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Gene Expression Profiling: Changing Face of
Breast Cancer Classification and Management
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Epithelial breast malignancies are a group of several disease entities that vary in their biology and response to
specific therapies. Historically, classification of different molecular types of breast cancer was done through the
use of conventional methods such as tumor morphology, grade, and immunophenotyping for estrogen, progester-
one, and HER-2/neu receptor expression. Such techniques, although helpful, are not sufficient to accurately
predict biologic behavior of breast cancers. Over the last several years, much progress has been made in more
precise identification of molecular breast cancer subtypes. Such advances hold a great promise in improving
estimation of prognosis and assigning most appropriate therapies. Thanks to use of cDNA microarrays expression
technology and quantitative reverse transcriptase polymerase chain reaction (RT-PCR), tumors with specific
gene expression patterns can now be identified. This process is presently reshaping perceptions of how breast
cancer should be classified and treated. Categorization of breast cancers by gene expression is only beginning
to make its way into the daily clinical practice and likely will complement, but not replace, the conventional
methods of classification.
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HISTORICAL PERSPECTIVE: BREAST CANCER than those whose tumors have been estrogen and pro-
gesterone receptor negative (18). For example, proba-IS NOT A SINGLE DISEASE ENTITY
bility of response to endocrine therapy in patients
with estrogen and progesterone receptor-positive breastStudies that employed use of endocrine therapies

for breast cancer provided one of the first pieces of cancers was reported as 50–70% compared to 33%
for patients with only estrogen or progesterone-posi-evidence that biology of breast malignancies is not

all the same. In 1896 George Beatson demonstrated tive disease and <10% in those with estrogen and
progesterone-negative disease (46). In addition, hor-that performing bilateral oophorectomies in women

with metastatic breast cancer led to regression of the mone receptor expression could identify some pa-
tients with less rapid progression of the breast malig-malignancy (8). This finding revolutionized treatment

of breast cancer and over the years resulted in devel- nancy. Estrogen and progesterone receptor status
became one of the most widely clinically used prog-opment of various therapies that inhibit estrogen ac-

tion in the breast tissue, resulting in regression of nostic and predictive molecular markers.
However, not all women with hormone receptor-metastatic breast cancers or reduction of the recur-

rence risk in patients with operable disease (13). positive breast cancers derived benefit from endocrine
therapy. Work by Slamon and colleagues identifiedWhen studies of endocrine therapies were analyzed,

it became apparent that patients with tumors express- expression of human epidermal receptor 2 (HER-2/
neu) in about 30% of breast tumor specimens. HER-ing estrogen and/or progesterone receptors derived

much greater degree of benefit from such therapy 2/neu was classified as a member of the ERBB-like
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oncogene family, which was unique to epidermal metastatic HER-2 amplified breast cancer did not re-
spond to trastuzumab-containing therapies (54). Thisgrowth factor receptor. Amplification of Her-2/neu

gene identified a group of patients who had adverse discordance in breast cancer biology suggested that
the true heterogeneity of epithelial breast cancers isprognosis regardless of hormone receptor expression.

In a seminal study published in Nature in 1987, much more vast than initially suspected.
breast tumors of 189 patients were tested for amplifi-
cation of HER-2/neu gene and correlated with dis-
ease-free and overall survival (53). The analysis re- DEVELOPMENT OF cDNA MICROARRAY
vealed that patients with operable breast cancers that TECHNOLOGY AND DISCOVERY
had 2- to >20-fold amplification of HER-2/neu exhib- OF GENE EXPRESSION SIGNATURES
ited overall survival of about 3 years compared to IN BREAST CANCER
6–7 years in patients with HER-2/neu nonamplified
tumors. This difference persisted after adjustments Discoveries in the Human Genome Project and

emergence of hundreds of molecular markers made itwere made for other known clinical prognostic fac-
tors. Additionally, amplification of HER-2/neu gene possible to study expression of various genes as a

tool to more precisely identify specific molecularappeared to have greater prognostic value than other
factors used at that time, such as hormonal receptor subtypes of breast cancers, use them to better predict

the biologic behavior of breast malignancies, and de-status and axillary lymph node involvement. This im-
portant discovery led to development of chimeric velop most effective therapeutic approaches (4,44).

Initial research of clinically useful novel biomarkermonoclonal antibody against HER-2/neu protein called
trastuzumab as well as other small molecule inhibi- discovery involved analysis of expression of single

genes. With the notable historical exception of hor-tors of HER-2/neu. Combining these agents with che-
motherapy resulted in higher proportion of response mone receptor and HER-2/neu expression, such stud-

ies for the most part could not reproducibly identifyand significantly longer time to progression in women
with HER-2/neu amplified metastatic breast cancer clinically important markers. This led to realization

that expression pattern of multiple genes rather than(25,54). Trastuzumab, when added to adjuvant che-
motherapy, also significantly improved disease-free any one of them alone may be more critical in accu-

rate identification of specific molecular subtypes ofand overall survival in women with operative HER-
2/neu-overexpressing breast cancer (48,55). Impor- breast cancer (30). Early work in patterns of gene

expression relied on measurement of messenger ribo-tantly, in studies testing trastuzumab in the metastatic
setting, only patients with breast cancers that had am- nucleic acid (mRNA) within the tumor cells, by

Northern blotting, and quantitative polymerase chainplification of HER-2/neu gene responded to agents
targeting HER-2/neu protein. Based on this and other reaction (PCR). This was time consuming and limited

the number of genes that could be studied (6). Theevidence, amplification of HER-2/neu became a pow-
erful biomarker for both disease prognosis and pre- biggest breakthrough came after development of com-

plementary DNA (cDNA) microarray technology,diction of response to trastuzumab-containing thera-
pies. which allowed efficient evaluation of expression of

tens of thousands of genes in a single experiment (4).These findings established classification of breast
cancers into three major molecular types: hormone The two most commonly used methods of cDNA mi-

croarrays were oligonucleotide and spotted DNAreceptor-positive group, HER-2/neu amplified group,
and the triple negative group (i.e., tumors that did not microarrays (19,35,62). Spotted DNA microarrays

quickly gained considerable popularity, as they em-express hormone receptors nor had amplification of
HER-2/neu gene). This categorization relied on con- ployed two-color hybridization technique, one repre-

senting expressed genes in the tumor sample (oftenventional immunohistochemistry (IHC) and fluores-
cence in-situ hybridization (FISH). Within each of labeled red fluorescent dye such as Cy5) and the

other representing expression of genes in a referencethese three groups of patients and with addition of
other clinical and histologic factors, such as tumor sample (often labeled by green dye, such as Cy3).

This two-color approach allowed for determining thesize and grade, lymph node involvement, patients’
ages and menopausal status, prognosis and response ratio of red to green fluorescence rather than absolute

intensity increasing its reproducibility (4).to specific therapies could be estimated (52). How-
ever, there remained significant difference in the be- In a landmark publication cleverly entitled “Molec-

ular portraits of human breast tumors,” Perou andhavior of breast cancers even within each one of such
classifications, making the prediction of responses to colleagues reported one of the first characterizations

of molecular subtypes of breast tumors based on genetreatment and clinical outcomes rather challenging.
For example, approximately 40–50% of patients with expression signatures that utilized cDNA microarray
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technology and hierarchical clustering analysis (20,45). nal B (lower estrogen receptor expression and high
level of expression of proliferation related genes) (36).Sixty-five samples obtained from 42 patients with

breast cancer were analyzed. The final results showed Application of cDNA microarrays alongside the
discoveries made by Perou et al. are already startingthat tumors from each individual patient had a unique

pattern of gene expression that was reproducible to have an impact on the way breast cancer is classi-
fied and treated (Fig. 1). For example, a novel classwithin the patient even when taken from different tu-

mor sites, such as primary tumor and involved lymph of agents called poly-adenosine ribose polymerase
(PARP) inhibitors was found to be most activenode. Irrespective of this “uniqueness” the hierarchi-

cal clustering algorithm separated breast cancers into against cancers that lack BRCA1 protein function
(5,10). Based on microarray expression experimentsfour molecular subtypes with relatively similar ex-

pression patterns. The luminal molecular subtype was demonstrating low or no expression of BRCA1 gene
in basal-like breast cancers, PARP inhibitors werecharacterized by high expression of genes character-

istic of epithelial lining of the duct lumen such as predicted correctly to be most active in this tumor
type.cytokeratin (CK) 8 and 18. These tumors also demon-

strated expression of estrogen receptor genes. In con-
trast, most basal-like breast cancers did not express
hormone receptors but demonstrated high expression TRANSLATING GENE EXPRESSION
of genes typical for the basal epithelial cells such as INTO CLINICAL PRACTICE:
CK5, CK7, and smooth muscle actin. These tumors GENOMIC TESTS AS PROGNOSTIC AND
also expressed genes responsible for proliferation and PREDICTIVE TOOLS IN BREAST CANCER
cell survival, such as epidermal growth factor recep-
tor, insulin growth factor, hepatocyte growth factor, Since the discovery of the intrinsic molecular breast

cancer types by Perou et al., several gene microarraysor c-Kit (57). Approximately 60–90% of basal-like
breast cancers were found to lack hormone receptor were commercially developed as clinically useful

prognostic and predictive tools. These genomic testsor HER-2/neu expression (14). These cancers also are
characterized by high degree of genetic instability assess expression of different but sometimes overlap-

ping sets of genes. Despite differences in candidateand associated with low-level copy number gains of
specific genes (15). High proportion of basal like genes in each of the assays, most of them can quite

reliably predict biology of tested tumors (58). In fact,breast tumors appear to have increased sensitivity to
chemotherapy compared to other types (49). The when some of these tests were compared with each

other, they were found to have quite similar ability tothird subclass was tumors with high expression of
HER-2/neu and other closely related genes. Such can- predict metastases-free and overall survival (23,29).

In one study that compared five different prognosticcers overexpress large numbers of genes with high
number of amplifications of specific chromosomal signatures, surprisingly high correlation was found

even among tests utilizing expression of very fewloci (15). Finally, the fourth category consisted of
normal-like breast tumors, which expressed markers genes in common. One important finding from analy-

ses of various genomic tests is the fact that they as-of normal breast epithelium. This category is per-
ceived by many as uncertain, since it is believed that sign almost all patients with hormone receptor-nega-

tive disease as high risk. For that reason, most ofthis group was significantly contaminated by normal
breast tissue (14). these tests are more applicable to patients with estro-

gen receptor-positive cancers who are a more hetero-In a subsequent study, cDNA microarray experi-
ments were performed to identify molecular subtype geneous group in terms of prognosis and probability

of response to chemotherapy and are harder to cate-of 78 tumors obtained from breast cancer patients
with known clinical follow-up (56). The study showed gorize based on conventional clinical and pathologic

criteria. The molecular signatures assign up to 93%clinically significant difference in overall and re-
lapse-free survival with the poorest outcome seen in of the patients with luminal B tumors to high-risk

category, which correlates with known fact that suchpatients with HER-2/neu-overexpressing and basal-
like cancers. However, within the luminal type, a cancers are associated with outcome almost as poor

as basal-like or HER-2-overexpressing tumors (23,36).subset of patients with unique gene signature was
identified whose outcomes were almost as poor as Given this distinction, utility of these tests in practice

will still depend on clinical and histologic assessmentthose with HER-2/neu-overexpresssing and basal-like
subsets. Therefore, the luminal category was broken to identify specific patients who would then be appro-

priate for additional testing with gene expression sig-down into two subtypes: the more favorable luminal
A (high estrogen receptor expression and low expres- natures. A well-known example is the most widely

used test, Oncotype Dx. The test was found to besion of proliferative markers such as Ki67) and lumi-
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Figure 1. Schematic representation of classification of breast cancer. (A) Conventional classification. (B) Classification based on gene
expression profiles.

most useful in women with smaller, hormone recep- women with lymph node-negative breast cancer (7
remained metastases free and 12 developed distanttor-positive breast cancers without axillary lymph

node involvement. Nevertheless, applications in other recurrence), the test predicted outcome in all but 2 of
these patients. Subsequently, two confirmatory retro-clinical scenarios are emerging (see below) (58). The

most common genomic tests are summarized below. spective studies validated accuracy of the assay in
identifying patients with poor outcome (12,60). One
of these studies also demonstrated superiority of the

MammaPrint
genomic test over online prognostic tool, called Adju-
vant Online, which uses conventional clinical andThe investigators in the Netherlands Cancer Insti-

tute used tumor specimen from 78 patients that were pathologic factors. In addition, a prospective, com-
munity-based clinical feasibility study called Micro-younger than 55 years of age with primary node neg-

ative breast cancers smaller than 5 cm in size (61). arRAy PrognoSTics in Breast CancER (RASTER)
that enrolled 812 women younger than 61 years ofOf those patients, 34 developed distant metastases

and 44 were disease free at 5 years. mRNA was ex- age with node-negative, operable breast cancer showed
that the genomic expression assay (now called Mam-tracted from the tumors to reverse transcribe into

cDNA, which was then tested on microarray that con- maPrint) result altered decisions regarding adjuvant
chemotherapy in 26% of patients (11). Overall, adju-tained 25,000 human genes. Using unsupervised and

supervised as well as cross-validation analysis, 70 vant systemic treatment was advised less often based
on MammaPrint result when compared to other con-genes that had the strongest association with outcome

and accurately predicted good and poor risk disease ventional tools, such as Dutch CBO guidelines (49%
vs. 62%, respectively) or “Adjuvant Online” (69%).were selected. The candidate genes that predicted un-

favorable outcome were involved in regulating cell MammaPrint has been approved by the Food and
Drug Administration as a tool to predict prognosis incycle, invasion, metastasis, and angiogenesis (e.g.,

cyclin E2, MCM6, MMP9 and MP1, RAB6B, PK428, women with lymph node-negative breast cancer who
are younger than 61 years of age and have tumorsESM1, and FLT1). In the validation experiments on

the set of tumor samples obtained from 19 young smaller than 5 cm. The major disadvantages of the
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assay are the fact that it requires fresh frozen tissue from a randomized trial of patients with operable,
hormone receptor-positive, node-negative breast can-specimen and has not yet been sufficiently evaluated

as a predictive tool. A prospective trial called Min- cer assigned to receive adjuvant tamoxifen with or
without chemotherapy found that Oncotype Dx wasdAct, studying MammaPrint, is presently ongoing (2).
also able to predict response to chemotherapy (42).
Significant effect of chemotherapy on distant recur-Oncotype Dx
rence was seen in patients whose tumors had high
recurrence score (relative risk for recurrence 0.22,The 21 gene expression assay called Oncotype Dx,

which was developed by Genomic Health, is perhaps 95% CI 0.13–0.53). Chemotherapy had no effect on
distant recurrence in the low recurrence score groupthe most widely used prognostic and predictive geno-

mic tool for women with hormone receptor-positive, (relative risk for recurrence 1.31, 95% CI 0.46–3.78).
The effect of chemotherapy on reducing risk of dis-node-negative breast cancer in the US. Since cDNA

microarrays usually require use of fresh or snap fro- tant metastases in the intermediate group was unclear
(relative risk 0.61, 95% CI 0.24–1.59). One studyzen tissue due to the requirement for intact mRNA

molecules, the investigators involved in development also demonstrated that Oncotype Dx can predict ben-
efit of adjuvant chemotherapy in node-positiveof Oncotype Dx employed quantitative RT-PCR tech-

nology that utilizes short and homogeneous ampli- women (1). Two large randomized clinical trials TAI-
LORx (in women with node-negative disease) andcons. This method accurately measures gene expres-

sion even in the presence of mRNA fragmentation RxPonder (in women with breast cancer involving
1–3 axillary nodes), testing Oncotype Dx use tothat occurs in archived formalin-fixed, paraffin-

embedded (FFPE) tissues (17). The assay was devel- guide treatment decisions, are under way (2). Two
additional prospective phase II trials that use recur-oped through the expression analysis of 250 candi-

date genes that were selected based their significance rence score to determine neoadjuvant therapy are also
ongoing (2). Oncotype Dx is presently endorsed byin breast cancer biology and possible prognostic/pre-

dictive value. Expression of these genes was subse- the American Society of Clinical Oncology (ASCO)
and National Comprehensive Cancer Network (NCCN)quently tested in FFPE tumor samples from 447

breast cancer patients participating in three clinical as prognostic and predictive test for cases of hormone
receptor-positive, lymph node-negative breast tumorstrials (16,22,40). Based on results of this analysis, 16

most suitable cancer-specific candidate genes and 5 that are greater than 1 cm in size. One recent analysis
that looked at combining clinical factors and recur-reference genes were selected. The cancer-specific

genes included those that were associated with prolif- rence score to make treatment decisions found that
confidence of recommending treatment increased byeration (Ki67, STK15, Survivin, CCNB1, MYBL2), in-

vasion (MMP11, CTSL2), HER-2/neu function (HER- 60% after addition of oncotype Dx test (3).
2, GRB7), estrogen receptor function (ER, PGR,
BCL2, SCUBE2), and others (GSTM1, CD68, BAG1). HOXB13/IL17BR
The measurement of expression of 16 cancer-specific
genes was combined, normalized, and converted into Another assay measuring a ratio of Homeobox 13

(HOXB13) to interleukin 17B receptor (IL-17BR) ina quantitative, clinically useful unit called “recur-
rence score” (41). addition to choline dehydrogenase (CHDH) and hor-

mone receptor expression on FFPE tissues can iden-Multiple retrospective validation studies in various
clinical settings established prognostic and predictive tify patients with high risk for relapse if treated with

or without tamoxifen, independent of tumor gradeaccuracy of Oncotype Dx assay. The first report ana-
lyzed tumor specimen from NSABP B14 trial, which (26,33,37). The development of this assay included

quantitative analysis of HOXB13, IL-17BR, CHDH,tested use of adjuvant tamoxifen in women with es-
trogen receptor-positive, node-negative breast cancer. estrogen receptor, and progesterone receptor by real-

time polymerase chain reaction in 852 formalin-The 10-year recurrence rates of 7%, 14%, and 30%
were seen in patients with low, intermediate, and fixed, paraffin-embedded primary breast cancers

from 566 untreated and 286 tamoxifen-treated breasthigh recurrence scores, respectively. In multivariate
analysis, recurrence score was independent of age cancer patients. The study identified that expression

of HOXB13 was associated with shorter relapse-freeand tumor size. Another study confirmed the prog-
nostic accuracy of Oncotype Dx regardless of whether survival (RFS) (p = 0.008) and expression of IL-

17BR and CHDH was associated with longer RFS.or not adjuvant tamoxifen was used (28). Oncotype
Dx has also been compared to conventional prognos- The study established that HOXB13/IL-17BR index

predicted clinical outcome especially in node-nega-tic tools in clinical use and was found to be more
accurate (27). Another analysis of tumor specimen tive patients independently of estrogen receptor sta-
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tus, tumor size, S phase fraction, and treatment. Such ment) and assist in making decision regarding use of
adjuvant chemotherapy (29). Other gene expressionan index is one of the simplest gene expression signa-

tures that can reliably predict a patient’s outcome. tests looking at gene signatures of stromal factors,
embryonic or stem cell-like genes, and others corre-Similar to Oncotype Dx, it can conveniently be per-

formed on archived FFPE breast tumor samples. In lating them with clinical outcome of patients with
breast cancers are also in development (9,24,34).one retrospective study, combining HOXB13/IL-17BR

expression with the molecular tumor grade index
(MGI) that measured expression of five cell cycle-
related genes was shown to have improved accuracy GENE EXPRESSION SIGNATURES AS
of predicting adverse outcome of patients with early RESISTANCE TO CHEMOTHERAPY
stage estrogen receptor-positive breast cancer (38).

Identifying breast cancer patients who may be re-
sistant to specific therapies by analysis of genetic ex-PAM50
pression patters could have important applications in

A 50 gene expression assay based on microarray
clinical practice. Such strategy would help provide

and quantitative RT-PCR called PAM50 was devel-
additional predictive information and individualize

oped by Parker and colleagues by analyzing 189
treatment. Several microarray assays are being devel-

FFPE breast tumor samples to separate them into four
oped for this purpose. These assays were constructed

known intrinsic molecular breast cancer subtypes
and studied mainly through analysis of tumor speci-

(basal-like, HER-2/neu positive, luminal A, and lumi-
men in neoadjuvant chemotherapy trials. In such trials,

nal B). In the validation study, tumor analysis was
pathologic response at the time of definitive surgery

performed on 761 samples from patients with early
is a powerful surrogate for long-term outcome, such

stage, node-negative breast cancer not treated with
as overall or disease-free survival, especially in pa-

chemotherapy and 133 samples that came from pa-
tients with high grade, hormone receptor-negative tu-

tients who received taxane and anthracycline contain-
mors (51). In one published study, prospectively col-

ing neoadjuvant chemotherapy. Patients with luminal
lected pretreatment core biopsies of tumors from 42

A subtype as assessed by PAM50 had better progno-
patients with stage I–III breast cancer treated with

sis in contrast to the other three intrinsic types. Two
neoadjuvant chemotherapy consisting of 12 treat-

“risk of relapse” (ROR) scores were created, one us-
ments of weekly paclitaxel followed by four courses

ing subtype correlation only (ROR-S) and the other
of 5-fluorouracil, doxorubicin, and cyclophospha-

one using subtype correlation in addition to tumor
mide (T/FAC regimen) was analyzed for gene ex-

size (ROS-C). In multivariate analysis that controlled
pression patterns (7). The tumor was analyzed for

for known clinical risk factors, these scores correlated
30,721 gene sequences using cDNA microarray tech-

well with good prognosis. The ROR-S had sensitivity
nology. Twenty-four patients were used for discovery

of 94% and negative predictive value of 97% for
of gene expression associated with achieving pCR at

identifying nonresponders to chemotherapy. The tu-
the time of the surgery. A set of 72 genes was found

mors with high-risk scores had higher probability of
to correlate with pCR (p ≤ 0.09). The set was subse-

complete pathologic response (pCR), in contrast to
quently used on the remaining 18 patients to validate

those within the low-risk group. This is consistent
its predictive accuracy, which was established at 78%

with prior studies showing that indolent ER-positive
(14 out of 16 patients). The sensitivity of the assay

tumors that likely represented majority of tumors
was 43% and specificity was 100%.

with low ROS (luminal A) are less responsive to che-
Another study used oligonucleotide cDNA micro-

motherapy but respond better to endocrine therapy.
arrays and identified expression of 30 genes in pre-

However, in the group of tumors with highest ROR
treatment tumor samples of 133 patients with stage

score, a plateau pCR rate was reached. The investiga-
I–III breast cancer that predicted pCR to neoadjuvant

tors proposed that this was likely due to the fact that
T/FAC regimen (31). The gene signature had 76%

significant chemotherapy resistance can be present
accuracy (sensitivity of 96%, specificity 74%, posi-

among the highest risk tumors (43).
tive predictive value of 52%, and negative predictive
value 96%). Perhaps the largest trial to date that at-

Other Genomic Tests
tempted to develop genetic signatures for patients
with hormone receptor-positive, HER-2/neu-negativeA multitude of other genomic tests exist. Some,

similar to MammaPrint, such as genomic grade signa- breast cancer utilized a statistical method called gene
set analyses. This method uses sets of genes thatture (97 gene expression microarray) and 76 Gene

Expression Grade Index (GGI) provide information share common biological function, chromosomal lo-
cation, or regulation. The tested genes are ranked onto help characterize intermediate grade cancers (e.g.,

grade 2 tumors without axillary lymph node involve- the list based on strength of their association with
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outcome (59). Initially, 2,331 functionally annotated based on cDNA microarray technology confirmed
that breast malignancy is not one disease but rathergene sets were assembled from Ingenuity Pathway

Analysis and Gene Ontology databases. These sets heterogeneous group of cancers that morphologically
may look alike but appear to differ widely with re-corresponded to almost all known biological pro-

cesses. The sets were applied to the gene expression spect to their origin within the breast tissue, their bi-
ology, and response to different therapeutic strate-of three cohorts of patients (N = 234, 170, and 175)

with early stage, HER-2/neu-negative, node-negative gies.
With more advanced technologies and taking intobreast cancer who did not receive adjuvant chemo-

therapy to identify specific sets associated with out- consideration expanding knowledge from a multitude
of existing research, more subtypes of breast cancerscome. Another group of patients with stage I–III

breast cancer who received various regimens of neo- are likely to be teased out from the known groups.
Differentiating molecular subtypes into cancers withadjuvant chemotherapy (N = 198, 85, and 62) were

analyzed to identify gene sets that were associated more uniform gene expression patterns holds great
promise in improving assessment of prognosis andwith pCR. In the pooled analysis of the untreated

groups, 131 and 14 gene sets were found to be associ- use of more effective chemotherapy. More recently,
for instance, a subset of triple negative, non-basal-ated with adverse prognosis in patients with estrogen

receptor-positive and -negative cancers, respectively. like breast cancers that was identified based on par-
ticular gene signature was discovered and namedThe analysis of the preoperative chemotherapy group

identified 69 and 23 sets that were significantly asso- “claudin low” due to low expression of epithelial
cell–cell adhesion genes such as Claudin 3, 4, 7 andciated with achieving complete pathologic response

in ER-positive and ER-negative groups, respectively. E-cadherin as well as differentiated luminal cell sur-
face markers such as EpCAM and MUC1 (47). ThisOf note, different gene sets had prognostic or predic-

tive ability in estrogen-positive and -negative can- expression signature has been associated with epithe-
lial mesenchymal transition (EMT). EMT normallycers, signifying that tumors identified on the clinical

and histologic basis depend on different molecular occurs in embryogenesis and is characterized by in-
creased expression of a mesenchymal marker vimen-pathways. It also suggests that different biologic pro-

cesses may have impact on prognosis and resistance tin (50). In addition, the claudin-low type has been
found to have greater proportion of tumor cells thatto chemotherapy depending on estrogen status of

breast cancer. For example, proliferation-related sets are CD44+/CD24−, high ALDH1A1, thought to be as-
sociated with stem cell or tumor-initiating cell pheno-of genes were associated with increased chemother-

apy sensitivity in ER-positive breast cancers but not type. These cells appear to be slower growing than
basal-like type. Claudin-low breast cancers werein ER-negative breast cancers (32). This study also

elegantly utilized our understanding about important shown to be associated with poorer prognosis and
greater degree of chemotherapy resistance.pathways involved in breast cancer biology and at-

tempted to apply such knowledge to develop clini- Increasing appreciation of DNA regions responsi-
ble elements other than genes, such as those codingcally useful tools.

Prospective studies to confirm the ability of these for microRNAs (miRNAs) may also provide future
insights on biology and molecular subtypes of breastgene signatures to predict resistance to specific che-

motherapy regimens are needed and will provide crit- cancer. miRNAs are a class of short RNAs found in
plants and animals, well conserved. They often in-ical data on their clinical utility. They may find its

use initially in clinical trials that can classify patients hibit gene expression posttranscriptionally and are
increasingly implicated in regulation of expressionas chemotherapy resistant based on those assays and

randomize them to alternative chemotherapies. Com- genes that are crucial for cancer biology. The ability
and ease of measuring (miRNAs) in FFPE tissue doesparison of genomic test PAM50 to other clinical and

histologic tumor characteristics have been utilized in make it a desirable tool for further development in
correlating gene expression profiles with clinical out-phase II clinical trial testing use of various neoadju-

vant endocrine therapies (21). For additional informa- comes. Recently, two groups have reported on the
expression of miRNA221/222 in estrogen receptor-tion, please refer to separate articles on role of micro-

RNAs in drug-resistant breast cancer in the same positive tumors as predictors of tamoxifen resistance
(39,63). This is an early work and further efforts areissue of the journal.
needed to standardize the techniques and to confirm
that miRNA expression profiles can provide indepen-

CONCLUSION: WHERE DO dent prognostic or predictive information.
WE GO FROM HERE? It is important to note that even with improvement

in technology and progress towards standardizationThe discovery of the molecular breast cancer sub-
types by identifying unique expression signature of methods of data analysis, gene expression assays
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are still rather time consuming and expensive for identify biologic processes that are driven by such
genes. This can lead to new ideas about ways to in-practical, everyday use. Hence, it is not likely that

they will replace conventional clinical and pathologic hibit tumor growth, minimize metastatic potential of
breast cancer, or prevent occurrence of breast cancerevaluation to categorize breast cancers but rather

serve as an adjunct to known clinical methods. As in high-risk subjects.
In conclusion, the development and improvementwith Oncotype Dx, these genomic tests will likely be

applied to specific clinical scenarios to fine tune the of gene expression assays has led to major break-
throughs in the breast cancer field, which is alreadyunderstanding of the tumor behavior and select the

most appropriate management options. The genomic influencing the way clinicians treat patients. Applica-
tion of this powerful tool will surely play an impor-tests may become useful in developing novel thera-

pies, especially in view of the fact that specific pat- tant role in shaping the future of the breast cancer
field and other areas of oncology.terns of gene expression can further be explored to
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