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Oncogenes, Breast Cancer, and Chemoprevention
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Abstract Perturbations of oncogenes in breast carcinoma include amplifications of the HER-2/neu and
PRADI genes, as well as p53 mutations. Some of these lesions frequently appear in early cancers such
as ductal carcinoma in situ and are stable as the tumors become invasive and metastasize. Thus these
findings suggest that oncogene mutations may define a point of origin for a given breast cancer, and
are fixed lesions during tumor progression. Such germline abnormalities may occur at the BRCA1, H-
RAS VNTR, and p53 loci. The rational use of genetics may be to identify women at high risk for the
development of breast cancer so that they may be enrolled in future chemoprevention trials.
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Oncogenes are defined as those cancer-asso-
ciated genes that, when mutated, lead to a gain
of function; tumor suppressor genes are those
that, when mutated, are associated with loss of
tumor suppressor function. Early in the history
of molecular carcinogenesis, the distinction be-
tween oncogenes and tumor suppressor genes
may have been obvious; however, current bio-
chemical and biological evidence has blurred
these boundaries. For this reason, pertinent spe-
cific genetic elements known to be involved in
breast mammary carcinogenesis will be dis-
cussed without distinguishing between tumor
suppressor and oncogenes. Furthermore, the
emphasis here will be on emerging concepts that
may define the genotype and phenotype of very
early breast cancer lesions, as well as investiga-
tions of the human disease, since many of the
genes involved in murine mammary carcinogen-
esis have no human counterpart.
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GENETIC LESIONS AND THEIR BIOLOGICAL
CONSEQUENCES

One important oncogene in breast cancer is
the HER-2/c-erbB-2 locus, originally discovered
as an epidermal growth factor receptor (EGFR)-
related tyrosine kinase, activated in a carcinogen-
induced murine neuroblastoma. HER-2 is ampli-
fied in a number of breast cancer cell lines and
primary breast cancers. Landmark work by Den-
nis Slamon ([1] has shown that either HER-2
overexpression or gene amplification is associat-
ed with significantly poorer prognosis in both
node-positive and node-negative breast cancer
cases. Furthermore, since the overexpression of
the oncoprotein encoded by the HER-2 gene
almost always accompanies gene amplification,
the HER-2 oncoprotein (and not another gene in
the amplicon) is thought to be the important
element in the association with poor survival.

HER-2 positivity, defined as either over-
expression of the oncoprotein or gene amplifica-
tion, also determines the cellular and biological
behavior of breast cancers. HER-2-positive tu-
mors are usually estrogen (ER) and progesterone
receptor (PR)-negative, associated with high
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S-phase fraction, and exhibit greater numbers of
involved lymph nodes. Because HER-2 positively
occurs in approximately 10-15% of node-negative
patients and 20-30% of node-positive patients, it
was originally thought to be a progression factor,
or a marker of late-stage disease [2]. However,
several lines of investigation have raised doubts
about this assumption. Between 50 and 60% of
carcinoma in situ cases were first observed to
have HER-2 oncoprotein overexpression [3]. This
was later corroborated by gene amplification
data where approximately 50% of carcinoma in
situ cases also showed amplification of the
HER-2 locus [4]. The appearance of this genetic
abnormality at this frequency so early in the
course of the disease suggests that HER-2 has a
role in the genesis of some forms of breast can-
cer, and is not a marker of late disease. When
these data are considered along with observa-
tions showing a remarkable concordance of
HER-2 status in adjacent in situ, invasive, and
metastatic tissues, one can only surmise that the
HER-2 status is a fixed genetic/biochemical
marker that defines a disease subset from its
earliest point, perhaps at inception, to its metas-
tasizing daughter cells. This has led us to pro-
pose a model of cancer development where
HER-2-positive-breast cancers develop via a
pathway that includes carcinoma in situ [4]. Once
critical genes for invasion are also activated, the
behavior of these HER-2-expressing tumor cells
become more malignant than their HER-2-nega-
tive counterparts. This model also suggests that
other forms of breast cancer emerging via non-
HER-2 pathways tend to bypass an in situ phase,
but appear less virulent once the invasive cancer
has been established. Such a model would ex-
plain the high prevalence of HER-2 positivity in
breast carcinoma in situ and in invasive cancers
with aggressive phenotypes.

That HER-2 overexpression and amplification
defines a point of origin of breast cancer is sup-
ported by two other lines of evidence. Whereas
20-30% of ductal carcinomas show either abnor-
mal expression or amplification of the HER-2
locus, lobular carcinomas show no evidence of
HER-2 overexpression or gene amplification [5].
Thus, the cell of origin may define whether the
HER-2 oncoprotein contributes to its progression
pathway. Secondly, molecular epidemiological
investigations reveal that HER-2 positive breast
cancers are more common among early oral

contraceptive users <20 years of age [6]. Current
data, therefore, support the hypothesis that
HER-2 abnormalities define a subset of breast
cancers with a common origin.

Several other receptor tyrosine kinases are also
operative in human breast cancer. Insulin-like
growth factor I receptor (IGFIR) is amplified in
approximately 10~15% of primary breast cancers
[7]. Overexpression is associated with node-posi-
tive patients with increased overall survival, and
with ER/PR positivity [8]. Evidence exists that
constitutive overexpression of IGFs can bypass
the dependence on estrogen and provide a mech-
anism for hormone-independent growth [9].

EGER is also overexpressed in approximately
40% of breast cancers, and is inversely correlated
with ER expression [10]. Amplification of the
EGFR locus, however, occurs infrequently—in
the range of 5%. This demonstrates that gene
amplification is not driven solely by biological
selection, but is also dependent on the inherent
stability of the specific genetic locus. EGFR-ex-
pressing breast cancer cell lines are resporsive
not only to EGF, but also to TGF-o. TGF-a ex-
pressing transgenic mice develop mammary
hyperplasia, and ultimately, mammary carcino-
mas, suggesting a role for this ligand/receptor
axis in the genesis of mammary carcinomas [11].

An intriguing region of the genome, 1123, is
associated with breast cancer as well as other
epithelial cancers. In this region resides the int-2
oncogene, a fibroblast growth factor-related gene.
In mice, int-2 is activated by the mouse mamma-
ry tumor virus, leading to the development of
murine breast cancers [12]. Because of this asso-
ciation, this locus was examined in human breast
carcinomas and found to be amplified in approx-
imately 15%. However, when examined carefully,
int-2 was not expressed in a majority of the int-2
amplified tissues, ruling out int-2 as the critical
gene in this amplicon. Rearrangements in para-
thyroid adenomas at 1123 pointed to a linked
gene in the amplicon called PRAD] as the critical
gene activated in this translocation [13]. Se-
quence analysis astonishingly showed that
PRAD1 was the human homolog of cyclin D1, a
cell cycle regulator [14]. When scanned for in
human breast cancer, it was found that the level
of expression of PRAD1 (cyclin D1) matched the
degree of amplification, suggesting that PRAD1
was the critical gene in this amplicon. Epidemio-
logical data support the involvement of this



locus in the origin of a subset of breast cancers.
Individuals with int-2 amplification were more
likely to have a history of taking progestinal
agents and suffering spontaneous abortions be-
fore full-term pregnancy [15]. Furthermore, in an
analysis of over 100 cases, we found very little
overlap between individuals who amplify int-2
and those who amplify HER-2 [Liu, unpublished
data], suggesting that these two pathways are
not linked. The involvement of a regulator of cell
cycle dynamics in the genesis of a breast cancer
subset introduces some intriguing models of
mammary carcinogenesis. First, it has been
shown that cells exposed to genotoxic factors
enter G, arrest, theoretically to allow DNA repair
to occur prior to the continuation of DNA syn-
thesis. Abnormalities in this check point control
induced by a mutant p53 protein permit the cell
to cycle in the presence of these genotoxins [16].
This apparently uncontrolled progression
through the cell cycle leads to accumulation of
unrepaired (damaged) DNA and subsequent
downstream mutations, eventually resulting in
mammary carcinogenesis. Recent evidence shows
that in non-transformed fibroblasts, cyclin D1
complexes with CDK4 and a p21 protein [17].
Intriguingly, when cells were rendered immortal,
cyclin D1 complexed with CDK4 and a new pl6
protein, but not with p21. If confirmed, this is
one of first biochemical markers for abrogation
of senescence.

p53 is also involved in cell cycle check point
and senescence [18]. Overexpression of the wild-
type p53 moves cells into G,/G,, and can induce
apoptosis in certain systems [19]. Fibroblasts
from mice deficient in the p53 gene do not un-
dergo senescence, and progress to immortaliza-
tion with relative ease [20]. Such mice are highly
cancer-prone, pointing to abrogation of senes-
cence as an initial check point in carcinogenesis.
Patients with the Li-Fraumeni syndrome fre-
quently harbor p53 abnormalities, and are also
cancer-prone, including a susceptibility to devel-
op breast cancers [21,22]. Mutations in the p53
gene are found in approximately 30-50% of spo-
radic breast cancers, and appear to be associated
with a worse prognosis when patients are treated
using standard measures [23,24]. The finding that
P53 mutations occur in approximately 25% of
breast carcinoma in situ, again predominantly in
comedo type carcinomas, supports the notion
that this lesion is among the earliest somatic
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mutations in breast cancer [25]. As with HER-2
abnormalities, there appears to be concordance
between primary and metastatic lesions for the
presence or absence of a mutated p53, suggesting
that these mutations are early and fixed genetic
lesions in the progression pathway of breast
cancer [26].

The collective experience in oncogene analysis
of breast cancer points to several potential truths,
including the following:

(1) breast cancer is a heterogeneous disease
as defined by molecular markers;

(2) ductal carcinoma in situ is not an early
breast tumor; it appears to carry as many
genetic "hits" as advanced breast cancers;

(3) the subsets identified by various molecu-
lar markers are associated with different
tumor behaviors; and

(4) molecular lesions mentioned above define
a point origin of a breast cancer that may
be inducible by environmental factors.

This last point is important to any discussion of
surrogate markers, since all data to date suggest
that these oncogene abnormalities are fixed, early
mutations not acquired during the course of
tumor progression. This would make these DNA
markers poor choices as indicators of short-term
changes in tumor biology.

GENETIC SUSCEPTIBILITY

Somatic mutations in the oncogenes discussed
above may initiate a breast cell down the path of
malignant progression. However, germline ab-
normalities in critical genes appear to reduce the
threshold for breast cancer development. The
locus associated with the greatest susceptibility
to breast cancer is BRCA1, a gene located on
17q21 [27,28]. Identified by linkage analysis in
families with breast and ovarian cancers, the
BRCAL1 allele appears to be predictive of pre-
menopausal familial breast cancer. It is estimated
that the lifetime breast cancer risk in carriers is
85%, and that the gene frequency is approxi-
mately 5%. Though the exact gene has not been
identified, its location has been narrowed to
within 1-2 megabases, and its ultimate isolation
is anticipated.

The second germline abnormality associated
with breast cancer susceptibility is the p53 gene.
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Patients with the Li-Fraumeni syndrome develop
a variety of cancers, including breast cancer, and
a large number (up to 50%) constitutionally carry
p53 mutations [29]. When patients with sporadic
cancers are tested, approximately 0.5-1.0% will
have germline mutations in p53 [30,31]. Though
the risk of developing breast cancer in this popu-
lation is elevated, the exact risk is unknown since
no cohort study of Li-Fraumeni patients with p53
mutations has been completed.

A third germline abnormality associated with
breast, colon, and bladder carcinomas, as well as
leukemias is the rare H-RAS variable number of
terminal repeat (VNTR) alleles [32]. In the 3’ end
of the H-ras gene are tandem 28-base pair re-
peats whose repeat number is highly variable in
the population. Length polymorphisms that oc-
cur infrequently are called "rare" alleles. Women
who are heterozygous for this rare allele are 2- to
3-fold more likely to develop breast cancer, and
homozygous women (two allelic copies) double
this risk [33]. Though the exact biological expla-
nation for this association is unclear, there is
some evidence that this VNTR region may func-
tion as a transcriptional enhancer, and that some
rare H-ras alleles are more potent enhancers than
the common H-RAS alleles [34]. Thus, the aug-
mented expression of genes physically linked to
the H-RAS VNTR may act as a "procarcinogenic"
event. The frequency of rare alleles in the Cauca-
sian population is 3-4%.

Taken together, these genetic markers for
breast cancer susceptibility can be used to "exact-
ly" identify women at risk. Once the BRCA1l
gene is cloned and included along with the
H-RAS VNTR rare alleles and germline p53
mutations, up to 10% of women in the general
population can be identified as carrying breast
cancer susceptibility genes of varying potency.
This refined genetic risk assessment will greatly
enhance the identification and stratification of
candidates for chemoprevention trials.

ONCOGENES AND CHEMOPREVENTION

When globally and critically viewed, several
facts make oncogene mutations poor candidates
as surrogate markers in chemoprevention trials,
and inappropriate as markers to define the effec-
tiveness of new chemopreventive agents in short
term (14 week) trials.

First, the important oncogene abnormalities
(HER-2, p53, int-2/PRADI1) tend to be fixed
genetic lesions that will not change unless that
specific population is eliminated. Such clonal
deletion is not likely to occur in short term trials
of chemopreventive agents.

Second, even if the expression of these onco-
genes/growth factors are decreased by a par-
ticular agent, there is no current evidence that
this would result in the reduction of breast can-
cer risk.

Third, the validation and quantitation of onco-
gene expression is crude and antibody-depen-
dent, thus requiring optimization before being
used in such short-term trials. Currently, there
are only a few such studies investigating serial
samples of tumors after chemotherapeutic inter-
vention [35,36], and the interpretation of these
results is still under debate.

It is likely that tumor-associated oncogene
abnormalities can be more appropriately used as
stratifiers at entry into chemoprevention trials.
Since the behavior of breast cancer, and poten-
tially its response to therapy, is dependent on its
molecular make-up, stratification according to
the molecular "fingerprint” of a tumor will en-
sure against biasing the outcome due to improp-
er partitioning of the tumor subtypes.

Perhaps the most powerful use of molecular
markers is in defining patients at high genetic
risk for breast cancer. It is likely that the only
use of a pharmaceutical chemopreventive agent
will be in this group of high-risk women;
therefore, these drugs should be tested in this
population. Furthermore, because of the high
cancer rates in these at-risk women, the deter-
mination of drug efficacy will be more apparent
over a shorter period of time. In addition, sub-
jects with a family history of breast cancer can be
tested for the nature of the genetic risk using
molecular methods, and stratified according to
these risk groups. Clearly, the inclusion of equal
numbers of BRCAIl carriers and those with
H-RAS VNTR rare alleles in the placebo and the
treatment arms of a chemoprevention trial will
be important to a fair interpretation of the out-
come. In order for such a trial to be acceptable,
both the placebo and the treatment arms will
need to be monitored with heightened screening
methods (e.g., mammography and physical ex-
amination). The endpoints of such a trial cannot
ethically be death from breast cancer, but the



incidence of detectable breast cancer by the
heightened screening regimen.

SHORT-TERM CHEMOPREVENTION TRIALS
AND THE USE OF ONCOGENES AS
SURROGATE MARKERS

"Short-term" and “"chemoprevention" are, by
definition, contradictory. However, short-term
trials can be organized to specifically assess the
appropriateness of a particular set of surrogate
markers for a specific agent. For example, where-
as ER and PR determinations are important in a
tamoxifen chemoprevention study, they may be
irrelevant with an agent that blocks ras farnesyla-
tion. Furthermore, appropriate biochemical mark-
ers may be used in defining the effective dose of
a chemopreventive agent. Since it is frequently
impossible to perform multi-arm chemopreven-
tion trials to test dosing due to logistics and cost,
a surrogate marker of drug effect, such as bio-
chemical evidence of blocked ras farnesylation by
anti-ras drugs, may help define the most effective
dose to achieve a biochemical change in the
target breast tissue.

It should be noted that a surrogate marker
approach assumes either an established linkage
between the marker and the outcome (such as
disease incidence); or that the marker is in the
biological pathway of the chemopreventive
agent. Unless these criteria are upheld, the re-
sults of chemoprevention trials using untested
surrogate markers can only confuse the field.

From my perspective, the only surrogate
marker that has achieved a respectable review is
estrogen levels and the estrogen/ER axis in de-
fining breast cancer risk [37]. As I have argued,
many, if not most, breast cancer-associated onco-
gene markers are fixed lesions that probably will
not change in 1-2 weeks of therapy. Thus, we
should embark on identifying other appropriate
surrogate markers for chemoprevention trials,
since results from these studies can be used to
simplify future investigations. Currently, the use
of such surrogate markers in making important
drug development decisions is premature.
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