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Abstract

Pathological examination has been the gold standard for di-
agnosis in cancer and its role has also included the elucida-
tion of etiology, pathogenesis, clinicopathological correla-
tion, and prognostication. The advent of newer technologies
and the realization that breast cancer is heterogeneous has
shifted the focus to prognostication, with increased atten-
tion being paid to the identification of morphological fea-
tures and immunohistochemical markers of prognostic rel-
evance. However, despite the massive efforts invested in the
identification of immunohistochemical biomarkers in breast
cancer the majority have not proven to be of value in multi-
variate analyses and only estrogen receptor, progesterone
receptor, and Her2/neu expression have remained essential
components of pathological examination. These 3 markers
were initially employed for prognostication but their role in
treatment also rendered them of predictive value. Newer
molecular methods, especially high-throughput technolo-
gies, have shown that even morphologically similar sub-

types of breast cancer can show molecular heterogeneity;
moreover, infiltrating ductal carcinoma can be separated
into at least 4 molecular subtypes designated luminal (ER+,
PR+, and Her2/neu-), Her2 overexpressing (ER-, PR, and
Her2/neu+), basal-like (ER-, PR-, Her2/neu-, and CK5/6+,
EGFR+), and normal breast-like (ER-, PR-, and Her2/neu-),
each with different clinical outcomes. The importance of
proliferative gene expression in these subtypes has been
demonstrated and surrogate immunohistochemical mark-
ers include ER, PR, Her2/neu, and Ki67 for the more expen-
sive molecular tests. Molecular technologies, importantly,
have not only provided further insights into the heterogene-
ity of breast cancer but have also opened new avenues for
treatment through the identification of signaling molecules
important in the proliferation and survival of the neoplastic
cells. The treatment of cancer thus shifts from the conven-
tional approach of ‘one size fits all’ to one of personalized
treatment tailored to the specific characteristics of the tu-
mor. Pathologists continue to play their traditional role in
diagnosis but, as purveyors of the excised tissue, patholo-
gists now have the additional role of identifying biomarkers
responsive to therapeutic manipulation, thus playing an in-
extricable role as diagnostic oncologists in the management

of breast cancer. Copyright © 2011 S. Karger AG, Basel
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Introduction

Morphological examination remains the mainstay of
diagnosis; this is particularly so in the case of neoplastic
diseases. Through the examination of gross and micro-
scopic features, pathologists also determine etiology, at-
tempt to predict behavior, and provide a correlation with
the clinical presentation of the disease. This was initially
performed on excised specimens and based on simple
gross observations such as tumor size, extent of involve-
ment, presence of necrosis, and presence of metastasis or
vascular invasion. The introduction of less invasive tech-
niques resulted in smaller samples of diseased tissue be-
coming available for examination, and the prediction of
tumor behavior became strongly centered on microscop-
ic features such as cell type, extent of differentiation, mi-
totic activity, microscopic lymphovascular invasion, lym-
phoplasmacytic reaction, metastasis, and the nature of
the tumor borders. Tumor grading based on the level of
cellular differentiation or resemblance to its normal
counterpart, and staging based on the extent of involve-
ment of the tumor and spread, was performed in order to
prognosticate. Often, subsequent management of the
cancer was predicated on these prognostic features. Some
of the macroscopic and microscopic parameters proved
to be of prognostic value while others such as tumor
grade tended to be superseded by stage. The ability to pre-
dict behavior was thus relatively inaccurate but prognos-
tication, in addition to diagnosis, was very much an inte-
gral function of pathological examination. The role of the
pathologist as a diagnostic oncologist thus involves the
complete spectrum or continuum of cancer care and ex-
tends from prevention and screening through diagnosis
to prognosis and prediction of the therapeutic response
and monitoring of the disease. This role has now been
extended to include the molecular aspects that allow
greater insights into the pathogenesis and treatment of
cancer.

This emerging role for pathology is exemplified in the
case of breast cancer especially with the realization that
breast cancer is not a single disease, and subgroups of
breast cancer with different clinical outcomes can be
morphologically identified. With the development of so-
phisticated techniques of examination, pathologists have
continued to seek biological information regarding the
different types of breast cancer that are linked to clinical
data such as overall survival, disease-free survival, or
quality of life, and they have continued to develop meth-
ods for the earlier detection of tumors and metastases.
Through their unique and pivotal role as keepers and
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purveyors of excised tissues, pathologists have extended
their role into the area of translational research, employ-
ing new technologies to examine the molecular complex-
ities of breast cancer and relate the biological heteroge-
neity to prognosis and treatment. Furthermore, the de-
velopment of newer forms of cancer treatment, both
complimentary and supplementary to conventional treat-
ment modalities, as well as the desire to provide personal-
ized medicine in place of the traditional ‘one size fits all’
approach has resulted in this paradigm shift in breast
cancer.

The Conventional Role of Pathology

Using microscopic observations based on tubule for-
mation, mitotic activity, and cellular pleomorphism, the
Scarff-Bloom-Richardson grading system for breast can-
cer was developed [1]. Subsequent refinement and incor-
poration into the Nottingham Prognostic Index [2] pro-
duced a robust scoring system that predicted long-term
survival for patients with breast cancer. This and other
systems have been the basis on which most clinical man-
agement decisions concerning adjuvant therapy are made
[3-5]. With conventional treatment modalities of sur-
gery, chemotherapy, and radiation, however, it became
evident that many patients relapse after treatment and
many who qualify for established treatment protocols or
regimes receive no benefit from the treatment. It is also
interesting to note that the relative value of the prognostic
variables employed in the Nottingham Prognostic Index
vary with time after the initial diagnosis; a prognostic
factor that is highly significant for outcome in the first
year after diagnosis may have little relevance after 5 years.
In a long-term study of a cohort of 464 patients with
breast cancer, it was found that tumor diameter, axillary
lymph node status, glandular formation, and the propor-
tion of intraductal growth were of prognostic value for up
to 5 years; the mitotic index was significant the first 2
years, but histological grade and morphometric nuclear
factors had short-term value only [6]. Subsequent studies
have confirmed the value of lymph node status, tumor
diameter, and histological differentiation, stage, lymph,
and blood vessel invasion as prognostic factors employed
in the Nottingham prognostic index which combines the
strongest of these factors [reviewed in 7].

The limitations of chemotherapy, especially the nar-
row therapeutic index, and the lack of discrimination of
both chemotherapy and radiotherapy for cancerous and
noncancerous cells have prompted the search for a great-
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er target-directed approach to cancer treatment. With the
detailed unraveling of oncogenic pathways and tumor
cell metabolism, the largely empirical chemotherapeutic
approach to breast cancer has yielded to the realization
that the disease is very heterogeneous. There is a pressing
need to improve the prediction of tumor response and to
better define those patients who will benefit from spe-
cific forms of treatment as well as to find ways to counter
resistance, i.e. cancer therapy should be personalized or
specifically tailored to the patient. Furthermore, besides
the unnecessary costs and exposure of some patients to
the complications and dangers of the treatment, it is like-
ly that the empirical use of similar therapies in all patients
may dilute the evidence of drug effectiveness in the spe-
cific subgroup in which the drug may in fact exhibit great
efficacy.

Prognostic and Predictive Markers

Prognostic indicators can be defined as those data
identified at the time of diagnosis that relate or predict
the clinical outcome unrelated to adjuvant therapy. Pre-
dictive indicators, on the other hand, are those related to
the degree or extent of response to the therapy adminis-
tered. Clearly, some indicators can be both prognostic
and predictive in nature.

In the late 1980s and through the 1990s, a great deal of
effort was expended into the identification of biomarkers
in breast cancer. The availability of sensitive immunohis-
tochemical techniques and specific antibodies made the
task easier and a variety of biomarkers were studied in-
cluding the protein gene products of various growth fac-
tors and their receptors, hormone receptors, epidermal
growth factor and its receptors, tumor suppressor genes,
tumor-host interaction factors including angiogenesis
factors, cathepsin D, matrix metalloproteinases, plas-
minogen activators, adhesion molecules, and multidrug
resistance genes [reviewed in 8]. Ideal biological indices
that are clinically relevant should provide information
about etiology/causation, allow the assessment of future
risk for the patient or her family, or directly influence
treatment, and they should be relevant to prognosis.
Many described biological factors appear to have prog-
nostic relevance when studied retrospectively in univari-
ate analyses, but such information may prove to be of lim-
ited use unless it is shown to be independently relevant in
multivariate analysis [9]. The relative value of various
prognostic factors also varies with time after the initial
diagnosis; a prognostic factor that is highly significant for

Changing Role of Pathology in
Breast Cancer

the outcome in the first year after diagnosis may have
little relevance after 5 years. Of the many early biological
markers studied, only estrogen receptor (ER), progester-
one receptor (PR), and Her2 have been routinely em-
ployed in the management of breast cancer [10], making
the assessment of these markers mandatory.

ER and PR

The benefit of bilateral oophorectomy for the treat-
ment of premenopausal breast cancer has long been rec-
ognized and the use of antiestrogen therapy for patients
with breast cancer expressing ER represents the first se-
lective targeted therapy in oncology [11-14].

The 2 isoforms of ER, i.e. ERa and ERP, are encoded
by genes on 6q25.1 and 14q22-q24, respectively. While
cellular response is dependent on the relative expression
of the 2 receptors, ERa is the only clinically useful recep-
tor as ERP is scanty and sensitive antibodies to this mol-
ecule are currently not available. ERa is a 65-kDa nuclear
receptor whose primary ligand is 17--estradiol. Binding
by ligand stimulates dimerization with subsequent bind-
ing to specific DNA sequences to induce gene transcrip-
tion and thereby a cellular response. This action can be
tempered by either blocking the receptor or depriving it
of circulating ligand. Tamoxifen is the first of the selec-
tive ER modulators that can produce both agonistic and
antagonistic effects on ERa in different tissues. It has re-
duced the risk of the recurrence of breast cancer within 5
years by 40% and the overall breast cancer-specific mor-
tality by 31% [11]. Aromatase inhibitors which inhibit the
conversion of precursor molecules to estradiol are alter-
native treatments. Interestingly, the absence of ER has
been shown to indicate a good response to chemotherapy
particularly in the neoadjuvant setting where pathologi-
cal complete responses of 21-33% have been seen in ER-
negative tumors and in only 7-8% of ER-positive tumors
(12, 13].

The PR also exists as 2 isoforms, i.e. PRa and PR, en-
coded by the gene on chromosome 1. Currently a distinc-
tion between these isoforms in tissue sections is not pos-
sible as the antibodies available are to the N-terminal
portion common to both isoforms. The expression of PR
is strongly dependent on estrogen and is thus rarely seen
in ER-negative tumors. In the adjuvant setting of tamox-
ifen versus controls, PR expression is strongly prognostic
but has little predictive value [14] in that those with a
‘poor’ PR status have worse outcomes than do PR-positive
patients on tamoxifen; however, the relative benefit of
tamoxifen is similar in both subgroups [11, 14]. There is
also a strong relationship between PR status and progno-
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sis in patients on endocrine therapy as was clearly shown
in the adjuvant trials where recurrence after 5 years of
anastrozole (aromatase inhibitor) treatment was 14% in
those with ‘low’ expressing tumors compared to <4% in
patients with ‘high’ expressing tumors [15].

Both ER and PR are assessed by immunohistochemis-
trybut consistency and reproducibility have been plagued
by a variety of factors, many beyond the control of the
laboratory, that influence the preservation of antigen in
paraffin-embedded sections [16, 17]. The recent scandal
in Newfoundland, Canada, concerning testing for hor-
mone receptors and HER2 attests to the problems associ-
ated with consistency and reproducibility in the area of
quantitative immunohistochemistry [18]. The problem
encountered in this Canadian province was anticipated
by the joint American Society of Clinical Oncology and
the College of American Pathologists recommendations
which set a minimum and maximum duration of fixation
of tissues prior to immunohistochemical analysis for
these markers [19]. However, these are only preliminary
guidelines to ensure the consistency and standardization
of the many analytical variables that are critical to the
demonstration of tissue antigens that would otherwise
impede the use of immunohistochemistry in a quantita-
tive manner (16, 17, 20]. Interpretation remains another
problem and several methods for scoring the immuno-
histological stains semiquantitatively have been advocat-
ed in an attempt to render hormone receptor staining
more objective [21, 22]. More recent data suggests that
immunohistochemically detected ER shows a bimodal
frequency distribution so that tumors are either negative
or positive with 70% or more immunoreactive cells [23].
It has also been stated that the immunohistochemical re-
action for ER is an all-or-none phenomenon [24], a claim
supported by the observation that a significant benefit
from adjuvant endocrine treatment is achieved in pa-
tients whose tumors contain only 1% of ER-positive cells
[25].

HER2/neu (c-erbB-2)

The Her2/neu gene is mapped on chromosome
17q12.21.32 and encodes a 185-kDa transmembrane pro-
tein with 50% homology to the epidermal growth factor
receptor. Her2/neu is able to operate in a ligand-indepen-
dent manner, homodimerizing to elicit growth signals
with the cell. The high-level expression resulting from
gene amplification drives the basal level of Her2/neu ac-
tivity above a threshold that can stimulate tumor growth.
Since its discovery in breast cancer, Her2/neu has been
shown to be a poor prognostic factor with overexpression
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of the protein or amplification of the gene correlating
with poor outcome in patients with axillary lymph node
metastases but not in patients with tumor-negative lymph
nodes [26]. Subsequent data also revealed that Her2/neu
overexpression/gene amplification was associated with a
bad prognosis (high rate of recurrence and mortality) in
patients with newly diagnosed breast cancer who were
not receiving adjuvant systemic therapy [19].

Her2/neu represents a major milestone in breast can-
cer management as it has led to the development of Her-
ceptin (trastuzumab), an effective antibody-based target-
ed therapy [27-29]. The humanized monoclonal antibody
(in combination with chemotherapy) used as a first-line
and adjuvant-setting agent has demonstrated a survival
benefit in women with breast cancer that overexpresses
the Her2/neu protein or in those who show amplification
of the Her2/neu gene [30-33]. Her2/neu is thus a prognos-
tic as well as predictive marker in breast cancer.

Several methods for assessing Her2/neu status are cur-
rently available, and each method has its proponents. Im-
munohistochemistry is the cheapest and most rapid pro-
cedure but suffers from a lack of standardization and the
inability to control some of the more important variables
that influence the preservation of antigen in fixed, pro-
cessed tissues such as fixative, duration of fixation, and
the lack of standardization of methods of antigen retriev-
alincluding time and temperature, tissue processing, and
detection systems [17, 20]. Furthermore, cutoff values are
arbitrarily set and scoring on a recommended 4-tiered
system implies a continuum when the scores clearly do
not [34]. Fluorescence in situ hybridization (FISH) is very
sensitive and specific, but it is a time-demanding and ex-
pensive procedure. While they are more objective, fluo-
rescence preparations fade, they require fluorescence mi-
croscopy, and image archiving is needed for permanent
records. Chromogenic in situ hybridization (CISH) and
silver-enhanced in situ hybridization (SISH) adopt the
same procedure as FISH but employ a peroxidase reac-
tion with diaminobenzidine as chromogen and silver
precipitation in the case of SISH to provide a permanent
preparation that can be viewed in bright-field microsco-
py. The introduction of microwave irradiation to the pro-
cedure enhances the consistency and visualization of sig-
nals [35]. When appropriately validated methods have
been employed, a high level of concordance has been
shown among all 4 methods of assay for Her2/neu [36-
38].

The examples of both ER and Her2/neu demonstrate
the changing role of pathology in the assessment of breast
tumors and in the design of personalized or tailored ther-
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apy. While tamoxifen and Herceptin have less toxic ef-
fects than chemotherapeutic agents do, they are not with-
out complications. Tamoxifen has been linked to endo-
metrial cancer, osteoporosis, thromboembolism, and
effects on the central nervous system. Herceptin may be
cardiotoxic and has been linked to allergic and pulmo-
nary symptoms. Importantly, Herceptin is very expen-
sive and only a fraction of women with breast cancer re-
spond to this form of treatment so that it becomes an
important role of pathology to identify the specific subset
of patients who have the potential to benefit from this
costly treatment that is not without complications, fulfill-
ing the aim of personalized cancer care.

The Role of Pathology in the Molecular Era

Cancer is a disease of accumulating genetic altera-
tions, and characterization of these alterations is predict-
ed not only to expand our understanding of the genesis
of specific cancers but also to help in terms of diagnosis,
prognostication, and treatment. The rapid development
of high-throughput molecular technologies has contrib-
uted significantly in the area of breast cancer by provid-
ing insights into the molecular complexity of the disease
and a realization that the biological heterogeneity may
have implications and opportunities for new forms of
treatment.

Pioneering work from the Stanford group showed that
breast cancer can be classified into molecularly distinct
groups based on gene expression profiles and similarity
to their normal counterparts [39]. By using a hierarchical
clustering method and comparison to an ‘intrinsic gene
set’, breast cancer was separated into 2 distinct molecular
classes, i.e. an ER-positive/luminal class and an ER-neg-
ative class. The ER-positive/luminal class was divided
into an ER-positive luminal A subtype and an ER-posi-
tive lJuminal B subtype, the latter having consistently
poorer outcomes. Although some luminal B tumors can
be identified by the expression of HER2, the major bio-
logical distinction between luminals A and B is the pro-
liferation signature, with a higher expression of genes
such as CCNBI1, MKI67, and MYBL2 in luminal B tumors
[39, 40]. A recent report suggests that an immunobhisto-
chemistry-based surrogate assay can be used to distin-
guish between luminal A and luminal B tumors [41]. By
employing a rabbit monoclonal antibody to Ki67 and a
cutoff value of 13.25% together with antibodies to ER, PR,
and HER2, it was possible to distinguish luminal A and
luminal B breast cancer subtypes.

Changing Role of Pathology in
Breast Cancer

The ER-negative subtype encompassed 3 groups, i.e.
one expressing genes characteristic of basal/myoepithe-
lial cells (basal-like cancer), one over-expressing Her2/
neu, and the third with a gene expression profile similar
to that of normal breast tissue, the latter consistently clus-
tering with normal breast samples and fibroadenomas.
Some of these groups were initially thought to be unsta-
ble, with some studies showing that the luminal class may
comprise from 1 to 3 groups. The ‘normal breast-like’
cancers have been shown to correspond to the ER-nega-
tive class in most but not all studies [39, 42]. Subclusters
or variations have occasionally been reported within the
‘basal-like’ group, but this group has uniformly been
shown to belong to the ER-negative class. Importantly,
the Her2/neu overexpressing and basal-like groups were
shown to have poorer clinical outcomes. This molecular
classification of breast cancer has to some extent been
replicated with reverse transcriptase-polymerase chain
reaction (RT-PCR) and a panel of selected genes [43, 44]
or tissue microarrays (TMA) with selected antibodies
[45-47].

Basal-Like Breast Carcinoma

Basal-like breast cancers were probably reported al-
most 2 decades ago as tumors with basal/myoepithelial-
like characteristics that had a high nuclear grade, high
mitotic activity, coexpression of high-molecular-weight
cytokeratins and vimentin, and a lack of expression of ER
and PR [44-51]. Basal-like tumors represent 16-37% of all
breast cancers [42] and the resurgence of interest lies in
gene profiling and the recognition that it is a group of tu-
mors with a poor prognosis, with most recurrences oc-
curring within the first 5 years following diagnosis [52,
53]. While patients with basal-like carcinomas respond to
neoadjuvant chemotherapy [54-56], they paradoxically
still have the worse outcome compared to patients with
tumors belonging to other molecular groups [45, 54, 55,
57-59]. There is, however, circumstantial evidence sug-
gesting that even this group of basal-like breast cancers is
heterogeneous in terms of expression profiles, molecular
genetic patterns [60], and clinical behavior [45, 46] as
those patients with this tumor that show a complete path-
ological response following neoadjuvant chemotherapy
have an excellent prognosis whereas those that display
only a partial response have remarkably poor outcomes
[55, 61]. Importantly, patients with such tumors lack the
benefit of currently available targeted therapy.

Basal-like breast cancers express genes previously as-
sociated with basal/myoepithelial cells including CK5
and CK17, integrin4,laminin, CD117, a6 integrin, metallo-
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thionein IX, fatty acid-binding protein 7, P-cadherin,
EGFR, caveolins 1 and 2, and nuclear factor kB [39, 62, 63]
as well as a variety of other genes including those associ-
ated with the activation of signaling pathways, prolifera-
tion and mitotic-checkpoint control genes and cell growth-
related genes, and genes involved in signal transduction
and transcription factors. Basal-like tumors lack expres-
sion of the hormone receptors ER and PR, transcription
factors, oncogenes such as Her2/neu, GATA3, basic tran-
scription factor 3, X-box binding protein 1, RAB, FOXCI,
FOXA1I, TFF3, GRB7, GTPase-binding effector protein 1, fi-
bronectin-1, and mucin-1 [39, 62-64]. In addition, these tu-
mors often show TP53 gene mutations with expression of
p53 by immunostaining and patients carrying BRCAI mu-
tations frequently show a basal-like phenotype [58, 65-68].

While the current ‘gold standard’ for the diagnosis of
this group of cancers is microarray-based expression pro-
tiling, it is unlikely that this procedure will be employed
as a routine diagnostic tool and surrogate markers will
need to be developed for the ‘intrinsic gene list” molecular
taxonomy. RT-PCR-based methods have been developed
and validated in archival, fixed, embedded tissue sections
[69, 70]; moreover, it appears that for the routine assess-
ment immunohistochemistry is the most likely method
for separation of the subtypes, although it should be not-
ed that at present there is no internationally accepted def-
inition of basal-like breast cancer. The basal-like pheno-
type correlates strongly with the lack of expression of ER,
PR, and Her2/neu, the so-called ‘triple-negative’ pheno-
type, although triple-negative and basal-like carcinomas
are not exactly the same entity [54, 71]. Basal-like tumors
are also reported to show immunoreactivity in various
proportions to antibodies against EGFR, CK5 (or CK5/6),
CK14, P-cadherin, and CD117. In addition, other mole-
cules that have been found in 35% or more of tested cases
include laminin, vimentin, p53, BRCA-1, E-cadherin,
MUCI, cyclin E, fascin, caveolin 1, VEGF, osteonectin,
maspin, NGFR, nestin, a-B-crystallin, and the S-phase
kinase-associated protein Skp2 [reviewed in 72]. Recog-
nizable proteins expressed in smaller numbers of cases
include CD10, CD44, MET, and moesin.

The use of a panel of 4 antibodies to ER, Her2, CK5/6,
and EGFR has been shown to have a sensitivity of 76%
and specificity of 100% for basal-like breast cancers [73]
confirming the prognostic relevance of this subgroup of
cancers [74, 75]. Not all triple-negative breast cancers are
basal-like and the expression of basal markers CK5/6
and/or EGFR has been shown to identify those patients
with a significantly worse outcome than those triple-neg-
ative cases without these additional basal markers [74].
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Attempts to correlate pathological features of basal-
like breast carcinomas with gene expression profiling
have not always produced consistent results. Several his-
tological features are described but these are not specific
and have not been consistently identified [72]. The tu-
mors have a high mitotic rate which correlates with the
expression of proliferation marker Ki67, and an associa-
tion with alarger tumor size would be intuitive but results
have been conflicting. Interestingly, a meta-analysis of
published breast cancer gene expression and the clinical
data of 2,833 tumors suggested that the prognostic abili-
ties of the main molecular subtypes of breast cancer in-
cluding the basal-like subtype was due mainly to the de-
tection of proliferation activity and that clinical variables
such as tumor size and nodal status still added indepen-
dent prognostic information to proliferation genes [76].
Basal-like tumors are more likely to have a pushing bor-
der than an infiltrating one and may show lymphoplas-
macytic infiltration which, however, is not a specific fea-
ture and may be seen in other types of breast cancers.
There may be central acellular areas of hyalinization or
necrosis, and medullary and atypical medullary carcino-
mas, myoepithelial carcinomas, and metaplastic carcino-
mas may show the phenotype of basal-like tumors [72].

More recent refinements in the further characteriza-
tion of this group of tumors through gene-expression
profiling suggest that basal-like tumors are still heteroge-
neous and can be subdivided into at least 5 distinct sub-
groups [77]. Histologically it includes some special types
of tumors associated with a good prognosis, such as med-
ullary and adenoid cystic carcinomas [78], and the pres-
ence of central fibrosis and a paucity of lymphocytic in-
filtrate are predictors of distant metastasis in basal-like
carcinomas [77].

Quantitative Immunohistochemical Assays in TMA

Identification of the molecular signatures in breast
carcinoma is both expensive and time consuming, and it
may be difficult to perform routinely. Recent develop-
ments suggest that the immunodetection of posttran-
scriptional protein products of some of the recognized
prognostic indicator genes within tumor tissue may be
economically and practically viable as the method em-
ploys commercially available antibodies and is applicable
to fixed tissue sections in the form of TM A [79]. Based on
reported immunohistochemical profiles of the various
groups of breast carcinoma according to the new taxo-
nomic classification derived from DNA array profiling
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into luminal, normal, and basal-like groups [42, 45, 46,
51, 73, 80-82], a total of 42 immunohistochemical mark-
ers were quantitated by automated image analysis and
shown to be predictive of disease outcome [78]. Analysis
of 27 of the markers by logistic regression showed that 18,
i.e. cMet, CD44v6, FAK, moesin, caveolin, CD117, CK14,
CD10, p21, p27, pMAPK, pSTAT3, STATI1, SHARP2,
FYN, ER, PR, and HER2, were 80.52% predictive of dis-
ease outcome, and when ER, PR, and HER2 were exclud-
ed this sensitivity fell to 78.9%. This analysis guided the
selection of patients requiring more aggressive therapy;,
and some of the markers in the signature may be indica-
tive of tumor responsiveness to current chemotherapy or
suggest new targets for specific therapies. It should be
noted that TMA are subjected to the same reservations
concerning the validity of quantitative immunohisto-
chemistry previously alluded to [16, 17] including varia-
tions in section thickness [83]; this is even more so as the
small cores of tumor tissue contained in the arrays have
been subjected to different factors, some of which are piv-
otal to the preservation of tissue antigens.

The Molecular Tools

Breast cancer has been more extensively studied with
molecular methods than has any other epithelial malig-
nancy. The advent of molecular technology has allowed a
systematic characterization of the molecular subtypes of
breast cancer with a profound effect on the understand-
ing of breast cancer. The molecular approach to the tax-
onomy and characterization of breast cancer has shown
that the tumors in the distinct molecular groups differ in
their clinical behaviors despite the fact that the classifica-
tion system was not developed to predict outcomes. Mo-
lecular analysis has also provided insights into the genes
that may drive each molecular subgroup. Not all tumors
are the same in terms of their natural history or response
to therapy. In addition, not all tumor cells, even within
the same tumor, are the same as demonstrated by the re-
currence of a resistant’ clone of tumor cells following the
initial treatment [84], prompting the need to attack the
tumor on more than one front to reduce the possibility of
evasion [85]. To date, the information derived from our
understanding of the molecular features of breast cancer
promises to provide additional diagnostic, prognostic,
and predictive information. Importantly, such informa-
tion allows a different approach to breast cancer that may,
in the near future, facilitate the development of tailored
therapy.

Changing Role of Pathology in
Breast Cancer

Gene Expression Profiling Technology

The generation of gene expression profiles from cul-
tured cells and tissue samples is nowadays well estab-
lished. Microarray-based analysis is one of the most fre-
quently applied molecular tools for tumor gene expres-
sion profiling. In the majority of experiments, DNA
fragments (e.g. cDNA and oligonucleotides) are spotted
in an ordered pattern of grids onto a solid surface (a
‘chip’). Each individual spot contains a high concentra-
tion of unique DNA fragments that map to specific genes
or genomic sequences. The tested tissue RNA is extracted
from tumor samples and reverse-transcribed into cDNA.
The cDNA is labeled with fluorescent dyes and hybrid-
ized to the array or chips. The hybridization signals are
detected by a laser scanner and the images are normal-
ized in various ways. The relative expression levels ob-
tained for individual genes are further clustered into
groups of genes with similar or identical expression pat-
terns for the analysis of biological relevance. The final
results provide a genetic expression profile indicating
overexpression, underexpression, no change, or complete
absence for each gene in the tissue samples as compared
to each other [86]. These were the studies employed by the
Stanford group in the identification of molecular sub-
groups of breast cancer discussed above [39]. It has been
recommended that supervised methods rather than clus-
ter analyses be employed for class prediction and class
comparison studies as they provide more powerful re-
sults for distinguishing predefined classes with a valid
statistical identification of differentially expressed genes
[87]. Such studies have resulted in the development of
prognostic gene signatures which cannot be drawn using
standard histopathological and immunohistochemical
methods [88].

An important challenge for microarray analysis of dis-
ease tissues and cells is to define the relevance of associa-
tions between subsets, the differential expression of
genes, and clinical features of disease. Therefore, the se-
lection of clinical cases with a defined pathological diag-
nosis is critical for correlation analysis. Another chal-
lenge is the selection of small numbers of genes associ-
ated with specific pathological features. They have to be
informative and clinically applicable. Yet another chal-
lenge is to determine how well RNA gene expression pro-
filing correlates at the protein level. A lack of correlation
may imply that the predictive property of the gene(s) is
independent of gene function. For example, comparisons
of messenger RNA and protein levels for the same tumors
reported for lung cancer have demonstrated that only a
small percentage of genes has a statistically significant
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correlation between the levels of their corresponding pro-
teins and mRNAs [89]. All of these described roles can be
fulfilled by the pathologist.

Proteomic Profiling Technology

DNA microarrays have a limited utility for the analy-
sis of biological fluids and for uncovering assayable bio-
markers in the fluid. Numerous alterations may occur in
proteins that are not reflected in changes at the RNA lev-
el, providing a compelling rationale for a direct analysis
of gene expression at the protein level. Unlike DNA mi-
croarrays, which provide only one measure, i.e. gene ex-
pression level or RNA levels, there is a need to address the
many different features of proteins that can be altered in
disease including not just the level of expression but also
functional changes in the protein such as phosphoryla-
tion, glycosylation, acetylation, and other posttransla-
tional modification changes in protein functions. In ad-
dition, determination of their selective interactions with
other biomolecules, such as other proteins, antibodies,
drugs, or various small ligands, can further complicate
the analysis.

It is beyond the scope of this review to provide details
of the rapidly developing proteome technology and only
a brieflisting of some will be done; furthermore, it is like-
ly that no single technology will meet the needs of all
types of proteomics-based investigations, from expres-
sion proteomics to functional proteomics, particularly as
they relate to disease.

The 2-dimensional (2D) gel method is one of the main-
stream technologies. In this method, proteins are sepa-
rated in the first dimension according to their charge sta-
tus by isoelectric focusing, followed by separation in the
second dimension according to their molecular weights
using polyacrylamide gel electrophoresis. The gels are
then stained to visualize separated protein spots using ei-
ther Coomassie, silver, or fluorescent stain. With this ap-
proach, up to 1,000 protein spots can be separated and
visualized in a single experiment. Gels of different samples
are compared and analyzed using computer software, and
differentially expressed protein spots are then excised and
identified by mass spectrometry (MS) [90-92]. The differ-
ential proteomic expression patterns and proteins can be
useful as potential diagnostic or therapeutic markers.

Until relatively recently, profiling of protein expres-
sion in disease relied on the use of traditional 2D poly-
acrylamide gel electrophoresis (2D-PAGE). The tech-
nique is largely limited by the ability to separate only
small portions of cellular proteins although more sensi-
tive methods have been developed [93]. The differential
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comparison of protein expression profiling with 2D gel
electrophoresis has shown promise for the identification
of aberrantly expressed proteins in breast cancer [94].

Multiplexed in-line liquid separation systems coupled
directly to MS using cellular lysates (LC-LC-LC-MS/MS)
with affinity tagging may someday replace gel-based
techniques such as 2D-PAGE [95, 96]; however, 2D-PAGE
is currently still reliable and is the most widely used pro-
teomic separation and discovery technology. 2D-PAGE
analysis has revealed a wealth of new information for po-
tential biomarkers and therapeutic targets [97]. Adapta-
tion of 2D-PAGE utilizing different fluorophores has
been successfully employed for comparing different stag-
es of breast cancer and nonneoplastic disease [98].

In exploring proteomic differences in the excised tis-
sue sample, one major hurdle is the heterogeneity of the
cell populations present. Tissue microdissection is re-
quired to analyze pure populations of cancer cells and to
allow the pathologist to procure pure homogeneous cell
populations from heterogeneous mixed cell populations
in tissue samples [99]. This is achieved by laser capture
microdissection (LCM) [100] and has been applied suc-
cessfully to ductal carcinoma in situ [101].

Even with all the improvements that can be intro-
duced, 2D gel electrophoresis will probably remain a
rather low-throughput approach that requires a relatively
large amount of sample, the latter posing a problem when
there is limited clinical material. Furthermore, tissue het-
erogeneity complicates the analysis of clinical samples.
Tissue microdissection circumvents this but further re-
duces the amount of sample available. Undoubtedly, var-
ious non-gel-based schemas that rely on the liquid-based
separation of proteins or peptides with and without tag-
ging will have utility for breast cancer proteomics, par-
ticularly given their potential automation.

Non-separation-based strategies, including direct
profiling using MS or the use of protein microarrays, are
important developments. MS applied to the in situ pro-
teomic analysis of tissues allows the imaging of protein
expression in normal and disease tissues [94]. In this
method, frozen tissue is sectioned and applied on a ma-
trix-assisted laser desorption/ionization (MALDI) plate
and analyzed at regular spatial intervals. Comparisons of
the mass spectra obtained at different intervals yields a
spatial distribution of individual masses across the tissue
section. Mass profiles of tissue sections from normal and
disease tissues may be compared to detect altered protein
expression. Such an approach has uncovered differences
in protein expression between normal and tumor tissues
that may have specificity for different tumor types [102].
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Protein microarray-based profiling analysis represents
a system that can profile the state of signaling pathways.
This takes the form of reverse phase protein array (RPPA)
technology [103, 104] which utilizes the small number of
cells obtained from microdissected tissue. RPPA takes ad-
vantage of 2 existing enabling technologies, i.e. LCM and
microarray fabrication. To prepare RPPA, pathologically
relevant pure cell populations are isolated by LCM and
lysed before being immobilized in an array configuration
via a pin-based microarrayer onto glass-backed nitrocel-
lulose slides. This procedure results in the separation of
spots that contain the whole cellular protein repertoire
corresponding to a given pathological state. Subsequently,
each slide can be probed with an antibody detectable by
amplified fluorescent, colorimetric, or chemiluminescent
assays. The name ‘reverse phase’ is derived from the fact
that this type of protein microarray immobilizes the pro-
tein to be analyzed. This is in contrast to conventional pro-
tein arrays that immobilize the antibody probe. RPPA de-
natures the protein lysate prior to immobilization and thus
does not require labeling of the protein to be analyzed. Be-
cause individual protein entities are present in femtomolar
or lower concentrations, an amplification system allows
for the specific and sensitive detection of proteins [105].

Antibody-based protein arrays are produced by at-
taching several hundreds of proteins and peptides to the
surface of glass slides. Arrays are incubated with patient
tissue protein extracts, and fluorescent labels are used to
detect antibody binding to specific proteins. Such micro-
arrays represent a powerful tool for studying immune re-
sponses in a variety of tumors, including breast cancer.

Comparative Genomic Hybridization and Array

Comparative Genomic Hybridization

Comparative genomic hybridization (CGH) provides
an overview of changes in the DNA copy number across
the whole genome [106, 107]. It detects nonreciprocal or
unbalanced structural changes where there is a physical
change in the copy number of a region of the genome.
CGH has helped to characterize the relationship between
putative breast cancer precursors and invasive carcinoma
as well as to identify genomic regions that may harbor
tumor suppressor genes and oncogenes. There are nu-
merous applications of CGH data for different types of
breast lesions, ranging from benign entities to invasive
breast cancers [108-111]. The use of LCM and reliable
DNA amplification methods overcomes the effects of
contaminants that adversely affect the ability to detect
single copy number changes, and it is now routine to an-
alyze very small lesions of pure populations (90-100%) of

Changing Role of Pathology in
Breast Cancer

morphologically defined cells in formalin-fixed, paraf-
fin-embedded histological samples [112, 113].

The main disadvantage of metaphase CGH is the low
resolution of its chromosomal hybridization; however,
this limitation was resolved with the advent of microar-
ray-based CGH. First described in 1997, matrix CGH
(also known as array CGH) paved the way for the higher-
resolution detection of DNA copy number aberrations
[114]. Array CGH is based on the same principles as meta-
phase CGH, except that the targets are mapped genomic
clones instead of whole chromosomes. This approach in-
troduced a new dimension to DNA copy number detec-
tion in terms of resolution and specificity of analysis. The
tirst genome-wide array CGH analysis of DNA losses and
gains used immobilized cDNA clones as hybridization
targets. Using an array containing 3,360 human cDNAs
(cDNA CGH) gene amplifications and deletions were
mapped in breast cancer [115].

Array CGH technology is an important upgrade to the
groundbreaking (conventional, metaphase chromosome)
CGH technology and has eliminated the need to obtain
metaphase spreads, dramatically increasing the resolu-
tion, importantly, in complex karyotypes, a hallmark of
many tumors.

Array CGH has been useful in elucidating the extent
of specific as well as recurrent aberrations in tumors such
as those associated with mutations in BRCA1, BRCA2, or
P53 in both mice [116] and humans [117, 118].

CGH profiles have been used in the classification of
breast tumors of unknown causality into BRCAI muta-
tion carriers and noncarriers [119] to delineate the rela-
tionship between synchronous, recurrent, and/or meta-
static tumors [120-122] and to define the recurrent aber-
rations that appear to be associated with certain clinical
types of breast cancer (e.g. ductal tumors), with the prog-
nosis or clinical course, or both. One study [123] using
metaphase CGH clearly demonstrated differential 5-year
survival statistics (56 vs. 96%) for distinct tumor types
that were independent of more conventional markers
such as grade and progesterone receptor or node status.
Another report [124] used CGH to subclassify 86 breast
tumors of grade III and basal type into groups with short-
er (3.5 years) and longer (15 years) survival.

Applications
There have been many attempts to translate informa-

tion derived from gene expression profiling into prognos-
tic and predictive tools. The MammaPrint 70-gene signa-
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ture is one such attempt that originated from prognostic
class prediction studies in breast cancer involving 25,000
genes studied by microarray in fresh frozen samples from
98 patients [125]. This assay, evaluated on patients with
stage I or II breast cancer, regardless of nodal status, was
shown to be a strong independent predictor of disease
outcome [125]. A subsequent study demonstrated that pa-
tients stratified as low risk had an 88% 10-year survival
compared with 69% for the high risk group [126]. The
assay is currently being assessed in the prospective
MINDACT trial to determine treatment for those node-
negative, ER+ patients [127]. The Oncotype DX assay
which, unlike the MammaPrint assay, employs fixed tis-
sue and analyzes the level of expression of 16 outcome-
related genes and 5 reference genes by multiplex reverse
transcription PCR and a mathematical algorithm to cal-
culate a recurrence score [128] is another assay that is un-
dergoing testing in a similar group of patients [129].

Three other well-known multigene assays for prog-
nostication have undergone validation in independent
data sets. A simple 2-gene signature that measures the
ratio of the estrogen-regulated genes HOXB6 and
ILI17BR is significantly and independently associated
with poorer disease-free survival in lymph node-nega-
tive, ER+, tamoxifen-treated patients with breast cancer
(130, 131]. The addition of 5 cell cycle-related genes im-
proved the performance of the assay [132]. These 5 added
genes reflect the more complex 97-gene genomic grade
index that was developed to separate histological grade 2
tumors into low- and high-risk groups alongside grade 1
and grade 3 tumors [133]. In the case of the 76-gene Rot-
terdam signature, when applied to a purely ER+ popula-
tion, 2 statistically distinct clinical outcomes were identi-
fied in both systemically untreated and tamoxifen-treat-
ed populations [134, 135]. Interestingly, as the Rotterdam
signature does not contain the same genes as either On-
cotype DX or MammaPrint, and the genomic grade in-
dex is composed almost exclusively of proliferative genes,
the overlap in results may be due to the strong dominance
of proliferation-associated genes in all these signatures
[133]. The strong influence of proliferation genes on clin-
ical outcomes is further supported by other studies in-
cluding a meta-analysis of published data [134, 135].

A different perspective of conventional tumor gene
signatures is the stroma-derived prognostic predictor; it
is generated by comparing normal and tumor stroma and
stratifies the risk of progression using molecular markers
that are independent of, but add power to, standard clin-
ical prognostic factors and existing gene expression pre-
dictors [136]. The genes studied include those involved in
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immune reactions as well as angiogenesis and hypoxia.
Not only are such assays of strong prognostic capacity but
they also point to potential new targets for therapeutic
agents.

There are a few emerging biomarkers with links to tis-
sue stroma that may be of prognostic utility. Urokinase
plasminogen activator (uPA) and plasminogen activator
inhibitor (PAI-1) overexpression has consistently been as-
sociated with poor prognosis in early-stage breast cancer
with combined high levels of both markers conferring a
2- to 8-fold higher risk of recurrence and death [137-139];
unfortunately, fresh tissue is required for this assay. The
mitotic process is another possible target for anticancer
therapy [140]. Matrix metalloproteinases are recognized
to degrade the basal lamina and surrounding stroma to
promote tumor growth, and the spread, grade, and stage
of breast cancer has been associated with MMP-2 and
MMP-9. Phase III trials have failed to demonstrate sig-
nificant improvement in outcome with MMP inhibitors
(141]. Other targets of therapy include topoisomerase ITo
[142] and EGEFR; the latter is inhibited by lapatinib, a ty-
rosine kinase inhibitor that is capable of inhibiting both
EGFR and Her2/neu [143, 144].

The recent announcement of the successful use of poly
adenosine diphosphate ribose polymerase (PARP) inhib-
itor (Olaparib, AZD2281) as a single agent in phase II tri-
als in patients with advanced cancers with BRCA1 or
BRCAZ2 mutations is particularly exciting as it exempli-
fies a new treatment discovered through molecular anal-
yses [145]. In a single-arm trial, 12 of 19 patients with
BRCA mutations showed a clinical benefit from treat-
ment with radiological or tumor marker responses or
meaningful disease stabilization; side effects from the
oral treatment were minimal. PARP is an enzyme used
by cancer cells to repair DNA damage, specifically the
damage caused by chemotherapy. By inhibiting PARP,
the neoplastic cells are more susceptible to the effects of
treatment. PARP inhibitors are especially beneficial in
patients who have deficient DNA repair systems such as
BRCA mutations, and they have been shown to be effec-
tive in a variety of tumors with deficient DNA repair sys-
tems, including breast cancer [145].

Cancer Stem Cells

The stem cell theory of cancer predicts that tumors
contain a small number of tumor-initiating cells or can-
cer stem cells that drive tumor growth and populations
of more differentiated nontumorigenic daughter cells
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analogous to the transit-amplifying and differentiated
cells of normal tissue [146]. In fact, many observations
suggest that there are analogies between normal stem
cells and tumorigenic cells. Both normal stem cells and
tumorigenic cells have extensive proliferative potential
and the ability to give rise to new (normal or abnormal)
tissues. Both tumors and normal tissues are composed of
heterogeneous combinations of cells with different phe-
notypic characteristics and different proliferative poten-
tials [146, 147]. Because most tumors have a clonal origin
(148, 149], tumorigenic cancer cells must give rise to a
phenotypically diverse progeny including cancer cells
with indefinite proliferative potential as well as cancer
cells with limited or no proliferative potential. This sug-
gests that tumorigenic cancer cells undergo processes
that are analogous to the self-renewal and differentiation
of normal stem cells. Although some of the heterogeneity
in tumors arises as a result of continuing mutagenesis, it
is likely that heterogeneity also arises through the aber-
rant differentiation of cancer cells. It is well documented
that many types of tumors contain cancer cells with het-
erogeneous phenotypes reflecting aspects of the differen-
tiation that normally occurs in the tissues from which the
tumors arise. The variable expression of normal differen-
tiation markers by cancer cells in a tumor suggests that
some of the heterogeneity in tumors arises as a result of
the anomalous differentiation of tumor cells [149, 150].

In 2003 a report describing the prospective identifica-
tion of human breast cancer stem cells changed the land-
scape of breast cancer research [151]. Using various hu-
man tumor samples (8 pleural effusions and 1 primary
tumor) which were xenografted into the mammary
glands of nonobese diabetic/severe combined immuno-
deficient mice, it was reported that a small population of
CD44+/CD24-/Lin- human breast cancer cells were en-
riched for tumorigenic potential. Numerous recent stud-
ies have focused on testing the validity and universality
of this model across tumor types of various tissues as well
as its clinical implications. In line with these directions
one study [152] examined possible correlations between
the representation of tumor-initiating cells and classic
molecular and histoclinical parameters that classify
breast cancer into the molecular subtypes. Associations
between the presence of cancer stem cells in clinical sam-
ples, aggressive tumor behavior and poor clinical out-
come have been speculated upon, but so far only one
study has shown such an association [153]. There is a need
to develop a unique set of histological markers which can
be confirmed across a broad range of breast tissue pheno-
types in order to identify stem cell populations.

Changing Role of Pathology in
Breast Cancer

The cancer stem cell hypothesis has important impli-
cations for the development of cancer therapeutics. Re-
cent evidence indicates that breast cancer stem cells [154]
as well as cancer stem cells from other tumor types are
relatively resistant to both radiation and chemotherapy
[155]. There are several postulated mechanisms for this
resistance. Cancer stem cells proliferate slowly, largely be-
cause they undergo an extended GO phase of the cell cycle;
this makes them resistant to cell-cycle-active chemother-
apeutic agents. In addition, these cancer stem cells express
increased adenosine triphosphate-binding cassette pro-
teins known to efflux chemotherapeutic drugs. Indeed,
ABCG?2 or breast cancer resistance protein was initially
identified in breast cancers. This molecule is overex-
pressed in stem cells and has been utilized to generate the
so-called side population detected by flow cytometry
[156]. In addition, enzymes such as ALDH that are highly
expressed in stem cells are able to metabolize chemother-
apeutic agents such as cyclophosphamide [157]. Cancer
stem cells may also express increased levels of antiapo-
ptotic molecules such as survivin and BCL2 family pro-
teins [158]. Indeed, both in vitro and mouse models have
provided evidence for the relative resistance of breast can-
cer stem cells to chemotherapy and radiation therapy [159,
160]. Recent neoadjuvant chemotherapy trials showingan
increase in cells expressing stem cell markers in breast
cancer cells following neoadjuvant chemotherapy support
this concept [161]. These studies provide potential strate-
gies for the development of cancer therapeutic targets, and
the development of more effective therapies may require
effective targeting of this cell population.

Drug Discovery

The discovery of new cancer drugs has traditionally
relied on identifying chemical agents that target the un-
checked proliferation of tumor cells. These efforts have
resulted in a battery of chemotherapeutic agents whose
mechanisms of action include direct or indirect DNA
damaging agents, mitotic poisons, purine and pyrimi-
dine antimetabolites, and inhibitors of steroid signaling
[162]. At best, these drugs are blunt instruments. While
they show some efficacy, they are not specific to tumor
cells, thus causing the often severe side effects commonly
associated with their use. Over the past 2 decades, the
correlation between specific genetic lesions and cancer
(e.g. specific chromosomal translocations associated
with leukemia, or regions of gene amplification or loss in
breast cancers) has prompted tremendous efforts geared
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toward identifying the proteins involved in mediating
oncogenesis [163]. In turn, this has stimulated the devel-
opment of selective small-molecule and antibody inhibi-
tors of proteins such as EGFR, whose functions are caus-
al in the disease’s etiology [164, 165].

The rapid progress in genomics, proteomics, and mass
spectroscopic technology has already begun to uncover
novel functional pathways and therapeutic targets in
breast cancer. Increased understanding of the genetic ba-
sis of different cancers has led to the development of a
new generation of molecular targeted therapeutics such
as Herceptin, which targets breast cancer cells that over-
express the HER2 protein. Drug targets in signal trans-
duction pathways for tumor cell proliferation and angio-
genesis have been developed with notable success and in-
clude erlotinib, cetuximab (EGFR), and bevacizumab
(VEGF) [166]. However, regulation of the signal trans-
duction pathways is complex and inhibition of these sin-
gle targets may not always be effective (e.g. because of
mutations in genes downstream from the receptor and
because of alternate pathways to proliferation and sur-
vival or induction of feedback loops) or may lead to un-
wanted side effects (e.g. because the high doses required
for inhibition lead to off-target activity or interference
with normal cellular functions). Gene expression profil-
ing methods and functional proteomics approaches are
now available for looking at the effects of modulating
multiple targets and pathways and designing drug dis-
covery strategies based on effects across pathways and
networks. In this regard, several approaches are being
evaluated that use combinations of targeted therapies.

The development of new molecular drugs based on
such a rational approach requires systematic progression
through a number of predefined steps [167]. This process
has been streamlined in recent years by the introduction
of a range of new technologies and has been advanced
considerably by progress in the molecular biology, genet-
ics and pathology of cancer, systematic cancer genome
sequencing, and expression profiling [168, 169]. The
genes and pathways that are most commonly hijacked in
cancer are most likely to provide potential therapeutic
targets. Examples include the receptor tyrosine kinase
Ras which regulates cell proliferation [170], control of the
cell cycle by the cyclin-dependent kinase-retinoblastoma
gene product axis [171], and the PI3 kinase pathway that
governs cell survival and many other cell processes [172].
The frequency of a particular genetic abnormality in a
specific tumor type and the linkage of the abnormality to
clinical outcome, e.g. survival, can be very important in
target selection. Once a potential target has been identi-
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fied, it is important that it is validated to confirm its role
in tumorigenesis. This can be achieved by demonstration
in model systems in which mutation or an altered expres-
sion of the gene produces the malignant phenotype [173].

The ongoing dissection of the genetics and proteomics
of breast cancer should bring forth a range of additional
new targets for drug design and discovery. By compre-
hensively inspecting the entire genome and proteome in
breast cancer tissues or cells treated with drug or drug
candidates, a detailed map of protein interactions related
to breast cancer-associated pathways can be potentially
obtained, facilitating drug development.

Conclusions

Pathology has been primarily concerned with diagno-
sis, pathogenesis, prognosis, and clinicopathological cor-
relation. Immunohistochemical analysis of protein gene
products has aided prognostication, and 3 markers, i.e. ER,
PR, Her2/neu (and the more recently suggested Ki67), are
routinely assessed as both prognostic and predictive mark-
ers in breast cancer. Molecular methods of analysis, in-
cluding gene expression profiling and proteomics, have
made important inroads into our understanding of the
molecular pathways involved in the genesis of specific mo-
lecular subtypes of breast cancer and through gene profil-
ing have identified at least 4 groups with different prognos-
tic outcomes. The introduction of molecular techniques
including CGH arrays, proteomics profiling, and sequenc-
ing technology, and the development of high-throughput
technologies, has opened up new avenues of exploration
into the genesis of breast cancer. More importantly, it has
led to the realization that there are potentially new and
specifically tailored avenues of treatment. Such develop-
ments have defined a new role for pathology that includes
the prognostication and treatment of breast cancer.
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