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Summary 

Alterations of the p53 tumor suppressor gene are the most common genetic changes found so far in breast 
cancer, suggesting that the gene plays a central role in the development of the disease, p53 functions as 
a negative regulator of cell growth, and alterations in the gene lead to loss of this negative growth 
regulation and more rapid cell proliferation. A number of independent groups using different methods of 
detection have shown that p53 alterations are associated with more aggressive tumor biologic factors and 
a poorer prognosis in breast cancer patients. Because of its possible role in the regulation of apoptosis 
and response to DNA damage, p53 status could also be a predictive marker for response to hormonal or 
chemotherapy. 

Introduction 

The pathway to epithelial neoplasia is marked by 
a series of genomic changes that include muta- 
tion, amplification, loss, and rearrangement of 
DNA. A growing number of oncogenes and 
tumor suppressor genes are known to be involved 
in this pathway, but until recently, no one par- 
ticular gene could be identified that played a 
common or central role in this seemingly chaotic 
and random process. The p53 gene has now 
emerged as the leading candidate for this distinc- 
tion. p53 mutation is the most common genetic 
change found in a wide variety of malignancies 
[1], including breast cancer [2]. This high rate of 
mutation suggests that the gene plays a central 
role in neoplastic development in general, and in 
breast cancer in particular. 

p53 functions as a negative regulator of cell 
growth [3,4] and also inhibits transformation [5]. 
Evidence points to its role as a sequence-specific 
[6,7] and non-specific [8] transcription factor 
which might increase transcription [9] of growth 
inhibitory genes or repress transcription [8,10] of 
genes that promote cell growth. More specific- 
ally, p53 may play a role in apoptosis [11,12], 
maintenance of genomic integrity [ 13,14], and cell 
differentiation [15]. Cells with p53 mutations 
show more genomic instability [16] and may be 
less able to repair DNA damage, differentiate, or 
undergo apoptosis. It has been hypothesized that 
p53, acting as a control at a G1 checkpoint [17], 
may detect DNA damage, slow the cell, and allow 
time for DNA repair. If damage is irreparable, 
the cell may be driven down the apoptotic path- 
way, thus preventing replication of defective cells. 

Address.for correspondence and offprints: Richard M. Elledge, M.D., Medicine/Oncology, University of Texas Health Science 
Center, 7703 Floyd Curl Drive, San Antonio, Texas 78284-7884, USA; Tel: 210-567-4777; Fax: 210-567-6687 



40 RM Elledge & DC Allred 

Table 1. Prognostic studies of p53 in breast cancer 

DFS and/or OS 
Reference n Assay Rate alt. p53 in alt. p53 

Iwaya et al [37] 73 IHC* 23% reduced 
Thor et al [23] 295 IHC 23% reduced 
Isola et al [41l 259 IHC 28% reduced 
Allred et al [29] 700 IHC 52% reduced 
Noguchi et al [44] 105 IHC 18% reduced 
Barnes et al [39] 195 IHC 19% reduced 
Silvestrini et al [42] 256 IHC 44% reduced 
Elledge et al [30] 200 SSCP* 14% reduced 
Allred et al [43] 926 IHC 52% reduced 
Thorlacius et al [46] 109 CDGE* 16.5% reduced 

Total 3,118 

Ostrowski et al [40] 90 IHC 36% ns* 
Hanzal et al [381 117 IHC 25% ns 

Total 207 

* IHC: immunohistochemistry; SSCP: single-strand conformation polymorphism analysis; CDGE: 
constant denaturing gel electrophoresis; ns: not statistically significant 

Mutation or alteration in the gene lead to loss 
of this negative growth regulation, and thus to 
more rapid cell proliferation [18]. Also, when 
mutant p53 is introduced into cells, transformation 
and a more aggressive phenotype can result [19, 
20]. Thus, while wild-type p53 functions as a 
tumor suppressor gene, mutant p53 can act as a 
dominant oncogene. 

p53 in breast cancer 

p53 mutations are common in breast cancer and 
have been reported at a rate of 15-50%, depen- 
ding on the stage of disease and the method of 
detection [21-26]. As with other tumor types, 
non-invasive or less advanced breast cancer has a 
lower incidence of alterations [21-23] - -  for in 
situ disease the incidence of mutation is about 
15%, while for invasive and metastatic disease, it 
is 2 to 3 times higher. 

The reported frequency of p53 alterations is 
dependent on the method of detection. Immuno- 
histochemical staining (IHC) is a protein-based 
method that is used commonly to detect altera- 
tions in p53 because it is relatively inexpensive 

and easy to perform, especially on a large number 
of tumors. A mutation results in a prolonged 
protein half-life and accumulation of the protein 
in the nucleus [27]. IHC detects this abnormal 
accumulation and is therefore thought to be an 
indirect indication of a mutation. 30-50% of 
breast tumors have accumulation of p53 protein as 
measured by IHC [23,25,28,29]. DNA-based 
methods detect fewer alterations, on the order of 
15-45% [2,30-32]. The reason for this discre- 
pancy is unclear. DNA-based methods may not 
be as sensitive; however, one study demonstrated 
that single-strand conformation polymorphism 
analysis (SSCP) can detect p53 mutations even 
when the background wild-type allele comprises 
as much as 85-95% of the total population of p53 
alleles [33]. Alternatively, the mutation could 
occur outside of the gene regions surveyed. 

On the other hand, IHC may overestimate the 
frequency of gene alterations. Stabilization or 
accumulation of p53 protein could occur for 
reasons other than a mutation. Indeed, some have 
observed nuclear accumulation of protein, but 
detected no mutation by sequencing [34]. The 
level of p53 protein normally increases during late 
G1 and S-phase [351, and also increases in res- 
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Figure i. Example of an infiltrating ductal carcinoma which stains positively for nuclear p53 protein. Frozen section IHC was 
performed with a cocktail of the antibodies 1801 and 240. Surrounding small lymphocytes are negative. 

ponse to DNA damage [13]. Cells that are in 
these phases of the cell cycle or are genetically 
damaged may have positive staining without a 
mutation. Accumulation of p53 could also occur 
as a result of binding to other cellular proteins. 
p53 is known to bind to mdm-2 protein [36], a 
cellular oncoprotein, as well as several other viral 
proteins which could have cellular homologues. 

Testing for p53 alterations may have a prog- 
nostic clinical application. Alterations in the gene 
lead to loss of its negative growth regulatory 
function, and hence to a more rapid cell prolif- 
eration. Also, p53 alterations are more often 
found in more advanced breast cancer. This sug- 
gests the possibility that p53 alterations occur 
more often as a late event in the transformation 
process, or are associated with an increased meta- 
static potential. For these reasons and because 
p53 mutations are common in breast cancer, it has 
been thought by ourselves and others that p53 
mutations could be associated with more aggres- 
sive tumors or those with higher likelihood of 
occult distant metastasis, and thus might be a 
prognostic factor in predicting future recurrence. 
Also, because of p53's involvement in the regula- 

tion of the cell cycle, apoptosis, and response to 
DNA damage, p53 status might be used as a 
predictor of response to cytotoxic or hormonal 
therapy. 

p53 status and breast cancer prognosis 

A number of studies involving over 3,000 patients 
have examined the relationship between the nuc- 
lear accumulation of p53 protein, prognosis 
(Table 1), and known adverse biologic factors 
[23,29,37-44]. These studies have used different 
antibodies and methodologies and were performed 
on both frozen and paraffin-embedded formalin- 
fixed specimens. This probably accounts for the 
reported range of positive staining. From these 
studies, it appears that frozen section staining is 
more sensitive than permanent section IHC, and 
that a combination of antibodies directed against 
different epitopes may increase sensitivity. An 
example of frozen-section IHC done by our 
group, utilizing a cocktail of the antibodies 1801 
and 240, is shown in Figure 1. 

Of 10 published series, 8 show a poorer out- 
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Figure 2. Disease-free survival of 700 node-negative patients according to p53 IHC status. Tumors were divided into three 
groups according to IHC score. The overall amount of p53 protein present in each tumor was expressed as the sum of an 
intensity score (0 to 3) and a proportion score (0 to 5). Tumors were placed into one of 3 groups, negative tumors (IHC score 
= 0), low positive tumors (IHC score = 2 to 6), and high positive tumors (IHC score > 6). DFS decreased as IHC score 
increased. 

come for women with p53 IHC-positive tumors. 
In one of the two negative studies, patients with 
IHC-positive did have a worse survival, but the 
difference was not statistically significant [40]. 
This poorer survival is seen in both lymph node- 
positive and lymph node-negative groups. This is 
especially important in the latter group, where 
prognostic factors could help guide therapeutic 
decisions. We have performed the largest study 
examining prognosis in lymph node-negative 
patients. In 700 patients, disease-free survival at 
5 years was 80% for negative tumors, compared 
with 72% for low-positive to intermediate-positive 
tumors, and 58% for high-positive tumors [29] 
(Figure 2). Thus, not only does the accumulation 
of p53 indicate a worse prognosis, but it also 
appears that as the proportion of p53 abnormal 
cells in a tumor increases, prognosis becomes 
worse. Supporting the notion that tumor aggres- 
siveness is directly related to the proportion of 
IHC-positive cells are molecular experiments 
which demonstrate that the proportion of p53 
mutated cells in a tumor increases as a tumor 

progresses and is higher after recurrence [45]. 
Accumulation of p53 protein is associated with 

a number of other poor prognostic factors, 
including ER negativity [23,26,29,37,40-42], PgR 
negativity [29,39,41], high histologic grade [37, 
39-41] or nuclear grade [23], erbB-2 over-ex- 
pression [37,41], aneuploidy [29], and a high 
proliferative fraction [29,41-43]. No consistent 
relationship has been seen between p53 status and 
tumor size. Since p53 functions to control entry 
or progression through the cell cycle, one would 
expect that tumors with an inactivated p53 would 
have a higher rate of proliferation, and this is 
indeed the case. We have also found that there is 
a strong direct correlation between the amount of 
mutant protein present and tumor proliferation 
rate. Tumors with the highest amount of nuclear 
p53 had the highest median S-phase values [29]. 
These results are consistent with the hypothesis 
that wild-type p53 is involved in suppression of 
the cell cycle. It has been suggested that p53 
IHC status is simply a surrogate marker for 
S-phase fraction; however, our group and others 
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have found that p53 status predicts recurrence 
independent of proliferative measures [29,42]. 
This corroborates data from molecular studies in- 
dicating that p53 is a pleiotropic protein and has 
functions other than simply controlling cell pro- 
liferation. 

At least two studies have examined the rela- 
tionship between p53 gene alteration and prog- 
nosis. Each searched for p53 gene alterations in 
evolutionarily conserved and functionally impor- 
tant regions involving part or all of exons 5 
through 9. Most mutations have been found in 
these regions. To search for gene alterations we 
used SSCP analysis, an electrophoretic method 
that can identify single base pair differences in 
polymerase chain reaction amplified DNA frag- 
ments [30]. An example of an SSCP analysis is 
shown in Figure 3. Double-stranded fragments 
are seen at the bottom, and normal single-stranded 
fragments are seen in the upper part of the gel. 
After denaturation, the tumor in lane 6 shows an 
additional band representing an altered 8/9 
sequence. Later sequence analysis confirmed a 
point mutation in codon 274. Of 200 node-nega- 
tive tumors, 1 to 3 cm in size, 14% contained a 
p53 gene alteration, and disease-free survival was 
significantly decreased in this group (Figure 4). 
Survival was 78% at 5 years for SSCP-normal 

Figure 3. SSCP analysis of p53, exon 8/9. Single-strand 
conformers are seen at the top and double-strand con- 
formers are seen at the bottom. Samples were run under 
denaturing (D) and nondenaturing (N) conditions. An 
abnormally migrating band, representing a GTT to GCT 
mutation at codon 274, is seen in lane 6. WT: wild type; 
M: mutation. 

tumors, but only 58% for women with SSCP- 
abnormal tumors. Thorlacius studied 109 tumors 
with constant denaturant gel electrophoresis and 
found that 16.5% of the tumors had a mutation 
[46]. They also found a strong association be- 
tween a mutation and poor prognosis at 32 
months. Similar to IHC studies, both of these 
DNA-based analyses found an association be- 
tween ER negativity and p53 gene alterations. 

1 . 0 -  

0 . 3  

I 

'~  0.6 
.0 
2 
~,~ O.4 
u. 

0.2 

0.0 

p = 0.01 

"-•"•"-,-•.• p53- (n=172) 
L ~ "  

L__. 
1 

p53+ (n=28) 

i 

12 24  36 48 60 72 84  

Time (months) 
Figure 4. Disease-free survival in patients with node-negative breast cancer, as a function of a normal (p53-) or abnormal 
(p53+) SSCP analysis for p53, exons 5 through 9. 



44 RM Elledge & DC Allred 

1,0 

0.9 

~ 0.8 

'~ 0.7 

m 0.6 

~ 0.5 

• ~- 0.4 

IHC/SSCP 

LL] I__. neg/neg 

t pos/neg 

0.3 
' ' 60 8() 0 20 40 

Time (months) 

Median Median 
n %S-phase IHCScore 

88 6.6 0.0 

63 9.6 4.0 

pos/pos 20 15.4 6.0 

Figure 5. Disease-free survival as a function of altered p53 determined by both IHC and SSCP. SSCP analysis was performed 
on p53 exons 5-9 in 176 node-negative tumors also studied for p53 protein expression by IHC, and for tumor proliferation by 
flow cytometry (% S-phase fraction). Five year DFS progressively decreased from tumors that were negative by both IHC and 
SSCP (85%), to the tumors that were IHC positive and SSCP negative (78%), to the tumors that were positive by both methods 
(54%). Tumor proliferation rate and over-expression of p53 by IHC also increased in the same order. (Only 5 tumors appeared 
negative by IHC but positive by SSCP.) 

Our study also found that SSCP-abnormal tumors 
had a higher S-phase fraction compared with 
tumors having a normal SSCP. 

To address the discrepancy between IHC and 
DNA-based methods, we compared the IHC and 
SSCP status of 176 tumors directly (Figure 5). 
88 tumors were negative by both methods, and 
these had the best prognosis and lowest S-phase 
fraction. 20 tumors were positive by both 
methods and had the worst prognosis and highest 
S-phase fraction. Those that were positive by 
IHC and negative by SSCP had an intermediate 
prognosis and an intermediate S-phase fraction. 
5 tumors were SSCP-positive and IHC-negative, 
and may represent mutations that produce trun- 
cations or do not result in amino acid changes. 
Thus, discordance was common, and IHC detec- 
ted protein accumulation more commonly than 
SSCP detected gene alterations. Tumors with 
increased p53 protein levels but no detectable 

gene alteration might be explained by epigenetic 
events such as binding of stabilizing proteins or 
post-transcriptional modification. 

p53 in predicting response to therapy 

p53 might also be useful for predicting response 
to hormonal or chemotherapy in breast cancer. 
By a number of speculative mechanisms, p53 
could alter a breast tumor's responsiveness to 
systemic therapy. Hormonal or chemotherapy 
may act by inducing cell apoptosis [47,48], and a 
cell with loss of p53 function may not be able to 
undergo apoptosis and thus would be resistant to 
the effects of hormonal or cytotoxic therapy. 
Conversely, if p53 acts to detect DNA damage 
and slow the cell to allow time for repair, cells 
with a defective p53 may not be able to repair 
damage as efficiently and therefore would be 



more sensitive to chemotherapeutic agents that act 
by damaging DNA. Hormonal agents act through 
estrogen receptor to influence cell proliferation 
and transit through the cell cycle. In the presence 
of a mutated p53, the influence of estrogen recep- 
tor on cell cycle control may be lost and the cell 
may then be no longer responsive to hormonal 
agents. Lastly, p53 mutations can alter growth 
factor interactions thought to be important in the 
therapeutic response to tamoxifen. Evidence sug- 
gests that tamoxifen therapy can produce an inhi- 
bitory effect on breast cancer by increasing TGF[3 
[49], a growth factor that slows breast cancer cell 
growth. In human bronchial epithelium, mutant 
p53 causes a loss in the inhibitory response 
usually seen with TGF~ [50]. Breast cancers 
with p53 mutation may thus no longer be respon- 
sive to the normal growth-retarding effects of 
TGFI3. 

Current and future studies 

We have several current and future research plans 
regarding p53. First, since p53 is a weak prog- 
nostic factor, which cannot alone identify a group 
with such a low risk of recurrence that treatment 
would not be indicated, we will be integrating 
p53 in a multifactor prognostic model to deter- 
mine its relative contribution to prognosis and its 
interaction with other variables. When multiple 
factors are combined, the prognosis of subsets of 
patients may be more accurately defined. Second, 
the predictive value of p53 will be tested in vivo. 

For this purpose, we will use archival paraffin 
blocks from SWOG 8228, a prospective study in 
which 340 patients with ER-positive metastatic 
breast cancer were given tamoxifen, and the resul- 
ting time to progression and survival were record- 
ed. Blocks will be evaluated for p53 and other 
biologic factors which may be associated with 
response to tamoxifen. In vitro models utilizing 
MCF-7 cells transfected with mutated p53 will be 
used in experiments to test for tamoxifen sensi- 
tivity and estrogen independent growth. Tumori- 
genicity and estrogen/tamoxifen responsiveness of 
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p53 transfectants will be evaluated in nude mice. 
Lastly, other factors could modify p53 activity 
and its prognostic significance. Heat shock 
protein 70 is a molecular chaperone which is 
known to bind mutant [51,52] and possibly wild- 
type [53] p53. This interaction could modulate 
the biological effects of p53 through stabilization 
of the protein or alteration of its subcellular 
localization. We will therefore be investigating 
whether hsp 70 co-localizes with p53 protein in 
human breast tumor cells, and whether it plays a 
role in p53 accumulation. 

Conclusion 

In summary, p53 mutations play a central role in 
breast cancer progression. In studies involving 
over 3100 patients, multiple independent groups 
using different methodology have found p53 mu- 
tation to be a weak independent prognostic factor 
for early recurrence in breast cancer. Future 
studies will indicate whether it is also a predictive 
factor for response to endocrine or chemotherapy. 
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