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A novel transcription factor binding element in the human p53 gene promoter has been characterized. It lies
about 100 bp upstream of the major reported start site for human p53 gene transcription. On the basis of
DNase I footprinting studies, electromobility shift assay patterns, sequence specificity of binding, the binding
pattern of purified transcription factors, effects of specific antibodies, and methylation interference analysis we
have identified the site as a composite element which can bind both YY1 and NF1 in an independent and
mutually exclusive manner. The site is conserved in the human, rat, and mouse p53 promoters. The occupancy
of the site varies in a tissue-specific manner. It binds principally YY1 in nuclear extracts of rat testis and spleen
and NF1 in extracts of liver and prostate. This may facilitate tissue-specific control of p53 gene expression.
When HeLa cells were transiently transfected with human p53 promoter-chloramphenicol acetyltransferase
reporter constructs, a mutation in this composite element which disabled YY1 and NF1 binding caused a mean
64% reduction in basal p53 promoter activity. From mutations which selectively impaired YY1 or NF1 binding
and the overexpression of YY1 or NF1 in HeLa cells we concluded that both YY1 and NF1 function as activators
when bound to this site. In transient cotransfections E1A could induce the activity of the p53 promoter to a high
level; 12S E1A was threefold as efficient as 13S E1A in this activity, and YY1 bound to the composite element
was shown to mediate 55% of this induction. Overexpressed YY1 was shown to be able to synergistically activate
the p53 promoter with E1A when not specifically bound to DNA. Deletion of an N-terminal domain of E1A,
known to be required for direct E1A-YY1 interaction and E1A effects mediated through transcriptional
activator p300, blocked the E1A induction of p53 promoter activity.

p53 is a phosphoprotein which has been shown to mediate a
number of key cellular effects. It induces growth arrest via the
WAF1/p21 and the retinoblastoma (Rb) pathway (29). p53 is
involved in DNA repair, in which it is thought to screen
genomic DNA for mutations at the G1/S checkpoint (31, 37).
p53 can also induce cell death by apoptosis in certain cell types
(21, 67). Many of these functions are mediated by p53 acting as
a transcription factor (15). Genes whose promoters contain a
specific p53 DNA binding element are transcriptionally up-
regulated by p53; these includemdm2 (5),WAF1/p21 (12), and
the p53 gene itself (10). Gene promoters that do not contain a
p53 DNA binding element can be transcriptionally repressed
by p53 via effects at TATA box elements; such genes include
the c-fos (28) and the Rb genes (58). On the basis of its cellular
actions, p53 is classified as a tumor suppressor protein, and the
presence of high constitutive levels of stable afunctional and
functional mutated forms of p53 is common in a wide variety of
tumor cells (11, 27).
A number of posttranscriptional mechanisms for regulating

the life span of cellular p53 have been described (27). How-
ever, there is also clear evidence that regulation at a transcrip-
tional level may contribute significantly to controlling cellular
p53 levels and cell fate in both normal and tumor cells. In
primary human diffuse astrocytomas Pax 5 binding to a site
downstream of the transcriptional start site has been shown to
limit cellular p53 levels by suppressing the p53 promoter (60).
p53 promoter activity is also repressed through interaction of
the human T-cell leukemia virus type 1 Tax protein with fac-

tors such as c-Myc occupying a promoter-proximal basic helix-
loop-helix (b-HLH) binding element, a function which has
been implicated in Tax-induced tumorigenicity (63). Further-
more, the levels of expression of mutant forms of p53 and p53
mRNA levels in some B-lymphoid cell lines correlate with
cellular c-Myc protein levels; c-Myc–Max heterodimers bind to
the b-HLH site in the p53 promoter and activate it (55). In
nontransformed cells a novel transcription factor has been
characterized which mediates the rapid activation of the p53
promoter in response to UV irradiation by binding to the
so-called genotoxic stress site proximal to the transcription
start site; this stimulus would provide additional p53 protein to
coordinate the cell stress response (61). In Fanconi anemia cell
lines, in contrast, UV irradiation does not induce p53 accumu-
lation, and the failure of the cells to trigger p53-dependent
apoptosis in response to certain stresses may contribute to this
disease phenotype (53). Lastly, studies with transgenic mice
have demonstrated high testicular specific p53 promoter activ-
ity, while, in contrast, some p53-null mice exhibit testicular
giant-cell degenerative syndrome which may arise because of
deficiencies in p53-regulated DNA repair (54).
Thus, a series of tumor initiation or progression events have

been associated with reduced cellular p53 levels or overpro-
duction of mutant p53, and there is evidence to link changes in
p53 promoter activity to these events. It is important, there-
fore, that we begin to understand the nature of the p53 pro-
moter and identify the key mechanisms controlling its activity.
The human p53 gene promoter is unusual in that it does not
contain a TATA box (62) or a sequence that fits any known
initiator consensus. It has an untranslated exon 1 (62), which
contains some regulatory binding elements, e.g., the Pax 5
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binding element discussed above (60). Within the first 100 bp
upstream of the start site, a number of elements have been
shown to cause strong induction of the promoter: the UV-
responsive element (61), a stress-responsive element which
binds NF-kB (66), an autoregulatory p53-binding element
(10), and the b-HLH element which binds Myc/Max het-
erodimers (55) and USF (49). The p53 promoter sequence is
highly conserved between humans, rats, and mice (7). How-
ever, interestingly, the major transcription start site of the
mouse p53 promoter (7) has been mapped to ;100 bp up-
stream from the human start site (62).
We have studied a composite element within the proximal

promoter of the human p53 gene which can bind both YY1 and
NF1. NF1 (nuclear factor 1) proteins are a heterogeneous
family of proteins which play roles in the cell-specific expres-
sion and function-specific expression of genes; e.g., a liver-
specific enhancer in the serum albumin gene promoter de-
pends on both NF1/CTF and hepatocyte nuclear factor 3
(HNF3) for transcriptional activity during hepatocyte differen-
tiation (25). In the mammary gland NF1 plays a critical role in
activating milk protein gene promoters during lactation (64).
NF1 has a highly conserved N-terminal DNA binding and
dimerization domain which enables all such factors to bind to
the inverted repeat, 59-TGG(A/C)N5GCCAA-39 (22). NF1
binds to DNA as a dimer through an unusual DNA binding
domain which contains four cysteines which are essential for
binding (45). Some NF1’s can also bind to “half-sites,” where
a promoter contains only one copy of 59-TGGCA-39 (8). Their
C-terminal proline-rich transactivating domains are highly di-
vergent and are generated by alternate RNA splicing of one of
the four gene products (NF1-A, -B, -C, and -X). For example,
the NF1-X gene gives rise to two differentially spliced forms,
NF1-X1 and NF1-X2 (69). This diversity allows possible het-
erodimer formation and a high degree of selective control
through NF1 binding sites, indicating the complexity of the
NF1’s as a family of transcription factors. Further control of
these transcriptional regulators occurs by posttranslational
modification; e.g., cdc2 kinase can phosphorylate NF1 (26).
YY1 (Yin-Yang 1) is a zinc finger transcription factor of the

C2H2 type which contains structural similarity to the drosoph-
ila GLI-krüppel protein (47), so called because of its ability to
both activate and repress transcription. Promoters whose ac-
tivity is increased by YY1 include the c-myc 1 and 2 (50) and
dihydrofolate reductase (14) promoters and the immunoglob-
ulin heavy chain (H) m enhancer (13). Cellular genes which are
repressed by YY1 include the c-fos (19), serum amyloid (36),
and b-casein (39) promoters. A number of mechanisms of
YY1-mediated repression have been proposed: YY1 may in-
duce DNA bending and so block other transcription factors
binding to their sites on the promoter (44). By binding to
certain DNA binding elements, YY1 can compete for occupa-
tion of the site by a second factor. A number of such composite
binding elements have been described, e.g., YY1/MGF (39),
YY1/SRF (34), and YY1/NF-kB binding sites (36). Hyde-De-
Ruyscher et al. suggest that YY1 may contain a repressor
domain in its C terminus (24). The context in which YY1 binds
may also effect its function (44). A switch element upstream of
the YY1 element in the human papillomavirus type 18 up-
stream regulatory region binds a factor which determines
whether bound YY1 acts as an activator or a repressor (6). In
some promoters YY1 has been shown to activate transcription
at initiator elements (56). The activity of YY1 can be modu-
lated by the adenovirus oncoprotein E1A (17, 32, 57), which
has been shown to relieve YY1-induced transcriptional repres-
sion. This may be due to the formation of a triprotein complex
composed of YY1, E1A, and p300 (32) or through a direct

protein-protein interaction between YY1 and E1A (33, 35).
E1A has been shown to increase cellular p53 levels, an effect
which has been observed as an increase in the p53 protein level
and an increase in p53 mRNA level (9).
In this report, we demonstrate that there is a composite site

within the immediate human p53 promoter which binds both
YY1 and NF1. This site is conserved in the human, rat, and
mouse promoters. Both factors bind to the site in an indepen-
dent and mutually exclusive manner. There is tissue-specific
occupancy of this site; in testis (and spleen) nuclear extracts
YY1 binding predominates, while in the liver (and prostate)
extracts the site is occupied predominately by NF1. Transfec-
tion studies show that this site is important for p53 promoter
function and that both factors can contribute to basal tran-
scriptional activity. YY1 functions as an activator to increase
p53 promoter activity, which is unusual for a composite YY1
binding site. We show that E1A can amplify p53 promoter
activity in HeLa cells. Mutation of the composite element
reduces the amplification by 55%. We demonstrate that YY1
can contribute to the E1A effect. Lastly, an E1A amino-termi-
nal mutant which cannot bind to p300 or YY1 caused no
induction of p53 promoter activity.

MATERIALS AND METHODS

Plasmid constructs and PCR-based site-directed mutagenesis. The human
p53 promoter-chloramphenicol acetyltransferase (CAT) construct, p5DU356,
which contains the gene fragment 2458 to 2104 (62), a gift from S. Tuck
(Princeton, N.J.), was used as the wild-type (WT) promoter-reporter construct in
this study. It was also used as a template to create promoters containing the
mutations M1 to M4 (see Fig. 2A) by PCR-based site-directed mutagenesis using
the procedure of Kuipers et al. (30). Vent DNA polymerase (New England
Biolabs) was used in the PCRs. The mutated fragments were subcloned into pBS
KS2 and verified by sequencing. The fragments were subsequently released from
pBS KS2 by BamHI-XbaI restriction and were subcloned back into p5DU356 by
using the promoter internal BamHI and XbaI sites.
Expression vectors for the E1A 12 and 13S variants, pCMV 12S and 13S E1A,

were provided by J. Nevins (23). The pCMV 12S dl2-36 expression vector, which
encodes the N-terminal deletion mutant dl2-36 of E1A 12S (23), was a gift from
M. Mathews (Cold Spring Harbor Laboratory). The mammalian expression
vector for YY1 pSV-E1, and pSV-rE1, in which the YY1 cDNA is cloned in
reverse orientation, were obtained from M. Atchison (Philadelphia, Pa.) (46).
The mammalian expression vector for NF1, pRSV CTF1 (3), was a gift from N.
Mermod (Lausanne, Switzerland).
Bacterial expression of YY1, preparation of tissue extracts, and gel retarda-

tion analysis. A bacterial expression vector encoding his-YY1 was kindly sup-
plied by T. Shenk (Princeton University). Bacterial expression and purification of
his-YY1 was carried out as described by Shi et al. (57). Baculovirus-expressed
and -purified NF1 was prepared as described previously (48). Nuclear extracts
from rat liver, ventral prostate, testis, mouse mammary gland, and HeLa cells
were prepared essentially as described by Andrews and Faller (2) in the presence
of a cocktail of protease inhibitors (51). Electromobility shift analysis (EMSA)
was performed as described by Frain et al. (16). The double-stranded oligonu-
cleotides (Fig. 2A) were [32P]phosphate end labeled. Specific complex formation
on the oligonucleotide was blocked by preincubating the nuclear extracts (10 mg
of protein) for 30 min on ice with a monoclonal anti-YY1 antibody (32) (a gift
from Y. Shi [Boston, Mass.]) or a polyclonal anti-NF1 antibody (42) (a gift from
J. Dekkar, Utrecht, The Netherlands). Either Dulbecco modified Eagle medi-
um–10% fetal calf serum or normal rabbit serum was used in place of the
antibodies as a negative control.
DNase I footprinting and methylation interference analysis. The human p53

promoter and the mutated promoter fragments were 32P end labeled on the
coding strand by using the internal BamHI site (at 2458) (62) and on the
noncoding strand by using the internal XbaI site (at 2104) and released at the
unlabeled end to yield a 354-bp restriction fragment. Nuclear extract (50 mg) was
preincubated with 300 ng of poly(dI-dC) in a buffer containing 20 mM HEPES
(N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid)-KOH (pH 7.9), 2.5 mM
MgCl2, 1 mM CaCl2, 60 mM KCl, 0.25 mM Na2-EDTA, and 20% (vol/vol)
glycerol on ice for 10 min. Purified labeled fragment (1.5 3 104 cpm) was then
added, and the reaction mixture was incubated on ice for 15 min. DNase I
digestion was carried out at room temperature for 1 min with a predetermined
DNase I dilution from the stock. The stock DNase I (Worthington) was stored
at 1 mg/ml and contained approximately 2.62 U/ml. The reactions were termi-
nated by adding twice the reaction volume of 50 mM EDTA, 0.1% sodium
dodecyl sulfate, and 200 mg of proteinase K per ml, and the mixtures were then
incubated at 448C for 30 min. The products were precipitated with ethanol and
separated on 8% polyacrylamide gels containing 8 M urea. Maxam and Gilbert
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G and G1A reactions for the appropriate fragment were run in adjoining lanes.
The procedures used were essentially those described in reference 4.
For methylation interference analysis, a double-stranded 21-bp oligonucleo-

tide containing the sequence of the wild-type composite element (Fig. 2A) was
subcloned into the SmaI site of pBS KS1 in both the sense and the antisense
directions. Following restriction with NotI, each construct was labeled with the
Klenow fragment of DNA polymerase I and [a-32P]dCTP. The labeled fragment
was then released from the plasmid by digesting with XhoI, gel purified, precip-
itated, and resuspended in 100 ml of 10 mM Tris (pH 8.0)–1 mM EDTA. This
fragment (2 3 106 cpm) was then partially methylated by incubating in 200 ml of
50 mM Na cacodylate (pH 8.0)–10 mM MgCl2–0.1 mM EDTA–1 ml of dimethyl
sulfate (DMS) at room temperature for 3 min. This reaction was stopped and the
DNA was precipitated as described in reference 4. The pellet was resuspended
in water and used as probe for EMSA. Both the retarded complex and the free
probe were excised from the gel, eluted, cleaved with piperidine, and analyzed on
a 10% polyacrylamide gel containing 8 M urea. Procedures used were again
essentially the same as those described in reference 4.
Transfections and CAT assays. HeLa cells were maintained in Dulbecco

modified Eagle medium–10% fetal calf serum. Transient transfections were
carried out with calcium phosphate as described by Wigler et al. (65). The cells
were harvested 48 h after transfection and standardized by cotransfecting pRSV
bgal. CAT activity was assayed as described in reference 59, and b-galactosidase
activity was assayed as described in reference 52. CAT activity was quantitated by
cutting out the appropriate sections of the thin-layer chromatography plates and
counting their 14C contents in a Beckman scintillation counter. For all the data
presented, at least three independent transfections and CAT assays have been
performed.

RESULTS

DNase I footprinting analysis of promoter sequences in the
human p53 gene. A 354-bp fragment covering the transcrip-
tional start site of the human p53 promoter (as mapped by
Tuck and Crawford [62]) with 344 bp of upstream sequence
was strand specifically labeled and subjected to DNase I foot-
printing analysis in the presence of nuclear extracts prepared
from rat ventral prostate, spleen, liver, and testis cells. Auto-
radiographs of the DNase I fragment ladders (Fig. 1A) show a
predominant single footprint which on closer examination con-
tains subtle tissue-specific differences. For extracts from pros-
tate and liver (lanes 4 and 6), the footprint maps to 2197 to
2224 on the noncoding strand and 2225 to 2194 on the
coding strand (start site for transcription, 2114 [62]). Note,
however, that the footprint for spleen and testis extracts maps
to2204 to2227 on the noncoding strand and to2225 to2205
on the coding strand, suggesting that there is tissue-to-tissue
variation in the occupancy of this site by transcription factors.
The sequences contained within the footprint boundaries are
shown in Fig. 1B. Consideration of the DNA sequence of the
footprinted region revealed it to contain two overlapping tran-
scription factor binding elements, 59-GTCATGGCGA-39 (24)
and 59TGGNNNNNNCCA-39 (22), which bind YY1 and NF1,
respectively. This composite binding element is conserved in
the human, rat, and mouse promoters (Fig. 1B), suggesting a
significant role for both YY1 and NF1 in the regulation of p53
promoter function. It was of interest, therefore, to test the
hypothesis that YY1 and NF1 might alternatively occupy this
site, in a tissue- and/or function-specific manner, that alternate
occupation determines the different footprints detected, and
that alternate occupation of the site might influence basal
and/or enhanced p53 promoter activity. The position of this
composite element in relation to the transcriptional start site
and to other previously reported binding elements is shown as
a schematic diagram in Fig. 1B. We could also detect footprints
over the previously described USF and NF-kB sites with ex-
tracts of prostate and testis cells on both strands (Fig. 1A). A
footprint which maps over a predicted C/EBP site could also be
detected with the spleen extract (Fig. 1A).
YY1 and NF1 bind to the composite element in vitro. To

facilitate EMSA on the composite element, a series of double-
stranded synthetic oligonucleotide probes were prepared.

These potentially allow binding of both factors (WT), neither
factor (M1), YY1 only (M2), predominantly NF1 (M3), and
only NF1 (M4) (Fig. 2A). The binding of NF1 to the element
was confirmed with a purified recombinant 36-kDa NF1 pro-
duced in a baculovirus expression system and previously char-
acterized by Rein et al. (48): Fig. 2B, left-hand panel, shows
the formation of a single retarded complex on the WT probe
(lane 1) and that specific mutation of the NF1 binding element
sequence inhibits complex formation (mutants M1 and M2)
(lanes 2 and 3). The binding of recombinant NF1 to mutants
M3 and M4 (lanes 4 and 5) shows that reducing the affinity for
YY1 (M3) or specifically disabling YY1 binding (M4) did not
affect NF1 binding. In M3, the binding affinity for NF1 is
increased and the affinity for YY1 binding is reduced (see
below). Preincubation with an anti-NF1 antibody (42) reduced
the level of shifted complex formed and generated a super-
shifted complex (compare lanes 6 and 7). However, when a
control antibody (anti-YY1) was preincubated with recombi-
nant NF1, the retarded complex was still formed (lane 8).
Neither the retarded complex nor the supershifted complex
was found when the anti-NF1 antibody was incubated with the
WT probe in the absence of recombinant NF1 (lane 9).
Likewise, the specific ability of the element to bind partially

purified recombinant his-YY1 (57) was demonstrated (Fig. 2B,
right-hand panel). Lane 1 shows the formation of four bands
on the WT probe, the upper band being the retarded complex
containing the 68-kDa YY1, while two of the lower bands most
likely contain proteolytic degradation products, as they are
recognized by an anti-YY1 antibody (compare lanes 7 and 8).
YY1 has been previously reported to be very susceptible to
proteolytic degradation (36). With the M1 mutant no binding
of YY1 is observed, as would be predicted for the mutations
introduced into the core binding sequences (lane 2). A muta-
tion which affects the NF1 core-binding nucleotides only, M2,
did not affect YY1 binding (lane 3), but a mutation in the YY1
binding core (M4) completely impaired YY1 binding (lane 5),
while mutation M3 reduced it significantly (lane 4). No YY1
complexes were observed on the WT probe with extract from
the his-YY1 expression vector-transformed bacteria that had
not been induced with IPTG (isopropyl-b-D-thiogalactopyr-
anoside) (lane 6). In addition, preincubation with an anti-YY1
specific antibody (32) completely impaired formation of the
shifted complex (compare lanes 7 and 8), while preincubation
with a control antibody (anti-NF1) had no effect on the re-
tarded complexes (compare lanes 7 and 9). No complexes were
formed when the WT probe was incubated with the anti-YY1
antibody in the absence of his-YY1 (lane 10).
To examine the tissue differences in binding activity, nuclear

extracts were prepared from rat ventral prostate, spleen, liver,
and testis and HeLa cells and examined by EMSA. The results
with the testis and liver extracts are shown in Fig. 2C and D.
EMSA analysis of testis extract revealed a predominance of
YY1 binding and little NF1 (similar results were found for the
spleen [data not shown]). The binding of YY1 was apparent on
probes WT, M2, and M3, as predicted (Fig. 2C, left-hand
panel, lanes 2, 4, and 5). Where the YY1 core element had
been mutated (M1 and M4), YY1 binding was lost, but NF1
binding, although weak, now became enhanced (multiple NF1
complexes were formed [lanes 5 and 6]). In the absence of
added tissue extract no complexes were detected (lane 1).
Preincubation with the anti-YY1 antibody selectively inhibited
YY1 complex formation (compare lanes 7 and 9). Preincuba-
tion with an anti-NF1 antibody had no effect on the retarded
YY1 complex (compare lanes 7 and 8). In addition, the YY1-
DNA complex migrated to the same distance as the major
retarded complex seen with recombinant his-YY1 (data not
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shown). Therefore, with the testis extract the binding on this
element is dominated by YY1, with very little NF1 binding
being seen. This was confirmed by carrying out a series of
competition experiments (Fig. 2C, right-hand panel). Preincu-
bation with a 503 excess of a previously characterized YY1-
binding element oligonucleotide from the c-myc promoter
(YY1Myc [50]) greatly reduced binding of the YY1 retarded
complex to the WT probe while increasing the intensity of a
group of larger retarded complexes (compare lanes 2 and 3).
The larger complexes were selectively eliminated by using a
previously characterized NF1-binding element oligonucleotide
(from the adenovirus replication origin [NF1AV] [43]) (lane 4).
On the M2 probe, which can bind only to YY1, the YY1
retarded complex was eliminated with the YY1Myc oligonucle-
otide while the NF1AV had no effect (lanes 5 to 7). Note that,
when YY1 binding is inhibited by competition with YY1Myc,
the larger NF1 complexes appear only on the WT probe and
not on M2 (compare lanes 3 and 6). With M4 (which can bind
only NF1) as the probe, competition with YY1Myc had no
effect on the larger retarded complex, while competition with
NF1AV inhibited complex formation (lanes 8 to 10). Therefore,
with the testis extract, binding is dominated by YY1, with NF1
binding becoming prominent only when YY1 binding has been
inhibited either by mutation or by competition.
Conversely, with the liver extract, both NF1 and YY1 com-

plexes were detected on the WT probe (similar results were
obtained with HeLa cell extracts [data not shown]). NF1-con-
taining complexes were detected on the WT, M3, and M4
probes (Fig. 2D, left-hand panel, lanes 2, 5, and 6) but not with
probes M1 and M2 (lanes 3 and 4). YY1 complexes were found
on the WT and M2 probes (lanes 2 and 4) and not on the M1,
M3, and M4 probes (lanes 2, 5, and 6). Preincubation with the
anti-NF1 antibody further identified the predominant upper
band as an NF1 complex and did not affect YY1 binding
(compare lanes 7 and 8). Conversely, preincubation with the
anti-YY1 antibody eliminated YY1 binding but did not affect
NF1 binding (compare lanes 7 and 9). The identities of the
NF1 and YY1 complexes in liver extracts were further con-
firmed in competition experiments (Fig. 2D, right-hand panel).
On the WT probe, preincubation with the competing NF1AV
oligonucleotide inhibited formation of the NF1 complexes but
had no effect on YY1 complex formation (lane 3). Preincuba-
tion with excess YY1Myc oligonucleotide inhibited YY1 com-
plex formation but had no effect on NF1 complex formation
(lane 4). With the M2 probe, which can bind only YY1, the
retarded complex is eliminated with the YY1Myc oligonucleo-
tide while the NF1AV oligonucleotide had no effect (lanes 5 to
7). With M4 as probe, which can bind only NF1, competition
with the YY1Myc oligonucleotide had no effect on the putative
NF1 retarded complex, while competition with the NF1AV
oligonucleotide inhibited complex formation (lanes 8 to 10). It
is noteworthy that, while multiple NF1 complexes are formed
on the WT probe (Fig. 2C, right-hand panel, lane 3, and Fig.
2D, right-hand panel, lane 2), only the largest of these com-
plexes are formed on the M4 probe (Fig. 2C and D, right-hand
panels, lanes 8). This may be determined by the C-to-A mu-
tation at base 12 in the oligonucleotide, which could affect
specificity of NF1 species binding to the neighboring core TGG
element (Fig. 2A).

FIG. 1. (A) DNase I footprinting analysis of the human p53 promoter (2458
to 2104). Noncoding strand: lane 1, Maxam and Gilbert chemical sequencing G
reaction; lane 2, G1A reaction; lanes 3 and 8, DNase I-digested [32P]phosphate-
labeled DNA fragment, with bovine serum albumin (BSA) (40 mg); lane 4, rat
ventral prostate nuclear extract (40 mg of protein); lane 5, rat spleen extract (40
mg); lane 6, rat liver extract (40 mg); lane 7, rat testis extract (40 mg). Coding
strand: lane 1, G reaction; lanes 2 and 7, probe with BSA (40 mg); lane 3, rat
ventral prostate nuclear extract (40 mg of protein); lane 4, rat spleen extract (40
mg); lane 5, rat liver extract (40 mg); lane 6, rat testis extract (40 mg). The
boundaries of the two footprints over the composite element are marked by
arrows. Open circle, beginning of the USF and NF-kB footprints (2153 to
2186); diamond, beginning of the C/EBP footprint (2311 to 2348). Filled
arrows, footprint boundaries for the prostate and liver; open arrows, boundaries
of the spleen and testis footprint. (All images in this article were scanned into
Adobe Photoshop, version 4.0, with a Microtek Scanmaker IIHR. The images
were then imported into Microsoft Powerpoint, version 4.0, for labeling and
printing.) (B) Sequence of the footprinted region showing the boundaries of the
two types of footprint (upper panel). The boundaries of the putative YY1 and
NF1 footprints on the human promoter are indicated by open and filled arrow-
heads, respectively. The middle panel shows the alignment of this sequence
between the human (H), rat (R), and mouse promoters (M). The core sequences
of the YY1 and NF1 elements are underlined and boldfaced, respectively. The

diagram in the lower panel shows the position of this footprint in relation to the
major start site for transcription and other previously reported factor binding
sites. The human p53 promoter is numbered by the convention adopted by Tuck
and Crawford (62).
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FIG. 2. (A) Composite YY1/NF1 binding element in the human p53 promoter with the wild-type (WT) and the mutation series (M1 to M4) sequences and their
predicted specificities. The sequences of the EMSA competitor oligonucleotides, YY1Myc (50) and NF1AV (43), are shown. A consensus YY1 sequence (24) is compared
with the p53 sequence. A consensus NF1 sequence is also shown (22). (B) EMSA analysis of recombinant NF1 and recombinant YY1 binding to the composite element.
Left-hand panel: lanes 1 to 5, recombinant NF1 (;4 ng of protein) and probes WT, M1, M2, M3, and M4, respectively; lane 6, WT probe, recombinant NF1, and normal
rabbit serum (NRS) (1 ml); lane 7, WT probe, recombinant NF1, and anti-NF1 antibody (a-NF1) (1 ml); lane 8, WT probe, recombinant NF1, and anti-YY1 antibody
(3 ml); lane 9, WT probe and anti-NF1 antibody (1 ml). Right-hand panel: lanes 1 to 5, his-YY1 extract (6 ml) and probes WT, M1, M2, M3, and M4, respectively; lane
6, WT probe and extract of uninduced his-YY1-expressing bacteria (6 ml); lane 7, WT probe, his-YY1 extract, and cell culture medium (3 ml); lane 8, WT probe,
recombinant YY1, and anti-YY1 monoclonal antibody (a-YY1) (3 ml); lane 9, WT probe, recombinant YY1, and anti-NF1 antibody (1 ml); lane 10, WT probe and
anti-YY1 antibody (3 ml). The predicted binding affinity of each mutant for YY1 and NF1 is indicated above each lane. Closed arrowhead, YY1 complex; open
arrowhead, NF1 complex; asterisk, a-NF1/NF1-DNA supershifted complex. (C) EMSA analysis of testis extract binding to the composite element. Left-hand panel:
lane 1, WT probe, no extract; lanes 2 to 6, nuclear extract (10 mg protein) and probes WT, M1, M2, M3, and M4, respectively; lane 7, WT probe, nuclear extract (10
mg), and NRS (1 ml); lane 8, WT probe, extract, and anti-NF1 antibody (1 ml); lane 9, WT probe, extract, and anti-YY1 antibody (3 ml). YY1 and NF1 retarded
complexes are indicated by open and filled arrowheads, respectively. Right-hand panel (competition experiments with testis extract): lane 1, WT probe with no extract;
lanes 2 to 4, WT probe with extract (10 mg protein); lane 3, preincubation with 503 YY1Myc; lane 4, preincubation of 503 NF1AV; lanes 5 to 7, M2 probe and extract
(10 mg of protein); lane 6, 503 YY1Myc; lane 7, 503 NF1AV; lanes 8 to 10, M4 probe and extract (10 mg of protein); lane 9, 503 YY1Myc; lane 10, 503 NF1AV. (D)
EMSA analysis of liver extract binding to the composite element. The lanes in the left-hand panel correspond to those in left-hand panel C. Right-hand panel
(competition experiments with liver extract): lane 1, WT probe with no extract; lanes 2 to 4, WT probe with extract (10 mg of protein); lane 3, preincubation with 503
NF1AV; lane 4, preincubation with 503 YY1Myc; lanes 5 to 7, M2 probe and extract; lane 6, 503 NF1AV; lane 7, 503 YY1Myc; lanes 8 to 10, M4 probe and extract;
lane 9, 503 NF1AV; lane 10, 503 YY1Myc.
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To further test whether the differences shown in Fig. 1 rep-
resent alternate occupancy of the site by YY1 and NF1, the
series of selective YY1/NF1 binding mutations (M1 to M4)
were introduced into the p53 promoter by site-directed mu-
tagenesis (see Materials and Methods) and the resulting pro-
moter fragments were subjected to DNase I footprinting anal-
ysis (Fig. 3). Similar footprints on the wild-type element and
footprint pattern, over the mutant series, were obtained with
the testis extract and recombinant his-YY1, on both the non-
coding (Fig. 3A) strand and the coding strand (Fig. 3B): YY1
type footprints are apparent for both recombinant YY1 and
testis extract on the WT fragment and fragment M2. No foot-
print was seen with testis extract or recombinant YY1 on
mutant M1 or M4 in which the YY1 core binding element had
been mutated (testis lanes 3 and 6). The exception was the

footprint on mutant promoter M3 (which has a reduced ca-
pacity for binding YY1 and enhanced capacity for binding NF1
(Fig. 2B). With M3 no footprint is seen with recombinant YY1
but an NF1 type footprint is seen with the testis extract (Fig.
3B, his-YY1 lane 7 and testis lane 5).
In contrast, the footprints and footprint pattern over the

series of mutants obtained with the liver extract were identical
to those obtained for purified recombinant NF1: on WT and
M3 (liver lanes 2 and 5) an NF1 type footprint is seen, and no
footprints (with recombinant NF1 or with liver extract) were
seen on mutants M1 and M2 in which the NF1 core element is
mutated (liver lanes 3 and 4). Taken together, these results
strongly suggest that the differences seen with this footprint are
due to alternate binding of the transcription factors YY1 and
NF1 to this site. In addition, we demonstrate that it is possible

FIG. 3. DNase I footprinting analysis of YY1 and NF1 binding to the composite element (WT) and mutation series (M1 to M4). (A) Noncoding strand. Lanes 1
and 2, G and G1A Maxam and Gilbert sequence; lane 3, [32P]phosphate-labeled fragment (WT) with bovine serum albumin (BSA) (40 mg); lanes 4 to 8, his-YY1
extract (50 ml) and DNA fragments containing elements WT, M1, M2, M3, and M4, respectively. Testis, NF1, and liver extract lanes: lanes 1, WT probe and BSA (40
mg); lanes 2 to 6, either 40 mg of tissue nuclear extract or 50 ng of NF1 and DNA fragments WT, M1, M2, M3, and M4, respectively. (B) Coding strand. The lanes
correspond to those in panel A. The DNA fragments (M1 to M4) were generated by site-directed mutagenesis of the wild-type promoter to yield the composite element
mutations M1 to M4 (Fig. 2A) and were excised by cutting the internal BamHI and XbaI sites to [32P]phosphate end label for footprinting. The boundaries of the YY1
and NF1 footprints on the human promoter are indicated by open and filled arrows, respectively. The binding affinities (as determined by EMSA [Fig. 2]) for YY1 and
NF1 are indicated above each lane.

5938 FURLONG ET AL. MOL. CELL. BIOL.



to manipulate a switch from the binding of one factor to the
other by selective mutation of the element (e.g., Fig. 2C and 3,
lower panels, testis; compare lanes 4 and 5). It is also interest-
ing that the liver extract which contains both NF1 and YY1, as
shown in EMSA (Fig. 2D), on footprinting exhibits only NF1
binding. This is most likely due to the different requirements of
these two binding systems to provide a positive signal and is
most probably due to the presence of higher concentrations of
NF1 than YY1 in the liver extracts.
The binding of YY1 and NF1 to this composite element is

mutually exclusive. Differences in the “points of contact” be-
tween YY1 and NF1 on the element were established by meth-
ylation interference analysis (Fig. 4). With recombinant NF1,
methylation of GG2214/2213 and G2207 (coding strand) in the
sequence 59-GTCATGGCGACTGCCA-39 proved essential
for NF1 binding (lane 5). In contrast, the methylation inter-
ference pattern seen with retarded YY1 complexes is selec-
tively dependent on additional contact with G2219 and G2211
in the sequence 59-GTCATGGCGACTGTCCA-39 (lane 3),
which were not necessary for NF1 binding, as well contacts
with GG2214/2213 and G2207. (The major retarded complex in
the testis extract had been identified in EMSA studies to be
YY1 [Fig. 2C] and was used for this analysis.)
On the noncoding strand, recombinant NF1 binding was

selectively characterized by the partial requirement for inter-
action with G2204 and absolute requirement for interaction at
G2205 as well G2209 (lane 10), which were not necessary for
YY1 binding (lane 8). The guanidines G2212 and G2217 are
involved in binding of both YY1 and NF1 (lanes 8 and 10), and
the YY1 pattern shows a partial binding interference at G2209
(lane 8). On this binding element YY1 contacts a large number
of G’s compared with other previously reported overlapping
sites, for example, the YY1/SRF binding sites in the c-fos
promoter (19). The YY1 binding element within the p53 pro-
moter fits the consensus sequence proposed by Hyde-DeRuy-
scher et al. (24) but also contacts additional G’s (e.g., G2207
[coding strand]) outside this central YY1 binding core, 59-CG
CCATGac-39 (24). The different patterns of G’s required for
binding YY1 and NF1 further emphasize the specificity and
difference in the interactions of bound NF1 and YY1 with the
composite p53 element.
The fact that some of the guanidines are necessary for bind-

ing both transcription factors suggests that their binding to this
site is mutually exclusive. This was directly tested by carrying
out a factor binding competition assay (34): as the NF1 and
his-YY1 complexes have different sizes, this can be performed
by EMSA under probe limiting conditions, with the concen-
tration of one of the factors kept constant while the other one
is titrated up. From Fig. 5, it can be seen that increasing
concentrations of his-YY1 decreased NF1 binding in a dose-
dependent manner (lanes 3 to 8), and likewise, increasing
concentrations of NF1 decreased his-YY1 binding in a dose-
dependent fashion (lanes 10 to 13). These results strongly
suggest that YY1 and NF1 bind to the composite element in an
independent and mutually exclusive fashion.
Differential YY1/NF1 occupancy of the composite element

affects p53 expression in HeLa cells. In order to test whether
this composite site plays a role in maintaining the expression of
the p53 promoter and whether YY1 and/or NF1 activate or
repress the p53 promoter by binding to this site, a series of
promoter-CAT reporter constructs were generated by using
the M1-to-M4 mutant promoter fragment series (see above).
HeLa cells were transiently transfected with the wild-type con-
struct (WT-CAT [p5DU 356-CAT] [62]), and significant CAT
gene expression was observed (Fig. 6A, lane 1), as would be
predicted from previous studies (21). HeLa cells were chosen

for these assays, as we could detect both YY1 and NF1 in
HeLa cell nuclear extracts by EMSA (data not shown), which
confirmed similar findings from other laboratories (20, 40).
Mutation M1-CAT, in which both YY1 binding and NF1

binding are disabled, reduced activity by 64% (mean) of the
wild-type expression, suggesting that either YY1 binding or
NF1 binding or both are involved in maintaining the expres-
sion of the wild-type promoter. Mutant M2-CAT, which per-

FIG. 4. Methylation interference analysis of YY1 and NF1 binding to the
composite element. (A) Coding strand. The wild-type oligonucleotide WT (Fig.
2A) was subcloned into the SmaI site of pBS KS 1 in both orientations. After
NotI digestion, both fragments were strand specifically labeled with Klenow. The
labeled probe was partially methylated and incubated with rat testis nuclear
extract (50 mg) (T) or recombinant NF1 (10 ng) (N); free and retarded probes
were separated by EMSA, and the probes were recovered and cleaved at G. Lane
1, G1A sequence; lane 2, G sequence; lane 3, testis extract, bound probe; lane
4, free probe; lane 5, recombinant NF1, bound probe. (B) Noncoding strand. The
lanes correspond to those in panel A. (C) The sequence of the DNA covered in
the methylation interference analysis. The core sequences of the YY1 and NF1
elements are underlined and boldfaced, respectively. The G’s that are crucial to
binding YY1 and NF1 are indicated by open circles and filled arrowheads,
respectively. Filled circle, partial interference of YY1 binding; open arrowhead,
partial interference of NF1 binding.
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mits only YY1 binding showed a level of CAT gene expression
(lane 3) similar to that for M1-CAT. This could suggest that
YY1, at the levels available in HeLa cells, cannot drive the p53
promoter strongly. However, as demonstrated below (see Fig.
7B, lanes 1 and 2), while YY1 can bind to mutant M2, it cannot
transactivate when bound. Therefore, the overall functional
effect of mutation M2 on p53 promoter activity is the same as
that of M1. The M3 and M4 mutations, which principally affect
YY1 binding, did not cause a significant reduction in CAT
expression (lanes 4 and 5). The results of this experiment
suggest that both YY1 and NF1 can potentially contribute to
the expression of the p53 promoter in HeLa cells by binding on
this element. The degree to which YY1 and NF1 contribute
may depend on the physiological state of the cells.
To directly test whether YY1 activates or represses the p53

promoter by binding to this element, increasing concentrations
of a YY1 expression vector, pSV-YY1 (46), were cotransfected
with WT-CAT. This elevated CAT expression from the wild-
type promoter in a dose-dependent fashion (Fig. 6B, upper
panel, lanes 1 to 4). It did not activate the M1-CAT or M4-
CAT construct, neither of which binds YY1 (lanes 8 to 15).
Cotransfection of increasing quantities of an expression vector
containing YY1 cloned in the opposite orientation, pSV-
oYY1, with WT-CAT (46) had a significantly smaller effect
than pSV-YY1 (Fig. 6B, upper panel, lanes 5 to 7). This effect
of YY1 was not occurring by an interaction solely at the tran-
scription start site, as cotransfection of YY1 with 237 TK-
CAT (which contains only a TATAA-dependent minimal pro-
moter [38]) had no activating effect (lanes 16 and 17).
Cotransfection of increasing concentrations of an NF1 expres-
sion vector, pRSV-CTF1/NF1 (3), also elevated CAT expres-
sion from the wild-type promoter in a dose-dependent fashion
(Fig. 6B, lower panel, lanes 1 to 4) but not from the M1-CAT
and M2-CAT mutant promoters, which do not bind NF1 (lanes
8 to 15). Cotransfecting pCMV-NF1 with237 TK CAT had no
effect (lanes 16 and 17). Thus, both YY1 and NF1 can increase
the activity of the p53 promoter by binding to the composite
element and potentially contribute to its basal activation.
Therefore, in contrast to its effects on a range of other com-
posite binding elements (e.g., YY1/NF-kB [36] and YY1/SRF
[19]), YY1 does not have a repressor effect when bound to this
site.
Differential effect of YY1/NF1 occupancy of the composite

element on E1A induction of p53 promoter activity in HeLa
cells. E1A has been reported to increase cellular levels of p53,
as determined by an increase in p53 protein and mRNA levels
(9). It was of interest to demonstrate the potential of E1A to

regulate cellular p53 at the level of gene expression and to
investigate the role of the composite element in modulating
induced p53 promoter activity by E1A. The effect of transient
coexpression of E1A 12S and E1A 13S variants on the activity
of the promoter-CAT reporter constructs was studied in HeLa
cells (Fig. 7A). E1A expression significantly increased the ac-
tivity of each of the promoters tested; the 13S E1A caused a
4-fold (mean) induction of WT-CAT expression, while the 12S
E1A caused a 14-fold (mean) induction. This finding suggests
that the additional transactivating domain, CR3, present in the
13S variant does not contribute to the effect detected. The CR3
domain in 13S E1A is thought to be the major E1A transcrip-
tional activator of a number of cellular and viral genes (32).
This places the p53 gene in a small subclass of promoters which
include the c-myc (23) and PCNA promoters (41), which do
not require this domain for maximal E1A induction.
When neither YY1 or NF1 can bind to the composite ele-

ment (with M1-CAT), the E1A induction is reduced by ap-
proximately 55% for both the 12S and the 13S isoforms. This
suggests that this site does contribute to enhanced p53 gene
expression and that either YY1, NF1, or both may partly me-
diate the E1A induction. When YY1 binding is disabled but
NF1 can bind to the promoter (M4-CAT), the 12S E1A induc-
tion is still reduced by over 55%. This suggests that YY1
binding can potentially account for 55% of the E1A induction
driven through this composite site. However, our evidence for
this claim is indirect. The remaining 45% of the induction may
be due either to a general amplification of promoter activity
proportional to the basal level, mediated through the basal
transcription complex, or to a specific effect mediated through
another, as yet unidentified binding element. The effect of E1A
on the M3-CAT construct was similar to the effect on M4-CAT
(data not shown). The effect on M2-CAT is considered below
(Fig. 7B).
We attempted to demonstrate directly that YY1 bound to

the composite element can mediate E1A induction of p53
promoter activity. When cotransfection experiments were car-
ried out with M2-CAT (mutant M2 binds YY1 but not NF1
[Fig. 2B], and M2-CAT has low basal activity [Fig. 6A]), we
found that the YY1 caused a minimal induction of M2-CAT
activity (Fig. 7B, left-hand panel, lanes 1 and 2): it caused a
1.4-fold induction compared with an 8-fold induction of WT-
CAT (Fig. 6B, upper panel). Thus, YY1 can bind to the M2
mutant element but will not transactivate when bound. Expres-
sion of 12S E1A produced a mean 6-fold induction of M2-CAT
over basal level (Fig. 7B, left-hand panel, lane 3), but cotrans-
fection with 12S E1A and the YY1 expression vector gave a
mean 18.6-fold induction (lane 4). This strongly suggests a
synergy between YY1 and E1A. When M4-CAT, which cannot
bind YY1, was cotransfected with YY1, no induction was seen
(Fig. 7B, middle panel, lane 2). Expression of 12S E1A pro-
duced a mean fivefold induction of M4-CAT over basal level
(lane 3), but cotransfection with 12S E1A and the YY1 expres-
sion vector gave a mean ninefold induction (lane 4), again
suggesting a synergistic interaction between YY1 and E1A but
indicating that it is not dependent on YY1 being bound to
DNA. With M1-CAT, which is activated by neither YY1 or
NF1, a similar result was obtained (right-hand panel). We
conclude that, when YY1 is overexpressed, it can synergize
with E1A to increase the activity of the p53 promoter without
binding to a YY1-binding element.
Lee et al. (32) have recently characterized a specific inter-

action between YY1 and transcriptional modulator p300 and
the possible formation of a three-protein complex composed of
YY1, p300, and E1A in mediating transcription. E1A binds
p300 through its amino-terminal domain. Lewis et al. (35) and

FIG. 5. YY1 and NF1 occupy the composite element in a mutually exclusive
manner. A factor binding competition assay-EMSA is shown. Lane 1, WT probe,
no extract; lanes 2 to 8, WT probe with recombinant NF1 (5 ng) and his-YY1
extract (0, 2.5, 5, 10, 15, 20, and 25 ml, respectively); lanes 9 to 13, WT probe with
his-YY1 extract (10 ml) and recombinant NF1 (0, 2.5, 5, 10, and 20 ng, respec-
tively).
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Lee et al. (33) have also identified two domains within YY1
which can interact directly with two domains in E1A (in the
amino terminus and in CR3). As 12S E1A does not contain
CR3, it has only one YY1 binding domain, in the amino ter-
minus (amino acids 15 to 35). An expression vector encoding a
12S E1A mutant, dl2-36 (23), which has an amino-terminal
deletion impairing its ability to bind to p300 (32) and to di-
rectly interact with YY1 (35), was used for this study. Cotrans-
fection of pdl2-36 M12S E1A with pSV-YY1 and M2-CAT
gave no induction of CAT expression over basal level (Fig. 7B,

left-hand panel, lane 5), suggesting a direct YY1-E1A interac-
tion or an involvement of p300 in the synergistic effect of
YY1/E1A on the human p53 promoter. Similarly, no E1A
induction was observed when pdl2-36 M12S E1A was cotrans-
fected with M4-CAT in the presence of overexpressed YY1 or
with WT-CAT (results not shown). This result suggests that all
the E1A effects observed require the N-terminal domain of
E1A. This specific requirement for the N-terminal E1A do-
main has been previously reported for YY1-E1A interactions
in two other model systems (32, 35).

FIG. 6. (A) Differential YY1/NF1 occupancy of the composite element affects promoter activity in HeLa cells. HeLa cells were independently transiently transfected
with each of five promoter-CAT constructs (5 mg) containing the human p53 promoter sequences 2458 to 2104 in pPL2-CAT with the composite element in the
wild-type configuration (WT-CAT) or configurations M1 to M4 (M1-M4-CAT). A representative autoradiograph is shown, and the results of four independent
experiments, each carried out in triplicate, are presented. Two independent preparations of each plasmid DNA were used. The data are mean percent chloramphenicol
acetylation with standard errors of the means. (B) Both YY1 and NF1 can independently activate the p53 promoter by binding to the composite element. Upper panel:
HeLa cells were cotransfected with 0, 2.5, 5, and 10 mg of pSV-YY1 (pSV-E1 [46]) and WT-CAT (lanes 1 to 4); 2.5, 5, and 10 mg of pSV-oYY1, an expression vector
with YY1 in reverse orientation (pSV-rE1 [46]) and WT-CAT (lanes 5 to 7); 0, 2.5, 5, and 10 mg of pSV-YY1 and M1-CAT (lanes 8 to 11); 0, 2.5, 5, and 10 mg of
pSV-YY1 and M4-CAT (lanes 12 to 15); and 0 and 10 mg of pSV-YY1 and 237 TK-CAT (38) (lanes 16 and 17). Lower panel: HeLa cells were cotransfected with
0, 5, 10, and 15 mg of pRSV-CTF/NF1 (3) and WT-CAT (lanes 1 to 4); 5, 10, and 15 mg of pBK CMV (empty vector) and WT-CAT (lanes 5 to 7); 0, 2.5, 5, and 10
mg of pRSV-CTF/NF1 and M1-CAT (lanes 8 to 11); 0, 2.5, 5, and 10 mg of pRSV-CTF/NF1 and M2-CAT (lanes 12 to 15); and 0 and 15 mg of pRSV-CTF/NF1 and
237 TK-CAT (38) (lanes 16 and 17). In both cases representative autoradiographs are shown. The results of three independent experiments were graphed as mean
relative CAT activities (compared with activity in the absence of an expression vector).
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It is noteworthy that we could obtain no evidence for a
synergistic action of E1A with NF1 on this promoter (results
not shown).

DISCUSSION

On footprinting of the human p53 promoter, a dominant
footprint was found with all tissue extracts tested. However,
the footprint, which spans from2227 to2194 on the promoter
(numbering of Tuck and Crawford [62]) is slightly, but signif-
icantly, different for different tissue extracts. The sequence
covered by this footprint contains two overlapping transcrip-
tion factor binding sites, for YY1 and NF1. Purified recombi-

nant NF1 and partially purified his-YY1 were shown to bind to
the site by both EMSA and footprinting analysis (Fig. 2B and
3). In addition, the predominant binding of YY1, in testis
extracts, and binding of both NF1 and YY1 in liver extracts to
this site were confirmed by the ability of specific antibodies to
impair their binding (Fig. 2C and D).
The NF1 binding site conforms to a classical NF1 consensus

59-TGG(A/C)N5GCCA-39 (22) and, as such, was previously
partially characterized in the mouse p53 promoter (18). YY1
binding elements are much more diverse, and recently a num-
ber of consensus sequences have been proposed by three in-
dependent groups (24, 59, 68). All three consensus sequences

FIG. 7. Effect of E1A 12S and E1A 13S expression on p53 promoter activity: role of the composite element. (A) HeLa cells were independently transiently
cotransfected with constructs WT-, M1-, and M4-CAT (5 mg) and carrier plasmid (pBK CMV), pSV-E1A (12S), or pSV-E1A (13S) (5 mg). A representative
autoradiograph is shown, and the results of three independent experiments are presented as relative CAT activities (compared with the basal CAT activity in the
absence of E1A) (means with standard errors of the means). The presence or absence of either 12S or 13S E1A is indicated. (B) Effect of YY1 overexpression on E1A
induction of p53 promoter activity. Left-hand panel: HeLa cells were independently transiently cotransfected with M2-CAT (5 mg) and carrier plasmid (10 mg of
pSV-oYY1) (lane 1); M2-CAT (5 mg) and pSV-YY1 (10 mg) (lane 2); M2-CAT (5 mg) and pSV E1A (12S) (3 mg) (lane 3); M2-CAT (5 mg), pSV-YY1 (10 mg), and
pSV E1A 12S (3 mg) (lane 4); or M2-CAT (5 mg), pSV-YY1 (10 mg) and pdl2-35 E1A 12S (M12S [23]) (3 mg) (lane 5). Middle panel: as above except that M4-CAT
was used. Right-hand panel: as above except that M1-CAT was used. Representative autoradiographs are shown, and the results of three or four independent
experiments are presented as relative CAT activities (compared with basal M2-, M4-, or M1-CAT activity) (means with standard errors of the means).
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have a 59-CATN-39 core, which is flanked by variable bases in
variable numbers. It has been proposed that this high degree of
heterogeneity in DNA recognition sites may arise because of
the variation in interaction of the four YY1 zinc fingers with
DNA (24). This YY1 binding element within the p53 promoter
fits the consensus sequence proposed by Hyde-DeRuyscher et
al. (24) (Fig. 2A). A comparison of the sequences of the hu-
man, rat, and mouse p53 promoters (Fig. 1B, middle panel) (7)
shows that both the YY1 and the NF1 elements are conserved.
(The only non-conserved base corresponds to the N in the YY1
consensus.) This predicts a significant potential role for both
YY1 and NF1 in the regulation of p53 promoter function.
Methylation interference analysis showed that the YY1 and

NF1 binding sites are overlapping, and by a factor binding
competition experiment (Fig. 5) (34) it was established that the
binding of NF1 to the site and the binding of YY1 were mu-
tually exclusive. Composite or shared YY1 binding sites have
been described for a number of other promoters, e.g., a YY1/
MGF binding site in the b-casein gene promoter (39) and a
YY1/NF-kB binding site in the serum amyloid A1 gene pro-
moter (36). In addition, as here, with all reported overlapping
sites which bind YY1 the second factor always associates as a
dimer, i.e., it contacts the DNA on a symmetrical element,
while YY1, being a monomer, binds asymmetrically (19, 36).
By creating a series of mutations within the site (Fig. 2A), it

was possible to generate a null element (mutant M1), a YY1-
only binding element (M2), an NF1-only binding element
(M4), and an element with apparent increased binding affinity
for NF1 and reduced affinity for YY1 (M3). The mutants were
characterized by their abilities to bind recombinant YY1 and
NF1 (Fig. 2B and 3) and were used to define relative YY1 and
NF1 binding potential for this site in liver and testis nuclear
extracts. In liver extracts NF1 binding predominates the EMSA
profile, with some YY1 binding (Fig. 2D), and only an NF1
footprint is seen (Fig. 3). YY1 binding, however, becomes
more significant on EMSA when NF1 binding is inhibited
(mutant M2; Fig. 2D, liver), but there would seem to be too
low a concentration of YY1 to generate a footprint (Fig. 3,
liver). In contrast, in the testis extract (and spleen [data not
shown]) YY1 binding predominates, and a strong NF1 com-
plex in EMSA is seen only when YY1 binding is compromised
(with mutants M4 and M3 [Fig. 2C]). Interestingly, with mu-
tant M3, which increases affinity for NF1 and reduces YY1
binding, an NF1 footprint can be seen with the testis extract
(Fig. 3, lower panel, testis, lane 5), contrasting with the YY1
footprint on the wild-type site. Thus, the series of mutants have
shown interesting changes in occupancy of the site with ex-
tracts that contain both YY1 and NF1 but in differing relative
amounts. Some previous studies (1) have reported testicular
tissue-specific expression of the p53 gene. This forms an inter-
esting correlation with the predominant occupancy of the ele-
ment on the p53 promoter by YY1 in testis extracts.
Transient transfection of the WT-CAT construct (p5DU

356-CAT [62]) which contains 344 bp of the human p53 pro-
moter upstream of the major reported transcriptional start site
into HeLa cells showed significant reporter gene expression
(Fig. 6A). This activity was reduced by 68% when neither YY1
nor NF1 could bind to the composite element (M1-CAT),
suggesting that this composite element plays a functional role
in the basal regulation of the p53 promoter. Intermediate CAT
activities were seen with mutants M3-CAT and M4-CAT,
which would confirm the potential for both YY1 and NF1 to
contribute positively to basal promoter activity. Interestingly,
in the mouse p53 promoter the start site of transcription has
been mapped to a position ;100 bp upstream from the start
site in the human p53 promoter (7, 62). In addition, neither

promoter contains a TATA box. This would place the YY1/
NF1 composite element at the mouse p53 start site. YY1 can
act as an initiator in some cellular and viral promoters (56).
However, it is very unlikely that this YY1/NF1 site is acting as
an initiator element in the human p53 promoter, as, when YY1
cannot bind, p53 expression is reduced by only ;30% and,
when both factors cannot bind, ;30% of the basal promoter
activity remains.
On all previously reported composite sites which bind YY1

and another factor in a mutually exclusive manner, YY1 has
acted as a repressor either by decreasing transcription through
its transrepressor domain (24), by displacing an activator from
the site, or both. When YY1 was transiently coexpressed in
HeLa cells with the WT-CAT construct, a dose-dependent
increase in CAT activity was seen (Fig. 6B, upper panel). This
is, therefore, the first time that YY1 has been reported to
activate the p53 promoter and also the first reported case of a
composite YY1 binding element on which it acts as an activa-
tor. YY1 has been shown to activate a number of other pro-
moters which include the Myc (50) and dihydrofolate reduc-
tase (14) promoters and also the immunoglobulin H m
enhancer (13), but the binding elements involved are simple
(i.e., nonoverlapping) YY1 binding sites. Shrivastava and Ca-
lame (59) attempted to define a consensus sequence for YY1
activator elements and YY1 repressor elements. The p53 YY1
site does not fit either consensus but does contain the core
59-CCATN-39 sequence and fits the general consensus pro-
posed by Hyde-DeRuyscher et al. (24) (Fig. 2A). It remains a
puzzle how YY1 can bind efficiently to mutant M2 but fail to
transactivate (Fig. 2, 4, and 7B). Possibly, it fails to bind on the
M2 site in vivo, or else, mutations of bases which we have
considered outside the core element are important for its
transactivating function.
The contribution of occupancy of the composite element to

induced p53 promoter function was studied with E1A as an
inducer (Fig. 7). Previous studies have shown E1A to increase
cellular p53 levels and p53 mRNA levels (9). Expression of
either 12S E1A or 13S E1A significantly increased p53 pro-
moter CAT activity, demonstrating the potential of E1A to
regulate cellular p53 at a transcriptional level. Two variants of
E1A are produced by alternate splicing: (i) 12S, which contains
two activation domains, CR1 and CR2, and (ii) 13S, which
contains three activation domains, CR1, CR2, and CR3. The
12S E1A was more than three times as effective an inducer of
the p53 promoter as the 13S E1A (Fig. 7A). This is unusual, as
with most viral and cellular genes tested in previous studies the
13S variant gives the strongest induction. This would suggest
that the p53 gene belongs to a small subset of genes that are
induced to a higher level by the 12S variant (23, 41). E1A
induction of p53 promoter activity was ;55% reduced by the
M1 mutation, which blocks both YY1 and NF1 binding (Fig.
7A). This suggests that occupation of the element contributes
significantly to the E1A effect.
It seems likely that YY1 can modulate the E1A effect by

binding to the composite element. Mutation M4, which inhibits
YY1 binding, reduced the E1A induction to the same degree
as mutation M1, which blocks binding of both YY1 and NF1
(Fig. 7A). This indirectly points to YY1 contributing signifi-
cantly to the effect. With mutant M2, which binds only YY1,
overexpression of YY1 did not increase CAT activity levels,
but it significantly amplified the E1A effect (Fig. 7B, left-hand
panel). However, this effect is probably only partially depen-
dent on YY1 being bound to DNA, because when YY1 was
overexpressed in two independent situations in which it could
not bind to the p53 promoter, the E1A effect was also ampli-
fied (M4- and M1-CAT [Fig. 7B, middle and left-hand pan-
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els]). Thus, the data presented here suggest that with the p53
promoter two distinguishable YY1/E1A interactive events are
detectable. At lower cellular YY1 concentrations, i.e., with
endogenous YY1 only, YY1 which is bound to the composite
element interacts with E1A and promoter activation is trig-
gered. With higher cellular YY1 concentrations no association
of YY1 with the promoter is required for the synergistic inter-
action with E1A to occur. It is probable that these YY1/E1A
interactions occur by a single mechanism but that in the pres-
ence of lower cellular concentrations of YY1 a specific DNA
binding event could be required to provide a high local con-
centration of the factor. Three recent reports (32, 33, 35)
describe positive E1A modulation of YY1 transactivation by
direct or indirect protein-protein interactions. Lee et al. (32)
reported E1A modulation of YY1 transactivation via the trans-
activator p300. They provided evidence to support the poten-
tial formation of a three-protein complex (YY1-p300-E1A) in
mediating this effect. Lewis et al. (35) and Lee et al. (33)
demonstrate that E1A can interact directly with YY1 to in-
crease its transcriptional activity. Both the direct action of YY1
and the p300-mediated effect target the N-terminal amino ac-
ids of 12S E1A which are deleted in the E1A mutant dl2-36
(32, 35). As no E1A induction was seen on the p53 promoter
with this mutant E1A, we conclude that all of the E1A effects
detected in this study occur either by a direct YY1-E1A inter-
action, by an interaction with p300, or both. It is interesting to
note that Hiebert et al. (23) show that the dl2-36 mutant 12S
E1A still modulates E1A effects that involve E2F and Rb; thus,
this mutation does not have a general inhibitory effect on
E1A’s transcriptional activating functions.
With regard to the mechanism of the interactions noted here

it is simplest to envisage the following: (i) E1A becoming
tethered to the basal transcription complex or an upstream
bound factor on the p53 promoter to exert its YY1-indepen-
dent transcriptional enhancement (Fig. 7A) (this effect re-
quires the N-terminal domain of E1A), (ii) when YY1 can bind
to the composite site, it would bind and then interact with E1A,
tethered as above, and further enhance transcriptional drive
(again, this effect requires the N-terminal domain of E1A), and
(iii) when YY1 cannot bind productively to the composite site
but is overexpressed, it would interact with E1A, tethered as
above, to increase transcriptional drive, but the complex
formed might become stabilized by other YY1 protein-protein
interactions. As indicated above, other studies support a mech-
anism involving direct or indirect (via p300) protein-protein
associations between YY1 and E1A being responsible for these
enhanced transcriptional effects (32, 33, 35). Furthermore, the
study of Lewis et al. (35) demonstrates that E1A tethered to
DNA, in a simple promoter (as a GAL4/E1A chimera) could,
in the absence of a YY1 DNA-binding element, bind a YY1/
VP16 chimera (through a direct YY1-E1A interaction) with
resultant enhancement of transcription. The YY1-E1A tran-
scriptional enhancement noted here (Fig. 7B) did not require
the presence of the additional transactivator function provided
by VP16 in the model of Lewis et al. (35). Further studies will
be required to explain YY1’s additional competence as an
activator in the context of the p53 promoter.
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