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Abstract Here we analyzed the effect of the suppressor proto-oncogene p53 on transcription from the P2 
promoter of the murine c-myc gene. c-myc promoter constructs were coupled to the chloramphenical acetyl-transferase 
(CAT) gene and were transiently transfected into a human glial cell line along with plasmids overexpressing wild-type or 
mutant p53. It was found that significant repression of c-myc transcription took place following cotransfection with 
wild-type but not mutant p53. However wild-type p53 did not suppress transcription from the SV40 early promoter or 
from the MHC promoter. Promoter-CAT constructs containing only the ME1 a2 or E2F elements, from the P2 promoter, 
were repressed by p53, indicating that p53 may exert i t s  effect at these two sites within the P2 promoter. Finally, when 
the SV40 T antigen and wild-type p53 were expressed together in glial cells the repressive effect of p53 was 
abolished. D 1992 WiIey-Liss, Inc. 
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Controlled expression of the c-myc proto- 
oncogene has been broadly implicated in the 
control of cell proliferation (Cole, 1986). This 
controlled expression is commonly seen as induc- 
tion of c-myc mRNA in response to growth stim- 
uli. Evidence suggests that much of the tran- 
scriptional induction of c-myc in response to 
growth stimuli is due to increases in initiation at  
P2, the predominant c-myc promoter. 

The P2 promoter sequences that are neces- 
sary for optimal transcription initiation in vitro 
and in vivo have only recently been identified 
(Asselin et al., 1989; Hall, 1990). In addition to 
the consensus TATA-box, three protein-binding 
sites have been mapped to this P2 proximal 
region (Asselin et al., 1989; Hall, 1990). These 
are termed MEla2, E2F, and MEla l  (Myc Exon 
1, al,  and a2 sites) and are located at positions 
-85, -64, and -46, respectively, relative to P2 
(Asselin et al., 1989; Hall, 1990). It has been 
demonstrated that these three elements are es- 
sential for optimal transcription from the P2 
promoter (Asselin et al., 1989; Hall, 1990; 
Moberg et al., 1991, 1992). It has recently been 
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demonstrated that the factor that binds the 
MEla2 element is very similar or identical to 
the one that binds the MEla l  element (Moberg 
et al., 1992). The factor that binds the E2F 
element undergoes cell-cycle dependent changes 
(Mudryj et al., 1990, 1991; Chellappan et al., 
1991). It was found E2F is able to associate with 
the protein product of the retinoblastoma suscep- 
tibility gene (Rb) or the cyclin A factor (Mudryj 
et al., 1991; Chellappan et al., 1991; Bagchi et 
al., 1991). In keeping with this finding it has 
been shown that Rb functions to regulate tran- 
scription of c-myc (Pietenpol et al., 1990). These 
data indicate that elements within the c-myc 
promoter are the target of growth stimulatory 
signals. 

Here we have analyzed the effect of another 
suppressor oncogene on c-myc transcription. 
This suppressor oncogene, termed p53, shares 
many characteristics with Rb (reviewed in Lane 
and Benchimol, 1990). In its wild-type form this 
protein suppresses oncogenic transformation 
however in its mutated form it acts as an activat- 
ing oncogene (Finlay et al., 1989). Here we show 
that wild-type p53 represses transcription from 
the c-myc P2 promoter but that a mutated form 
does not. The implications for control of c-myc 
transcription and cell growth will be discussed. 
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MATERIALS AND METHODS 
Cell Culture and DNA Transfection and CAT 

Assays 

The human glial cell line HTB14 was main- 
tained in Dulbecco's modified Eagle's medium 
supplemented with 10% bovine calf serum. All 
transfection experiments were initiated on 50% 
confluent monolayer cultures. Plasmids contain- 
ing the bacterial chloramphenicol acetyltrans- 
ferase gene (CAT), with or without c-myc pro- 
moter sequences, were transfected into the 
various cell lines by the calcium phosphate pro- 
cedure (Ausubel et al., 1987) along with a plas- 
mid that overexpresses the gene p53 gene. Plas- 
mids containing the SV40 early promoter and 
enhancer or the H-2Kb major histocompatibility 
locus promoter (Robbins et al., 1990) coupled to 
CAT were also transfected. Where indicated a 
plasmid expressing the SV40 large T antigen 
was also cotransfected into the glial cells. The 
cells were glycerol shocked 5-6 h after DNA 
addition. The cells were harvested approxi- 
mately 24 h later and CAT activity assayed from 
the cytoplasmic extracts. Equal amounts of pro- 
tein were assayed for CAT activity by thin layer 
chromotography. The autroradiographs from 
multiple experiements (3-5) were scanned with 
a densitometer and presented as an average (2 
standard deviation). 

A complete genomic clone of wild-type murine 
p53 (ala at  amino acid position 135) or mutant 
murine p53 (Val at amino acid position 135) 
driven by the Hamster moloney sarcoma virus 
long terminal repeat was used in the cotransfec- 
tion experiments (Eliyahu et al., 1985). For ex- 
periments involving the SV40 large T antigen, a 
construct containing the RSV-LTR driving the 
SV40 T antigen was cotransfected along with 
the c-myc promoter CAT constructs. 

Plasmid Constructions and Oligonucleotides 

c-myc promoter-CAT constructions were engi- 
neered into the pGEM-lR* vector (Promega) as 
described (Moberg et al., 1991). The pGEM-1 
vector containing promoterless CAT was used 
as a negative control. The double-stranded oligo- 
nucleotides representing the MEla2 and E2F 
elements that were used in the gel-shift assays 
or in the construction of a modified c-myc pro- 
moter are 

MEla2 

GATCGCCTCCTGAAGGGCAGGGCTTCGC 
CGGAGGACTTCCCGTCCCGAAGCGCTAG, 

E2F 

AATTCGCTTGGCGGGAAAAC 
GCGAACCGCCCTTTTGTTAA. 

The underlined regions denote the sequences 
that are protected in DNAase I footprinting 
studies (Asselin et al., 1989; Hall, 1990). The 
MEla2 oligonucleotide contained artificial flank- 
ing Mbo I ends (i.e., GATC). The E2F oligonucle- 
otide has Eco R1 compatible artificial ends (i.e., 
AATT). 

Extracts and Electrophoretic Mobility-Shift 
Assays (EMSA) 

Nuclear extracts from glial cells, NIH3T3 fi- 
broblasts, or Hela cells were generated by the 
method of Dignam et al. (1983) with the addi- 
tional protease inhibitors: pepstatin (2 pg/ml) 
and leupeptin (1 kg/ml). Electrophoretic-mobil- 
ity shift assays (EMSA) were performed essen- 
tially as described by Carthew et al. (1985). 
Briefly, 0.5 ng of a 32P end-labeled promoter 
fragment or double-stranded oligonucleotide was 
incubated with nuclear extracts from the vari- 
ous cell lines in the presence of 2-3 kg of sheared 
salmon sperm DNA as a nonspecific competitor. 
The final buffer conditions for protein binding 
to the radiolabeled DNA were 16 mM Hepes, pH 
7.9; 16% glycerol; 80 mM KC1; 0.16 mM EDTA; 
0.4 mM DTT; and 0.4 mM PMSF. The reactions 
were then electrophoresed in a low-ionic strength 
(7 mM Tris, pH 7.9; 3.3 mM NaAcetate; and 1 
mM EDTA) 4% polyacrylamide gel. 

RESULTS 
The ME1 a2, E2F, and ME1 a1 Elements 

Contribute Positively to Promoter Strength in 
Clial Cells In Vivo 

To initiate studies on p53 mediated expres- 
sion of c-myc in glial cells it was first necessary 
to establish the level of promoter activity follow- 
ing transfection with c-myc promoter:CAT con- 
structs. As shown in Figure la  the e-myc pro- 
moter contains three protein binding sites 
termed MEla2, E2F, and MElal.  It has been 
demonstrated that these sites are required for 
optimal initiation from P2 in NIH3T3 fibro- 
blasts or Hela cells (Moberg et al., 1991, 1992). 
It has been shown that CAT activity is a mea- 
sure of the level of correctly initiated P2 tran- 
scripts (Moberg et al., 1991, 1992). The c-myc 
promoter fragment used here does not contain 
the premature termination site at position +256 
(Bentley and Groudine, 1988) so that only ef- 
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fects on transcription initiation could be ana- 
lyzed. 

These deletions, as outlined in Figure lA, 
were transiently transfected into the human 
glial cell line HTB14. As seen in Figure 1B the 
CAT activity diminishes markedly in the con- 
struct in which the MEla2 site is deleted. Fur- 
ther deletion of the E2F and M e l a l  sites results 
in a drop in CAT activity to background levels. 
These results closely parrallel that  found for 

containingonly thc CAl gcw. with no ( my( soq~iriic(’, 3 0  ~g ot 
DNA was tran5fected by the calcium pliosph,ite m r 3 f h o d  I iv(’ 
hours after DNA addition the cells were glyc wol  she( k r d  
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hours Equal dmounls of protein we’re assayed for ( A l  ci(tivily 
by thin layer chromatography (T lC)  or for PCAL tivily Thv 
autoradiograms irom rnultiplc c’xpcwmcvits wrre s( anncd md 
Ihrn ,weraged “Fold Induction olCAT” i s  rt4alivc, lo fhr I A l A  
Only” construct which i s  d i i t rar i ly  s c t  at  1 The rrsulls ‘IT(’ 

presented 2 the standard deviation 

transfectiop of these deletion constructs into 
NIH3T3 fibroblasts or Hela cells. 

Artificial constructs were also generated that  
contained two MEla2  or three E2F elements 
linked 5‘ to the c-myc TATA box (Fig. IB) .  
These constructs produced significant CAT activ- 
ity following transfection into glial cells, parallel- 
ing results seen for transfection into NIH3T3 
fibroblasts and Hela cells (Moberg et al., 1991, 
1992). Throughout these experiments the cells 



The Effect of p53 on the c-myc Transcription 21 1 

were in the growth state such that the endoge- 
nous c-myc gene was expressed (data not shown). 

Cell-Type Dependent Binding to the E2F and 
ME1 a2 Elements 

Since these c-myc promoter:CAT constructs 
show similar patterns of transcriptional activity 
when transfected into glial, NIH3T3, and Hela 
cells, it could be predicted that extracts from 
these cells contain similar factors that recognize 
the c-myc promoter elements. To assay for pro- 
tein binding to these elements electrophoretic 
mobility shift assays were performed (EMSA). 
The oligonucleotides used in the EMSA are out- 
lined in Figure 2A. Because we have recently 
found that the factor that binds to the MEla2 
site is identical to the MElal site, attention was 
focussed on protein binding to only the MEla2 
site. As seen in Figure 2B the major band ap- 
pears in all lanes. The minor band is much 
reduced in the lane representing the Hela ex- 
tracts. A novel band appears in the lane repre- 
senting binding with the glial extracts (identi- 
fied by an asterisk). This band is at exactly the 
same position as one identified previously in 
extracts of Hela cells in the presence of the 
protein dissociating agent desoxycholate (Moberg 
et al., 1992). Thus this protein appears in glial 
extracts devoid of a putative repressor protein 
(Moberg et al., 1992). All bands were eliminated 
by 100-fold molar excess unlabeled MEla2 ele- 
ment indicating that binding is specific. 

When binding to the E2F element was as- 
sayed multiple bands were seen (Fig. 2C). The 
band representing an association of E2F mono- 
mer with DNA (Mudryj et al., 1991; Moberg et 
al., 1992) is indicated. This band is sometimes 
present at low levels in the glial extracts. The 
uppermost band is a complex of E2F with other 
proteins (Mudryj et al., 1991; Moberg and Hall 
unpublished observations) and shows some vari- 
ation between the three cell types. A novel faster 
migrating band also appears in the lane repre- 
senting the glial extracts (identified by an aster- 
isk). All bands were eliminated by 100-fold mo- 
lar excess unlabelled E2F element indicating 
that binding is specific. Taken together these 
data indicate that there is some cell-type speci- 
ficity in binding to both the MEla2 site and the 
E2F site. It was also found that incubation of 
glial or 3T3 extracts with a monoclonal antibody 
specific for p53 did not inhibit binding or pro- 
duce a supershift of these upper bands, indicat- 
ing no direct interaction between E2F and endog- 

enous p53 (data not shown). Throughout these 
experiments the cells were in the growth state 
such that the endogenous c-myc gene was ex- 
pressed (data not shown). 

Wild-Type But Not Mutant p53 Represses 
Transcription From the P2 Promoter 

In order to test the effect of p53 on transcrip- 
tion from the c-myc P2 promoter cotransfection 
experiments were performed. As shown in Fig- 
ure 3A, the -140CAT construct was cotrans- 
fected into glial cells with increasing amounts of 
a wild-type p53 expressing plasmid. It is appar- 
ent that significant repression of transcription 
from the P2 promoter occurs, even at a level of 2 
p,g of p53 DNA. The same repressive effect is 
seen when a larger c-myc promoter:CAT con- 
struct is used (i.e., -1367CAT). To ensure that 
this is not a general repressive effect, the p53 
plasmid was cotransfected into glial cells with 
an SV40 early promoter CAT construct (Fig. 3B) 
or an MHC promoter CAT construct (Fig. 3C). It 
is evident that p53 does not repress transcrip- 
tion from the SV40 early promoter or the MHC 
promoter; in fact it appears as if there is a slight 
enhancement of transcription from the SV40 
promoter. These data indicate that p53 does not 
have a general repressive effect on transcrip- 
tion. 

It would be predicted that p53 acts to repress 
transcription from the P2 promoter by either 
directly or indirectly acting at the level of spe- 
cific c-myc promoter elements. To test this hy- 
pothesis the 2MEla2CAT and 3E2FCAT con- 
structs were cotransfected with the wild-type 
p53 expressing plasmid. As seen in Figure 4 
transcription is significantly reduced in both of 
these constructs. These data indicate that p53 is 
able to exert its effect through both the MEla2 
and E2F elements. 

It is known that mutations within the p53 
gene can lead to a change in the function of the 
protein. For example a change from alanine to 
valine at amino-acid 135 results in the protein 
acting as an activator oncogene instead of a 
repressor oncogene. To determine if the repres- 
sive effect of wild-type p53 on c-myc transcrip- 
tion could be diminished through a mutation in 
amino-acid 135 (from alanine to valine) a mu- 
tant p53-expressing plasmid was used in cotrans- 
fection experiments. As seen in Figure 5 ,  the 
mutant p53 does not repress the level of tran- 
scription from the c-myc promoter construct, 
indicating that  the alanine-to-valine mu- 
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tumor virus specific protein, namely, SV40 large 
T antigen (reviewed in Lane and Benchimol, 
1990). It is thought that this binding, in part, 
functions to confer oncogenic activity on T anti- 
gen (it is hypothesised by functionally eliminat- 
ing p53 and Rb from their sites of action). Fur- 
ther, it would be predicted that T antigen would 
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Fig. 3. Transcription from the c-myc P2 promoter but not the 
SV40 early or MHC promoters are repressed by wild-type p53. 
A: Effect of p53 on c-myc. c-myc promoter CAT constructs (1 5 
pg) were cotransfected into glial cells with the indicated amounts 
of a plasmid expressing the wild-type form of p53. The c-myc 
promoter:CAT constructs used were as in Figure 1. CAT activity 
was assayed and CAT levels determined as in Figure 1. The 
levels were presented as relative to the condition without any 
p53 plasmid (arbitrarily set at 100%). 6: Effect of p53 on SV40 
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Fig. 4. Wild-type p53 represses transcription from c-myc pro- 
moter constructs containing only the MEIa2 elements or only 
the E2F elements. The 2MEla2 and 3E2F CAT constructs (15 
pg) outlined in Figure 1 were cotransfected into glial cells along 
with the indicated amounts of a plasmid expressing wild-type 
p53. CAT activity was assayed and CAT levels determined as in 
Figure 1. The levels were presented as relative to the condition 
without any p53 plasmid (arbitrarily set at 100%). 

be dominant to wild-type p53 when both are 
expressed in a given cell. Therefore, if T antigen 
and p53 were expressed in tissue culture cells 
along with a c-myc promoter CAT construct the 
repressive action of p53 would not be evident. 
The results of such an experiment are shown in 
Figure 6 .  It is clear that alone T antigen is 
capable of transactivating the c-myc promoter 
as was demonstrated recently (Moberg et al., 
1992). However, addition of p53 does not appear 
to cause a significant reduction in the level of 
transcription from P2. These data indicate that 
T antigen is dominant to p53. 

early promoter. A plasmid containing the SV40 early promoter 
linked to CAT was cotransfected with the indicated amounts of 
the wild-type p53 expressing plasmid. CAT activity was assayed 
and presented as in (A) above. C: Effect of p53 on the MHC 
promoter. A plasmid containing the MHC, H-2Kb class I pro- 
moter linked to CAT was cotransfected with the indicated 
amounts of the wild-type p53 expressing plasmid. CAT activity 
was assayed and presented as in (A) above. 

Fig. 5. Mutant p53 does not repress transcription from the 
c-myc P2 promoter. The - 140 c-myc promoter CAT construct 
(15 pg), as outlined in Figure 1, was cotransfected into glial 
cells along with the indicated amounts of a plasmid expressing a 
mutant p53 (ala to val change at amino acid 135). CAT activity 
was assayed and CAT levels determined as in Figure 1. The level 
was presented relative to the condition without any p53 plas- 
mid (arbitrarily set at 100%). 

DISCUSSION 

Here we have examined the role of wild-type 
and mutant p53 in regulating c-myc transcrip- 
tion. It was found that overexpression of the 
wild-type form of p53 in the human glial cell line 
HTB14 resulted in a repression of transcription 
from the c-myc P2 promoter yet had no repres- 
sive effect on the MHC promoter or the SV40 
early promoter. The effect of wild-type p53 could 
be localized to the more proximal region of the 
P2 promoter since a -140 deletion was re- 
pressed to the same level as a - 1367 deletion. 
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Fig. 6.  Expression of SV40 T antigen eliminates the repressive 
effect of wild-type p53 on c-myc transcription. A -140 c-myc 
promoter CAT construct (1 5 pg) was cotransfected with wild- 
type p53 expressing plasmid and an SV40 T antigen expressing 
where indicated. CAT activity was assayed and CAT levels 
determined as in Figure 1. The levels were presented as relative 
to the condition without any p53 plasmid (arbitrarily set at 
100%). 

The action of p53 could be further localized to 
two positions within the P2 promoter; p53 inhib- 
ited transcription from c-myc promoter con- 
structs containing only MEla2 elements or only 
E2F elements. Both of these sites are required 
for optimal transcription initiation from P2 (As- 
selin et al., 1989; Hall, 1990; Moberg et al., 
1991, 1992). That wild-type p53 inhibits tran- 
scription from the E2F construct is consistent 
with previous findings that a number of regula- 
tory factors act through the E2F site. It has 
been recently demonstrated that the adenovirus 
Ela  gene product (Heibert et al., 1989; Lipp et 
al., 1989; Thalmeier et al., 1989) and the SV40 T 
antigen (Moberg et al., 1992) transactive c-myc 
transcription through the E2F site. Further it 
has also been demonstrated that the retinoblas- 
toma susceptibility gene product (Chellappan et 
al., 1991; Bagchi et al., 1991) and cylcin A 
(Mudryj et al., 1991) interact with E2F. Al- 
though E2F appears to be an important site for 
regulation of c-myc it does not appear as if p53 
acts directly through E2F (our preliminary ex- 
periments using a p53 monoclonal antibody in 
the EMSA show no direct interaction of p53 
with E2F, data not shown). 

While the MEla2 site is required for optimal 
transcription initiation from P2 (Moberg et al., 
1991, 19921, little is known of its role as a target 
for regulatory proteins. The fact that wild-type 
p53 suppresses transcription from a promoter 
construct containing only MEla2 elements indi- 
cates that it plays such a role. 

In the studies presented here transcription 
from the SV40 early promoter was not inhibited 
by wild-type p53 in vivo. This is surprising in 
light of recent evidence that wild-type p53 binds 
to the region encompassing the transcription 
factor SP1 binding sites in the early promoter 
(Bargonetti et al., 1991). Since SV40 large T 
antigen can inhibit binding of p53 to the early 
promoter region, it is possible that cellular fac- 
tors exist that also prevent p53 from interacting 
with the SV40 DNA, allowing transcription to 
proceed. 

A recent study has also revealed that p53 can 
block replication of SV40 DNA in an in vitro 
assay (Wang et al., 1989); p53 appeared to effect 
the ability of T antigen to function optimally in 
replication from the SV40 origin, likely due to 
an interaction of SV40 T antigen with p53 pro- 
tein. Here we found that expression of SV40 T 
antigen along with wild-type p53 abolishes the 
repressive effect of p53 on c-myc transcription. 
One possible mechanism is that T antigen inter- 
acts with p53, thereby eliminating its repressive 
function (Lane and Benchimol, 1990). These 
data would indicate that SV40 T antigen is dom- 
inant to p53 in trans-activating e-myc transcrip- 
tion. Yet these results point to an apparent 
paradox in that replication in vitro is inhibited 
by p53 while transcription in vivo is not. How- 
ever it is possible that the roles of T antigen in 
SV40 replication and in transcriptional transac- 
tivation are distinct or that cellular factors in 
vivo play a role in overcoming p53 repression by 
T antigen. 

While wild-type p53 repressed transcription 
from the P2 promoter, a mutant form of p53 
produced no such effect. This mutant form of 
p53 results from a point mutation at amino-acid 
position 135 (an ala to Val change) and changes 
the function of p53 from a suppressor of onco- 
genic transformation to an activator of transfor- 
mation (Finlay et al., 1989). These data indicate 
that the repressive action of p53 on c-myc tran- 
scription'mirrors the effects on cell growth. Thus, 
it may be that an alteration in p53 structure, by 
a point mutation for example, results in derepres- 
sion of c-myc expression. As a result normal cell 
growth controls may be lost. 

In conclusion it appears that wild-type p53 
plays a role in regulating c-myc transcription. 
Since p53 is a target of the ~ 3 4 " ~ ~  kinase (Milner 
et al., 1990) it is possible that the activity of p53 
is regulated by the cell cycle. This cell cycle 
regulation may then affect expression of c-myc 
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and thereby have an effect on the growth state 
of the cell. 
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