
M O L E C U L A R O N C O L O G Y 3 ( 2 0 0 9 ) 2 2 0 – 2 3 7
ava i lab le a t www.sc iencedi rec t .com

www.e lsev ier . com/ loca te /molonc
Molecular characterization of apocrine carcinoma of the breast:

Validation of an apocrine protein signature in a well-defined cohort
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A B S T R A C T

Invasive apocrine carcinomas (IACs), as defined by morphological features, correspond to

0.3–4% of all invasive ductal carcinomas (IDC), and despite the fact that they are histolog-

ically distinct from other breast lesions there are currently no standard molecular criteria

available for their diagnosis and no unequivocal information as to their prognosis. In an

effort to address these concerns we have been using protein expression profiling technol-

ogies in combination with mass spectrometry and immunohistochemistry (IHC) to dis-

cover specific biomarkers that could allow us to molecularly characterize these lesions

as well as to dissect some of the steps in the processes underlying breast apocrine meta-

plasia and development of precancerous apocrine lesions. Establishing these apocrine-

specific markers as best practice for the routine pathology evaluation of breast cancer,

however, will require their validation in large cohorts of patients. Towards this goal we

have composed a panel of antibodies against components of an apocrine protein signature

that includes probes against the apocrine-specific markers 15-prostaglandin dehydroge-

nase (15-PGDH), and acyl-CoA synthetase medium-chain family member 1 (ACSM1), in ad-

dition to a set of categorizing markers that are consistently expressed (AR, CD24) or not

expressed (ERa, PgR, Bcl-2, and GATA-3) by apocrine metaplasia in benign breast lesions

and apocrine sweat glands. This panel was used to analyze a well-defined cohort consist-

ing of 14 apocrine ductal carcinoma in situ (ADCIS), and 33 IACs diagnosed at the Cancer

Institute Hospital, Tokyo between 1997 and 2001. Samples were originally classified on

the basis of cellular morphology with all cases having more than 90% of the tumour cells

exhibiting cytological features typical of apocrine cells. Using the expression of 15-PGDH

and/or ACSM1 as the main criterion, but taking into account the expression of other

markers, we were able to identify unambiguously 13 out of 14 ADCIS (92.9%) and 20 out
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of 33 (60.6%) IAC samples, respectively, as being of apocrine origin. Our results demonstrate

that IACs correspond to a distinct, even if heterogeneous, molecular subgroup of breast

carcinomas that can be readily identified in an unbiased way using a combination of

markers that recapitulate the phenotype of apocrine sweat glands (15-PGDHþ, ACSM1þ,

ARþ, CD24þ, ERa�, PgR�, Bcl-2�, and GATA-3�). These results pave the way for addressing

issues such as prognosis of IACs, patient stratification for targeted therapeutics, as well

as research strategies for identifying novel therapeutic targets for developing new cancer

therapies.

ª 2009 Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies.
1. Introduction 1986; O’Malley and Bane, 2008). Despite the fact that these tu-
Breast cancer is not a single disease, but a heterogeneous

group of diseases that comprises a wide range of histopatho-

logical types. Conventional histopathological criteria classify

invasive breast cancer into defined groups: two major sub-

types, ductal of no specific type (NST) and lobular accounting

for around 75% and 15% of all cases, respectively, in addition

to rare special types e.g. tubular, cribriform, mucinous, med-

ullary, metaplastic, apocrine breast carcinomas as well as

others (Tavassoli and Devilee, 2003; Page, 2003). Lately, this

classification has been refined by molecular characterization

of histological special types using immunohistochemistry

(IHC) (Weigelt et al., 2008). Transcriptome profiling technolo-

gies, on the other hand, have subdivided breast cancer tu-

mours into five clinically relevant clusters with different

prognostic characteristics. These include two estrogen recep-

tor alpha (ERa) positive groups (luminal A and B) and three ERa

negative groups that include basal-like, normal breast tissue-

like and ERBB2/HER2-neu positive lesions (Perou et al., 2000;

Sorlie et al., 2001). Patients with an ERa positive phenotype

have a good prognosis as compared with basal-like breast car-

cinomas (BLBCs), which have a much shorter overall and dis-

ease-free survival period (Sorlie et al., 2003; Chin et al., 2006).

BLBCs account for 15–25% of all breast-cancer cases, and

show a high frequency of p53 mutations and genetic abnor-

malities (Sorlie et al., 2003; Foulkes et al., 2004; Rakha et al.,

2006; Langerød et al., 2007 and references therein). Even

though there is no consensus concerning the phenotype of

these lesions, all available information indicates that these tu-

mours are ERa and PgR negative, and many, but not all, ex-

press basal cytokeratins (CK’s 5/6, and/or 14 and/or 17),

sometimes together with vimentin, and exhibit increased ex-

pression of epidermal growth factor receptor (EGFR) (Nielsen

et al., 2004; Carey et al., 2006; Rodrı́guez-Pinilla et al., 2007;

Livasy et al., 2007; Moinfar, 2008; Fadare and Tavassoli,

2008). BLBCs have been shown to be heterogeneous in terms

of response to treatment and include ERa-/PgR-/Her-2neu-

carcinomas, often termed ‘‘triple negatives’’ (Cleator et al.,

2007 and references therein). The latter have a poor prognosis

and are increased in women with BRCA1 mutations as well as

among sporadic breast cancer (Irvin and Carey, 2008; Reis-

Filho and Tutt, 2008; Fadare and Tavassoli, 2008).

Invasive apocrine carcinomas (IACs), as defined by mor-

phological characteristics, are rare corresponding to about

0.3–4% of all invasive ductal carcinomas (IDC) (Azzopardi,

1979; Frable and Kay, 1968; Mossler et al., 1980; Eusebi et al.,
mours are histologically distinct from other breast lesions

there are currently no standard molecular criteria at hand

for their diagnosis and no definite information as to their prog-

nosis (O’Malley and Bane, 2008; Japaze et al., 2005; Page, 2005;

Wells and El-Ayat, 2007; Tanaka et al., 2008). In fact, molecular

classification studies of breast carcinomas are often inconsis-

tent in their categorization of IACs. In the original ground-

breaking gene profiling study by Perou and colleagues, IACs

clustered within the basal subtype of breast carcinomas

(Perou et al., 2000). More recently, Farmer et al. (2005) identi-

fied a discrete subset of breast tumours, characterized by in-

creased androgen signaling and a distinctive expression

profile, that they termed ‘‘molecular apocrine’’ as these le-

sions do not exhibit all the histopathological features of

classical apocrine carcinomas. Molecular apocrine carcino-

mas encompass tumours that share some common expres-

sion characteristics with the ERBB2 class (ERa-/PgR-/

ERBB2þ) in the Stanford classification as well as with some

lesions that exhibit morphological features of the triple neg-

ative group (high grade lesions; ERa-/PgR-/ERBB2-). However,

Weigelt et al. (2008) based on the analysis of 6 apocrine car-

cinomas concluded that these tumours are unlikely to con-

stitute a distinct entity. The lesions, which expressed high

protein levels of AR and GCDFP-15, were shown to exhibit

heterogeneous gene expression profiles, to distribute to sev-

eral molecular subtypes, and to have a higher risk of recur-

rence. This inconsistency in the classification of IACs as

either constituting a distinct entity, with specific clinical

outcomes, or not, is likely to arise from the lack of estab-

lished molecular criteria by which one can unambiguously

identify these lesions.

IACs are generally accepted to have a distinct hormonal

profile being ERa, and PgR negative, but androgen receptor

(AR) positive (Tavassoli et al., 1996; Gatalica, 1997; Selim and

Wells, 1999; Sapp et al., 2003). IACs are also negative for the

proto-oncogene Bcl-2 (Tavassoli et al., 1996) and GATA-3 (Celis

et al., 2008), a transcription factor that maintains luminal ep-

ithelial differentiation (Kouros-Mehr et al., 2006; Asselin-Labat

et al., 2007). Moreover, most apocrine carcinomas are positive

for the gross cystic disease fluid protein-15 (GCDFP-15)

(Mazoujian et al., 1983; Eusebi et al., 1986; Miller et al., 1988;

Honma et al., 2005), but this marker has been shown not to

be specific for these lesions (Miller et al., 1988; Honma et al.,

2005; Celis et al., 2006a; Moriya et al., 2009).

Given the need to develop molecular criteria to reproduc-

ibly categorize IACs, and the lack of information as to which



M O L E C U L A R O N C O L O G Y 3 ( 2 0 0 9 ) 2 2 0 – 2 3 7222
is the most appropriate treatment for patients bearing these

lesions, we have embarked in a systematic proteomic under-

taking aimed at identifying biomarkers that may characterize

and subtype these lesions to a greater detail, and to search for

targets that may lead to the development of novel targeted

therapies and chemoprevention strategies. By comparing the

gel-based protein expression profiles of ‘‘blue dome’’ apocrine

cysts, which are commonly present in fibrocystic changes,

and normal breast epithelial tissue obtained from the same

patient, followed by protein identification using mass spec-

trometry, antibody preparation, and immunohistochemistry

(IHC) for verification of results we have identified several bio-

markers that are expressed by benign and non-obligatory pre-

cancerous lesions as well as by some IACs (Celis et al., 2006a,b,

2007a,b, 2008).

Recently, we presented evidence that IACs correspond to

a distinct molecular subtype of breast carcinomas as deter-

mined by the expression of biomarkers such as 15-prostaglan-

din dehydrogenase (15-PGDH), an enzyme involved in

prostaglandin synthesis, and a novel form of acyl-CoA synthe-

tase medium-chain family member 1 (ACSM1), proteins that

are not expressed, at least within the limits of detection of

gel-based proteomics and IHC, in other breast cancers sub-

types (Celis et al., 2008). Establishing these apocrine-specific

markers as best practice for the routine pathology evaluation

of breast cancer, will require their validation in large cohorts

of patients. Towards this goal we have put together a panel

of antibodies against components of an apocrine protein sig-

nature that includes probes against 15-PGDH and ACSM1 in

addition to a set of categorizing markers that are consistently

expressed (AR, CD24) or not expressed (ERa, PgR, bcl-2, and

GATA-3) by apocrine metaplastic lesions in benign breast le-

sions (Wells and El-Ayat, 2007) and apocrine sweat glands.

This panel was used to analyze a sample set consisting of

14 apocrine ductal carcinoma in situ (ADCIS), and 33 IACs di-

agnosed at the Cancer Institute Hospital, Tokyo between

1997 and 2001. In this unique cohort more than 90% of the

tumour cells exhibited cytological features typical of apo-

crine cells (Frable and Kay, 1968; Azzopardi, 1979; Tavassoli

and Norris, 1994; Tavassoli and Devilee, 2003; Honma et al.,

2007). Besides demonstrating that IACs correspond to a het-

erogeneous, yet distinct molecular subgroup of breast carci-

nomas that can be readily identified in an unbiased way

using a combination of markers that recapitulate the pheno-

type of apocrine sweat glands, our results pave the way for

addressing issues such as prognosis of IACs, patient stratifi-

cation for targeted therapeutics, as well as research strate-

gies for identifying novel therapeutic targets for developing

new cancer therapies.
2. Results

2.1. Panel of biomarkers/antibodies used to characterize
breast apocrine carcinomas by means of IHC

By comparing the gel-based protein expression profiles of

‘‘blue dome’’ apocrine cysts with normal breast epithelial

tissue obtained from the same patient (Celis et al., 2006a,b,
2007a,b, 2008), we have identified a number of apocrine pro-

tein biomarkers and two of these, 15-PGDH (Figure 1A) and

ACSM1 (Figure 1B), were proven to be specific for benign apo-

crine lesions as determined by IHC and 2D gel-based proteo-

mics (Celis et al., 2006a,b, 2007a,b, 2008). IHC analysis of

well-defined sets of breast tumour subtypes without apocrine

differentiation, has failed to show any reactivity with the 15-

PGDH and ACSM1 antibodies at the dilutions used in this

study (Celis et al., 2008). Moreover, we have been unable to de-

tect 15-PGDH in the more than 200 non-apocrine tumours an-

alyzed to date in our laboratory using 2D gel-based proteomics

in combination with silver staining (Celis et al., 2008; unpub-

lished observations; see also Figure 9).

We composed an immunohistochemical panel consisting

of a set of antibodies against protein components of an apo-

crine signature that includes probes against 15-PGDH and

ACSM1 in addition to a set of categorizing markers that have

been shown to be consistently expressed (AR, Figure 1C), or

not expressed (ERa, Figure 1D; PgR, Figure 1E; Bcl-2,

Figure 1F; GATA-3, Figure 1G) by benign apocrine lesions

(Tavassoli et al., 1996; Gatalica, 1997; Selim and Wells, 1999;

Sapp et al., 2003; Celis et al., 2008) to analyze a well-defined

cohort of ADCIS and IACs diagnosed at the Cancer Institute

Hospital, Tokyo between 1997 and 2001. We also included in

this panel an antibody against CD24, a small cell surface pro-

tein that is attached to the cell membrane by a glycosylphos-

phatidylinositol anchor (Kristiansen et al., 2003; Lim and Oh,

2005) that is only expressed by some breast cancer tumour

subtypes (Surowiak et al., 2006; Honeth et al., 2008) and that

we found to be expressed by benign apocrine cells

(Figure 1H; unpublished observations; this study). IHC analysis

of commercially available breast tissue microarrays (BRC1502

and BRC1503; Pantomics, Inc, USA) showed that approxi-

mately 30% of breast tumours in these arrays express CD24,

a number comparable to previous reports in the literature

(Honeth et al., 2008). Representative sections, most of them

tandem cut, of a sample with apocrine change within scleros-

ing adenosis (Figure 1A–G) and an apocrine cyst (Figure 1H)

stained with the apocrine immunohistochemical panel are

shown for illustration in Figure 1, panels A through H. The

transition point between non-apocrine cell precursors and

the apocrine cells is indicated with an arrow for reference.

The following apocrine cellular phenotype can thus be de-

rived from these data: 15-PGDHþ, ACSM1þ, ARþ, CD24þ, ERa�,

PgR�, Bcl-2�, and GATA-3�. As shown in Figure 2, panels A

through H, this apocrine phenotype is recapitulated in apo-

crine sweat glands indicating that this particular combination

of markers is sufficient to define cellular ‘‘apocrinicity’’ indi-

cating that it may represent a potential gold standard for char-

acterizing the breast apocrine phenotype.

2.2. Expression of the components of the apocrine
signature by a well-defined cohort of apocrine carcinomas
diagnosed at the Cancer Institute Hospital, Tokyo

To validate the apocrine-specific panel we used a collection of

apocrine samples consisting of 14 ADCIS and 33 IACs diag-

nosed at the Cancer Institute Hospital, Tokyo between 1997

and 2001 (Honma et al., 2005, 2007). More than 90% of the tu-

mour cells in all samples within this cohort exhibited



Figure 1 – Breast benign lesions immunostained with the battery of antibodies. (A–G) Apocrine change within sclerosing adenosis immunostained

with antibodies against (A) 15-PGDH, (B) ACMS1, (C) AR, (D) ERa, (E) PgR, (F) Bcl-2 and (G) GATA-3 respectively. (H) Apocrine cysts

immunostained with the CD24 antibody. Arrows indicate the transition to an apocrine phenotype.
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cytological features typical of apocrine cells (Frable and Kay,

1968; Azzopardi, 1979; Tavassoli and Norris, 1994; Tavassoli

and Devilee, 2003; Honma et al., 2007) and as a result, this

unique set of samples represents an exceptional resource

ideal for validation purposes.
2.2.1. ADCIS
The immuno-expression of the 8 biomarkers composing the

apocrine IHC panel in the 14 ADCIS samples is given in Table 2.

Eleven out of the 14 ADCIS (78.7 %) stained positively for both

15-PGDH (Figure 3A) and ACSM1 (þ/þ lesions; Figure 3B). Of



Figure 2 – Axillary apocrine sweat glands immunostained with the battery of antibodies. (A) 15-PGDH, (B) ACSM1, (C) AR, (D) CD24, (E) ERa,

(F) PgR, (G) Bcl-2, and (H) GATA-3.

M O L E C U L A R O N C O L O G Y 3 ( 2 0 0 9 ) 2 2 0 – 2 3 7224
the three remaining lesions, two were positive for either

15-PGDH or ACSM1 with the phenotypes þ/� (Figure 3C and

D), and �/þ (Figure 3E and F). One single lesion (ADCIS 12)

was negative for both markers (�/�; result not shown), but

exhibited a few cells that stained weakly with the 15-PGDH

antibody indicating that in this particular case the expression

of 15-PGDH may have been lost during the early stages of
tumour development. As expected, all samples expressing

one or both of the apocrine-specific markers were ARþ, CD24þ

(membranous), ERa�, PgR�, Bcl-2� and GATA-3� (Table 2).

In one case, that of ADCIS 8 (þ/þ phenotype), the sample

was originally classified as PgRþ since it contained approxi-

mately 30% of cells that stained, albeit very weakly, for PgR

(Table 2). Double immunofluorescence staining of this sample



Table 1 – Source of the Antibodies and Dilution used for IHC.

Target protein Antibody Manufacturer/Provider Dilution

ACSM1a Rabbit polyclonal EP 071751 Eurogentec (Liege, Belgium) Dil 1:400

15-PGDHa Rabbit polyclonal A-1294 J.E.Celis Dil 1:1000

ERa Mouse monoclonal Clone 1D5 DakoCytomation (Glostrup, Denmark) Prediluted

PgR Mouse monoclonal Clone 1A6 DakoCytomation (Glostrup, Denmark) Prediluted

PgR Mouse mononoclonal Clone PgR 636 DakoCytomation (Glostrup, Denmark) Dil 1:200

AR Mouse monoclonal AR27 NovoCastra Laboratories Ltd, New Castle,UK Dil 1:100

AR Mouse monoclonal Clone AR441 DakoCytomation (Glostrup, Denmark) Dil 1:100

Bcl-2 Mouse monoclonal Clone 124 DakoCytomation (Glostrup, Denmark) Dil 1:20

GATA-3 Mouse monoclonal Clone sc-268 Santa Cruz Biotechnology Inc Dil 1:500

CD24 Mouse monoclonal Ab-2 Clone SN3b LAB VISION NeoMarkers Dil 1:200

a The specificity of the antibodies against the apocrine-specific markers was determined by 2-D PAGE immunoblotting (Celis et al., 2008).

Table 2 – Expression of 15-PGDH, ACSM1 and other markers by ADCIS.
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Figure 3 – ADCIS immunoreacted with antibodies against 15-PGDH and ACSM1. (A, C, and D) ADCIS 14, 7 and 2 immunostained with

antibodies against 15-PGDH. (B, D, and F) ADCIS 14, 7 and 2 immunostained with antibodies against ACSM1.
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with ACSM1 and PgR antibodies showed that the in situ cells

that were positive for ACSM1 (Figure 4, Panel 1A) were PgR

negative (Figure 4, Panel 1B), whereas the in situ cells that

were negative for ACSM1 (Figure 4, Panel 2A) were positive

for PgR (Figure 4, Panel 2B). The latter, emphasizes the need

to assert the nature of the cells expressing a given antigen

as percentages alone may not give a true picture of the

situation.

2.2.2. IACs
Ten out of the 33 IACs analyzed (30.3%) were 15-PGDHþ,

ACSM1þ (Figure 5A and B), 5 (15.1%) were 15-PGDHþ, ACSM1�,

5 (15.1%) were 15-PGDH�, ACSM1þ, and 13 (39.4 %) were 15-

PGDH�ACSM1� (Tables 3 and 4).

With the exception of IAC 41, which was negative for AR,

IACs expressing one or both of the apocrine markers (þ/þ,

þ/� and �/þ; marked in red in Table 3) were all AR positive

(Figure 5C) 18 were CD24 positive (cytoplasmic staining;

Figure 5D), and as expected they were all negative for ERa,

PgR, Bcl-2, and GATA-3 (Table 3).
Careful examination of the tissue sections of the 13 IACs

exhibiting the 15-PGDH�ACSM1� phenotype suggested that

this group was in fact heterogeneous being comprised of at

least two types of lesions (i) molecularly dedifferentiated

IACs that have lost the apocrine markers as a result of pro-

gression, but have maintained their apocrine appearance,

and or (ii) lesions that morphologically resemble apocrine

cells, but that in fact are not of apocrine nature.

(i) Molecularly dedifferentiated IACs: Seven out of the 13 15-

PGDH�, ACSM1�, IACs were identified as putative molecu-

larly dedifferentiated lesions and are marked in yellow in

Table 3. Four of these presented with CIS that were either

positive for ACSM1 alone (samples 23, 24 (AR negative),

and 35, Table 3), or for both 15-PGDH and ACSM1 (sample

40, Figure 6A and B), indicating that their expression was

lost during progression from CIS to invasive disease. In

the three other cases, the lesions did not present with

CIS but exhibited a few 15-PGDH positive invasive cells

spread throughout the preparations (IACs 19; 22,



Figure 4 – Indirect double-label immunofluorescence analysis of ADCIS 8 tissue sections reacted with ACMS1 (subpanels A) and PgR (subpanels

B) antibodies showed that CIS that stained with ACMS1 (Alexa Fluor� 488; green channel) were PgR (Alexa Fluor� 594; red channel) negative

(panel 1), while those negative for ACSM1 were positive for PgR (panel 2). Sections were counterstained with the nuclear stain DAPI (blue

channel). An area of the ACSM1D CIS showing a few PgR positive cells present at the transition point were metaplasia takes place is shown in

higher magnification for illustration purposes (subpanel E).
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Figure 6C; and 33, Figure 6D). As shown in Table 3, one of

these lesions (IAC 19) was AR negative.

(ii) Lesions that morphologically resemble apocrine cells, but

may not correspond to IACs. 15-PGDH�, ACSM1�, IACs 27,

45 and 46 were most likely not of apocrine origin as these

lesions exhibited an unusually high percentage of cells

staining with either the Bcl-2 (IAC 27, a few cells are also

CD24-), the ERa (IAC 45), or the PgR (IAC 46) antibodies

(Table 3). All three lesions were AR positive (Table 3), but

we have observed that many of the non-apocrine tumours

are also positive for this receptor.
Finally, the three remaining 15-PGDH�, ACSM1�, IACs

(samples 25, 30 and 39) were considered as ‘‘undefined’’ as

we found no evidence for the presence of 15-PGDH or

ACSM1 positive cells. Two of these lesions were AR negative

(IACS 25 and 30; Table 3).

A summary of the frequencies of the ADCIS and IACs

expressing the different phenotypes is presented in Table 4.

As a whole we were able to identify with certainty 92.9% of

the morphologically diagnosed ADCIS and 60.6% of the IACs

as being of apocrine origin. The marked differences in per-

centages most likely reflect a combination of loss of the



Figure 5 – Immunostaining of IAC 16 with various antibodies. (A) 15-PGDH, (B) ACSM1, (C) AR, and (D) CD24.
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apocrine markers by the invasive cells as well as problems as-

sociated with morphological identification of the invasive

lesions.
3. Discussion

Understanding the mechanisms underlying tumour progres-

sion is crucial if one wants to carry out research on early de-

tection and prevention strategies. The approach we have

used to characterize apocrine lesions is based on the assump-

tion that IACs evolve from epithelial cells in terminal duct lob-

ular units (TDLU’s) in a stepwise manner, going through

different stages that may involve metaplasia, hyperplasia,

atypia and carcinoma in situ (CIS). Accordingly, we derived

specific protein biomarkers for benign apocrine metaplasia

by comparing the protein expression profiles of non-malig-

nant breast epithelium with apocrine macrocyst cells. We

then used specific antibody probes against these markers to

identify and characterize precancerous and malignant lesions

(Celis et al., 2006a,b, 2007a,b, 2008).

Here we report on the use of a panel of antibodies against

components of an apocrine protein signature that includes

probes against 15-PGDH and ACSM1 (Celis et al., 2006a,b,

2007a,b, 2008) in addition to a set of categorizing markers

that are consistently expressed (AR, CD24) or not expressed

(ERa, PgR, bcl-2, and GATA-3) (Tavassoli et al., 1996; Gatalica,

1997; Selim and Wells, 1999; Sapp et al., 2003) by apocrine

metaplastic lesions in benign breast lesions (Wells and El-

Ayat, 2007) and apocrine sweat glands, to analyze a well-de-

fined cohort of ADCIS and IACs in which more than 90% of
the tumour cells exhibited cytological features typical of apo-

crine cells (Azzopardi, 1979; Tavassoli and Norris, 1994; Tavas-

soli and Devilee, 2003; Honma et al., 2007). Using expression of

15-PGDH and ACSM1 alone or in combination with each other

as the only classification criterion, we were able to identify

92.9% of the morphologically diagnosed ADCIS and 60.6% of

the IACs as being of apocrine origin. With one exception, all

the lesions were ARþ, CD24þ, ERa�, PgR�, Bcl-2�, and GATA-

3�. In the case of the IACs, we could further identify a set of

seven putative molecularly dedifferentiated lesions (21.2%)

that most likely lost the apocrine markers during progression.

Taken together, our results demonstrate that IACs correspond

to a heterogeneous, yet distinct molecular subgroup of breast

carcinomas that can be readily identified in an unbiased way

using a combination of markers that recapitulate the pheno-

type of apocrine sweat glands.

A recent report by Weigelt et al. (2008) concluded, based on

the analysis of 6 apocrine carcinomas that IACs may not cor-

respond to a distinct entity as they have heterogeneous gene

expression profiles that relate to several molecular subtypes.

The apocrine IACs in Weigelt study had a high-risk of recur-

rence and most had a poor 70-gene prognosis signature (van’t

Veer et al., 2002; van de Vijver et al., 2002; Paik et al., 2004). In

the case of our cohort, five of the IACs harboring patients ex-

perienced recurrences. One had a 15-PGDHþ, ACSM1þ pheno-

type (IAC 29), 1 was �/þ (IAC 41), 1 corresponded to an

undifferentiated lesion (IAC 33), and the other 2 (IACs 39,

and 46) were most likely not of apocrine origin. With the ex-

ception of IAC 33, the 4 other patients with recurrences pre-

sented also with nodal metastasis and 3 died from the

disease (patients 29, þ/þ; 33, undifferentiated and 41; �/þ).



Table 3 – Expression of 15-PGDH, ACSM1 and other markers by IACs.
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Table 4 – Distribution of 15-PGDH/ACSM1 phenotypes among ADCIS and IACs.
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In the case of the ADCIS, no recurrences have been observed,

although two patients died due to causes unrelated to the dis-

ease (patients 1 and 3). The malignant potential of the ADCIS,

however, is underlined by the fact that we detected ADCIS in

several of the IACs.

It is quite likely that the apparent dissimilarities between

our results and those reported by Weigelt and colleagues

may reflect in part differences in the cytological parameters
Figure 6 – Immunostaining of 15-PGDHL, ACSM1L, IACS with the AC

CIS immunostaining with the ACSM1 and 15-PGDH antibodies. (C and

antibody.
used to diagnose the apocrine carcinomas (Rosen, 2001; Wells

and El-Ayat, 2007) as well as the fact that sub-grouping based

on genome-wide mRNA expression profiling may not be di-

rectly comparable with sub-typing based on a limited, even

if specific, number of protein markers. Parameters such as ar-

chitectural patterns and nuclear features are difficult to eval-

uate and as a consequence there is an intrinsic variation in

their application from pathologist to pathologist, a reality
SM1 and 15-PGDH antibodies. (A and B) ADCIS in IAC 8 showing

D) Invasive cells in IACs 22 and 33 staining with the 15-PGDH



Figure 7 – Immunostaining of apocrine lesions with various antibodies. (A) Apocrine change within sclerosing adenosis immunostained with an

antibody against CK15 (AVIVA, dilution 1: 15,000). (B and C) CIS in ADCIS 8 stained with the CK15 and ACSM1 antibodies, respectively. (C

and D) another CIS in ADCIS 8 stained with the CK15 and ACSM1 antibodies, respectively. (E) ADCIS 8 stained with the CD24 antibody.
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Figure 8 – Phenotype of putative cell precursor giving rise to apocrine (15-PGDHD, ACSM1D) and non-apocrine cells (15-PGDHL, ACSM1L)

in ADCIS 8. At present we cannot eliminate the possibility that the precursors correspond to two different types of cells. It has not been possible to

determine the CD24 status of the precursor cells.
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that further emphasizes the need to derive objective parame-

ters to define these lesions. In addition, the fact that two le-

sions are morphologically similar does not necessary mean

that they are molecularly equivalent. This is well illustrated

by our studies on ADCIS 8, a sample that was composed of

30% of CIS lesions positive for 15-PDGH and ACMS1 (þ/þ),

and 70% negative for these markers (�/�) (Figure 4). About

30% of the cells in the �/� CIS expressed very low levels of

PgR, and careful analysis of the þ/þ CIS revealed very few

PgR positive cells present at the transition point where meta-

plasia takes place (Figure 4, see also Figure 1E). Previously, we

have presented evidence indicating that the precursor cells

giving rise to apocrine metaplasia have the phenotype 15-

PGDH�, ACMS1�, ERþ, PgRþ, and CK15þ (Figure 7A, compare

with Figure 1A–D; Celis et al., 2007b, 2008). Since CK15 positive

cells are easier to identify than weakly staining, sparse PgR

positive cells, we stained sections of ADCIS 8 with ACMS1

and CK15 antibodies to determine if CK15 positive cells were

present, and if so, were they present in the þ/þ and/or �/�
CIS. As shown in Figure 7, theþ/þ CIS contained CK15 positive

cells (Figure 7B) contiguous to apocrine cells (Figure 7C); �/�
CIS, on the other hand, also contained CK15 positive precursor

cells (Figure 7D), but the flat cells contiguous to them were

ACMS1 negative (Figure 7E). All CIS, however, contained cells

that were CD24þ (Figure 7F), suggesting that the CK15þ pre-

cursors may give rise to apocrine as well as non-apocrine le-

sions depending on the order of events leading to loss of the

ER and PgR markers (Celis et al., 2006a, 2008) and the effect

of the local microenvironment (Figure 8). At present we can-

not eliminate the possibility that these precursors correspond

to two different types of cells and further studies will be

needed to answer this question. As a whole, we believe that

these results are quite important as they may explain in part

the variability in the incidence of apocrine carcinomas (0.3–

4%; Azzopardi, 1979; Frable and Kay, 1968; Mossler et al.,

1980; Eusebi et al., 1986; O’Malley and Bane, 2008) and may

stimulate studies intended to correlate apocrine-like
morphologies with well-defined sets of molecular markers

parameters.

Another source of heterogeneity that can be surmised

from our observations is that some ADCIS and IACs may

lose some of the markers as well as critical morphological

features as result of progression making it difficult to distin-

guish them from other tumour types (Honma et al., 2005;

Celis et al., 2008). Here, we were able to putatively identify

seven 15-PGDH/ACSM1 �/� IACs as these lesions exhibited

an apocrine morphology as well as sporadic staining of inva-

sive cells for 15-PDGH in various areas of the preparations, or

CIS that were positive for ACMS1 alone, or both for 15-PGDH

and ACMS1. So far, 2D gel-based analysis of IACS available at

the Danish Centre for Translational Breast Cancer Research

(DCTB) frozen tissue collection have shown that presumed

molecularly dedifferentiated IACs express undetectable

levels of 15-PGDH (Figure 9A; compare with Figure 9B and

C, 15-PGDHþ, ACSM1þ, IACs) and that their expression pat-

terns very much resemble those of invasive ductal carcino-

mas (Figure 9D). Thus, the identification of protein

biomarkers that characterize molecularly dedifferentiated

IACs is not expected to be an easy task as these lesions are

supposed to be rare and their systematic proteomic analysis

(Celis and Gromov, 1999; Aebersold and Mann, 2003; Chen

and Yates, 2007; Gromov et al., 2008) may require access to

large biobanks with frozen tissue samples (Ericsson et al.,

2006; Riegman et al., 2008). Clearly, at present we have no di-

rect evidence supporting the contention that the 15-PGDH/

ACSM1 �/� IACs we have identified are in fact dedifferenti-

ated and further studies will be necessary to shed some light

as to their origin.

3.1. Conclusions and future perspectives

We have established an immunohistochemical panel that de-

fines the apocrine phenotype and that can be used to identify

apocrine carcinomas and to stratify patients in an objective



Figure 9 – IEF 2D gel analysis of apocrine and non-apocrine tumours from the DCTB collection. (A and B) Silver stained 2D gels of total protein

extracts from 15-PGDHD, ACSM1D, IACs. (C) Molecularly dedifferentiated. (D) Invasive ductal carcinoma. The position of 15-PGDH and

beta-actin are indicated for reference. The procedures for 2D gel electrophoresis have been described in detail elsewhere (Celis et al., 2005).
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manner. Given the rarity of these lesions, validation of this

panel for use in routine pathology will necessarily have to be

done in a multi-centre, international setup. Once these objec-

tive criteria for classification of IACs are validated it will be

possible to address questions concerning clinical outcome

for these lesions as well as strategies for the identification of

potential molecular targets for drug development (Aggarwal

et al., 2007; Ben-Kasus et al., 2007; Marrer and Dieterle, 2008;

Hodgson et al., 2009) as today’s targeted therapies are beset

with problems associated with safety, efficacy and resistance.

A prerequisite for successful tailored therapies is the devel-

opment of molecular criteria for patient stratification so that

each and every patient will receive the most adequate treat-

ment based on therapies that spare healthy cells. Our studies

have so far succeeded in partially characterizing the pheno-

type of early non-obligatory precancerous lesions, ADCIS,

and IACs (Celis et al., 2006a,b, 2007a,b, 2008) and as a result,

we are in a unique position to start unraveling the state of sig-

naling pathways and protein networks in these lesions. Iden-

tification of a critical node or interactions within the network

is a potential starting point for developing drugs that inhibit
the molecular target(s) that is/are vital to the continued exis-

tence of the lesion (Levitzki, 1997; Aggarwal et al., 2007; Chau-

tard et al., in press; Winkler, 2008). Currently, we are profiling

signaling pathways using phosphopeptide specific antibodies

that are commercially available and we plan to determine the

levels of cellular effectors and signaling molecules using tu-

mour tissue extracts from the DCTB IAC frozen tumour collec-

tion in combination with the PanoramaTM Ab Microarray-Cell

Signaling array (Gromov et al., 2008).

Considering that the apocrine lesions are CD24þ it seems

feasible to employ cell-sorting strategies to isolate this partic-

ular cell type using as a source of sample material both benign

apocrine cysts and fresh IACs collected prospectively. More-

over, it may be possible to grow these cells in three dimen-

sional cultures (Lee et al., 2007; Kenny et al., 2007; Krause

et al., 2008), a fact that will provide us with relevant cellular

models, that may recapitulate the in vivo situation, to perform

pathway perturbation studies in a holistic, system biology

type of approach, to search for novel targets for therapeutic

intervention (Ideker et al., 2001; Fishman and Porter, 2005;

Schiess et al., 2009).
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It should be added that some of the biomarkers we identi-

fied so far as being expressed by apocrine cells such as 15-

PGDH, HMG-CoA reductase, and COX-2 (Celis et al., 2006a),

are well known therapeutic targets (Cho and Tai, 2002; Fuji-

mura et al., 2007; Murtola et al., 2008; Agrawal and Fentiman,

2008; Moreno et al., 2005; Hull, 2005; Demierre et al., 2005) with

pharmacological agents already available e.g. pravastatin, lov-

astatin, Ph CL 28A, nafazatrom, celecoxib, or rofecoxib. At

least in the case of COX-2, one has reason to suspect a causal

relationship (Subbaramaiah et al., 2002) to the development of

breast fibrocystic changes, implying that COX-2 inhibitors are

potential chemoprevention agents for apocrine breast cyst

formation and development.
4. Experimental procedures

4.1. Samples

14 ADCIS and 33 IACs diagnosed at the Cancer Institute Hospi-

tal, Tokyo between 1997 and 2001 were analyzed (Honma et al.,

2005, 2007). The age range was 32–84 with a mean average of 59

years. Hematoxylin/eosin stained slides were reviewed by two

pathologists (F. A. and N. H). Apocrine carcinoma was defined

as a carcinoma in which more than 90% of the tumour cells

exhibited cytological features typical of apocrine cells.

4.2. Antibodies

The sources of the antibodies used in this study as well as the

dilutions utilized in IHC are given in Table 1. The specificity of

the antibodies against the apocrine-specific markers was de-

termined in every case by 2-D PAGE immunoblotting (Celis

et al., 2008).

4.3. Immunohistochemistry (IHC)

The procedures for IHC have been described in detail in previ-

ous publications (Honma et al., 2005, 2007; Celis et al., 2008).

IHC for AR, ERa, PgR, and Bcl-2 was performed in Tokyo, while

immunostaining for 15-PGDH, ACSM1, CD24, and GATA-3 was

performed in Copenhagen. In a few cases confirmatory stain-

ings for AR, PgR and ERa were performed in Copenhagen. In

most cases the data is expressed as % of positive cells. Sam-

ples were considered as positive if 10% or more of the cells

stained with the antibodies (Honma et al., 2005). For 15-

PGDH and ACSM1 we used the following cut-off values:

ADCIS: positive if 60% or more of the CIS contained at least

30% of the cells reacting with the antibodies. IACs: positive if

30% or more of the invasive cells reacted with the antibodies.

4.4. Immunofluorescence on paraffin sections

Five-mm sections cut from paraffin blocks of breast tissue

samples were mounted on Super Frost Plus slides (Menzel-

Gläser, Braunschweig, Germany), baked at 60 �C for 60 min,

deparaffinized, and rehydrated through graded alcohol rinses.

Heat induced antigen retrieval was performed by immersing

the slides in Tris/EDTA pH 9.0 buffer (10 mM Tris, 1 mM

EDTA) and microwaving in a 750 W microwave oven for
8 min. Following antigen retrieval sections were treated with

Image-iT FX� signal enhancer (Molecular Probes, USA) to

block non-specific staining and subsequently incubated with

the relevant primary antibodies at appropriate dilutions. De-

tection of immune complexes was done with species specific

secondary antibodies conjugated to Alexa Fluor� 488 and

Alexa Fluor� 594 (Molecular Probes, OR, USA). Nuclear mate-

rial was counterstained with TO-PRO-3. The sections were

washed three times with cold phosphate-buffered saline

(PBS) between incubations. Normal rabbit or mouse serum in-

stead of primary antibody was used as a negative control. Sec-

tions were imaged using a confocal laser scanning microscope

(Zeiss LSM510Meta) (Moreira et al., 2005).
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