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A B S T R A C T

Breast cancer is a heterogeneous disease, comprising multiple entities associated with

distinctive histological and biological features, clinical presentations and behaviours and

responses to therapy. Microarray-based technologies have unravelled themolecular under-

pinning of several characteristics of breast cancer, including metastatic propensity and his-

tological grade, and have led to the identification of prognostic and predictive gene

expression signatures. Furthermore, a molecular taxonomy of breast cancer based on tran-

scriptomic analysis has been proposed. However,microarray studies have primarily focused

on invasive ductal carcinomas of no special type. Owing to the relative rarity of special types

of breast cancer, information about the biology and clinical behaviour of breast cancers con-

veyed by histological type has not been taken into account. Histological special types of

breast cancer account for up to 25% of all invasive breast cancers. Recent studies have pro-

vided direct evidence of the existence of genotypicephenotypic correlations. For instance,

secretory carcinomas of the breast consistently harbour the t(12;15) translocation that leads

to the formation of the ETV6eNTRK3 fusion gene, adenoid cystic carcinomas consistently

display the t(6;9)MYBeNFIB translocation and lobular carcinomas consistently show inacti-

vation of the CDH1 gene through multiple molecular mechanisms. Furthermore, histopath-

ological and molecular analysis of tumours from conditional mouse models has provided

direct evidence for the causative role of specific genes in the genesis of specific histological

special typesof breast cancer.Herewe review theassociationsbetween themolecular taxon-

omyof breast cancer andhistological special types, discuss thepossible origins of thehetero-

geneity of breast cancer and propose an approach for the identification of novel therapeutic

targets based on the study of histological special types of breast cancer.
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in fact, a collection of different diseaseswith different risk fac-

tors, clinical presentations, pathological features, response to

therapy and outcomes, which affect the same anatomical or-

gan and originate in the same anatomical structure (i.e. the

terminal duct-lobular unit). Although histopathologists have

been aware of the diversity of breast cancer and have endeav-

oured to devise approaches to classify the disease into mean-

ingful groups (Weigelt and Reis-Filho, 2009; Scarff and Torloni,

1968; Azzopardi et al., 1979, 1982; Huvos et al., 1973; Tavassoli,

1999; Rosen, 2001; Page and Anderson, 1987), this concept has

only been brought to the forefront of breast cancer research

after the publication of high-throughput microarray-based

class discovery studies that unravelled the existence of multi-

ple molecular subtypes (Perou et al., 2000; Sorlie et al., 2001,

2003; Hu et al., 2006).

Breast cancers can be classified into biologically and

clinically meaningful subgroups according to histological

grade (Elston and Ellis, 1991) and histological type (Ellis

et al., 1992). Grade is an assessment of the degree of differ-

entiation (i.e. tubule formation and nuclear pleomorphism)

and proliferative activity (i.e. mitotic index) of a tumour,

and mirrors its aggressiveness (Elston and Ellis, 1991). His-

tological grade has been incorporated in multiple, validated,

prognostic algorithms to determine breast cancer therapy,

such as the Nottingham Prognostic Index and Adjuvant!

Online (Mook et al., 2009). Interestingly, grade has been

shown to correlate with the genetic and transcriptomic fea-

tures of breast cancers and microarray-based genomic sig-

natures for histological grade have been devised (Weigelt

et al., 2010c; Sotiriou et al., 2006; Ivshina et al., 2006;

Sotiriou and Pusztai, 2009).

Histological type, on the other hand, refers to the growth

pattern of the tumours. The histological diversity of adenocar-

cinomas in the breast has long fascinated pathologists, who

have identified specific morphological and cytological pat-

terns that were consistently associated with distinctive clini-

cal presentations and/or outcomes. These patterns are called

‘histological types’. The commonest type of breast carcinoma

is the so-called invasive ductal carcinomas not otherwise

specified (IDC-NOS) or of no special type (IDC-NST) (Ellis

et al., 2003) (Table 1), which is a diagnosis of exclusion and

comprises adenocarcinomas that fail to exhibit sufficient

characteristics towarrant their classification in one of the spe-

cial types. Breast cancer special types account for up to 25% of

all breast cancers and the latest edition of the World Health

Organisation classification recognises the existence of at least

17 distinct histological special types (Figs. 1 and 2) (Ellis et al.,

2003). It should be noted that grade and type provide comple-

mentary information (Rakha et al., 2008b,c). Although grade

identifies prognostic subgroups among special types of breast

cancer, some entities that are by definition of high histological

grade have a relatively good prognosis (e.g. medullary carcino-

mas) (Ellis et al., 2003).

Although special types of breast cancer have been shown

to be associated with distinct biological features and carry im-

portant clinical implications (e.g. patients with tubular carci-

nomas have survival rates close to normal life expectancy,

Rakha et al., 2010), the use of information on special types

has been limited in tailoring the therapy for breast cancer pa-

tients, partly due to the lack of standardised criteria for their
diagnosis and low inter-observer reproducibility. In addition,

owing to the relative low prevalence of special types of breast

cancer, they have not been systematically investigated in

class discovery (Perou et al., 2000; Sorlie et al., 2001, 2003; Hu

et al., 2006) and class prediction (Sotiriou et al., 2006; Wang

et al., 2005; van’t Veer et al., 2002; van de Vijver et al., 2002;

Wirapati et al., 2008) microarray-based expression profiling

studies.

Here we review themorphological andmolecular subtypes

of breast cancer, discuss the possible origins of the heteroge-

neity of breast cancers and, finally, propose that the study of

special types of breast cancer may help identify novel thera-

peutic targets for specific subgroups of breast cancer patients.
2. Histological special types vs. molecular subtypes

The long-standing believe that distinct histological types of

breast cancer would arise from distinct microanatomical

structures of the normal breast was challenged by Wellings

and Jensen (1973) andWellings et al. (1975) who demonstrated

that the vast majority of invasive breast cancers, and their in

situ precursors, originate from the terminal duct-lobular unit

regardless of the histological type. It should be emphasised

that the terms ductal and lobular carcinoma by no means im-

ply histogenesis or site of origin within the mammary ductal

system. Instead, these are entities defined based on their dis-

crete architectural patterns, cytological features and immu-

nohistochemical profiles. For a concise description of the

histopathology of special types of breast cancer the authors

refer to a recent review by Yerushalmi et al. (2009).

In the past decade, high-throughput microarray-based

gene expression profiling has been extensively applied to the

study of breast cancer to unravel the molecular underpinning

of biological features such as metastatic propensity (Wang

et al., 2005; van’t Veer et al., 2002; van de Vijver et al., 2002)

or histological grade (Sotiriou et al., 2006), and to identify sig-

natures associated with prognosis (Sotiriou et al., 2006; Wang

et al., 2005; van’t Veer et al., 2002; van de Vijver et al., 2002) and

response to therapy (Potti et al., 2006). In addition, class dis-

covery analysis of breast cancers subjected to microarray-

based expression profiling has led to a rediscovery at the mo-

lecular level of the long appreciated morphological and clini-

cal heterogeneity in breast cancer.

In the seminal study by Perou et al. (2000), the authors

performed cDNA microarray analysis of 38 invasive breast

cancers (36 invasive ductal carcinomas and 2 lobular carcino-

mas), 1 ductal carcinoma in situ, 1 fibroadenoma and 3 normal

breast samples, and a number of biological replicates from the

same patient, and defined an ‘intrinsic’ gene list (i.e. genes

that vary most between tumours from different patients com-

pared to samples from the same tumour/patient). Hierarchical

cluster analysis using this ‘intrinsic gene list’ revealed (i) the

division of the cluster dendrogram into oestrogen receptor

(ER)-positive and ER-negative breast cancers, a robust feature

when analysing the transcriptome of breast cancers (Weigelt

et al., 2010c; van’t Veer et al., 2002; Correa Geyer and Reis-

Filho, 2009; Gruvberger et al., 2001), and (ii) the existence of

four molecular subtypes of breast cancer: luminal, normal

breast-like, HER2 and basal-like (Perou et al., 2000) (Table 2).



Table 1 e Prevalence of histological types of breast cancer.

Histological
type

Prevalence (%)
Rosen (2001)

Prevalence (%) WHO
(Ellis et al., 2003)

Prevalence (%)
Rakha et al. (2006, 2008c)a

Prevalence (%)
Louwman et al. (2007)b

Invasive ductal carcinoma (NST) 65e80 50e80 56.4 78

Carcinoma with osteoclastic

giant cells

0.5e1.2

Invasive lobular carcinoma 5 5e15 8.2 11.1

Classical 7.4

Alveolar 0.1

Solid 0.3

Tubulo-lobular 0.4

Pure tubular carcinoma <2 <2 4.4 2.2

Invasive cribriform carcinoma <4 0.8e3.5 0.6 0.3

Medullary carcinoma <5e7 1e7 2.6 1.1

Typical 0.3

Atypical 2.3

Mucinous carcinoma <2 2 1.4 2.2

Neuroendocrine carcinoma 2e5 0.0

Invasive papillary carcinoma 1e2 1e2 0.4 0.7

Invasive micropapillary carcinoma <2.7 <2

Apocrine carcinoma <1e4 <4

Metaplastic carcinoma <5 <1 0.2

Lipid-rich carcinoma <1 <1e6

Secretory carcinoma Few cases <0.15

Oncocytic carcinoma Few cases

Adenoid cystic carcinoma Few cases 0.1 0.1

Acinic-cell carcinoma Few cases

Glycogen-rich clear cell carcinoma <1e3 1e3

Sebaceous carcinoma Few cases

Mixed types 25.3

NST and invasive lobular carcinoma 3.3 4.0

NST and special type 2.1

Invasive lobular mixed 3.1

Tubular carcinoma mixed 16.8

Miscellaneous 0.6 (Metaplastic and adenoid

cystic carcinoma)

0.0 (Signet ring

cell carcinoma)

a 2304 invasive breast cancers diagnosed in Nottingham, UK between 1987 and 1998 from two consecutive series (Rakha et al., 2006, 2008c;

Emad Rakha, personal communication).

b Adapted from Louwman et al. (2007), Netherlands Cancer Registry, considering only cases where correct morphological codes and histopath-

ological review were available.
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The same group demonstrated in a subsequent study using an

extended patient cohort that the ER-positive luminal group

could be separated into at least 2 subgroups, luminal A and lu-

minal B, and that different molecular subtypes were associ-

ated with distinct clinical outcomes (Sorlie et al., 2001).

These molecular subtypes of breast cancer were confirmed

and expanded upon in subsequent microarray datasets

(Sorlie et al., 2003; Hu et al., 2006) and to some extent by inde-

pendent groups (Sotiriou et al., 2003).

The ER-positive luminal tumours were originally described

as those that show expression patterns reminiscent of ‘nor-

mal luminal epithelial cells’ of the mammary gland, including

low molecular weight cytokeratins 8/18, ER and genes associ-

ated with an active ER pathway (Weigelt et al., 2010c; Perou

et al., 2000; Sorlie et al., 2001, 2003; Parker et al., 2009). Luminal

A tumours have been shown to have high levels of expression
of ER-activated genes and low levels of proliferation related

genes, to be usually of low histological grade and have

a good outcome, whereas luminal B cancers are more often

of higher histological grade, have higher proliferation rates

and a significantly worse prognosis than luminal A tumours

(Weigelt et al., 2010c; Perou et al., 2000; Sorlie et al., 2001,

2003; Correa Geyer and Reis-Filho, 2009; Parker et al., 2009)

(Table 2). It should be noted, however, that a recent large

meta-analysis of published available expression data sug-

gested that luminal tumours form a continuum and that the

separation of these tumours into two subgroups based on pro-

liferation may be arbitrary (Wirapati et al., 2008).

In the ER-negative branchof the cluster, three subtypeswere

identified: normal breast-like, HER2 and basal-like. Normal

breast-like cancers have been shown to consistently cluster to-

getherwith fibroadenomaandnormal breast samples and to be



Figure 1 e Histological special types of breast cancer preferentially oestrogen receptor positive. (A) Tubular carcinoma, (B) cribriform carcinoma,

(C) classic invasive lobular carcinoma, (D) pleomorphic invasive lobular carcinoma, (E) mucinous carcinoma, (F) neuroendocrine carcinoma, (G)

micropapillary carcinoma, (H) papillary carcinoma, (I) low grade invasive ductal carcinoma with osteoclast-like giant cells.
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enriched for genes usually expressed in adipose tissue

(Peppercorn et al., 2008). Tumours of this subtype are still poorly

characterised and their clinical significance has yet to be deter-

mined (Correa Geyer and Reis-Filho, 2009; Pusztai et al., 2006).

Recently, the proponents of this molecular classification sug-

gested that the normal breast-like subtypemay be amere arte-

fact of sample representation (i.e. disproportionately high

content of normal tissue contamination) (Parker et al., 2009;

Peppercorn et al., 2008). TheHER2 and basal-likemolecular sub-

types are associatedwithanaggressiveclinical behaviour.HER2

tumours overexpress HER2 and genes associated with HER2

pathway and/or HER2 amplicon on 17q12 (e.g. GRB7) (Table 2).

It shouldbenoted that although themajority (>80%)ofmicroar-

ray-defined HER2 cancers harbour HER2 gene amplification or

HER2 3þ immunohistochemical expression (Rouzier et al.,

2005), not all HER2-amplified tumours fall into the HER2 cluster

by expression arrays analysis (Parker et al., 2009; Rouzier et al.,

2005). A significant number of HER2-amplified, ER-positive can-

cers actually fall into the luminal B subtype rather than the

HER2-microarray subtype (Parker et al., 2009; Rouzier et al.,

2005). The basal-like subtype, which has been extensively
studied in the recent years, was named ‘basal-like’ given that

theneoplastic cells of these tumoursconsistently express genes

usually found in normal basal/myoepithelial cells of the breast,

including highmolecular weight cytokeratins (5 and 17), P-cad-

herin, caveolins 1 and 2 (Abd El-Rehim et al., 2004; Gusterson

et al., 2005; Nielsen et al., 2004; Rakha et al., 2006; Savage et al.,

2007, 2008; Turner and Reis-Filho, 2006; van de Rijn et al.,

2002), nestin (Parry et al., 2008), CD44 (Klingbeil et al., 2010)

and epidermal growth factor receptor (EGFR) (Nielsen et al.,

2004). In aminority of cases, they harbour EGFR gene amplifica-

tion (Weigelt et al., 2010c) or aneusomy (Gilbert et al., 2008).

However, basal-like tumours may express genes characteristic

of luminal epithelia, including cytokeratin 8/18, albeit at lower

levels than luminal carcinomas, as well as KIT, which is

expressed by luminal ER-negative epithelia (Westbury et al.,

2009). Basal-like carcinomas are usually of high histological

grade,havehighmitotic indices,centralnecroticzones,pushing

borders, conspicuous lymphocytic infiltrate, typical/atypical

medullary features and metaplastic areas (Fulford et al., 2006;

Livasy et al., 2006; Reis-Filho et al., 2006b; Turner et al., 2007).

This subtype has been reported to be more prevalent in young



Figure 2 e Histological special types of breast cancer preferentially oestrogen receptor negative. (A) Adenoid cystic carcinoma, (B) secretory

carcinoma, (C) acinic-cell carcinoma, (D) apocrine carcinoma, (E) medullary carcinoma, (F) metaplastic carcinoma with heterologous elements,

(G) metaplastic carcinoma with squamous metaplasia, (H) metaplastic spindle cell carcinoma, (I) metaplastic matrix-producing carcinoma.
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women of African and Hispanic descent, to be associated with

distinct risk factors and to show a high response rate to tradi-

tional chemotherapeutic regimens (Rakha et al., 2008a; Reis-

Filho and Tutt, 2008; Carey et al., 2006). The morphological and

immunohistochemical features of basal-like cancers are re-

markably similar to those described for tumours arising in

BRCA1 germ-line mutation carriers (Turner and Reis-Filho,

2006; Foulkes et al., 2003; Lakhani et al., 1998, 2002, 2005) and

there is a growing body of evidence to suggest that BRCA1 path-

way is dysfunctional in sporadic basal-like cancers (Turner

et al., 2007; Silver et al., 2010). Engineeredmousemodels target-

ing Brca1 and Trp53 genes in luminal or basal cells of themouse

mammary gland resulted in the development of tumours dis-

playing morphological and immunohistochemical features

that recapitulate those seen inhumanbasal-likebreast carcino-

mas (Liuetal., 2007;McCarthyetal., 2007),whichwewill discuss

below in greater detail.

In thepastyears, at least 3additional ER-negativemolecular

subtypes have been described: the ‘molecular apocrine’ group

of tumours, which has been claimed by some to be similar to

the HER2 subtype and appears to have activation of the andro-

gen receptor signalling (Farmer et al., 2005b;Doane et al., 2006);
the ‘interferon’ subtype,which is characterisedbyhighexpres-

sion of interferon regulated-genes, including STAT1 (Hu et al.,

2006); and the ‘claudin-low’ subgroup, which comprises tu-

moursthathavetranscriptomic featuressuggestiveofa ‘cancer

stem cell-like’ phenotype (Herschkowitz et al., 2007; Hennessy

et al., 2009). It should be noted that the clinical and biological

significance of tumours pertaining to these newly described

classes remains to be determined.

Despite the claim that expression profiling should be

regarded as the ‘gold standard’ for breast cancer taxonomy

(Peppercorn et al., 2008), the validity of this taxonomy

(Gusterson, 2009), the stability of the molecular subgroups

identified bymicroarray analysis (Pusztai et al., 2006) and their

use in the management of breast cancer patients have been

called into question (Weigelt et al., 2010a,c). Perhaps it would

be best to consider the currentmolecular taxonomy as awork-

ingmodel in development and not a final, definitive classifica-

tion system, given that further molecular subtypes have been

and may be identified. In addition, in each publication, differ-

ent ‘intrinsic gene lists’ were employed and slightly different

subtypes emerged (e.g. three categories of luminal cancers

in some studies (Sorlie et al., 2001; Sotiriou et al., 2003)), an



Table 2 e Characteristics of molecular subtypes and assignment of histological special types of breast cancer.

Molecular
subtype

ER, PR,
HER2

Additional
markers

Proliferation cluster
microarrays

Histological special
types

Basal-like ER� CK5/6þ High Adenoid cystic

PR� EGFRþ Acinic cell

HER2� Medullary

Metaplastic

Pleomorphic lobular

Secretory

HER2/ER� ER� CK5/6þ/� High Apocrine

PR� EGFRþ/� Lobular

HER2þ Micropapillary

Pleomorphic lobular

Normal breast-like ER�/þ CK5/6þ Low Medullary

PR unknown EGFRþ Metaplastic

HER2�
Luminal ERþ (�) Low/high Apocrine

PRþ/� IDC osteoclastic

HER2� (þ) Lobular

Micropapillary

Mucinous

Neuroendocrine

Pleomorphic lobular

Tubular

Molecular apocrine ER� ARþ High Apocrine

PR� CK5/6þ/� Pleomorphic lobular

HER2þ/� EGFRþ/�
Claudin-low ER� CLDN low/� High Metaplastic

PR� CDH1 low/� Medullary (?)

HER2� CK5/6þ/�
EGFRþ/�

Interferon-related ER�/þ STAT1 High Medullary (?)

PR unknown

HER2�

AR: androgen receptor; CDH1: E-cadherin; CLDN: claudin; CK: cytokeratin; EGFR: epidermal growth factor receptor; ER: oestrogen receptor; IDC:

invasive ductal carcinoma; PR: progesterone receptor; STAT1: signal transducer and activator of transcription 1. �: negative; þ: positive; þ/�:

occasionally positive; �/þ: rarely positive.
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interferon-rich group in another (Hu et al., 2006), and the clau-

din-low subtype in two recent studies (Herschkowitz et al.,

2007; Hennessy et al., 2009). Moreover, normal breast-like tu-

mours were part of the ER-negative branch in some studies

(Perou et al., 2000; Sorlie et al., 2001, 2003; Herschkowitz

et al., 2007) and of the ER-positive in others (Hu et al., 2006;

Parker et al., 2009). The subjective nature of how themolecular

subtypes were identified, the moderate stability of each clus-

ter, and the lack of a definitive study demonstrating the repro-

ducibility of each molecular subtype limit the application of

this taxonomy in diagnostic practice (Pusztai et al., 2006).

We performed a comparison of three different methods for

classification of individual samples using three single sample

predictors (Sorlie et al., 2003; Hu et al., 2006; Parker et al., 2009)

that revealed amodest agreement between different methods

and that only the patients with basal-like cancers could be re-

producibly identified (Weigelt et al., 2010a).

The current molecular taxonomy claims to provide accu-

rate portraits of breast cancer that account for its diversity,

however histological special types have not been systemati-

cally investigated, probably due to their low prevalence and
limited availability of fresh/frozen samples. In fact, Perou

et al. (2000) analysed only IDC-NSTs and two invasive lobular

carcinomas. Hence, it is rather arguable that these portraits

could ‘accommodate all characters in the picture’.

The question of whether this taxonomy could be applied to

histological special types of breast cancer has been recently

addressed (Weigelt et al., 2008, 2009a; Lien et al., 2007;

Bertucci et al., 2006, 2008; Zhao et al., 2004; Korkola et al.,

2003; Jacquemier et al., 2005; Vincent-Salomon et al., 2007).

Microarray-based analysis of 11 special types of breast cancer

has demonstrated that at the transcriptomic level each special

type of breast cancer is composed of tumours that are more

homogeneous than IDC-NSTs and invasive lobular carcino-

mas (Weigelt et al., 2008). Hierarchical cluster analysis

revealed that each histological special type studied pertained

to only one molecular subtype with the exception of apocrine

carcinomas. For example, tubular, mucinous and neuroendo-

crine carcinomas consistently displayed a luminal phenotype,

whereas adenoid cystic, medullary and metaplastic carcino-

mas a basal-like phenotype (Weigelt et al., 2008), in agreement

with previous studies (Livasy et al., 2006; Reis-Filho et al.,
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2006b; Bertucci et al., 2006; Jacquemier et al., 2005; Vincent-

Salomon et al., 2007; Azoulay et al., 2005) (Fig. 3). However,

none of the tumours were of normal breast-like subtype and

6%of special types of breast cancer displayed amolecular apo-

crine phenotype (Weigelt et al., 2008).

Interestingly, although special types of breast cancer could

be classified into molecular subgroups, supervised analyses

comparing special types of a given molecular subtype with

IDC-NSTs of the same molecular subtype have consistently

revealed important genetic and transcriptomic differences

(Weigelt et al., 2010c; Weigelt and Reis-Filho, 2009). For in-

stance, when metaplastic breast carcinomas were compared

to basal-like IDC-NSTs, it was demonstrated that DNA repair

pathways, including the BRCA1 DNA damage response path-

way, PTEN, a genewhose loss of function is associatedwith re-

sistance to chemotherapy, and TOP2A, the molecular target of

anthracyclines, were significantly downregulated in meta-

plastic breast cancers (Weigelt et al., 2009a; Podo et al.,

2010). These findingsmay explain the reported poor responses

to chemotherapy of this histological subtype. In addition,

metaplastic cancers were found to show significantly higher

expression of genes related to myoepithelial differentiation

and epithelial-to-mesenchymal transition compared to IDC-

NSTs of basal-like molecular subtype (Lien et al., 2007;

Weigelt et al., 2009a). Furthermore, mutations of the b-catenin
Figure 3 e Histological special types and molecular subtypes.

Tumours from each of the histological special types are more

homogeneous than invasive ductal carcinomas (IDC) of no special

type. IDC with osteoclastic-like giant cells, mucinous and tubular

carcinomas preferentially harbour a luminal phenotype, whilst

adenoid cystic, medullary and metaplastic breast cancers preferentially

display a basal-like phenotype. Some metaplastic breast cancers and

medullary carcinomas may display a claudin-low phenotype. Classic

lobular and micropapillary carcinomas are preferentially of luminal or

HER2 phenotypes. Apocrine carcinomas are either of molecular

apocrine or HER2 phenotype, whereas pleomorphic lobular

carcinomas may be of luminal, HER2 or molecular apocrine

phenotype. The dashed line represents a hypothetical association.

Note that the HER2 group here is defined by the presence of HER2

gene amplification and not the ‘intrinsic gene’ defined HER2 group.
gene and genetic activation of theWnt pathwaywere reported

to be more prevalent in metaplastic breast cancers (Hayes

et al., 2008); however these results were not confirmed in sub-

sequent analyses (Hennessy et al., 2009; Geyer et al., unpub-

lished data). Contrary to this body of evidence, Hennessy

et al. have recently suggested that metaplastic breast carcino-

mas may not be of basal-like phenotype (Hennessy et al.,

2009). Out of 12 cases subjected to hierarchical clustering anal-

ysis, six samples formed a distinct subgroup, and the remain-

ing cases clustered together with basal-like (n ¼ 2), normal

breast-like (n ¼ 2) or claudin-low groups (n ¼ 2) (Hennessy

et al., 2009). In addition, a high prevalence (53%) of mutations

affecting the PI3K/AKT pathway was also reported in meta-

plastic breast carcinomas (Hennessy et al., 2009). Further stud-

ies with larger sample sizes and utilising objective methods

for the classification of metaplastic breast cancers are re-

quired to reconcile these discrepancies. Based on the clinically

relevant evidence available to date, it would bemore appropri-

ate to consider metaplastic breast carcinomas as a heteroge-

neous subgroup of triple negative breast cancers.

Medullary carcinomas and IDC-NSTs of basal-like pheno-

type have also been shown to have distinct molecular charac-

teristics (Weigelt et al., 2008; Bertucci et al., 2006; Jacquemier

et al., 2005; Vincent-Salomon et al., 2007). Gene expression

profiling analysis of medullary breast cancers revealed an

upregulation of genes involved in TH1 immune response, in-

cluding interleukins, transcription factors involved in TH1 dif-

ferentiation, IFN regulatory factors and TH1 cytokines, as well

as genes related to the apoptosis pathway, includingmembers

of the TNF receptor and ligand family, compared to basal-like

IDC-NSTs (Weigelt et al., 2008; Bertucci et al., 2006). Con-

versely, genes involved in the architecture and remodelling

of the cytoskeleton, and genes associated with cell invasive-

ness were downregulated in medullary carcinomas, which al-

together may account for the reported favourable outcome of

this ER-negative histological special type (Weigelt et al., 2008;

Bertucci et al., 2006).

Adenoid cystic carcinomas, although consistently display-

ing a basal-like phenotype (Weigelt et al., 2008; Azoulay et al.,

2005), have distinct morphological features (Ellis et al., 2003),

clinical presentation and show downregulation of genes re-

lated to cell migration, proliferation and immune response

(Weigelt et al., 2008), which in combination with their low his-

tological grademay explain their excellent prognosis. In a way

akin to adenoid cystic carcinomas of the breast, secretory car-

cinomas also have an indolent clinical behaviour and consis-

tently display a triple negative and basal-like phenotype (Lae

et al., 2009; Lambros et al., 2009). Interestingly, these special

histological types of breast cancer harbour recurrent balanced

chromosomal translocations which lead to fusion transcripts,

namely the t(12;15)(p13;q25) ETV6eNTRK3 fusion gene in se-

cretory carcinomas (Tognon et al., 2002) and the t(6;9)

(q22e23; p23e24)MYBeNFIB fusion gene in adenoid cystic car-

cinomas (Persson et al., 2009). Given that a recent massively

parallel sequencing study identified multiple somatic rear-

rangements leading to the formation of fusion genes in breast

cancers, it is plausible that distinct special types of breast can-

cer may be underpinned by somatic rearrangements leading

to the formation of specific fusion genes (Stephens et al.,

2009), similar to specific subtypes of renal tumours, aggressive
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midline carcinomas, soft tissue tumours, and lymphomas and

leukaemias (Mitelman et al., 2007). Studies to address this hy-

pothesis are eagerly awaited.
3. Cell of origin

There are several lines of evidence that cancer classifications

may not reflect tumour histogenesis but tumour differentia-

tion (Gusterson et al., 2005; Gusterson, 2009; Gould, 1986;

Zhang et al., 2001; Moinfar, 2008). Nevertheless, the propo-

nents of the molecular classification for breast cancer envis-

aged that the molecular subgroups identified by microarray

analysis would indeed have histogenetic implications (i.e.

that the phenotype of a breast cancer would mirror that of

its cell of origin) (Sorlie et al., 2001). Sorlie et al. (2001) sug-

gested that luminal and basal-like cancers would originate

from luminal and basal cells, respectively.

The identification of normal adult stem cells in the mouse

mammary gland (reviewed in Stingl (2009)) and of tumouri-

genic cells within human breast tumours bymeans of cell sur-

face markers and transplantation assays in immunodeficient

mice has fuelled the concept that cancers are initiated and

maintained by a population of tumour cells with stem cell-

like features (i.e. ‘cancer stem cells’) (Stingl, 2009; Al-Hajj

et al., 2003). This ‘cancer stem cell’ hypothesis further sug-

gests that the type of genetic event and the cell of origin, either

breast stem cells or their progenies, could be the underlying

causes for the morphological and molecular heterogeneity

found in breast cancers (Vargo-Gogola and Rosen, 2007;

Polyak, 2007; Behbod and Rosen, 2005; Dontu et al., 2004;

Stingl and Caldas, 2007). It should be noted, however, that

the intra-tumour phenotypic heterogeneity observed in breast

cancers may also stem from the existence of intra-tumour ge-

netic heterogeneity (Marusyk and Polyak, 2009; Torres et al.,

2007; Geyer et al., 2010).

According to this model, it has been proposed that each of

the five molecular breast cancer subtypes (i.e. basal-like,

HER2, normal breast-like, luminal A, luminal B) might initiate

in different types of stem/progenitor cells. These five cell

types of origin would not only be of distinct cell lineages, as

hypothesised by Sorlie et al. (2003), but also of different stages

of mammary epithelial cell differentiation. For instance,

a transforming event in an ER-negative mammary stem cell

would give rise to ER-negative basal-like or HER2 breast can-

cers, whereas a genetic aberration in a more differentiated

progenitor would give rise to ER-positive luminal breast can-

cers (Behbod and Rosen, 2005; Dontu et al., 2004). Alterna-

tively, it has been suggested that luminal A tumours, which

have a favourable prognosis, would originate fromwell-differ-

entiated cells of the ER-positive lineage, whereas luminal B tu-

mours, which show lower levels of ER expression and have

a poorer prognosis than luminal A tumours, from more prim-

itive ER-positive progenitors (Stingl and Caldas, 2007). Like-

wise, the histological types of breast cancer have been

suggested to be initiated in different types of stem or progen-

itor cells (Stingl and Caldas, 2007). However, there is limited

direct experimental evidence to support these hypotheses.

Furthermore, a recent study from Lim et al. (2009) provided

strong evidence to suggest that tumours arising in BRCA1
mutation carriers and basal-like breast cancers may, in fact,

originate from luminal progenitor cells rather than ‘basal’

cells (Lim et al., 2009). Although some have argued that these

findings would not impact on the use of the basal-like nomen-

clature (Prat and Perou, 2009), others have claimed that basal-

like is a misnomer, given that these tumours neither display

pure basal differentiation nor originate from basal progenitor

cells (Weigelt et al., 2010c; Gusterson et al., 2005; Gusterson,

2009; Moinfar, 2008).
4. Genotypicephenotypic correlations

The concept of clonal evolution explains the heterogeneity of

breast cancer as a result of various distinct combinations of

mutations acquired by a random cell over time, which pro-

vides a selective growth advantage under a specific set of se-

lective pressures (Polyak, 2007; Marusyk and Polyak, 2009). It

should be noted that the cancer stem cell and the Darwinian

clonal evolution hypotheses are by no means mutually exclu-

sive (Marusyk and Polyak, 2009; Geyer et al., 2010). The inter-

play of these combinations of genetic and also epigenetic

aberrations and the cell of origin may provide the basis for

the vast number of histological types of breast cancer

(Polyak, 2007). In fact, there is substantial evidence to suggest

that at least some breast cancer special types are underpinned

by distinct arrays of genetic and epigenetic aberrations

(Weigelt et al., 2008 2010c; Weigelt and Reis-Filho, 2009; Reis-

Filho and Lakhani, 2008; Vincent-Salomon et al., 2007;

Tognon et al., 2002; Marchio et al., 2008), which would ulti-

mately determine not only their morphological features, but

also their clinical behaviour.

There are several lines of evidence demonstrating that at

least some histological special types of breast cancer are char-

acterised by distinct genetic alterations (Hennessy et al., 2009;

Lae et al., 2009; Tognon et al., 2002; Perssonet al., 2009;Marchio

et al., 2008, 2009; Thor et al., 2002). As mentioned above, ade-

noid cystic carcinomas, regardless of the anatomical site of or-

igin, harbour the t(6;9)(q22e23;p23e24) involving the genes

MYB andNFIB (Persson et al., 2009), whereas secretory carcino-

mas of the breast have been shown to harbour the t(12;15)(p13;

q25) chromosomal translocation involving the genes ETV6 and

NTRK3 (Tognon et al., 2002). This translocation leads to the for-

mation of a fusion gene ETV6eNTRK3, which has been shown

to have transformation activity in mouse mammary gland

myoepithelial and epithelial cells (Tognon et al., 2002). Al-

though the t(12;15)(p13;q25) can be also found in other human

cancers (e.g. cellular mesoblastic nephroma, congenital fibro-

sarcomaandacutemyeloid leukaemia), in thecontextofbreast

malignancies, this translocation seems to be specific to secre-

tory carcinomas (Letessier et al., 2005; Makretsov et al., 2004;

Reis-Filho et al., 2008). Taken together, these two fusion genes

(MYBeNFIB and ETV6eNTRK3) provide clear examples of phe-

notypicegenotypic correlations in breast cancer.

Genome-wide genomic and transcriptomic studies have

demonstrated that some histological special types of breast

cancer are more than mere architectural patterns. In fact,

apart from adenoid cystic and secretory carcinomas, also

micropapillary carcinomas, metaplastic carcinomas, lobular

carcinomas, mucinous carcinomas and neuroendocrine
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carcinomas have been shown to constitute entities distinct

from IDC-NSTs at the molecular level (Hennessy et al., 2009;

Weigelt et al., 2008, 2009b, 2010b; Bertucci et al., 2008;

Marchio et al., 2008, 2009). For example, micropapillary carci-

nomas are characterised by the nests of cells with an inside-

out growth pattern. These tumours have been shown to

have a higher proclivity to disseminate to axillary lymph

nodes and a more aggressive clinical behaviour than IDC-

NSTs (Nassar, 2004). Invasive micropapillary carcinomas

have been shown to preferentially be of luminal B molecular

subtype (Weigelt et al., 2008; Marchio et al., 2008). However,

when analysed by mircoarray-based gene expression hierar-

chical clustering together with other special types of breast

cancer, micropapillary cancers appear to form an almost ex-

clusive cluster (Weigelt et al., 2008). Moreover, genomic anal-

ysis using comparative genomic hybridisation revealed that

micropapillary tumours are characterised by a constellation

of copy number aberrations that are distinct from those found

in ER-matched IDC-NSTs of the same histological grade

(Marchio et al., 2008; Thor et al., 2002). These observations sug-

gest that micropapillary histology is not only a histological

pattern, but actually a discrete morphological and molecular

entity. Interestingly, when the morphologically distinct com-

ponents of mixed micropapillary carcinomas (i.e. tumours

with micropapillary and IDC-NST areas) were subjected to ge-

nomic and immunohistochemical analysis, striking similari-

ties were observed at the genetic and immunohistochemical

level. When compared to IDC-NSTs matched by grade and

ER status, mixed micropapillary carcinomas displayed signif-

icant differences in the type and pattern of copy number

changes and higher proliferative rates (Marchio et al., 2009).

In fact, the genetic aberrations found in the ductal compo-

nents of mixed micropapillary carcinomas were more similar

to those of pure micropapillary carcinomas than to those of

grade- and ER-matched IDC-NSTs (Marchio et al., 2009). These

observations suggest that micropapillary differentiation in

breast tumours, even in those featuring a mixed histology

may identify a subgroup of more aggressive ER-positive breast

carcinomas, thatmixedmicropapillary carcinomas are closely

related to pure micropapillary carcinomas and that the char-

acteristic morphological features observed in micropapillary

cancers may stem from a combination of genetic changes

and epigenetic hits.

The hypothesis of genetic aberrations leading to the de-

velopment of cancers of a specific morphological type is

given further credence by conditional mouse models. The

most common histological special type invasive lobular car-

cinoma (Table 1) is characterised by the growth of discohe-

sive cells infiltrating the breast stroma as single cells or

arranged in single cell files (Ellis et al., 2003; Weigelt et al.,

2010b; Hanby and Hughes, 2008). The outcome of patients

with lobular carcinomas is similar to that of patients with

IDC-NST, however, lobular cancers are often multifocal,

have a distinct metastatic pattern (i.e. often metastasise to

serosal surfaces, gastrointestinal tract and gynaecological

organs) and less often respond to neoadjuvant chemother-

apy (Rosen, 2001; Ellis et al., 2003). Several correlative studies

have demonstrated that lobular carcinomas are character-

ised by the inactivation of the CDH1 gene, which encodes

E-cadherin, an adhesion molecule that mediates
homophilicehomotypic adhesions (Vos et al., 1997). Our

group performed a microarray analysis of invasive lobular

carcinomas and grade- and molecular subtype-matched

IDC-NSTs, which revealed that these tumours differ in the

expression of not only E-cadherin, but also genes related

to cell adhesion, cell-to-cell signalling, and actin cytoskele-

ton signalling (Weigelt et al., 2010b). Several molecular

mechanisms have been shown to lead to CDH1 inactivation

in lobular carcinomas (Droufakou et al., 2001; Sarrio et al.,

2003), including gene deletion, inactivating gene mutation,

gene promoter methylation or transcriptional silencing.

This has led several groups to hypothesise that lack of E-

cadherin expression would account for the so characteristic

discohesiveness of lobular carcinoma cells and could deter-

mine the metastatic pattern of these lesions. Histological

and molecular analyses of the K14cre;Cdh1F/F/Trp53F/F condi-

tional mouse model revealed that these animals developed

mammary tumours that were strikingly similar to human

invasive lobular carcinomas (Derksen et al., 2006). Tumours

from this conditional mouse model were often multifocal

and characterised by monomorphic atypical neoplastic cells

infiltrating the stroma as single cells and single cell files.

Like human lobular carcinomas, K14cre;Cdh1F/F/Trp53F/F tu-

mours also metastasised to gastrointestinal and urogenital

tracts or diffusely disseminated throughout the peritoneal

cavity (Ellis et al., 2003; Derksen et al., 2006). It should be

noted that tumours from the K14cre;Cdh1F/F/Trp53F/F model

also displayed important differences when compared to hu-

man lobular cancers, including lack of ER expression, pres-

ence of Trp53 inactivation, expression of ‘basal’ keratins,

and lack of associated in situ lobular neoplasia.

Metaplastic breast cancer is a histological special type

comprising tumours characterised by a complex admixture

of adenocarcinomatous areas with metaplastic elements,

which can be subdivided in homologous (i.e. squamous and

spindle metaplasia) or heterologous (i.e. chondroid, osteous

and rhabdomyoid metaplasia) (Huvos et al., 1973). Our group

(Reis-Filho et al., 2006a,b; Weigelt et al., 2009a) and others

(Leibl et al., 2005; Leibl and Moinfar, 2005) have demonstrated

that >90% of these cancers lack expression of ER and HER2,

and display a basal-like immunoprofile and transcriptome. Al-

though a recent study has suggested that these tumours may

be more heterogeneous at the transcriptomic level and

enriched for cells with features of epithelial-to-mesenchymal

transition and stem cell characteristics (Hennessy et al., 2009),

metaplastic breast cancers in a way akin to IDC-NSTs of basal-

like phenotype appear to have a dysfunctional BRCA1 path-

way (Turner and Reis-Filho, 2006; Turner et al., 2007; Silver

et al., 2010; Kwei et al., 2010) and in >60% of these cancers,

BRCA1 is downregulated due to gene promoter methylation

(Turner et al., 2007). Based on the fact that the majority of

basal-like breast cancers show a dysfunctional BRCA1 path-

way (Turner and Reis-Filho, 2006; Turner et al., 2007; Weigelt

et al., 2009a) and harbour TP53 gene mutations (Sorlie et al.,

2001; Lien et al., 2004; Manie et al., 2009), we have engineered

the conditional mouse Blg-Cre;Brca1F22e24/F22e24;Trp53þ/�,
where the Brca1 gene is inactivated in b-lactoglobulin-

expressing cells (i.e. luminal epithelial cells of the mouse

mammary gland) and all cells of the animal have only one

wild-type allele of Trp53 (McCarthy et al., 2007). Consistent



Figure 4 e Histological special types may be driven by specific genomic hits regardless of the target cells. (A) In the Blg-Cre;Brca1F/F/Trp53D/L

mouse model, Brca1 was inactivated in luminal epithelial cells of the mouse mammary gland and all cells harboured only one functional copy of

Trp53. In the K14cre;Brca1F/F;Trp53F/F mouse model, Brca1 and Trp53 were inactivated in the basal/myoepithelial cells of the mouse mammary

gland. Histopathological and immunohistochemical analysis of tumours developing in mouse models where Brca1 and Trp53 were inactivated in

different lineages of the mouse mammary gland revealed that tumours had morphological and immunohistochemical features that recapitulated

those of human basal-like breast cancers (Liu et al., 2007; McCarthy et al., 2007) (i.e. a convergent phenotype driven by the type of genetic hits).

(B) Representative scanning and medium power magnification micrographs of a tumour developing in Blg-Cre;Brca1F/F/Trp53D/L mouse model

and in a patient with a pathogenic BRCA1 truncating germ-line mutation.
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with the histological and immunophenotypic characteristics

of human metaplastic breast cancers, pathological analysis

of the tumours arising in the above mice revealed that 78%

lacked expression of hormone receptors and HER2 and

expressed basal markers (cytokeratins 14 and/or EGFR) and

88% showed homologous metaplastic elements (McCarthy

et al., 2007) (Fig. 4). This mouse model (McCarthy et al., 2007)

provides another line of evidence (Turner et al., 2007) for the

link between basal-like phenotype and BRCA1 pathway
dysfunction and may prove useful for testing novel therapies

for basal-like cancers. Interestingly, another conditional

mouse model K14cre;Brca1F/F;Trp53F/F, where Brca1 and Trp53

were inactivated in basal cells of the mouse mammary gland

(Liu et al., 2007), has been shown lead to the development of

tumourswhosemorphological and phenotypic characteristics

are remarkably similar to those observed in our study. Al-

though the design of these animal models cannot provide de-

finitive comments about the exact cell of origin of the
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tumours, these findings suggest that independent of the cell

type in which Brca1 and Trp53 are inactivated, the concurrent

inactivation of these genes may lead to the development of

basal-like breast cancers often with metaplastic elements

(Fig. 4). This should not come as a surprise, given that

BRCA1 has been shown to play a pivotal role in the regulation

of ER expression and that RNA interference-mediated silenc-

ing of BRCA1 in breast cancer cell lines leads to a marked re-

duction in expression of endogenous levels of ER (Hosey

et al., 2007) and in increased expression of markers usually

found in basal/myoepithelial cells (e.g. cytokeratins 5 and 17,

and P-cadherin) (Gorski et al., 2009; Mullan, 2006).

Transcriptomic and genetic analysis of breast cancers

has also helped understand the similarities in clinical pre-

sentation and outcome of some special types of breast can-

cer (Simpson et al., 2005a; Correa Geyer and Reis-Filho,

2009). Low grade IDC-NSTs, tubular, cribriform, tubulo-lobu-

lar and classic lobular carcinomas are tumours that albeit

having distinctive histological features display (i) similar

clinical presentation and natural history, (ii) are associated

with the same family of precursor and pre-invasive lesions

(i.e. flat epithelial atypia, atypical ductal hyperplasia, lobular

neoplasia and low grade ductal carcinoma in situ), (iii) have

similar immunophenotypes (i.e. consistent expression of

hormone receptors and lack of HER2 expression), and (iv)

are characterised by similar types and patterns of genetic

aberrations (namely, diploid/near diploid karyotypes charac-

terised by deletion of 16q coupled with gain of 1q and 16p,

often resultant from a der(16)t(1; 16)/der(1; 16) unbalanced

chromosomal translocation) (Simpson et al., 2005a,b;

Abdel-Fatah et al., 2007, 2008; Flagiello et al., 1998; Tsuda

et al., 1999). These findings have led several groups to posit

that low grade IDC-NSTs, tubular and cribriform carcinomas

would be more similar to classic lobular carcinomas than to

high grade IDC-NSTs and that these lesions and their re-

spective precursors should be considered as members of

a family of interrelated lesions (i.e. low grade breast neopla-

sia family) (Abdel-Fatah et al., 2008). It should be noted,

however, that although the main difference between lobular

lesions and the other tumours has already been identified (i.

e. the target gene of 16q deletions: whilst in lobular carcino-

mas it has been shown to be the CDH1 gene, in the remain-

ing tumours the target gene is yet to be found (Simpson

et al., 2005a)), the molecular differences between the other

histological special types in this family of tumours are yet

to be characterised.

Some of the morphological differences between special

types of breast cancer cannot be explained by their patterns

of genetic aberrations using current techniques. Tubular and

cribriform carcinomas have strikingly similar genomic fea-

tures by comparative genomic hybridisation; neuroendocrine

and mucinous B carcinomas have undistinguishable tran-

scriptomic profiles (Weigelt et al., 2008, 2009). Despite the pau-

city of evidence in support of a genetic basis to account for the

full diversity of histological special types of breast cancer, it is

possible that when these lesions are subjected to genome-

wide sequencing using massively parallel approaches a few

pathognomonic mutations or specific fusion genes will ac-

count for their distinctive morphological features (Aparicio

and Huntsman, 2010; Reis-Filho, 2009). Alternatively, based
on the evidence available to date, it is plausible that the diver-

sity in the histological and phenotypic characteristics of spe-

cial types of breast cancer may stem from a combination of

distinct cells of origin and genetic/epigenetic aberrations

(Weigelt and Reis-Filho, 2009).
5. Special types of breast cancer as models for
identification of novel therapeutic targets

The molecular heterogeneity of chromosomal aberrations

present in unselected groups of breast tumours has consti-

tuted a formidable challenge for the identification of the ac-

tual ‘drivers’ of breast cancers (i.e. genes causally implicated

in the survival and growth of cancer cells) and novel therapeu-

tic targets.

There are several lines of evidence to suggest that tumours

from each histological special type of breast cancer havemore

homogeneous transcriptomic patterns than IDC-NSTs

(Weigelt et al., 2008, 2009a,b, 2010b), suggesting that each his-

tological special type may be driven by a less diverse constel-

lation of genetic and possibly also epigenetic events (Weigelt

and Reis-Filho, 2009; Reis-Filho and Lakhani, 2008; Weigelt

et al., 2008; Aparicio and Huntsman, 2010). We have hypothes-

ised that by focusing on the analysis of special histological

types of breast cancer, the molecular complexity and hetero-

geneity of breast cancer can be significantly reduced and

that this may facilitate the identification of biological drivers

of breast cancers and novel therapeutic targets for patients

with specific types of breast cancer.

Based on this rationale, we have studied a series of classic

lobular carcinomas using high resolution comparative geno-

mic hybridisation and in situ hybridisation and identified re-

current amplifications on 8p11.2ep12, encompassing the

FGFR1 locus (Reis-Filho et al., 2006c). Through a detailed geno-

mic and transcriptomic analysis of breast cancer cell lines, we

identified a model for lobular carcinomas harbouring

8p11.2ep12 amplification (i.e. MDA-MB-134) and demon-

strated through a combination of RNA interference and chem-

ical inhibition that FGFR1 silencing is selectively lethal in cell

lines harbouring this amplification, suggesting that FGFR1 is

a potential therapeutic target for a subgroup of lobular cancers

(Reis-Filho et al., 2006c). Analysis of large cohorts of breast

cancer patients using either Southern blotting (Cuny et al.,

2000), chromogenic in situ hybridisation (Courjal et al., 1997;

Elbauomy Elsheikh et al., 2007) or microarray-based compara-

tive genomic hybridisation (Natrajan et al., 2009; Adelaide

et al., 2007) has revealed that FGFR1 amplification is present

in approximately 10% of all breast cancers, but is more fre-

quently found in ER-positive disease. In ER-positive breast

cancers, FGFR1 gene amplification is associated with lower

levels of progesterone receptor expression and higher Ki-67 la-

belling indices (Turner et al., 2010), and has been shown to be

both a prognostic factor independent of size, grade and nodal

stage in ER-positive breast cancer patients treated with endo-

crine therapy (Elbauomy Elsheikh et al., 2007). Furthermore,

a recent study (Turner et al., 2010) has demonstrated that

breast cancer cell lines harbouring FGFR1 amplification dis-

play resistance to Tamoxifen in vitro, which is reversed by

FGFR1 RNA interference silencing.
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Understanding the underlying molecular features of spe-

cial types of breast cancer may also provide new avenues for

improvement of the type of adjuvant systemic therapy offered

to breast cancer patients. As described above, metaplastic

breast cancers have been shown to express low levels of Top-

oisomerase IIa, PTEN and BUB1 (Weigelt et al., 2009a) and to

frequently harbour mutations that may lead to activation of

the PI3K/AKT pathway (Hennessy et al., 2009); therefore, it is

not surprising that these tumours do not respond to conven-

tional chemotherapy regimens based on anthracycline and

spindle cell poison therapies (Hennessy et al., 2006). On the

other hand, transcriptomic analysis and conditional mouse

models indicate that these cancers are likely to harbour a dys-

functional BRCA1 pathway. Seminal studies carried out by

Alan Ashworth’s lab have demonstrated that tumours with

BRCA1, BRCA2 or PTEN loss of function lack a competent ho-

mologous recombination DNA repair and, therefore, show

an exquisite sensitivity to cross-linking agents (e.g. platinum

salts) and inhibitors of the PARP enzyme (Farmer et al.,

2005a; Ashworth, 2008; Mendes-Pereira et al., 2009), suggest-

ing that these approaches may be more efficacious in meta-

plastic cancers.
6. Conclusions

Special types of breast cancer account for up to one quarter

of all invasive breast malignancies and their importance

should not be disregarded. Studies focusing on specific sub-

types of carcinomas from several sites have recently identi-

fied pathognomonic mutations (Shah et al., 2009a) and

specific fusion genes (Tognon et al., 2002; Persson et al.,

2009; Mitelman et al., 2007; French, 2008; Brenner and

Chinnaiyan, 2009) that can be used not only for diagnostic

purposes, but also therapeutically. Understanding the biolog-

ical drivers of these entities may lead to a better understand-

ing of the biology of breast cancer. Fortunately, the concept

of special types of breast cancer has recently been incorpo-

rated by the International Cancer Genome Consortium and

other large scale resequencing exercises. In fact, the first

complete genome of a breast cancer was from a metastasis

from a special type of breast cancer! (Shah et al., 2009b). It

is likely that in the next 5 years, a complete catalogue of

the type, pattern and complexity of genetic and transcrip-

tomic aberrations of special types of breast cancer will be-

come available. Until then, instead of arguing whether one

should be a ‘grader’ or a ‘typer’ (Pereira et al., 1995), patholo-

gists should strive for developing a standardised classifica-

tion for these fascinating entities, which may lead to

a better understanding of their biology and, most impor-

tantly, their clinical behaviour.
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