter TCCTCCTCC region are found in several other
human receptor gene promoters, including the insulin and
low-density lipoprotein (LDL) receptor genes (1, 46). Al-
though S1 nuclease sensitivity has not been examined in
these promoters, the TC-rich region in the LDL receptor
gene is part of a sterol regulatory element and binds a
nuclear protein (46). It remains to be established whether
other S1 nuclease-sensitive promoter regions containing
DNA sequences similar to that of the EGF receptor gene
promoter TCCTCCTCC motif are associated with the bind-
ing of Spl, TCF, or related trans-acting factors.
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